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Preface to Revised Edition 
During the decade since the publication of the first edition of this 

text, entitled Active Carbon, new vistas have unfolded for the 
industrial user of activated carbon. There has been a growing 
awareness of the many diverse forms of carbon usefulness; new 
processing techniques have been developed; and granular decoloriz­
ing carbons are now available commercially. 

Such forward steps have increased the spheres of activity in the 
industrial use of activated carbon. They often introduce problems 
as to the right path to follow, however, and in many ventures the 
potential uset is denied the guidance that could be available. To 
explain, let us review the earlier history of adsorptive carbon in 
industry. We find that markets were first established in processes 
already using adsorbents, such as bone char and fullers earth, for the 
purification of sugar, fats, glycerol, etc. Within those processes 
there are but few trade secrets, and the success of the operation 
depends mainly on efficient methods of manufacture and marketing. 
Consequently the users welcomed any and all aid they could obtain 
from suppliers of carbon. In general that attitude still holds in 
established applications and through such cooperation future growth 
can be assured in those markets. 

Much growth, however, also can develop through participation 
in new products and in new processes. Unfortunately the oppor­
tunities for the supplier to contribute know-how in such ventures are 
frequently restricted because of the secrecy that so often surrounds 
the development. The reason for secrecy is understandable: Research 
and development costs are high, and these costs must be recouped 
in the relatively brief interval between the date a new product is 
placed on the market and the time for competition to catch up. 
Understandably, profit-minded industrialists, aware of ubiquitous 
competition, are unwilling to make premature disclosures even to 
those that could provide assistance. 

An unfortunate consequence of this situation is that in many 
ventures that could become more efficient through the use of 
activated carbon, it may not be used; or it may be used ineffectively 
because of lack of know-how. In such situations a suitable written 
text can be useful because it asks no questions and carries away no 
data. This potential has guided the preparation of this revision. No 
attempt is made to furnish a definitive treatise; instead, the text is 
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an introduction to basic principles and practices that should be 
considered in the industrial use of activated carbon. To that end the 
organization of subject matter has been altered and additional 
material is included. 

Much of the added material is drawn from experiences during 
nearly fifty years' work with activated carbon. In 1915, I started 
with the West Virginia Pulp and Paper Company in its endeavor 
to pioneer the development of decolorizing carbons in this country. 
That endeavor culminated in the manufacture of Filtchar, the first 
commercial decolorizing carbon produced in America. From then 
till 1958, I participated in the research, manufacture, and marketing 
of other activated carbons including Nuchar and Suchar. On 
reaching retirement, I engaged in free-lance consulting. I am now 
associated with Barnebey-Cheney, a producer of activated carbon. 
I am also associated with the AMERICAN SOCIETY FOR TEST­
ING AND MATERIALS in a research study to develop standard 
testing methods and nomenclature for activated carbon. 

The experience of a single individual or group cannot cover an 
adequate understanding of all aspects of this many-sided subject. 
Therefore to provide a more comprehensive know-how I have 
sought the cooperation of others. In this I have had the assistance 
of sales, service, and research groups who have read sections of the 
manuscript, and supplied many valued suggestions. For making 
much of this help available, I am especially indebted to the following: 

H. E. Pennington and H. B. Allport, of National C'arbon Company; 
Jonathan C. Cooper, of Pittsburgh Chemical Company; R. W. 
Behrens, of Atlas Chemical Industries Inc.; Joseph M. Wafer, 
of West Virginia Pulp and Paper Company; H. L. Barnebey, of 
Barnebey-Cheney; W. C. Bokhoven and Chr. van der Meijden, of 
N.V. Norit-Vereeniging Verkoop Centrale. 

I am also grateful to many who have contributed much in varied 
ways: Some supplied information needed for presenting specialized 
topics; some assisted in the preparation and editing of the manu­
script; some drew attention to important items that otherwise would 
have been overlooked; still others corrected errors in the presenta­
tion. The information has been gathered for a number of years and 
limitations of space and memory preclude naming all who con­
tributed. A limited list includes: 

Ted Barnebey, J. D. Clendenin, Joseph E. Drudy, Marjorie Halstrick, 
T. J. Hassler, W. F. Heneghan, Donald K. Luke,Jr., F. M. Middleton, 
John J. Schanz, Jr., F. R. Schwartz,G. H. Scheffler, Evan A. Sigworth, 
J. H. Steen, Philip L. Walker, Jr., and Frank M. Williams. 

Permission to reprint tables and figures has been acknowledged 
with the respective items. Some tables and figures for which per­
mission was requested and granted have not been used because of 
subsequent changes in the manuscript. 
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I have made extensive use of the Deitz Bibliography of Solid 
Adsorbents. As it is in the form of a collection of abstracts, this 
publication offers the reader a better view of the content of each 
article than does a bare reference to the original source. Similar 
use has been made of Chemical Abstracts. 

A word of explanation is in order for the change in title. The 
designation Active Carbon, used in the earlier book, is favored in a 
number of scientific circles, whereas most industrial workers prefer 
the term Activated Carbon. Inasmuch as this text is focused primarily 
on industrial aspects, it seems fitting to call this work Activated 
Carbon . 

.The preface to the first edition is included to establish continuity, 
and also to give recognition to the many persons who assisted in the 
preparation of the original text. 

Finally, I am happy to express my perennial gratitude to my wife, 
Clara-my partner in all undertakings. 

JOHN W. HASSLER 
June, 1963. 

Preface to First Edition 
This text has been prepared for operators and research workers 

in industry. I have attempted to survey principles and practices 
involved in the use of active carbon with the belief that an insight 
into the, underlying features may suggest possible improvements in 
existing applications and also stimulate a search for new procedures. 

The subject matter is grouped into three principal parts. Since 
many readers will be interested in only certain aspects, each part 
has been prepared so that it can be read independently of the others. 
Following an outline of the history and methods of manufacture, 
the next ten chapters discuss fundamental factors involved icy 
adsorption by active carbon. 

Applications are described in Chapters 13-30. A general outline 
is given of a number of applications, together with the specific 
objectives that are sought in each case. An operator will often find 
more helpful information from a description of how things are done 
in other processes than by copying what is being done elsewhere in 
his own field. With this in mind, some rather impractical procedures 
are described because they present novel approaches which could be 
useful in other applications. 

The last four chapters cover experimental methods that have been 
found helpful in developing industrial applications. 
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Part of the information in this text has been drawn from personal 
experiences during thirty-five years' association with the manufacture 
and marketing of active carbon and this includes information 
received directly from other workers. To an even larger extent, the 
discussion is based on information in the literature. Some published 
data are obscure and other data are in dispute, so that it becomes the 
responsibility of the author to try and sift the facts. Consequently, 
the reader should be aware of the fact that the text contains not only 
facts, but also beliefs and opinions. The inquiring reader may find 
statements that he will question. This is as it should be. Questions 
stimulate independent thinking and this is necessary to integrate 
new facts with older knowledge. New facts become useful when they 
enlarge our vision and provide a new approach to problems. 

I wish to express appreciation to those authors and publishers 
who granted permission to reproduce data. I have been fortunate 
in having received suggestions, criticisms, and information from 
many workers who have specialized knowledge. A number of 
authors checked references to their work and others reviewed por­
tions of the manuscript. Professors Elroy J. Miller, Harold J. 
Cassidy, and F. E. Bartell gave helpful suggestions for portions of 
the text dealing with fundamental aspects of adsorptive behavior. 
Dr. Homer Adkins reviewed the chapter on catalysis, and Dr. 
H. L. Riley the section on the structure of carbon. Dr. Arthur 
Grollman read the chapters dealing with biochemicals; solvent 
recovery was reviewed by Dr. A. B. Ray, and air purification by 
Mr. Hugh Porter. The chapters on the removal of toxic gases and 
that on laboratory methods of gas adsorption were reviewed by 
personnel of the Chemical Corps Technical Command. Mr. Robert 
H. Buckie reviewed the entire manuscript and assisted with a 
number of translations. Much information on industrial applications 
was furnished by my associates throughout the West Virginia Pulp 
and Paper Company, and I regret that space does not permit 
detailed mention of the many helpful individual contributions. 
Finally, I wish to express my deep appreciation to Mr. Joseph 
Wafer, for without his help and encouragement, the text would 
never have been started and carried through to completion. 

February, 1951 JOHN w. HASSLER 
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chapter I 

History and Market Review 

1. INTRODUCTION 

In Chemical Abstracts, sources of information relating to the ad­
sorptive properties of carbon are indexed under Carbon, Active and 
Charcoal, Active. This text will consider primarily those carbons in 
which the adsorptive powers have been purposely increased by man­
made operations. These are known in industrial circles as activated 
carbons and activated charcoals. 1 • 2 • 3 

To many, the designation charcoal implies vegetable or animal 
origin, hence the designation activated carbon is preferred for this 
text because it includes all source materials-animal, vegetable, and 
mineral. 

Hundreds of patents have been granted covering methods of acti­
vation but most of them describe different ways and means of con­
ducting a basic procedure. In this, the source material (see Table 
J : I) is carbonized under controlled conditions and the resulting 
carbon is usually-but not necessarily-subjected to the action of 
an oxidizing gas, such as steam or air at elevated temperatures. 

TABLE I : I 

ABRIDGED LIST OF SOURCE MATERIALS FOR 
ACTIVATED CARBON 

Bituminous coal 
Bones 
Coconut shells 
Lignite 
Peat 
Pecan shells 
Petroleum base residues 
Pulp mill black-ash 
Wood 
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2 ACTIVATED CARBON 

The properties of the finished activated carbon are influenced by 
the source material used and by conditions of activation. Conse­
quently carbons made by different procedures will be dissimilar in 
adsorptive properties, and can have diversity in specific utility. One 
type may be better for purifying sugar syrups; a different grade, 
superior for treatment of certain pharmaceuticals; another for vege­
table oils; and so on almost ad infinitum. Such variations suggest 
that the term activated carbon does not define a single chemical entity 
but instead is a generic name for a class of substances. This aspect 
extends the potential utility qecause if one type of activated carbon 
is tried and found wanting there is always the possibility that another 
type can be found to meet the need. • 

Features to be· considered in the selection of carbon to be used are 
discussed in Chapters 7, I 3~ I 5, but at this time we should call 
attention to the distinction between the roles of powdered and 
granular carbons. Powdered carbons are applied in a so-called 
batch-contact treatment; in this, measured amounts of carbon and 
the substance to be treated are mixed and subsequently separated by 
filtration. With granular carbons, the gas or liquid to be purified is 
passed cor1tinuously through a bed of carbon. Formerly, granular 
carbons were used primarily in vapor-phase adsorption, but in recent 
years the use has been extended to liquid-phase applications. 

The adsorptive properties of carbon were well known long before 
the terms active and activated had been coined. In the early literature, 
data on the adsorptive properties appear under many varied names: 
blood char, coconut char, bone char, lignite char, and others. More 
recently references appear under decolorizing-carbon and also under 
various brand names (Table 1 : 2). 

TABLE I : 2 

BRAND NAMES OF COMMERCIAL CARBON ADSORBENTS• 
(Foreign and Domestic) 

Absorbit 
Actibon 
Acticarbone 
Activated Carbon 
Activit 

(also Dusarit) 
Activon 
Adsopur 
Adsorbite 

Aktive Kohle 
Anticarbone 
Antichromos 
Appula 
Astor 
Atlas 
Bachite 
Bactonat 
Basf-Kohle 

Bayer Carbons 
Benzorbankohle 
Berle 
Blanco 
Bone Black 
Carbac 
Carbex 
Carbo Animalis 
Carbo-Carbon 
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HISTORY AND MARKET REVIEW 

Carbo Konigsfeld 
Carbomel 
Carbonaqua 
Carbonit 
Carbonut 
Carboraffin 
Carborex 
Carboserin 
Carbrox 
Carco 
Carlisle Lumber 

Carbon 
Celchar 
Celocarbon 
Charlitt 
Chates 
Circlene 
Clacarb 
Clarine 
Clarit 
Claryfine 
Clitfchar 
Collactivit 
Colorado Fuel & 

Iron Carbon 
Columbia Activated 

Carbons 
Darco 
Declowyte 
Decolorit A 
Denver Fir Clay 

Carbon 
Deodorite 
Deutz 
Dicalite M-23 
Dorsite 
Dubinin Carbons 
Ecolite 
Elorit 
Epofene 

TABLE 1.2 (continued) 

Eponit 
Esbit (also Unolit) 
Ferros De Gamus 
Filtchar 
Flaming 
Flandrac 
Frankonit, FK and 

FC 
Fujii 
General Carbon 
Girdler 
Gluconorit 
Glycesil 
Haller Black 
Hamon Carbons 
Hi-ac 
Hiagenit 
Horodenka 
Humuskohle 
Hydraffin 
Invicta 
Katfeeraffin 
Karbos (Carbos) 
Kelpchar 
Klearit 
Koblit 
Kosmac 
Kuri Sumi 
Lignocarbon 
Litterale 
Magnechar 
Maximin 
Meade 
Melite 
Merke 
Minchar 
Molascarb 
Molaschar 
Morrell-carbons 
Nara Sumi 

Nigrile 
Nobrac 
Noir animal en pite 
Noir Diamant (also 

Diamantkohle 
Noir epure 
Noir lave en pite 
Noir oenologique 
Norit 
Nuchar 
Oenocarbon 
Ostacol 
Pfeiffenberger Kohlc: 
Phytocarbon 
Pittsburgh 
Polycarbon 
Puraire 
Purit 
Radit 
Rennite 
Shirasagi 
Silica Black 
Sorboid 
Sorbonorit 
Suchar 
Sumacarb 
Superba 
Supersorbonkohle 
Sutcliffe Carbon 
Swastika 
Sylvac 
Synchar 
Tilton 
Ultra-car bone 
Urbain-carbons 
Weschar 
Westchar 
Wetterau 
Zeo Carb 
Z-Kohlen 

3 

• This list includes most of the brands of carbons that have been available to industry at some 
time; many of these arc no lon11er manufactured. 

2. EARLY HISTORY 

The use of carbon for purposes other than as a fuel or in metallurgy 
is ancient; various carbons are mentioned for medicinal use in an 
Egyptian papyrus (1550 B.C.). In the time of Hippocrates and Pliny, 
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4 ACTIVATED CARBON 

wood chars were employed for the treatment of various ailments. 
Kehls, in 1793, discussed the application of charcoal to gangrenous 
ulcers to remove bad odors. 1 

The discovery of the phenomenon of adsorption, as now under­
stood, is generally attributed to Scheele1 who in J 773 described 
experiments on gases exposed to carbon. In I 777, Fontanna4 dis­
closed an experiment in which glowing charcoal was plunged under 
mercury and allowed to rise into an inverted tube containing a gas, 
whereupon much of the gas disappeared. In the realm of solutions, 
the earliest documented date appears to be I 785, when Lowitz5 

observed that charcoal would decolorize many liquids. A few years 
later wood char was employed in a refinery to clarify cane sugar, and 
in 1808 the use was extended to the then infant beet sugar industry 
in France. 

To thwart Napoleon's conquest of Europe, the British navy­
which controlled the seas-placed an embargo on overseas ship­
ments of goods and supplies. To meet the ensuing shortage of sugar, 
Napoleon subsidized the struggling young beet sugar industry. At 
first, wood char was used for decolorizing but with only partial 
success. About this time, Figuier1-while preparing shoe blacking 
with a mixture of honey, wine, and bone char-observed that bone 
char had decolorizing power which he subsequently found to be 
superior to that of vegetable charcoal. The results were published 
in 1811 and led to adoption of bone char by both beet and cane 
sugar indu'stries. 

At first, pulverized bone char was applied on a single use-and­
discard basis, but because supplies of bone char were limited, studies 
were made to regenerate the spent char for re-use. About 1828 
a method for revivifying granular bone char by reburning was 
developed and gradually adopted. In the years since then, many 
improvements have been made in the process and today it is in 
general use in the cane sugar industry. 

During the nineteenth century a number of attempts were made 
to prepare decolorizing carbons from other source materials. In 
1822, Bussy,6~y heating blood with potash, produced a carbon 
that had from twenty to fifty times the decolorizing power of bone 
char. Blood char so prepared was extensively used in laboratory 
studies until the introduction of modern activated carbons. Bussy 
also enhanced the adsorptive power of other chars by various 
methods, some of which were rediscovered years later by others. 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0018



HISTORY AND MARKET REVIEW s 

The great capacity of coconut char for adsorbing gases was re­
ported by Hunter 7 in J 865. Certain outstanding properties of coco­
nut char have never been fully duplicated in any other char- and 
for some purposes coconut char is superior to all others. 

Stenhouse, 8 in 1856, prepared a decolorizing char by heating a 
mixture of flour, tar, and magnesium carbonate; Lee,9 in 1863, pre­
pared a deodorizing carbon by the action of superheated steam 
and air on peat; and in 1868, Winser and Swindells 10 heated wastes 
from paper mills with phosphates. Some of the disclosures are 
similar to processes that are in current industrial use, and it is 
natural to inquire why they were not then developed on a commer­
cial scale. 

One answer can be found in the manufacturing problems that are 
involved. Although activated carbon can be prepared with relative 
ease on a laboratory scale, th~_industrial 2roduction is attended by 
engineering difficulties. The corrosive actio~ many.activation con­
ditionsrequires special structural materials that were not then avail­
able. Moreover, the successful industrial production of activated 
carbon depends on the skill of the manufacturer in controlling the 
environment of activation within narrow limits, and suitable instru­
mentation for such control is a relatively recent development. 

Another factor that retarded the industrial development was the 
absence of an apparent need for a carbon more adsorptive than bone 
char. Apart from laboratory studies, we find records of only a few 
isolated attempts to utilize the adsorptive power of carbon in fields 
other than sugar refining. However, it is of interest to note certain 
suggested applications that years later became important markets 
for activated carbon. Lipscombe, 11 in 1862, prepared a carbon to 
purify potable water; Stenhouse, 12 in 1854, suggested the use of 
charcoal to ventilate sewers and later described the forerunner of the 
modern gas mask. 

3. RECENT HISTORY 

Inventions patented by Ostrejko 1 3 in I 900 and 1901 paved 
the way for the development of modern commercial activated 
carbons. In one patent he described a basic process in which metallic 
chlorides were incorporated with vegetable substances and the mix­
ture then carbonized at a suitable temperature. In another patented 
process, vegetable charcoal was heated at bright red heat with the 
simultaneous action of carbon dioxide. • 
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6 ACTIVATED. CARBON 

The first powdered commercial carbon, Eponite, was produced in 
Europe in 1909, using wood as a source material and working under 
the Ostrejko patents. 1 Norit, an activated carbon manufactured in 
Holland, first appeared about 1911 and soon became widely known 
in the sugar industry. 

The first activated carbon produced in America was developed 
accidently from an endeavor to find utility for leached black-ash, 
a waste product in the manufacture of soda pulp. 26 When pul­
verized, black-ash resembles lamp black, and a factory was erected 
to process it into a pigment. Because of certain cblor characteristics, 
however, the finished pigment was not generally accepted by the 
paint and ink industries. Vigorous efforts to find other sales outlets 
were of no avail and the factory was about to be abandoned, when, 
quite by accident, one of the workers stumbled on the discovery 
that black-ash has decol.orizing power. The product, now named 
Filtchar, was sold as a substitute for bone char and fuller's earth. 
Marketing difficulties soon developed because of uneven quality of 
the product; some batches were satisfactory, others were not. Very 
few tests were then available to measure decolorizing power and none 
were suitable for quality control of the Filtchar. 

Research developed the test with Sudan III dye to measure the 
relative efficiency of each batch of Filtchar, 14 and by selection it 
became possible to furnish activated carbon of satisfactory uniform 
quality to consumers. But the test accomplished much more for it 
was now possible to study factors that influenced the decolorizing 
power of black-ash, and within a short time carbon of improved 
quality was produced. 

Early interest in the development of activated carbon was stimu­
lated by a belief that a large potential market existed in the cane 
sugar industry. Some early studies seemed to indicate that powdered 
activated carbon could be applied directly to the raw cane juice and 
thereby eliminate the need for an intermediate stage in which raw 
sugar is first produced, which then must be redissolved and re­
crystallized. However, 'this hope was not realized; factory operation 
disclosed that the intermediate stage of raw sugar was still necessary. 

Powdered activated carbon was found to be an effective substitute 
for bone char in established operations but required the installation 
of new specialized equipment. Inasmuch as the existing equipment 
for bone char represented a large capital investment, very few 
refiners were induced to make the change. 
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HISTORY AND MARKET REVIEW 7 

Sales opportunities were found for the purification of other pro­
ducts that require decolorization but the total extent of such markets 
fell far short of fulfilling the hopes of those that had pioneered in 
the development of what were then known as decolorizing carbons. 

Then, in 1915, an event that shocked the world brought fame to 
activated carbon. World War I had become a purely defensive 
action with opposing armies land-locked in trenches. Seeking to 
break the impasse, the German command on April 22, 1915 ordered 
the release of chlorine from cylinders on a four-mile front near 
Ypres, 15 and a breeze carried the yellow-green vapor over no-mans 
land into the Allied trenches. Against this weapon the Allied soldiers 
had no protection; the agonized men, choking and gasping, could 
only flee, leaving a breach in the line. Had the Germans conducted 
the attack over a wider front and followed through the breach, they 
might have won a decisive victory. But the German soldiers them­
selves had no protective armour to withstand the effect of the gas, 
and so could not follow through. Soon afterwards, another attack 
was made with similar results. The Germans then turned to a study 
of other methods of gas warfare and the interval gave the Allies an 
opportunity to provide protection in the form of gas masks con­
taining activated carbon. Had it not been for this development, 
history might have followed a far different course. 

Although activated carbon had been manufactured for some years, 
the soft powdered types were not suitable for gas masks. Conse­
quently new materials had to be selected and new processing equip­
ment developed. Coconut char proved to be a suitable source 
material because of its great potential adsorptive capacity combined 
with the required resistance to abrasion. The rapid development of 
effective methods of production constitutes a brilliant episode in the 
annals of industrial chemistry. 

4. MARKETS 16
•
I7

•
21 

The publicity given to activated carbon in World War I stimulated 
research to extend the use of it in new fields, and the years since then 
have witnessed a steady growth in production. (See Tables I: 3 and 
.1:4). 

Air Purification 

The principle of the gas mask is employed to eliminate odors and 
noxious vapors from living and working spaces. Such use has gained 
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8 ACTIVATED CARBON 

·momentum in recent years with the introduction of air conditioning. 
The traditional method of removing odors and correcting a stale and 
vitiated atmosphere in living quarters is by ventilation with fresh air 
from outside. The admission of large quantities of outside air, how­
ever, can increase the costs of air conditioning to a prohibitive level. 

TABLE I: 3 

RANKING OF MARKETS FOR ACTIVATED CARBON• 

Sales Volume, Pounds 

I. Municipal Water Purification 
2. Corn Sugar 
3. Cane Sugar 
4. Gas Adsorption 
S. Dry Cleaning 
'i. Reclaimed Rubber 
7. Pharmaceuticals 
8. Fats and Oils 
9. Beet Sugar 

10. Plasticizers 
11. Industrial Water Purification 
12. Electroplating 
13. Alcoholic Beverages 

Sales Volume, Dollars 

(2) 
(I) 
(7) 
(3) 
(4) 
(8) 
(5) 
(6) 

(11) 
(10) 

(9) 
(12) 
(13) 

• From thesis by Richard H. Parry, December 1961 ;1• reprinted by permission of Department 
of Mineral Economics, Pennsylvania State University. 

In many situations, therefore, it has become more general practice 
to recirculate much of the air and maintain the purity and freshness 
by passing the air continuously through a bed of granular activated 
carbon. In areas where smog prevails, outside air should be passed 
through activated carbon before being admitted to living quarters. 18 

Air purification can be helpful wherever groups assemble in en­
closed quarters, e.g., restaurants, offices, public transportation, air 
raid shelters. 19 In submarines, activated carbon prevents the accu­
mulation of an odor in the air that is re-used many times. 20 

Solvent Recovery 
A market has been developed for the recovery of o~ganic solvents 

used in diverse industrial operations: as processing mediums in the 
manufacture of plastics, explosives; and as agents to apply a product 
to its intended use as in painting and printing. Many such solvents 
are volatile and the escape of such vapors into work rooms can create 
hazards to health, and from fire and explosion. As the amount of 
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solvent thus vaporized can constitute an appreciable cost, recovery 
is desirable also for economic reasons. The liquid is recovered by 
passing air from the work rooms through beds of activated carbon, 
and the adsorbed vapor is subsequently removed from the carbon 
with steam. 

Year 

1960 
1959 
1958 
1957 
1956 
1955 
1954 
1953 
1952 
1951 
1950 
1949 
1948 
1947 
1946 
1945 
1944 
1943 
1939 
1937 
1935 

TABLE I: 4 

U.S. PRODUCTION, VALUE, AND AVERAGE UNIT 
VALUE OF WATER PURIFICATION AND 

DECOLORIZING GRADES OF ACTIVATED CARBON 
FOR SELECTED YEARS 

Production 
(short tons) 

60,118 
58,436 
53,297 
52,757 
53,469 
48,518 
46,200 
42,388 
32,446 
41,656 
37,921 
33,558 
33,016 
36,169 
32,551 
31,289 
30,785 
29,625 
16,168 
10,655 
11,477 

1935-1960• 

Value 
(dollars) 

15,870,000• 
15,451,000 
13,834,000 
12,953,000 
11,608,000 
10,318,000 
9,326,000 
8,555,000 
6,744,000 
7,656,000 
6,737,000 

NA 
NA 

4,249,000 
NA 
NA 
NA 
NA 

1,881,000 
1,444,000 

925,600 

Average Unit Value 
(cents per pound) 

13.2• 
13.2 
13.0 
12.3 
10.9 
10.6 
IO.I 
10.1 
10.4 
10.I 
8.8 

NA 
NA 
5.9 

NA 
NA 
NA 
NA 
5.8 
6.7 
4.3 

e, Estimated. 
NA, Data not available. 
Source: U.S. Department of Commerce, Census of Manufacturers; Facts for Industry. 

• From Thesis by Richard H. Parry, December 1961 ;18 reprmted by permission of Department 
of Mineral Economics, Pennsylvania State University. 

The adsorption of vapors, with or without recovery, is essential in 
many diverse industries. In most instances the vapor adsorption can 
be accomplished in equipment of established design, which when 
necessary can be altered or modified for specific needs and conditions. 
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10 ACTIVATED CARBON 

Although the basic features of such adsorption systems are simple, 
proper correlation of the component units and careful attention to 
details are essential to efficient operation and often to safety. 
Inasmuch as measures to correct vapor pollution rarely need to be 
concealed, there is seldom any objection on this score against placing 
such projects in the hands of a qualified engineering group outside, 
and thereby achieve a more efficient operation at a lower cost. 

Liquid-Phase Applications 

The interest that had been aroused by the publicity given to the 
use of carbon in gas masks in World War I extended to liquid-phase 
purification, and workers in many industries began to explore pos­
sible benefits from the use of activated carbon. Considerable en­
thusiasm also developed in the direction of additional facilities for 
manufacturing activated carbon. As a result the period following 
World War I was marked by intense competition. Of the hundred 
or more brands of commercial carbon developed during that period, 
only a few remain. The quest for survival led to continual advance­
ment in the quality of activated carbon. Within a space of twelve 
years, the process based on black-ash went through four major 
changes in method of manufacture. 

Intense competition led to a search by suppliers for new and 
greater sales outlets. Primary consideration was given to decolori­
zation, and the term so generally used-decolorizing carbon-mirrors 
the thinking of the times. Those that used carbon for dec;olorization 
often discovered other benefits, such as improvements in other 
properties of the product being decolorized. It was found, too, that 
carbon often aided processing stations by adsorbing impurities that 
interfered with functions such as filtration, evaporation, and 
crystallization. 

Suppliers recognized the need for a good descriptive name to 
advertise the many-sided properties of activated carbon. This re­
sulted in slogans such as "Activated Carbon, the Modem Purifier". 
The name decolorizing carbon has survived and continues in general 
use, but at least it has come to mean a carbon having a broad 
spectrum of usefulness. 

In many food industries, decolorization led to the use of carbon for 
the removal of unwanted flavors and odors, and this,. in turn, may 
have planted the thought leading to the use of carbon for purifying 
potable water supplies. During recent decades, great strides have 
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been made in the disinfection of water supplies and in the elimination 
of tastes and odors. Although the control of tastes and odors has 
been a relatively recent achievement, the problem is by no means 
new. 22 We know the identity of only a few of the multitude of sub­
stances that can and do cause taste and odor in water. Furthermore, 
the specific cause will vary from one supply to another, and even in 
any one supply the cause can change from season to season. Many 
means of correction had been studied-superchlorination, aeration, 
chloramines, ozone, permanganate-but with only limited suc­
cess. 2 3 • 

24 It had long been recognized that activated carbon would 
remove tastes and odors; but because of cost there was hesitation to 
use it on municipal supplies, particularly because a large proportion 
of the treated water is used for purposes in which palatability is not 
essential. 

The meat packing industries of Chicago are credited as being the 
first in America to use activated carbon for water supplies. This was 
in 1928. 24 Then in 1930, the New Milford plant of the Hackensack 
(New Jersey) Water Company had trouble with a very disagreeable 
taste that resisted other means of correction. Finally Spalding23 

experimented with powdered activated carbon, and the promising 
results led to a plant scale test that was a complete success and 
furnished a fully palatable water. Spalding's success was recognized 
by the supervisors of other water plants, and by the end of 1930, 
activated carbon was being used in over 150 plants.25 The figure 
rose to 400 plants during 1932 and passed the thousand mark by 
1938. 

Although activated carbon is a "natural" for water purification, 
the development of this application was not without many problems. 
That they were solved so rapidly and effectively can be credited to 
the cooperative spirit prevailing in an industry in which ideas and 
know-how are exchanged without let or hindrance. 

With greater knowledge of the properties of activated carbon has 
come an understanding that it is often possible to guide adsorption 
into desired channels by providing an appropriate environment. 
Recognition of such ability has extended the utility of carbon and 
has made it practicable to reach markets not visualized in earlier 
years. In fact, some applications would seem to require a broader 
description than is encompassed by purification. 

Some new· applications are reminiscent of an earlier use. Thus, 
carbon was employed years ago to provide a-gradual release of drugs 
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12 ACTIVATED CARBON 

taken internally. Similarly, the recovery of antibiotics has a proto­
type in an earlier process to obtain iodine from brines. What is new 
is a greater understanding of the factors that are involved. 

In one new development, activated carbon is employed as a reser­
voir to maintain vapor and solution concentrations at desired levels. 
Such action is based on the fact that a substance in the adsorbed 
state becomes less volatile and less soluble. This behavior has been 
utilized in applying systemic insecticides. These powerful agents are 
readily soluble and in strong concentrations, they can damage plant 
life. Consequently, the total quantity necessary for seasonal pro­
tection cannot be applied in a single application; that is, not under 
ordinary conditions. In a suitable mixture with carbon, however, the 
adsorbed insecticide is released gradually and the concentration in 
the environment is kept at a safe level. 

It will be apparent that the foregoing application of carbon as a 
reservoir depends on the ability of carbon to release an adsorbed 
substance-a behavior known as desorption. In the foregoing 
example, a substance is adsorbed from a strong concentration and is 
released as a dilute solution. The application can be reversed; that 
is, a substance is adsorbed from a very dilute concentration and 
released as a much stronger concentration. An illustration is found 
in a process that expedited the production of penicillin when it was 
so critically needed during World War II. In that process, activated 
carbon was added to a fermented broth containing about 30 ppm 
penicillin. After removal from the broth, the carbon was extracted 
with acidified methanol which eluted the adsorbed penicillin in a 
relatively concentrated form. 

Adsorption-desorption processes have been very successful with 
vapor systems. In contrast, the experiences with liquid systems have 
provided many disappointments, and the hopes once held for large 
markets remain unfulfilled. Probably research on fundamental 
aspects could do much to place future applications in this field on a 
sounder footing. 

Plastic Solids 

The applications described thus far are limited to gaseous or 
liquid systems, and some mention should be made of the use of 
carbon in plastic solids. Knowledge of the migration of color in 
plastics solids dates back to the early days of oil painting when the 
expense and scarcity of canvas often led artists to paint over ,an 
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earlier painting. In such cases, the colors in the original would bleed 
through and cause obvious damage. Similar experience is encoun­
tered with materials of today, such as light-colored linoleum, plastic 
vinyl tile, and white-sidewall tires. 

Let us consider white-sidewall tires. These are formed by placing a 
layer of white rubber over a carcass of dark rubber. Under normal 
conditions, molecules of color in the carcass migrate and bleed 
through to stain the white-sidewall. This staining can be prevented 
by incorporating activated carbon in carcass rubber. Then the 
colored molecules will migrate only until they reach a particle of 
activated carbon, whereupon they become adsorbed and anchored. 

Miscellaneous 
The examples that have been discussed were selected because they 

serve to illustrate the many-sided nature of activated carbon. Those 
that have been associated with the industrial development of acti­
vated carbon recognize that many, perhaps most, specialized appli­
cations have been discovered by workers in other fields-workers 
that had the vision and imagination to utilize adsorption to improve 
products and processes that they were developing. Their endeavors 
have contributed much to the growth of markets for activated 
carbon. 26 

Such contributions have come because of intelligent self-interest; 
but the net effect is equivalent to having silent partners in many and 
varied research and development groups who are in a favored 
position to· create new markets for activated carbon. Often the new 
projects have been a joint undertaking, in which the suppliers of 
activated carbon furnish much of the needed know-how to expedite 
the progress of a new project. Some years ago, however, there 
appeared a proverbial "Cloud no bigger than a man's hand", 
namely, the secrecy that now surrounds most new projects. This 
often precludes opportunities for participation by outsiders, among 
whom are the research workers in the industry of activated carbon. 
The net effect is doubly unfortunate, for it not only hinders the use 
of existing know-how in expediting projects but it is also drying up 
the wells of new knowledge. 
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chapter 2 

Elementary Aspects of 
- Adsorption by 
Activated Carbon 

1. INTRODUCTION'· 2 

In industrial applications, the utility of activated carbon is based 
on adsorptive power, a relation quite apparent in traditional func­
tions such as decolorization and in the removal of toxic vapors. 
However, some phenomena may appear in forms that we have not 
yet learned to view as orthodox forms of adsorptive behavior; con­
sequently in many everyday experiences the role of adsorption may 
escape general recognition. 

How many know that adsorption 
1) Provides the cleansing power of soap? 
2) Enables oil to calm waves at sea? 
3) Causes canvas cloth to shed water? 
4) Is a factor in corrosion, flotation, catalysis, and lubrication? 

This is not to suggest that the use of activated carbon requires 
detailed information on all these aspects, but a study will be more 
rewarding when guided by an over-all perspective. Certainly this 
should include the ability to recognize adsorption when it is disclosed 
in less familiar forms. 

Underlying the complexities and varied types of behavior can be 
found a unjform common denominator. An understanding begins 
with a recognition that the phenomena ofadsorption embody energy, 
the power to do work at surfaces. Energy is like a chameleon that 
can assume many forms depending on the medium through which it 

' 
IS 
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16 ACTIVATED CARBON 

moves. Thus by appropriate equipment an electrical current can 
furnish light and heat, perform mechanical work, or broadcast a 
television program. Similarly, the energy changes that accompany 
adsorption can take varied forms depending on the specific system 
being studied and on the environment in which it is cast. The energy 
may take familiar forms, e.g. the heat that is liberated when carbon 
adsorbs benzene vapor; or in the motion exhibited when a particle 
of camphor is placed on the surface of clean water. Very often, 
however, the energy content takes forms that are less obvious, or at 
least less familiar. 

Many theories of adsorption are based on concepts of free surface 
energy and/or surface tension. As these concepts may not convey a 
physical picture that is helpful in an elementary presentation, we 
shall use a concept that can be more readily visualized; ·namely, 
to regard adsorption as a consequence of attractive forces operating 
at surfaces. 

2. SURFACES AND INTERFACES1
•

3 

At the start it is well to examine what is meant by a surface. 
Subconsciously we may think of a surface as the exterior of a material 
body. However, a surface is actually a boundary because where the 
mass of one body ends the mass of another begins. Consider a solid 
immersed in a liquid. Here the surface of the solid faces a corre­
sponding surface of the liquid; the region enclosed by these two 
surfaces we know as an interface, and it is within this interfacial 
region that adsorption occurs. 

In view of this it is perhaps unfortunate that we should so generally 
speak of adsorption as occurring on a surface, but it would be 
pedantic to try to change the custom. It is to be emphasized, how­
ever, that in any discussion of adsorption, a surface must at all times 
be envisioned as an integral part of an interfacial region. This is 
stressed because many features will be obscure unless we have an 
understanding of the role of the interface, and fully realize that the 
masses on both sides of the boundary participate in an adsorption. 

Five types of interfaces are possible: 

liquid II gas 
liquid [[ liquid 
liquid 11 solid 

solid ii gas 
solid II solid 
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ELEMENTARY ASPECTS OF ADSORPTION 17 

Much is known as to the nature of the liquid II liquid, and the 
liquid II gas interfaces.'· 3 Careful analysis of a vast quantity of 
experimental data by many workers places our understanding of 
such boundaries on a firm foundation. We have fewer data lead­
ing to an understanding of interfaces that include a solid, and our 
concepts of such interfaces rest on the premise of a similarity to 
liquid II liquid, and liquid II gas interfaces. 

Liquid II Gas Interface 

Let us begin by considering behavior at the liquid II gas interface. 
If propane vapor is passed over the surface of a layer of liquid ether, 
many molecules of propane will enter the liquid and dissolve­
this being in line with the well-known principle that like dissolves 
like. 

If the experiment is repeated, but with water substituted for the 
ether, the propane molecules-being unlike water-will not dissolve, 
but instead will rebound into the vapor space. The next step in the 
study is to convert propane into propyl alcohol by introducing an 
hydroxyl group, and then pass the alcohol vapors over the surface 
of the water. When the alcohol vapor molecules impinge on the 
surface of the water they will be captured by the pull of the water for 
the hydroxyl head* (like for like), and many molecules of the vapor 
will be dragged into the body of the water. Inasmuch as the C 3 H7 

tails resist immersion, many of the captured propyl alcohol molecules 
will remain at the surface. Molecules remaining at the surface will 
be oriented, the heads dipping into the water and the tails extending 
into the vapor space (Figure 2: I). 

AIR 

~~-~-~-h~----- -- - -- - - - ---- - - - -- - - --
-~-:_ .::_ :-_ WATER =--: =--_ -_:: 

FIO, 2: I. ORIENTATION OF PROPYL ALCOHOL MOLECULES AT AIR/WATER INTERFACE 

• In the subsequent discussion we shall employ the conventional terminology, 
referring to the hydrocarbon portion of an organic molecule as the tail and to 
the hydroxyl or other polar part as the head. 
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18 ACTIVATED CARBON 

Incidentally, evidence of orientation is shown in a simple labora­
tory experiment in which a thin layer of melted beeswax is allowed to 
cool slowly on the surface of water; when solidified, the beeswax will 
be wettable on the underside and non-wettable on the top side. 
Orientation constitutes an important feature of adsorption which 
helps us to understand the specificity so often found. 

Liquid II Liquid Interface 

A liquid JI liquid interface can be established in diverse ways. For 
the purpose of this discussion we shall consider an interface that 
forms when a layer of liquid ether is placed over an aqueous solution 
of propyl alcohol. Some molecules of alcohol will remain in the 

water 

Flo. 2:2. ORIENTATION AT ETHER/WATER INTERFACE 

body of the aqueous solution, others will migrate into the ether layer, 
pulled there by the solubilizing power of ether for the C 3H 7 tail 
(like dissolving like). But many alcohol molecules will be anchored 
into the interface where each end of the alcohol molecule is drawn 
into the solvent in which it is more soluble-the heads dipping into 
the water and the tails being pulled into the ether (Figure 2: 2). As 
both of the pulls cooperate and reinforce the anchorage into the 
interface, the concentration of propyl alcohol molecules will be 
greater in the interfacial region than in either bulk phase-water or 
ether. 
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ELEMENTARY ASPECTS OF ADSORPTION 19 
' 

Interfaces Involving Activated Carbon 
Let us now seek to interpret adsorption by carbon in the light of 

deductions drawn from the liquid II gas and the liquid II liquid inter­
faces. If activated carbon is placed in contact with propyl alcohol 
(as either vapor or liquid) much of the alcohol will be taken up. 
Assuming that the attractive power of a solid surface is akin to the 
~olubilizing power of a liquid then, as like dissolves like, we may 
deduce that the propyl alcohol is held as shown in Figure 2: 3 with 

Flo. 2:3. ORIENTATION OF PROPYL ALCOHOL AT CARBON/AQUEOUS SOLUTION 
INTERFACE 

the tails joined to the carbon, and the heads directed toward the 
liquid or vapor space. Many data support the view that the orienta­
tion is as shown in Figure 2: 3, but this does not preclude the exis­
tence of adsorption in which polar groups are bonded to the carbon 
surface. As the orientation will be influenced by the solvent used, 
benzene, which has a solubilizing attraction for the hydrocarbon 
tails, will promote an orientation unlike that with water. 

Thus far we have considered simple structures. As we progress to 
complex structures, views as to their orientation are at best only a 
speculation. 

3. RATE OF ADSORPTION1 • 2 

When an adsorbable vapor or solute molecule makes contact with 
a suita.ble unoccupied space on the carbon surface, the molecule will 
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adhere almost instantly. Therefore the time required for an adsorp­
tion process depends on the rate at which gas or solute molecules can 
diffuse to a carbon surface-plus the time to find an unoccupied 
space.4 f!'n systems where a gas or liquid is passed through a bed of 
granular carbon, the molecules need travel only a short distance to 
reach the carbon surface. Having established contact the adsorbable 
molecules must now find a suitable unoccupied space. Initially such 
positions are available on the exterior surfaces, but as these become 
filled, molecules arriving later must find spaces in the interior of the 
carbon particles, and this can involve a search through long and 
tortuous channels. This does not seem to present any great difficulty 
for gases or vapors. Lamb 5 reports that from air containing 7,000 
parts per million chloropicrin, granular gas mask carbon can adsorb 
99.99 % of the chloropicrin in 0.03 seconds. Another study reports 
that a half-inch bed of a suitable granular carbon will satisfactorily 
remove odors from air moving at a rate of 60 feet a minute. 

With liquids the experience is somewhat different. After a brief 
rapid initial rate, the subsequent rate diminishes noticeably, especi­
ally when large size molecules are to be adsorbed. Granular carbon 
(8 x 30 mesh) may require five or more hours to utilize an appre­
ciable portion of the total potential adsorptive capacity. The rate of 
adsorption from liquids is much accelerated by pulverizing the carbon 
so as to expose more of the interior surface. 6 With powdered car­
bons, if mixing is adequate, the major portion of the adsorption is 
complete within an hour (Table 2: I). Adsorption will continue 

Carbon 
Code 

G 
J 
K 
G 
J 
K 
G 
H 
K 

TABLE 2 : I 

INFLUENCE OF TIME ON ADSORPTION OF DYES• 
(Equihbrium concentration, 0.1 millimole/liter) 

Millimoles dye/g carbon 
Dye adsorbed at 25° C 

5 minutes 10 minutes 60 minutes 
Methylene Blue 0.82 0.82 0.83 

0.44 0.46 
0.63 0.66 0.70 

Malachite Green 0.95 1.04 1.07 
0.27 0.30 

0.59 0.81 
Alizarin Red 1.21 1.25 1.25 

0.55 0.60 
0.52 0.59 

• Unpublished data. 
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ELEMENTARY ASPECTS OF ADSORPTION 21 

beyond this time but at a diminishing rate for days, weeks, and 
longer. Although it is of much significance from the viewpoint of 
pure science, this further adsorption is seldom of import for industrial 
applications except in special situations. 

4. SEPARATION BY ADSORPTION 

The successful separation of substances present in a mixture hinges 
on the relative adsorbability of the individual components. Metha­
nol, which is well adsorbed by carbon, can be readily separated from 
air, which is not. In contrast it is not practicable to separate 
methanol from the equally adsorbable ethanol. Hence, when con­
sidering a new application a first step is to gain some idea as to the 
relative adsorbability of the individual components, and in this it is 
equally important to have knowledge of non-adsorbable substances 
as well as those that are adsorbable. 

There are many data on adsorption but they cover only a fraction 
of the substances encountered in industrial purifications. It is rare 
to find an earlier prototype to a new situation, but by searching the 
data for an understanding of adsorptive behavior, we can gain know­
how of ways and means of exploring the potential of specific situa­
tions. Let us review some basic lessons that have been learned. 

5. CHARACTERISTICS OF ADSORBABLE GASES 
AND VAPORS 

Many features of our present knowledge of adsorption of gas and 
vapor are outlined in an investigation of de Saussure 7 published in 
I 814. He found that a porous substance such as charcoal will take 
up many gases but in different amounts, and that the more conden­
sible gases are adsorbed in greater quantities. Many subsequent 
studies have confirmed that when adsorptions are conducted at an 
identical temperature, e.g., 20° C, a correlation exists between the 
adsorbability and the boiling point, also to the critical temperature 
(Table 2: 2). Or as we may otherwise express it, vapors that readily 
condense to a liquid state will be more readily adsorbed than gases 
that liquefy only if and when cooled to a low temperature. Such 
interdependence is to be expected inasmuch as molecules which can 
more readily slow down to the comparative rest of the liquid state 
should by that same token be more easily captured by a solid surface. 

Early investigators described adsorption as swface condensation; 
and today it is generally accepted that the forces that bind molecules 
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of a liquid together (van der Waals) are a large factor in physical 
adsorption at solid surfaces. A very strong attraction is contributed 
by the solid surface, however-this is demonstrated by the fact that 
gases and vapors will condense on a solid surface under conditions 
that are inadequate to cause normal condensation to a liquid. 

TABLE 2:2 

ADSORPTION OF GASES AT 0° CON CHARCOAL* 

Gas Boiling Critical Gas adsorbed 
point temperature cc/g charcoal 

Wood, 10 cm Coconut, 76 cm 
"C oc pressure pressure 

Helium --268 -267 2 
Hydrogen -253 -241 0.3 4 
Nitrogen -196 -149 1.5 15 
Carbon monoxide -190 -136 21 
Oxygen -183 -119 2 18 
Argon -186 - I 17 12 
Carbon dioxide 78 +131 20 
Ammonia - 33.5 +130 50 

• From A. B. Lamb, R. E. Wilson, and N. K. Chaney, Ind. £1111. Chem. 11 420 (1919), by per­
mission of the American Chemical Society. 

A familiar illustration is the way in which dust particles enable a 
supersaturated vapor to condense to a liquid; another example is 
found in the dew that forms on a solid surface when the humidity is 
not sufficienttoprecipitate as a fog. In acknowledging the greater 
attractive force of a solid surfac~ must not lose sight of the fact 
that adsorption requires the cooperation of the gas molecules, and 
a greater measure of assistance will be furnished by molecules that 
more readily condense to a liquid. 

The adsorptions shown in Table 2: 2 are not of sufficient magni­
tude to warrant separation on an industrial scale; but as we would 
anticipate from the condensibility factor, the adsorption of a gas 
should increase as the temperature is lowered. Dewar, 8 in I 904, 
found that even helium can be adsorbed in large quantities at a 
sufficiently low temperature. In using temperature as an adjunct for 
the separation of gases, success can depend on the selection of a 
temperature appropriate to the separation involved. Yagi 9 points 
out that carbon dioxide is most effectively separated from air between 
- 90° C and - 110° C; at higher temperatures carbon dioxide is 
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incompletely adsorbed, and at lower temperatures adsorption of 
oxygen and nitrogen occurs. 

Most organic vapors and a number of inorganic vapors are 
adsorbed moderately to well at normal temperatures, i.e., 0° C to 
30° C. Included in the inorganic group are: bromine, iodine, chlorine, 
iodoform, hydrogen iodide, oxides of nitrogen, sulfur trioxide, car­
bon disulfide. Some adsorptions are complicated by chemical 
changes: adsorbed chlorine is converted to hydrogen chloride in the 
presence of moisture; hydrogen sulfide may oxidize to sulfur; 
hydroxylamine forms from adsorbed ammonia/ 0 and changes have 
been observed for adsorbed oxides of nitrogen. 11 

Although condensibility is a paramount factor, the amount ad­
sorbed is not always in exact correlation with the boiling point or 
critical temperature. Irregularities appear in Table 2: 2, and Ban­
croft12 and Mantell 13 have called attention to greater deviations. 
The deviations suggest that adsorption can be influenced by forces 
that are obscured by the predominating effect of condensibility. 

In many investigations, the adsorption of different gases is 
measured at identical temperatures, a condition that augments the 
influence of the boiling point. This can be illustrated by a compari­
son of methane (boiling point, - 161 ° C) and methanol (boiling 
point, 64° C). lf both vapors are adsorbed at 25° C, it is apparent 
that the adsorptive power of the carbon surface will be more strongly 
augmented in the case of methanol vapor, because of the greater ease 
with which it condenses at that temperature. 

Various ways have been searched to equalize the condensibility 
factor. One approach 1s to compare the adsorption of vapors at 
equal ratios of partial pressure to saturation pressure. 14 Pearce 
et al. 15 sought to equalize the influence of condensibility by conduct­
ing the adsorption of each vapor at a temperature corresponding to 
its boiling point. 

Pearce found a relation to exist between molecular structure and 
the amount adsorbed, but the relation is influenced by the pressure 
at which the adsorption is measured. At low pressures (below I 
millimeter) the adsorption increases with molecular size in a homo­
logous series: for ethers the order of increasing adsorption is di­
methyl, diethyl, dipropyl (Figure 2: 4); a similar order is found for 
ketones. He also found that at low pressures the adsorption is in­
creased by introducing an atom of oxygen, chlorine, or nitrogen into 
an organic molecule-an effect that has been interpreted as indicating 
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24 ACTIVATED CARBON 

a direct attraction of carbon for such substituent atoms. Additional 
substituent atoms further augment the adsorption; the chlorine 
derivatives of methane show increasing adsorbability in the order: 
CH 3CI, CH2Cl 2 , CHCl 3 , CCl4 • 

0 log p I 

FIG. 2:4. DOUBLE-LOG ISOTHERMS OF DIMETHYL, DIETHYL AND DI-n-PROPYL 
ETHERS AT THEIR NATURAL BOILING POINTS 

From J. N, Pearce and P. E. Peters, in J. Phys. Chem., 42:229 (1938); reprinted 
by permission of Williams and Wilkins Company, Baltimore, Md. 

The foregoing behavior obtains only at low pressures. Increasing 
the pressure above 1 millimeter preferentially promotes the adsorp­
tion of the smaller molecules and eventually reverses the order of 
adsorption found at low pressures. Thus at the higher pressures the 
order of increasing adsorption becomes dipropyl, diethyl, dimethyl, 
for the ethers (Figure 2:4); and CCl 4 , CHCl 3 , CH 2Cl 2, CH 3CI for 
the chlorine derivatives of methane. This reversal in the order of 
adsorbability has been ascribed to a crowding effect that appears 
sooner for the larger molecules which have greater covering power 
and take up more room. 

In evaluating the relative adsorbability of vapors, the interpreta­
tion of the data can depend on whether the amount adsorbed is 
calculated as moles or grams. 14 Thus carbon N adsorbed approxi­
mately the same number of millimoles of chloroform as of carbon 
tetrachloride, and on that basis both vapors would be viewed as 
equally adsorbable. But on a gram basis, the carbon tetrachloride 
would be judged more adsorbable because of its greater molecular 
weight. 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0038



ELEMENTARY ASPECTS OF ADSORPTION 2S 

Mixtures of Gases 

From a mixture of two gases, the one more strongly adsorbed from 
a pure state will usually be more strongly adsorbed from a mixture, 
but each of the gases may be less adsorbed from a mixture than when 
it is present at the same partial pressure in a pure state. In most 
industrial applications, the adsorption of certain component gases 
is so small as to be negligible, and the adsorbable component can 
be viewed as though it were present alone. This is so, for example, 
in the adsorption of organic vapors from air. 

Effects of High Pressure 

A large increase in pressure has little effect on the adsorption of 
the more adsorbable vapors, many of which approach saturated 
adsorption at normal pressures. The less adsorbable gases, however, 
often show a· marked increase at higher pressures. 

The displacing effect observed in mixtures is not identical at all 
pressures. Lorenz and Wiedbrauck, 16 in studying adsorption of 
mixtures of ethylene and carbon dioxide, found the adsorption of 
ethylene to be greater than that of carbon dioxide at low pressures, 
whereas at higher pressures this is reversed. 17 Richardson and Wood­
house18 observed that at 2870 millimeters pressure, carbon dioxide 
and nitrous oxide are adsorbed in almost equal volumes; whereas 
at 72 millimeters pressure, two-thirds of the adsorbed gas is nitrous 
oxide . 

. CHARACTERISTICS OF ADSORBABLE SOLUTES 

In moving to a study of adsorption from solution, we would seem 
to need a new and different set of ground rules. The deep seated 
differences found between the adsorptive behavior of vapors versus 
solutes can be traced to a different character of the interface. In the 
case of the carbon II gas interface, the gas space serves primarily as 
a reservoir from which molecules are delivered to, or receivf'd from, 
the interface. 

The carbon II liquid interface presents a definite contrast; here the 
liquid side of the interface exerts a number of positive influences as 
shown in Table 2: 3. The intensity, magnitude, and direction of 
influence will vary according to the specific assortment of solutes 
and solvents; the net resultant can serve to augment, modify, or 
nullify the attractive forces exerted by the carbon side of the inter­
face. 
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26 ACTIVATED CARBON 

TABLE 2:3 

FACTORS INFLUENCING ADSORPTION AT 
CARBON 11 LIQUID INTERFACE 

a) Attraction of carbon for solute 
b) Attraction of carbon for solvent 
c) Solubilizing power of solvent for solute 
d) Association 
e) Ionization 
/) Effect of solvent on orientation at interface 
g) Competition for interface in presence of 

multiple solutes 
h) Interactions of multiple solutes 
i) Coadsorption 
j) Molecular size of molecules in the system 
k) Pore size distribution in carbon 
/) Surface area of carbon 

Temperature 
A salient difference in the adsorption of solutes versus gases and 

vapors is found in the altered role of temperature. An elevation in 
temperature increases the escaping tendency of a vapour or gas from 
the interface and invariably diminishes the adsorption. Similar 
action operates at the carbon II liquid interface, but here it is often 
dwarfed by the influence of temperature on solvent affinities. This 
should not be taken to mean that temperature is without influence 
on adsorption from solution; certainly, temperature can have much 
influence on the magnitude and direction of many factors shown in 
Table 2: 3 and thereby alter the course of an adsorption. But the 
resulting action is quite specific (Table 2: 4), many instances are 

TABLE 2:4 

INFLUENCE OF TEMPERATURE ON ADSORPTION OF DYES• 
(Equilibrium concentration, 0.1 millimole/liter) 

Carbon 
Code 

G 
H 
J 
G 
H 
J 
G 
H 
J 

Dye 

Methylene Blue 

Malachite Green 

Alizarin Red 

• Unpublished data. 

Mi/limo/es dye adsorbed per 
gram carbon in 60 minutes 

25° C 
0.83 
0.37 
0.46 
1.07 
0.45 
0.30 
1.25 
0.60 
0.56 

80° C 
0.85 
0.39 
0.56 
1.08 
0.53 
0.42 
1.15 
0.55 
0.66 
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known in which a change in temperature increased the adsorption 
of one ingredient and simultaneously decreased the adsorption of 
another ingredient in the same system. 

Some substances, after becoming adsorbed, undergo a change so 
that they are no longer soluble and such changes may be accelerated 
by an elevation in temperature. The nature of such behavior is 
analogous to the coagulating effect of temperature on certain proteins. 

Adsorption involves specific relations between the properties of 
the individual carbon and those of the solute; consequently, the 
quantitative effects of temperature are not the same with all carbons. 

Adsorbable Solutes 
In searching for an appraisal of the factors listed in Table 2: 3, 

we can best begin by cataloguing types of adsorbable solutes. 
Inorganic compounds reveal a wide range of adsorbability: At one 

extreme we find strongly dissociated salts such as sodium chloride 
and potassium nitrate which for all practical purposes can be viewed 
as non-adsorbable by carbon. At another extreme we find iodine 
which is one of the most adsorbable substances known. Between 
these extremes can be found all degrees of adsorbability as repre­
sented by compounds listed in Table 2: 5. The adsorption of some 

TABLE 2:5 

SOME INORGANIC SUBSTANCES ADSORBABLE BY 
ACTIVATED CARBON• 

Iodine 
Gold Chlonde 
Permanganates 
Dichromates 
Mercuric chloride 
Molybdates 
Ferric salts 
Arsenates 
Silver salts 

• The extent of adsorption of many morga01c substances is greatly mftuenced by pH of the 
solution. 

inorganic substances is accompanied by chemical changes that yield 
an insoluble product, e.g. gold adsorbed on carbon is in some 
instances reduced to metallic gold, and in such cases we are faced 
with an uncertainty as to the molecular mechanism that is involved. 
From the point of view of application, it is to be noted that except 
for iodine and gold the adsorption of inorganic substances has 
received scant attention by industry. 
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28 ACTIVATED CARBON 

Primary interest in industry centers in organic substances, usually 
when in aqueous solution; and in this area extensive studies have 
been made of many and varied molecular structures. Table 2: 6 

TABLE 2:6 

ADSORPTION OF ORGANIC ACIDS BY CARBON N• 

Acid k 1/n 
Formic 2.47 0.435 
Acetic 2.46 0.351 
Propionic 2.46 0.236 
n-Butyric 2.46 0.177 
n-Valeric 2.84 0.182 
Caproic 3.03 0.175 
Isobutyric 2.36 0.273 
Isovaleric 2.51 0.227 
Glycolic 1.54 0.390 
Lactic 1.66 0.335 
Glyceric 1.29 0.267 
Glyoxylic 3.89 0.455 
Pyruvic 2.44 0.273 
Levulinic 1.83 0.183 
Oxalic 3.62 0.551 
Malonic 3.88 0.410 
Succinic 2.83 0.303 
Glutaric 1.96 0.201 
Adipic 1.79 0.163 
Malic 1.28 0.252 
Tartaric 0.94 0.275 
Maleic 1.90 0.203 
Fumaric 2.81 0.248 
Mesaconic I.SO 0.133 
Citraconic 1.69 0.167 
Itaconic 1.54 0.148 
Methylsuccinic 1.30 0.172 
Citric 0. 73 0.203 
Monobromosuccinic 1.82 0.195 
Dibromosuccinic 2.58 0.320 

• Data from E. R. Linncr and R. A. Gortncr, J. Phys. Chen. 39: 35 (1935); reprinted by per­
mission of Williams and Wilkins Company, Baltimore, Md. 

shows the values of 1/n and kin the Freundlich Equation, 

x/m= kC 1ln 

for the various systems of an active carbon and an organic acid at 
equilibrium. 

An increase in size of the molecule of the solute usually favors 
adsorption, the influence being more evident when comparing 
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compounds of similar type. This effect is modified by the pore size 
distribution of the carbon used. Polysaccharides are better adsorbed 
than monosaccharides; and in any homologous series adsorption 
usually increases with size of molecules. There is, however, some 
indication that the favorable effect of increasing the size may not 
hold for very large molecules. 20 In a study of polyvinyl acetates 
with molecular weights ranging from 22,000 to 170,000, Claesson21 

observed that the larger molecules are less adsorbable. 
With dissimilar compounds, the factor of size is often outweighed 

by constitutive influences and studies have been made of the influence 
of various substituent groups (Table 2: 7). 

TABLE 2:7 

INFLUENCE OF SUBSTITUENT GROUPS ON 
ADSORBABILITY OF ORGANIC COMPOUNDS 

IN AQUEOUS SOLUTION 

Substiluent Group 
Hydroxyl 

Amino 

Carbonyl 

Double bonds 
Halogens 

Suifonic 
Nitro 

Nature of Influence 
Generally reduces adsorbability; extent of 
decrease depends on structure of host molecule. 
Adverse effect is great when introduced into pro­
pionic acid; slight decrease in adsorption when 
introduced into benzoic acid to form salicylic acid. 
Effect similar to that of hydroxyl but somewhat 
greater. Many amino acids are not adsorbed to 
any appreciable extent. 
Effect varies according to host molecule; glyoxylic 
acid more adsorbable than acetic but similar in­
crease does not occur when introduced into higher 
fatty acids. 
Variable effect as with carbonyl. 
Variable effect, e.g., chloroacetic acid is more 
adsorbable than acetic; but bromosuccinic is less 
adsorbable than succinic acid. 
Usually decreases adsorbability. 
Often increases adsorbability. 

The introduction of a second or third substituent often extends 
the influence of the first substituent but this does not always hold 
true. A second substituent may reverse the trend begun by the first 
as in the case of the chloroacetic acids. The first atom of chlorine 
introduced into acetic acid results in increased adsorption but some 
of the increase is lost when additional chlorine is introduced to form 
di- or tri-chloroacetic acid. 
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Spatial arrangements of atoms and groups in a molecule influence 
adsorbability and the effect of a substituent is modified according to 
the position occupied; see Table 2: 8. 

The influences listed in Tables 2: 7 and 2: 8 are deductions that are 

TABLE 2:8 

INFLUENCE OF MOLECULAR ARCHITECTURE ON 
ADSORBABILITY 

a) Aromatic compounds are in general more adsorbable than aliphatic 
compounds of similar molecular size. 

b) Branched chains are usually more adsorbable than straight chains. 
c) Influence of subst1tuent group is modified by position occupied, 

e.g., ortho, meta, para. 

d) Stereo isomers show inconsistent pattern; thus fumaric acid (trans) 
is more adsorbable than maleic (cis), but the trans form of hydro­
benzoin is less adsorbed than the cis form. 

e) Optical isomers, dextro and levo, appear to be equally adsorbed. 

based on limited data-and are to be viewed primarily as showing 
that the structural form of a molecule of solute can influence adsorb­
ability. Deviations and inconsistencies are disclosed when a com­
parison is made of data of different investigators. Some deviations 
can be traced to methods of measurement, i.e., some workers report 
the grams adsorbed whereas other investigators calculate the moles 
adsorbed. Some deviations arise from differences in experimental 
conditions including the use of dissimilar types of activated carbon. 

It is reasonable to assume that changes in molecular structure can 
and do alter the inherent attraction to a carbon surface and also 
affect the ease of fitting into unoccupied spaces. The influence of 
molecular architecture, however, reaches out in other directions to 
produce changes in solubility, ionization, and other properties of a 
solution and these also happen to be factors in adsorption. As of 
now, we are unable to disentangle the over-all pattern and measure 
the separate magnitude of each factor. At most we can only indicate 
the probable direction of each influence, and that only in a very 
qualitative way. 

Solubility 
An increase in solubility reflects a greater affinity between the 

solute and the solvent, and acts to oppose the attraction exerted by 
the carbon. Consequently any change that increases solubility may 
be associated with reduced adsorbability-a deduction that is 
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supported by statistical evidence. Thus, polar groups (characterized 
by an affinity for water) usually diminish adsorption from aqueous 
solutions. The greater adsorption of the higher aliphatic alcohols 
and acids is attributed in part to their smaller solubility in aqueous 
solution. 

The influence of solubility can also be studied by measuring the 
adsorption of individual substances under a variety of experimental 
conditions that alter solubility. Thus the addition of salt to an 
aqueous solution decreases the solubility of fatty acids and simul­
taneously increases their adsorption. This effect, known as salting 
out, is observed with proteins, amino acids, and other organic com­
pounds (Table 2: 9). The influence of a salt can be quite specific; a 
definite ·relation often exists between the chemical nature of the salt 
used and that of the substance being adsorbed. 

TABLE 2:9 

INFLUENCE OF SALT ON ADSORPTION OF PHENOL• 

Composition of original solution 

Phenol 
g/liter 

1.0 
1.0 

• Unpublished data. 

NaCl 
g/liter 

0.0 
100.0 

Phenol adsorbed 

mg/g carbon T 

135 
160 

Solubility has been established as a factor in adsorption, but it is 
important to recognize the true nature of its influence, which is that 
of a restraining force-a brake against the pull of the carbon. Even 
great solubility, however, does not prevent the adsorption of a sub­
stance that is strongly attracted to the carbon surface, e.g., the very 
soluble chloroacetic acid is well adsorbed. Conversely, a slightly 
soluble substance will be adsorbed only if and when an attraction 
exists for the carbon. A correlation with solubility is more clearly 
defined when comparing similar molecular structures, but even here 
the relation is sometimes absent. 

Dissociation and Association 
Little is definitely known of the effect of association on adsorption 

by carbon. 2 As the influence of dissociation presents a somewhat 
confusing picture, we shall comment briefly here only on certain 
aspects. 
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As a general rule, dissociation is adverse to adsorption by carbon; 
strongly ionized salts are not adsorbed in appreciable quantities 
whereas organic acids and bases are well adsorbed. Moreover, the 
adsorption is enhanced by conditions that reduce ionization, 22 e.g., 
the adsorption of acetic acid increases when a mineral acid is present; 
the effect is traced to the action of the strong mineral acid in repres­
sing ionization of the acetic acid and thereby increasing the ratio of 
molecules in a nonionized and more adsorbable form. Similarly, 
the adsorption of organic bases (e.g., butylamine) is increased by the 
presence of a strong base in the system. 

In view of the foregoing, we might expect to find a correlation 
between the dissociation constant and the adsorbability of an organic 
acid. The relation holds to some extent, but there are many devia­
tions; the strongly ionized chloroacetic acid is more adsorbable than 
the weakly ionized acetic acid. 

Although as a general rule ions are not well adsorbed by carbon, 
a notable exception appears in the case of hydrogen ions; all the 
strong mineral acids are adsorbed to an appreciable extent. 

Based on the older classical view of the ionization of amino acids, 
maximum adsorption could be expected at the isoelectric point­
the region of least dissociation. Phelps and Peters23 found support 
for this in the adsorption of histidine, which is more strongly 
adsorbed at pH 7.3 than at higher or lower values. The relation is 
absent for some other amino acids. Glycine and alanine show little 
or no adsorption at any pH, a behavior which these authors sug­
gested may be explicable by the newer views on the constitution of 
amino acids. Polypeptides and proteins show a region of maximum 
adsorption near their isoelectric point; the zone is fairly wide and 
varies in extent according to the type of carbon used. Generally it 
is considered that the pH does not influence the adsorption of sub­
stances classified as nonelectrolytes, but this conclusion should be 
accepted with caution because an effect has been observed in some 
cases when the change in pH is sufficiently great. 24 

As the influence of a strong acid in increasing the adsorption of a 
weak acid is ascribed to the effect of a common ion, one might expect 
that the adsorption of an acid or base would increase in the presence 
of a salt with a common ion. Such an effect has been observed: 
NaCl increases the adsorption of NaOH and also of HCI. Similarly, 
NaNO 3 increases the adsorption of HNO 3 • Exceptions are found; 
for example, Na 2SO4 diminishes the adsorption of H 2SO4 , possibly 
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because the weakly adsorbable NaHSO 4 is formed. The adsorption 
of acetic acid decreases in the presence of sodium acetate, probably 
because sodium acetate tends to keep acetic acid in the water phase. 2 5 

Thus it has been observed that benzene is less able to extract acetic 
acid from a solution that contains sodium acetate. 

Solvent 
Thus far the discussion has centered around aqueous solutions, 

and it_ may be observed that water is the solvent commonly used in 
most industrial applications of carbon. 

The influence exerted by the liquid side of the interface has 
previously been mentioned, and the power of this influence is 
clearly revealed when another solvent is substituted for water. The 
adsorption from an organic solvent is frequently only a quarter (or 
less) of that obtained from an aqueous solution (Table 2: 10). 
Various causes contribute to the reduced adsorption-a major factor 
being the adsorption of the solvent. In contrast to water, which is 
weakly adsorbed by carbon, organic solvents are strongly adsorbed 
and consequently leave less unoccupied space for the adsorption of 
solutes. 

Although it is a major factor, solvent adsorption does not explain 
all behavior resulting from the use of an organic solvent. As can be 
seen in Table 2: 10, the substitution of ethanol as a solvent results in 
a greater reduction in the adsorption of Malachite Green than of 
Methylene Blue. Some such variations are traced to an influence on 
orientation in the interface, others to differences in solubility. 

TABLE 2: 10 

INFLUENCE OF SOLVENT ON ADSORPTION OF DYP 

Carbon Methylene Malachite Alizarin 
Code Blue0 Green° Red" 

In water In ethanol In water In ethanol In water In ethano 
A 0.84 0.26 1.07 0.113 1.25 0.3S 
C 0.70 0.IS 0.74 0.029 1.00 0.43 
D 0.37 0.07 0.4S 0.017 0.62 0.14 
E 0.30 0.08 0.34 0.008 0.4S 0.17 
F 0.44 0.12 0.19 0.018 0.39 0.12 
H 0.73 0.07 1.10 o.oso 0.9S 0.24 

• M11limoles per gram of carbon at a concentrauon of 0.1 m111imoles per liter in equilibrium 
solution. 

• Data from Ind. Eng. Chem. 37: 645 (1945); reprinted by permission of the American Chemical 
Society. 
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Lundelius26 studied the adsorption by blood char of iodine dis­
solved in three separate liquids, in all of which iodine dissolves with 
the formation of a red-violet color. He found the adsorbability to be 
in a reverse order to the solubility in each liquid. 

Adsorbability and solubility do not always vary in opposite direc­
tions, however. The effect of solubility can be masked when the 
solute is dissociated or polymerized, or reacts with the solvent. 

One must also reckon with specific effects of the type of carbon 
used; thus the ratio of dye adsorbed from solutions in water and in 
alcohol will depend on the type of carbon used (Table 2: I I). 

TABLE 2: II 

INFLUENCE OF TYPE OF CARBON ON ADSORPTION 
RATIO FROM DIFFERENT SOLVENTS• 

Carbon Code 

J 
K 

Rhodamine B 

In water In ethanol 

0.174 
0.179 

0.016 
0.005 

Malachite Green 

In water 

0.310 
0.315 

In ethanol 

0.034 
0.017 

• Data not previously published. Figures mdicale grams adsorbed per gram of carbon at 
concentration of0.10 g/liter in solution at equilibrium. 

Mixed Solvents 
Studies have been made of adsorption from mixed solvents but 

the conclusions to be drawn have limited scope.2 In the simplest 
case-that of a mixture of similar· solvents such as benzene and 
toluene-the adsorption is often proportional to the composition of 
the mixture and it can be predicted when the adsorption from each 
separate solvent is known. From a mixture of dissimilar solvents, 
the adsorption is seldom predictable. 2 One of the solvents may have 
a predominating influence even when present in minor proportions; 
and not infrequently adsorption is less from a mixture of two sol­
vents than from either solvent used alone. Minimum or maximum 
adsorption may be found at an intermediate mixture of the compo­
nents, and such behavior recalls other abnormal behavior (e.g., vapor 
pressure and solubility) observed in mixed solvents. 

Multiple Solutes 
Thus far the discussion has been confined to systems having a 

single solute, but industrial applications generally comprise several 
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components: (l) the main ingredient, i.e., the product; and (2) the 
contamination to be removed. Consequently it becomes desirable 
to have some knowledge of effects that can result from the presence 
of multiple solutes. 

The effects can be quite specific depending on relations existing 
among the various ingredients. Some components diminish the 
adsorption of others; others may cause a mutual increase; still others 
show no measurable change. Compounds that show great adsorb­
ability from pure* solutions are often preferentially adsorbed from 
a mixture, but there are many exceptions; the quantity adsorbed 
does not always reflect the strength of the attachment to the surface. 
Consequently amounts adsorbed from the pure state should not be 
used to predict the proportions in which ingredients will be adsorbed 
from a mixture. Cassidy27 reports an interesting experience: He 
found a type of carbon that adsorbed !auric acid to a greater extent 
than stearic when the adsorption was conducted from separate 
solutions of each acid in petroleum ether; but when a mixture of 
both acids was percolated through a column of the carbon, stearic 
acid, not !auric, was preferentially adsorbed. 

The substance to be selectively adsorbed from a mixture can de­
pend on experimental conditions. For example, from a mixture of 
aniline and phenol, a high pH will favor the adsorption of aniline, 
whereas a low pH will cause preferential adsorption of phenol. 
Similarly, temperature can produce diverging effects; raising the 
temperature increases the adsorption of glycerophosphate but 
simultaneously diminishes that of sucrose. 

When several substances are adsorbed from a mixture, their com­
bined adsorption may equal, exceed, or be less than that of the 
adsorption of any individual ingredient from a pure solution. It is 
of interest to speculate on factors that might lead to such varied 
behavior, keeping in mind that there is seldom only a single cause; 
generally what we observe is a resultant of several influences. When 
the total amount adsorbed from a mixture is approximately equal 
to the sum of the separate ingredients as measured from pure solu­
tions, this indicates that each solute is attracted to separate areas. 
More often the data give evidence of competition to occupy the same 
areas, and this is indicated when the total adsorption from a mixture 
is less than the sum of the separate individual adsorptions. Steric 

• The expression pure state or pure solution as used in this section refers to an 
adsorption conducted from a solution in which only a single solute is present. 
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effects must be considered, however, as a possible influence because 
some molecules can become attached to the surface in a manner that 
blocks off areas that remain unoccupied. 

So far we have considered the adsorption to be influenced solely 
by attractive forces to the carbon surface, but often of equal or even 
greater significance are the forces that solutes can exert on solution 
status of one another. Potassium iodide increases the solubility of 
iodine in water and thereby reduces the adsorption of iodine. 
Conversely, the adsorption of fatty acids is increased when the 
solubility is reduced by the addition of sodium chloride. The effect 
on fatty acids is in sharp contrast to that observed with mercuric 
chloride. The adsorption of mercuric chloride may be diminished 
60% when sodium chloride is present; this action is ascribed to the 
formation of a weakly adsorbable complex, Na 2 Hg Cl4 • 2

8 

Co-adsorption 
Many instances are reported of solutes that when they are adsorbed 

are able to enhance the adsorption of certain other solutes. Eisler29 

observed that cholesterol and saponin mutually increase each other's 
adsorption. Rossi and Bassini30 found that after charcoal adsorbs 
Congo Red it has less power to adsorb Methylene Blue; but in con­
trast, the pre-adsorption of Congo Red increased the power of the 
char to adsorb indigo, carmine, and Methyl Violet. Rossi believed 
that Congo Red can act as a mordant and suggested the use of the 
principle to increase specific adsorptive powers. Miller31 found that 
a char that had adsorbed a water-insoluble acid dye was able to 
adsorb considerable alkali from an aqueous solution-a property not 
shown by the original char. This cooperative action of adsorbates­
a phenomenon known as co-adsorption-is considered further in 
Chapter 10. 

7. HYDROLYTIC ADSORPTION 

Salts of strong organic acids are not appreciably adsorbed by 
activated carbon. The addition of a strong mineral acid, however, 
will form a concentration of the organic acid at equilibrium; for 
example: 

(COONa)2 + 2HCI ~ 2NaCI + (COOH)2 

and the acid formed (in this case oxalic) is adsorbable. 
With salts of weak organic acids, the acid constituent of the 

salt can be adsorbed by carbon without the necessity of adding a 
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strong acid, the adsorption being accomplished by a mechanism 
known as hydrolytic adsorption. A typical example is provided by 
sodium phenate which in aqueous solution hydrolyzes to form phenol 
and sodium hydroxide: 

C6HsONa + HOH ~ C6HsOH + NaOH 

The phenol formed by the hydrolysis reaction is adsorbed by the 
carbon; the removal is compensated by supplementary hydrolysis of 
more sodium phenate to restore the equilibrium-an action that 
simultaneously forms additional sodium hydroxide and phenol. If 
more carbon is now added, it will adsorb more phenol and result in 
still further hydrolysis and a consequent increase in alkalinity as 
evidenced by a higher pH of the solution (Table 2: 12). 

TABLE 2: 12 

ADSORPTION OF PHENOL FROM ALKALINE SOLUTION 
(Sodium Phenate)• 

Carbon Y 
g/liter 

8.0 
10.0 
12.0 
14.0 
16.0 
20.0 

Phenol adsorbed 
g/liter 

1.80 
2.15 
2.50 
2.85 
3.15 
3.45 

pH of solution 

Before adsorption 
9.5 
9.5 
9.5 
9.5 
9.5 
9.5 

After adsorption 
9.7 
9.8 
9.9 

10.0 
10.1 
10.2 

• Data not previously published. Phenol equivalent of original solution, 5 g/hter. 

Hydrolytic adsorption also occurs with salts of weak organic bases. 
Consider aniline hydrochloride, which in aqueous solution 
hydrolyzes: 

C6HsNH2HCI + HOH 'i=' C,HsNH2.HOH + HCI 

Carbon will preferentially adsorb the aniline formed by the hydro­
lysis reaction and the consequent further hydrolysis will-in this case 
-result in increased acidity as shown by a lower pH of the solution 
(Table 2: 13). 

Although weak organic acids and bases can be adsorbed hydro­
lytically from a salt, the amount so adsorbed is less than from the 
free acid or base. Thus with sodium phenate, the adsorption is 
increased by the addition of a mineral acid to form free phenol. 
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TABLE 2: ]3 

ADSORPTION OF ANILINE FROM SOLUTION OF 
ANILINE HYDROCHLORIDE• 

Carbon M 
g/liter 

5.0 
6.5 
8.0 

Aniline adsorbed 
g/liter 

0.35 
0.45 
0.51 

pH of solution 

Before adsorption 
3.3 
3.3 
3.3 

After adsorption 
2.7 
2.6 
2.5 

• Data not previously published. Aniline equivalent of original solulion, I g/liler. 

With aniline hydrochloride, the adsorption is increased by the 
addition of sodium hydroxide to raise the pH and form the basic 
aniline. (Table 2: 14). 

TABLE 2: 14 

INFLUENCE OF pH OF SOLUTION ON ADSORPTION 
OF ANILINP 

(Equilibrium concentration of 0.1 g/liter) 

pH Grams aniline adsorbed 
of solution per gram of carbon 

1.0 0.038 
2.0 0.040 
4.0 0.060 
5.0 0.115 
6.0 0.147 
7.0 0.150 
8.0 0.150 

• Unpublished data, 

Hydrolytic adsorption is a common experience in industrial 
applications. Many colored bodies are salts of weak organic acids 
or bases; hydrolytic adsorption can extend to the adsorption of 
certain types of inorganic compounds, e.g., iron salts. 

Other aspects of hydrolytic adsorption are discussed in Chapter 9, 
Section 11. 

8. HEAT OF ADSORPTION 

As previously mentioned, the phenomena of adsorption embody 
energy. Heat is released when a vapor is adsorbed, and conversely, 
heat is required to evaporate (desorb) an adsorbed vapor. The heat 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0052



ELEMENTARY ASPECTS OF ADSORPTION 39 

can be supplied by an external source; for example, when a carbon 
is steamed to remove an adsorbed vapor. If an adsorbed vapor is 
desorbed by applying a vacuum, the energy comes from within the 
system, and the system cools. • 

Heat of adsorption is further discussed in Chapter 9, Section 17. 
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chapter 3 

Gas and Vapor Systems 

1. PROTECTION AGAINST TOXIC GASES 1
•

2
•

3
•

4 

For protection against toxic gases, activated carbon is supplied in 
granular form. Hardness of particles is essential to maintain a 
firmly packed bed in the canister and minimize dusting. Because of 
the small space available in the canister of a ga~ mask the adsorptive 
power must be concentrated in a small volume. The carbon, there­
fore, should be as dense as is consistent with high intrinsic adsorptive 
power. A rapid rate of adsorption is essential. 

Studies made at the time of World War I showed that a gas mask 
should be capable of reducing the concentration of a toxic gas from 
1000 parts per million to I part per million or less within 0.1 second. 
This calculation was based on the amount of air required by a 
normal individual when exercising, and on the dimensions and 
design of the canisters then in use. 5 

In warfare, one cannot anticipate the kind of gas that will be 
encountered. Consequently, the carbon that is employed must be 
sufficiently versatile to give protection against practically any type 
of gas that is adaptable for warfare. With the exception of a few 
very volatile gases such as arsine and cyanogen chloride, most of the 
gases employed during World War I were successfully removed by the 
carbons used in gas masks at that time. Today, protection is pro­
vided against practically all toxic gases by incorporating other 
substances but little information on the identity of these substances 
has been released. 6 The general principle involved is illustrated by 
the experience with the supplementary use of soda-lime. 5 

At the close of World War 1, a mixture of 75% carbon and 25% 
soda-lime was adapted for American canisters, the soda-lime 

41 
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42 ACTIVATED CARBON 

compensating for certain deficiences of carbon. Carbon rapidly 
adsorbs small amounts of certain volatile gases, e.g., hydrogen 
cyanide, but it lacks the capacity to hold appreciable quantities of 
these gases. Although soda-lime takes up these gases at a much 
slower rate, it has greater holding capacity. As these volatile gases 
are held to the soda-lime by strong chemical bonds, this results in a 
gradual transfer of the adsorbed gas from the carbon to the soda­
lime. The adsorptive power of the carbon for further encounters is 
thus restored. 

Another benefit of soda-lime is illustrated by the behavior of 
phosgene. When phosgene and moisture are simultaneously ad­
sorbed, the carbon catalyzes the reaction, whereby carbon dioxide 
and hydrogen chloride are formed. The resulting hydrogen chloride 
is not well adsorbed ,by carbon, but is effectively neutralized by the 
soda-lime. 

Active carbons accelerate reactions to which various other war 
gases are subject and this phase has been given much study. One 
development is to impregnate carbons with salts that enhance the 
catalytic power and destroy the toxicity of a gas by a chemical 
change. This provides protection against certain toxic gases that 
cannot be eliminated by adsorption alone. 6 

The earliest test employed for evaluating carbon for protection 
against war gases was based on conditions likely to be encountered 
in the field. Later the test was accelerated by using stronger con­
centrations of gas. The accelerated test consists essentially of passing 
a stream of dry air, containing chloropicrin or carbon tetrachloride 
under standard conditions, through a I 0-centimeter layer of carbon 
until the first trace begins to break through. The time in minutes 
required for the break-through is termed the service time. The 
carbons in use at the close of World War I had a service time of 
35 minutes, but since then carbons with much longer service time 
have been developed. 

A SO-minute service time is considered by many today as standard, 
but carbons with activity as high as 75 and 90 minutes are currently 
available. To be of full value, service time must be associated with 
high retention; that is, the adsorbed gas must not be released 
subsequently when air passes through. 

The standard procedure when employing chloropicrin or carbon 
tetrachloride does not measure the service time against other gases, 
but in general, the tests disclose the relative adsorptive power of 
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different carbons to accomplish the removal of any gas or vapor 
(Table 3 : 1 ). 

TABLE 3: I 

TYPICAL ADSORPTIVE VALUES OF DIFFERENT 
CHARCOALS AGAINST VARIOUS GASES• 

.s ~ ~ ~~ ... ..:. .. 
i ts -2 ~a 

-~ 
.!,! .., 

~ 0 ~ § 
.., tf 

~ ~ ~ ~ .!,! " i E~ i;..i ~-Qj ~ ~ 
;,,, .. 
~:si .. ~~ -~ 0 "t t;• ... -2 ~ 
~ij 

.s § .s N ijtl) E .., 0 ~ C -~ c.J e No. Charcoal =-.: I.J it; :r: -.: I-!: 

I Poor coconut U.S.A. 0 10 120 175 20 18 55 50 270 
2 Medium coconut U.S.A. 0 30 350 260 25 25 65 65 370 
3 Good coconut U.S.A. 0 60 620 310 27 30 75 70 420 
4 Same as No.2 • U.S.A. 12 18 320 330 35 16 35 95 

but wet 
5 No. 2 impreg- U.S.A. 0 35 400 700 70 400 70 190 510 

nated 
6 Wood French 0 2.5 25 75 9 0 I 20 
7 Wood British 0 6 70 90 18 4 5 30 
8 Peach stone British 0 16 190 135 30 25 65 60 
9 Treated wood German 0 42 230 105 20 20 22 25 

10 No. 9 impreg- German 30 9 90 320 16 I 110 120 
nated 

STANDARD CONDITIOl'l!S OF TESTS 

Mesh of absorbent 8-14 
Depth of absorbent layer 10 cm 
Rate of flow, sq cm/minute 500 cc 
Concentration of toxic gas 0.1% 
Relative humidity 50% 
Temperature 20° C 

Results are expressed in minutes to the 99% efficiency points and are corrected 
to uniform concentrations and size of particles. 

• Rcpnn1ed from A. B. Lamb, R. E. Wilson. and N. K. Chancy. Ind. Eng. Chem. II· 420 (1919), 
by permission of 1hc American Chemical Society. 

The experience with war gases led to the use of activated carbon 
for protection against poisonous gases encountered in industry. 
Industrial gas masks contain other ingredients in addition to carbon 
and protection can thereby be provided against practically all toxic 
gases. 6 For example, one grade of carbon is modified to have 
increased adsorptive capacity for gases such as sulfur dioxide, 
hydrogen sulfide, and chlorine; another is treated to provide greater 
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capacity for ammonia; and still another is effective for mercury vapor. 
Protection against solid particles (aerosols), such as arsenic 

trioxide, smoke from fires, etc., is accomplished by including in the 
gas mask a filter of cotton wadding or other suitable material. 

Situations arise in industrial operations that are not encountered 
in the outdoor conditions of gas warfare. Thus, localized concentra­
tions of toxic gases may be excessive and, in other cases, there may be 
a deficiency of oxygen. Gas masks can be depended upon only when 
the concentration of toxic gases is less than I to 2 %, depending on 
the kind of gas. Consequently, gas masks should not be used when 
high concentrations of toxic gas are encountered, as in closed tanks 
containing a volatile liquid, or in rooms where a large quantity of 
gas has suddenly been released. Moreover, gas masks should not be 
used when the oxygen content falls below a safe concentration, 
as they do not correct dangerous conditions caused by oxygen 
deficiency. The presence of 16 % oxygen or more can be indicated 
by the burning of a flame safety lamp. 

For operations in which men must enter confined spaces containing 
high concentrations of gas, or where there may be a deficiency of 
oxygen, helmets connected to a source of oxygen are available which 
assure the wearer a continuous supply of fresh air. Self-contained 
oxygen-breathing apparatus is of value when men must enter burning 
buildings. 

Gas-protective equipment is employed under dangerous conditions 
and often in emergency situations. Therefore, adequate advance 
training should be given men who may be called upon to use such 
equipment. 

Precautionary measures must be enforced to provide systematic 
renewal of fresh carbon in the canisters. Otherwise a gas mask may 
contain partially exhausted carbon at a time and in a situation that 
needs full reserve capacity. 

2. AIR PURIFICATION AND RECOVERY 

One of the more promising potentials for growth activated carbon 
exists in the now well-established use of the gas mask principle for 
purifying air. 1

•
7

•
8

•
9

•
10 

The open window has long been the symbol of wholesome indoor 
living quarters-and until recently it was the general belief that en­
closed spaces require a continuous supply of outside air to maintain 
the oxygen at a proper level. Research has disclosed, however, that 
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the depletion of oxygen is negligible in most living quarters under 
conditions of normal occupancy, and that any such loss is offset by 
leakage of air to and from the outside. 

The staleness so often observed in unventilated enclosed spaces is 
caused by foreign vapors that arise from the metabolism of the 
occupants, cooking, smoking, cleansing agents, and insecticides. And 
in industrial sections, manufacturing operations contribute their 
quota of other contamination. 

Most vapors have an odor, and the sense of smell is one of nature's 
ways of quickly informing us as to the wholesomeness of our environ­
ment. Objectionable odors initiate a psychological chain reaction 
that urges us to take steps to get rid of an unpleasant odor. Some­
times this is attempted by masking with a perfume or chemical 
agent; but this method is bad because it only adds to the pollution 
and-what can be'worse-it hides the true situation which in some 
cases may be toxic and even dangerous. A much better method is 
the traditional open window which, by sweeping out the odor, not 
only removes the odor but also eliminates the physiological harm 
that can result from long continued inhalation of certain toxic 
vapors. A disadvantage of the open window is that it can be some­
what uncomfortable in midwinter. 

The open window in January and other midwinter months is no 
longer needed. By utilizing the principle of the gas mask, it is now 
practicable to remove all contamination and thereby restore com­
plete freshness to indoor air, which can then be reused for full 
ventilation. The potential is made manifest by the successful 
operation of the atomic submarine. 11 

Long-established notions seldom change completely overnight, 
and we find many that still believe there is no adequate substitute 
for outside air. 12 

The use of recovered air is gradually being extended as more and 
more people accept data that properly purified indoor air can equal 
the purity of outdoor air, and on occasion can be purer. Certainly 
this is so in sections where smog and other industrial pollution 
prevail; 13 and in more rural regions sufferers from hay fever and 
other allergies find recovered air preferable to outside air. 

Economic pressure is doing much to gain acceptance of the gas 
mask principle for ventilation. Even when outside air is of highest 
quality, the quantity needed for adequate ventilation can impose 
heavy cost for thermal conditioning. When the indoor air is badly 
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contaminated with a strong odor, each part of indoor air may need 
to be diluted with many parts of outside air in order to be acceptable 
to the sense of smell. Heating such large volumes of outside air can 
be very costly during the winter season, and the same is true of costs 
for cooling in summer. Such costs can be so great that it becomes 
necessary to reduce the amount of outside air and accept something 
less than complete removal of odors. 

Such partial ventilation is not real purification but, at best, only a 
partial dilution of an odor. Before accepting partial easement of 
odor as a compromise we must consider that odor is often the least 
harmful property or characteristic of contamination; in fact, any 
odor, good or bad, should be viewed as a possible omen of unseen 
dangers. The actual perception of an odor is a very fleeting ex­
perience. The sense of smell soon becomes numb by exp~sure to the 
very vapor that initially caused a sensation of odor, and such loss of 
perception of an odor is often followed by other physiological effects 

TABLE 3:2 

POUNDS OF 50-MIN ACTIVATED COCONUT SHELL 
CHARCOAL REQUIRED PER YEAR0 • 

Residences 
Total per person 

Non-smoking 
Smoking 

Individual rooms per person 
Living room 
Dining room 
Kitchen 
Toilet and bath 
Bedroom 
Laundry 

Office 
Total per person 

Non-smoking 
Smoking 

Hotel, per person, average occupancy 
School, per pupil 
Hospital (room or ward), per bed 
Laboratory (average), per person 
Bar or tavern, per occupant 

1 
2 

0.5 
0.25 
0.25 
0.25 
0.15 
0.15 

I 
2 
2 
1.5 
3 
3 
5 

• Add up the amount ofact1va1ed charcoal needed by umts as indicated m the table. For example, 
if there are 6 persons in an office, 3 of whom are smokers, and 3 non-smokers, a total of 9 lb for 
one year's service under average conditions is indicated. 

• Data of H. L. Barnebey of Barnebey-Cheney; reprinted from ASHAE Transactions 1958, 
by permission of the American Society of Heating, Refrigeration and Air Condiuoning Engineers, 
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of the vapor; for example, a feeling of discomfort, stuffiness, drowsi­
ness. Prolonged contact with some vapors can cause nausea, 
irritation of eyes, bronchia, and lungs, and other deeper physiological 
disturbances. 

All such unfavorable consequences can be avoided by the use of 
activated carbon adsorbers for removing any and all contamination 
as soon as it forms. The cost is low and it is generally repaid by 
other savings. The use of recovered air permits the regulating of 
temperature with smaller units of heating and cooling equipment, 
an~ at a lower operating cost. The over-all dollar savings will range 
from 10% to over 50% depending on the severity of the pollution 
and on local climatic conditions. 

There is nothing essentially difficult in the design and installation 
of a carbon purification system. Means must be provided to collect 
the air from all conklminated spaces and pass this at a proper velocity 
through adsorbers containing sufficient quantity of a suitable acti­
vated carbon. The purified recovered air is then returned to the 
living quarters. 

Ready-built, self-contained cabinet units can give effective service 
in many situations, such as homes, offices, hospital rooms, labora­
tories (Table 3: 2). Large irregular-shaped spaces, and complex 
building structures with a central system require special design and 
arrangement, but even a tailor-made installation will usually be 
found to consist of a suitable assembly of prefabricated component 
units. It is only fair to point out, however, that considerable acumen 
is needed to select components of the proper size and type, and then 
to arrange them in a satisfactory working pattern. Those without 
prior experience in ventilation will save money and ensure a more 
efficient installation by seeking the guidance of a qualified specialist. 
Unlike liquid-phase purifications, air-recovery situations can usually 
be discussed with outsiders without the need of disclosing manu­
facturing trade secrets. 

For those that have the will to do it themselves, we will outline 
some of the basic aspects to be considered. The discussion can also 
furnish a preview to aid in the interpretation of the recommendations 
of a specialist, if and when such services are engaged. 

Evaluation of Requirements 

The size and arrangement of the components of an air-purification 
system will depend on the size and space arrangement of the occupied 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0061



48 ACTIVATED CARBON 

quarters, and on the rate at which the contamination forms and its 
adsorbability. Probably the most dependable way of evaluating 
the characteristics of the contamination is to pass a portion of the 
air to be purified through a carbon adsorber of experimental size 
and measure the service life, i.e., the time required for the odor to 
break through. When conducted with full understanding and ob­
servance of the necessary experimental precautions, this test will 
provide dependable and understandable data that can be readily 
translated into the design of a full-scale operation. 

As ordinarily conducted, the test may require six months or longer 
for completion, and this may involve too long a delay for the start 
of some projects. In such a case, it may be possible to accelerate the 
test by picking an aggravated condition; or it may be possible to 
analyze the contaminant content of the charcoal before the break­
through and calculate service time from this. 

When, for one reason or another, it is impracticable to conduct 
an actual adsorption study, the experienced trained specialist can 
often make effective use of other guides. Thus, if the type or source 
of odor contamination is known, one can often learn the adsorption 
characteristics from published data, as in Table 3: 3. Such data 
cover an average range of pollution, consequently in using such data 
one must take into consideration how the intensity of the odor in the 
unit under study compares with the average found for a similar type 
of occupancy. 

TABLE 3:3 

ODOR INDEX FOR TYPE OF SPACE* 
(Condensed) 

C-A1rcraft 
D-Air raid shelters 
D-Animal rooms 
A-Apartment buildings 
C-Apple storage 
B-Auditoriums 
C-Bars 
C-Beauty shops 
A-Churches 
C-Conference rooms 

B-Department stores 
C-Drug stores 
D-Funeral homes 
A-Homes 
C-Hosp1tals 
B-Hotels 
C-Kitchens 
C-Locker rooms 
D-Meat packing plants 
C-Morgues 

B-Offices 
C-Photo dark rooms 
D-Pollution control 
C-Public toilets 
C-Recreation rooms 
B-Restaurants 
C-Schools 
B-Super markets 
C-Telephone exchanges 
B-Theaters 

• Data compiled by H. L. Barnebey; reprinted from ASHAE Transactions 1958, by permission 
of the American Society of Heating, Refr1gera1ion and Air Cond111oning Engineers. 

The relative odor levels in the various types of locations where 
activated charcoal can be used for air purification are listed in the 
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table as A, B, C, or D. Locations A contain the lowest amount of 
odor and D the highest; B and C represent levels in between. Many 
of the classifications are rather general so it was necessary to pick a 
typical average condition. The odor index for a specific situation 
could vary somewhat from that given in the table if special circum­
stances apply. In typical cases, one pound of 50-min activated coco­
nut shell charcoal will purify the following cu ft of space for one year: 
A-2,000; B-800; C-300; and D-100. 

Objective observations of the odor assist in the survey of a situa­
tion. Most vapors are characterized by an odor, and the sense of 
smell is without a peer for revealing the presence of any and all 
vapors even though it may not furnish individual identification. 
Inasmuch as minute quantities of a vapor (often less than I ppm) 
give a perceptible odor, it follows that the complete absence of odor 
can be considered as establishing the absence of any and all foreign 
vapors. Hence, in an air-recovery system, the complete absence of 
odor provides acceptable proof of satisfactory purification. This, 
however, is based on the assumption that carbon monoxide is not 
present. It is also reported that some war gases have no identifying 
odor. 

The sense of smell is somewhat less serviceable for quantitative 
measurements when an odor is present. Impressions of odor are 
expressed as adjectives such as perceptible, definite, strong, and the 

TABLE 3:4 

ODOR THRESHOLD CONCENTRATIONS• 

Substance 
Carbon 

.tetrachloride 
Ammonia 
Phosgene 
Sulfur dioxide 
Chlorine 
Acrolein 
Amyl acetate 
Carbon bisulfide 
Phenol 
Hydrogen sulfide 
Methyl salicylate 
Crotonaldehyde 

Parts per million 

71.8 
53.0 
5.6 
4.0 
3.5 
1.8 
1.0 
0.77 
0.28 
0.18 
0.066 
0.062 

Substance 
Cresol 
Ozone 
Chloracetophenone 
Benzyl sulfide 
Pyridine 
lodoform 
Diphenyl ether 
Valerie acid 
Isoamyl mercaptan 
Ethyl mercaptan 
Vanillin 
Butyric acid 
Artificial musk 

Parts per million 
0.056 
0.05 
0.016 
0.006 
0.0024 
0.0017 
0.0012 
0.00062 
0.00043 
0.00026 
0.00008 
0.00006 
0.000004 

• From Sle1k, Henry and Turk, A mos, Air Conservation Engm,,ring, published by Connor 
Engineering Corporation, Danbury. Conn. 1953. Reprinted with permission of the copyright 
owners. 
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gravimetric concentration coresponding to each adjective depends 
on several factors: 

a) The chemical nature of the vapor-some have a more 
intense odor than others; 

b) The sensitivity of the individual observer, whether keen 
or dull; 

c) The time of exposure to vapor-whether long enough to 
numb the sensitivity. 

Table 3: 4 gives the approximate amounts of various vapors that 
must be present in air in order for their odors to be detected. Even 
under the most favorable experimental conditions, it will generally 
be found that a tenfold change in gravimetric concentration must 
occur for an observer to become aware of a describable change in 
the intensity of odor. The gravimetric significance of descriptive 
adjectives for odor is illustrated in Table 3: 5, covering observations 
of a vapor. It is apparent that caution is needed in the use of direct 
odor impressions for the design of an air-recovery system. 

TABLE 3:5 

CORRELATION OF ODOR INTENSITY, VAPOR CONCENTRATION, 
AND SPACE PURIFIABLE BY ONE POUND OF 

ACTIVATED CHARCOAL PER YEAR• 

Cu ft/lb Lb odor 
Degree of odor charcoal per million Odor 

per year cuft Index 
Too little to smell 10,000 0.001 0 
Threshold, just perceptible 1,000 0.01 I 
Definite 100 0.1 2 
Strong 10 1.0 3 
Overpowering I 10 4 
Toxic (process only) 0.1 100 s 

• Data prepared by H. L. Barnebey; reprmted from A SHAE Transactions l9S8, by permission of 
the American Society of Heat1011, Refrigeration and Atr Conditioning Engineers. 

By refinements in technique, the sense of smell can provide data 
that have greater meaning, and hence more utility. A procedure 
known as the dilution method gives significant information as to the 
amount of contamination to be removed. This is measured by 
diluting a portion of contaminated air with pure air and observing 
the proportions required to provide an odor-free mixture. At least 
several separate tests should be made at suitable intervals inasmuch 
as the rate at which odor is released may fluctuate. and hence the 
concentration of odor will vary from time to time. 
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Adsorbers 
On reaching an estimate of the probable size of the installation 

required (in terms of CFM and pounds of activated carbon), the 
next step is the selection of a suitable type of adsorber cell. Although 
carbon can be purchased in bulk for use in adsorbers of one's own 
design, the more common practice is to purchase one of the ready­
built types. Prefabricated adsorber cells are available in sizes ranging 
from 25 CFM to 1000 CFM and are of many designs, embodying a 
variety of features to fit specific situations. Detailed descriptions of 
the many available types of adsorber cells can be obtained from the 
suppliers of equipment. Here we shall limit the discussion to basic 
aspects as represented by the by-pass adsorber and the panel 
adsorber. 

a) By-pass adsorbers are used in systems in which it is necessary 
to minimize the resistance to the flow of the circulating air. In by­
pass adsorbers, the air passes around porous elements containing 
activated carbon. From 20-50% of the pollution is removed on 
each pass and this can suffice to prevent any accumulation if and 
when the contamination is being formed at a slow rate. 

b) Panel-type Adsorbers: ln situations in which the pollution 
forms at a rapid or even moderate rate, the air should pass through a 
bed of carbon as is done in panel-type adsorbers. Such type of 
adsorber is essential when toxic vapors are present in amounts that 
require complete removal. Panel adsorbers consist of flat perforated 
cells containing a thin bed of carbon. In an average situation the 
moving air-stream is passed through a half-inch bed of carbon at a 
rate of 40 CFM/square foot of face area. From 90-99% of the 
contamination is removed on each pass. Thicker beds of one or two 
inches of carbon are used in occupied spaces having a very heavy 
load of pollution. 

The adsorbers should be protected with dust filters to prevent 
them from becoming filled with particulate material which would 
add resistance and restrict the flow of air. It is also desirable to make 
provision for the continuous removal of aerosols because these are 
not appreciably adsorbed by carbon. Smoke (a typical aerosol) is a 
colloidal dispersion of tars in air and, unless it is removed as soon 
as formed, the colloidal tars will deposit on all surfaces-walls, floors, 
ceilings-from which they will slowly evaporate to cause a persistent 
odorous environment. A typical example is a smoke-filled room on 
the morning after. All such after-effects can be avoided by placing 
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ACTIVATED CARBON 

.....______.~ 

I High ettichncy 
adaorber 

~ Partial by-pass 
§ type adaorber 

Flo. 3: I. SYSTEMS OF APPLYING ACTIVATED CHARCOAL FOR AIR RECOVERY* 

I. Self-contained unit 
a) Complete purification in each 

passage 
b) Partial purification in each passage 

2. Rccircu la lion system 
a) Complete purification per pass 

handling all the air 
b) Complete purification per pass 

handling part of the air 
c) Partial air by-pass filters handling 

all the air 

3. Outside air 
(Handling it all through activated 
charcoal) 

4. Combination outside and recirculated 
air 
a) Through separate banks of char­

coal filters 
b) Through one bank of activated 

charcoal filters 
S. Exhaust system 

(Alone or combined with one of the 
others) 

• By H. L. Barncby of Barnebey-Cheney; reprinted from ASHAE Transactions 1958, by 
permission of American Society of Heating, Refrigeration and Air Conditioning Engineers. 
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a high-efficiency particulate filter or an electrostatic precipitator ahead 
of the carbon adsorbers to remove all smoke as it is produced. 

Service Life 

When placed in service, the apparent weight of the carbon will 
gradually increase with the take-up of adsorbed vapors. With the 
vapors normally encountered, a good grade of carbon will adsorb 
from 20-50 % of its own weight before full service life is exceeded, 
at which time the carbon is replaced with either virgin or reactivated 
carbon. Some types of adsorbers are constructed so as to be returned 
to the supplier for regeneration and re-use; others-disposable types 
-are discarded when exhausted. So-called in-place regeneration is 
seldom practiced except when the service life is very brief, e.g., in 
solvent-recovery (see 3: 3). 

The length of time elapsing between renewals of carbon will vary 
according to the quantity and quality of carbon used, and on charac­
teristics of the pollution. When adequate adsorber capacity is in­
stalled in buildings having light pollution, several years may elapse 
before the carbon needs to be renewed. In contrast, the use of under­
size adsorber capacity for heavily contaminated spaces may require 
renewal in six months or less. 

This brings us to the question: What safety factor should we in­
clude when estimating the required capacity of a projected installa­
tion? From what has been previously mentioned, it is evident that 
considerable experimental error can exist in the data on which 
capacities are calculated and/or estimated. Hence it is important to 
know the nature of the possible hazards that can result if a projected 
installation should turn out to be undersize. In general, it will be 
found that a system that is only slightly undersize will give satis­
factory purification for an appreciable period of time; but the service 
life will be proportionately shorter and this will involve the nuisances 
and uncertainties associated with frequent renewal of the carbon 
adsorbers. In those situations in which the cost of capital investment 
must be kept at the lowest possible figure, it will generally prove safe 
and practicable to make an initial installation of the minimum 
anticipated capacity, and make provision in the building plans for 
additional adsorbers if later found necessary. 

When there is less need to limit the capital investment, however, 
it is advisable to provide an installation that is moderately oversize. 
The total first cost will not be much larger and the operating cost will 
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be about the same as for a smaller unit. The increased amount of 
carbon will not be wasted but will furnish longer service, and there 
will be longer intervals between carbon renewals. And of much 
importance is the fact that overcapacity will enabl~ the system to 
handle more effectively conditions in which periodic surges of 
intense pollution occur. 

Miscellaneous Aspects 

When carbon adsorbers are tied in with temperature conditioning, 
an arrangement shown in Figure 3: I will purify all the recirculated 
air. This arrangement provides great protection and is especially 
applicable for buildings in which manufacturing operations create 
appreciable contamination. For situations in which some vapors are 
created slowly and in small quantity, it may be necessary only to 
prevent an accumulation of foreign vapors. In many such cases, the 
contamination can be kept at a very low level by passing only part 
(one-quarter to a half) of the recirculated air through carbon 
adsorbers (see Figure 3: I). 

Thus far we have considered purification as a means of recovering 
air for re-use. Situations exist, however, where the air collected at 
specific areas may be unacceptable for re-use, e.g., where a high 
concentration of carbon dioxide is released from a processing liquor. 
Such air must be dissociated from the recirculated air, and instead is 
vented directly to the atmosphere. Good neighbor relations may re­
quire that such vented gases be free of obnoxious and toxic vapors, and 
such situations can be taken care of effectively by placing a separate 
carbon adsorber at each vent, or group of vents. If because of heavy 
pollution the carbon adsorbers at such points require frequent renew­
al, then in-place regeneration is used as described in Section 3: 3. 

We can expect that there will be increasing public pressure on 
governmental bodies at all levels-local, state, and federal-to pro­
vide measures to reduce atmospheric pollution. All of which will 
present purification engineers with many new problems. Many situa­
tions will be handled by existing types of carbon adsorbers; others 
may necessitate an extension of the gas mask principle to include the 
use of activated carbon to catalyze the destruction of noxious vapors 
by chemical change. We can expect, however, to encounter situations 
for which the gas mask principle in any form may be inadequate or 
even unsuitable, and it will be necessary then to supplement or even 
substitute the use of carbon by other methods of purification. 
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In this future field of opportunity, the successful engineer will not 
be a blind partisan advocating the universal use of any individual 
single procedure, but will endeavor instead to assign steps that are 
appropriate for each specific situation. 

3. RECOVERY OF SOLVENT AND OTHER VAPORS 

Organic solvents are an essential tool in many diverse industrial 
processes. They are used as extractors in dry-cleaning and de­
greasing operations, and for obtaining oil from seeds. They provide a 
processing medium in the manufacture of plastics, rayons, explosives, 
etc. They act as an agent for applying a product to its intended use 
in fluid form, e.g., printing, painting, and impregnation of fabrics. 
Many solvents suitable for such purposes are very volatile and their 
vapors can contaminate the atmosphere of work rooms. The extent 
to which such contamination can occur depends on the volatility of 
the solvent and on processing conditions surrounding the operation. 

The escape of solvent vapors into work rooms can create 
health, fire, and explosion hazards. Apart from this, the amount 
of solvent thus vaporized can represent a considerable portion of 
the operating cost, and recovery becomes desirable for economic 
reasons.•· 14, 1 s, 16, 11 

In some operations, the vapors can be condensed by cooling or 
by absorption with suitable liquids, but the most general practice is 
adsorption on active carbon. An activated carbon system when 
properly designed and engineered is safe and easy to operate; in 
fact, the operation can be made almost completely automatic. The 
basic features of the process are simple and easy to understand; yet, 
in order to ensure high efficiency and low operating costs, proper 
correlation of the component units and careful attention to a number 
of details are essential. Much will be gained by placing the design 
in the hands of an engineer qualified by experience for such work. 

The discussion to be provided here will be limited to an outline of 
the general principles involved and certain precautions that must be 
observed. One important precaution involves fire and explosion 
hazards. Many solvent vapors, when mixed with air in certain 
proportions, are explosive, the degree of explosiveness depending 
upon the proportion of vapor to air. No explosion will occur when 
the vapor concentration is below a critical amount which varies 
from 0.5-10% according to the chemical nature of the vapor. As 
the vapor concentration increases above this lower critical point, the 
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explosiveness increases to a maximum and then diminishes at still 
higher vapor concentrations. When the vapor concentration exceeds 
a second critical point, another nonexplosive zone is reached. 
Therefore, it is essential to provide conditions to maintain the vapor 
concentration in one of these nonexplosive zones. 

There are practical difficulties in working with vapor concentra­
tions in the upper nonexplosive zone, because there is always a 
possibility that the concentration may be diluted to a dangerous 
point through leakage of air. In the relatively few cases where it is 
necessary to use high vapor concentrations, it becomes desirable to 
employ a noninflammable solvent, or else, provide an inert atmo­
sphere. The latter involves installation of completely enclosed 
equipment to prevent access of air. 

Practical considerations usually require that the vapor concen­
tration is kept in the lower safe zone. Such concentrations generally 
are too low to permit practical recovery of the solvent by conden­
sation or by scrubbing with a high-boiling-point liquid. As a result, 
the general trend has been to install the active-carbon process which 
maintains a high efficiency even when the vapor concentration 
is low. 

Although the concentration of vapor must be kept well below the 
danger zone, it should not be reduced to a needlessly low point as 
this involves handling unnecessarily large volumes of air. The vapor 
concentration is maintained at the optimum point by proper design 
of the hoods at which the vapor-laden air is collected. Devices are 
available which automatically maintain the vapor concentration at 
the proper point. 

The vapor-laden air, collected at the hoods, is moved by a blower 
through a duct to the recovery units which can be at some dbtance. 
When the vapor-laden air is hot ~s it comes from the process, cooling 
coils or other means of cooling are provided to lower the temperature 
sufficiently to secure effective adsorption. 

Corrosive ingredients if present should be removed. Scrubbing is 
commonly used but cannot be depended upon to ensure complete 
removal of corrosive substances. 18 For example, in one application 
where traces of hydrochloric acid are present, a water scrubber 
removes most of the acid but some corrosion of the adsorber can 
occur, and corrosion-resistant materials must be used. It should also 
be noted that many solvents that are not normally considered cor­
rosive can form corrosive reaction products when adsorbed on 
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activated carbon because of its catalytic activity. 18 For example, in 
the recovery of acetone, acetic acid is formed; and in the recovery of 
chlorinated substances, hydrochloric acid is formed. 

Lint and dust are removed by a filter. All electrical equipment is 
explosion-proof, and points at which static electricity might develop 
are grounded. Continuous gas analyzers are available to sound an 
alarm or shut down the operation if the concentration of vapor 
should rise above a predetermined safe point. 

The clean, cool, vapor-laden air, on reaching the recovery equip­
ment room, is passed through a bed of granular activated carbon 
contained in the adsorber, where the vapor is adsorbed and the 
denuded air discharged to the atmosphere. 

The heat developed by the adsorption of the vapor will cause a 
rise in temperature in a dry carbon bed. Difficulties resulting from 
this are avoide<1 by having the carbon in a moist condition when the 
adsorption cycle starts. Then, as the vapors of solvent are adsorbed, 
they displace some moisture, which on being evaporated absorbs the 
heat of adsorption. This prevents a rise in temperature. 

At the beginning of the cycle, most of the vapor is adsorbed by the 
carbon near the vapor inlet. but as this portion becomes saturated, 
the zone of adsorption moves farther along. Finally. at the so-called 
break-point. mea~urable quantities of vapor will be found in the air 
that goes out. Should the flow of air be continued. the entire bed 
will become saturated with respect to the concentration of vapor in 
the entering gases. When this stage is reached, no further adsorption 
occurs and the exit gases have the same composition as those enter­
ing. If a mixture of vapors of different solvents is passed over carbon, 
all ingredients may not be equally adsorbable, and consequently all 
will not break through simultaneously. Moreover, at the saturation 
point, the less adsorbable ingredients may be displaced by those 
which are more ~trongly adsorbable. 

In order to maintain maximum efficiency in recovery, the adsorbers 
are usually operated on a time cycle. This is adjusted to provide a 
reasonable factor of safety so that no solvent will be lost at the end of 
the cycle. Break-point control is used on recycle-cooling systems 
wherein the air leaving the first adsorber is subsequently passed 
through a second adsorber; thus any vapor of a solvent that comes 
through the first bed is picked up by the second. This results in a 
substantial increase in the capacity of the bed and reduces the 
requirements for steam in the later stage of desorption. 
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The adsorbed vapor is extracted from the carbon by admitting 
steam at the point indicated in Figure 3: 2. It passes through the 
bed in a direction opposite to that of the flow of vapor-laden air 
during the adsorption stage of the cycle. Low-pressure steam is 

VAPOR-LAOEN 
All;. INLE.T 

EXHAUST AIR 
SOLVENT FREE 

AOSORBERS- r 
TO CONTINUOUS 
DECANTER DR 
DISTILLATION 

,--au ___________ .,.,---, EQUIPMENT 

LOW PRESSURE STEAM-

ADSORBING 
BLOWER 

('.'.'.COOLING 
BLOWER 

FIG. 3:2. FLOW CHART OF A SOLVENT-RECOVERY PLANT, OPERATED WITH 

COOLING PERIOD 

Courtesy of Carbide and Carbon Chemicals Corporation, New York 

generally advantageous. With high boiling solvents, however, steam 
at higher pressure may be needed to get the temperature high enough 
to desorb the solvent. 1 8 

In passing through the carbon bed, the steam evaporates the 
adsorbed solvent and conveys it to the exit where the steam is con­
densed and the solvent is recovered in a liquid state. A solvent that 
is not appreciably soluble in water can be separated from the water 
layer by continuous decantation. Water-soluble solvents are sepa­
rated by fractional distillation. 

The removal of the adsorbed solvents simultaneously regenerates 
the adsorptive power of the carbon. After passing steam through 
15 to 60 minutes, the carbon in the adsorber may be cooled by pass­
ing air through it before again placing it in service. Moisture is 
simultaneously partially removed, but complete removal is not 
desirable when using a carbon that can effectively adsorb vapors of 
the solvent in the presence of moisture. 
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In the horizontal type of adsorber shown in Figure 3: 2 the carbon 
is usually placed in a single bed 12 to 48 inches thick. Special fittings 
are required to support the bed properly, and to provide proper dis­
tribution of the vapor-laden air as well as of the steam used in the sub­
sequent desorption of the solvent. The arrangement must be such as 
to prevent excessive amounts of steam from condensing and wetting 
the bed of carbon. Stainless steels or other suitable materials are 
used when corrosive conditions exist. Although generally horizontal 
units are installed when relatively large volumes of vapor-laden air 
are to be handled, vertical types can also be used in small plants or 
where floor space is limited. 

Generally, two adsorbers are used, as shown in the arrangement 
in Figure 3: 2; the adsorption proceeds in one adsorber while the 
other is being regenerated. In large plants, several units are arranged 
in parallel to provide the required capacity. In processes that are 
operated intermittently, a single adsorber of adequate capacity may 
suffice. The adsorber is placed in service during the processing 
operation and is regenerated during shut-down periods. 

As early as I 927, arrangements existed for placing activated carbon 
adsorbers in series. 19 Such a setup requires at least three adsorbers, 
one of which is being regenerated while the other two are in service. 
The adsorbers follow a definite order of rotation. The vapor-laden 
air enters one adsorber, and the exhaust from this goes to a second 
adsorber. When the first adsorber is saturated, it is taken out of 
service to be regenerated, and the entering vapor is diverted to the 
second adsorber which thus becomes first in the new series. The 
adsorber which had been regenerated during the previous run is 
placed in service to become the second unit in the new series. 

The efficiency of an activated carbon system is high, generally 98 % 
of the vapor collected at the hoods is recovered. Typical over-all 
recoveries range from 85 to 95 per cent. Operating costs are low. 
Some of the solvents that are now being recovered by this process 
are the following: 

Acetone 
Benzene 
Ethanol 
Ethyl acetate 
Ethyl ether 
lsopropanol 
Methanol 

Xylene 

Methyl acetate 
Methyl ethyl ketone 
Petroleum naphtha 
Solvent naphtha 
Tetrachloroethylene 
Trichloroethylene 
Toluene 
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Recovery of Benzene from Artificial Gas 
Light oil, which consists of benzene together with smaller quan­

tities of toluene, xylene, and other organic substances, is obtained 
from manufactured gas. 1

•
14 ·•s· 20

•
21

•
22 

Formerly, when gas was extensively used for illumination, the 
presence of benzene in gas was desirable. Today, gas is rated more 
on its calorific value and there are economic advantages in extracting 
the benzene for sale as motor fuel, or for use in the manufacture of 
explosives. In America, light oil is recovered by washing artificial 
gas with a petroleum oil of high-boiling-point; whereas in Europe, 
the active carbon system is extensively employed. The general prin­
ciples of the operation are similar to those involved in solvent­
recovery. In adsorbing benzene, th~ temperature should be kept as 
low as possible, but not below the temperature of the gas at the inlet. 
An appreciable rise in temperature is to be avoided as the adsorption 
is then less; moreover, higher temperature~ accelerate the formation 
of gums. In some operations, the adsorbers are equipped with internal 
coils which perform a dual function of temperature control. Cooling 
water circulates through the coils during the adsorption stage, 
whereas steam is passed through them during the desorption stage. 

The use of activated carbon to recover light oil involves difficulties 
that seldom exist in solvent-recovery systems. Manufactured gas 
contains a variety of adsorbable compounds, some of which cannot 
be completely desorbed by steam; consequently, there is a gradual 
decrease in adsorptive power with use. The effective life of the 
carbon depends upon a number of factors, including the extent to 
which tar, naphthalene, and hydrogen sulfide are removed from the 
gas before it reaches the carbon adsorbers. The portion of carbon 
nearest the entering stream of gas picks up residual tars und naph­
thalene. In order to prevent these substances from being di~tributed 
over the rest of the carbon bed during the desorption stage, the 
steam is admitted so as to flow in a direction opposite to that of 
the original gas stream. From 30 to 40 minutes are required for the 
steaming operation, after which the carbon is cooled and the adsorber 
is placed in service. 

4. SEPARATION OF HYDROCARBON GAS 
MIXTURES 

Shortly after World War I, activated carbon was employed to re­
cover gasoline from natural gas. The plants were operated manually 
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in a manner that involved high cost. Moreover, unsaturates, 
heavy hydrocarbons, sulfides, and other contaminants greatly re­
duced the effective life of the carbon. In recent years, many of the 
earlier difficulties have been surmounted and interest in this field is 
now a~tive. 1 

• 
2 3 

• 
24 

Although many aspects of a solvent•vapor system apply to gasoline 
recovery, there are some fundamental differences. The recovery of a 
solvent is a relatively simple process in which an adsorbable vapor is 
removed from non-adsorbable air; whereas the recovery of gasoline 
involves a selective separation of ingredients that are more adsorbable 
from ingredients that are less adsorbable. Because of this, the arrange­
ment and design of the equipment and the operational procedure 
must be modified to fit the needs of the individual operation. The 
operation can be adjusted to include the recovery of propane, 
butane, pentane. 

The recovery plants include a desiccant to dry the gas and prevent 
the formation of hydrate in the transmission lines. The desiccant is 
used in the same adsorber with the carbon on the inlet side; or two 
adsorbers are used in series, one containing the desiccant and the 
other, activated carbon. The desiccant also adsorbs the higher­
boiling-point hydrocarbons so that the total adsorption is a 
combined effect of the two. Operating cycles are fairly fast, the 
adsorption period varying from 20 to 45 minutes. 

Studies have been made of continuous systems. In the hyper­
sorption process, a vertical column contains a bed of carbon that 
continuously moves downward. Raw gas enters at a point midway 
in the column. As the smaller hydrocarbon molecules are less 
adsorbable they flow upward to be collected and recovered at the 
top of the column; whereas the larger hydrocarbon molecules are 
adsorbed and are carried with the carbon to the discharge at the 
bottom. The adsorbed hydrocarbons are recovered at a heating 
station and the denuded carbon is returned to the top of the column 
to repeat the cycle. 2 5 

5. MISCELLANEOUS APPLICATIONS 

This section will report briefly on a few applications selected to 
illustrate the scope and diversity of the utility of activated carbon in 
vapor-phase systems. 

Some valuable applications of gas- and vapor-adsorbing carbons 
are: 
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To protect scientific instruments, manuscripts, photographic film 
in storage. 

To prevent tarnishing of silver 
Control of volatile toxic vapors in laboratory storage spaces 
Odor tents in hospitals 
In vents from laboratory hoods to prevent contamination of 

surroundings 
Filters for cigarettes 
Removal of sulfur from synthesis gases 
Removal of arsenic from hydrogen chloride 
Gas chromatography 
Aid in operation of vacuum pumps 
Placed in shipping and storage containers to protect odor­

sensitive substances; and to prevent odorous materials from 
creating a nuisance 

Building boards for protective shelters 
Kitchen hoods 
To control odors of fermentation 
Storage of fruits and flowers 

Smock and Southwick 26 have studied methods of preventing "apple 
scald" which occurs during storage and lowers the market value of 
the fruit. They found that the organic emanations arising from 
stored apples appear to be a contributing factor in the development 
of scald, and that they are adsorbed by activated carbon. Studies 
on a commercial scale show that the use of activated carbon to de­
contaminate the air in apple storage rooms controls apple scald, 
improves the keeping quality, and lengthens life in storage. More­
over, the fruit is free from all foul odors usually found in apples 
when first taken out of storage. 

The process has been very successful and it has been adopted for 
a number of warehouses. 

Sealed electrical instruments containing plastic components often 
yield organic vapors that deposit on contact points and are then 
decomposed at the heat of the arc into carbon and carbonaceous 
deposits. Such developments are prevented by incorporating acti­
vated carbon-in molded forms called getters-into the instrument. 27 

Carbon dioxide for dry ice or carbonated beverages should be free 
from foreign odors. It can be purified by passing the gas through a 
bed of active carbon. 

Protective Fabrics for Vesicant Vapors 
Finely powdered activated carbon is incorporated in fabrics for 

garments designed to protect the wearer against injuries from vesi­
cant and other poisonous vapors. Kingan, Phillips, and Wilsdon 28 
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describe various methods for retaining the activated carbon in the 
fabric by suitable binders such as casein, rubber, cellulose derivatives, 
and synthetic resins. In a typical procedure, the fabric is dipped 
in or sprayed with a mixture of benzene-acetone containing I % 
cellulose acetate and 5 % powdered activated carbon. The solvent is 
subsequently evaporated from the fabric. In an alternative pro­
cedure, the carbon is initially incorporated in the fabric and the 
binder is applied subsequently. In multiwall fabrics, activated carbon 
without a binder can be sandwiched between the layers of fabric. 
In still another method, the activated carbon is incorporated in 
synthetic fibers during the manufacturing process. 

Storage and Transportation of Gases 

Briggs29 reported that the capacity of commercial cylinders when 
filled with dry hydrogen or nitrogen, is increased by placing dry 
activated carbon in the cylinders. At 35 atmospheres of pressure, 
the capacity for nitrogen is increased 66 % by filling the cylinder with 
coconut charcoal. The method is adaptable to many gases, but 
presumably should not be used for oxygen because of fire and 
explosion hazards. 

Barnebey30 describes the use of activated carbon in a sheet metal 
container for storing gases, such as dimethyl ether and ethyl chloride, 
at atmospheric pressure. When it is desired to use the gas, the vessel 
is heated gently and the adsorbed gas is released. 

Low Temperatures1 

Heat is evolved when a gas is adsorbed and conversely, the removal 
of an adsorbed gas results in a cooling effect. The latter behavior has 
been utilized to produce low temperatures. In a typical procedure, 
a glass bulb containing degassed activated carbon is cooled by being 
inserted in a Dewar jar containing liquid air. The carbon is then 
permitted to adsorb hydrogen gas, the heat evolved by the adsorption 
being dissipated by the liquid air in the outer container. When thermal 
equilibrium is established, the bulb containing the carbon is therm­
ally insulated and the adsorbed hydrogen is desorbed by a vacuum 
pump. The evaporation of the adsorbed hydrogen causes a further 
lowering of the temperature. Using this process, Andrews 31 and 
coworkers attained a temperature of 20° K. By employing refine­
ments in the technique, Mendelsshon32 reached temperatures as low 
as I.6° K. 
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High Vacua 
Dewar 1 

• 
33 utilized the adsorptive power of coconut charcoal to 

improve the vacuum in a vessel exhausted by a mercury pump. He 
later found that much greater efficiency is provided by cooling the 
carbon to low temperatures. 

Blythswood and Allen33 describe the use of activated carbon to 
produce high vacua in X-ray tubes without the use of a vacuum 
pump. The X-ray bulb is attached to a glass bulb containing de­
gassed coconut charcoal. The apparatus is first heated to remove 
much of the gas in the system, after which it is cooled. The gas 
remaining in the system is adsorbed by placing the charcoal bulb in 
liquid air. They report the method to be particularly useful when it 
is desirable to avoid the presence of mercury in the vacuum tube, as 
in the Geissler tubes used for spectroscopic analysis. 

Permanent Gases 
Some mention should be made of adsorption methods as employed 

to separate mixtures of permanent gases, e.g., nitrogen from helium, 
and carbon dioxide from air. 1 Satisfactory separation of permanent 
gases can depend on providing a suitable temperature to fit the 
individual case. 

Dewar34 was the first to employ coconut charcoal to separate 
rare gases from air. By passing air at a slow rate through a carbon 
bed at the temperature of liquid air, the oxygen, nitrogen, and argon 
were adsorbed; whereas the less condensable neon and helium were 
not adsorbed and appeared in the exit gases. To recover krypton 
and xenon, Dewar passed a slow stream of air through char at 
- 183° C for 24 hours, after which the temperature of the char was 
raised to - 78° C to evaporate the adsorbed nitrogen, oxygen, and 
argon. The less volatile krypton and xenon remained on the carbon 
and were subsequently removed by heating the char to a higher 
temperature. Peters and Weil, 3s by careful control of the tempera­
ture and pressure, separated krypton from xenon. 
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chapter 4 

The Survey of a New Venture 

1. INTRODUCTION 

This chapter will review ways and means to explore the potential 
of activated carbon for a new venture-the present discussion being 
limited to liquid systems. 

An appraisal of the suitability of activated carbon for an untried 
operation involves two basic considerations: 

a) Will activated carbon accomplish the desired objective? 
b) If so, how does the efficiency compare with that provided by 

other means? 
Crystallization, distillation, precipitation, chemical agents, are 

among the other methods to be considered. No one method of 
separation is universally applicable; the usefulness of each is related 
to the system to be treated and on the task to be done. With some 
operations there is little or no difficulty in deciding which separation 
method to use; but not infrequently we encounter twilight situations 
in which any of several methods could function. Further, there are 
certain systems that require a suitable combination of several 
separate methods. 

A first step in a study of purification is to delineate the charac­
teristics of the system under study and the objective sought, after 
which a tentative selection can be made of the method or methods 
that appear to warrant further investigation. 

The purpose of this chapter is to furnish an understanding of ways 
and means to evaluate the suitability of activated carbon for a new 
application. No attempt will be made to furnish the know-how in 
the form of specific procedures; it would not be feasible to so cover 
the many divergent situations to be encountered. 

67 
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At one extreme we may find a simple project that seeks only to 
make a modest improvement in an established operation, and which 
may require nothing more than the selection of a suitable type of 
carbon. From such a simple task we can pass by degrees of com­
plexity and novelty to projects that envision the creation of new kinds 
of usefulness. The understanding needed to conduct this research 
can be described variously as a pragmatic or working philosophy, a 
habit of mind, or a way of thinking things through. Its contour will 
become clarified as the discussion proceeds. For now we may say 
in brief that it is a philosophy that contains a recognition that: 

a) The solution for most situations can be sought by cut and 
try; 

h) We must have an awareness of what to try; 
c) Having made a try, we must have a sort of sixth sense to 

discern whether we are headed in the right direction. 
Experience may contain the awareness of what to try. It may be 

an item from some particular experience, or it may be a hunch that 
arises intuitively from a general background of experience. Although 
experience often furnishes a direct clue to the solution of a new 
problem, it is seldom that an established operation can serve as an 
exact pattern for conducting a new and untried operation-not even 
when the same product is involved. Consider the processing of 
sugar from cane and from beets: In both juices the main ingredient 
is sucrose and it certainly influences the adsorptive behavior of 
carbon. Even more, however, may depend on the properties of the 
impurities to be removed. As the impurities in cane differ from those 
in beets with respect to chemical identity and concentration, the 
method of treatment can and does differ. Still further, we find that 
various details of the treatment given to cane juice must be modified 
according to the species of cane processed and to the region in which 
it was grown. Beyond this is the fact that some ·conditions of treat­
ment provided at the beginning of a sugar-grinding season often 
require some change as the season approaches an end. 

If such a long-established operation as sugar refining cannot be 
placed in a fixed groove, one might well expect perplexities to arise 
in developing proper operating conditions for a new venture, and 
especially for one that departs from traditional forms. The difficulty 
is usually less than might be anticipated; most untried operations are 
new primarily in that they are a new permutation of steps taken from 
operations done before and elsewhere; consequently a thoughtful 
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study of diverse operations and experiences will often furnish out­
lines from which a resourceful imagination can carry on. 

To illustrate what we mean by a thoughtful study, consider 
Table 4: I. Little or nothing will be gained by memorizing isolated 
items; thus the fact that 2 % of Carbon A at 80° C removed 80 % of 
color from a sample of phosphoric acid is an observation unlikely 
to be of great use in some future situation. However it is of some 
value to observe that the decolorization of phosphoric acid increased 
at a higher temperature. We gain more by observing that whereas 
a higher temperature improved the decolorization of one batch of 
hydro!, a change in temperature had little or no effect on the de­
colorization of another batch of hydro! obtained from a different 
factory. And we gain still more understanding when we discern that 
a lower temperature is more effective for decolorizing a particular 

TABLE 4: I 

INFLUENCE OF TEMPERATURE ON DECOLORIZATION 

Color removed at indicated 
Substance Carbon Temperature % 

Type Dose,% 25° C 50° C 80° C 
Phosphoric acid A 2 60 75 80 
Hydro! (batch #I) F I 70 85 95 
Hydro! (batch #2) F I 60 65 65 
Lactic acid A I 70 60 55 

sample of lactic acid. Separately each trend has some significance, 
but primarily they are meaningful in that they all lead to a salient 
point, namely: The direction and extent of the influence of tem­
perature depends on the specific system under study; and only by 
cut-and-try can we learn what the effect will be on an untried 
system. 

It is in this fashion that experimental data and operating ex­
periences are searched to learn of other influencing factors and the 
trends they can impose. Thereby we gain a kit of tools with which 
to explore the suitability of activated carbon for a new venture. In 
this chapter we seek to give a panoramic view of lessons learned over 
a period of years devoted to the application of activated carbon in 
industrial operations. Contributions are from varied sources: per­
sonal communications; 1 published literature ;2

• 
3 and direct ex­

perience. Many items are based on long established plant-scale 
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operations; others are from laboratory notes covering projects that 
never reached the production stage. Some observations are ab­
stracted from very recent developments; others are recollections of 
operations discontinued years ago, such as the recovery of iodine 
from salt waters. Throughout, the selection is based on the criterion 
of sound possibilities for extending the usefulness of activated carbon 
into untried fields of endeavor. 

Inasmuch as the intent of this text is not to recommend specific 
types of carbon; but instead to aid the reader to develop his judgment 
in this field, data relating to commercial brands of carbon will be 
quoted under code. The use of a code is warranted also for other 
reasons. Most name brands of commercial carbons are offered in a 
number of grades, each having distinctive standards of quality; 
consequently data quoted under brand names can be misleading 
unless the exact grade is known and specified. Still further, quality 
standards change and develop, hence data obtained in earlier years 
may not apply to production today. Data relating to proprietary 
and trade marked items will also be reported under a code. 

Experimental Aspects 

Batch-type experimental techniques employed to search out a new 
venture in industry are essentially similar to those employed in 
academic studies (Chapter 2), but the flexibility is less. In academic 
studies, the purpose of which is to increase our store of general 
knowledge, the investigator works with substances of known identity 
and concentration, moreover he has much freedom in the choice of 
experimental conditions. 

In contrast, materials for an industrial study must be handled on 
an as received basis. Knowledge is often lacking as to the identities 
and concentrations of the contaminating substances, and they are 
the ingredients to be removed, Moreover, in the selection of ex­
perimental conditions, one must consider possible adverse effects on 
the prime ingredient-the product. Thus although a sugar syrup 
may be effectively decolorized at pH 3, such a low pH cannot be 
used because of damage to the sucrose by inversion. One must 
also be guided by practical requirements of plant operation; e.g., it 
may be necessary to use an elevated temperature in order to provide 
rapid filtration. 

It is also necessary to consider the possibility that the product 
itself may be very adsorbable, and if so take steps to minimize loss 
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of product through this cause.* Losses can also occur as a conse­
quence of the liquid being held as in a sponge; up to three parts of 
liquid may be retained by each part of carbon used (for some carbons 
the retention is even higher), all of which limits the dosage of carbon. 
The allowable maximum will vary from one industrial operation to 
another depending on such affiliated factors as the cost of product 
lost by retention, the enhancement of the quality of the product by 
the purification and operational considerations such as filter capacity. 
Although carbon dosages of 5 per cent and more are known, for 
most applications the carbon dosage is less than 2 per cent. 

As such small quantities of carbon cannot adsorb large gravi­
metric amounts of contaminants, consequently one may wonder how 
carbon is able to accomplish the abundant benefits so generally 
reported. When we seek for the answer by examining established 
operations, we find that the benefits are measured, not by weighed 
amounts of contaminating substances removed, but by the correction 
or elimination of unwanted characteristics such as color, odor, foam, 
and other properties that impair the salability of the product or 
impede processing operations. In most applications for which 
activated carbon has been used successfully, the unwanted charac­
teristics are caused by small gravimetric concentrations of parent 
substances with very potent properties. Consequently we can expect 
the use of carbon to be practicable when a large nuisance is created 
by a small amount of parent substance. It is in such areas that 
fertile markets for activated carbon are to be found, and for this 
ample evidence exists. Perhaps the best documented field is that of 
water purification where even the more severe conditions of taste 
are caused by contaminants present in parts per million or less. And 
in this field literally thousands of problems of taste have been cured 
by the use of activated carbon. 

But not all problems of taste, color, and other unwanted character­
istics are caused by small concentrations of parent substances, and 
when unwanted properties are associated with large gravimetric con­
centrations other means of purification must be sought.•• Therefore 

• Here we are considering the more traditional type of application in which 
unwanted ingredients are adsorbed leaving the purified product in the liquid 
phase. Processes in which the desired substance is itself adsorbed and sub­
sequently eluted are covered in Chapter 10. 

** There are exceptions; e.g., a product that can be marketed with much color 
and therefore may require only partial decolorization to become acceptable in 
the market. 
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a first step in determining the suitability of carbon for a new appli­
cation is to ascertain the adsorbability and the concentration of the 
offending parent substances. Such information is seldom directly 
available because the contamination is usually a mixture of diverse 
compounds whose individual identities are often unknown because 
of analytical difficulties, especially during the development stage of 
a process. The lack of knowledge that sometimes exists as to the 
nature of the contamination is evidenced by instances in which studies 
have been conducted to remove a color or odor that was subsequently 
found to be a characteristic property of the product itself. 

2. PRELIMINARY SURVEY 

When, as is generally the case, analytical data are lacking on the 
contamination, it becomes necessary to utilize the behavior of the 
unwanted properties to diagnose a situation. As any measurable 
property can serve to describe the modus operandi we shall consider 
a hypothetical situation in which an unwanted color is to be removed. 
The first step to be taken is to add a suitable dose of appropriate 
activated carbons to portions of the liquid to be decolorized, and 
maintain contact under conditions that could be employed in an 
industrial operation. If no decolorization results (assuming that the 
color is not a property of the product itself), this indicates that the 
colored bodies are not adsorbable and so we should turn to other 
means. 

If, however, the liquid is decolorized sufficiently, this indicates 
that the contamination is adsorbable and is present in small concen­
trations in which event a brief further study may suffice to learn 
optimum operating conditions. 

Another possibility is that the preliminary survey may show 
appreciable decolorization, but not sufficient to meet standards of 
quality for the product. Such a finding can be interpreted as showing 
the presence of: 

a) Colored bodies that are adsorbable but present in concen­
trations too large to be satisfactorily adsorbed by the carbon 
dosage used ; 

b) A small concentration of a weakly adsorbable colored body. 
Either conclusion would suggest the advisability of searching other 

methods of separation to be used, either in conjunction with acti­
vated carbon, or as a complete substitute for it. Before turning to 
other methods, however, it is well to explore the possibility that more 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0086



THE SURVEY OF A NEW VENTURE 73 

suitable experimental conditions might supply the additional de­
colorization needed. Such further study is especially indicated for 
borderline situations. 

Thus far we have considered situations that tacitly assume the 
presence of only a single contaminant, whereas actual situations 
usually involve several impurities. Moreover the separate impurities 
can have different adsorbabilities. This may cause a behavior in 
which the decolorization proceeds smoothly until a certain amount 
of color is removed, beyond which further additions of carbon pro­
vide little or no additional decolorization. In such a situation, 
carbon may be considered for the easily adsorbable color, and other 
means sought for the less adsorbable portion of color. 

Industrial applications often seek to accomplish more than one 
objective; for example, the treatment of corn sugars and syrups may 
aim to remove color, bitter flavor, iron, hydroxymethylfurfural, and 
foam-formers. Inasmuch as the operating environment favorable for 
improving one property (e.g., color) may not be best for another 
(e.g., foaming), an experimental study of a new venture should in­
clude a simultaneous examination of all properties to be corrected. 
To do this, the filtrate obtained from each variation in experimental 
conditions is examined to learn the effect a particular set of operating 
conditions may have on each of the properties to be improved. This 
brings us to a discussion of useful functions of activated carbon in 
industrial applications. 

3. DECOLORIZATION 

More data are available on decolorization than on other liquid­
phase functions of activated carbon, and this is understandable in view 
of the comparative ease of measuring color. Long before the intro­
duction of modern instrumentation, there were satisfactory visual 
methods of measuring color which continued in use until relatively 
recently. Photoelectric colorimeters which are now in general use 
avoid the personal equation and expedite evaluations. Spectro­
photometers offer further advantages, especially when it is desirable 
to measure the separate adsorption of several different colored bodies. 

Data on decolorizing are presented in varied forms and in diverse 
units of measurement, depending on the terminology in vogue for 
the substance or product being treated, and on the instrumentation 
in use. Consequently, sets of data taken from different sources are 
not always readily correlated if left in their original form. Inasmuch 
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as our present purpose is to learn relationships and trends, this goal 
can be attained more easily by expressing data in a common language. 
Whenever feasible, data will be expressed in terms of the relative 
capacity of a carbon to provide a desired purification. Many data, 
however, are not in a form suitable for calculating the relative 
efficiencies of carbon; therefore in many cases it is necessary to 
report data in terms of percentage of improvement. 

Decolorizing Carbons 
Probably the greatest single factor contributing to effective de­

colorization is the selection of an appropriate carbon. No one car­
bon is best for all applications. Thus, as shown in Figure 4: 1, 
carbon E which is above average on several products, is inferior for 
the decolorization of the vinegar. 
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FIG. 4: 1. RELATIVE DECOLORIZING PDWER OF FIVE DIFFERENT GRAOl!S OF CARBON 

All the carbons, A, B, C, D, E, in Figure 4: 1 are marketed as 
decolorizing carbons, but to put an identical label on these carbons 
would be misleading. For as can be seen, the ability of a carbon to 
decolorize depends on the specific sample of product being treated; 
consequently the survey of a new venture should include varied types 
of activated carbon; preferably as many different brands as available 
time and facilities permit. In the selection, consideration should be 
given to aspects such as filtration and density which can influence 
performance in a plant operation. The choice of carbons will be 
governed by whether the treatment will be conducted in batches 
with po'wdered carbon, or by percolation through a bed of granular 
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carbon. Properties such as ash and pH may need examination; a low 
pH cannot be used for cane sugar, and a high soluble ash is not 
acceptable for glycerine. 

An expensive carbon may provide additional benefits in some 
operations, but a price tag must not be taken as an index of value 
for all purposes. A carbon may be expensive because of a higher 
cost required to impart special adsorptive powers or to ensure free­
dom from soluble ash. Except where such properties are needed the 
purchase of such a carbon can be an extravagance, in fact, in some 
applications a suitable low-cost carbon can be more effective on a 
pound-for-pound comparison. 

From the carbons selected, appropriate dosages of each are added 
to measured portions of the liquid to be treated under conditions 
deemed suitable for plant-scale operation, after which the carbon is 
separated by filtratron. Those brands of carbon that show reasonable 
promise should be included in further subsequent tests involving 
variations in experimental conditions. It is to be pointed out that 
all types of carbon do not respond similarly to changes in operating 
conditions, consequently the carbon that shows the most promise 
in the initial test may not prove to be best under the operating 
conditions finally adopted. 

Variations in experimental conditions should be kept within limits 
that can be tolerated by the product, and should be such as can be 
carried through on a plant scale. Experimental changes in pH, 
temperature, and other conditions should be made in small steps 
inasmuch as the optimum benefit is often found within only a narrow 
range. Even small benefits are not to be ignored because the cumu­
lative effect of several beneficial conditions can convert a marginal 
operation into full success. Even attainment of a marginal operation 
may be justified if it outdistances other methods of purification. 

Time 

Granular carbons take much longer periods of time to reach 
equilibrium. Therefore, when granular and powdered carbons are 
being evaluated simultaneously in batch-contact tests, granular 
carbons are usually pulverized and tested in powdered form. 

Because of over-all economic and technological considerations, 
industrial operations are seldom conducted for the full period of 
time needed to utilize the total ultimate adsorptive capacity of a 
carbon. Instead, it is usual practice to add enough carbon to give 
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the desired decolorization within a relatively brief period, e.g., 10 
minutes to an hour. (Table 4:2). Much more time may be required 
for special situations, and to accomplish special tasks. The time 
factor for a granular carbon is often expressed in terms of rate of 
flow through a column. 

TABLE 4:2 

EFFECT OF TIME ON DECOLORIZATION 

Material Carbon Color removed, % 

Grade Dose 10 20 40 80 
g/100 ml minutes minutes minutes minutes 

Corn syrup 
Vinegar 
Nitro benzene 
Sorghum syrup 

Temperature 

B 
F 
F 
A 

1.0 
0.5 
1.0 
1.0 

60 65 68 68 
70 75 80 80 
40 50 55 60 
50 60 65 67 

An increase in temperature accelerates the velocity of adsorption 
by decreasing the viscosity of the liquid, stepping up the diffusion of 
solute molecules, and hastening the displacement of pre-adsorbed 
gases from the pores of the carbon. 

Temperature can alter the amount of decolorization, but the effect 
is seldom large. Depending on characteristics of the system involved, 
decolorization may increase, decrease, or show no change when the 
temperature is elevated (see Table 4: I). Not infrequently, maximum 
decolorization is obtained at an intermediate temperature. Un­
expected behavior is sometimes encountered. In an experience with 
a long-chain nitrile no appreciable decolorization occurred until 
250° C was reached, but then it increased rapidly and attained the 
maximum decolorization at 275° C. As can be observed from Table 
4: 3, the influence of temperature is not the same for all types of 
carbon. 

TABLE 4:3 

INFLUENCE OF TEMPERATURE ON 
DIFFERENT CARBONS 

Material Carbon Color removed, % 

Molasses solution 
Molasses solution 

Grade 

J 
K 

Dose 
g/100 ml 

1.0 
1.0 

25° C 90 °C 

70 72 
75 95 
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In the treatment of some products, decolorization improves with 
higher temperature up to a certain point, above which the liquid 
darkens. Such an effect can usually be traced to ingredients suscep­
tible to decomposition or oxidation. Running a blank control will 
indicate the extent to which any such reaction is being catalyzed by 
the carbon. Systems susceptible to such adverse oxidation may 
require treatment in ai:i inert atmosphere or maintenance of vacuum 
conditions. These add to the operational cost and when the oxidation 
is minor in degree, it may be possible to minimize ill effects by 
reducing the temperature, shortening the time of contact, and 
avoiding excessive agitation. 

Influence of pH 

The colorants in agricultural source materials are natural dyes 
often acidic in type, but basic types are sometimes present. Con­
sequently, and as would be expected, the adsorption of color can be 
influenced by changes in pH. A pH above neutral is seldom favorable 
and in many applications it has been found detrimental. In contrast, 
a pH below 7 frequently aids decolorization, the optimum pH 
depending on the particular system under study. 

In many operations, however, it is not feasible to alter the natural 
pH of a product because of ill effects on other properties of the 
system. For example, many products are damaged in quality at the 
pH most favorable to decolorization. Even when a product can 
tolerate a change in pH, other difficulties can arise. Thus iron will 
be extracted from many types of carbon at a low pH, and this would 
involve the extra cost of either purchasing a carbon low in iron, or 
providing means for subsequently removing dissolved iron from the 
treated filtrate. Moreover, the optimum pH for decolorization may 
not be acceptable for marketing the finished product. 

When the optimum pH for treatment by carbon is not acceptable 
for the finished product, it may be practicable to adjust the pH of 
the system temporarily to the optimum level for decolorization and 
subsequently re-adjust to the natural pH for the product. The ad­
dition of reagents for pH adjustment can be objectionable in some 
process liquors. The practice is more apt to be feasible for processes 
that include a subsequent crystallization or distillation. Another 
possible opportunity for utilizing the optimum pH for adsorption is 
afforded when a product exists in different forms at separate stages 
of processing; as, for example, in the manufacture of an organic acid 
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in which the formation of a salt precedes the formation of the free 
acid. Salts of organic acids usually give an alkaline reaction un­
favorable to decolorization; but on the other hand the acid stage 
has the unfavorable effect of dissolving iron from the carbon. Both 
disadvantages are avoided by applying the carbon at a favorable 
intermediate pH during the transition from the salt to the free acid. 

In evaluating the effect of pH, it is always well to examine for 
possible indicator action which could be misinterpreted as an adsorp­
tion effect. Many colors in agricultural and industrial products 
behave as acid-base indicators, in which case a change in pH may 
alter the hue or change the intensity of the color, e.g., the color of a 
molasses solution diminished by one-third in going from pH 9 to 4. 
When it is desired to compare decolorizations conducted at different 
pH levels, all filtrates should be adjusted to an identical pH when 
reading the residual color intensities. 

Such an adjustment of pH in the filtrate should also be made 
when comparing brands of carbon having dissimilar pH. Some 
carbons contain sufficient acidity or alkalinity to alter the pH of 
unbuffered solutions. Incidentally, the pH of a carbon can influence 
the decolorization of non-aqueous liquids (Table 4: 4). 

TABLE 4:4 

EFFECT OF pH OF CARBON ON DECOLORIZATION OF 
COCONUT OIL 

pH of Carbon 
8.S 
7.0 
6.0 
4.5 
4.0 
2.5 

Color removed, % 
55 
55 
60 
62 
64 
66 

Conditions: Used 0.25% carbon Hat pH indicated; contact with carbon for 20 minutes at 80° C. 

Influence of Concentration 

In processes that include a concentration stage, a study should be 
made to determine the proper point to introduce the carbon inas­
much as the decolorizing efficiency in a dilute solution often differs 
from that obtained in a more concentrated solution. Thus for a 
batch of raw cane sugar syrup, the decolorization with carbon was 
more effective in a concentrated solution; whereas a sample of 
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sodium lactate was more effectively decolorized in a dilute solution. 
In a study of glycerine, activated carbon removed proteins effectively 
from concentrated solutions, but the decolorizing effect was greater 
with dilute solutions. 

Countercurrent Application 

The amount of carbon required for decolorization can usually be 
reduced by countercurrent application (Chapter 14). In this the 
once-used carbon after being filtered from the finished purified liquid 
is re-used to bring another batch of original liquid to an inter­
mediate purity. Less virgin carbon is then needed to bring the 
product from this intermediate stage to the desired final purity. 
Such a two-stage countercurrent operation will often reduce carbon 
requirements by 30 to 60%. Occasionally additional stages are used, 
but the additional •saving is seldom in proportion. The counter­
current principle is inherent in processes in which the liquid is 
percolated through a bed of granular carbon. Under favorable 
operating conditions a column of activated carbon can provide 
multiple stages of countercurrent treatment. Percolation can be 
especially effective for some systems in which total decolorization 
is desired. 

4. TASTES AND ODORS 

Problems that involve taste and odor can embrace diverse objec­
tives. The conditions that are most amenable to correction by 
activated carbon are those in which a serious nuisance in taste or 
odor is created by relatively small concentrations of parent sub­
stances. In such situations, practically any and all adverse conditions 
can be corrected-a claim that is so well documented in the puri­
fication of water. Generally, the only problem is the relatively minor 
one of selecting the grade of carbon that will do the job at the least 
cost. Any difficulties on this score arise from the fact that tastes and 
odors are measured by subjective sensory means, and opinions as to 
the best grade of carbon and dosage to use may vary from one 
individual to another. Reasonably good agreement is usually to be 
had when complete freedom from taste and odor is desired. Some­
what greater difficulty in reaching a decision can be presented by 
products, e.g., gelatin, that have an inherent natural flavor and odor. 
Here it can be difficult-at least for the novice-to know just when 
all foreign odor has been removed; and especially so, for a foreign 
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odor that changes in quality as it becomes more dilute. That success­
ful decisions are often reached, however, is evidenced by the wide­
spread and extensive use of activated carbons for improving the 
salability of products that have an inherent natural flavor and odor. 

A much more difficult type of application is one in which a foreign 
odor is to be removed from honey, maple syrup, or other materials 
that have a bouquet or natural flavor composed of constituents present 
in minute quantities. Such applications require what may be termed 
fractionating adsorption. Unfortunately an undesired fractionation 
often results, and the removal of desired components of the bouquet 
leaves the product with an unbalanced flat flavor; however, success 
has at times been achieved. A method occasionally found helpful 
is to allow the liquid to remain in contact with minute quantities of 
carbon; the time of contact may range from a day to a month or 
more. Off-flavored brandies, whiskies, and other alcoholic beverages 
have been so treated. One explanation of the improvement is that 
the desired type of fractionation takes place during the longer 
contact; another interpretation is that activated carbon catalyzes 
beneficial chemical changes. 

Catalytic action is known to solve certain odor problems. An 
important example is the removal of free chlorine from potable water 
supplies. Free chlorine, for example, will gradually disappear from 
water as a consequence of a chemical reaction with the water, but 
the process is slow. The reaction is so greatly accelerated by the 
catalytic effect of activated carbon, however, that when potable water 
containing free chlorine is percolated through a suitable bed of 
activated carbon, the chlorine is removed almost instantaneously. 

When the correction of an odor requires the removal of large 
gravimetric quantities of parent substances, other methods of sepa­
ration must usually be employed, although in many cases activated 
carbon may still fill a need for the removal of residual traces. In 
this connection it may be of interest to relate an experience in which 
the roles were reversed: A small dose of activated carbon effectively 
removed a very pungent odor from a fungicide but left a mild un­
pleasant odor that was subsequently corrected by a masking agent. 

In general, the observations made in Section 4.3 as to the influence 
of temperature, pH, and other experimental conditions on decolori­
zation apply also to the removal of taste and odor. When a situation 
requires the removal of both color and odor the conditions found 
favorable for decolorization will usually be suitable for removing 
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tastes and odors. This is not an invariable rule; however, e.g., a low 
pH that is favorable for decolorizing glycerine can result in creating 
a rancid odor. Such an effect can often be traced to a side reaction; 
thus, natural glycerine may contain esters which at a low pH form 
fatty acids with a rancid odor. A similar explanation applies to the 
adverse effect of an activated carbon of low pH on coconut and 
cottonseed oils (Table 4: 5). In general, an increase in odor should 
always be regarded as a warning signal of improper treatment 
conditions. 

TABLE 4:5 

EFFECT OF pH OF CARBON ON ODOR OF 
EDIBLE OILS 

pH of Carbon 

8.0 
7.0 
6.0 
4.5 
4.0 
2.5 

Odor of oil after treatment 

Coconut oil 
Excellent 
Excellent 
Excellent 
Fair 
Bad 
Very bad 

Cottonseed oil 
Excellent 
Excellent 
Excellent 
Good 
Bad 
Very bad 

Condt11ons: Used 0.2S% carbon Hal pH md1cated, contact wtth carbon, 20 mmu1cs al 80° C. 

Considerable latitude can be exercised in the selection of the 
carbon to be used for the correction of tastes and odors. Unlike 
decolorization, the removal of tastes and odors seldom requires a 
specific type of carbon for a given situation. A carbon found satis­
factory for one odor situation will often be acceptable for others. 
When both odor and color are to be removed, the choice of a carbon 
can usually be based on the grade suitable for the decolorization. 
When decolorization is not necessary, however, money can be saved 
by purchasing one of the so-called water-grade carbons; such carbons 
are particularly preferable for applications in which the color is to 
remain unchanged. Both granular and powdered water-grade car­
bons are available. For industrial applications, the powdered form 
should be furnished in a particle size suitable to give adequate rate 
of filtration in industrial filters. 

5. SHELF LIFE; STABILITY OF PRODUCT 

After treatment with activated carbon, a product may in time 
develop defects of quality such as color and odor reversion. Or again, 
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defects may appear when a product is put to its intended use, e.g., 
corn sugar in candy manufacture, or linseed oil in the varnish kettle. 

Most such difficulties fall into two general classifications. In one 
group we find colorless ingredients with unwanted characteristics 
that are hidden from immediate view; or the objectionable charac­
teristics may develop in consequence of a slow chemical change 
during storage. Also in this latter group are ingredients that act as 
catalysts to accelerate changes that impair the quality of the prime 
ingredient-the product. 

Whatever the nature of the contamination, the cure is usually to 
be sought in more effective or complete removal. This may be 
accomplished by a greater dosage of carbon, by changes in operating 
conditions, and by the selection of a brand of carbon that has greater 
adsorptive power for the hidden offenders. The search is simplified 
if and when the chemical identities of the precursors are known, in 
which case appropriate control tests can be instituted. But this short 
cut is seldom at hand and the selection of appropriate conditions of 
treatment is usually based on actual experience with shelf life. 

Mention should be made of a quite different type of influence on 
shelf life that is found when the source materials contain adsorbable 
ingredients that give stability to the product. An illustration is 
supplied by vegetable oils containing mrtural anti-oxidants that re­
tard the development of rancidity. These natural anti-oxidants are 
adsorbed by activated carbon; therefore to compensate for their loss, 
suitable synthetic anti-oxidants are added to an oil after treatment 
with carbon. 

Chemical changes that occur during storage may form compounds 
that accelerate further destructive changes-a process commonly 
known as auto-catalysis. Milone4 found that esters of chloromaleic 
acid are stabilized by the presence of 2 % carbon. Englehardts con­
trolled the formation of gum in organic liquids by storage in the 
presence of I% activated carbon; and a similar procedure has 
prevented rancidity from developing in lard. 

6. OTHER FORMS OF USEFULNESS 

Many other forms of usefulness for activated carbons are 
known 1 

• 
2 

• 
3 (Tables 4: 6 and 4: 7). Although some of these have 

considerable utility in diverse applications, few have captured the 
general interest or attention accorded decolorization and deodori­
zation. This somewhat negative attitude is a consequence of several 
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factors: Some of these other forms of usefulness apply to specialized 
situations and do not have general utility; others represent properties 
and characteristics that are not readily measured so it can be difficult 

TABLE 4:6 

REPORTED USES OF CARBON FOR PARTIAL OR COMPLETE 
REMOVAL OF VARIOUS SUBSTANCES 

(Abridged List) 

Oil from boilers water 
Aldehydes from fermented liquids 
Mercury compounds from hyposulfites 
DDT from water supplies 
Carcinogens 
Fluorescence from certain oils 
Soaps from alkali-refined oils 
Peroxides from rancid oils 
Conradson residue from used crank-case oil 
Sulfonates from mineral oils 
Tetraethyl lead from gasoline 
Hydroxymethylfurfural from sugar syrups 
Unsaturates from mineral oils 
Bloom from vegetable oils 
Staining impurities from dye intermediates 
Radioactive substances 
Separation of antimony from copper sulfate 

TABLE 4:7 

LESSER KNOWN FORMS OF USEFULNESS FOR CARBON 
(Abridged List) 

Prevention of gum in certain organic liquids 
Storage of toxic volatile laboratory reagents 
Removal of certain catalyst residues 
Removal of substances that shorten effective life of ion exchangers 
Scavenger for irradiated meats 
Reduce formation of sludge in heat-transfer oils 
Assist chemical reactions by adsorbing inhibitors 
Safen insecticides and fungicides for sensitive foliage 
Stabilize esters 

to appraise their net worth. Then when there is a time interval be­
tween the treatment with carbon and the appearance of the improve­
ment we can fail to recognize that the betterment is caused by the 
carbon treatment, e.g., a higher melting point of a finished crystalline 
product, or a longer shelf life. Such delayed benefits are in contrast 
to a deodorization in which an improvement is immediately apparent. 

We must not overlook the fact that most industrial applications 
have their inception in laboratory studies, and in such studies, 
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changes in properties other than color and odor can easily escape 
notice unless attention is specificaliy directed to them. As a matter 
of fact, many forms of usefulness have been discovered, often quite 
by accident, in plant-scale operations in which activated carbon had 
initially been employed for decolorization or deodorization. This is 
particularly true in applications in which the use of carbon has led 
to betterment in a subsequent distillation, crystallization, or other 
processing operations. Su~h benefits can be very real to the operating 
personnel even though one may not readily place an exact monetary 
value on them. 

The contribution of activated carbon to improved quality of 
product is not always fully recognized; characteristics such as free­
dom from haze, absence of foam, and other less visible benefits are 
often overlooked. It is worth noting that many of these less evident 
benefits are often a by-product incidental to the use of carbon for 
color and odor removal-and hence can often be obtained for little 
if any extra cost. For the most part, all that is ordinarily required 
is a selection of appropriate operating conditions. 

7. ORGANIC COLLOIDS 

Many betterments provided by activated carbon can be correlated 
with effects caused by organic colloids (see Table 4: 8). Colloidal 
phenomena are considered in Chapter 6; here we shall give but a 
brief simplified outline using familiar experiences with detergents for 
purpose of illustration. 

TABLE 4:8 

BETTERMENTS ASSOCIATED WITH USE OF CARBON 
FOR REMOVAL OF ORGANIC COLLOIDS 

Elimination of turbidity, haze, emulsions 
Improved filterability of process liquor and finished product 
Reduced tendency to foam during evaporation and distillation 
Faster rate of settling during clarification 
Improved performance at crystallization station: greater yield of 

purer crystals having better form and higher melting point 
Greater stability of product, longer shelf life 

If air is passed through a column of water, bubbles will form, but 
they will break almost immediately. Shaking an oil-water mixture 
will cause the oil to form droplets in the water but the two liquids 
separate when the shaking ceases. Powdered sand will remain 
suspended in water only briefly. 
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However, if the experiments are repeated, but with a detergent 
solution, then air bubbles will remain as a foam; the oil will remain 
emulsified, and the fine sand will stay suspended in the liquid. The 
explanation is that the detergent forms a protective envelope around 
each air-oil-sand particle, shielding them from one another and pre­
venting them from coalescing. And as the detergent is very soluble 
in the water, this keeps the enclosed particles anchored and suspended 
in the liquid space. 

This phenomenon, which is known as protective action, can be 
provided by many organic colloids-gums, pectins, proteins, soluble 
starch, and many synthetic substances. The colloids are described as 
protective colloids; and the protected particles are said to be solubilized 
or peptized. Peptization can be viewed as adsorption in which the 
more familiar role is reversed; in the orthodox version we think of 
adsorption as an•attachment whereby the solid pulls a solute out of 
solution, but in peptization the solid is pulled into the liquid space. 

TABLE 4:9 

REMEDIAL MEASURES FOR PEPTIZATION 

Increase the dosage of carbon 
Select brand of carbon having greater adsorptive power for the 

organic colloids present 
Use a hard granular carbon that can withstand peptizing action 
Apply carbon in an admixture with another adsorbent such as mag­

nesium silicate, bentonite, activated clay. In selecting an additional 
adsorbent it is necessary to consider whether the pH and other 
characteristics are compatible with the system being treated 

Conduct the adsorption in separate stages: 
I) Treat the original solution with carbon; 
2) Filter; 
3) Treat filtrate with a type of carbon appropriate for the final 

stage 
Conduct two- or three-stage countercurrent adsorption 
Employ a different solvent, one that impairs the colloidal properties; 

or alternatively, dilute with suitable miscible solvent. 
Use good technique for filtration: 

I) Proper formation of cake; 
2) Slow initial rate of flow; 
3) Retentive diatomaceous filter aid; 
4) Avoid interruptions and severe pulsation m pumping 

Study changes in treatment, e.g., time, temperature, pH 

Peptization will occur only if and when the concentration of 
colloid is sufficient to form a blanket around the particles to be 
solubilized. This is known as the critical concentration level. 
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When activated carbon is added to a solution containing organic 
colloids they will be adsorbed, and if this adsorption is great enough 
to cause the colloidal concentration to fall below the critical level 
any enclosed liquid or solid particles will be set free and swept out of 
solution during the subsequent filtration. In some systems, however, 
the initial concentration of colloid is so large that it cannot be 
reduced below the critical level by practicable dosages of carbon; 
and then a colloidal suspension, emulsion, or foam will remain as is. 
In some instances, in fact, the colloidal concentration is high enough 
to peptize the carbon, which cannot then be separated from the 
solution in the subsequent filtration. Such peptization has prevented 
the use of activated carbon in a number of potential applications. 
Some such situations can be moderated or even cured by various 
techniques developed out of past experience (Table 4: 9). 1 

8. HAZE 

An emulsion after having been cleared by carbon will not spon­
taneously form anew, but this cannot be said of a haze. This may 
be due to any one of the many factors that can cause a haze to form 
(Table 4: I 0). 

TABLE 4: 10 

CONDITIONS CONTRIBUTING TO FORMATION OF HAZE IN 
PRESENCE OF ORGANIC COLLOIDS 

Supersaturated solution of difficultly soluble substances 
Substances introduced during processing that can react with in­

gredients already present to form an insoluble compound; e.g., 
when traces of calcium salts are added to a neutral solution 
containing oxalates 

Change in pH during processing that renders certain ingredients less 
soluble 

Presence of salts that can hydrolyze to form insoluble hydroxides 
Denaturing of proteins 
Fermentation, or other biological changes 
Retarded chemical changes 

The mechanism involved can be illustrated by citing a common 
producer of haze, namely a supersaturated solution of a slightly 
soluble substance. When organic colloids are present in such a sys­
tem, precipitation is retarded or even prevented; but if and when it 
does occur, the precipitation is seldom complete and some degree of 
supersaturation still remains in solution. 
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Consequently when carbon is applied to remove organic colloids, 
it will simultaneously remove any existing haze, but it may not 
immediately affect supersaturated molecules of solute. As a conse­
quence of removing protective colloids, however, any residual super­
saturation is better able to precipitate and form a new haze. The 
precipitation is not always immediate; it may be delayed and in 
some cases it will develop only under certain circumstances and 
conditions, e.g., storage at low temperatures. 

In order to prevent such regenesis of haze, it may become necessary 
to do more than reduce the organic colloid concentration below the 
protective level; in addition we must also provide conditions that 
aid in the removal of residual haze-formers. Procedures that have 
been so employed, often with success, are listed in Table 4: 11. We 

TABLE 4:11 

ELIMINATION OF HAZE 
Case histories selected to show that optimum conditions can be specific to the 

system being treated 

Case Optimum time and 
No. temperature of contact 

with carbon 
JO 20 minutes at 20° C 
11 20 minutes at 90° C 
12 60 minutes at 90° C 
13 2 hours at 10° C 
14 l hour at 10° C 
15 24 hours at 25° C 
16 72 hours at 15° C 
17 1 hour at 60° C 

18 l hour at 25° C 
19 20 minutes at 25° C 

Other required conditions 

Finely pulverized carbon 

pH of solution preadjusted to 4.5 
pH of solution preadjusted to 6.0 
pH of liquid preadjusted to 7.0 
pH of solution preadjusted to 8.0; used finely 

pulverized carbon 
Solution pre-diluted with 10% methanol 
Solution pretreated with enzymes 

can only guess as to the molecular mechanics involved in removing 
haze-formers. It may be that, under appropriat~ conditions, haze­
formers are adsorbed while still dissolved in a supersaturated state; 
or it could be that during longer contact, precipitation is initiated 
on the carbon surface which captures and holds the freshly formed 
solid precipitate. 

The conditions favorable for the removal of residual haze-formers 
may differ from the conditions required for the adsorption of 
organic colloids, and in this event it becomes necessary to readjust 
conditions during the carbon treatment as illustrated by experiences 
listed in Table 4: I 2. 
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Some source materials that originally are free of haze will develop 
a haze after being decolorized with activated carbon. In such situa­
tions it is natural enough to blame the haze on the treatment with 
carbon. The charge is perhaps true but not in the usual sense, 
namely: that the carbon adds haze-formers to a liquid. This is a 
false idea that can be unfortunate in delaying the search for the true 
cause and finding a cure. 

TABLE 4:12 

ELIMINATION OF HAZE 

Typical case histories in which conditions were readjusted during treatment 

Case No. 
21 

22 

23 

24 

Conditions of treatment 
Carbon in contact with solution initially at 90° C for 20 minutes to 

adsorb organic colloids; then cooled to 20° C and maintained at 
that temperature for 4 hours to remove residual haze-formers. 

Treatment conducted in separate stages. In first stage, carbon in con­
tact with solution I hour at 80° C, then filtered. Second stage 
filtrate treated with virgin carbon 4 hours at 10° C. 

Haze-forming ingredients here were less soluble at pH 4.5 than at the 
normal pH of 6.0 for the substance being treated. Therefore the 
adsorption stage was conducted at pH 4.5 in order that the maxi­
mum precipitate would form and be removed from the system when 
the carbon was filtered off. The filtrate was readjusted to pH 6.0 
to minimize precipitation of residual haze-formers. 

Solution treated with carbon to remove protective colloids; then over­
concentrated by evaporation. After allowing sufficient time for 
insolubles to precipitate, the solution was filtered. The filtrate was 
diluted to normal concentration. 

All this is illustrated in the experience of a corn sugar operation 
that was confronted with a problem of haze in the finished syrup. 
The crystals forming the haze were minute and distorted in shape, 
thus preventing identification by crystallographic methods. The 
haze was first thought to be due to calcium sulfate formed by 
sulfates in the syrup reacting with calcium extracted from the carbon. 
The next step was to procure and use an activated carbon free of 
calcium, but this failed to solve the haze problem. An analysis of 
haze-free syrups from other operations disclosed that many batches 
of haze-free syrups contained more total ash than samples of hazy 
syrups. Following this finding, a portion of hazy syrup was ashed 
but when the ash was dissolved in a satisfactory syrup no haze 
developed. 
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Eventually, the cure was found in adjusting the pH when it was 
discovered that haze developed in syrups produced from thin juices 
containing sulfates if and when such juices were concentrated to a 
thick syrup at a pH below 4.5. When a hazy syrup was diluted and 
reconcentrated above pH 4.8, the haze did not reappear. On the 
other hand, when a satisfactory syrup was diluted and reconcentrated 
at pH 4.0 a haze appeared. 

Removal of Iron and Ash 

Colloidal protection can enter into the use of carbon for removing 
inorganic substances-a familiar problem being the removal of iron 
salts from corn sugar syrups. In many batches of syrup, iron salts 
are present in concentrations that would normally hydrolyze and 
precipitate as iron hydroxide at the pH of 5 which often prevails in 
the syrup; but this precipitation does not occur because of the pro­
tective action of the organic colloids present. If such a sample of 
corn syrup is treated with a suitable activated carbon at pH 5, a test 
of the filtrate will show that most of the iron has been removed­
but this removal is not a direct consequence of orthodox adsorption. 
This deduction is supported by the fact that when the syrup is 
treated with the carbon at pH 3, no iron is removed from the solution, 
but the concentration of colloids is reduced below the protective 
level. The removal of protective colloids can be demonstrated by 
elevating the pH of the filtered syrup to pH 5 and then the iron will 
slowly precipitate as a hydroxide. To exclude the possibility that 
the effect might be a consequence of readjusting pH, the entire 
procedure was repeated but without carbon. When the final readjust­
ment was made to pH 5 no iron precipitate formed, and an analysis 
showed that the concentration of iron in the final syrup was the same 
as originally present. 

9. USE OF ACTIVATED CARBON IN 
CONJUNCTION WITH OTHER SEPARATIONS 

Thus far we have discussed activated carbon acting as an agent of 
and by itself. More often it functions as a partner in a process, allied 
and associated with one or more other means of separation. 1 

• 
2 

• 
3 

In such combinations, the characteristics of the system involved and 
the objectives to be accomplished will govern the role of each co­
operating means of separation. Each method may do that part for 
which it is best qualified; several partners may operate collectively 
to attain a degree of purification that could not be accomplished by 
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any single member acting alone; and, in still other cases, one method 
may precondition a system so that another member of the team can 
become more effective. The reader should be cautioned that in many 
applications the true function of each stage may not be so clearly 
defined as might be inferred from the foregoing remarks; often we 
seem to stumble on a right combination. 

The assistance furnished to or by associated treatments ranges in 
significance and magnitude. On occasion much benefit may be 
derived from a very simple auxiliary treatment; e.g., many operations 
have been aided by pre-filtration through diatomaceous earth to 
remove slimes that would otherwise coat the surface of the carbon 
and diminish the adsorptive capacity. In contrast are the specialized 
and elaborate techniques employed in some biological separations. 
Let us briefly review types of auxiliary aid and associated procedures. 

Solvents 

In many operations the material to be purified is received as a 
liquid or in solution and is processed as is. Modification may be 
needed as with a high viscosity liquid that may require dilution with 
a miscible solvent. 

Fats, waxes, and similar solids are usually treated at a temperature 
sufficiently high to convert them to a fluid state, although on occa­
sion a fluid state is effected by dissolving the substance in a suitable 
solvent. This is done when it is desirable to minimize losses of a 
costly fat or wax by retention; also when it is desired to conduct an 
adsorption at temperatures below the melting point of the solid 
material being purified. 

Many solid materials, such as sugar, gelatine, and tartaric acid, 
must be dissolved to bring them to a liquid state for treatment with 
carbon. Generally, water is the preferred solvent because apart from 
advantages of availability, low cost, freedom from fire hazards, 
adsorption with activated carbon is almost always more effective 
from an aqueous solution. Situations arise, however, when it be­
comes necessary to use an organic solvent, as in the case of water­
insoluble organic substances. On occasion an organic solvent is 
desirable for substances that form a colloidal solution in water. 
This latter is illustrated by an experience with a synthetic lacquer 
which could not be decolorized in an aqueous solution because the 
carbon became peptized. The peptization was avoided by using a 
solvent consisting of equal parts of water and methanol. 
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When an organic solvent is to be used, one should be mindful that 
the best solvent will depend on the over-all characteristics of the 
system under study; and usually the specific solvent properties 
needed for a particular application can best be learned by trial and 
error. 

Chemical Agents 
Pretreatment with carbon of a material to be purified often enables 

a chemical agent to function more effectively (Table 4: 13).1 
• 

2 
• 

3 

In a process to reclaim iodides from petroleum brine, the initial step 
consisted of oxidizing the iodides to elemental iodine, and this re­
action had been prevented by impurities in the brine that acted as 
inhibitors of oxidation. It became necessary to remove these in­
hibitors by pretreating the brine with a special type of activated 
carbon, after which the oxidation proceeded without difficulty. A 
similar type of behavior probably explains why hydrogen peroxide 
is a more effective bleaching agent for certain waxes after they have 
been given prior treatment with activated carbon. 

TABLE 4: 13 

PREPARATORY USE OF ACTIVATED CARBON TO AID 
SUBSEQUENT PROCESSING WITH CHEMICAL AGENTS 

Case No. Material 
Petroleum brines 
Waxes 

Subsequent treatment 
Oxidation of iodides to iodine 
Bleaching with peroxide 
Bleaching with chlorine 
Bleaching with peroxide 
Hydrogenation 

IOI 
102 
103 
104 
105 
106 
107 
108 

Waxes 
Glutamic acid 
Vegetable oils 
Crude animal fats 
Crude vegetable oil 
Pyrethrins 

Caustic refining 
Ca us tic refining 
Solvent-extraction 

In other applications the roles may be reversed with the stage of 
chemical reaction preceding the use of carbon (Table 4: 14). In sugar 
refining, the syrup is pretreated first with lime and then with 
phosphoric acid in order to precipitate and sweep out much contami­
nation. This leaves a relatively smaller amount of adsorbable im­
purities to be removed by activated carbon. Oxidizing agents, such as 
chlorine, chlorine dioxide, and hydrogen peroxide, are on occasion 
successfully employed to convert impurities into a more adsorbable 
form. Such action is not always effective, however, and the prior 
use of an oxidizing agent is sometimes disappointing; in fact, in 
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some applications the impurities are less adsorbable after oxidation. 
Moreover, the chemical treatment has been known to confer 
objectionable characteristics such as chlorinous odor. 

Case No. 
150 
151 
152 
153 
154 
155 

156 
157 
158 

TABLE 4:)4 

PRETREATMENT WITH CHEMICAL AGENTS TO 
IMPROVE ADSORPTION BY ACTIVATED CARBON 

Material 
Sugar 
Medicinal oil 
Carnauba wax 
Naphthenic acid 
Lactose 
Sugar 

Phthalate ester 
Nitrile 
Bio-chemical 

Pretreatment 
Chlorine 
Chlorine 
Peroxide 
Sulfuric acid 
Mineral acid to precipitate proteins 
Lime added to pH 9, followed by phosphoric to 

pH 6.5 
Permanganate 
Solvent-extraction 
Carbon impregnated with thiosulfate to mini­

mize catalytic oxidation 

Mention should be made of a novel approach for using activated 
carbon as an adjunct to purification by chemical agents. In this 
approach, the chemical reaction is relied upon to effect the entire 
removal of color, odor, or other undesired characteristics, after 
which activated carbon is added to mop up residues of the chemical 
reactants (Table 4: 15).1 

• 
2 

• 
3 

An unusual use of chemical reaction as an adjunct was employed 
by Hoare for purifying isatin. In his process, isatin is converted to 

TABLE 4: 15 

EXAMPLES OF SPECIAL FORMS OF COMBINED PROCEDURES 

Case No. 
200 

201 

203 

209 

Material 
Sodium lactate 

Lactic acid 

Potable water 

Manganese salts 

Procedure 
Traces of copper and iron precipitated as 
sulfide; excess sulfide oxidized to sulfate 
with hydrogen peroxide; excess peroxide 
removed by activated carbon. 
Impurities oxidized with nitric acid, excess 
nitric acid removed by activated carbon. 
Hydrogen sulfide present oxidized with 
chlorine; excess chlorine removed by subse­
quent percolation through carbon. 
Traces of nickel and cobalt precipitated with 
a sulfide; precipitation accelerated when 
activated carbon is present. 
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sodium isatin bisulfite in which state it is treated with carbon, and 
after purification is reconverted to isatin. 6 

Crystallization 

Pretreatment of a process liqu9r with carbon is often helpful to 
processes that include a crystallization; and in many operations such 
pretreatment is a must. In addition to providing a rapid rate of 
crystallization and a greater yield of crystals, solutions treated with 
carbon furnish crystals of truer shape and higher melting point. 
Processes that include a final crystallization seldom require complete 
purification at the solution stage, inasmuch as very pure crystals can 
generally be obtained from partially purified solutions. 

When activated carbon is added to a process liquor before 
crystallization, it is important to keep the concentration of solute at 
or below the saturation point. If carbon is added to a supersaturated 
solution, spontaneous crystallization may occur before the carbon 
can be separated from the solution. 

Activated carbon is employed to purify mother liquors so that they 
can be re-used a greater number of times as a recrystallization 
medium. The ability to re-use a mother liquor is especially worth 
while for the recrystallization of very soluble substances. 

Distillation 
A combination with distillation is illustrated by the purification of 

glycerine. Ordinarily, it is difficult to decolorize crude glycerine to 
water-whiteness, but the task is easier after one distillation, and even 
more so after redistillation. In industrial practice, virgin carbon is 
applied to the twice-distilled glycerine, and the spent carbon from 
this stage is added to the crude glycerine to remove foam-formers 
that hinder distillation. 

Adsorbents 
In operations that do not include a stage of distillation or crystal­

lization, ion-exchange resins have been employed to remove in­
organic compounds, alkalinity, or acidity not adsorbable by activated 
carbon. In general, the use of the ion-exchanger should follow the 
treatment with carbon, especially if the carbon contains any appre­
ciable amount of soluble inorganic compounds. 

Magnesium silicate and bentonite, when used with activated car­
bon in aqueous solution, are reported to aid filtration and settling; 
and also to minimize peptization of the carbon. 
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Activated clays and fuller's earth are used extensively for de­
colorizing fats and oils-animal, vegetable, and mineral. In a 
number of applicat~ons, they are used alone; but for some fats and 
oils an admixture with activated carbon is required in order to 
attain a desired decolorization. Moreover, carbon will remove off­
odors and tastes, whereas clays frequently impart a so-called earthy 
flavor and odor. Consequently, even when not needed for removal 
of color carbon is often admixed with clay to ensure freedom from 
any earthy flavor. 

Occasionally, two different grades of powdered carbon are em­
ployed when a single grade of carbon does not have all the properties 
needed for purification. Usually each grade is used as a separate 
stage; for example, a granular carbon at one stage, and a powdered 
carbon used at another. 

REFERENCES 
I. Suppliers of activated carbon can furnish much helpful 

information. 
2. Deitz, V. R., Bibliography of Solid Adsorbents, United States 

Cane Sugar Refiners and Bone Char Manufacturers and the 
National Bureau of Standards, Washington, D. C., 1944. 
Supplementary volume issued in 1956 for years 1943 to 1953. 

3. The original sources of information on specific items can usually 
be located in Chemical Abstracts in which they are indexed 
under Carbon, active and also under Charcoal, active. 

4. Milone, C. R., U.S. Patent 2,385,018. 
5. Engelhardt, A., U.S. Patent 2,306,870. 
6. Hoare, R. C., U.S. Patent 2,086,805. 
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chapter 5 

Unit Operations in Liquid 
Systems 

1. INTRODUCTJON 

The process patterns found in liquid systems are more diverse and 
frequently much more complex than those in vapor-phase applica­
tions. In part, this arises from the greater number of factors that 
can influence adsorption from solution. The various permutations 
in which these factors can be joined confer a flexibility that makes 
liquid-phase adsorption adaptable to many diverse situations.1 

• 
2 

• 
3 

Because this adaptability springs from the varied patterns in 
which the factors can join, it is often difficult to know the exact role 
of any single factor. Consequently, when things go wrong in an 
established operation we may be at a loss to know the exact cause. 
Fortunately such incidents usually are more of academic interest 
than of practical moment, because experience will generally enable 
the veteran operator to get everything quickly under control. 

Bone char, the forefather of activated carbon, has long been in the 
forefront of adsorbents for sugar refining. The granular char is 
placed in columns through which the hot syrups percolate until the 
char is exhausted, as evidenced by the appearance of color in the 
filtrate. The bone char is then regenerated by thermal means for 
re-use. 3 

When activated carbon was first produced, efforts were made to 
enter markets using bone char. The decolorizing chars made 
initially, however,-and indeed for many years-were too soft and 
friable to be supplied in granular form; and it became necessary 
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to search for processing techniques suitable for carbon in powdered 
form. To meet this need, the batch-contact unit operation was 
adopted and developed; in this, predetermined quantities of carbon 
and the liquid to be purified are mixed under appropriate treatment 
conditions, the carbon is subsequently separated from the system by 
filtration or other suitable means. 2 • 

3
• 

4
• 

5 

The flexibility of the batch-contact unit makes it adaptable for 
many varied industrial applications, and this adaptability has done 
much to extend the use of carbon. Until recently the batch-contact 
unit operation was employed in all liquid-phase purifications that 
require a decolorizing type carbon. 

Although hard granular carbons were produced commercially 
soon after World War I, and have since been extensively employed 
in gas and vapor systems, the early brands lacked the decolorizing 
power needed in most liquid applications. But shortly after 1950, 
developments in the manufacturing art resulted in the production 
of decolorizing carbons that could be supplied in the form of hard 
granules or pellets. This has led to a resurgence of interest in con­
tinuous percolation along the lines employed for bone char. 6 • 

7 
• 

8 
• ci 

Either operation-contact-batch or continuous percolation-can 
be conducted using standard forms of equipment available from 
suppliers listed in buyers' guides. Manufacturers of equipment will 
gladly join with suppliers of carbon to assist in the selection of 
appropriate units and in the design of processing arrangements. 
Although generally very worthwhile, such outside consultation is 
not essential. As will be apparent from the discussion that follows, 
the design and arrangement of a treatment layout follow conven­
tional lines, and the planning can be done by qualified intra-company 
personnel. 

2. CONTACT-BATCH UNIT OPERATION 

A typical arrangement of equipment for the contact-batch 
operation is shown diagrammatically in Figure 5: I, but it is to be 
emphasized that this is only one of many variations that are in use. 
The equipment should be constructed of materials suitable to the 
liquid being processed. Carbon steel is acceptable for non-corrosive 
systems. The new organic protective coatings are successful on mild 
steel for slightly corrosive substances. More corrosive situations 
require stainless steel, glass-lined steel, rubber-lined steel, Haveg, or 
similar resistant materials. 3 
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The capacity of the tank will depend on the amount of liquid to 
be processed and on the time of treatment, which must include time 
for filling and emptying. The tank should be equipped with an 
agitating device to enable the carb6n particles to meet fresh portions 

.. •AUi IIIIIIN • .. ,,,.,.""' .,,.u ,,__ 

FIG. 5: 1. TYPICAL LAYOUT FOR CARBON PROCESS FOR PURIFICATION OF LIQUIDS 

From Active Carbon the Modern Purifier, published by West Virginia Pulp and 
Paper Company, New York; reprinted by courtesy of copyright owner. 

of the liquid. The action should cause a mild turbulence to accom­
plish thorough mixing, but it is important to avoid excessive tur­
bulence which would aerate the liquid. When the liquid contains 
ingredients very sensitive to oxidation (as caused by aeration), the 
treatment with carbon should be conducted under partial vacuum, 
or under an inert atmosphere, such as nitrogen or carbon dioxide. 
Should elevated temperatures be required, heating coils are installed. 

A pump is necessary to transfer the liquid-carbon mixture from 
the treatment tank and force it through the filter. In this, means 
must be provided to control the rate of liquid flow through the 
filter. With positive displacement pumps the control is provided by 
returning a sufficient portion of the circulating liquid back to the 
treatment tank through a by-pass. With centrifugal pumps the rate 
of flow is regulated by a control valve in the feed line to the filter. 
Pulsations in pressure are to be avoided because of a loosening 
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effect on the filter cake which can result in turbid filtrates. On 
vertical filters, the filter cake is held to the filter membrane by the 
pressure of liquid flow; if the pump is shut down temporarily during 
the run, part of the filter cake may fall off the filter leaf and expose 
bare spots on the cloth or other membrane. This would result in 
difficult filtration if the pumping should be resumed at a high 
pressure. 

Filter cloth is commonly used for dressing a filter, although for 
some applications, fine mesh wire screen or paper is appropriate. 
The real function of the filter cloth or other membrane is to furnish 
• a support for the real filter medium, namely, the bed of deposited 
solids that form the filter cake. The ability to maintain, maximum 
flow of clear filtrate depends on furnishing a filter cake of proper 
permeability. 

The conveying pipes may be made of materials compatible with 
the processed liquid; rubber hose or suitably lined pipes are service­
able for corrosive fluids. Sharp bends are to be avoided. 

Plate and frame filters were generally used during the early 
development of activated carbon, but since then practically every 
type of filter has been used effectively on one occasion or another. 
The list includes pressure chamber, leaf, di,sc, drum, with each in 
many variations. The type to be chosen depends -on circumstances 
surrounding the individual situation. Unless there is a good know­
ledge of filters within the organization, consultation with filter 
manufacturers is desirable. It is important to provide adequate 
filter capacity because this might permit the use of a carbon that 
has a slow rate of filtration, but has specific adsorptive powers 
needed in the application. Rates of flow range from 3 gallons to 
over 50 gallons per square foot per hour. 

Laboratory data provide a guide as to the required dosage of 
carbon, but for reasons yet unknown the dosage required for plant 
operation is usually appreciably less than quantities indicated by 
laboratory tests. Experience will establish a factor of the relation 
between laboratory data and the dosage required in each plant 
operation. Fluctuations in the quality of an industrial solution can 
make it difficult to furnish advance laboratory data for all batches 
to be treated, in which case it is necessary to rely on the judgment 
of an experienced operator. The judgment can be checked by exam­
ining a sample from the treatment tank after 5 or 10 minutes of 
contact. 
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Special attention must be given to the method of placing the 
carbon into the liquid to be treated so as to avoid carbon dust from 
being blown or otherwise scattered throughout the premises, 
because dirt and black dust can be a significant deterrent to the use 
of powdered carbon. That the dust nuisance is avoidable is demon­
strated by the successful use of powdered carbon in dry-cleaning 
establishments and water plants. 3

• 
10

• 
11. 12 

Methods of control are discussed in Section 5: 6. Here we shall 
describe a method used with success in many situations, and which 
in brief consists of applying powdered carbon in the form of a 
slurry. 10

•
11 The slurry is prepared in a separate room to isolate 

any dust. Either water or a portion of the liquid to be purified is 
mixed with the carbon in a proportion suitable for mechanical 
handling; e.g., I pound of carbon per gallon of fluid. The slurry is 
then brought to tl:re treatment station and placed in a corrosion­
resistant storage container for use as required. The slurry must be 
thoroughly stirred before making each addition to the treatment tank. 

Laboratory data will indicate the time required in the treatment 
tank which will usually range from 10 minutes to an hour. Longer 
time is needed when the liquid is viscous or if very small dosages of 
carbon are used. 

Usually the treatment is conducted at the operating temperature 
normal for the process except when other considerations enter; for 
example, viscous liquids may require an elevation in temperature to 
aid in the subsequent filtration. 

When the adsorption is considered complete, the carbon-liquid 
mixture is pumped to the filter, meanwhile continuing the agitation 
in the treatment tank so that a uniform mixture will be consistently 
delivered to the filter. 

As previously mentioned, it is the bed of deposited solids that 
constitutes the actual filter medium. Therefore, until sufficient 
solids are deposited to provide a filter cake the filtrate may be 
turbid; and if so, it should be recirculated to the treatment tank. 
Should the turbidity continue after the bed begins to form, arrange­
ments should be made in future runs to precoat the filter with 
½-n- inch of a suitable filter aid.* In a number of industrial 

* To precoat the filter: The filter aid (diatomaceous earth, pulp, etc.) is mixed 
with a portion of the liquid to be treated or with water; the slurry is fed to the 
suction of the pump to the filter. The filter aid is retained on the filter membrane 
as a light coating and the effluent liquid is returned to the slurry container. 
The recirculation is continued until the effluent is entirely clear of solid particles. 
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applications additional filter aid is placed in the treatment tank to 
create a more porous structure in the filter cake as it forms. 

Good filtration practice requires careful regulation of the pressure 
at which the carbon-liquid mixture is delivered to the filter. At the 
start, the pressure should be low enough to permit a proper flow of 
clear liquid from the filter. Then as the filtration continues and the 
filter cake becomes thicker, the pressure from the pump should be 
increased to maintain the rate of flow; but such an increase in 
pressure should be very gradual. 

There are two basic reasons for careful control of the initial 
pressure. A high pressure at the start will move the liquid through 
the filter at a very swift velocity that will carry finer solid particles 
into the pores of the filter fabric and cause binding. The other 
adverse feature is associated with a liquid that contains floculant 
precipitates and other non-rigid solids, and which are retained in 
the filter bed. When a strong pressure is applied to such a bed, the 
non-rigid solids are deformed and compressed, thus creating a 
structural condition that offers great resistance to the flow of a liquid. 

Once such an adverse condition is established, the flow cannot be 
increased by greater pressure from the pump; in fact, the flow 
would be further impaired. On the other hand, once the damage is 
done it cannot be undone by lowering the pressure. The only course 
is to clean the filter and make a fresh start. 

When the cycle of filtration is complete, some of the process 
liquor retained in the filter cake can be recovered. With sugar 
liquors the filter cake is washed with hot water (sweetening-off) to 
recover sugar. In processing oils the filter is blown with steam to 
recover loosely held oil; and in some operations more complete 
extraction is obtained by a suitable solvent. 

If the process aims to recover an adsorbable substance of value, 
an eluting solvent can be recirculated through the cake while it is 
still in the filter, but this is seldom satisfactory because the eluting 
solvent channels through any thin portions of the bed. A preferred 
method is to remove the carbon from the filter, mix it with eluting 
solvent and then separate it by a filtration. Usually several such 
extractions are necessary. 

Countercurrent Application 

In processes that require a large increase in the dosage of carbon 
in order to gain additional purification, countercurrent application 
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can reduce the amount of carbon required. 2 
• 

4 Savings up to 50 % 
and more are not unusual. The potential benefits can be assessed 
by an inspection of the adsorption isotherm; the benefits increase 
as the slope of the isotherm becomes steeper, also when more 
complete purification is required (see Chapter 7, Section 1). Usually 
two stages are included; occasionally a third stage is added, but the 
extra benefits seldom warrant the extra handling and filtration 
station. 

A two-stage countercurrent operation is conducted as follows: 
A batch of process liquor is partially purified by a once-used carbon, 
and after treatment and filtration in the usual manner, the now 
twice-used carbon is discarded and the filtrate is given a second 
treatment with sufficient virgin carbon to bring the liquor to the 
desired final purity. The carbon filtered from this stage becomes the 
once-used carbon for the next batch of process liquor. It is customary 
to apply both the semi-spent and the virgin carbon at the same stage 
of the operation, but in some processes they are applied at different 
stages. Thus in a corn sugar operation, virgin carbon is applied to 
the liquor after it is concentrated; and the once-used carbon is 
employed on the thin syrup at an earlier stage of the process. 

The dosage of carbon selected should be sufficient to keep all 
stages in balance. Sanders4 and Helbig,2· 5 who pioneered the 
countercurrent use of carbon, have prepared nomographs that aid 
in determining a proper dosage. The approach should be flexible 
when there is appreciable variance in the quality of the source 
materials that are being processed. 

Split Application 

Countercurrent application is less feasible in processes that 
operate intermittently, especially when the product is easily sus­
ceptible to deterioration through chemical or biological action. In 
such situations a split application will provide a saving in carbon, 
but the saving will be less than that obtained when countercurrent 
can be used. In split application, the total quantity of carbon to be 
used is divided into two portions. 5 One portion is added to the raw 
liquid and agitated in the conventional manner; after filtration this 
portion of carbon is discarded. The filtrate is treated with the unused 
portion of carbon and subsequently filtered to yield a fully purified 
product. The spent carbon from this stage is also discarded. 

It must be emphasized that split treatment is beneficial only if 
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and when a filtration station is provided between the separate 
additions of carbon. Unless the portion of carbon added initially is 
removed by an intervening filtration, split application has little to 
recommend it, and it can even be a disadvantage when the final 
portion of carbon has only a short time of contact. 

3. CONTINUOUS LA YER FILTRATION 

In some types of processing, the carbon and liquid are not pre­
mixed before filtration; instead a layer of carbon is preformed in 
the filter* through which the liquid to be purified is passed con­
tinuously. 2· 3 Layer-filtration is practiced in systems that contain a 
liquid phase which serves to pick up any impurities produced by 
the operation, e.g., dry cleaning and electroplating. An accumulation 
of impurities is avoided by recycling the liquid phase through the 
carbon layer. 

4. CONTINUOUS PERCOLATION THROUGH 
GRANULAR CARBON 

In a continuous percolation system, the raw liquid is passed 
through a bed of carbon of sufficient depth to provide a finished 
liquid of the desired purity.6

• 
9

•
13 The flow will range from 1 to 3 

GPM per square foot of the cross section of the bed area; the depth 

A B C 

L 

F'IG. 5:2. SERIES ARRANGEMENT FOR PERCOLATION COLUMNS 

A, B, and C contain granular carbon; liquid enters system at£ and leaves at L 

• The carbon layer is formed by a procedure similar to that previously des­
cribed for forming a precoat of filter aid. 
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of the bed may be from IO to 40 feet. The longer bed depths usually 
are divided into two or more sections with each section placed in a 
separate column. It is possible to make excellent use of the counter­
current principle by placing the columns in a flexible series arrange­
ment in which each column can take turns at being at each successive 
stage. The scheme of rotation can be illustrated by reference to 
Figure 5: 2. A large portion of the impurities in the entering liquid 
is adsorbed by the carbon in column A, and much of the remainder 
is taken out in column B. A final cleanup is accomplished in column 
C, which delivers a finished liquid of the desired purity. The flow of 
liquid continues until the carbon in column A becomes saturated 
with impurities. It is then taken off stream and the entering liquid 
is diverted to column B. Fresh carbon is substituted for the ex­
hausted carbon in column A and the column is placed back on 
stream, but it now becomes the final column in the series and delivers 
the finished purified liquid. This scheme of rotating the order of 
flow is repeated each time the carbon becomes exhausted in the 
column that receives the entering liquid, and it thus provides 
continuous production of required purity. 

A typical column is a vessel having either flat or dished heads, with 
a carbon-retaining screen and supporting grid installed in the bottom. 
The retaining screen should be fastened to the upper face of the 
supporting grid, which can be made of grating, a drilled plate, or 
bars covered with a heavy screen. The grid should be strong enough 
to support the weight of carbon and fluid pressure drop across the 
carbon bed.9 

Minimum recommended height-to-diameter ratio of a column is 
2 to I, but ratios greater than 2 to I will improve the performance. 

Cone-bottom columns (as in Figure 5: 2) are recommended for 
complete and rapid discharge of the carbon. When the carbon is 
spent and washed free of the product, a valve at the base of the 
cone is opened and the slurry is discharged by gravity or by pressure. 

Columns of granular carbon are designed for economical and 
convenient working pressure. Actual operating pressure seldom 
rises above one pound per foot of bed depth even with a liquid of 
10 centipoise viscosity. Good design allows for some excess pressure. 

Moving Bed Systems 

A moving bed incorporates an effective countercurrent operation 
within a single column. 6 • 

9 These systems are especially applicable 
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for processing solutions that involve a short adsorption wave front 
such as is often found with liquids of low viscosity. 

In a moving bed column the flow of liquid is up through the bed 
of carbon, while the carbon advances periodically down through 
the column. 9 This permits frequent removal of small amounts of 
spent carbon from the bottom of the column and corresponding 
additions of fresh carbon to the top. The withdrawal of spent 
carbon is controlled by a valve below the cone-shaped bottom. The 
fresh carbon should be immersed in water or in the liquid being 
treated to facilitate its entry at the top of the column. 9 

Continuous Adsorption Process (CAP) 

Irregularities in the sizes and shapes of granular carbon particles 
can result in non-uniform packing of a column. If and when this 
happens, the resistance to the flow of liquid will not be uniform for 
all portions of the cross-sectional area. In those areas and regions 
where the resistance is less than average a greater-than-average 
quantity of liquid will flow. Carbon particles in the path of this 
faster-flowing portion of the liquid stream will soon become saturated 
with color and impurities, and then color will pass through to appear 
in the effluent. Because of this, the column must be taken off the 
line before the adsorptive capacity of the entire bed has been fully 
utilized. 

It is reported that this behavior, called channeling, is eliminated 
in a recently developed process-the Continuous Adsorption Process 
(CAP). 7

•
8 The operatio!l of this process is in some respects similar 

to the Mol'ing Bed System previously described, but with this 
important difference: the upward-flowing stream of liquid moves at 
a velocity sufficient to provide an expanded state. ln this expanded 
state, the individual carbon particles are separated very slightly 
from one another by a moving liquid film. Each carbon particle, 
however, maintains its position relative to all adjoining particles, 
and the expanded bed moves downward like a regiment on 
parade. 

The rate of flow required to maintain an expanded bed depends 
on the viscosity of the liquid. If, for a given viscosity, the rate of 
flow of the liquid is too slow, the expanded bed collapses and be­
comes a packed bed. On the other hand, if the flow of liquid is too 
rapid, the bed becomes fluidized and the particles of carbon move 
about at random like shoppers throughout a supermarket. 
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5. REACTIVATION 

As the general principles of reactivation apply to spent carbons 
from varied processes, the discussion here will be confined to a brief 
description of methods employed in the sugar industry. 

The reactivation of bone char in sugar factories is a long estab­
lished practice. 3 The spent char is washed in the column to recover 
sugar syrup ("sweetening off") and then heated to a dull red 
temperature in the almost complete absence of air. 

Spent granular activated carbon is sweetened-off while in place in 
the column after which it is transferred hydraulically to a storage 
column.9 •13 It is there drained and the moisture is further reduced 
by air and steam. From storage the spent moist granular carbon is 
moved through a screw conveyer to a reactivating furnace• from 
which it is discharged at a temperature of 950° C to 1000° C. The 
hot carbon is mixed with water and transferred hydraulically to an 
empty adsorption column. The reactivation restores full adsorptive 
power with a loss by burning that is reported to be 5 % or less. 

The reactivation of powdered carbon is discussed in Chapter 16, 
Section 6. 

6. STORAGE AND HANDLING 

Activated carbon is commonly packaged in bags, drums, and 
cartons. 10 It is also available from some suppliers in bulk, i.e., in 
hopper-bottom railroad cars 11 and tank trucks. 12 

If stored in rooms free of chemical or other vapors, most types of 
activated carbon will retain activity indefinitely. Long storage in 
the form of an aqueous slurry has been found entirely satisfactory 
in many applications. 

Most types of activated carbon are less readily ignited than many 
common materials such as paper pulp, starch, and powdered bitu­
minous coal. As they are not subject to spontaneous combustion, 
the only precautions necessary are those required for storage of any 
comb4stible material. Packages should not be piled against steam 
pipes or electric wires. Hot electric light bulbs such as used in drag 
cords should not be laid on the bags. Activated carbon, in dry form, 
should never be mixed with hypochlorites, permanganates, nitric 
acid, or other strongly oxidizing chemicals. 

Should a fire occur, powdered activated carbon, when undisturbed, 

• Herreschoff and rotary kilns are in use. 
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will merely smolder. The fire can best be smothered with a foam 
type of extinguisher or by a fine spray of water. Never use a strong 
stream of water, because this will scatter the burning particles of 
carbon. As burning activated carbon can cause painful burns, it is 
well for an attendant to stand at least 15 or 20 feet away from any 
pile of burning carbon. 

Many types of activated carbon have high electrical conductivity; 
therefore, dustproof motors and enclosed switches should be 
installed in rooms where carbon dust is present. 

In the case of powdered carbon, problems from dust and dirt can 
be minimized by observing a few simple precautions :3

• 
10 

I. When a shipment is received remove loose dust from 
the packages by brushing or by a vacuum cleaner. 

2. When moved into storage, lay the packages in 
place-never throw or drop them. 

3. When feeding powdered carbon, avoid drafts and 
keep free fall of loose carbon to the minimum. 

Special appliances are available for feeding dry carbon into closed 
vessels under dust-free conditions. As mentioned elsewhere, feeding 
as a slurry provides an effective means of controlling dust. 10 • 11 

Another source of dirt is in the transporting of spent carbon from 
the filters, but this can often be remedied by proper placing of the 
treatment tanks and by the choice of appropriate filters. 

Guidance on details for carrying through measures of dirt control 
can be obtained from the supplier. See also Section 6 in Chapter 16. 
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chapter 6 

Unit Processes 

1. INTRODUCTION 

Activated carbon will provide effective purification at low cost if 
and when it is employed under appropriate conditions to do tasks 
for which it is fitted. In some situations, carbon of and by itself can 
accomplish complete purification, but often carbon is joined with 
other cooperating methods of separation. The methods to be in­
cluded and the sequence in which they are joined depend on the 
nature of the task to be accomplished. Many patterns are extant 
and of these we shall consider some typical examples.* 

One example is found in an experience with a proprietary medi­
cinal product. The source materials contained a large concentration 
of an adsorbable impurity, the major portion of which could be re­
moved by distillation at a very low cost. However, the distillation 
did not give complete separation, and it became necessary to clean 
up the residual impurity with activated carbon. 

Other sets of circumstances are presented when several impurities 
are present, each having dissimilar characteristics. Here it is often 
necessary to include several methods of separation with each method 
selectively taking out particular impurities; e.g., in the manufacture 
of a pharmaceutical product, some impurities were removed by 
distillation, others by crystallization, leaving a residual odor to be 
removed by carbon. 

When several methods of separation are joined to accomplish 
total purification, they seldom act independently of one another and 
the ·effectiveness of any single step often depends on what precedes 

* Vapor syste"]S are discussed in Chapter 3; catalytic phenomena are discussed 
in Chapter 11 ; and biochemical applications are presented in Chapter 12. 
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and what follows. Consequently the over-all effectiveness may well 
depend on arranging a proper sequence of stages. 

The proper sequence will be governed by characteristics of the 
system as viewed both in its entirety and on the function of each 
individual stage. The proper sequence may be quite apparent, as for 
example in an application in which peroxide was added to the process 
liquor to make the impurity more adsorbable. Here it is obvious 
that the addition of peroxide should precede the carbon stage, but 
many situations are less clearly defined and can be resolved only by 
cut-and-try. 

Activated carbon is often used in a late stage to clean up residual 
impurities; in a number of applications, however, it is used at an early 
stage. This is necessarily so when carbon is employed to set the stage 
for the success of another means of separation, such as the removal 
of foam precursors before a distillation. 

Purification can be accomplished by varied means and there is no 
one best way to handle all situations. In projecting a new venture 
to operation on the industrial scale, one should be acquainted with 
established industrial practices. For this there is no need to describe 
each separate type of factory operation, inasmuch as many incorpo­
rate similar processing methods and a full recital would bog down in 
tedious repetition. Therefore the discussion here will be limited to 
a description of representative applications selected to illustrate 
different means for accomplishing diverse objectives. Included are 
processes in current industrial use t~gether with items taken from 
pilot plant studies. Several discontinued applications are included 
because they contain potentially useful techniques not reported 
elsewhere. 

The description of an application will furnish an outline of the 
over-all process; this is done to place the function of carbon into 
proper perspective. Cook-book type of detailed information will be 
excluded in order to preclude any impression that operational 
instructions are being given. 

2. SUGAR 

Cane Sugar 
Cane sugar is synthesized by the growing plant; the processing in 

the factory consists of a succession of coordinated separations by 
which the sugar is isolated from other constituents formed in the 
growth of the canes. 
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Roller mills are employed to squeeze the juice from the cane, and 
after being strained to remove particles of dirt and fiber, the juice 
is ready for clarification. The purpose of clarification is to free the 
juice as completely as practicable from all constituents except sugar. 
Lime is the basic reagent for clarification. The lime converts many 
of the organic acids to insoluble calcium salts and also removes much 
colloidal impurity. A striking improvement occurs in the appear­
ance of the juices, which before clarification have a dark and murky 
appearance. After clarification the juices are clear and light in 
color, and the improvement is further manifest through improved 
performance during the subsequent stages of evaporation and 
crystallization. 

By means of multiple-effect evaporators the clarified juice is con­
centrated to a thick syrup (50-60 % sugar), which is then boiled in 
vacuum pans to a point where sugar crystals form and separate from 
the syrup. These crystals are known as raw sugar. 

Some factories sell raw sugar for direct consumption, but to do so 
requires additional processing during the stage of clarification. Such 
sugar has a limited market because it is not sufficiently refined to be 
sold as white sugar. Therefore most raw sugar is prepared at about 
96° purity (96 % sucrose) and it is subsequently refined to white 
crystalline sugar. 

The first step in refining is known as affination. This consists of 
washing the raw crystals in a centrifuge to remove any adhering film 
of molasses. A saturated sugar syrup is used because this will wash 
away the molasses film without eroding the sugar crystals. The 
washed crystals-now about 99° purity-are dissolved (melted) to 
form a 50-60 % syrup and this is defecated. Lime is used for this­
often in conjunction with phosphoric acid. The combined action of 
lime and phosphoric acid causes a co-precipitation of many residual 
impurities, and the filtered syrup is now ready for the adsorption 
station. 

Most refined cane sugar is still produced with the use of bone 
char in the adsorption station.3 Granular bone char is placed in 
cylindrical cisterns, about 10 feet in diameter and 20 feet in height, 
through which the hot (70° C) syrup is percolated. In addition to 
color, bone char removes other organic substances together with 
much of the inorganic contaminants present in the syrup. As the 
percolation continues, the char gradually becomes less effective, as 
shown by increasing color in the effluent syrup. When for all 
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practical purposes the char is exhausted the flow is ended. The bone 
char is then sweetened off by allowing water to flow through the bed to 
displace most of the sugar syrup. The washed char is then revivified 
by heating to a dull red heat in specially designed retorts. The 
heating burns away the adsorbed organic impurities and restores the 
adsorptive powder. This enables the bone char to be re-used, and 
the cycle is then repeated. 

In view of the great amount of sugar that is produced, significant 
economic rewards await those that can contribute practicable 
methods to simplify the manufacture. It was the awareness of this 
potential that stimulated the initial development of activated carbon. 
The early entrepreneurs envisioned that a powerful activated carbon 
would purify cane juices to a degree that would make it practicable to 
produce white sugar directly from the juice, and thereby eliminate 
the costly refining operation. A brief experience demonstrated that 
such hopes would not be fulfilled because the intermediate stage of 
raw sugar was still necessary even when the raw juices were treated 
with ample activated carbon. 

Following this initial disappointment, the carbon entrepreneurs 
sought to gain entry via another approach, namely to transfer the 
refining stage to the raw sugar factory. 

With bone char, the relatively small decolorizing power made 
large dosages necessary. In former years, from 50 to 100 pounds of 
bone char were used per 100 pounds of sugar, but recent improve­
ments in technology have greatly reduced the amounts required. 
To sweeten off and regenerate the large amounts of bone char 
formerly used required ample supplies of pure water and low-cost 
fuel, neither of which is commonly available in the tropical regions 
where sugar cane is grown. Hence it had been necessary to bag the 
raw sugar and transport it to refineries on the seaboard in industrial 
areas·. With the use of activated carbon, only one-half to two pounds 
of char are needed per 100 pounds of sugar; water and fuel require­
ments for such small quantities of char can be met in most raw sugar 
factories. An intensive marketing campaign conducted over a 
number of years resulted in installations in various countries, in­
cluding the United States, but the total conversion fell somewhat 
short of the high hopes of the planners. 

Refining with powdered activated carbon is conducted as a two­
stage countercurrent operation. 2 The raw sugar is dissolved to form 
a 50-60 % sugar syrup that is then clarified as in the bone char 
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process. The clarified syrup, heated to 70° C-80° C, is transferred to a 
treatment tank where it is agitated for I 5-20 minutes with once-used 
powdered activated carbon, and is then pumped through first­
stage filters. The carbon cake is sweetened off and discarded. The 
filtered syrup-which now contains less than half its original color 
-is received in a second-stage treatment tank where virgin carbon 
and filter aid are added. After agitation for I 5-20 minutes at 70° C-
80° C, the mixture is pumped through a second-stage filter. The 
carbon cake becomes the once-used carbon for a subsequent use at 
the first stage. The now twice-treated filtered syrup is boiled to form 
white sugar. 

Granular Activated Carbon 

Within the past few years granular activated carbons have entered 
the field of cane sugar.4

• 
5

•
6 In a typical installation the raw sugar 

is melted and clarified as for bone char or powdered carbon. The 
hot clarified syrup is circulated through granular activated carbon 
placed in the cone-bottom columns, each being 9 feet in diameter 
and 20-24 feet in height. Each column is charged with a mixture of 
35,000 pounds of granular carbon and 2,500 pounds of magnesite. 
The purpose of the magnesite is to prevent a drop in pH in the syrup. 
With light-colored Louisiana raw sugar, the filter columns run for 
continuous cycles of 20-30 days; on darker imported raw sugars, 
the filter cycles run from I 6-24 days. 

Beet Sugarl 

Sugar from beets can be purified more readily than cane sugar, 
and refined beet sugar can be produced without a separate raw-sugar 
stage. In the United States, carbonation is commonly employed for 
clarification. An excess of lime is added to the beet juice through 
which carbon dioxide is bubbled until the pH is lowered to 11. 
Many impurities are removed by the precipitate of calcium carbonate, 
and this is separated from the juices in a thickener. The clear juice 
is given further treatment with carbon dioxide until a pH of 9.0 is 
reached; after removing the additional precipitate of calcium car­
bonate, the juice is treated with sufficient sulfur dioxide to adjust the 
pH to approximately 7.5. The filtered juice is evaporated and boiled 
to produce finished sugar. 

Much information has been published on the application of acti­
vated carbon to beet sugar juices and liquors.• Various points of 
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applications are described-first and second carbonators, evapora­
tors, thick liquors, and remelts. 

Linsbauer,7 and others1 found that application of activated carbon 
to thin juices is very effective for color removal; in addition, the 
removal of nitrogenous substances, calcium, iron, and colloids at 
this stage is an important advantage. A disadvantage is that a sub­
sequent application of the carbon may be needed when appreciable 
caramelization occurs during evaporation. 

Many studies have been made of adding carbon to the juices as 
they enter the evaporators, but opinions vary as to the benefits. 

Modifications of the Carbon Process for Sugar 

Carbon generally is applied as a suspension, but in Europe some 
study has been devoted to layer filtration. In this, the sugar liquors 
are pumped through.a layer of activated carbon previously deposited 
in the filter. In a two-stage operation, a partia.Jly purified batch of 
liquor is passed through a layer of virgin activated carbon after 
which this layer is used to decolorize partially a dark liquor. 

Suggestions have been offered for using various chemical treat­
ments in conjunction with activated carbon. Reichert and Elliot8 

treated sugar solutions with hydrogen peroxide before adding the 
carbon. Yincent9 reports benefits from adding sodium and calcium 
chlorite before the carbon. The use of hypochlorites has been also 
studied. 1 Another development employs activated carbon in con­
junction with ionic exchangers,1-a process which has also been 
used for molasses. 

Effects of Carbon Treatment 

Although the removal of color is the prime objective in the use of 
activated carbon for sugar, other attendant benefits are of great 
value. Carbon removes nitrogenous substances and lyophilic col­
loids from sugar juices and liquors.• This has been found by 
analytic;il measurements of gums and pectins and also by viscosity 
and dye tests. Apart from direct analytical measurements, removal 
of colloids is demonstrated by favorable changes in many properties 
of the liquor. Carbon improves the filterability of juices and liquors, 
results in less foaming in the evaporators, and increases the speed of 
crystallization. Szende10 found that the treatment of beet juices with 
carbon reduced the formation of color during evaporation and he 
ascribed this to the removal of iron and nitrogenous color generators. 
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Although not so effective as bone char for removal of ash, certain 
activated carbons do remove appreciable quantities of ash, particu­
larly iron, calcium, alumina, and magnesia. 1 This action of carbon 
appears indirect. Some ash constituents in the untreated liquors are 
kept in solution by the peptizing action of lyophilic colloids. By 
adsorbing these protective colloids carbon allows the mineral ash 
to precipitate and to be mechanically trapped by the carbon. 

Owen11 observed that carbon treatment removes many micro­
organisms from cane juice, particularly the gum-forming bacteria. 

To be suitable for sugar operations, a suspension of the carbon in 
water should have a pH between 6.0 and 8.0, preferably as near 7.0 
as is pra1etical. Many data show that a neutral carbon will not 
cause inversion. Cases of inversion attributed to carbon have been 
traced to the use of acid carbons-those containing mineral acids. 
Activated carbon does not accelerate the inversion effect of acids 
present in the juice; in fact, carbon can reduce such inversion by 
adsorbing a portion of the acids. Even though an acid condition 
aids the decolorization, carbons with a low pH should never be 
used because of inversion. 

3. SUGARS AND SYRUPS FROM THE 
CONVERSION OF ST ARCH 

ln America, the main source material of sugars and syrups from 
starch is corn starch. The starch is hydrolyzed to simpler chemical 
substances through the action of dilute acid-generally hydrochloric 
acid-under heat and pressure in a converter. The products of 
hydrolysis products are dextrin, maltose, and dextrose. As the hydro­
lysis progresses, the content of dextrose increases at the expense of 
the others. The conditions of the conversion are regulated according 
to the amount of dextrose required in the product to be produced. 

Glucose 
The most extensive application of activated carbon in this field is 

in the manufacture of the so-called glucose 1-a mixture of dextrin, 
maltose, and dextrose in approximately equal parts. The treatment 
with activated carbon reduces the content of protein, hydroxymethyl 
furfural, iron, lime, and phosphate, and gives a stable, colorless syrup 
which does not darken with age. 

The thin glucose liquor, as it comes from the converters, is treated 
with sufficient alkali to raise the pH to 4.5-5.5, and the fatty acids 
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as well as the coagulated proteins are then removed. The thin liquor 
(20° Baume) is then treated with once-used carbon at 80° C. After 
filtration, the thin liquor is concentrated to 28°-30° Baume, and 
treated with virgin carbon at about 70° C. 

In America, some large producers of glucose have substituted 
gra~ular carbonfor some pcfrti61fl>f powdereo carooii; but eise~"i1~re 
powdered carbon is mainly used iri the manufacture of glucose. 12

• 
13 

1n Europe-;-three stagesc>rcountercilrrerH • are recornmended. 12 

The fresh carbon is applied to the thick liquor, the once-used carbon 
to the thin liquor, and the twice-used carbon is added to the neu­
tralized converter juice. To avoid rehandling the carbon filter cake, 
some manufacturers use a modification of layer filtration. In this 
procedure, after the thick liquor has been filtered, the thin liquor is 
pumped through the once-used carbon on the filter. Success in the 
operation depends OD. placing a carbon layer of uniform thickness on 
the filter. 

n urope, the industry is reported to prefer gas-activated carbons 
because they have a greater ability than chemically activated carbons 
to remove hydroxymethylfurfural (HMF). The HMF is known to be 
responsible for the redevelopment of color in decolorized syrups. 

4. FA TS AND OILS 

Triglycerides are the principal ingredients of fats and oils from 
vegetable and animal sources. The crude oils contain minor quan­
tities of free fatty acids and other substances. Jamieson and Baugh­
man 14 report that other substances present in crude cottonseed oil 
are raffinose, pentosans, resins, proteoses, peptones, xanthophyll, 
and chlorophyll. Most of these so-called impurities perform neces­
sary functions in the metabolism of the animal or vegetable from 
which they are derived, and certain impurities which act as anti­
oxidants are of value in industrial and domestic applications of the 
oils. An ideal method of purification would remove the undesirable 
components without disturbing those that have value. 

The conventional procedure for removing the impurities involves 
three steps-neutralization,• decolorization, and deodorization. The 
refining may include a preliminary washing of the oil with warm 
water, which is reported to remove proteins and gummy substances. 

• The term refining is frequently applied to the alkali neutralization of fatty 
acids. Some investigators suggest that "refining" covers the complete conversion 
of an oil from the crude to the finished state. 
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Harris15 has found that benefits result from treating crude vegetable 
oils with small amounts of activated carbon. When used at this 
point, the carbon is not applied for removal of color, but to adsorb 
inhibitors which interfere with the complete neutralization of the 
fatty acids in the subsequent treatment with alkali. 

The most important method of refining is by means of an aqueous 
solution of alkali, such as sodium hydroxide. The oil and the alkaline 
solution are mixed at 20°-24° C for 10-45 minutes, depending on 
the characteristics of the oil. In the operation, the free fatty acids 
form oil-insoluble soaps which settle to the bottom of the treatment 
tank together with other precipitated impurities. Centrifuges are 
frequently used to effect the separation. Considerable color is re­
moved by the alkali treatment, but further processing is necessary 
to provide the light-colored oil desired by the consumer. Chemical 
methods are employed to some extent, but the use of adsorbents is 
more general. Natural bleaching clay (fullers' earth) is used for many 
oils, and in recent years, clays activated by acid treatment have be­
come of considerable importance, particularly for the treatment of 
off-grade oils. The other important adsorbent for fats and oils is 
activated carbon. This is used alone for certain oils, e.g., coconut 
oil, for which it is more effective than clay. For other oils, however, 
such as cottonseed and soybean, activated carbon is used in conjunc­
tion with clay because the mixture gives better results than either 
adsorbent when used alone. 

Decolorization is usually conducted as a batch process following 
the flow diagram in Figure 5: I. The oil and adsorbent are mixed 
in the treatment tank or kettle, taking care to avoid oxidizing con­
ditions, which impair the quality of the oil. The oil and adsorbent 
should not be mixed with turbulence. Sometimes open tanks or 
kettles are used, but a closed type is preferable because it permhs 
operation under a vacuum or in the presence of an inert gas. 

The oil-adsorbent mixture is heated to a temperature appropriate 
to the oil being processed, usually to 70° to 120° C. When the proper 
temperature is reached, the mixing is continued for 10-30 minutes, 
after which the batch is pumped through a filter to remove the 
adsorbent. Some of the oil retained by the adsorbent can be re­
moved by blowing the press cake with steam or by extraction with 
a solvent. Complete recovery is seldom practical because the firmly 
held oil contains impurities and is of poor quality. 

Although primarily used for removal of color, adsorbents serve 
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other very useful purposes. Harris 15 and Laptev 16 report that carbon 
removes soap and other substances which have a detrimental effect 
on the catalyst when the oil is subsequently hydrogenated. Harris 
and Welch17 found that certain active carbons are effective for re­
moving substances giving a positive Kreis test.* Hagberg• 8 found 
that better removal of peroxide bodies is accomplished with a carbon 
of low pH, but he reported that this was not neces,sarily accompanied 
by greater stability. Anderson19 reported that carbon is very effective 
for removing the bloom caused by traces of mineral oil which some­
times contaminate a vegetable oil. The removal of antioxidants, 
which occurs with most adsorbents, is a disadvantage, but this 
difficulty has been overcome in recent years by the development of 
antioxidants that can be added subsequently to the oil. In this con­
nection, it is of interest to note that Hagberg found certain types of 
activated carbon to have less adverse effect than others on the 
stability of cottonseed oil. Activated carbons are very effective for 
removing odors and, when used in a mixture with clay, they will 
prevent development of an earthy flavor which so often results 
when clay is used alone. 

In selecting a carbon, it is to be kept in mind that certain methods 
of activation are more effective than others in providing the specific 
adsorptive powers desired for an oil. The pH of the carbon should 
be between 5 and 8; carbons that are either too alkaline or too acid 
can cause destructive changes in the oil. The retention of oil is also 
a factor. 

Most of the impurities in the crude oil are removed by the refining 
and bleaching operations. If the oil is to be marketed as a salad oil, 
it is then steam-deodorized under vacuum to remove the last trace 
of foreign odor and flavor. Oils that are to be used for shortening 
or1margarine are hydrogenated to form firmer products which have 
increased resistance to reversion in flavor. During this process, a 
so-called "hydrogenation flavor" may develop. Hennessy, 20 working 
with fish oils, found that the hydrogenation flavor does not develop 
when the operation is conducted in the presence of activated carbon. 

After hydrogenation, it is necessary to remove the catalysts from 
the oil. Some operators report that filtration of the finished oil 
through activated carbon will give better removal of the catalyst than 
can be attained by other methods. 

• Test for rancidity used in the edibile-oil industry. 
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Although the treatment of all vegetable and animal oils follows 
the general pattern that has been outlined, modifications in the pro­
cedure are often necessary because of individual characteristics of 
the particular oil to be processed. 

Lard 
Small quantities of activated carbon will remove the color and 

characteristic odor often present in lard rendered by conventional 
methods. Harris21 has found that an excellent quality of lard is pro­
duced when the carbon is present during the rendering operation. 
This is accomplished by incorporating the active carbon with the 
raw fats. 

In the drip-rendering process, developed by Harris and Welch, 17 

lard is rendered, decolorized, deodorized, and neutralized in a single 
operation. The raw fats are placed in the upper compartment of a 
specially designed cooker. The lard, as it is rendered, drips through 
a perforated floor into the lower compartment which contains 
activated carbon together with a solution of sodium carbonate or 
bicarbonate. The finished product is free from color and foreign 
odor, and has a very high smoke point. The high smoke point is due 
to the almost complete removal of free fatty acids by the combined 
action of the soda and carbon. The normal reaction between fatty 
acids and soda is slightly reversible, but when carbon is also present, 
the soap is adsorbed as it forms and cannot participate in the reverse 
reaction. 

5. ALCOHOLIC BEVERAGES 

The use of carbon in alcoholic beverages is subject to Federal 
regulation. Certain applications are recognized as a routine opera­
tion, whereas other applications are considered to be rectificatv:,n 
and as such they require an additional tax. The Bureau of Internal 
Revenue should be consulted in all cases. 

Whiskey 

Freshly distilled whiskey has a disagreeable taste and odor. 
During aging, the hog-track or slop taste and odor disappear and a 
characteristic bouquet develops. Certain ingredients in the raw 
whiskey contribute to the development of the bouquet. Aldehydes 
are oxidized to acids and these, together with the organic acids 
originally present, combine with the higher alcohols to form esters. 
This process is accelerated by the presence of activated carbon. 
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Not all of the ingredients in the raw whiskey contribute to the 
eventual development of desired properties. Various oils and pro­
teins that cause the hog-track odor are especially objectionable. To 
some extent, the proteins are converted to simpler forms during the 
aging process, but the change occurs at a very slow rate and does not 
always result in complete removal. Valaer and Frazier22 observed 
a case in which almost 4 years elapsed before a whiskey lost the 
major portion of its slop taste and odor. 

Activated carbon removes substances that cause the hog-track 
odor, and use ofit yields a young whiskey that will show greater and 
more rapid improvement in storage. The characteristics of normal 
maturing, as shown by increased content of esters and acids, become 
apparent in whiskey that has been treated with activated carbon. 
The treatment is applicable to all types of raw whiskey and also to 
rums and brandies. 

The use of charcoal for purifying whiskey is an old practice. 
Formerly, the whiskey was percolated through a bed of charcoal­
a method still employed in some operations. A more recent pro­
cedure is to mix the whiskey with a small dosage of powdered 
activated carbon for about I hour. Usually 0.1 to 0.2 % of carbon is 
sufficient except for whiskies from sour mashes, which may require 
0.3 to 0.5 %- The carbon is added to the high wine (the distillate 
from the fermented mash) and after filtration, the whiskey is barreled 
and handled in the usual manner. 

Very little is known of the actual chemical changes produced by 
treatment with carbon. Dudley23 reports adsorption of furfural. 
Cafere24 found that aldehydes and esters are partially removed, but 
the fusel oil content is only slightly reduced. Catalytic oxidation by 
certain types of carbon complicates the interpretation of the observed 
behavior; for instance, the amount of aldehydes formed by oxidation 
may exceed the quantity adsorbed. Glasenapp25 observed that char­
coal caused ·a portion of the fusel oil to oxidize to ketones and 
aldehydes-the latter being subsequently oxidized to acids. Bogo­
jawlenskij 26 noted a decrease in fusel oil and an increase in aldehydes. 
Zaharia, Angelescu, and Motoc27 studied the effect of carbon under 
conditions that preclude oxidation, and found that substances of 
higher molecular weight are more readily adsorbed. Atwood 28 

found that treatment with activated carbon eliminates a tendency of 
whiskey to become cloudy during storage at temperatures below 
5° C. 
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Studies by Tolbert and Amerine29 on brandies indicate removal 
of a greater percentage of acids, furfural, and tannin than of esters, 
aldehydes, and higher alcohols. The amount of fusel oil removed 
depends on the type of higher alcohols present. Williams and Fallin30 

reported adsorption of nitrogenous substances and reducing com­
pounds. The latter are measured by the permanganate time test 
which is based on the time required to turn the color of a standard 
permanganate solution from pink to yellow. 

The most significant change produced by carbon is in taste 
characteristics. Most observers agree that activated carbon pro­
duces a marked improvement in the flavor of all types of whiskey. 
It has also been found of similar benefit for brandies, rum, and 
vodka. 

The extent to which the various ingredients are adsorbed is 
influenced by a number of factors. Greater adsorption usually 
occurs in lower-proof alcohols. An increased removal of esters, alde­
hydes, and fusel oil, at higher temperatures, has been reported, but 
this effect is not confirmed by all workers. All types of carbon do 
not have similar qualitative adsorptive powers; thus, tannin may be 
more strongly adsorbed than furfural by one carbon, whereas the 
relation is reversed with another type of carbon. 

Although carbon is generally employed for the treatment of raw 
liquors, it can also be used on matured whiskies and brandies to 
remove iron, copper, and off-flavors. When applied to a matured 
liquor, the carbon should be employed in the smallest possible 
amount so that the natural flavor will not be impaired. 

Goss31 outlines a method of transferring substances from one 
liquor to another. Carbon is used to adsorb a desired flavor from 
one whiskey, and this carbon then is transferred to another whiskey. 
Goss reports that the flavor previously adsorbed is released to the 
second whiskey. 

A number of workers have developed methods for using carbon 
to accelerate the aging of whiskey. 32 In general, these processes in­
volve prolonged contact of the carbon with aerated raw whiskey at 
somewhat elevated temperatures. 

Neutral Spirits 

This is the purest product of the distiller. To produce neutral 
spirits, the raw liquor is first passed through a continuous still from 
which a high wine (140- to 160-proof) is obtained. This high wine 
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is redistilled through an aldehyde column, and the main portion of 
the distillate is reduced to about 10 I-proof and treated with activated 
carbon. After a contact period of I hour, the carbon is separated by 
filtration. A final distillation is made, taking full precautions to 
remove the last traces of fusel oil and other impurities. 

Wine 

In Europe, char has long been used in the manufacture of high­
grade wines. Formerly, bone char in paste form was used, but this 
has been superseded by activated carbon. 1 

The use of carbon to change one type of wine into another is not 
permitted by law; for instance, a red wine cannot be completely 
decolorized and then marketed as a white wine. Carbon can be 
used, however, to maintain quality standards, e.g., to treat a white 
wine that has be-come colored through contamination. Blumen­
thal 33 reported that the treatment of young wines with activated 
carbon causes them to age rapidly. He also found that cloudy, sick 
wines are improved by a 48-hour contact with small quantities of 
activated carbon. Astringent, musty, and unnatural flavors can be 
removed with activated carbon, but minimum quantities should be 
added lest the wine loses its natural flavor. Miiller34 found that, 
although charcoals are useful for improving off-flavored wine, they 
can impair the quality of a good wine. 

The quantity of carbon to be added varies from 2-50 pounds per 
1,000 gallons. Generally, the carbon is made into a thin slurry which 
is added to the wine in the treatment tank. The mixing should be 
gentle to avoid aeration. After several hours of contact, a clarifier, 
such as gelatin or bentonite, can be added and when the solids have 
settled, the liquid is filtered. An alternative method is to filter im­
mediately after treatment, in which case, double filtration should be 
provided. 

Beer 

When beer is refrigerated, chill-sensitive proteins precipitate, 
causing a haze. Activated carbon is utilized as a supplementary 
purifier to remove any undesirable proteins not removed by enzymes. 
An advocated dosage is 5-6 pounds of carbon per 100 barrels of 
beer. 35 

Treatment with activated carbon, applied to the water used in 
brewing, has a favorable effect on the quality of beer produced. 
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6. PURlFICA TION OF WATER 

Tastes and odors in supplies of potable water arise from a number 
of different sources among which are industrial and municipal wastes, 
decaying vegetation, and algae. The elimination of all such tastes 
and odors is a matter of great concern to the water-works operator. 
His customer, the average citizen, is apt to judge the quality of the 
water by its taste; any evidence of a foreign taste immediately sug­
gests pollution and leads to the belief that the water is not safe. That 
water-plant operators realize the importance of palatable water is 
indicated by the many published articles on this subject. Since 
1930, over a thousand technical studies have been published dealing 
with various methods for controlling tastes and odors of drinking 
water.1· 36, 37, 38 

Measures to be considered for the control of tastes and odors 
include those that prevent contamination from developing, as well 
as methods for eliminating pollution already existing in a water 
supply. 

Effect of Chemical Treatment 

Chemicals used for the softening of water, or for disinfection, have 
an inf! uence on tastes and odors, being detrimental in some cases and 
beneficial in others. The primary reason for using chlorine in water 
supplies is for disinfection, but incidental benefits on tastes and 
odors have led to the study of the use of it for this purpose. Similar 
studies have been made of ozone, chlorine dioxide, and perman­
ganate, and successful applications of these agents have resulted. 
The utility of these chemical treatments, however, is restricted to a 
limited number of taste- and odor-bearing compounds, and even in 
such cases, successful reduction of odor requires careful control of 
all conditions. 

Activated Carbon 

Activated carbon is the most successful tool so far developed for 
removing tastes and odors from water supplies (Table 6: I). Being 
insoluble, activated carbon does not contaminate the water, and no 
harm can result from an overdose. No special skills are required to 
apply it. 

The application of activated carbon to water involves departures 
from methods commonly used in applications to other products. 
Because of the small dosages required (as low as 0.5 parts per million), 
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the carbon must be finely pulverized to provide the scattering power 
necessary to make contact with, and adsorb, all taste- and odor­
bearing molecules. 

The carbon can be fed either through dry-feed machines or as a 
carbon slurry, but the great majority of plants now utilize dry-feeding 
equipment. 

TABLE 6:1 

COMPARATIVE SUCCESS OF TREATMENTS EMPLOYED TO 
CORRECT TASTE IN POTABLE WATER• 

Treatment Number of Trials Success Reported, % 

Complete Partial None 
Activated carbon 469 86 12 2 
Free-residual chlorination 335 17 41 42 
Super- and de-chlorination 77 23 34 43 
Chlorine dioxide 164 25 21 54 
Areation 118 9 49 42 

• From Si11worth, E. A.; Taste and Odor Control J., Vol. 27 No. I (1961). Reprinted by per­
mission of West Vir11inia Pulp and Paper Company, New York. 

In the early days of using carbon, methods of feeding as slurry 
were frequently employed because of a lack of suitable dry-feed 
machines. Recently there has been a trend toward using a slurry, 
particularly in the larger plants where appreciable quantities of 
activated carbon are utilized. In such instances, the carbon is sup­
plied in bulk in hopper cars. At the point of delivery, the powdered 
carbon is dropped from the hoppers into underground tanks where 
it is wet with water and stored as a slurry for use.4 The carbon 
slurry is pumped to a suitable proportioning device and thence to 
the point of application. 

Points of Application•• 

Although carbon has been applied to reservoirs and also to plants 
equipped for sedimentation but without filters, the majority of plants 
utilize the conventional treatments for mixing, sedimentation, and 
filtration. As carbon is an insoluble black powder it must be removed 
by filtration or sedimentation . 

.. Much of the discussion on water purification that follows is taken from 
papers by E. A. Sigworth, Taste and Odor Control J., Vol. 27, Nos. 10 and II 
(1961), through courtesy of the West Virginia Pulp and Paper Company, 230 
Park Avenue, New York, N.Y. 
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The typical fl.ow sheet in a plant for the purification of water is 
as follows: 

RAW WATER 

! 
COAGULANT 

! 
MIXING CHAMBER 

! 
SETTLING BASIN 

! 
SAND FILTERS 

! 
CLEAR WELL 

! 
DISTRIBUTION SYSTEM 

Carbon can be applied at any stage before filtration. The point 
at which best results can be obtained depends on a number of 
factors: the intensity of the odor; the relative ease with which it is 
adsorbed; the influence of the chemicals used on tastes and odors; 
and the effect of the different plant units such as sedimentation basins 
and filters. Because of the many factors involved and because their 
relative influence is not the same at all plants, the selection of the 
proper point of application becomes a matter of individual study. 

Before discussing specific points of application, it is well to briefly 
review general aspects that are to be weighed against one another. 
As large volumes of water are treated with very small dosages of 
carbon, it should be applied where adequate dispersion can be en­
sured. It is also apparent that the opportunity for contact with the 
odor-bearing molecules will increase when the carbon can remain in 
suspension for longer periods, but this benefit may be offset by other 
factors. Thus, when carbon is added later in the process, there may 
be less odor to remove because of benefits from conventional pro­
cessing units such as the sedimentation basins. Changes in taste and 
odor, resulting from the use of such agents as chlorine or lime, can 
influence the selection of the point of application. Whether carbon 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0138



UNIT PROCESSES 125 

should be added before or after chlorination, therefore, may depend 
on whether chlorine makes the particular odor-bearing compound 
more or less adsorbable. The resultant effect of these factors for 
any plant can be determined by experimental methods. 

Plant tests are more convincing than those conducted in the labora­
tory, but they are seldom practical except when the quality of the 
raw water does not fluctuate or where parallel-treatment systems are 
available. Therefore, the usual procedure is to take samples of water 
from different points and treat them with carbon in the laboratory 
under conditions that parallel those existing in the plant. The change 
produced in the odor of each sample is then measured. 

Specific Points of Application 

Carbon can be placed on the filters by adding a carbon slurry to 
the filters after backwashing. Particles of carbon are thus distributed 
throughout the water on top of the filter and they then deposit on 
the sand surface of the filter. As the filtration continues, water passes 
through a layer of carbon, thus removing odorous materials. This 
is the point usually selected in small plants where feeding facilities 
do not exist. 

Carbon is frequently added to the water flowing into the filters, 
and this has the advantage of providing opportunity for odorous 
compounds to be brought into contac.t with carbon particles while 
they are in suspension, and also while they are retained at the sand 
surface. 

This point of application is advantageous when odors arrive with­
out forewarning and get through the plant before being noticed. 
For application at this point, the filters must be maintained in good 
condition to avoid any passing of carbon into the distribution 
system. 

Carbon is seldom added to the settling basin because of the diffi­
culty of obtaining adequate distribution of the carbon particles 
throughout the entire volume of the water being treated. An advan­
tage of this point of application is the longer time of contact that 
assists greater utilization of the adsorptive capacity. 

When only post-chlorination is to be employed the points just 
considered can be very satisfactory. The trend in recent years toward 
free chlorination, however, can adversely influence the effectiveness 
of activated carbon at those points. When pre-chlorination would 
cause the formation of chlorinated compounds that are adsorbed 
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with difficulty, the carbon should be applied well ahead of the 
chlorine. 

There are exceptions to this rule; for example, where live algae 
are entering a plant it may be desirable to pretreat with chlorine 
to act as an algicide. 

Where odor conditions are extreme, requiring high dosages of 
carbon, application to the raw water or mixing basin is recom­
mended. Much of the carbon is removed in the settling basin and 
the carbon particles which settle out with the floe stabilize the sludge 
in the settling basin. This reduces the possibility of odor developing 
from the decomposing sludge. 

The mixing basin is the point generally selected for pre-chlorina­
tion. Although some plants still feed carbon and chlorine at the 
same point, the practice is not advisable because mutual reactions 
cause a certain wastage of both chemicals. Whenever it is practicable, 
therefore, carbon and chlorine should be applied at separate points. 
The order of chemical application can be extremely important to 
attain maximum efficiency. In a few cases odorous compounds are 
more readily adsorbed after chlorination, and then chlorine should 
precede carbon. But in the great majority of problems involving 
odor, carbon should precede chlorine because chlorination usually 
intensifies odors and converts them to substances that are more 
difficult to adsorb. A further major benefit of adding carbon in 
advance is that it adsorbs chlorine demand substances; that is, im­
purities that have a special affinity for chlorine. Because of this, less 
chlorine is needed for disinfection. 

All the foregoing precautions in connection with pre-chlorination 
relate to the practice of free-residual chlorination or superchlorina­
tion. When chlorine is applied in combination with ammonia to form 
chloramines, little or no reaction with carbon occurs. Furthermore, 
chloramines are less likely to form those chlorinous substances that 
are difficult to adsorb on carbon. 

Sigworth and others 1 
• 
36 report that when the water passes directly 

from a lake or reservoir to the distribution system, tastes and odors 
can be corrected by applying carbon to the reservoir. Usually the 
first step is to add copper sulfate to destroy the organisms causing 
the taste and odor. On the following day, carbon in a thin slurry is 
distributed over the surface, employing a method similar to that used 
for spraying a copper sulfate solution. It is desirable to take the 
reservoir out of service for 48 hours to permit the carbon to settle. 
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When this is not practicable it becomes necessary to avoid adding 
carbon to the area surrounding the outlet to the distribution system. 

Carbon Dosage 
The carbon dosage required to produce a palatable water depends 

on the type and concentration of the odor-bearing substance; on the 
quality of water that is acceptable to the community being served; 
and on the adsorptive power of the carbon employed. Sigworth, 1 

• 
36 

in a survey of 137 municipalities using activated carbon, found the 
over-all average dose to be 23 pounds per million gallons. The 
highest average dose reported for any plant was 429 pounds per 
million gallons and the lowest about 4 pounds per million gallons. 

Potential Market 
In an analysis of the markets for activated carbon, Parry39 makes 

the following observation: 
"It can be said with certainty that water treatment is a 
continually expanding market for activated carbon. No 
other chemicals appear to have replaced activated carbon 
in this traditional market and there do not appear to be any 
products on the horizon that might make significant inroads 
in the foreseeable future."* 

Industrial Water Purification 
Units for granular activated carbon are employed in certain manu­

facturing operations to remove chlorine and other taste-producing 
substances from water supplies. 1 

In the soft drink industry it has become common practice to super­
chlorinate water used in processing. It is then percolated through a 
bed of granular activated carbon to remove any residual chlorine by 
catalytic action and also to adsorb any remaining taste. 

Generally, the carbon is supplied in packaged form, i.e., installed 
in filters furnished by the manufacturer. The service life, which de­
pends on the quality of the water being supplied, is normally one 
or more years. It is important that the feed-water be free of sus­
pended material. When turbidity is present the water should be pre­
filtered through sand or other suitable filter media before going to 
the carbon unit. 

A definite schedule should be followed for backwashing and dis­
infecting the carbon filter. Instructions for this are furnished by the 
manufacturer of the equipment. 

• Reprinted by permission of Department of Mineral Economics, Pennsylvania 
State University. 
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7. ORGANIC COLLOIDS 

Thus far the applications of activated carbon involving colloids 
have been in situations in which the colloid is a contamination to 
be removed in order to aid a processing operation and improve the 
quality of the product. 

In some applications, however, such as the deodorization of a 
synthetic lacquer, instead of being merely a contaminant, the colloid 
is the main consituent, i.e., the product itself, from which odor or 
color is to be removed. Some such applications necessitate depar­
tures from normal methods of treatment. To do this successfully 
requires an understanding of certain aspects of colloids. 

The term colloid does not define a molecular species as do the 
names acids, bases, salts, and esters. Instead the name colloid 
describes a state in which practically any substance can abide if 
suitable conditions are provided. In brief, colloid describes a charac­
teristic manner in which one substance can be dispersed in another. 
Our interest is primarily in what are known as organic colloids. As 
this is a vast subject for which comprehensive texts are available, 
here we will give only a brief outline of aspects known to be factors 
in the industrial use of activated carbon. 

From many points of view, a colloidal system can be regarded as 
a special type of solution. Indeed, the transition from a true to a 
colloidal solution is through a twilight zone in which it is difficult to 
say where a true solution ends and a colloidal state begins. A 
primary basis of differentiation rests on the size of the dispersed 
particles and for this there are several somewhat flexible yardsticks. 
According to one criterion, both colloids and true solutions will pass 
through filter paper, but only true solutions will pass through a semi­
permeable membrane. Another classification would view organic 
colloids as large molecules of at least a thousand atoms. To make 
this clearer: When such substances as gelatin, glycogen, albumin, 
rubber are placed in a suitable solvent, they become solubilized in 
consequence of specific affinities. Thus the polar groups in gelatin 
provide a solubilizing force that is able to keep the entire large 
gelatin molecule dispersed in water. 

When dispersed in colloidal form, the large organic molecules 
have shapes characteristic of the structure of the parent molecules. 
Some are globular or spherical, others resemble flat saucers; these 
two are less troublesome. A third type, however-the linear or 
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thread type-can cause great difficulty. In some solvents the threads 
become intertwined and interwoven to form a network comparable 
to a felted fabric. Color molecules can penetrate the loose structure 
and be adsorbed by it, and some fine carbon particles will be trapped 
and caged. The colloidal network immobilizes much of the liquid, 
resulting in a semi-rigid structure that is difficult to filter. 

The felting action of linear colloids is minimized when they are 
fewer in number, e.g., in low concentrations; hence such colloids 
should be treated in as dilute a solution as may be practicable. 

A B 

F1G. 6: J. FORMATION OF MICELLES 

Another alternative that is sometimes feasible is the use of a different 
solvent. In some solvents the linear threads do not felt but instead 
roll into coils or balls in which forms they are more amenable to 
treatment with carbon. Thus, a synthetic lacquer that could not be 
treated effectively in aqueous solution was satisfactorily decolorized 
in a solvent consisting of equal parts of methanol and water. 

A finely powdered carbon is usually preferable for the complete 
removal of traces of colloids from a crystalline product such as sugar; 
but the finely powdered carbons are less suitable when the main in­
gredient is a colloid. Then, to avoid peptization, a coarser carbon is 
desirable; and in some cases it is necessary to use a hard granular 
carbon. 

Another form of organic colloid is provided by certain relatively 
small molecules, such as soap and detergents, that can clump to­
gether to form large clusters known as micelles (A in Figure 6: I). 
The ability to form micelles depends on specific relations existing 
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between the solvent and the solute. Many detergents form micelles 
in aqueous solution, but when placed in certain other solvents, the 
detergent molecules will remain separated as individual molecules 
(B in Figure 6: l ). 

Because of this feature, some soaps and detergents that cannot be 
satisfactorily treated with carbon in aqueous solution can be effec­
tively decolorized and deodorized in a solvent in which they do not 
assume a colloidal form. 

Synthetic Resins 

In the process of manufacturing alkyd and other polyester-type 
resins, minor side reactions often result in the formation of undesired 
color. The colored bodies can be removed by carbon, provided the 
carbon is added at the beginning of the processing and is present 
when the colored bodies are being formed. On the other hand, 
carbon will not decolorize if it is added after the resin has formed. 

One explanation is that during the initial stages of processing, the 
ingredients have relatively simple molecular structures which do not 
interfere with the adsorption of colored bodies by the carbon. As 
the reaction procedes, however, the colored bodies become adsorbed 
on the newly formed colloidal structure-a behavior analogous to 
the dyeing of fabrics. After the colored bodies have been thus 
adsorbed by the resinous structure, they are no longer free and acces­
sible for adsorption by the carbon. The situation is analogous to an 
attempt to use carbon to decolorize a dyed cloth immersed in water. 

ln this application, fine carbon particles are sometimes trapped in 
the resinous structure (peptized) and cannot be separated in the sub­
sequent filtration. It is reported that this peptization can be avoided 
by interrupting the cycle and filtering off the carbon before it be­
comes caged. In another method, the processing liquid is recircu­
lated through a short column of hard granular carbon. 

8. MISCELLANEOUS FOOD PRODUCTS 

The use of activated carbon constitutes an integral part of the 
processing of many food products.1 It is adaptable to foodstuffs that 
are in a liquid state or can be dissolved in a suitable solvent. Acti­
vated carbon should not be applied to foods such as milk, butter, 
mayonnaise, in which a colloidal state must be preserved. When 
such a product-e.g., mayonnaise-is treated with carbon, the 
protective colloids are adsorbed and the emulsion is broken. 
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When a neutral flavor is desired in the finished product, it can be 
purified by adding sufficient carbon to remove color, odor, and other 
contaminants. The treatment of a product in which a natural flavor 
must be preserved presents greater difficulties. It is not always 
feasible to adsorb impurities without simultaneously removing 
desired constituents, although it is accomplished in a number of 
cases. 

Gelatin 
Activated carbon is employed to remove color and odor present in 

crude gelatin. Impurities that cause cloudiness are also removed. 
The treatment consists of adding the carbon to a 6 to 10 % gelatin 
solution, maintaining the mixture at a temperature of 60° to 65° C 
for 30 minutes, and then filtering. Some operations provide a two­
stage treatment in which the filtrate from the first step is concentrated 
to 20 % gelatin content and again treated with carbon. 

Pectin 

This product is usually obtained by leaching the pomace of various 
fruits. The dark, cloudy appearance and characteristic odor are 
removed by treating a I % solution with activated carbon for l hour 
at 50° C. 

In order to prevent peptization of the carbon that often occurs, 
Bender, Douglas, and Cuthbert40 developed a percolation unit. One 
part of cellulose pulp is intimately mixed with I to 3 parts of pow­
dered activated carbon and a 2 to 4 inch layer of the mixture is placed 
in the filter unit. A I% pectin solution at 50° C is then percolated 
through the unit. The filtrate usually has no smoky appearance 
which would indicate the presence of fine carbon particles, but, 
should any carbon pass through, it is removed by filtration through 
a layer of filter aid. 

Pectin, obtained by leaching sugar-beet waste with citric acid or 
calcium bisulfite, is treated with activated carbon to remove color, 
odor, and other impurities. The operation is conducted at 50° to 
60° C; higher temperatures have a detrimental effect on the color. 
According to Aehnelt, 2 peptization of the carbon is avoided by 
proper control of the pH of the solution. 

Fruit and Berry Juices2 

Fruit juices which have been strained to apparent clarity frequently 
develop a turbidity on standing. This can be prevented by treatment 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0145



132 ACTIVATED CARBON 

with activated carbon to adsorb the impurities that cause the turbidity. 
The smallest possible dosage of carbon should be used to avoid 
impairing the flavor. 

Aehnelt2 reports that decolorization should be conducted by 
allowing the carbon to remain in contact with the juice for at least 
24 hours. To some extent, the required time depends on the type 
of juice, less time being needed for apple juice than for cherry juice. 
The decolorization of cherry juice must not be carried too far since 
the amount of carbon required to do this would impair the flavor. 
In France, dark grape juice is partially decolorized by treatment with 
activated carbon at 20° C for 24 hours or longer. Similar treatment 
is employed to remove unpleasant tastes due to undesired false fer­
mentation or other contamination. Off-flavors are removed success­
fully from pineapple juice without impairing the characteristk 
pineapple flavor. 

Maple Syrup 
Manufacturers of maple syrup and maple sugar have difficulty in 

maintaining a uniformly colored product throughout the season. 
A gradual darkening of color as the season progresses is generally 
due to the presence of caramel which is formed in the pan in which 
the syrup is concentrated. Activated carbon is applied either in a 
small amount to each batch to obtain a uniform color in the finished 
product, or it may be added in somewhat larger amounts to very dark 
syrups. In the latter case, the syrups are blended to obtain the desired 
flavor. 

Honey 
The quality of honey is subject to variations beyond the control 

of the producer. By treating batches of strongly flavored dark honey 
with activated carbon and blending them with the main stock, it is 
possible to maintain a more uniform quality. Laws on labelling may 
require mention of the treatment with activated carbon, particularly 
if the characteristic honey flavor is altered by the treatment. 

Scrap Candy 
Sugar syrups, free from color and foreign flavor, can be produced 

from scrap candy. The treatment consists of dissolving the candy 
in water to make a 50 to 60 % sugar solution which is treated 
with carbon at approximately 80° C for 30 minutes and then 
filtered. 
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9. ORGANIC CHEMICALS 
Crystalline Organic Compounds 

133 

Faye and Hagberg1 report that the use of carbon to remove 
adsorbable impurities before crystallization results in crystals that 
have a better form and a higher melting point than crystals formed 
from untreated liquors. The removal of adsorbable impurities also 
results in more efficient performance during the process of crystal­
lization. 

Studies of molasses provide an illustration. Coalstad 1 reported 
that in spite of improvements in vacuum pans, crystallizers, and 
centrifuges, the composition of molasses has remained the same for 
many years. An explanation of this behavior is that when the im­
purities exceed a critical concentration, they are preferentially 
adsorbed on the nuclei of sucrose crystals. Because of this, sucrose 
molecules in solution cannot reach the nuclei and growth of 
crystals does not occur. When such a molasses solution is further 
concentrated, the only effect is to cause more impurities to be 
adsorbed on the nuclei and still further retard growth of crystals. To 
demonstrate the validity of the theory, Coalstad diluted a sample of 
molasses from which no further sucrose could be crystallized, and 
treated the solution with a large quantity of activated carbon. When 
the filtrate was concentrated, the sucrose crystallized spontaneously. 
Glycerin 

Distillation improves the quality of glycerin, but even a double­
distilled product often contains color and odor that can be removed 
only by activated carbon. The ease with which glycerin can be de­
colorized increases with distillation. A crude glycerin is relatively 
difficult to decolorize to a water-white product, but the task becomes 
easier after the glycerin has been distilled and is much easier on a 
twice-distilled glycerin. A low-soluble ash is required in carbons to 
be used for pharmaceutical glycerin. 

For most purposes the treatment of glycerin with activated carbon 
is conducted at 60° to 80° C. 

Lactates and Lactic Acid 

Lactic acid is produced from lactose and other sugars by fermenta­
tion. As the bacterial action ceases at a low pH, the acid is neutralized 
as it forms by adding calcium carbonate or hydroxide. Therefore, 
calcium lactate is the end product of the reaction. When fermen­
tation is complete, albumin and other proteins in the solution are 
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precipitated by heating to 90° C and separated by decantation and 
filtration. 

Various procedures have been developed for the purification of 
calcium lactate, and for its conversion to other lactates or to lactic 
acid. In one procedure, activated carbon is added to the filtered 
liquor to remove much of the color. After filtration, the solution is 
made slightly acid and treated with another portion of carbon. The 
filtrate from this is concentrated to 15° Baume and then cooled to 
crystallize the calcium lactate. The crystals are dissolved in a small 
amount of water at 65° C and finally purified with carbon. 

Weisberg41 and his coworkers developed a somewhat different 
process. After precipitating the proteins in the fermented liquor. 
the filtrate is treated with activated carbon at 100° C for 15 minutes 
and lime is then added until the liquor shows a sharp break. The 
grayish precipitate settles rapidly and the supernatant liquid is 
filtered. The filtrate of pH IO or over is neutralized with lactic acid 
and concentrated in a vacuum pan, the resulting concentrated solu­
tion being allowed to crystallize. When greater purity is desired, the 
crystals are dissolved and the solution is treated with activated carbon 
before recrystallization. 

Lactic acid is formed by reacting calcium lactate with an acid, such 
as sulfuric, which simultaneously forms an insoluble calcium salt, 
the precipitate is removed by filtration. The filtered lactic acid­
particularly when prepared from crude calcium lactate--contains 
impurities which cause color, odor, and haze. The acid is heated to 
100° C and a predetermined amount of sodium or calcium ferro­
cyanide is added to precipitate iron and copper. Activated carbon 
is added simultaneously to assist in flocculating the precipitate and 
also to remove impurities that cause color and odor. 

Tartaric Acid and Tartrates 

These chemicals are prepared from crude potassium acid tartrates 
known as argols, which are precipitated during the fermentation of 
wines. The crude salt is slightly soluble and can be purified by 
recrystallization to produce the cream of tartar of co'mmerce. The 
use of activated carbon gives a higher yield of crystals and usually 
eliminates the need of more than one recrystallization. 

Tartaric acid is prepared by converting the argols into an insoluble 
calcium tartrate which is treated with sulfuric acid to form tartaric 
acid and the relatively insoluble calcium sulfate. Tartaric acid is 
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readily soluble and, therefore, does not lend itself to purification by 
repeated recrystallization. Purification is accomplished by treating 
the solution with activated carbon to remove color, and with suf­
ficient calcium ferrocyanide to precipitate any iron salts. The treat­
ment is conducted at 70° Con a 30° Baume solution. After filtration, 
the solution is allowed to cool and the tartaric acid crystallizes in a 
pure form. 

Glutamic Acid, Monosodium Glutamate, Betaine 

Waste water of Steffen's process from beet sugar factories contains 
0.2 to 0.4 % betaine and less than 0.2 % glutamic acid. Nees and 
Bennett42 developed a method to recover these substances. The first 
stage of the operation consists of controlled passage of the Steffen's 
waste liquor through a hydrogen-ion exchanger, whereby theglutamic 
acid and betaine are partially concentrated and simultaneously 
separated from most of the mineral constituents in the waste liquor. 
The partially concentrated liquor is treated with activated carbon to 
remove color and colloids, and the filtrate from this is concentrated 
by evaporation. The pH of the concentrate is adjusted to 3.2 and on 
cooling the glutamic acid crystallizes. The mother liquor is treated 
with sufficient hydrochloric acid to form betaine hydrochloride, 
which crystallizes after further concentration by evaporation under 
reduced pressure. 

Glutamic acid is also prepared by the acid hydrolysis of gluten. 
In a procedure described by Waters,43 the crude, hydrolyzed product 
is filtered while hot to remove the insoluble humus, after which the 
filtrate is cooled to crystallize the glutamic acid hydrochloride. The 
crystals are dissolved in water, and sufficient sodium hydroxide is 
added to neutralize the free hydrochloric acid. The solution (pH I .S) 
is heated to 80 to 90° C and decolorized with activated carbon. 
When the filtrate. is cool, sufficient sodium hydroxide is added to 
raise the pH to 3.2 and the solution is then allowed to stand until 
crystallization is complete. 

Monosodium glutamate is formed by reacting purified glutamic 
acid with an appropriate amount of sodium hydroxide in an aqueous 
solution. Residual color is removed by a final treatment with 
activated carbon. 

In a procedure described by Dorn,44 crude d-glutamic acid is 
treated with hydrogen peroxide at 8S° C for 4S minutes and then 
cooled to 2S° C. The crystals that form are separated from the 
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liquor and dissolved in sodium hydroxide solution to form mono­
sodium glutamate. The solution, heated to 55° C is mixed with 
activated carbon for 20 minutes and filtered. The filtrate, when 
concentrated, yields pure white crystals of monosodium glutamate 
that are free of deleterious impurities. 

A single company accounts for about two-thirds of the production 
of monosodium glutamate in the United States, and they have 
installed equipment for granular carbon. n 

10. INORGANIC CHEMICALS AND METALS 

The purification of inorganic chemicals with activated carbon is 
not common practice. Usually it is more practical to procure source 
materials that do not require such purification. For the most part, 
applications in this field are limited to the treatment of waste 
materials containing impurities that are difficult to separate by other 
methods. Carbon performs a dual task of recovering a product and 
at the same time eliminating a disposal problem. 

Alkali Hydroxides and Carbonates 

Activated carbon will remove much of the pink color from com­
mercial solutions of potassium hydroxide, sodium hydroxide, and 
sodium carbonate. Carbon is also useful for removing impurities 
that cause foaming. At times, difficulty is experienced in com­
pletely separating the carbon from caustic solutions because of a 
peptizing action. 

Aehnelt 2 reported that a small amount of activated carbon effec­
tively removes the dark color that develops in soda lye after use in 
mercerizing cellulose. 

Alum 
Activated carbon is used in small amounts for decolorizing alum. 

Alum liquors often have a characteristic brownish cast which can be 
removed by suitable grades of decolorizing carbons. 

Iodine 

Many petroleum brines contain iodides in concentrations of 50 to 
250 parts per million. Iodides are not adsorbable, and the first step 
involves oxidation to iodine with nitrous acid, which is formed by 
adding sodium nitrite to the acidified brine solution. Activated 
carbon is added before the sodium nitrite in order to adsorb im­
purities that inhibit the oxidizing action of nitrous acid. Chlorine 
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has been used as an oxidizing agent, but it has a disadvantage in 
that it tends to form some nonadsorbable iodate. In one suggested 
procedure, sufficient chlorine is added to oxidize most of the 
iodides after which sodium nitrite is added to oxidize the remaining 
iodides. 

The liberated iodine is adsorbed by activated carbon, which is then 
separated from the brine and treated with sodium sulfite and sodium 
carbonate to re-form the iodide. The nonadsorbable iodide can be 
leached from the carbon in a concentrated form. Bierbaum45 found 
that better extraction can be secured through a modification of the 
final step. After the adsorbed iodine is converted to iodide, the car­
bon cake is dried and heated above 250° C to remove organic im­
purities. The iodides can thus be recovered in a purer form and less 
water is required for the extraction. Moreover, the heat treatment 
aids in regenerating the carbon for re-use. 

Ohman46 extracted the adsorbed iodine by an electrolytic process. 
The carbon containing the iodine is formed into a cake and made 
the cathode of an electrolytic cell. The adsorbed iodine is reduced 
to hydriodic acid which dissolves in the electrolyte and is oxidized to 
iodine at the anode. The iodine precipitates and settles to the bottom 
of the cell. 

Chamberlain and Hooker47 employ a vapor-phase system to 
recover the iodine. Air is passd through the oxidized brine to 
vaporize the iodine which is subsequently adsorbed by passing the 
air through granular activated carbon. The iodine is extracted by 
steaming or by treatment with a hot alkaline solution. The usual 
equation for this reaction is: 

3h + 6NaOH = SNal + NalO3 + 3H2O 

According to Chamberlain and Hooker, the carbon acts as a re­
ducing agent and prevents the formation of the iodate. 

Gold 

In the conventional cyanide process, the gold-bearing ore is pul­
verized and leached with a solution of sodium cyanide to dissolve 
the gold. The solution, after separation by decantation and filtration, 
is treated with zinc to precipitate the gold. In an alternative method, 
the gold can be precipitated (adsorbed) by passing the clear solution 
through a bed of charcoal or activated carbon which is subsequently 
smelted to recover the gold. 1 
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The process employing carbon was modified by Chapman,48 who 
found that benefits were ensured by adding the charcoal simul­
taneously with the cyanide solution to the ore while it was being 
pulverized. When charcoal is present during the dissolving process, 
the gold is adsorbed as it dissolves; therefore, the cyanide solution 
is almost free of dissolved gold at all times. Because of this, the gold 
not only dissolves more readily, but it is also more completely 
extracted from the ore. In normal cyanide operations, a thin pulp of 
ore is used to avoid large concentrations of dissolved gold which 
retard the dissolving process. Chapman points out that the presence 
of charcoal during the dissolving stage enables much thicker pulps 
to be used: in fact, a thick pulp is desirable because the charcoal is 
thus concentrated to a small volume. 

The gold-laden charcoal is separated from the pulp by filtration 
or by flotation. The oil for flotation should not be added until the 
adsorption of gold is complete because the presence of oil on the 
surface of the carbon prevents subsequent adsorption of gold. Once 
the gold has been adsorbed, however, it is held irreversibly and is not 
displaced by oil added later. About 90 % of the carbon is recovered 
by flotation, resulting in a recovery of over 85 % of the soluble gold. 

Although the carbon process can be used for all ores from which 
gold is to be extracted with cyanide, it offers no advantage in the case 
of ores in which the cyanide solution can be readily separated from 
the pulp by decantation or filtration. The carbon process is reported 
to be of value for ores that slime and those that are not amenable to 
other methods. It is also useful for tailings from other operations. 
The process gives a low recovery of silver and, therefore, it is not 
suitable for ores of high silver content. 

It is reported that various practical difficulties are overcome in 
more recent processes. 1 

• 
49 

Other Metallic Ions 

Most types of metallic ions are not appreciably adsorbed by acti­
vated carbon, unless special conditions are provided. Co-adsorbates 
are often useful. Thus, mercaptobenzothiazole will enable carbon 
to remove lead and zinc from an aqueous solution. Usually, the 
carbon is impregnated with the co-adsorbate before use, but, in some 
cases, the co-adsorbate can be added directly to the solution. Ap­
propriate control of the pH is often necessary to accomplish selective 
adsorption and to provide a subsequent desorption. 
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It may be necessary to study a number of substances in order to 
find a co-adsorbate that is effective for a specific metallic ion. The 
approach can be simplified by observing the fundamental principle, 
that a suitable co-adsorbate forms a link between the carbon and the 
metallic ion. This narrows the study to substances that are adsorbed 
by carbon and that can also unite with the metallic ion to form a 
complex or compound. The efficiency is greater when this compound 
is not very soluble. 

Co-adsorbates that are only slightly soluble in water can sometimes 
be incorporated by recirculating a saturated aqueous solution 
through the bed of carbon. Another method is to apply the co­
adsorbate in a suitable organic solvent that can be subsequently 
evaporated. 

Flotation 
Flotation can be employed to separate the components of a pul­

verized ore. The success of the operation hinges on whether the 
flotation agent is more strongly adsorbed on certain components 
than on others; thus, oleic acid will adhere more readily to a metallic 
sulfide than to silica or to an oxide. Because of the adsorbed film of 
oil, the particles of metallic sulfide are not wetted by water and they 
collect as a froth at the surface when the suspension is aerated. 
Silica and other components of the ga,ngue, which do not have an 
adsorbed film of oil, are wetted by water and remain in the aqueous 
phase. Care is required in adding the flotation agent because any 
excess may be adsorbed on particles of gangue and cause them to 
float. lf such a condition develops, it can be corrected by adding 
sufficient activated carbon to strip the oil from the particles of 
gangue. Any excess of carbon should be avoided as it will remove 
the oil film from the metallic sulfides. 

When several minerals having unequal adsorptive power for the 
flotation agent are present in an ore, they may be separated by a 
similar procedure. The separation is accomplished by adding a 
quantity of activated carbon that is just sufficient to strip the flotation 
agent from the less adsorptive mineral, and thus permit the other 
mineral to be separately floated. 1 Braunstein50 reports the use of 
this method to separate blendes and galenas. 

Nickel Electroplating Solution 
Activated carbon will remove various impurities that accumulate 

in nickel electroplating baths. The purification can be accomplished 
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by periodical treatment of the entire solution in a separate tank with 
2 to 10 pounds of activated carbon per 100 gallons, or by continu­
ously circulating a portion of the solution through a layer of acti­
vated carbon (0.2 to I inch thickness) deposited on a filter. Helbig51 

suggests a filtration rate of 25 to 50 gallons per hour for each square 
foot of effective filter area. The carbon particles can be prevented 
from entering the plating tank by dressing the filter with heavy filter 
paper. When cloth is used, it is necessary to precoat with a filter aid. 
Activated carbon removes some of the brighteners and wetting agents 
and it is necessary to replace the amount adsorbed. 

To be suitable for electroplating solutions, an activated carbon 
should have good filtration characteristics, be highly activated, and 
free of sulfides. Ease of wetting and the minimum tendency to create 
dust are important. Successful performance requires adherence to 
various operating details, and information on this can be obtained 
from the supplier. 

11. DRY-CLEANING SOLVENTS52 

In wet-wash laundries, the wash water is discarded after a single 
use .and replaced with a new charge. In contrast, dry-cleaning sol­
vents, such as perchloroethylene and petroleum solvents, are re-used 
indefinitely, and unless means of purification are provided the soil 
extracted from the garments will be deposited on later batches of 
clothes. 

All impurities that accumulate, except odor, can be removed by 
distillation, and distillation has long been a major method for re­
claiming dry-cleaning solvents for re-use. Distillation, however, has 
become more costly since the introduction of the charged system in 
which special detergents are added to provide a more effective 
cleansing. These detergents are lost in each distillation and must be 
replenished. To avoid the high cost of the replenishment, other 
means of purification have been developed. One method in general 
use combines several separations, and to understand the functions 
we can best begin with a description of the soil. This can be classified 
into three general groups: 

a) insoluble soil 
b) solvent-soluble soil 
c) water-soluble soil 

a) The insoluble soil, consisting of lint, grit, and other solid sub­
stances is readily removed by filter frames or tubes covered with 
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fine-mesh wire. To prevent the insoluble soil from plugging the 
screen, a precoat of diatomaceous earth is placed on the screen at 
the start of each day's operation, and this precoat (see 5: 2) serves 
as the actual medium for screening out the insoluble soil. As the 
passage of dirty solvent will gradually saturate the precoat with soil, 
generally a small additional portion of diatomaceous earth is placed 
in the discharge from each washer for continuously maintaining a 
permeable filter. 

b) The soil'ent-soluble soil consists of various oily substances, 
odorous compounds, dyes extracted from fabrics, and other con­
tamination. This soil causes a dirty brown color that becomes 
deeper as the impurities accumulate, and any dirty solvent retained 
by the clothes leaves a gray cast that is very apparent on white 
fabrics. 

Activated carbon is effective for removing many types of solvent­
soluble soil. 52 Two methods of application are in use: 

In one method, the solvent is kept in use without purification 
until the contamination builds up to a certain point; then the entire 
quantity of solvent is brought to the desired purity by treatment with 
the necessary amount of activated carbon. 

Much better is the preventive treatment, which avoids an accu­
mulation of soil and maintains the solvent continuously in a good 
usable condition. The preventive method is known as after-precoat 
because a layer of activated carbon is applied to the filter after the 
diatomaceous earth precoat has been formed. 

The over-all benefit of carbon is shown in the improved appearance 
of the solvent although some variation exists in the extent to which 
the separate items of soil are removed. The most troublesome 
sources of contamination, color, and odor, are effectively removed 
without appreciable loss of the detergent-an important feature. 
Fatty acids are only partially removed, and the reduction in content 
of mineral oil is negligible, but these impurities are seldom trouble­
some in the concentrations normally encountered. If and when their 
concentration becomes appreciable, they are removed by distillation. 

c) The water-soluble soil is a consequence of the ability of the 
detergent to solubilize water into the organic solvent and then 
extract water-soluble substances, e.g., caramel, from the garments. 
As in the case of mineral oil, water-soluble substances seldom cause 
serious difficulty, but if and when they do, they are separated from the 
solvent by distillation. 
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12. INDUSTRIAL AND OTHER WASTES 

Many wastes can be effectively purified by activated carbon, 1 but 
the cost is generally higher than with other methods. The use of 
carbon often can be justified, however, when the process involves 
the simultaneous recovery of useful ingredients. Depending on the 
nature of the adsorbed substances, they may be extracted from the 
carbon by steam distillation, by elution with a suitable solvent, or 
by a combination of both. The desorption restores some adsorptive 
power to the carbon, but the regeneration is seldom complete 
because many impurities adsorbed from waste liquors cannot be 
removed either by steam or by a solvent. 

Coke-Plant Waste1 

Activated carbon can be employed to recover phenol from coke­
oven waste liquors. 1 The process is not known to be in industrial 
use, but it has features of general interest. The liquors are first 
treated to remove tars and then passed through a bed of activated 
carbon. In some cases, the adsorption is promoted by the addition 
of ferric salts or quinoline. 

The extraction of the adsorbed phenol presents problems. It is 
impractical to use steam to extract phenol, particularly when it is 
adsorbed from waste liquors. One difficulty is that a large quantity 
of adsorbed water must be evaporated before the carbon can reach 
a temperature at which phenol will be desorbed. Then too, the 
concentration of phenol in the recovered aqueous solution is very 
low unless superheated steam is used, and this introduces other 
difficulties. The high temperature involved in the use of super­
heated steam causes chemical changes in adsorbed phenol and in 
other substances adsorbed from the waste liquors. These changes 
lower the recovery of phenol and also render the carbon unfit for 
re-use. 

The use of a solvent to extract phenol from carbon has been more 
successful. Mackert53 percolates benzene through the carbon bed to 
displace the phenol and water from the carbon. The phenol collects 
in the benzene layer and is subsequently separated by distillation. 
The benzene remaining on the carbon is removed by low-pressure 
steam. Other eluting solvents that have been employed are alcohol, 
chlorinated hydrocarbons, low-boiling-point esters, ammonia, and 
sodium hydroxide. 
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Synthetic Detergents50 

The increased use of synthetic detergents ("syndets") can create 
problems of taste and foaming in the re-use of water. These syndets, 
measured as alkyl benzene sulfonate (ABS), are not removed by 
conventional sewage treatments and are not eliminated by water 
purification processes of coagulation, disinfection, and filtration. 
Based on an analysis of a number of streams, as of now the con­
centration of syndets in most streams is below levels that cause 
difficulties from foam or taste. With the increasing use of syndets, 
however, the situation could become significant, especially where 
many communities are located on a single stream with the consequent 
repeated re-use of the water. 

Activated carbon will remove syndets and two approaches are 
under study. 54

• 
55 In one, the effluent from a sewage plant is passed 

through granulat carbon in a column; or alternatively, the sewage 
effluent is treated in conjunction with alum. The other approach is 
to add powdered activated carbon in sufficient quantities in the 
water purification plant. 

Serious problems from syndets currently exist in communities 
where cesspools and septic tanks in close proximity to wells cause 
foam and taste in the delivered water. It is reported that filters of 
granular carbon can correct the difficulties. 

13. ANALYTICAL APPLICATIONS 

Activated carbon finds occasional use in analytical procedures. 
In some cases, the ingredient to be measured is selectively adsorbed 
from the mixture and subsequently eluted in a purer and more con­
centrated state. This method was used by Koch 56 to estimate the 
amount of gold in sea water. Giri and Naganna57 used this pro­
cedure to measure the nicotinic acid content of foodstuffs, the nico­
tinic acid being adsorbed by carbon and subsequently eluted with 
a solution of sodium hydroxide in alcohol. Paget and Tilly58 

suggested the use of carbon to determine the concentration of bar­
biturates, the adsorbed compound being eluted with ether. 

ln another general type of application, carbon is employed to 
remove color and other interfering substances so that the solution 
can be conveniently analyzed by conventional methods. Chapin59 

used blood char to purify arsenic solutions before analysis. 
Graham,60 in measuring the rotenone content of cube powders, 
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found that extraction in the presence of activated carbon gave 
an improved yield of rotenone crystals. 

The use of carbon to clarify and decolorize urine before analysis 
can produce other changes that require consideration; for instance, 
Kolthoff61 points out that glucose can be adsorbed. However, there 
is little or no loss of glucose when carbon is used in the minimum 
amount necessary to decolorize a urine. Woodyatt62 suggested 
that the adsorptive power of each individual carbon for glucose 
should be determined before use. Bock63 found that glucose is much 
less adsorbed from urine than from a pure aqueous solution of equal 
concentration. He reported that 5 % of carbon removed appreciable 
amounts of phosphates and nitrogenous substances. Uric acid was 
completely adsorbed; creatinine and urea were adsorbed to a large 
extent. Only small amounts of ammonia, chlorides, and glucose 
were removed. Bohn64 called attention to the change in pH that 
attends the use of carbon. 

Care is necessary when using carbon to clarify specimens for toxi­
cological analysis, particularly those that may contain alkaloids or 
other strongly adsorbable poisons. 

Rooseboom65 calls attention to precautions that should be ob­
served when employing carbon as a clarification agent in the analysis 
of sugars. Rossee66 states that when sugars are clarified with active 
carbon before analysis, it is necessary to apply a correction factor ' 
for the sucrose and invert sugar adsorbed by the carbon. 

Chromatographic Analysis 

- As ordinarily used, adsorbents separate a mixture into two frac­
tions, one containing the more adsorbable ingredient, and the other 
containing the less adsorbable ingredients. Chromatographic 
analysis takes advantage of the fact that the relative adsorbability 
of a number of substances on any one adsorbent is susceptible to 
fine gradations. 

The method was devised by Tswett 1 who observed that when a 
petroleum-ether extract of plant pigments is percolated through a 
packed column ofan adsorbent, e.g., chalk, the pigments are retained 
in discrete bands or zones. Tswett found that he could increase the 
separation of the zones by adding only a small quantity of the pig­
ment solution to the column and then allowing a portion of pure 
solvent to wash a pigment downward through the column-a 
procedure known as developing the chromatogram. 
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The following interpretation of the phenomenon (Figure 6: 2) is 
taken from a discussion by Cassidy.67 

In this latter procedure the adsorbent is placed in a tube and the 
fluid that serves as the second phase is passed upward or downward 
through the column of adsorbent, i.e., countercurrently to it. Here 
the more strongly adsorbed molecules (A), being held most tightly 
in the interface, congregate near where the fluid enters the adsorbent. 

,',• .. ,. 
. \.' 

•'• .. 
AD 

a b ,/ 

FIG. 6:2. CHROMATOGRAPHY OF A MIXTURE OF SOLUTES A AND B 

a) Solution S containing A and B is placed above adsorbent AD 
b) Solution has been pressed into adsorbent, mixed zone AB is formed, and 

liquid level is at L 
c) Developer liquid D is being passed into column and development of zones is 

beginning 
d) Continued passage of developer liquid has produced a developed chromato­

gram, with separate zones shown at A and B 
From H. G. Cassidy, J. Chem. Educ. 23:427 (1946); reprinted by permission of 
the copyright owner 

The less tightly held ones (B), the available interface being first filled 
up chiefly with A molecules, move further on along the column where 
they may be adsorbed. Then if one passes pure solvent through the 
column, one can wash B molecules along the adsorbent farther and 
farther from the A, which are washed along the adsorbent with 
greater difficulty. This may lead, eventually, to complete separation 
of the molecules. The column of adsorbent may then be extruded 
from the tube and cut between the zones of adsorbed A and B 
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molecules. These can then be desorbed from the separated sections 
of column and recovered.• 

The development of the chromatogram is stopped when the zones 
are sufficiently separated. The adsorbent column is then pushed out 
of the tube and the individual zones are cut out of the column with 
a knife. Each zone is separately eluted with an appropriate solvent. 

The term chromatographic has been so closely identified with the 
technique that it is retained even for processes involving the separa­
tion of colorless substances, also when using an adsorbent such as 
carbon that prevents color observations. When color distinctions 
are absent, it is necessary to employ other devices to locate the 
position of the individual zones. The liquid or floating chromato­
gram is often used when carbon is the adsorbent. In this method, the 
column, while still in place, is washed with an appropriate solvent 
and the percolate is examined from time to time. A cut is made each 
time the properties change. 

Many varied fields of research find chromatographic adsorption 
to be a very useful tool, and a number of refinements in technique 
have been adopted to fit specific tasks. For information on this, the 
reader is referred to the original publications and to reviews on the 
subject.1 

Carbon Adsorption Methods for Analysis of Organic Contamination 
in Water Supplies 

In recent decades the quality of many water supplies has been 
adversely affected by factors associated with the tremendous growth 
in the production of industrial chemicals. 68

• 
69

• 
70

• 
71 

• 72 Some con­
tamination accompanies normal manufacturing operations, but 
larger quantities often escape into ground and surface supplies as a 
consequence of use, e.g., as insecticides or as detergents. Although 
present in but small concentrations-parts per million, or even per 
billion-they are often sufficient to damage the water, by taste and 
odor, by killing fish, and by foaming. 

Many of the contaminants are highly stabilized organic compounds 
that are not destroyed by biological or chemical treatment of wastes, 
and they often survive the self-purification that normally occurs in 
moving streams. One synthetic chemical in waste, orthonitrochloro­
benzene, was detectable in the Mississippi River for a distance of 
over 900 miles from the point of origin. 70 

•Reprinted by permission from the Journal of Chemical Education. 
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The organic contamination is not appreciably removed by the 
steps of coagulation, chlorination, and filtration employed in water 
purification plants. Activated carbon is used in sufficient quantities 
to make the water palatable and eliminate foaming; but relatively 
few substances cause foaming, and only the more odorous ingre­
dients will give a perceptible taste at the dilutions usually present 
(Table 6: 2). Therefore we must recognize that the hazards from 

TABLE 6:2 

CONCENTRATION OF SOME ORGANIC CHEMICALS CAUSING 
TASTE AND ODOR IN WATER SUPPLIES 

Substance 
Formaldehyde 
Picolines 
Phenolics • 
Xylenes 
Refinery hydrocarbons 
Petrochemical waste 
Phenylether 
Chlorinated phenolics 

Concentration 
detectable, ppb• 

50,000 
500--1,000 
250---4 ,000 
300-1,000 

25-50 
15-100 

13 
1-100 

• Concentrations determined by taking the median of 4-12 observations. From Francis M. 
Middleton, Aaron A. Rosen, and Rice H. Burttschell, J. Amer. Water Works Assoc., SO, No. 1 : 22 
(1958); reprinted by permission of the copyright owners. 

contamination may not be evident to sight, taste, or smell. In wastes 
of domestic and industrial origin, Wedgewood72 detected the 
presence of polynuclear hydrocarbons possessing carcinogenic 
characteristics. Although the concentrations are usually minute, we 
cannot ignore the possibility of cumulative effects. 

Each situation should be separately studied. In this the first step 
is to establish some means of concentrating the pollution into a form 
that can be analyzed, and then identify the ingredients and study 
them for possible hazards to health. 

The personnel of the Robert A. Taft Sanitary Engineering Center• 
find that adsorption-desorption with activated carbon is an effective 
way of concentrating the pollution.68

• 
69

• 
70

• 
71 

• 
72 In equipment 

designed by Middleton and coworkers, the water to be studied is 
passed through a bed of granular activated carbon placed in a filter 
tube 3 inches diameter by 18 inches in length. The rate of flow is 

.. U.S. Department of Health, Education, and Welfare. The original publica­
tions should be studied by those planning to conduct the procedure. 
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1/4 gpm. After 3,000 to 5,000 gallons of water have passed through 
the filter, the carbon is removed and extracted with chloroform. The 
chloroform is then separated by distillation leaving a residue known 
as the carbon-chloroform extract. 

The carbon is then extracted with alcohol in a similar fashion. 
Other treatments will yield still other substances, but the extraction 
process is usually ended after the elutions with chloroform and 
alcohol. 

As natural causes-aquatic plant and animal life-contribute 
organic substances, it follows that all waters can contain some 
extractables. In clean waters the carbon-chloroform extractables 
will often be less than 50, or even 25, parts per billion. In contrast, 
waters polluted with industrial waste may contain extractables in 
the hundreds or even thousands of parts per billion. The carbon­
adsorption technique can be used to monitor the quality of drinking 
water supplies; thus, water with less than 50 parts per billion of 
extractables can be presumed to be clean. The U.S. Public Health 
Service 1961 Drinking Water Standards actually call for a recom­
mended limit of 200 ppb of carbon-chloroform extractables. *71 

Because carbon holds many adsorbed substances very tenaciously, 
not all the pollution is desorbed and recovered for examination. 
The technique does provide tangible weighable quantities that can 
furnish an insight into the nature of the pollution which is not dis­
closed in any other existing procedure. It is not always easy to 
identify the separate ingredients, but this has been accomplished 
with success to assist in locating sources of pollution and in estab­
lishing cause of damage, e.g., taste and odor. Sufficient quantities 
of the extracts can be obtained for studies of physiological properties. 

14. MISCELLANEOUS APPLICATIONS 

Rubber; Prevention of Color Migration 
Considerable difficulty has been encountered in producing an 

entirely satisfactory white-sidewall rubber tire. The white or light­
colored rubber compositions forming the sidewall are subject to 
staining from migrating substances present in the carcass of the tire. 
The staining materials include accelerators, softeners, oils, and other 
compounding substances, which are soluble in rubber and will 
migrate from one layer of rubber to another. Phillips 73 found that 

• This has since been accepted and promulgated in the Federal Register, 26, 
No. 143:6737, July 27, 1961. 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0162



UNIT PROCESSES 149 

this staining can be prevented by interposing a buffer layer between 
the white sidewall and the carcass. The buffer layer consists of a 
rubber composition containing lO to 30 % by volume of acti­
vated carbon. 

Castello and Dixon 74 find that staining of light-colored rubber 
products is often caused by the incorporation of reclaimed rubber. 
They correct this condition with activated carbon; the staining sub­
stances are fixed by the char remaining in the rubber and are unable 
to migrate. Rubber so reclaimed is similar in appearance and in 
physical properties to ordinary reclaimed rubber except that it is 
nonstaining. 

The process has been improved in recent years. In the present 
practice, the cellulose fiber and free sulfur are removed in the initial 
stages of the process. Then the reclaimed rubber is mixed with 
activated carbon·in a Banbury mill. The blended product is non­
staining. 

Keilen and Dougherty75 reported that carbons with a high iodine 
number are usually effective for anti-staining. 

Acidic carbons appear somewhat more effective than alkaline 
carbons for GR-S reclaim. However, the pH of a carbon had little 
effect on the activity of a carbon for natural rubber reclaim. 

Rubber processors check the effectiveness of activated carbon by 
a simulated end-use test. A sample of white-sidewall stock is placed 
over reclaim rubber containing the activated carbon that is being 
tested, and it is then exposed to light from a lamp or to sunlight. The 
sample of white-sidewall rubber, is then examined for discoloration. 

Anticorrosion Paints 

Prill76 reported that paints, containing activated carbon charged 
with ammonia, protect iron surfaces from corrosion. Other studies 
indicate that activated carbons containing ammonia or organic 
amines provide greater protection than lead oxide against certain 
vapors such as sulfur dioxide, hydrogen sulfide, and moisture. 

Agricultural Studies 1 

Several investigators report that the addition of activated carbon 
to a soil promotes plant growth. 1 Activated carbon is not a direct 
fertilizer, however, and any benefits result from indirect effects. 
Verona and Ciriotti77 reported that the use of activated carbon 
results in greater biological fixation of nitrogen and a more rapid 
conversion of organic nitrogen to ammonia and nitrates. Adsorption 
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of toxins and other harmful substances is indicated by Perotti, 78 

Verona,79 et 'al. Other reported benefits include higher temperatures 
in the soil, increased water capacity, and improved aeration. It is 
also claimed that activated carbon regulates the consumption of 
fertilizer by the growing plant. However, the beneficial effects on 
plant growth are not confirmed by all investigators. 

Arie, Leonard, and Harris80 reported the use of activated carbon 
to protect sensitive field crops against injury from a weed killer-
2,4-D (2,4-dichlorophenoxyacetic acid). In one of several experi­
ments, a field was sprayed with 2,4-D-1.3 pounds free acid equiva­
lent per acre. One-half of the plot was planted with sweet-potato 
sprouts that had been previously moistened and then dusted with 
activated carbon; the other half of the plot was planted with un­
treated sprouts. In the case of the untreated sprouts, only 2.5 % 
survived; whereas 95.0 % of the sprouts treated with activated carbon 
survived and produced plants that were normal in every respect. 
Weaver81 found that the toxic effect of 2,4-D on soybean, red kidney 
bean, white mustard, or marigold were eliminated or decreased by 
dusting or spraying activated carbon in aqueous suspension on the 
plants before the 2,4-D treatment. 
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chapter 7 

Evaluation of Activated 
Carbons for Liquid Systems 

I. INTRODUCTION 

There are no truly standard tests that can be applied to all the 
diverse situations to be encountered. About the most one can do is 
to become informed on the various existing procedures, and to have 
an understanding of factors that can affect the choice for a given 
situation!· 2 • 

3
• 

4
' 

5 
. 

A first step is to become acquainted with the terminology and 
conventional methods of presenting data.* Measured portions of 
the liquid to be treated are reacted with a suitable range of carbon 
dosages and subsequently filtered. The concentration in the filtrate 
is measured, and the change from the original concentration provides 
the basis for calculating the adsorption; that is, the amount of 
dissolved substance that has been removed and is held on the carbon. 

The concentrations can be measured by conventional analytical 
methods and reported in gravimetric units when the chemical 
identities of the solutes are known-as in the case of synthetic 
solutions and a few industrial products. But with most industrial 
products the purpose of using carbon is to correct undesired 
characteristics such as color and odor which are often a composite 
effect of ingredients of unknown identity. In such situations, the 
action of the carbon is reported as a percentage improvement over 
the original-e.g., percentage of decolorization (for an alternative 

• Details of laboratory procedures are described in Chapter 14. 
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expression, see 16: 2). This calculation, in turn, is amplified to show 
the dosage of carbon required to provide a desired improvement. 

Frequently the data are expressed in the units of the instrument 
employed to measure the property to be corrected. This can be 
illustrated by an experiment conducted to select a carbon for the 
decolorization of a process liquor. A finished color of 80 on the 

TABLE 7:1 

DECOLORIZATION OF A PROCESS LIQUOR 

Carbon 
Grade Dosage 

g/100 ml 
A 2.0 
A 1.S 
A 1.0 
B 2.S 
B 2.0 
B l.S 

2.!5. 

w 

" C g 2,0 • 

C 
z 2 1.5 • 
Ill: 
C u 

1.0 -

•0 70 80 

Residual color 
Reading on Colorimeter 

110 

65 
80 

IOS 
67 
80 

100 

100 120 

A&:SIDUAL COLOR 

FIG. 7: 1. ADSORPTION OF COLOR FROM AN INDUSTRIAL PROCESS LIQUOR 

Residual color expressed as color reading with Klett Summerson electro­
photometer (blue filter); carbon dosage expressed as grams/100 ml 

scale of the photoelectric colorimeter was desired. The data are in 
Table 7: I, and are plotted in Figure 7: I. Inspection of the graph 
discloses that a finished color of 80 was furnished by 1.5 grams of 
carbon A, and by 2.0 grams of carbon B. 

If, as so often is the case, current data are to be correlated with 
other data obtained at a later date-it becomes necessary to have a 
common denominator. A process liquor will seldom suffice because 
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few remain stable for a sufficient period of time to furnish repro­
ducible data. In industrial circles it has become universal practice 
to use the performance of a standard reference carbon as a basis on 
which to evaluate data on adsorptivity. The reference carbon is 
chosen arbitrarily and can be any carbon that provides adsorption 
within the range desired for the intended application. Thus for data 
in Table 7: 1, either carbon A or carbon B would be suitable. The 
use of a standard carbon to calculate the relative value of other 
carbons can be illustrated by arbitrarily selecting carbon A (Figure 
7: I) as standard and assigning it a relative efficiency ( R.E.) of l 00. 
The relative efficiency of any other carbon tested is calculated by 
the formula: 

RE= 100 Wt standard carbon to provide desired adsorption 
Wt test carbon to provide desired adsorption 

Using this formula, we find that for carbon B in Figure 7: I the 
relative efficiency (R.E.) is 75. 

Adsorption Isotherm 
The foregoing procedure will suffice to serve the needs of most 

general routine. In any fundamental study, however, it can be very 
helpful to know and fully understand a principle of measuring 
adsorption that is embodied in the Freundlich adsorption iso­
therm. 1 

• 
6 This isotherm expresses the fact that for data on adsorption 

TABLE 7:2 

BENZOIC ACID ADSORPTION• 
(Tests of 50 milliliter sample. Coa = 0.1500 gram) 

X 

Acid 
C adsorbed x/m 

m Residual Co-C Grams acid 
grams benzoic acid (expressed adsorbed per gram 
carbon (grams/SO milliliter in grams) of carbon 
0.0 0.1500 
0.2 0.0900 0.0600 0.3000 
0.4 0.0560 0.0940 0.2350 
0.7 0.0256 0.1244 0.1791 
1.0 0.0136 0.1364 0.1364 
1.5 0.0070 0.1430 0.0953 
2.0 0.0040 0.1460 0.0730 

a Co is the weiaht of benzoic acid in 50 ml of the oriainal solution. 
• From data of W. A. Helbig, 1n Colloid Chemistry. Edited by J. Alexander, Reinhold Publishing 

Corporation, New York, 1945, Vol. 6, p. 816; reprinted by permission of the c;opyright owners. 
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obtained at a uniform temperature, there is a mathematical correla­
tion between the quantity of substance adsorbed and the quantity 
that is left unadsorbed. The magnitude of the relation is specific 
and it varies numerically from one system to another. The relation­
ship is expressed in terms of concentrations (Table 7: 2). The 
unadsorbed concentration left in solution (expressed by the symbol 
C) is measured directly. The adsorbed concentration on the carbon 
is indicated by the symbol x/m, where x is the total quantity of 
substance adsorbed and m is the carbon dosage used. Hence x/m 
is the quantity adsorbed by each unit weight of carbon. 
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FIG. 7:2. BENZOlC ACID ADSORPTION ISOTHERM 

From W. A. Helbig, in Colloid Chemistry, (Edited by J. Alexander), 6:814 
(1946); reprinted by permission of Reinhold Publishing Corporation, New York. 

The isotherm is used in graphical form, plotting x/m against C. 
Arithmetic plotting may be used, but usually a logarithmic plot is 
employed, as shown in Figure 7: 2. With logarithmic plotting, the 
isotherm usually approximates a straight line: 

logx/m = log k + 1/n log C 

The equation is usually written: 

x/m= kC1'" 
in which 1/n represents the slope of the isotherm (see also 16: 2). 
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A real working comprehension of the utility of the adsorption 
isotherm is attained only through experience and continued applica­
tion, but the time and effort taken to gain such mastery are well 

'll 

-------~A 

B 

100 

C 
FIG. 7: 3. ADSORPTION ISOTHERMS (plotted logarithmically) 

C, concentration dye remaining in solution (mg/liter) 
x/m, amount of dye adsorbed (mg/g carbon) 

50 

1n 

C 
Fro. 7:4. ADSORPTION ISOTHERM (plotted logarithmically) 

C, concentration of dye remaining in solution (mg/liter) 
x/m, amount of dye adsorbed (mg/g carbon) 

worth while. An isotherm provides a panorama of the course taken 
by the adsorption of a system being studied, and a vast amount of 
data can be put into a concise form which can readily be interpreted 
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and evaluated by inspection. Thus when an isotherm is at a high 
level and has only a slight slope, as shown at A in Figure 7: 3, this 
means that the adsorption is large throughout the entire range of 
concentration studied; conversely, a similar slope isotherm at a 
lower level, as at B in Figure 7: 3, indicates proportionately less 
adsorption. Next, consider an isotherm having a steep slope, as 
shown in Figure 7: 4; this typifies an adsorption that is large at 
strong concentrations, but is much less at dilute concentrations. 

FIG. 7:S. AosoRPTION ISOTHERM (plotted logarithmically) 
C, concentration in ppm remaining in solution 
x/m, ppm adsorbed per g of carbon 

The relative efficiency of different carbons is in direct proportion 
to the x/m values measured at an identical concentration remaining 
in solution; and so, the isotherms afford a full view of the relative 
efficiency of carbons over the entire range of concentration studied. 
Thus, in Figure 7: 5, carbon H has twice the relative efficiency of 
carbon J at a residual solution concentration of 10 ppm; at a 
concentration of 30 ppm both carbons are equal; and at a residual 
solution concentration of 100 ppm, carbon J has double the efficiency 
of Carbon H. 

Isotherms disclose the potential utility of countercurrent use of 
carbon in a given application. It will be recalled that in counter­
current application, the once-used carbon after being filtered from 
the completely purified liquid, is re-used to bring another batch of 
untreated liquid to an intermediate purity. The capacity to do this 
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depends on the reserve adsorptive capacity of the carbon in the 
system under study, and this is revealed by the isotherm. 

Let us consider a process liquor containing 80 color-units and 
which is to be decolorized to a finished color of IO units (Figure 7: 6). 
When sufficient carbon is used to produce this decolorization in one 

e ..... 
>< 

40 

30 

20 

10 20 30 

C 

FIG. 7:6. ADSORPTION Of COLOR FROM CRUDE LACTIC ACID 

C, color units remaining in solution 
x/m, color units adsorbed/gram carbon 

20 80 

C 
FIG. 7:7. ISOTHERMS (plotted logarithmically) OF DECOLORIZATION OF A PROCESS 

LIQUOR BY CARBONS S AND R 
C, color units left in solution 
x/m, color units adsorbed per gram of carbon 
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step, each gram of carbon will hold 20 color-units, neither more nor 
less. If this carbon is then filtered off and re-used on another portion 
of the untreated liquor, this portion will be decolorized to an inter­
mediate color, e.g., 30 color-units. An inspection of the isotherm 
shows that the amount of color held by each gram of carbon simul­
taneously increases to 40 color-units-the increase being the reserve 
capacity. The correlation between the slope of the isotherm and 
reserve capacity is illustrated in Figure 7: 7; the reserve capacity is 
great for carbon R and is negligible for carbon S. In general, 
countercurrent application is most successful when the isotherm is 
steep and when more complete removal of contamination is 
desired. 2 

• 
3 

• 
4 

2. SELECTING AN ACTIVATED CARBON 

First of all it must be recognized that a customer is not buying 
x pounds or tons of activated carbon as such, and moreover he has 
no inherent interest in abstract data. His interest is in knowing 
what carbon can do to improve his process and product, and at what 
cost. All this can be gauged only by a study of performance con­
ducted with the process liquor. 

TABLE 7:3 

CHARACTERISTICS OF ACTIVATED CARBON 
THAT MAY REQUIRE CONSIDERATION FOR 

SOME PRODUCTS AND PROCESSES 

Density 
Particle size distribution 
Porosity 
Surface area 
Filtration rate 
Wettability 
Dustiness 
Ignition temperature 
Electrical conductivity 
Oil retention 
Moisture 
pH 
Total ash 
Water-extractable inorganics 

Acid-soluble inorganics: 

Content of 
Sulfur 
Sulfides 
Sulfates 
Phosphates 
Chlorides 
Iron 
Copper 
Zinc 
Calcium 
Magnesium 
Silica 

In view of the specific affinities that exist in liquid systems, the 
only certain way of getting the best carbon for the job at hand would 
be to study the performance of all available commercial grades. 
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Limitations of time and facilities, however, usually restrict the study 
to grades that offer greater promise. A rough screening can be made 
by consultation with suppliers, and for this it is not necessary to give 
details that might disclose trade secrets. Usually, it will suffice to 
outline the general objective; that is, whether the treatment is to 
correct odor, color, colloids, or other characteristics that can be 
broadly defined. If and when the molecular size of the contamination 
is known, information on the pore size distribution of a carbon can 
be helpful and this can be furnished by the carbon supplier. 

In asking suppliers for samples of carbon, it is well to specify 
requirements on any properties such as those listed in Table 7: 3. In 
so doing, one should avoid imposing specifications that are needlessly 
restrictive. If a moderate amount of inorganic substances can be 
tolerated, it would be unwise to insist on a low inorganic content 
which would add to the cost and possibly exclude grades that 
furnish needed adsorptive powers. 

Similar observations could be made of the other properties listed 
in Table 7: 3. In some situations, specific circumstances make it 
practical to predetermine whether batch-contact or continuous 
percolation in columns will be employed; otherwise both granular 
and powdered carbons should be included in the preliminary survey. 

Screening Tests 

When the suppliers submit more samples of carbon than can be 
included in a full study of performance, it is necessary to screen out 
those with less potential. There is no certain way of doing this that 
does not involve the risk of excluding some very useful carbons. But 
for most practical ends, a broad spectrum or general-purpose 
screening test can be helpful. Two such tests are: the iodine test, and 
the molasses test (see 14:4). To simplify the discussion we shall 
express the findings of these tests as the M-RE (Molasses Relative 
Efficiency) and the I-RE (Iodine Relative Efficiency). 

In general, the I-RE will show the relative utility of the different 
grades of carbon for situations that involve taste and odor; and the 
M-RE is useful for rough screening when large molecules, e.g., color 
or colloids, are to be removed. The M-RE data must not be inter­
preted narrowly because a carbon having only a moderate M-RE 
may have specific properties of great value for a particular process. 
Hence, if it is practicable, a study should include carbons with an 
average M-RE, and especially those in a lower price bracket. 
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In some applications, one single grade of carbon will stand out as 
furnishing superior purification. More often, several types of carbon 
will be found satisfactory, and in this case the judgment will be 
readily influenced by such factors as rate of filtration, wettability, 
available technical service, and the price per pound (Table 7: 4). 

TABLE 7:4 

TYPICAL DELIVERED PRICES FOR ACTIVATED CARBON 
CLASSIFIED ACCORDING TO APPLICATION• 

Application 

Municipal Water Purification 
Industrial Water Purification 
Beet Sugar 
Cane Sugar 
Corn Sugar 
Dry Cleaning 
Electroplating 
Fats and Oils 
Pharmaceuticals 
Reclaimed Rubber 
Air Conditioning and Purification 
Catalyst and Catalyst Carriers 
Gas Masks 
Gas Purification 
Gas Separation 
Solvent Recovery 

Typical Price or Price Range 
(cents per pound) 

Powdered Granular 
7-9 

25-50 
13 

11-17 30 
II 28 
40 
18 33 

11-30 
15-40 30 
10-15 

60-80 
40-100 

45 
75 

43-60 
60 

• From thesis by Richard H. Parry. December 1961; repnnted by permission of Department of 
Mineral Econom,cs, Pennsylvania State University, 

3. QUALITY CONTROL 

After making a decision on the type of carbon to be purchased, 
the buyer must reach an understanding with the supplier on measures 
to ensure that the quality of carbon in all deliveries will equal that 
of the trial lot. Specifications can readily be framed for physical 
and chemical properties such as ash, density, mesh size. Arrange­
ments for measurement of adsorptive powers will be governed by 
traits and characteristics of each individual system. 

With many industrial products that are treated with carbon, large 
variations occur in the quality of the source materials; and by 
comparison, the variations in quality of carbon appear negligible. 
For many situations, shipments of satisfactory carbon can be assured 
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by specifications based on an appropriate test solution; that is, a 
requirement that deliveries match the I-RE or M-RE of the trial lot. 

The foregoing arrangement will guard against irregularities in 
over-all adsorptive power which would result in some batches being 
above standard and others below. This procedure, however, will 
not reveal an imbalance that can occur when all batches of a grade 
of carbon do not have a consistent assortment of adsorptive affinities; 
and as a consequence some batches may lack a specific affinity 
needed for a particular product being processed. 

To safeguard against such a situation arising, _a first step can be 
taken after a grade of carbon has been tentatively selected for 
purchase. For this, a laboratory study is conducted in which the 
process liquor is treated with different batches of that grade of 
carbon; this will disclose whether special quality controls are needed 
to ensure trouble-free shipments. 

For products and processes that require rigid control of uniform 
quality of carbon, the process liquor itself would appear as a logical 
yardstick for deliveries; but process liquors are seldom the same 
from day to day, and few have the keeping qualities needed for 
reproducible data. But even where the problem of instability does 
not intervene, other considerations rule out any general use of 
processing liquors for quality control. Obviously, if carried out for 
many customers, it would create a complex testing schedule for the 
supplier; and unless numerous grades were carried in inventory, the 
buyer would be faced with frequent delays in obtaining deliveries. 

Another suggested approach is based on an assumption that all 
variance in quality of carbon could be avoided if the manufacturer 
would at all times adhere to identical conditions of activation, and 
by that means produce uniform quality. But that is easier said than 
done. In the manufacture of activated carbon it is indeed an art to 
maintain all adsorptive affinities at a uniform ratio in every batch. 
Much depends on the skill of the operator in providing the appro­
priate environment for activation, in knowing how to keep the 
variable factors in tune. Even with long experience supported by 
full instrumentation and operating controls, the activation environ­
ment will get off the beam from time to time, with consequent ill 
effects on the ensuing batches of production. By instituting a 
suitable program of quality control, a prompt warning signal can be 
given whenever the quality departs from the norm. 

This brings us to the matter of quality control as practiced by 
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industrial producers. Manufacturers will use those tests that reveal 
utility, and the utility is gauged on a pragmatic basis, namely, 
suppliers select the tests that result in the fewest complaints from 
customers. 

The molasses test, M-RE, is perhaps one of the most widely used 
tests, and in some earlier days was the only control test used in the 
manufacture of many brands of decolorizing carbons. At that time 
many assumed that when a batch of carbon attained a desired 
M-RE all adsorptive powers would be uniformly developed; and 
based on a general absence of customer complaints such a conclusion 
seemed to be justified. Incidents in more recent years have led to a 
modification of that earlier view. It is now recognized that the 
M-RE does not mirror every mutation and deviation in the activation 
environment; and some deviations that do not affect the M-RE can 
and do alter other adsorptive powers. Consequently, a carbon may 
have a satisfactory M-RE and still be deficient in certain other 
affinities that can be essential for the purification of a particular 
product. 

Multiple Tests 

Consequently, with shipments to customers who require adsorptive 
powers not disclosed by the M-RE or by any other single test in use, 
it becomes necessary to include appropriate additional tests in the 

TABLE 7:5 

RELATION OF M-RE AND I-RE TO DECOLORIZING POWER 
OF ACTIVATED CARBON ON DIVERSE PROCESS LIQUORS 

Carbon Decolorizing efficiency on coded 
batch M-RE I-RE proce5s liquors 

AA BB cc DD EE FF 
I 100 100 Good Good Good Good Good Good 
2 100 100 Good Good Good Good Good Good 
3 100 100 Good Good Good Good Good Good 
4 100 100 Good Good Good Good Good Good 
5 100 80 Good Good Fair Fair Good Fair 
6 100 60 Good Fair Fair Poor Fair Poor 
7 80 60 Fair Fair Poor Poor Poor Poor 
8 80 100 Fair Fair Fair Fair Fair Good 
9 60 100 Poor Poor Poor Fair Fair Fair 

Good repre,,.,nts over 90% efficiency 
Fair represents 7 5 to 90 % efficiency 
Poor represents less than 75 % efficiency 
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routine of quality control. The benefit of employing more than a 
single test is illustrated by the data in Table 7: 5. All the carbons 
having both good M-RE and good /-RE were uniformly satisfactory 
for all the applications tested, but each test considered by itself 
failed to give a reliable picture. Thus carbons with a good M-RE 
but a poor I-RE gave good results on some products but not on all; 
and a high I-RE had little significance except when joined with a 
high M-RE. 

The ability of different control tests to mirror different types of 
adsorptive power is a primary consideration in the selection of the 
tests to be included in a multiple program. It must be kept clearly 
in mind that when more than a single test is used, each additional 
test should be such as will catch deviations not detected by the other 
control tests in use. The selection can be based on a laboratory 
study in which a variety of synthetic test solutions are reacted with 
different batches of the grade of carbon under study. 

When suitable multiple control tests have been selected, all batches 
of production going to critical customers should be so tested. 

In some manufacturing operations, batches of product that are 
sub-standard are blended with batches of high quality. When this is 
done it is important to recognize that all adsorptive affinities may 
not be brought to the desired standard of quality. This aspect is 
illustrated in the data in Table 7: 6; mixing equal parts of batches 
# 033 and # 037 gives an average M-RE of 100, which is equal to 
the standard; but this same blend will have an average I-RE of 80 
and this is below the standard I-RE. All this must be considered 
when making shipments to customers that have rigid specifications 
for quality. 

TABLE 7:6 

DATA ON BATCHES OF CARBON SUBMITTED FOR BLENDING 

Batch 
#033 
#037 
Reference standard 

M-RE 
80 

120 
100 

Control of the Activation Environment 

I-RE 
60 

100 
100 

Thus far we have considered synthetic test solutions solely as a 
means for classifying finished product, and for providing trouble-free 
shipments. But synthetic test solutions can be of great utility in 
establishing and maintaining a proper activation environment. 
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Activation of carbon is an art; the significance of this concept is 
illustrated in an analogy; namely, pyrometers, flowmeters, heaters, 
burners, and other tools for activation are analogous to orchestral 
instruments in that both need performers and a guiding score to 
make them effective. 

The score for conducting the activation of carbon is found in 
experiences, both planned and unplanned. The unplanned experi­
ences are gained by close attention to the influence of factory 
operating conditions on the adsorptive power, but such information 
is often fortuitous and fragmentary. More nourishing data can be 
gathered by a systematic research in which deliberate changes are 
made in the activation environment. The effects of such changes on 
the carbon being processed are measured with test solutions. When 
adequate data have been assembled, it becomes possible to discern 
the types of adsorptive power created by specific conditions of 
activation. This know-how can be useful when a batch of production 
fails to meet specifications on one or more test solutions. In such a 
situation, a comparison with data taken from the record of research 
will often identify and locate the faulty operating conditions and 
point the way to corrective measures. 

The foregoing approach can have great utility to activation on 
an industrial scale, but it would be unfortunate to give the impression 
that the interpretation of the data is easily mastered. Problems arise 
from varied factors. First of all, in order to examine all diverse 
properties of the carbon being processed, the study may include so 
many test solutions that the total data, on initial inspection, may 
appear more confusing than informative. Some situations are 
further complicated by the fact that a particular type of adsorptive 
power may be created by more than one set of activating conditions. 
Therefore when some properties of the finished carbon are off 
normal, this may be not a consequence of a deviation in any single 
factor but rather a resultant of several factors. Still further, activated 
carbon has a "memory" and the prior history, e.g., the manner of 
carbonization, can influence the way in which a_ char responds to 
subsequent activation. 

It is not surprising that even the veteran operator will not always 
be able to pin-point the source of a difficulty. But, given adequate 
and appropriate test solutions, he can narrow the field of view 
and shorten the time needed to restore normal operation and pro­
vide production of standard quality. That all this can be done is 
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demonstrated in the experience of long-established manufacturing 
operations. 

Flexibility in Testing Procedures 
Testing and evaluation procedures, when established as part of the 

operating routine, must never be regarded as immutable or per­
manent. The true function of synthetic test solutions must be kept 
in mind at all times. Synthetic tests have no inborn worth; instead 
they acquire utility to the extent t~at they mirror the needs of the 
markets being served. And as new processes and products enter the 
market place, some of them will call for activated carbons with new 
and different forms of usefulness. And some of these new needs will 
in turn call for appropriate new test procedures. 

Case History of the Development of Testing Procedures 
The way in which testing methods keep in touch with changing 

market patterns is illustrated by excerpts taken from the history of 
the original process for making activated carbon in America. The 
source material for that process was black-ash residue, a waste 
product from the manufacture of soda pulp. Although this early 
activated carbon had much less adsorptive power than brands of 
today, it was found useful for decolorizing coconut oil, phosphoric 
acid, and other industrial products. Complaints were received from 
customers stating that the quality was uneven, and as these com­
plaints became more frequent it was necessary to institute quality 
controls. 

For this program, the caramel test as described in some scientific 
literature of the time was adopted. Events proved this to be a bad 
choice because the adsorption of caramel had very little relation to 

• the utility of carbon for decolorizing the products being purified: 
Two batches of carbon would be equal for adsorption of caramel, 
but be very unequal for decolorizing coconut oil or phosphoric acid. 
As the caramel test did not decrease the customers' complaints, the 
next step was to pre-test each batch of carbon on the various pro­
ducts for which a market then existed. This eliminated complaints 
but created a burdensome testing program, particularly when· the 
market later expanded to include an increasing number of products. 

A search to simplify the testing program resulted in the invention 
of a test solution in which an oil-soluble dye, Sudan lll, was dis­
solved in kerosene. 7 The use of this test restored good customer 
relations, and the test became a useful production guide that led to 
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improved manufacturing methods and an elevation of the quality of 
the activated carbon. A steady improvement in the adsorptive 
properties led to a decision to enter the sugar-refining field; but it was 
found that the Sudan Ill test did not measure the decolorizing power 
for sugar syrups. Following this discovery, the molasses test which 
had long been used for evaluating bone char was adopted. This 
test proved helpful not only to advance the quality of the carbon for 
sugar refining, but also to contribute to the development of carbons 
suitable for many newer products. The molasses test (M-RE} has 
continued in use, and provides a broader spectrum of decolorizing 
power than any other single test thus far devised. 

Shortly after 1920, a project was undertaken to recover iodine 
from petroleum brines; this required a carbon that has not only a 
good M-RE but also adequate adsorptive power for iodine. To aid 
in developing a ~itable carbon, the iodine test (I-RE) was included 
in the study of activation conditions. 

A new type of situation arose with the use of carbon for potable 
water supplies. It was soon recognized that decolorizing properties 
as measured by the M-RE would be needlessly costly because they 
have no direct value for removing tastes and odors from water 
supplies. A search for a test that would reveal the power of a 
carbon for removing taste and odor resulted in the phenol test. 
This made it practicable to produce carbons that not only were more 
effective for control of taste and odor but also could be manufactured 
at a much lower cost. All of this contributed much to great sub­
sequent expansion in the use of carbon for potable water supplies. 

Thus far the story has been a recital of successful experiences, but 
for future guidance it is well to mention one of the less fortunate 
ones. Activated carbon was used with apparent success in the initial 
manufacture of streptomycin, but at times the operation was marred 
by low recovery of streptomycin. This was traced to several factors, 
one of which was an uneven quality of the carbon delivered. Un­
fortunately, the nature of the unevenness could not be identified or 
measured by any of the synthetic tests solutio~s then in use; and 
before suitable tests could be developed the manufacturers of 
streptomycin had turned to other methods of processing. The 
experience was unfortunate, not only because a large and valuable 
market was lost but also because the episode appeared to cause a 
waning of interest of research groups in exploring the potential use 
of activated carbon for the production of other antibiotics. 
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Future Testing Procedures 
The question arises: Is it possible to anticipate and be prepared for 

such situations? Obviously we cannot know in advance the identity 
of the processes and products that will appear in the future, nor of 
the specific properties they will require of carbon. But we do know 
that many forms of usefulness have their roots in adsorptive powers 
that can be detected and measured by appropriate synthetic tests. 
Consequently, experiences such as that with streptomycin suggest a 
need to invent new tests that will measure properties not revealed by 
existing tests. Such new tests could unfold previously unrecognized 
properties of activated carbon. 

Research should continue to learn ways and means by which new 
types of adsorptive power can be created, which should include both 
new methods of activation, and modifications in the environment of 
established operations. If and when a distinctive new grade of 
carbon is developed, batches of experimental size can be prepared 
for receptive research groups. Should any such experimental 
carbon be found especially useful for an application, old or new, 
information would be at hand to know proper methods of manu­
facture and quality control, and also to evaluate the economic 
potential. Interestingly enough, activation processes, that are more 
difficult to keep on the beam in normal operation, for that very 
reason contain a flexibility that may be useful for meeting the varied 
needs of diverse markets. 

REFERENCES 
I. Deitz, V. R., Bibliography of Solid Adsorbents, United States 

Cane Sugar Refiners and Bone Char Manufacturers and the 
National Bureau of Standards, Washington, D. C., 1944. Ab­
stracts of the scientific literature on adsorption. 

Supplementary volume published in 1956. 
2. Sanders, M. T., Ind. Eng. Chem., 20:791 (1928). 
3. Counter Current Handbook, Darco Corp., New York. 
4. Helbig, W. A., in Colloid Chemistry (J. Alexander, Editor), 

Vol. 6, p. 814; Reinhold Publishing Corp., New York, 1946. 
5. Manufacturers and suppliers have available literature. 
6. Freundlich, H., z. physik. Chem., 57:385 (1907)-and 

Losev, G., ibid., 59:284 (1907). 
7. Wickenden, L., and Hassler, J. W., Ind. Eng. Chem., 8:518 

(1916). 
Exhibit 1025 

Norit Americas, Inc. v. Calgon Carbon Corporation 
0184



chapter 8 

Manufacture of Activated 
Carbon 

I. GENERAL 

In discussing the manufacture of activated carbon it is important 
to keep in mind that the term activated carbon comprises a family of 
substances. None of tbe members.of th~J!3:!T!ily is characterized by a 
definite structu°i-al formula nor can any be ~epa.ra-teiy. identified by 
chemical analysis. Our only basis for differentiating is by adsorptive 
and catalytic properties. As is well known, carbons from such 

TABLE 8: I 

SOURCE MATERIALS THAT HAVE BEEN STUDIED 
FOR THE PRODUCTION OF ACTIVATED CARBON 

Bagasse 
Beet-sugar sludges 
Blood 
Bones 
Carbohydrates 
Cereals 
Coal 
Coconut shells 
Coffee beans 
Corncobs and corn stalks 
Cottonseed hulls 
Distillery waste 
Fish 
Flue dust 
Fruit pits 
Graphite 

171 

Kelp and seaweed 
Lampblack 
Leather waste 
Lignin 
Lignite 
Molasses 
Nut shells 
Oil shale 
Peat1 

Petroleum acid sludge 
Petroleum coke 
Potassium ferrocyanide residue 
Pulp-mill waste 
Rice hulls 
Rubber waste 
Sawdust 
Wood 
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different source materials (Table 8: I), and/or prepared by dissimilar 
activation processes, will have dissimilar assortments of adsorptive 
properties (Table 8: 2). We do not know the full significance of the 
variations; tentatively we can assume that they typify different varieties 
of activated carbon-different members of the family. 

TABLE 8:2 

SPECIFIC ADSORPTIVE POWER OF DIFFERENT 
ACTIVATED CARBONS IN AQUEOUS SOLUTION* 

Carbon Methylene 
codea blueb Phenol< Jodined Molasses• Caramel• 

A 0.84 1.35 0.65 0.8 1.3 
B 0.74 1.24 0.59 0.6 0.9 
C 0.70 1.30 0.57 I.I 1.6 
D 0.37 0.60 0.36 0.7 1.2 
E 0.30 0.60 0.32 0.6 1.3 
F 0.44 1.20 o.ss 0.2 0.4 
G 0.83 0.83 0.39 1.0 1.0 
H 0.73 0.57 0.37 I.I 1.0 
J 0.50 1.60 0.59 nil nil 

a) The carbons in this code do not necessarily correspond to carbons appearing with similar 
code letters tn other tables. 

b) Milhmoles adsorbed per gram carbon at an equ1hbrmm concentration of 0.1 millimole per 
liter. 

c) M,llimoles adsorbed per gram carbon at an equihbrium concentrauon of 1.0 milhmole per 
Iller. 

d) Grams adsorbed per gram carbon at an equihbr,um concentration of0.127 gram per hter. 
,) Color units adsorbed per gram carbon at 90 % decolorization. 

• Data from Ind. Eng. Chem. 37 • 645 (1945); reprinted by perm1ss1on of the American Chemical 
Society. 

Just how many varieties exist is uncertain. [he data on adsorption 
of different carb_g}!H.o.uld.s.uggest-the existenceg!..vei:-.y.many.varieties, ~----·-
but this is not nece~~arHY so. ThCL!ii!uatio.n. _mJly__ be an!UQgQJJ.s.,Jo 
thaToTcoToi;-in. ~hf~h a few primary coloi:s can be blended to furnish 
ah mfinitevariety_of-hues and.shades. Similar!)'.,~:~~¥- va~i~tions 
in iiosorptive characteristics revealed in different carbon~-- rooy be 
~ __ differel'.1~- permutatipns o"r" -a rela_tiye]y _ few basil; adsorptjve 
proper_ties..--

Du~ing the first half of this century, many factories were built in 
Europe and America to manufacture commercial brands of activated 
carbon. A number of different source materials and activation 
processes were used; consequently the various brands furnished 
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many forms of adsorptive power. Many of the operations did not 
long survive, and today only a few remain. The shrinkage in 
numbers was inevitable because the market was never of sufficient 
size to support more than a fraction of those that started. 

It can be helpful to those that may contemplate entering the 
manufacturing field to have some knowledge of factors that caused 
the demise of the less successful past endeavors. For the most part 
we lack knowledge as to the exact cause of the fold up of any 
particular unit, but in some instances we can deduce the probable 
reason from circumstantial evidence. Thus the reason is obvious 
with those carbons that lacked the adsorptive properties needed in a 
specific industrial application. Equally obvious is the cause of 
failure of those brands that were priced out of the markets they 
might have served. Some operations failed because the costs of 
source materials and processing were unsuitably high. And there 
were those that because of inadequate testing procedures were 
unable to furnish customers with consistent and uniform quality 
in all shipments. Several operations arrived too early, and at least 
one arrived too late. One of the less obvious causes of failure can 
be traced to a lack of "market know-how". An activated carbon­
no matter how good-cannot be successfully bought and sold as a 
commodity through brokers. Instead it must be viewed as a specialty 
that requires trained technical personnel to provide effective sales 
and service. 

A more positive insight for newcomers may be gleaned by con­
sidering the characteristics of the manufacturing units that have 
survived. It is significant that each of the current manufacturers 
in America uses a different source material and employs specialized 
methods of processing. Some of the commerical brands are, to a 
degree, interchangeable for some applications; but each brand has 
distinctive properties that render it much more suitable for specific 
applications. From this it would appear that the market does not 
readily support more than one unit to manufacture each type of 
activated carbon. It is true that many customers would welcome 
a second source of supply, but it is doubtful that the spill-over 
would be very sustaining to the newcomer; particularly because 
the veteran operator has learned skills and know-how that are not 
readily or quickly acquired. And although many patents have 
expired and may now be freely used, it is one thing to copy a patent 
as written and quite different to copy it as now practiced. 
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It is perhaps meaningful that the latest entry in recent years into 
the manufacture of activated carbon in America developed a type 
and form of carbon that furnishes a utility not previously available. 
From this we might deduce that opportunities await new types of 
carbon. The catch here is that the new types must not only provide 
new forms of usefulness but also serve a new market of sufficient 
size to support the undertaking. Few are given the crystal ball for 
this. 

This chapter is not planned for use by manufacturers-that would 
be carrying coals to Newcastle. Although the current user of 
a~tivated carbon may not need detailed information on methods of 
manufacture, a general understanding can be very helpful. The 
production of activated carbon is more than the creating of adsorp­
tive properties; those properties must be transmuted into profitable 
work by the user who must select the appropriate type of carbon. 
A knowledge of manufacturing processes can aid the potential user 
in assessing the possibilities of finding a suitable carbon and the 
direction in which to search for it. 

It is commonly said that most carbonaceous substances can be 
converted into an activated carbon, but this is true only for certain 
types of adsorptive powers. An ability to adsorb phenol or iodine 
can be created on chars from most source materials and this can be 
done by very simple processing. But for many applications, e.g., 
sugar refining, special activation processing is needed. Certain source 
materials seem inherently suitable for some applications: coconut 
shells yield a strong, dense carbon suitable for vapor adsorption; 
bones are readily converted to a char for s:ugar refining. The 
inherent characteristics of a source material, however, may some­
times be modulated by appropriate processing. 

Numerous methods of activation are described in the scientific 
literature,1 • 2 • 

3
• 

4
• 

5 and hundreds of patents have been issued 
covering specific procedures. 6 • 

7 But for the greater part, the various 
activation processes are but different mutations of a basic procedure, 
namely, pyrolysis (carbonization) of the source material-a stage that 
is usually but not necessarily followed by a stage of controlled 
oxidation. 

Carbonization 

TJJe stage .QL.£filbunizationjs usua)Jy conducted in the absence.of 
air. Chaney8 and others report that temperatures below 600° C are 
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p~ferable in _orcl~I-""-- !!'~~.,._-____ -·:':"·~----7'~-;- _ )r _a~tivation by 
steam, but this is not an invariable rule.9

• 
10 LJYICBain11 produced an 

acfivaied- carbon-from-sugar carboniz~d at 900° C. In a study using 
anthracite coal, carbonization conducted at 850° to 900° C in an 
atmosphere of steam resulted in a more porous structure and one 
tifat could be more readily activated. 12 J 
LDecolorizing types of carbon are more readily produced from 

source materials that contain suitable mineral ingredients.] Bones 
are a typical example. The preparation of bone char is a relatively 
simple process: The bones are crushed and degreased, then car­
bonized and ignited in the presence of limited quantities of air. 
Substances such as wood, which are <;omparatively free of mineral 
constituents, can yield a decolorizing carbon by carbonization alone 
if suitable inorganic substances are incorporated. 

Carboniza1ion wfth Metallic Chlorides 

[ Dehydrating salts-calcium chloride, magnesium chloride, 
and zinc chloride-have been utilized with considerable 
success.'· 6 • 

7 
• 

14
• 

15 
• 

16
• 

17
•

18 Calcium and magnesium chlorides were 
among the first to be successfully used; in this process, the wood, 
cellulose, or peat is mixed with I to 6 parts of the salt, together 
with sufficient water to wet the entire mass thoroughly, after which 
it is dried and carbonized at temperatures that have been variously 
reported as between 400° and 900° C. 

Of greater industrial utility is the zinc chloride process that has 
been extensively used in Europe. In this, 0.5 to 4 parts of zinc 
chloride in the form of a concentrated solution are mixed with one 
part of pulverized peat or sawdust. In some operations, hydrochloric 
or phosphoric acid is also added. After drying, the mixture is heated 
in a brick-lined rotary kiln at 600° to 700° C-although temperatures 
from 400° to 900° C are also reported. The finished carbon is 
washed with water and acid, and provision is made for recovery and 
re-use of the zinc salts.1

•
4

'
15

• 
16 

Decolorizing power is promoted by using a greater ratio of zinc 
chloride to sawdust or peat. J 
Activation with Oxidizing Gases 

Although carbons prepared under suitable pyrolysis conditions 
are used without further processing for some applications, 13 more 
often the char is subsequently subj.e.c.te.d_Jg_the action of oxidizing 
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agents-steam, air, carbon diqxide-at _ elevated temperatures. 
1 ;o,"'1";"T9, 20, 2 I, 22 

H2O + Cx- H2 +CO+ Cx-1 (at 800°-900° C) 
or 
CO2+ Cx - 2CO + Cx- 1 (at 800°-900° C) 

or 
Ci + Cx-2CO+ Cx-2 

or 
02 + Cx-CO2+ Cx-1 

(at 800°-900° C) 

(below 600° C) 

In ~ivation by oxidation,_ the kind of adsorptive powers de-
velQpe_d are determined by: 

I) the chemical nature and concentration of the oxidizing gas23 

2) th_e temperature of the reaction 
3) the extent to which the activation is conducted 
4) the""i~~unt and kind of mineral ingredients in the char. 
In any discussion of proper conditions we must always keep in 

mind that optimum conditions are specific for each situation and to 
a !a_rge degree-·depend on prior.history of the char. Thus the 
optimum e_nvironment for oxidadou··for a char prepared with zinc 
chloride will not be the same as that for a char formed by roasting 
wood with an alkali. ln other words, preparatory stages leave an 
imprint that affects each succeeding stage of processing. This we 
describe by saying that "carbon has a memory". 

For the activation of many types of chars, steam is preferable to 
carbo~. 9io2(i9~,.!lPQ __ mucµ better th~n ;tir.,(Table 8: 3). Will:!. steam;· 

.,.._._ ..... 

TABLE 8:3 

ADSORPTION BY ACTIVATED PINE WOOD CHAR 

Activation conditions Substance adsorbed, g/g carbon 
Gas Temperature Chryso- Ponceau R Aniline lodine 

Air 
Air 
Air 
Air 
Air 
Steam 
Steam 
Steam 
CO2 

oc 

600 
740 
790 
860 
910 
770 
825 
880 
880 

idine R Blue 

0.34 
0.16 
0.15 
0.14 
0.13 
0.37 
0.37 
0.36 
0.32 

0.10 
0.08 
0.08 
0.08 
0.10 
0.19 
0.17 
0.16 
0.12 

0.05 
0.05 
0.06 
0.06 
0.06 
0.16 
0.17 
0.21 

All processes of activation conducted to 30% yield based on weight of original char. 
Adsorption evaluated at an equilibrium solution concentration of0.10 g/liter. 

0.36 
0.40 
0.42 
0.42 
0.40 
0.60 
D.60 
0.62 
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th~Uemperature 9f actjvation must be high_ enough to provide a 
reasonably rapid r_?te_of o:,cjdation, b_ut temperatures above 1000° C 
are to be - av-~id;d because they_ impair. adsorptive po~~rs. Some 
adsorptive powers, such as for iodine and phenol, develop equally 
well over a wide range of temperature, whereas other adsorptive 
powers, such as for molasses, may develop within a narrow range of 
temperature. The optimum range is often modulated 13Y character­
istics of the ch.arbeuiiprocessed. -thus, to produce al>Jecolorizing 
carbon from anthracite roasted with alkali it was ,qecessary to lower 
the temperature of steam-activation to 750° C. 12 J 

ActiYation __yvJUt caro_ou dioxide is conducted ..at WJTI~rom 
800° to 900° C. ~~~~i~n _Vl'itl_l a_i_r iny~l_y~s iu1 _e:,cQthermic _reaction 
and measures ~t_-~e take~_ JQ J~_~p .1.he.Jemperature from rising 
above proper limits--:-u~ually _n_9j ()Ver 600° C. Actjvation witl}_air 
is seldom. very" practicable except for certain chars such a-~ those 
prepared by roasting lignin or sawdust with an alkali. For such a 
char, air at 600° C will provide decolorizing power eqUjll to that 
from steam at 800° to 900° C (Table 8 : 4 ). 

TABLE 8:4 

ADSORPTION BY ACTlVATED LIGNlN CHAR 

Activation conditions Substance adsorbed 
Gas Temperature Chrysoidine R Ponceau R Methylene Molasses 

Air 
Air 
Steam 

c0 Blue Color 

600 
840 
840 

0.34 
0.21 
0.36 

0.33 
0.10 
0.24 

0.23 
0.14 
0.29 

1.6 
0.5 
1.4 

Lignm char prepared by carbonizing equal parts of lignin and sodium hydroxide. Char washed 
before activation. 

Molasses adsorption based on color units; adsorption of dyes expressed as g/g carbon at an 
equilibrium solution concentration ofO.IO g/hter. 

Even greater decolorizing power can be developed on alkali­
roasted chars if they are given a brief activation with steam at 
800° C, followed by further activation with air at 500° to 600° C 
(Table 8: 5). Curiously enough, this two-stage activation procedure, 
which is so effective for alkali-roasted chars, is of no practical value 
for other chars thus far studied. 

When proper activation conditions are provided, the oxidizing 
action of the activating gases does not consist of an indiscriminate 
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removal of successive layers of atoms from the surface. Instead, the 
oxidation selectively erodes the surface so as to increase the surface 
area, develop greater porosity, and leave the remaining atoms 
arranged in configurations that have specific affinities. All adsorptive 
powers do not develop simultaneously nor at a uniform rate. Some 
develop during the initial period and then cease to increase further. 

TABLE 8:5 

ADSORPTlON BY SPECIALLY PREPARED WOOD CHAR 
ACTIVATED IN TWO SEPA_RATE STAGES 

Activation cohditions 

First stage Second stage 

Steam at 800° C 
Steam at 800° C 
Air at 550° C 

Steam at 800° C 
Air at 550° C 
Air at 550° C 

Substance adsorbed 
Aniline Molasses 

Blue Color 

0.12 
0.22 
0.15 

I.SO 
1.70 
I.SO 

Char prepared by boiling wood chips in caustic soda solution, and then carbonizing chips at 
600° C. Char was washed with acid before activation. 

Molasses adsorption base\! on color unit scale; adsorption of Aniline Blue expressed as g/g 
carbon al an equilibrium solullon concentration of0.10 g/liter. 

Certain adsorptive powers develop only during late stages of 
activation; whereas still others show a rather consistent rate of 
increase throughout the entire period of activation (Figures 8: I 
and 8:2). 

>, 
.µ 
~ 

'.i: 100 

"' ., 
,:J 

(I) 

> 
P 50 
P. ,.. 
0 
<ll 

•tj 

< 
/ 

- - -Malachite lireen 
-- ------ Jllethylene blue 

Aniline Blue 

10 60 

'l'ime of activation, minutes 

flO. 8; l. RATE OF DEVELOPMENT OF SPECIFIC ADSORPTIVE CAPACITIES DURINO 
STEAM-ACTIVATION OF A CHEMICALLY TREATED PEAT 
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The steam-activation procedure can be conducted very satis­
factorily in the laboratory, but many difficulties attend the industrial 
application of the process. Numerous patents cover methods of 
surmounting the large-scale difficulties, and of (hese, typical ones 
will be discussed.4

• 
24 

~ mol;;sses color 
o ~ethylene Plue 
• phenol 

°' 
~::--,g---tr-A 

. 
,. 

A 

10 
Time of Rctivation, minutP~. 

.'30 

FIG. 8:2. RATE OF DEVELOPMENT OF SPECIFIC ADSORPTIVE CAPACmES DURING 
STEAM-ACTIVATION OF CHEMICALLY TREATED SAWDUST 

Early processes employed externally heated vertical tubes con­
taining the char, the activating gas being admitted at the bottom 
and passing upward. Batch activation was first attempted but was 
abandoned when it was found that only the portion of the carbon 
near the entering gases became activated. The reaction 

H20 + C = H2 + CO 

reaches equilibrium rapidly, after which no further reaction occurs. 
To extend the zone of oxidation, it became desirable to admit 
additional quantities of activating gases at several points at success­
ively higher levels in the tube. Subsequently, the process was 
improved by being made continuous, the carbon moving downward 
countercurrent to the upward-moving gas stream. The exit gases 
which contain carbon monoxide and hydrogen can be subsequently 
burnt to superheat the intake steam, or to aid in carbonizing the 
source materials. 

The reaction between carbon and steam or carbon dioxide is 
endothermic; i.e., it has cooling effects which may be compensated 
by heat applied to the external surface of the activation tubes. This 
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method is only partially successful because carbon is a poor thermal 
conductor and the temperature falls rapidly in passing to the center 
of the tube. To some extent, this is offset by convection currents in 
the moving gases, and the situation is also ameliorated by designing 
the tube so as to be narrow in one dimension of its cross section, 
i.e., of oval shape. Some air can be admitted to provide an exo­
thermic reaction at the expense of recovering carbon. Wickenden 
and Okell25 have utilized electrical heating. In this process, the 
carbon, acting as a resistor, provides a uniform temperature through­
out the carbon bed. 26 The cost of electrical power for this purpose 
is appreciable. 

In order to permit free upward passage of the activating gases 
through the bed, the particles of char initially were prepared in 
sizes as large as I inch by 2 inches. It soon was found that the 
activating reaction occurred mainly on the external portion of these 
large particles, leaving the kernel inactive. Therefore, it became 
necessary to employ a smaller particle size. The difficulty of passing 
gases through a bed of fine-mesh char made it necessary to use 
thinner beds, and later led to a study of other procedures. In one 
system, the carbon, instead of moving downward as a solid bed, 
falls in a relatively thin stream through a vertical tube and, while 
falling, is continuously deflected by baffles from side to side of the 
tube. This arrangement provides effective contact with the upward 
stream of activating gases. 

In methods developed by Wickenden and Okell, 25 and by Sauer, 27 

the activating gases are passed upward through the bed at sufficient 
velocity to keep the carbon particles in a suspended or fluidized 
state. This provides a uniform distribution of temperature and also 
continuously brings different carbon particles into contact with the 
entering gas stream. It was found that many carbon particles were 
carried away in the effluent gases, and advantage was taken of this 
feature. The individual carbon particles diminish in density as they 
become active and by suitable control of the velocity of the gas 
stream, the carbon particles can be continuously floated away as 
they reach a desired activity. The active particles are separated 
from the effluent gases by a series of collectors. 

Proper size of the particles is an important factor when they are 
activated in a state of suspension. The particles should be uniform­
small enough so as not to require a high velocity of gas to keep them 
suspended, yet not so small as to introduce difficulties in separating 
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them from the exit gases. Very small particles of carbon can be 
collected by a mist of water in the final collector. 

In some types of activation equipment, e.g., Herreshoff furnaces 
and rotary kilns, the oxidizing gases pass over instead of through the 
carbon bed. In such operations, mechanical means are provided 
which bring fresh carbon particles continuously to the surface 
where they are exposed to the oxidizing gases. This is accomplished 
by stirrers in Herreshoff and Wedge furnaces; whereas with rotary 
kilns, the rotation of the drum furnishes the needed agitation. 
Direct-fired kilns have been designed to permit the admission of 
oxidizing gases at several points to maintain better activation en­
vironment throughout the length of the rotary kiln. 

The procedure of having the gases flow over instead of through 
the carbon bed is generally employed when air is the oxidizing agent. 
Activation with air is an exothermic reaction, and measures must be 
provided to prevent the temperature from rising above proper 
limits-usually not over 600° C. This may be accomplished by 
impregnating the carbon with a substance, such as phosphoric acid, 
which reduces the combustibility, or by diluting the air stream with 
an inert gas to repress the rate of oxidation. J 
Dolomite Process 

A process that is utilized to provide a uniform distribution of 
oxidizing gases throughout the entire mass of carbon involves 
incorporating substances that continually release such gases at the 
activating temperature. 28 In a typical method, 1 part of powdered 
dolomite and 1 or more parts of pulverized lignite are mixed with 
sufficient milk of starch to form a paste. After drying, the mixture is 
carbonized and then heated at 600° to 900° C; at this temperature 
the dolomite evolves carbon dioxide uniformly throughout the mass. 

• In a modification of this process, a wet mixture of sawdust or peat 
and magnesium carbonate is subjected to the action of carbon 
dioxide under pressure. A soluble bicarbonate is produced which 
penetrates the mass uniformly. After activation, the magnesium 
oxide remaining in the char can be extracted for re-use with water 
and carbon dioxide under pressure. 

Sulfate Process 

This is similar in principle to the dolomite process-sodium, 
potassium, or other sulfates being incorporated with the raw 
material, either before or after carbonization. 29 At the activating 
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temperature, a portion of the carbon is oxidized by the sulfate which 
is reduced to the sulfide. The sulfide formed has an erosive action 
on the carbon and continues the activation. 

Phosphoric Acid Process 

Phosphoric acid can be used to provide the oxidation environ­
ment.' This process, invented independently in America by Hudson30 

and in Europe by Urbain, 31 is represented by several modifications. 32 

ln one method, fint;ly pulverized peat or sawdust is saturated with 
25° to 30° Baume solution of phosphoric acid. A high ratio of 
phosphoric acid is employed when a decolorizing carbon is to be 
manufactured. The mixture is dried and then heated between 400° 
and 600° C in a rotary furnace. 

Some activation is due to the dehydrating power of the phosphoric 
acid and, to this extent, the method is analogous to the zinc chloride 
process. Frequently, the charred product is subsequently ignited 
for 2 to 8 hours in retorts at 800° to 1,000° C. During this latter 
stage, the carbon is eroded by being partly oxidized by the phos­
phoric acid which is reduced to phosphorous and hydrides. These 
vaporized products are subsequently oxidized to phosphoric acid to 
repeat the cycle with a fresh batch of raw material. 

In other modifications of the process, some sulfuric acid is 
substituted for part of the phosphoric acid. A number of patents 
describe the use of sodium, potassium, and calcium phosphate as 
other substitutes for phosphoric acid. 

Unlike zinc chloride, which is effective only when added before 
carbonization, phosphoric acid will assist the activation when added 
after carbonization. For this purpose, 2 to 25 % of phosphoric acid 
is added to a charcoal which is then ignited or steam-activated. 

Caustic, Thiocyanate, and Sulfide Processes 

When char is impregnated with caustic soda or potash and heated 
above 500° C, an energetic reaction occurs33 which results in erosion 
of the carbon accompanied by an increase in adsorptive power. 34 

The process has a destructive effect on equipment, a'nd caustic alkali 
by itself is seldom used commercially. 

A similar but less energetic reaction produced by sulfides35 or 
thiocyanates36 has found industrial application. ln one method, 
joo parts of char are mixed with 15 parts of potassium sulfide and 
30 parts of caustic potash in a slurry which is dried and ignited at 
900° C with the exclusion of air./ In another process. /sawdust. 
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impregnated with a 35 % solution of potassium thiocyanatt;, is dried 
and heated to a temperature of 300° to 350° C in the absence of air 
for ½ hour, after which the temperature is elevated to 800° c.YThe 
cost of thiocyanate can be reduced by partial substitutio~th 
cheaper chemicals such as carbonates or sulfates. Further economies 
are effected by adding the thiocyanate after the carbonization st:tlle. 

in which case, the impregnated char is heated to about 800° C 

Potassium and Sodium Carbonates 
These agents have been used since a very early date to produce 

blood char. For this purpose, 8 parts of dried blood are mixed with 
I part of potassium carbonate and ignited above 800° C in the 
absence of air. About 10 parts of dried blood yield I part offinished 
char. The process has been also supplied to other source materials.37 

Other Chemicals 
Several workers report that activation is assisted by treating the 

carbonaceous source materials with chlorine prior to activation. 38 

Several other chemicals used in studying the activation of carbon 
are the following: 

Ammonium salts39 

Borates 
Boric acid40 

Calcium oxide and hydroxide41 

Cyanides42 

Ferric and ferrous compounds43 

Miscellaneous Methods ,..., 

Hydrochloric acid44 

Manganese dioxide45 

Nickel salts46 

Nitric acid47 

Sulfur48 

Miscellaneous49 
• 

50
•

51 

Some report the preparation of activated carbon by extracting 
Clfarcoal with various solvents such as pyridine, and then igniting. 52 

Extraction with selenium oxychloride has been patented. 53 

Carbon monoxide, when passed over a heated catalyst, such as 
iron oxide, dissociates to form carbon dioxide and an activated 
carbon. 54

• 
5 5 Mercury and other metals react with organic halides 

to produce metallic halides and carbon.56 Stratton and Winkler57 

describe a method in which hydrocarbons are burned in chlorine; 
the carbon produced is activated by heating to 1,000° C for an 
hour. Simons and McArthur58 observed that activated carbon is 
formed by the action of oxygen on aromatic, alicyclic, and aliphatic 
compounds dissolved in liquid hydrogen fluoride. 

Saran13 charcoal is prepared by the slow carbonization of com­
pressed blocks of polyvinylidine chloride. Saran charcoal is very 
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porous but has no large pores. The pores are of uniform size-12 
to 15 A in their narrowest dimension. Saran charcoal is mechanically 
strong and is available in relatively large sizes. 

Powdered Activated Carbon 
(After activation, carbons intended for batch-contact treatment of 

liquid systems are pulverized to a suitable size. 59
• 
60 

Most activation processes leave the carbon with an alkaline 
reaction although a few produce an acid carbon. The pH can be 
adjusted by supplementary addition of acid or alkali to meet the 
varied needs of different industrial users. 61 When the intended use 
requires a low soluble-ash content, the carbon is washed with water, 
or with acid and then with water. 62 J 
Granular Carbons and Carbon Pellets 

These forms of carbon are used in columns or beds for gas and 
v~or systems, and also for processing a number of liquids. 

C!'o qualify for this purpose, a carbon must possess sufficient­
m~ical strength to withstand the abrasion incident to continued 
use. Gas-adsorbing carbons should be as dense as is consistent with 
big adsorptive power so as not to require a large space for the 
adsorber. The development of high adsorptive power is accom­
panied by a loss of mechanical strength and density; therefore, some 
compromise is needed in selecting the degree to which the activation 
is conducted. The activation stage cannot be too short because the 
carbon would lack needed adsorptive power; conversely, it ct,nnot 
be too long for then the carbon would be too soft and bulky J 

Coconut shells are a very suitable raw material for gas-adsorbing 
carbon. On carbonization, they-shrink, yie-lding -a - harl p~r~us 
structure structure that can withstand a considerable amount of 
steam activation without becoming soft. In times of peace, coco­
nut ~hells provide much of the carbon used in America for gas­
adsorption applications. However, the available supply does not 
fill all requirements in time of war, particularly because coconut 
shells must be imported and cargo space is then at a premium. 
Consequently, efforts have been directed to utilize other raw 
materials. Few other materials, in their natural state, can be con­
verted into a satisfactory hard activated carbon, but some can be 
activated successfully when given various preparatory treat­
ments.•· 4 • 

63
• 
64 In a typical process, a base material, e.g., coal, is 

pulverized and mixed with sufficient binder to make a plastic mass 
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which is briquetted or extruded at pressures variously described as 
ranging from 100 to 2,000 pounds per square inch. The pellets or 
spaghetti-like strings are carbonized slowly to avoid rapid evolution 
of gas, after which the char is steam-activated. 

Morgan and Fink10 suggest that base materials should be sub­
stances which when carbonized do not liquefy or expand, in fact, 
some shrinkage is desirable. Various woods and certain grades of 
anthracite and bituminous coal have been found to be satisfactory 
base materials. To be suitable as a binder, a substance should 
liquefy or soften during carbonization and swell sufficiently to give 
a porous structure. Suitable binders include sugar, tar, pitch, and 
lignin. 

In some chemical methods of activation, the base raw materials 
are plasticized by the chemical agent, and then auxiliary binders are 
not needed. The zinc chloride process provides an example. In a 
typical method, 25 parts of finely pulverized peat are mixed with 
30 parts of zinc chloride in a concentrated solution. When the mass 
becomes plastic, it is passed through a multiple-orifice extrusion 
press. The spaghetti-like strings are dried and carbonized at a 
temperature below 700° C. Upon completion of the action, the 
carbon is washed with acid to remove zinc compounds and then 
dried. The product is suitable for solvent recovery, but when intended 
for gas masks it is given a supplementary activation with steam. A 
similar process has been developed, using phosphoric acid. 

Specialties 

Various publications describe processes in which the raw material, 
before carbonization, is incorporated with mineral structures such 
as kieselguhr, 65 silica,66 clay,67 bone. 68 In some cases, the purpose 
is to provide a more rigid structural support for the carbon grains; 
in others, it is to ensure advantages of two complementary adsorb­
ents; and in still others it is to improve the rate of filtration. Few, if 
any, of these specialties are produced on a commercial scale. 

Some mention should be made of a pseudo-activated carbon pre­
pared by treating wood, peat, molasses, and similar materials with 
concentrated sulfuric or phosphoric acid, and heating to 120° to 
300° C.69

• 
70 The pseudo-carbon residue, after being washed with 

water, has adsorptive and ionic-exchange properties. These pseudo­
carbons should be used in their original wet state because drying 
causes a loss of adsorptive power. 
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2. THEORIES OF ACTIVATION 

We are far from having a clear picture of just what occurs during 
activation aside from the fact that the surface area is increased and 
a very porous structure is developed. This lack of knowledge is not 
surprising in view of the various methods by which an activated 
carbon can be produced. One is often perplexed to find a step 
described as necessary in one process and omitted from another. In 
some cases, this is because the value of a particular stage may depend 
upon the previous history as well as on the treatment that follows. 
Then, too, the value of certain steps is the fact that they confer 
certain specific powers that may be needed in one application and 
not in another. It is to be remembered that each method of activation 
leaves a characteristic imprint on the adsorptive powers. 71 Therefore, 
it is not uncommon to combine several different processes to provide 
a diversity of properties. 

Nature of Amorphous Carbon 
Cokes, chars, and activated carbons are frequently termed 

amorphous carbon. X-ray studies have shown that many so-called 
amorphous substances have crystalline characteristics, even though 
they may not show certain features, such as crystal angles and faces, 
usually associated with the crystalline state. An amorphous-looking 
powder may be composed of crystals of submicroscopic dimensions, 
so-called crystallites. This is true of chars and cokes. 

Studies, by Riley, 72
• 

73 Warren, 74 Berl, 75 Hofmann, 76 and others, 
have shed much light on the structure of these carbon crystallites. 
Although interpretation of the X-ray diffraction patterns is not free 
from ambiguities, there is general agreement that amorphous carbon 
consists of flat plates in which the carbon atoms are arranged in a 
hexagonal lattice (Figure 8: 3), each atom, except those at the edge, 
being held by covalent linkages to three other carbon atoms. The 
crystallites are formed by two or more of these plates being stacked 
one above the other. Although these crystallites'have some structural 
resemblance to a larger graphite crystal, differences other than size 
exist. In graphite, the plates are more closely together; moreover, 
the manner in which the plates are stacked above one another 
follows a definite crystalline pattern in graphite, a feature that is 
absent in the carbon crystallites. In addition to the evidence pro­
vided by X-ray examination, differences between chars and graphite 
have been shown by chemical methods. 77

• 
78 Chars and cokes 
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react with gaseous oxygen at lower temperatures than does 
graphite, however, graphite is oxidized much more readily than char 
by a mixture of chromic and phosphoric acids at a temperature of 
1000 c.73 

The size of the crystallites is influenced by the temperature of 
carbonization and, to some extent, by the composition and structure 
of the raw material. In chars prepared from such substances as 

aoo·c 9oo·c. 1300'C. 

FIG. 8:3. ARRANGEMENT OF CARBON ATOMS IN A SINGLE-LAYER PLANE OF 
CRYSTALLITES FORMED AT DIFFERENT TEMPERA.TURES 

From H. L. Riley, Chemistry and Industry, 58 No. 17:391 (1939); reprinted by 
permission of the copyright owners. 

cellulose, the c dimension (height of the crystal) shows little change 
until a temperature of 1,300° C is reached, whereas the a dimension 
(diameter of each layer) shows a continuous growth up to 700° C. 72 

This latter fact is of interest because many properties such as elec­
trical conductivity and the ease of subsequent activation show a 
change at this temperature. 

The crystallites may be formed through several mechan­
isms.1° • 72 • 

79 During pyrolysis, the original organic substance may 
be split into fragments which regroup to form the thermo-stable 
aromatic structure existing in the hexagon. It is also possible that 
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suitable nuclei initiate a transformation in which the hexagonal 
lattice grows gradually at the expense of the original substance. 
The transformation is seldom complete and residual hydrocarbon 
chains and rings remain. 

M-C~C '_,...._.....,_.,--..✓, 

l 
" 

( l,) 

(a) 

(c) 

FIG. 8:4. THEORETICA.L STRUCTURES OF <;RYSTALLITES 

From H. L. Riley, Chemistry and Industry, 58 No. 17:391 (1939); reprinted by 
permission of the copyright owners. 

As these residual hydrocarbons cannot be extracted with solvents 
or removed by degassing they are presumed to be attached by 
chemical bonds to the border atoms of the crystallites. A hypo­
thetical structure is shown in Figure 8: 4. It is to be noted that the 
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term hydrocarbon, usually applied to the cementing substances, may 
also cover compounds containing other elements in addition to 
hydrogen and carbon, such as oxygen. It is believed by some that 
the hydrocarbons may cement the crystallites into clusters to form 
secondary structures. Differences in the size, shape, and arrange­
ment of the crystallites in the secondary structures could affect the 
adsorptive power and other properties of the char.76 

Action of Oxidizing Gases 

At one time the process of oxidation seemed to be nothing but a 
preferential oxidation of hydrocarbons that had been deposited on 
the surface during the carbonization stage. According to this theory, 
the removal of the hydrocarbons was supposed to leave the carbon 
surface free to attract and adsorb other substances. There can be 
little doubt thi!,t some such process does play a part, perhaps an 
important part, and explains much of the general improvement in 
adsorptive power; however, it does not explain differences in specific 
adsorptive powers. Why, for example, does oxidation with steam at 
800° C provide specific adsorptive powers unlike those produced by 
activation with air at 400° C? Or, to use another illustration, why 
should the type of adsorptive power produced by activation with 
steam at 800° C depend upon the previous treatment of the carbon, 
e.g., on whether the carbonization was conducted in the presence 
or absence of certain salts ?71 

The problem of the combustion of carbon is beset with all those 
difficulties and complexities associated with chemical reactions that 
involve a solid phase. 80 The equilibrium conditions that govern the 
composition of the ultimate products are reasonably well understood, 
but equilibrium conditions shed little light on the mechanism of the 
reaction or on the identity of the products formed in the initial 
stages. Some consider that carbon dioxide is the primary product 
in the reaction of carbon with oxygen, and that carbon monoxide is 
the result of a secondary reaction: 

C+02=C02 

CO2+ C=2CO 

A different view is that the monoxide is the primary product which, 
in the presence of excess oxygen, is oxidized to the dioxide. Still 
other workers believe that surface oxides are the primary product, 
these being subsequently decomposed to give both carbon monoxide 
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and dioxide. That definite knowledge of this reaction would shed 
much light on the mechanism of activation is questionable, but the 
inability to obtain such information emphasizes the speculative 
nature of any interpretation of the mechanism of activation. 

Action of Mineral Salts 

The development of specific properties in carbon is affected by the 
presence of mineral salts and other noncarbon elements. In attempt­
ing to understand the influence of the noncarbon constituents on 
activation, one must distinguish between effects produced during the 
carbonization or pyrolysis and those produced during the subsequent 
ignition or oxidation. 81 

One view of the action of the mineral ingredients during the 
carbonization is that they provide a skeleton on which the carbon is 
deposited, 75

• 
82 the freshly formed carbon becoming bonded by 

adsorption forces to the mineral elements. Evidence of the strength 
of such bonding is shown when carbonaceous substances burn on 
cooking utensils or on the valves of gasoline engines. Such carbon is 
difficult to remove by mechanical means. As expressed by Alexander 
and McBain :83 "It seems as if the nascent bonds, appearing as the 
more or less profound chemical changes occur, tend to be satisfied 
by whatever is nearest." When the mineral ingredients are subse­
quently dissolved by acid or water, the exposed carbon surface 
becomes free to attract other substances. 

The presence of certain inorganic substances increases the yield of 
char. 84 This suggests that they may alter the course of the reactions 
in pyrolysis"' so that less of the objectionable tarry products is 
formed. This appears to be so when dehydrating salts are used.85 

Zinc chloride causes hydrogen and oxygen atoms in the source 
materials to be stripped away as water rather than as hydrocarbons 
or as oxygenated organic compounds. 

Although the mechanisms that have been mentioned indicate how 
noncarbon ingredients could enhance adsorptive power in general, 
they fail to explain specific effects. Why, for example, should a 
carbon prepared with calcium chloride be more adsorptive for 
caramel, whereas a carbon prepared with zinc chloride is more 
effective for iodine?71 A convenient interpretation is that each 

• Perhaps this explains the well known trick that a lump of sugar can be made 
to burn by previously dipping it in cigarette ash. 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0204



MANUFACTURE OF ACTIVATED CARBON 191 

chemical exerts a specific influence on the molecular architecture of 
the surface that is formed.* In this, as always, we must keep in mind 
that because a given picture can explain a process, it does not neces­
sarily follow that it must be so. 

Many noncarbon ingredients exert specific influences during 
oxidation with steam or air. 1 

• 

86 Some of these effects may be due to 
an influence on the temperature at which the activation occurs. 
Thus carbon will burn at lower temperatures when potassium car­
bonate is present, whereas orthophosphoric acid raises the ignition 
point. The difference in the properties imparted by potassium 
carbonate as compared to orthophosphoric acid may be in part 
traceable to this influence. 

TABLE 8:6 

FLOW PATTERN FOR ACTIVATION OF ANTHRACITE* 

a) Screen through 20 and on 60 mesh. 
b) Activate 200 g with steam at 850°-900°C in a fluidized bed 

to 10 to 20 % loss of weight. 
c) Mix the residual coal with a solution of 30 grams Na OH ( or 

65 grams Na
2
CO

3
, or 80 grams Na

2
SO

4
). 

d) Evaporate the mixture to dryness. 
e) Roast at 850° to 9 I0°C. 
f) Wash with 750 ml. water. 
g) Mix coal residue with 250 ml water and allow to soak 

16 hrs. using agitation to keep the carbon in suspension. 
h) Settle and decant. 
i) Wash char residue with dilute H 2SO4 . 

)) Dry. 
k) Steam activate residual carbon in a fluidized bed at approxi­

mately 750° C. 
/) Adjust pH to 6 to 8 with HCI. 

m) Wash. 
n) Dry. 
o) Grind. 

• From Proceedings of Anthracite Conference, Oct. I 8, I 956; reprinted by 
permission of Pennsylvania State University. 

Another possibility is that noncarbon atoms are held or adsorbed 
on certain areas of the surface and thus influence positions from 
which carbon atoms are preferentially etched away by the oxidation 

• Some inorganic ingredients, for example, alter the size of the pores formed 
during activation.88 
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process. That activation involves oxidation at the point of bond 
between the carbon and the inorganic ingredients is illustrated by 
processes in which a normally soluble inorganic substance becomes 
bonded to the carbon during carbonization and cannot be extracted 
with water until after activation. 87 

An experience with anthracite coal is of interest in connection 
with the influence of inorganic ingredients. 12 Activation with steam 
produced a carbon with adsorptive power for substances such as 
iodine and phenol, but this method failed to develop decolorizing 
power (e.g., for molasses). By following the procedure shown in 
Table 8: 6, however, it was possible to produce a carbon with great 
decolorizing power. Conditions during the roasting stage (e} had 
to be closely controlled. If the roasting temperature were below 
850° C, the char would not develop decolorizing power when 
subsequently activated with steam. On the other hand, a roasting 
temperature above 910° C caused the roasting chemicals to become 
bonded to the carbon in such a manner that they could not be 
eluted in the washing stages (g, h, and i). This resulted in a char that 
ashed excessively during the subsequent activation. 

Another possible mechanism is suggested by the work of Berl7 5 

who found evidence that some elements, such as potassium, can 
penetrate between the hexagon plates of the crystallites and spread 
them apart, enabling erosion to occur at surfaces otherwise un­
exposed. 

So far, the influence of the mineral ingredients has been traced to 
the manner in which they alter the mechanism of an activating 
process. Apart from being a ladder to achieve a more effective 
spacing and structural arrangement of the carbon atoms, some 
noncarbon elements become part of the molecular architecture of 
the activated carbon. This is indicated by the tenacity with which 
many foreign elements are held by carbons. 5 • 

88
• 

89
• 

90 There is 
considerable evidence that oxygen can be attached by covalent 
bonds to the carbon structure to form stable surface oxides. When 
sulfur is heated with carbon, only part of the sulfur can be separated 
subsequently by extraction with toluene, by oxidation with bromine, 
or by heating to 900° C in a stream of nitrogen; but heating in a 
stream of hydrogen will remove the sulfur as hydrogen sulfide. All 
this indicates a chemical union between the carbon and sulfur atoms, 
a union which Wibaut91 suggested to be similar to the surface oxides. 
Ley and Wibaut92 found evidence that nitrogen is combined with 
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carbon in a form suggestive of nitrile groups. Miller93 studied a 
commercial carbon from which repeated boiling with acid failed to 
extract appreciable quantities of the mineral ingredients, but when 
the carbon was ashed, the ash dissolved readily. 

It is at least possible that many of these strongly held foreign 
elements provide adsorptive bonds. Support for this view is found 
in the fact that specific adsorptive and catalytic powers have been 
traced to the presence of noncarbon atoms-oxygen, iron, and 
nitrogen. The influence of noncarbon atoms may extend to adjacent 
carbon atoms in a manner analogous to the way in which a polar 
group introduced into an organic compound affects the chemical 
properties of remote atoms. 

At one time, the adsorptive powers of animal char were believed 
to reside in chemically held nitrogen ;5

• 
94 later when very active 

carbons were- produced from nitrogen-free source materials, the 
importance of nitrogen was discredited.95 In this connection, 
however, some workers have observed that carbon from nitrogen­
free sources may contain appreciable quantities of combined nitro­
gen96-indicating that carbon can fix nitrogen during the activation 
process. 

Carbon, prior to activation, contains hydrogen in the form of 
hydrocarbon chains and rings attached to border atoms of the 
hexagon plates. Much of this hydrogen is removed during activation 
at temperatures below 950° C, but some hydrogen is still held after 
activation and is not released unless much higher temperatures are 
reached. 97 It is to be noted that the evolution of this latter portion 
of hydrogen at very high temperatures is paralleled by a simultaneous 
decrease in adsorptive power. 
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chapter 9 

Nature of Activated Carbon 

1. INTRODUCTION 

In this chapter we shall contemplate theories that have been 
offered to interpret varied aspects of adsorption on carbon. 1 

• 
2 For 

this, it is well to comment briefly on the role of a theory as we 
envision it. Theories are to be viewed, not as blue-prints to portray 
the inner working of a phenomenon, but rather as mental inventions 
that enable us to make more effective use of the material world. 

Most theories have their inception on meeting a new and un­
familiar phenomenon. We become curious and seek to explain the 
phenomenon to ourselves; that is, we theorize. When these theoreti­
cal explanations are examined we find that they usually explain new 
phenomenon with words that are symbols of some earlier and more 
familiar experience. Having done that, we feel we have gained a 
better understanding of the new phenomenon. 

But what is the nature of that understanding? Making a pheno­
menon more familiar does not enable us to see the inner working 
because we do not know the inner working of any phenomenon 
whether entirely new, or as old and familiar as gravity. This does 
not mean that it is idle day dreaming to give a new experience a 
familiar aspect. Even though we do not know the inner working of 
familiar phenomena, we have learned how to live with them and 
often how to use them effectively. Hence a theory built on lessons 
learned from past experiences with familiar phenomena can furnish 
clues to search out ways and means to utilize new phenomena. 
Eventually a new phenomenon becomes familiar in its own right and 
will be used to explain some still newer experience. In the process of 
tying new phenomena with old knowledge is integrated into a more 
compact form. 

200 
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As is evident, the foregoing is but another way of saying that 
much of our theorizing is based on analogies in which we assume that 
when different phenomenon are similar in some ways, they may be 
similar in other ways.* In this we are on safe ground as long as we 
keep in mind that deductions from theories are but clues to be 
verified by working experience. 

We must also recognize that the particular past experience brought 
to mind by a new phenomenon will depend on the history of the 
observer. Different individuals will recollect different prototypes of 
a new experience, and this can result in a number of theories being 
offered to explain an identical phenomenon. Although this could be 
confusing, actually such multiplicity of interpretation enlarges our 
field of view and adds avenues on which to approach a working 
know-how. And it saves us from becoming prisoners of a single 
fixed idea. 

2. SURFACE TENSION 

Many early studies explored the role of surface tension in ad­
sorption from solution. 2 As is well known, a drop of liquid tends to 
become spherical, this being the shape having the smallest area of 
surface for a given volume; the behavior is as though the liquid were 
enclosed by an elastic skin. The analogy is quite descriptive but 
should not be taken literally because surface tension is fundamentally 
different from the tension exerted by an elastic container. Stretching 
an elastic membrane makes it more taut, but spreading a liquid over 
a greater area does not increase the surface tension. 

Basically, surface tension is a symptom of the cohesive forces that 
hold molecules of a liquid together. Molecules in the interior of a 
drop of liquid tend to stay there because of being held by mutual 
attraction to the surrounding molecules; whereas molecules at the 
surface are only partially surrounded and consequently are subjected 
to an unbalanced inward pull. Because of the inward pull any 
surplus molecules are drawn to the interior, and this process con­
tinues until the surface has become as small as possible, subject to 
external forces such as gravity and the shape of the container. 

• This concept is implicit in the use of language to describe any new pheno­
menon. This is obvious in the case of direct analogies, but even when abstract 
phrases are used they convey meaning only to the extent that they recall to the 
reader or listener some item of previous experience. 
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The phenomenon of surface tension is manifest in other ways: If 
two small drops of unequal size are in a closed container they will 
merge into a single drop of which the total surface is less than that 
of the two original smaller drops. Upon direct contact the smaller 
drops will flow together; but even if they do not touch, the merger 
will take place by transfer through the vapor phase. To understand 
the mechanism of the merger via distillation, consider the clusters of 
molecules forming drops A and B in Figure 9: 1. Within small 

A B 
FIG. 9: I. CLUSTERS OF MOLECULES IN LA.ROE A.ND SMA.LL DROPS 

clusters of molecules, the mutual molecular attractions are additive, 
hence the greater number of molecules in drop A will be held 
together more firmly than the fewer molecules in drop B. Conse­
quently, in a closed system, molecules that evaporate from drop B 
will be captured by the stronger forces emanating from drop A; the 
transfer will continue until all of drop B has moved to drop A.* 

A similar manifestation of cohesive forces associated with surface 
tension is observed in crystallization. When both large and small 
crystals are present in a saturated solution, surface molecules will 
be held less firmly by the smaller crystals and so they will escape to 
be seized by the stronger forces of the larger crystals. This familiar 
phenomenon is usually expressed by saying that small crystals are 
more soluble than larger crystals. 

Still other behavior can result when more than one ingredient is 
present in the system. In pure liquids, the cohesive forces influence 
only the size of the surface; but when several components with un­
equal surface tensions are present, the cohesive forces that cause sur­
face tension can produce changes in the composition of the surface. 

• The vapor pressure of a convex surface increases with curvature; as smaller 
drops have greater curvature, they have correspondingly greater vapor pressure 
and a greater escaping tendency. 
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Consider a dilute aqueous solution of ethanol: Because of surface 
tension, the molecules of water, with their greater cohesive force, are 
pulled into the interior of the liquid; and the ethanol molecules, 
having weaker cohesion, are left at the surface. Or as it is sometimes 
expressed: The strong mutual attraction between molecules of 
water can squeeze to the surface any molecules having less attractive 
force. 

Many of the earlier investigators thought that the foregoing 
phenomenon accounted for the purifying power of carbon. They 
believed that impurities with a low surface tension• formed a ready­
made film at the surface of a liquid, and that the function of the 
carbon was to furnish a large surface area on which such a film 
could gather. Such a mechanism is an important factor but it does 
not suffice to explain all situations, because many substances that do 
not lower the surface tension of water are removed from an aqueous 
solution by carbon. We now recognize that adsorption by carbon can 
involve mutual affinities between the surface of the carbon and the 
substance to be adsorbed. 

3. CAPILLARY CONDENSATION 

Studies by Zigsmondy 3 in 1911 led him to believe that the ability 
of silica gel to take up water vapor is associated with the presence 
of small capillaries in the gel. As is well known, a liquid that wets 
the walls of a capillary will rise in that capillary; and the meniscus 
at the upper surface will be concaz,e and have a vapor pressure lower 
than that of the bulk liquid. 1 

• 
2 From this, Zigsmondy deduced that 

in small capillaries a vapor would condense to a liquid at pressures 
below those required for normal condensation. The greater ease of 
such condensation depends on the diameter of the capillary, and as 
this becomes smaller condensation occurs at a lower pressure. 1 • 

2 

According to this theory of capillary condensation, then, when 
capillaries of unequal diameters are present in a solid structure, the 
narrowest capillaries fill at the lowest pressures. With an increase 
in vapor pressure· there is a stepwise filling of the larger and still 
larger capillaries. 

Today it is recognized that capillary condensation is a factor in 
adsorption only when vapors are present in relatively high con­
centrations. Inasmuch as most industrial applications deal with low 

• Substances that lower the surface tension of an aqueous solution are often 
designated as capillary active. 
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vapor concentrations, the theory of capillary condensation is seldom 
directly associated with the industrial use of carbon. However, the 
theory draws attention to other aspects of capillaries: they furnish 
much surface on which conventional adsorption can take place; and 
being of different sizes and shapes they provide a screening action 
that is a factor in selective adsorption. 

As with surface tension, capillary condensation is associated with 
forces that bind like molecules in a liquid-forces commonly known 
as van der Waals. As has been long recognized, these attractive 
forces can also often cause molecules of different species to unite; 
e.g., salt dissolved in water, chloroform adsorbed on a carbon surface. 

Much thought has been given to whether an adsorption depends 
on fortuitous collisions of wandering molecules with a solid surface, 
or is caused by forces that can capture molecules from a distance in 
a manner analogous to gravitational and magnetic forces. 

4. POTENTIAL THEORY 

According to a theory first suggested by de Saussure about 1814 
and later developed by Polanyi4 and others,5· 6 the molecular cohe­
sive forces can reach out and be exerted at distances greater 
than molecular diameters. The adsorption potential-that is, the 
intensity of the attraction-diminishes with distance to become 
zero within finite spaces. The theory envisions that the captured 
molecules form a miniature atmosphere whose outward density 
diminishes in a fashion analogous to the atmosphere surrounding 
a planet. In its original version, the theory was based on a concept 
of many layers in the adsorption space, but later it was modified to 
be applied to either single or multiple layers. 

Because of its abstruse character, the potential theory has not 
attracted attention at the grass roots comparable to that accorded 
the Langmuir theory. 

5. LANGMUIR THEORY 

Langmuir's concept is so clearly expressed that it can be readily 
comprehended; and it has the elasticity to cover homogeneous and 
heterogeneous surfaces, chemical and physical forces, mono- and 
multi-molecular layers. 1 

• 
2

• 
7 

The surface of many adsorbents can be viewed as a patchwork 
assortment of different kinds of adsorptive spaces, with each kind 
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of space having characteristic affinities. No far-reaching forces are 
envisioned, but when a wandering molecule 7 of vapor collides with 
a suitable unoccupied surface space, the molecule will adhere. It 
does not adhere indefinitely, however; sooner or later, depending on 
the thermal energy and the strength of the attractive forces, the 
adsorbed molecule evaporates. A similar mechanism applies to 
molecules of solute. 

At first when the surface is bare, the number of molecules that 
condense exceeds the number of those that evaporate. As the surface 
becomes covered, other gas molecules have greater difficulty in 
finding unoccupied spaces, but, there is also an increase in the 
number of molecules escaping from the surface. When the rate of 
evaporation equals the rate of condensation, equilibrium is reached. 
The amount adsorbed at equilibrium is a function of the following 
factors, some of which are interrelated: 

l. The time lag, i.e., the average period between the moment the 
molecule condenses and its subsequent evaporation. 

2. The total area of the solid surface. 
3. The proportion of the total surface which has specific attractive 

power for the molecules in the gas phase, and also the accessibility 
of such surface. 

4. The number of adsorbable molecules in the gas state, i.e., the 
pressure (in the case of solutions, the concentration). 

5. The number of layers of adsorbed molecules. 
Considered individually, each factor provides a clear approach to 

an understanding of adsorption. Collectively, they can result in 
observed phenomena of the utmost complexity. No single mathe­
matical equation other than a purely thermodynamic one can cover 
all cases, and much attention has been given to different limiting 
equations for certain types of adsorption. 

The Langmuir theory regards most of the adsorption as occurring 
in a layer one molecule deep, although it is recognized that the 
molecules adsorbed in this layer may have their fields of force altered 
and thus be able to attract a second layer of molecules, which in 
turn could hold a third layer. This induced attraction would be 
weaker and, therefore, molecules in the second layer would have a 
shorter staying time. Consequently, fewer molecules will be present 
in the second layer than in the first. For a similar reason, the number 
of molecules in a third or higher layers would be still less. 
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6. PHYSICAL AND CHEMICAL ADSORPTION 

Much study has been given to exploring the relative roles of 
physical and chemical forces in adsorption phenomena. 1 

• 
2 Physical 

adsorption is caused by forces similar to those that cause vapor 
molecules to condense to a liquid; the adsorption of nitrogen on 
carbon at low temperatures is an example. In physical adsorption, 
the attachment is weak; adsorbed nitrogen will leave the carbon 
surface if a vacuum is applied or if the temperature is slightly 
elevated. 

Although physical forces (van der Waals) suffice to explain many 
adsorption phenomena, there are adsorptions in which the behavior 
indicates that chemical action is involved. Consider the initial 
portions of oxygen adsorbed on carbon at temperatures above 
0° C: Oxygen so adsorbed can be removed from carbon only by 
elevating the temperature, and then it comes off not as oxygen, but 
drags away carbon atoms to form carbon monoxide and dioxide. 
This indicates that the oxygen is held to the carbon by bonds 
stronger than those existing between the carbon atoms. Adsorption 
of this type is designated as chemical adsorption or chemisorption. 

Physical adsorption usually involves a smaller energy change than 
does chemisorption. The adsorption of nitrogen on carbon evolves 
about 5000 calories per mole, this heat being somewhat greater than 
the heat of liquefaction, whereas the initial adsorption of oxygen on 
some carbons at 0° C liberates over 100,000 calories per mole-an 
amount that is greater than the heat of formation of carbon dioxide. 

Chemisorption is specific and depends on the chemical nature of 
both the adsorbent and adsorbate. Although some selectivity is 
apparent in physical adsorption, usually this can be traced to purely 
physical properties; th us the adsorption of greater amounts of 
nitrogen than of hydrogen can be traced to the greater ease with 
which nitrogen can be condensed or liquefied. 

Physical adsorption diminishes at higher temperatures, whereas 
some elevation of temperature is often necessary to initiate chemi­
sorption. For instance, oxygen is physically adsorbed by carbon at 
- 190° C, whereas chemisorption does not occur until higher 
temperatures are reached. Taylor,8 who drew attention to this 
phenomenon, suggested that molecules may be activated by heat 
or other energy to participate in chemisorption-a phenomenon 
he termed actimted adsorption. Although the concept has been 
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questioned, it finds a parallel in many chemical reactions which 
are initiated by an external source of energy. 

The physical adsorption of nitrogen and the chemisorption of 
oxygen are clear-cut examples of each type of behavior, but a 
number of adsorptions are not so easy to classify. Many properties 
show no sharp demarcation point to distinguish physical from 
chemical adsorption, and the classification of borderline cases is 
difficult. In many chemisorptions, the heat evolved is much less 
than with oxygen on carbon; then too, some chemisorbed sub­
stances can be extracted in their original form. There is evidence 
that both physical and chemical adsorption may occur simul­
taneously; thus, although the initial adsorption of oxygen at 0° C 
is chemical, subsequent portions of adsorbed oxygen are held by 
weaker forces. 

At times, a classification as chemical or physical may be quite 
arbitrary, depending on which properties are measured. Thus an 
adsorption on the basis of the criteria usually applied might be 
defined as physical, but if it should be found later that the substance 
in the adsorbed state acquires enhanced chemical activity in certain 
reactions, we could define it as chemisorption. 

This dependence of the interpretation of a phenomenon on the 
particular properties that are measured is true of much scientific 
knowledge. Take for example the reaction of zinc with hydrochloric 
acid: If our measurements were limited to a chemical analysis, we 
would consider the reaction as due to a greater chemical affinity of 
chlorine for zinc than for hydrogen. However, if the reaction takes 
place in a primary cell, the resulting electromotive force shows that 
electrical forces are involved. 

No doubt, the varied phenomena can be traced to the same 
ultimate force which proceeding via different paths becomes manifest 
in different forms-forms which often merge to imperceptible 
degrees. Therefore, difficulties of interpretation often arise from 
our efforts to classify phenomena into rigid mental compartments 
that do not have exact counterparts in nature. This is said not to 
belittle efforts to classify, because classification may be necessary 
for practical purposes. When we build a power plant, it does not 
suffice to know that the energy comes originally from the sun. We 
shall not be able to proceed with our plans unless we know whether 
the source to be used will be in the form of today's sunlight or that 
stored ages ago as coal. 
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That many difficulties in interpreting nature originate in our 
mental processes, becomes evident when we endeavor to weave 
older theories with newer ones. Consider the concepts of chemical 
and physical forces: Chemical forces deal with specific properties 
of the atoms forming the molecule, and the manner in which the 
atoms are combined with one another. Unlike truly physical pro­
perties such as gravitational attraction, chemical properties are 
specific. We cannot definitely predict how A will react with B from 
a knowledge of how A or B will separately react with C. A chemical 
reaction implies some structural rearrangement of the atoms within 
the molecules, whereas in physical changes, the molecules remain 
intact and participate as whole units. Therefore, as Langmuir has 
suggested, the distinction between chemical and physical adsorption 
hinges on the definition of the molecule. Until about I 915, the 
chemical formula defined the structure of the molecule-a molecule 
of NaCl being regarded as consisting of a single atom of sodium 
combined with a single atom of chlorine. This view is still valid for 
gases, but studies by Bragg9 show that it does not apply to crystalline 
solids. We no longer consider a crystal to be an aggregation of 
individual molecules held together by an indefinite mutual cohesion. 
Instead, each atom is combined by chemical bonds with its neigh­
boring atoms and these in turn are combined with those beyond, 
the entire crystal being regarded as a single molecule. 

Langmuir has suggested that the chemical forces that provide the 
cohesion to hold atoms together in a solid crystal can also extend 
from the surface to hold adsorbed molecules. This view, as de­
veloped, classifies chemical adsorption into two groups based on 
Werner's concept of primary and secondary valences. 7 According 
to Werner, primary valence applies to simple compounds in which 
two different elements are united, e.g., CO 2 , SO 3 , NO 2 , NaCl. 
These simple compounds can be united by residual or secondary 
valence to form compounds of a higher order: thus CO 2 and Na 2 O 
yield Na 2CO 3 , which in turn can form compounds of a still higher 
order-for instance, a hydrate, Na 2co;.10 H 2O. There is no sharp 
limit to the size of the aggregates that can be formed, but specificity 
exists as is shown by the fact that barium chloride will take up water 
of crystallization whereas sodium chloride will not. 

This approach would regard an adsorption, such as of oxygen on 
carbon at temperatures above 0° C as due to primary valence forces; 
and by a somewhat liberal interpretation, secondary valence applies 
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to adsorptions that are not clearly attributed to primary valence. 
The adsorption of a dye could be regarded as a union analogous to 
that between barium chloride and its water of crystallization, or 
between potassium cyanide and ferrous cyanide in potassium 
ferrocyanide. 

Perhaps a closer parallel is to be found in the growth of crystals. 
When a molecule is in the interior of a crystal, the attractive forces 
are satisfied on all sides; whereas molecules at the surface have a 
free side that is able to attract and hold wandering molecules of 
solute. When a crystal is in a saturated solution, the attractive 
forces of the surface molecules take hold of the solute molecules and 
use them as building blocks to enlarge the crystal. If an appropriate 
dye is placed in such a system-some of the dye will be attracted to 
become bonded to the surface and color the face of the crystal. 

Adsorption by Crystals 
Studies with crystals indicate that the specificity, so often en­

countered in adsorption, can depend on mutual relations between 
the lattice structure of the solid and the configuration of the adsorbed 
substance. Methylene Blue is adsorbed by crystals of lead nitrate, 
but not by potassium sulfate. Nellensteyn1 found that diamond 
powder adsorbs Methylene Blue but not succinic acid, whereas 
graphite adsorbs succinic acid but not Methylene Blue. 

Numerous studies made by France10 and his coworkers lead to 
the conclusion that the adsorption of a given dye by a growing crystal 
is a specific process, depending on the structure of the crystal as well 
as on the shape, presence, and position of polar groups in the dye 
molecule. Adsorption may occur when only one substituent group 
of the dye can fit into the ionic planes of a crystal face. France and 
Wolfe, 10 in a study of the adsorption of thirty isomeric monoazo 
dyes by crystals of sodium nitrate, sodium bromate, and sodium 
chlorate, found twenty-five of the dyes to be adsorbed by sodium 
bromate, six by sodium nitrate, and two by sodium chlorate. 
Although each of the dyes was adsorbed on at least one type of 
crystal, only one of the thirty dyes was adsorbed by all three crystals. 

Rigterink and France, 10 using potassium sulfate crystals, found 
the basic structure of the dye influenced the adsorption. Dyes with 
the nucleus 
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are more likely to be adsorbed than those having the nucleus 

oN=Nco 

In the case of dyes having the first type of nucleus, Rigterink and 
France also found that those produced from /3-naphtholsulfonic 
acids are more adsorbable than dyes produced from ix-naphthol­
sulfonic acids. When an NH 2 group is substituted for an OH group, 
the situation is exactly reversed; the dyes formed from cx-naphthy­
laminesulfonic acids are more adsorbable than those formed from 
/J-naphthylaminesulfonic acids. 

Although much light has been shed on adsorption by crystals 
through the extensive studies of France, Buckley, and others, we 
do not have sufficient knowledge as to just what conditions must be 
fulfilled to enable an impurity to fit into the crystal structure. As 
stated by France, "No simple rule can as yet be made whereby one 
can correctly predict just what foreign materials will be adsorbed 
by a given crystal." 

The adsorption of dyes or other impurities can produce a definite 
disturbance of the crystal surface as is indicated by the fact that the 
crystal habit is often altered during further growth. 

Surface Forces and Chemical Change 
So far we have considered that chemical adsorption involves 

definite bonds between the adsorbent and the adsorbate. However, 
adsorption accompanied by a chemical change can occur as a result 
of purely surface forces from which any known specific bonding is 
absent. 

Deutsch 11 found that aqueous solutions of indicator dyes acquire 
a different color when vigorously shaken with an immiscible liquid 
such as benzene. Thus the color of Bromothymol Blue at pH 7.4 
changes from blue to yellow when treated in this manner. The 
change in color takes place at the interface of the emulsified droplets, 
and the original color is restored when the liquids separate. In 
another study, it was observed that a colorless solution of rhodamine 
in benzene turns a deep red when vigorously shaken to form an 
emulsion with water. When the phases later separate, the color 
almost completely disappears. The phenomenon is not limited to 
liquidllliquid interfaces, but also occurs at an airllliquid interface; 
a brownish-yellow solution ofthymolsulfonaphthalein (pH 2.8) when 
shaken with air develops a reddish-violet foam. 
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The reactions of indicators are far from simple and it is not easy 
to determine just what chemical reactions accompany these changes 
in color. Some changes are ascribed to the formation and adsorption 
of undissociated molecules at the interface, but this explanation is 
not adequate to cover all cases. 

The behavior of these dyes is entirely reversible. The change in 
color does not persist after the phases separate, but can be restored 
an indefinite number of times by subsequent shaking. However, 
with some substances, the change is irreversible. Ramsden 12 found 
that egg albumin and similar substances can be rendered permanently 
insoluble by shaking their aqueous solution to produce a foam. 

Surface reactions of a similar nature no doubt occur at solid 
surfaces, and here the effect is a function also of the shape of the 
rigid structure. That various chemical and physical phenomena arise 
from the spatial-arrangement of atoms within molecules has long 
been accepted. It is perhaps less well recognized that visible proper­
ties of shape can modify the chemical and physical behavior of 
substances. Vapor pressures are higher on convex than on concave 
surfaces. Cassel 13 reports that soot deposited on a rough surface 
burns more readily than that deposited on a smooth surface. Copper 
mirrors deposited electrolytically are not active catalytically as are 
the rough surfaces produced by the thermal decomposition of 
organic copper salts. Crystalline structure influences the properties 
of explosives: Cullen14 states that detonating mixtures must contain 
crystals of definite size and shape. Activated carbon, produced as 
it is from a variety of substances under all sorts of conditions, must 
have untold possibilities in the way of different forms of surface 
structure. 

It is apparent that surface reactions involve phenomena of great 
complexity, and it is not surprising to find workers who, in the 
words of Bancroft, "accept adsorption and let it go at that." 

7. SURFACE AREA 

Until about 1940, efforts to examine many aspects of adsorption 
were handicapped by a lack of knowledge as to the total area of the 
surface of an adsorbent. 

The porous nature of carbon excludes measurement by micro­
scopical examination which would give only the external surface. 
Consequently, indirect methods are used and these include measure­
ments based either on adsorption isotherms or on thermal effects. 
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The various assumptions involved in using these indirect methods 
are not always recognized. In the adsorption method, the carbon is 
blanketed with a known quantity of adsorbed gas or solute-the 
probable covering power of which is then calculated. 

The accuracy with which this can be expressed as square meters 
of surface depends on the exactness with which the number of 
adsorbed layers can be determined, and on the closeness with which 
one can approximate the average area covered by each adsorbed 
molecule. Beyond this, the definition of the area so measured 
presents some difficulty. Langmuir has pointed out that there must 
be spaces of all sizes and shapes on a charcoal surface. On a plane 
surface, a single adsorbed molecul~ may be attached to a single 
carbon atom; whereas, in crevices and pores the same size molecule 
may cover several carbon atoms. Much depends on the size and 
orientation of an adsorbed molecule. Thus, an aliphatic acid 
molecule that lies flat on the surface will cover more carbon atoms 
than when attached at one end. Therefore, it is to be anticipated 
that the measured surface will depend on the structure of the 
adsorbate. 1 

• 
2 

Determinations based on adsorption from solution are definitely 
untrustworthy because the adsorption of many solutes is quite 
specific. This method measures only the restricted area to which the 
molecules of solute can be attached. and the size of this area may 
depend on several conditions, e.g., pH. Then too, adsorption from 
solution determinations usually neglect the area occupied by ad­
sorbed solvent molecules. 

Much more confidence can be placed on values calculated from 
the adsorption of gases. Of the various methods that have been 
suggested, the one developed by Brunauer, Emmett, and Teller,15

• 16 

( BET) has won general approval. The basis of this method is to 
plot an adsorption isotherm under conditions that provide adsorption 
through purely physical forces; these conditions are met by ad­
sorbing a gas such as nitrogen at low temperatures. The adsorption 
isotherm is plotted to yield a straight line in· which the slope and the 
interctpt give the amount of gas required to form a monolayer. 
Knowing the probable area occupied by each molecule, one can 
calculate the probable area of the adsorbent. 

Bokhoven and van der Meijden 17 express a preference for the use 
of the benzene adsorption isotherm, obtained at 20° or 30° C, for 
the evaluation of their activated carbons. The use of H 20 serves 
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the same purpose and the data obtained will also provide a basis 
for the calculation of the total surface ( BET method) but they believe 
their benzene adsorption method more practical and far less time 
consuming. 

Bartell' 8 developed a method of calculating the surface area based 
on the heat of immersion which gives results in substantial agree­
ment with many based on adsorption isotherms. 

The total surface area does not necessarily mirror the utility of a 
carbon. Frequently for a given situation a type of carbon having 
relatively small area of surface will be more effective than another 
carbon with much greater total surface. In many applications, only 
part of the surface participates in the adsorption and the rest of the 
surface is not occupied by the substance being adsorbed. 

8. PORE STRUCTURE 

Many instances in which a carbon seems unable to adsorb the full 
amount that could be accommodated are traced to a screening 
action. A large part of the carbon surface is furnished by the walls 
of the capillaries, and such surface is accessible only to molecules 
that are small enough to enter. Grant19 has published an informa­
tive discussion of the significance of pore size distribution in in­
dustrial applications; see Table 9: I. 

TABLE 9: I 

MINIMUM PORE DIAMETER FOR ADSORBATEs• 

Adsorbate 
Iodine 
Potassium permanganate 
Methylene Blue 
Erythrosine Red 
Molasses 

Minimum Pore, Diameter, A 
10 
10 
15 
19 

circa 28 

• From Ba,rc Concepts of Adwrption, by Richard J. Grant, June I, 1961, reprinted wnh 
permission of the Pittsburgh Chemical Company. 

Activated carbon is a complex network of pores of varied shapes 
and sizes. 20

-
24 The shapes include cylinders, rectangular cross 

sections, as well as many irregular shapes and constrictions. The 
size can range from less than IO A to over 100,000 A. The assort­
ment of sizes, called pore size distribution, will depend on the source 
materials used and on the method and extent of activation. Pores 
are often classified as macropores and micropores, which literally 
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means large pores and small pores. Macropores can be arbitrarily 
defined as pores with diameters larger than 1000 A, and these are 
measured by the pressure required to fill them with mercury. The 
largest pores fill at the lowest pressure and each increment in 
pressure fills the next smaller diameter pores. The micropores with 
diameters that range from lO A to 1000 A are measured along lines 
mentioned previously in connection with capillary condensation, 
namely: measurement is made of the manner in which the amount of 
gas adsorbed is altered by changes in the gas pressure. The pore size 
distribution is calculated from the data by application of the Kelvin 
equation.1 Pore size distributions so calculated find substantial 
confirmation in studies of the adsorption of different size molecules. 

Pore size distribution is tangible, and it is moreover one of the 
more controllable properties in the manufacture of activated carbon; 
in fact, some report an ability to tailor-make a desired pore size 
distribution. No one can gainsay that an understanding of this 
feature has contributed to the manufacturing art, and if pore 
diameter were the sole decisive factor in usefulness of carbon the 
task of the manufacturer would be greatly simplified. 

There are many experiences with adsorption, however, that can­
not be adequately explained on the basis of pore size distribution. 
Nekrasov25 and Ginsberg26 studied systems in which propionic acid 
was less adsorbed than either the smaller acetic or the larger valeric 
acid molecule. A similar difficulty applies to data by Linner and 
Gortner27 covering the adsorption of aqueous solutions of di­
carboxylic acids at high concentrations. They observed that acids 
with an odd number of carbon atoms were less adsorbable than the 
adjacent even members of the series. Griffin, Richardson, and 
Robertson28 found a similar trend for solutions in alcohol. Still 
further, different substituent groups, even though of similar size, 
differ greatly in their influence on adsorbability. 

In studies of the adsorption of dyes of similar molecular size, 
carbon A will selectively adsorb certain dyes, whereas other dyes 
will be preferentially adsorbed by carbon' B. 

Some such enigmas are interpreted as involving shape relations. 
As we know little of the shape and form of the pores in a given 
carbon, we are consequently faced with differentiating a screening 
action due to pore size, and the task of fitting odd-shaped molecules 
into pores of unknown shape. Situations arise, however, that are 
not readily explained even with a very liberal interpretation of pore 
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size and shape. One such situation is presented by the data in 
Table 9: 2 covering an experiment in which a char was air-activated 

TA.OLE 9 :2 

RELATION OF SURFACE AREA TO SPECIFIC 
ADSORPTIVE POWER 

Time of Surf ace area Adsorptionb 
activationa 
minutes sq M/g carbon Phenol Aniline Blue 

10 402 0.09 o.os 
20 600 0.15 0.11 
30 815 0.15 0.)4 
40 990 0.15 0.20 
45 1065 0.15 0.28 

0 Air-activation of acid-washed black-ash al SS0° C. 
• Grams adsorbed per gram carbon at an equ1hbrium concentration tn soluuon of O. IO g/hter. 

for a total time of 45 minutes, samples being taken at regular inter­
vals to determine changes in adsorptive power. 29 

As the activation proceeded and the surface area increased, the 
carbon acquired increased adsorptive power for Aniline Blue. The 
rate of increase greatly accelerated during the final stages of the 
activation. When, for example, the surface area reached 815 sq mfg 
carbon, a gram of carbon adsorbed 0.14 g of Aniline Blue; but the 
adsorption doubled to 0.28 g when the surface area reached 1065 
sq mfg. In other words, the final 250 sq mfg account for as much 
adsorption of Aniline Blue as was accomplished by the entire 
815 sq mfg of surface formed initially. This final spurt is explained 
by the fact that during the early period of activation, many pores 
are too small to admit the large molecules of Aniline Blue, but in 
the final stretch many pores become sufficiently enlarged to admit a 
greater number of these molecules. 

The foregoing interpretation, however, gives no clue to explain 
the pattern of phenol adsorption as disclosed in the same experiment. 
During the initial activation, adsorption of phenol increased 
gradually to 0.15 gf g carbon when the surface area had reached 
600 sq mfg; but beyond this point any further enlargement of the 
surface made no further increase in the amount of phenol adsorbed. 
From this we might conclude that all surface created above 600 
sq mfg carbon had no adsorptive power for phenol. 

A similar relationship is shown in Table 9: 3 between the adsorp­
tion of iodine and molasses color.30 
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TA.BLE 9: 3 

RELATION OF SURFACE AREA TO SPECIFIC 
ADSORPTIVE POWER 

Surface area 
sq m/g carbon W" 

770 
902 

Iodine 
0.60 
0.62 

Adsorptionb 

Molasses color 
0.2 
1.6 

0 Anthracite pre-roasted with alkali, then washed and steam-activated at 750° C. 
• Iodine adsorption expressed as g todtne/g carbon, molasses adsorption as color units 

adsorbed/g carbon. 

9. QUALITATIVE CHARACTERISTICS OF SURFACES 

One alternative hypothesis proposed to explain the data in 
Table 9:2 is: Phenol-adsorptive spaces are created on the final 
portions of new surface but the gain is offset by a simultaneous 
mutation of phenol spaces created initially. This hypothesis would 
regard the erosion of a carbon during activation as an etching process 
in which simple patterns are etched initially on the surface, but as 
the activation continues, these initial patterns are modulated into 
other patterns to provide progressive changes in adsorptive power. 
That specific affinities can reside in separate areas is indicated in 
other studies, one of which is the way certain adsorptive powers can 
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FIG, 9:2. EFFECT OF PRETREA.TMENT WITH POTASSIUM PERMA.NGA.NA.TE ON 
SPECIFIC A.DSORPTIVE CA.PACITY 

0, original adsorptive capacity of Carbon M 
F, adsorptive capacity after treatment with permanganate 
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be selectively blacked-out. 31 An illustration is found in an experi­
ment in which potassium permanganate was adsorbed on a carbon 
which was then soaked in a sulfite solution and finally washed with 
water to remove any residual permanganate and reaction products. 
After this treatment the carbon had less surface area but adsorbed 
almost as much Methylene Blue as the original carbon did (Figure 
9: 2). In contrast, the ability to adsorb Ponceau R or molasses color 
was greatly diminished. 

The concept that selective adsorption can be caused by qualitative 
characteristics of the surface is supported by studies of adsorption 
on plane surfaces: Lead nitrate crystals adsorb Methylene Blue on 
the 110 faces, whereas a different set of faces does not adsorb this 
dye but will adsorb picric acid. When placed in a solution containing 
both dyes, lead nitrate crystals will develop a blue color on one set 
of faces and a.yellow color on others. 32 

Active Centers 
It is of interest to interpret qualitative variations of activated 

carbons in the light of the concept of active centers, as developed by 
workers in the field of contact catalysis. This theory considers that 
every adsorptive power does not exist on all portions of a surface; 
instead, many specific powers are localized in separate subdivisions 
or patches called the actil1e centers.* In these centers, the surface 
atoms are arranged in patterns having specific affinities. We can 
picture that each method of activation etches a characteristic finger 
print. The theory of active centers also furnishes a plausible ex­
planation of the influence of prior history on subsequent stages of 
activation. Each stage, beginning with the initial carbonization, not 
only has an immediate effect but the pattern then set carries forward 
to modulate the action of subsequent stages of activation. The 
action is analogous to a chemical process that involves successive 
stages. Thus in the production of organic derivatives of benzene 
much depends on whether the benzene is initially nitrated, sulfonated, 
or subjected to some other action. 

We must not overlook that much of the attractiveness of the 
active-center hypothesis is in the convenience of describing hetero­
geneous adsorptive behavior in terms of space relations. This must 

• The concept of selective adsorption on active centers is not in opposition to 
that of a screening action by pores. Each has its own sphere and both concepts 
contribute to an over-all understanding of selective adsorption. 
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not lead us into thinking that the concept can supply a detailed map 
of the surface of a carbon. Rather, we should view the active-center 
hypothesis as a mental invention which enables us to coordinate 
aspects of behavior that would otherwise be difficult to gather into 
an organized pattern. With this approach, let us examine charac­
teristics of active centers. 

Evidence that different types of active centers coexist on any one 
carbon surface is provided by various studies. 

Different active centers can be alike in some respects and yet be 
dissimilar in others. Two types of surface which adsorb similar 
amounts of a given dye under one set of experimental conditions 
may exhibit divergent adsorptive powers when the conditions 
are altered. This phenomenon is frequently found when compar­
ing the adsorptive behavior of different carbons: Thus, carbons 
B and £ gave similar adsorption of molasses color at 25° C, but 
elevating the temperature to 90° C increased the adsorption by 
carbon B and left E unchanged. Again, carbons A and H adsorbed 
equal quantities of Malachite Green from an aqueous solution; 
whereas from alcohol, carbon H adsorbed only half the dye adsorbed 
by A (Table 9:4). Evidently, the active centers which adsorb 

Carbon Code 

A 
H 

TA.OLE 9:4 

INFLUENCE OF SOLVENT ON SPECIFIC 
ADSORPTIVE POWER• 

Methylene Bluea Malachite Greena 
In water In alcohol In water In alcohol 

0.84 0.26 1.07 0.113 
0.73 0.Q7 I.IO 0.050 

• Millimoles adsorbed per gram carbon at an eqmlibrium concentration of 0.1 millimoles per 
liter. 

• Data from Ind. Eng. Chem. 37:645 (1945); reprinted by permiss10n of the American Chemical 
Society. 

Malachite Green on carbon H have certain properties which are 
unlike those of the corresponding centers on carbon A. Catalytic 
activity may be associated with adsorptive power on some carbons 
and not on others; Zylbertal,33 in examining two carbons that 
adsorbed uric acid, found that only one of them was able to catalyze 
the oxidation. 

Even on any one carbon, there may be different species of centers 
capable of adsorbing a given substance. Chaplin34 found that 
adsorbed CO2 could be partly displaced from the carbon by HCN, 
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but complete displacement could not be effected regardless of how 
much HCN was added. A similar partial displacement of the CO 2 

occurred when CCL4 was added. When both CCl 4 and HCN were 
added, however, the CO 2 was completely displaced and this was true 
regardless of the order in which the HCN and CCl 4 were added. 
From this, we may deduce that CO 2 can be adsorbed by two different 
types of centers, one of which is also able to adsorb CCl 4 , and the 
other HCN. 

This brings out that, although each active center exhibits selectivity 
as to the kind of substances that can be adsorbed, the selectivity is 
not limited to the adsorption of only one molecular species. More 
than one key may fit each lock. Some centers seem to have adsorptive 
power for a variety of substances if one can judge by the many 
compounds that are able to displace one another's adsorption. 

At first glance, the many variations found in the behavior of 
different carbons might suggest an almost infinite variety of centers, 
yet many of the differences could arise from various assortments of 
a relatively few species. This can be illustrated by three hypothetical 
species with indicated adsorptive powers: 

Species of Active Center Re/ative-Adlorptive Power 
Methylene Blue Iodine Caramel Color 

X O I 2 
y I 2 0 
z 2 3 1 

Various proportions of a few such species could provide many 
variations in adsorptive power. Needless to say, three centers are 
quoted only because of being a convenient number to illustrate the 
hypothesis. 

10. ISOTHERMS AND SURFACE VARIABLES 

Isotherms offer a method for detecting qualitative as well as 
quantitative differences between activated carbons. The path of an 
isotherm is a function of all components of a system; and a change 
in any component frequently alters the course of the isotherm. 
Thus, the path of the isotherm for the system, carbon A, benzoic 
acid, water, will be altered if another acid is substituted for benzoic, 
or if another solvent is substituted for water. This suggests that 
when different carbons do not provide similar types of isotherms, 
the difference arises from dissimilar qualities of adsorptive power. 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0233



220 ACTIVATED CARBON 

Such qualitative differences are frequently found when comparing 
carbons prepared by dissimilar methods of activation. This is 
illustrated by the isotherms in Figure 9: 3 for the adsorption of 

0.!5 :r 
~ o.• 
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0.!5 1.0 2.0 

C 

FIG. 9:3, ADSORPTION OF IODINE FROM AQUEOUS SOLUTION 

(Carbon J, zinc chloride process; Carbon K, calcium chloride process) 

C, grams iodine/liter 
x/m, grams iodine adsorbed/gram of carbon 

0.!5 lo, 

-s 
~ o.• 
X -R 

0.3'" 

I I 

0.!5 1,0 2.0 

C 

FIG. 9:4. ADSORPTION OF IODINE FROM A.QUEOUS SOLUTION 

(Carbon R, activated by steam, 30 minutes; Carbon S, activated by steam, 
50 minutes) 

C, grams iodine/liter • 
x/m, grams iodine adsorbed/gram carbon 

iodine from an aqueous solution. The slope of the isotherm for 
iodine with a carbon activated by the calcium chloride process 
differs from that of the carbon prepared by the zinc chloride process. 

In contrast are the isotherms (Figure 9:4) of carbons R and S 
prepared by steam-activation at 800° C. These isotherms have 
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similar slopes indicating a similar quality of surface. Although 
these two carbons probably are alike in quality of surface, they 
have different quantities of active surface. This is shown by the 
differences in the level of the isotherms; carbon S at the higher 
level has greater adsorptive power. This can be traced to the fact 
that carbon S was activated for a longer period of time during which 
an additional quantity of active surface could be formed. 

Although similar methods of activation give similar isothermal 
slopes, the converse does not necessarily follow, and one should not 
conclude that two carbons were produced by the same method 
because the isothermal slopes are found to be parallel under a single 
set of conditions. Thus, the isotherms for molasses color with 
carbons L and M were found to be almost identical at 25° C, but 
were dissimilar when the adsorption was conducted at 95° C (Table 
9: 5). Here, although two carbons have a similar slope at 25° C, the 
same type of surface is not present on both carbons, as is revealed 
by the different response to temperature. From a practical point 
of view, the different response to temperature emphasizes the fact 
that industrial studies of adsorptive power should be conducted at 
the temperature to be employed in the process. 

TABLE 9 :5 

ADSORPTION OF MOLASSES COLOR BY CARBON 
(Influence of Temperature on Adsorption Exponent) 

Carbon Code 

L 
M 

Adsorbent Exponent 
25° C 95° C 
0.21 
0.21 

0.23 
0.30 

11. HYDROL YTIC ADSORPTION 

A chemical equilibrium can be displaced when one of the com­
ponents of the reaction is strongly adsorbable. This is shown in 
hydrolytic adsorption which was mentioned briefly in Chapter 2, 
section 7, and will be considered more fully at this time. 

In studying the adsorption of dyes and other organic salts, early 
investigators observed instances in which the ions were not adsorbed 
in equal amounts. Thus with a basic dye such as Methylene Blue, 
the dye (cation) was adsorbed but the chloride ion remained in 
solution as a salt or as hydrochloric acid. Many such adsorptions. 
were found to be an exchange adsorption in which the activated 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0235



222 ACTIVATED CARBON 

carbon released hydrogen or mineral cations to the solution in 
exchange for the adsorbed dye ion. 

Studies by Bartell35 and Miller36 have shown that the adsorption 
of dyes and other organic salts can occur through the adsorptive 
forces of carbon acting in conjunction with the aqueous phase. By 
working with very pure carbon they eliminated the possibility of 
exchange adsorption and were able to demonstrate that unequal 
adsorption of ions can be caused by hydrolytic action.* The study 
was extended by Miller36 and many conclusions in this section are 
drawn from his data. 

The adsorption of Methylene Blue has been thoroughly studied. 
This dye, when dissolved in water, undergoes hydrolysis: 

The solution contains equilibrium concentrations of Methylene 
Blue chloride, Methylene Blue hydroxide, and hydrochloric acid, 
together with ions of hydrogen, chloride, and dye. Difficulties in 
analytical procedures prevent quantitative measurements of the 
amount adsorbed in each form, but it is possible to gain a reasonably 
clear picture of the over-all mechanism. Small portions of carbon 
sufficient for partial decolorizing of the solution cause an increase 
in the amount of free hydrochloric acid. This is interpreted as 
indicating that at least part of the dye is adsorbed as ROH, shown on 
the right-hand side of the equation (R is dye radical); this upsets the 
equilibrium which is restored by further hydrolysis of dye, a process 
that simultaneously produces more free HCI. Actually, some HCI is 
adsorbed but the amount adsorbed does not equal that set free by 
the hydrolysis. 

By adding sufficient carbon, the color and the HCI can be com­
pletely adsorbed. This raises a question as to the manner in which 
the latter portion of dye is adsorbed: Is it adsorbed as RCI, or as 
ROH with separate adsorption of the HCI? Miller studied the 
adsorption using many different. proportions of dye and carbon. 
He found that the adsorption of dye color and chloride anion fol­
lowed dissimilar paths, indicating independent adsorption of dye 
and acid. Separate adsorption is indicated by the fact that when 

• This does not exclude the possibility that water is adsorbed as Hand OH ions. 
The principles of the Donnan membrane has been applied to hydrolytic 
adsorption. 
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sufficient carbon is used to give complete adsorption, the color is 
adsorbed more rapidly than the HCI. Still further, some HCI can 
be washed from the carbon without extracting any color. 

Hydrolytic adsorption similar to that observed with Methylene 
Blue occurs with other basic dyes, with salts of alkaloids, and, in 
fact, with all salts from which carbon can preferentially adsorb the 
basic constituent. Such adsorptions are characterized by an increase 
in the free acidity in the solution. The extent of the increase depends 
on the relative adsorption of dye and acid, and this varies according 
to the particular type of carbon used. 

With salts formed from strongly adsorbable acids, adsorption 
causes the solution to become more alkaline, but fundamentally the 
mechanism is similar to that found for Methylene Blue. Consider 
potassium benzoate. In aqueous solution, this hydrolyzes: 

C6HsCOOK + H20 = C6HsCOOH + KOH 

The solution contains equilibrium concentrations of potassium 
benzoate, benzoic acid, and potassium hydroxide. Of these, the 
benzoic acid is most strongly adsorbed and when thus removed, 
further hydrolysis occurs. The increase in the concentration of 
potassium hydroxide causes the solution to become more alkaline. 
The hydrolytic nature of this adsorption is confirmed by extracting 
the carbon with benzene; much of the benzoate that disappears from 
the solution during the adsorption can be extracted from the carbon 
as benzoic acid. The amount so recovered is chemically equivalent 
to the potassium hydroxide set free during the adsorption. Although 
the adsorption of potassium benzoate is mainly hydrolytic, it is not 
completely so; some potassium benzoate is adsorbed as such and 
cannot be extracted with benzene. 

The fundamental principle involved in hydrolytic adsorption 
rests on the ability of hydrolysis to form an adsorbable acid or 
base-an effect that can be augmented by suitable adjustments of 
pH. With salts in which the acid component is the adsorbable 
portion, adsorption is increased by lowering the pH. Thus, with 
potassium benzoate the addition of a mineral acid increases the 
adsorption of benzoate by converting this into benzoic acid, with­
out the need of hydrolysis mechanism. Similarly, when the basic 
component is more adsorbable, as in basic dyes, aniline hydro­
chloride, etc., the adsorption is increased by raising the pH with a 
strong base. 
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Usually, such adjustment of pH need be carried only to a point 
where conversion to the nonionized acid or base is approximately 
complete; adjustment beyond that point seldom confers additional 
benefits. In some adsorptions, it is detrimental to carry the pH 
adjustment too far. 

Many inorganic salts are adsorbed hydrolytically. This behavior 
is typical with salts of metals that form insoluble hydroxides; in fact, 
the insolubility of the hydroxide is often correlated with the extent 
of the adsorption. Consider the action of carbon on a solution of 
ferrous sulfate; iron is adsorbed and the pH of the solution falls. 
A similar phenomenon occurs in the absence of carbon, only in this 
case, ferrous hydroxide slowly leaves the solution as a precipitate. 
The parallel suggests that the adsorption is actually an accelerated 
precipitation. This assumption is supported by the fact that when 
acid is added to a ferrous sulfate solution, it has an adverse effect 
on the removal of iron, whether by carbon or by precipitation 
through normal hydrolysis. 

The parallel is not complete because the reaction with carbon 
results in greater removal of iron and can occur at a lower pH than 
the unaided hydrolysis. It should not be overlooked that carbon is 
able to adsorb slight quantities of HCI; this would upset the equili­
brium conditions and assist the precipitation of Fe(OH)i. 

This seems to occur with solutions of lead salts in which the 
normal hydrolysis does not cause lead hydroxide to precipitate. 

Pb(N03)2 + 2H20 = Pb(OH)2 + 2HN03 

Carbon removes lead from such a solution, and the pH of the 
solution is simultaneously raised. The increase in pH suggests that 
carbon, by absorbing HNO 3 , causes the hydrolysis to proceed to 
the point where Pb(OH)i precipitates and is removed mechanically 
by the carbon. This, however, is not the complete explanation 
because some lead is absorbed from a solution containing sufficient 
acid to maintain the natural pH of a lead-nitrate solution. 

That carbon does have an attraction for metallic hydroxides is 
illustrated by the ability of some carbons to adsorb measurable 
quantities of the very soluble potassium hydroxide. Kruyt and 
De Kadt37 found that activation in air at 400° C produced a carbon 
capable of adsorbing potassium hydroxide, and they ascribed this 
to the presence of acidic constituents formed on the surface of the 
carbon. If, however, a carbon thus prepared is re-heated to 900° C 
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and cooled in the absence of air, it ceases to adsorb alkali and in­
stead will adsorb mineral acids. 

12. SURFACE OXIDES1
•

38
•

39 

Observing that the concentration of oxygen is a factor in the 
adsorption of acids and bases, Shilov40 was led to study the behavior 
of carbon exposed to oxygen at different temperatures and pressures. 
His studies suggested the existence of surface oxides which he 
termed A, B, and C-oxides A and B being pictured as basic, and C 
as acidic. The adsorption o'f acids is considered to involve a reaction 
with basic oxides, whereas the adsorption of bases is traced to the 
acid oxide. The mechanism is not essentially different from that 
described by Miller41 who found that a carbon that had adsorbed a 
water-insoluble dye was able to take up considerable quantities of 
alkali, a proper.ty not possessed by the original carbon. 

In general, acid oxides predominate in carbons prepared in moist 
air at 300° to 500° C, and basic oxides in those prepared at 800° to 
900° C in air, steam, or carbon dioxide. The transition temperature 
is in doubt because the acidic and basic properties show a gradual 
change from one type to another. Amphoteric properties are found 
in carbons prepared between 500° and 800° C. 

The characteristics of the oxide produced at one temperature are 
altered when a carbon is reheated at a different temperature. A 
carbon prepared at 400° C, with base-adsorbing properties, when 
subsequently heated to 900° C becomes acid-adsorbing. If this 
carbon is again reheated in air at 400° C, base-adsorption reappears. 
This last change also occurs slowly at room temperature in the 
presence of moist oxygen. Thus it appears that the surface oxides 
are reversible from one form to another although the effect is not 
entirely independent of previous treatment. 

The surface covered by surface oxides varies in different carbons. 
Lowry and Morgan42 found 1.71 % fixed oxygen in one carbon and 
3.75 % in another. McKie43 reports a ratio of I oxygen atom to 
140 surface carbon atoms. Strickland-Constable44 suggests that 
1 surface carbon atom in every 25 may attach I oxygen atom. Most 
of these determinations were made on carbons prepared at high 
temperatures or which had been subjected to low-temperature 
activation of relatively short periods. Oxygen concentrations of 
18 % are reported for carbons exposed to oxygen at 400° C. 
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Jj. ADSORPTION ASSOCIATED WITH 
CHEMICAL CHANGE 

Somewhat similar to hydrolytic adsorption is splitting adsorption 
in which various complex compounds are disrupted by carbon which 
selectively adsorbs certain constituent parts. This behavior has been 
found with complex platinum, palladium, and osmium compounds, 
also with ammino compounds containing copper, cobalt, man­
ganese, etc.-the metallic group being adsorbed. 

Various substances undergo reduction upon adsorption: 1 mer­
curic salts are reduced to the mercurous state, and ferric salts to 
ferrous salts. Salts of some metals, e.g., silver and gold, undergo 
partial or complete reduction to metal when adsorbed; the extent 
of the reduction is a function of the electrochemical nature, being 
more pronounced with the less electropositive metals. Another 
contributing factor is the chemical nature of the associated anion. 
It is also to be noted that some anions, e.g., permanganates and 
chromates, undergo reduction during adsorption. The reducing 
action is somewhat specific: One carbon may have greater reducing 
power for ferric chloride whereas another carbon may be more 
effective for permanganates. 

Many of these substances are no longer soluble after such a 
chemical change and this raises a question as to the mechanism, as 
it could follow one of several paths: 

I. The substance may be first adsorbed and then undergo 
reduction. 

2. The reduction and adsorption may constitute integral parts of 
a11 over-all phenomenon. 

3. The reduction may occur first and convert the substance into 
an insoluble form; in which case, the role of the carbon would 
be a purely mechanical one of sweeping a solid precipitate from 
the liquid. 

Probably each of these mechanisms plays a part in one adsorption 
or another. Bolam and Phillips,45 in a study of the adsorption of 
silver nitrate, found the reaction to occur in two steps: a) rapid 
adsorption of the silver ion; b) slow reduction to metallic silver. 
Only part of the adsorbed silver is reduced, the ratio of adsorption 
to reduction depending on the carbon used and on the time. Pro­
longed contact increases the amount of silver that is reduced, but 
does not appreciably alter the amount adsorbed. From all this, it 
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appears that the adsorption of silver nitrate proceeds through 
mechanisms I and perhaps 2. 

In other adsorptions, the reduction occurs during a momentary 
contact or adsorption, and the question of more permanent adsorp­
tion depends on the solubility of the product that is formed. Ferric 
chloride dissolved in distilled water, when treated with carbon, is 
reduced and adsorbed hydrolytically as ferrous hydroxide. If the 
solution is acidified sufficiently, the adsorption is negligible and the 
newly formed ferrous ions appear in the solution. 

14. THE ADSORBED LAYER' 

We have but little knowledge of the status prevailing in the ad­
sorbed layer, especially in liquid systems. Even when only a few 
components are present and the substances involved have a simple 
molecular structure, clues as to the nature of the adsorbed layer 
usually admit varied interpretations. Fortunately in industrial 
applications, information as to the status of the adsorbed substance 
is seldom needed except when catalysis or subsequent elution is 
involved. 

The adsorbed layer is seldom of sufficient thickness to produce 
interference of X-rays, hence this tool sheds little light on the status 
of the adsorbed substance. Studies of optical and magnetic proper­
ties reveal but little. 

The frequent references made to the adsorbed layer as a two­
dimensional gas or liquid film are apt to lead to the thought that 
the adsorbed layer is only a slightly modified form of the bulk gas 
or liquid. Even in the case of purely physical adsorption, the forces 
involved are comparable to those producing a change in state. 
Consequently, the differences between the properties of an adsorbed 
liquid film and those of the bulk liquid are comparable to the 
differences found between a liquid phase and the corresponding 
solid or gas phase. Obviously, adsorption accompanied by chemi­
cal or quasi-chemical action would produce even more profound 
changes. 

When a molecule is adsorbed, certain degrees of freedom may 
be frozen out or suppressed. A study of the heat capacity of matter 
in the adsorbed state should give some indication as to whether 
the adsorbed molecules can move freely, vibrate, rotate, or show 
still more restricted motion. Coolidge46 points out that measure­
ments of specific heat in the adsorbed state require precautions to 
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provide a constant adsorbed quantity through a change in tempera­
ture. He found the specific heat of adsorbed water exceeds that of 
water vapor; more strictly speaking, the heat capacity of the char­
coal-water system exceeds that of the separate components. Porter 
and Swain47 found that the heat capacity of water vapor adsorbed 
on charcoal to be about the same as that of liquid water, whereas 
argon or hydrogen has lower specific heat in the adsorbed state than 
in the solid state. 

Monolayers and Multilayers 

Much thought and controversy has centered around the question 
of the probable thickness of the adsorbed layer. 1 ' 

2 The potential 
theory suggests that the adsorbed molecules form a miniature 
atmosphere around the solid. Langmuir considered that a single 
layer is formed by the adsorptive forces of the solid surface, although 
he recognized that the first layer could adsorb other molecules to 
form a second layer. As the forces holding the second layer would 
be weaker, the molecules would evaporate more rapidly and thus 
the second layer would contain fewer molecules than the first. He 
felt it would be improbable for more than three layers to form. 

Other theories have since been developed to show mechanisms 
which allow the formation of multilayers. A multimolecular theory, 
proposed by Brunauer, Emmett, Teller48 in 1938 and by Brunauer, 
Deming, Deming, and Teller49 in 1940, assumes that only the first 
adsorbed layer is attracted strongly by the surface, the second layer 
being adsorbed essentially by the first adsorbed layer, and the 
adsorption thus propagates from layer to layer. The adsorptive 
forces are assumed to result from the totality of forces usually 
designated as van der Waals forces, among which are the dispersion 
forces of London. 2 

Solutes 

Adsorption from solution is often discussed as though only the 
solute were adsorbed. But as is well known, the solvent is also 
adsorbed-often appreciably so. It is possible and even probable 
that the solute and solvent are adsorbed-not as separate entities­
but instead as a solution in which the concentration differs from that 
of the bulk liquid. 

Ions 
I nasrnuch as factors that repress ionization also lead to increased 

adsorption, it is natural to deduce that solutes are preferentially 
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adsorbed as un-dissociated molecules, and for the most part this 
is probably so. However, separate lines of evidence indicate the 
presence of at least some ions in the adsorbed layer. One indication 
is furnished by the migration of carbon particles in an electrical 
field (9: 16). Other evidence is found in the ability of adsorbed acids 
to invert sucrose, but it is reported that this inversion does not occur 
with small traces of adsorbed acids. In this connection, Miller and 
Bandemer50 found that small concentrations of adsorbed hydro­
chloric acid are removed with difficulty by extraction with sodium 
hydroxide, a matter of significance in view of the avidity with which 
these substances normally react. 

Effect of Size of Adsorbed Molecules 

Except where a screening action of the pores intervenes, it will 
frequently be fcfllnd that larger molecules are more adsorbable than 
smaller molecules of similar chemical nature. Although various 
factors such as solubility often play a part, the behavior is in line 
with the Langmuir concept that adsorption is a function of the time 
lag between the initial attachment and the subsequent desorption of 
a molecule. Small molecules, which may become attached at a 
single point, can be desorbed as soon as this bond is broken. Larger 
molecules can be adsorbed initially by becoming attached through a 
single atom, the binding being strengthened when other points of 
contact are made. In the subsequent desorption, however, the larger 
molecule will not be released until all points of attachment are 
broken simultaneously, and this will happen less often than the 
breaking of a single bond holding a smaller molecule. 

15. ORIENTATION 

Although the strong attachment of larger molecules to a surface 
is evidence of multiple points of attachment, sometimes the bonds 
are localized to a few atoms or groups of atoms. In some adsorp­
tions, parts of the adsorbed molecule are free and able to extend 
into the environment. An illustration is found in the ability of 
adsorbed invertase to invert a sucrose solution. 51 Evidently the 
active portion of the enzyme extends into the liquid phase. 

The influence of substituent groups on adsorption is often viewed 
as furnishing clues as to the orientation. Thus, if the introduction of 
a particular group into a molecule enhances the adsorption, that 
group is presumed to be attached to the surface. Conversely, if 
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the adsorption is diminished, the added group is presumed to be 
oriented away from the surface of the carbon. 

Deductions so reached can be questioned on several grounds. 
The effect of a substituent group on adsorption is often associated 
with changes in other properties and this can lead to seeming 
inconsistencies. A polar group such as OH will diminish the ad­
sorption of a solute from an aqueous solution, but the same polar 
group will enhance the adsorption of a vapor. The inconsfstency 
can be traced to the influence of a polar group on other properties: 
A polar group makes a vapor more condensable and therefore more 
adsorbable; but the same polar group will make a solute more 
soluble in water and cause the solute to be pulled away from the 
surface of the carbon. 

Moreover, an endeavor to correlate adsorbability with orientation 
must consider that the effect of introducing a group into a molecular 
structure is not localized to the position occupied by that group, but 
may extend to affect the properties of other portions of the molecule. 
The introduction of a polar group into a benzene ring enhances the 
chemical reactivity at other positions in the ring; likewise a chlorine 
atom attached to the hydrocarbon end of an aliphatic acid can 
greatly alter the properties of a carboxyl group at the other end of 
the molecule. Similar effects on adsorbability seem entirely possible. 

Wettability is viewed as furnishing clues to the orientation of the 
adsorbed layer. Carbon is hydrophobic (adverse to water); that is, 
it is wet more readily by organic solvents than by water. From this 
it has been deduced that when organic substances are adsorbed 
from water, the hydrocarbon part of the molecule is attached to the 
surface of the carbon and any polar groups extend into the liquid 
phase. In general, this deduction is mainly correct, but it may need 
partial modification, because all carbons are not completely hydro­
phobic. When some carbons are placed in a mixture of benzene 
and water, a portion of the carbon will gather at the interface 
indicating that some areas of the carbon surface have partial 
hydrophilic (attracted to water) characteristics. That the attraction 
of carbon is not restricted to hydrocarbon groupings is shown by the 
ability of carbon to adsorb substances that have no carbon atoms, 
e.g., halogens and oxides of nitrogen. 

The nature of the carbon surface suggests that many varied 
orientations can occur with polar groups being held at hydrophilic 
centers, and hydrocarbons at other centers. It is to be mentioned 
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that the relative proportion of hydrophobic and hydrophilic charac­
teristics varies from one carbon to another depending on method 
of manufacture. 

16. ELECTROPHORESIS 

When an electric current is passed through a suspension of a 
finely divided solid in water, the solid particles tend to migrate to 
one of the electrodes. 1 This behavior is ascribed to an electric 
double layer which exists at boundaries between phases and is called 
electrophoresis. In simple cases, the electric double layer may be 
regarded as a condenser whose potential is called electrokinetic 
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potential. Even on large particles the electric double layer consists 
of ions. Consequently electrophoresis and ion migration in an 
electric field are similar phenomena. The double layer may form 
through self-dissociation, as in the case of a protein which can split 
off ions, or it may form through the preferential adsorption of 
certain ions from the solution. 

When an electrolyte, such as hydrochloric acid, is adsorbed on a 
solid surface, the molecules may be attached in one of several ways. 
The chloride ions can be preferentially attached close to the surface 
of the solid, leaving the hydrogen ions to extend into the liquid phase 
(A in Figure 9: 5). Under the influence of an electric field, the nega­
tive chloride ions move to the positive pole dragging along the 
attached solid particles, and an equivalent number of the loosely 
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held positive hydrogen ions moves to the negative pole. The migra­
tion would be reversed with a solid surface that preferentially 
attaches the positive hydrogen ions and allows the chloride ions to 
extend into the liquid phase (Bin Figure 9: 5); then the solid particles 
would be dragged to the negative pole. 

Most activated carbons, when suspended in distilled water, migrate 
to the positive pole, indicating that they carry a negative charge. 
The velocity of the migration and thus the strength of the charge 
depends on the method of preparing the carbon. Olin, 52 and 
Bennister and King, 53 found that an elevation in the temperature at 
which carbon is prepared produces an increase in the electro­
phoretic velocity. This reaches a maximum in samples activated at 
850° C and then decreases if still higher temperatures are used. 
Buzagh, 54 and also Bennister and King, observed that the electro­
phoretic behavior is influenced by the concentration of the carbon 
suspension. 

It is reported that carbons with a positive charge in distilled water 
can be prepared by activation at temperatures above 950° C in the 
presence of hydrogen or carbon dioxide, but this has not been 
confirmed by all workers. 1 Failure to obtain a carbon with a 
positive charge has been attributed to a failure to observe certain 
precautions; for instance, the carbon after heating must be cooled 
in complete absence of air to prevent formation of oxides charac­
teristic of lower temperatures. 

The electrokinetic behavior of carbon does not appear to be 
altered by the adsorption of weak organic acids or bases; but dyes 
and strongly ionized acids, bases, and salts do have an influence. 1 

The negative charge on carbon is strengthened by small concentra­
tions of multivalent anions, e.g., SO4 , Fe (CN)6 , and weakened by 
multivalent cations, e.g., Al, Ti. The influence of the hydrogen ion 
has been studied in some detail.'· 52

• 
55 When hydrochloric acid 

is added to a suspension of carbon, the electrophoretic velocity 
decreases until, at a pH between 2 and 4, the migration ceases. This 
is the isoelectric point. If the solution is made still more acid, the 
particles acquire a positive charge and migrate to the negative pole. 
There is evidence that a second isoelectric point may exist below 
pH 2.0. The hydrogen ion concentration at which these changes 
occur varies according to the carbon used and also depends on the 
nature and concentration of other ions that may be present. 

Several explanations have been offered as to the origin of the 
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electric charge on carbon. As the charge is a function of the tem­
perature at which the carbon is activated, this suggests a relation 
to surface oxides which could yield ions by a reaction with water. 
The charge also could arise from mineral constituents, and in this 
connection, Roychoudhury and Mukerjee56

• 
57 report that a carbon 

having a positive charge can be prepared by thorough washing to 
remove a II electrolytes. 

17. HEAT OF ADSORPTION 

Molecules in condensing from a gas to a liquid come to a state of 
comparative rest and lose kinetic and latent energy, the energy being 
liberated as heat of liquefaction or condensation. Similarly, heat is 
liberated when a vapor condenses on a solid surface. 1 ' 

2 Stronger 
forces are involved in condensation on a solid because this can occur 
under conditions that do not allow normal liquefaction to take 
place. Consequently, one might expect a greater quantity of heat 
to be liberated in adsorption than in normal liquefaction, and this 
is found to be so except in a few cases, e.g., mercury or water on 
charcoal. 58 

When a definite quantity of a gas is admitted to a sample of 
activated carbon in a calorimeter, the total heat liberated, called the 
integral heat of adsorption, is usually reported as calories per mole 
(or milliliters) of adsorbed gas. Comparisons of integral heats of 

TA.BLE 9:6 

INTEGRAL HEAT OF ADSORPTION* 

Compound 

C2HsCI 
CS2 
CHsOH 
C2HsBr 
C2Hsl 
CHCla 
HCOOC2Hs 
C&Ha 
C2HsOH 
CC14 
(C2Hs)2O 

• Q = molecular heat of vaporization. 

Qa 
calories 

6,220 
6,830 
9,330 
6,850 
7,810 
8,000 
8,380 
7,8!0 

10,650 
8,000 
6,900 

b hm = heat of adsorption, I mole of gas per 500 grams of carbon. 

hnzb 
calories 
12,000 
12,500 
13,100 
13,900 
14,000 
14,500 
14,500 
14,700 
15,000 
15,300 
15,500 

• Data from A.. B. Lamb and A. S. Coolidge, I. Am. Ch,m. Soc. 42:1146 (1920); reprinted by 
permission of the American Chemical Society. 
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different substances should be based on corresponding conditions 
of measurement; thus Lamb and Coolidge59 report the integral heat 
evolved when I mole of a vapor is adsorbed by 500 grams of charcoal 
(Table 9:6). 

All portions of an adsorbed gas do not liberate equal amounts of 
heat, therefore the integral heat is the average heat for the total 
gas adsorbed in the experiment. In order to know the amount of 
heat corresponding to each portion of adsorbed gas, it is necessary 
to determine the differential heat of adsorption. This can be approxi­
mated by introducing the gas in very small increments into a calori­
meter containing the carbon and measuring the heat evolved by 
each increment of gas adsorbed. Differential heats are reported as 
calories per mole of adsorbed gas. 

Significant information on the course of an adsorption is revealed 
by a plot showing the change in the differential heat as increasing 
amounts of gas are adsorbed. 2 Usually the initial portions of 
adsorbed gas have a greater differential heat than subsequent por­
tions. The decrease is often small, particularly with compounds 
having a comparatively high boiling point, such as those in Table 9: 6. 
As expressed by Lamb and Coolidge, such adsorptions show very 
little fatigue. 

With some substances, a high initial differential heat is followed 
by a sharp decline in the adsorption of later portions. Keyes and 
Marshall60 found that the initial portion of chlorine adsorbed by 
carbon liberates 31,900 calories per mole, and that this decreased to 
24,600 for subsequent additions. An extreme example is provided 
by the adsorption of oxygen on carbon at 0° C. 1 

• 
2

• 
60 The initial 

portions evolve from 72,000 to 129,000 calories per mole, depending 
on experimental conditions and probably also on the type of carbon 
used. As additional portions of oxygen are adsorbed, the differential 
heat falls rapidly to values of approximately 4000 calories per mole. 

Various theories have been offered to explain such changes in 
the heat of adsorption. 1 

• 
2 One view is that a monolayer is first 

formed in which the molecules are held by stronger forces than in 
subsequent layers. Other workers ascribe variations to the hetero­
geneous nature of the surface. The molecules adsorbed initially 
may enter capillaries and crevices; being held on several sides they 
should liberate more heat. Another suggestion is that the earlier 
portions are adsorbed by the more active surface atoms and are 
held by forces of a different nature than later portions. The last 
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explanation seems to apply to the adsorption of oxygen on carbon 
at temperatures of 0° C and over. Some of the later portions of 
adsorbed oxygen can be removed as such by applying a vacuum, 
whereas the oxygen adsorbed initially can be removed only by 
elevating the temperature. Then, it does not come off as oxygen, 
but as carbon dioxide and carbon monoxide. 

Relation to Chemical and Physical Properties 

In general, the heat of adsorption increases as the boiling point 
of the liquid becomes higher, but exceptions are found. Thus, when 
adsorbed on carbon, methanol (boiling point 64° C) liberates 2400 
less calories per mole than does diethyl ether (boiling point 34° C). 

Pearce and Reed61 found that the heat of adsorption increases 
with an increase in the length of the hydrocarbon chain, and that 
straight chains give a greater heat of adsorption than branch-chain 
compounds. A1though the heat of adsorption tends to increase with 
the size of the molecule, it does not do so at a uniform rate. 

Substituting the hydrogen atoms in methane with chlorine in­
creases the heat of adsorption, but here also the amount of the 
increase becomes less for each additional substituent atom. 

Hydroxyl groups cause a greater increase than do chlorine atoms; 
methyl and ethyl alcohols have a higher heat of adsorption than 
have the corresponding chlorides. 

In many cases that have been studied, a specific gas gives ap­
proximately the same heat of adsorption on different carbons, and 
this could be interpreted as indicating that the adsorption occurs 
on the same quality of surface. However, other lines of evidence 
indicate that the quality of surface is not the same on all carbons. 
In this connection, it is of interest to note that the heats of adsorp­
tion of some gases are approximately the same whether the adsorbent 
is charcoal, silica, alumina, etc. 

Nature of the Heat of Adsorption 

Phenomena related to heat of adsorption have engaged the interest 
of a number of investigators. Many have noted a relation between 
the heat of adsorption and heat of liquefaction. Lamb and Cool­
idge59 suggested considering the heat of adsorption as consisting of 
two components: the heat of liquefaction and a remainder which 
they termed the net heat of adsorption. They found that this net heat 
of adsorption-expressed as calories per milliliter of adsorbed 
liquid-was practically identical for all eleven vapors used in their 
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study. This had led many to view such adsorptions as purely 
physical, and explanations based on various physical properties such 
as compressibility of the liquid have been advanced. In commenting 
on this, McBain62 has pointed out that stress cannot be laid on a 
particular success in explaining data according to one special 
hypothesis without considering the whole subject of chemical and 
physical interaction. He found a similar numerical relation between 
many heats of reaction in which there was a direct chemical action 
between the molecules of the reactants. 

Too much must not be read into the comparison frequently 
made between the heat of liquefaction and the heat of adsorption. 
The solid adsorbent plays an integral part in the phenomenon, and 
the heat of ad<;orption should be considered as a property of the 
entire system. That the attachment in the adsorbed state differs 
from that between molecules in a liquid is indicated in various ways. 
The heat of liquefaction is the same for all portions of condensed 
vapor, whereas the heat of adsorption varies with the amount 
adsorbed. Then, too, the greatest amount of heat is liberated by 
the initial portions of adsorbed vapor and, at this stage, the adsorbed 
molecules are not present in sufficient quantities to form a continuous 
liquid film. Work by Bangham and Razouk63 casts doubts on 
whether the adsorbed layer should be called a liquid film even when 
a carbon is saturated with a vapor. They found that supersaturated 
methanol vapor does not condense to the bulk liquid on charcoal; 
this indicates that the adsorbed methanol does not provide nuclei for 
condensation and thus is not in a state comparable with the bulk 
liquid. 

Heat of Wetting 

The heat evolved when I gram of power is immersed in a liquid is 
known as the heat of wetting or the heat of immersion.64 Data on 
heat of wetting are not expressed in terms of the adsorbate as is done 
with heats of gas adsorption, because it is not feasible to measure the 
amount of liquid adsorbed. Consequently, data on heat of wetting 
are reported as calories per unit mass of adsorbent (Table 9: 7). 

A number of workers describe the heat of wetting in terms of 
surface-energy changes that accompany the immersion of a solid 
in a liquid. When a liquid wets a solid, an airllliquid and an 
airlisolid interface are replaced by a liquidlisolid interface having 
less surface energy. 
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It is generally assumed that a high heat of wetting is associated 
with great adsorbability. From this, it might be concluded that a 
solute will be adsorbed less readily from a solvent having a high 
heat of wetting. Usually this is so, but exceptions are reported. 
Bartell and Fu65 found that bromonaphthalene has a comparatively 
low heat of wetting with carbon, but is strongly adsorbed from 
nitrobenzene which has a much higher heat of wetting. 

Bartell points out that the determining factor in adsorption is 
the free surface-energy change. This is not measured by the heat of 
wetting which instead gives the decrease in total surface energy. He 
states that the adhesion tension, i.e., the work required to separate a 
liquid from a solid phase measures the free energy change and thus 
the relative adsorbability. 

TABLE 9 :7 

HEATS OF WETTING OF CHARCOAL* 

Liquid 
Water 
Nitrobenzene 
Benzene 
Carbon disulfide 
Carbon tetrachloride 
Petroleum ether 

ca//g Charcoal 
8.4 

27.1 
21.0 
29.5 
20.0 
23.8 

• From J. L. Culbertson and L. L. Wmter, J. Am. Chem. Soc. 59:308 (1937), reprinted by 
perm1ss1on of the Amencan Chemical Society. 
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chapter 10 

Desorption • 
1n Liquid Systems 

1. GENERAL 

Except in those cases in which the adsorbed molecules are attached 
irreversibly to the carbon surface, the adsorbed layer is in a dynamic 
condition. Molecules are continually leaving the surface to be re­
placed by others arriving from the gas or liquid phase. 

The behavior is illustrated in a study by Lindau and Salomon.' 
They placed carbon, containing adsorbed optically active tartaric 
acid, in a solution containing an equivalent amount of the optical 
antipode. Within 20 seconds the solution-and also the carbon­
held equal parts of each active form of the tartaric acid, indicating 
a rapid interchange of molecules between the phases. 

From this, one could expect that an adsorbed layer would be 
stripped from a carbon surface if the molecules were removed from 
the system as they leave the surface and if no other molecules were 
present to take their places. In other words, it should be possible 
to remove an adsorbed gas by a vacuum or by sweeping the carbon 
bed with a different gas, e.g., nitrogen. 

Similarly, we would expect that an adsorbed solute could be de­
sorbed by washing the carbon with an appropriate solvent. The 
behavior can be envisioned as though the carbon were acting as a 
reservoir for the gradual and controlled release of the adsorbed 
substance-a concept that has been considered for various applica­
tions. As mentioned earlier, years ago carbon was employed as a 
carrier of medicinals to be released for ailments in the gastro­
intestinal tract. More recently, it has been used to safen the action 
of fungicides and insecticides on sensitive foliage. 

The adsorbed substance is released at a diminishing rate. Let us 
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consider washing a gram of carbon containing 200 mg aniline 
(point S in Figure 10: I). By inspection we see that the first liter of 
wash water elutes almost IO mg aniline. This leaves less aniline on 

C 
FIG. IO: I. ADSORPTION ISOTHERM (plotted logarithmically) 

C, concentration of aniline in solution (mg/liter) 
x/m, amount of aniline adsorbed (mg/g carbon) 

100 
0 

20 

5 15 

C 

10 

F!G, l0:2. HYPOTHETICA.L ISOTHERM TO ILLUSTRA.TE ELUTION OF FUNGICIDE 

(from carbons A and B that have different isotherm slopes) 

C, concentration in ppm of fungicide in soil 
x/m, relative amount of adsorbed fungicide held by carbon 

the carbon. Consequently, the equilibrium concentration (C) in 
Figure IO: I moves to the left, and the next liter of wash water will 
elute less aniline than the first portion. For this same reason each 
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succeeding liter will extract less aniline than the preceding liter. 
By the time 100 mg aniline has been eluted, the equilibrium will have 
moved to point T (Figure 10: I) and here only I mg aniline is 
removed by a liter of water. 

The successful use of the reservoir principle depends on the 
adsorbed substance being eluted in concentrations that are effective 
for the task to be done. Consider a hypothetical situation in which 
it is desired to maintain a concentration of a fungicide of 15 to 5 ppm 
in the soil. If carbon containing adsorbed fungicide is placed in the 
soil, the only portion to be effective is that released in concentrations 
between 15 and 5 ppm. 

In Figure 10:2, carbons A and B contain identical amounts of 
adsorbed fungicide (point O in Figure 10: 2). If these carbons are 
placed in moist soil, the fungicide will move from the carbon to 
maintain an equi-librium concentration in the soil. As the fungicide 
in the soil becomes depleted, it will be replenished by additional 
migration from the carbon. Most of the fungicide is released from 
carbon A within the desired range of 15 to 5 ppm. In contrast only 
a small portion of the fungicide is released from carbon B within 
the effective range. 

From this, it is apparent that the reservoir principle is more apt 
to have economic utility when the isotherm has a steep slope. As of 
now, we know but little of ways and means to control the slope of 
the isotherm. Some of the factors that influence the slope of the 
isotherm of solutes are: 

a) Temperature 
b) Type of carbon 
c) Solvent used 
d) Other solutes present 

In the foregoing application, the carbon has been used to adsorb 
a substance from a strong concentration and release it at a weaker 
concentration. In another type of application, however, a substance 
is adsorbed from a weak concentration and released as a stronger 
concentration. This may seem contrary to what we have learned of 
the nature of the adsorption isotherm, but such usage is not as ano­
molous as might first appear. We know that adsorption can be 
increased by providing more suitable conditions and by this token 
we know also that adsorption can be diminished by providing less 
favorable conditions. This is the basis of the recovery of solvent 
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vapors (3: 3) in which a vapor is adsorbed from a dilute concentration 
at low temperatures and then removed at a greater concentration by 
raising the temperature. 

The am(!unt that can be desorbed may be viewed as the difference 
between the amount adsorbed under favorable conditions and that 
adsorbed under less favorable conditions. From this it follows that 
the effective use of adsorption-desorption depends on learning which 
conditions give greatest adsorption, and-what is equally important 
-conditions that give the least adsorption. The process can be 
viewed as a series of two stages of which the first accomplishes 
maximum adsorption and the second provides minimum adsorption. 
To avoid confusion in the discussion we shall employ the conven­
tional terminology and refer to the first stage as adsorption and to 
the second stage as desorption. 

Adsorption Stage 

For conducting this adsorption, the factors discussed in Chapter 4 
should be reviewed. It is important to avoid conditions that might 
damage the substance to be recovered, and this requires a thorough 
understanding of the chemical and physical properties of the system 
involved. 

It is desirable that a large amount of substance should be adsorbed 
during the adsorption stage, but it must be held loosely so that it can 
be readily dislodged during the subsequent desorption. This feature 
can affect the choice of a carbon. Thus in a process to reclaim a dye, 
carbon Mand carbon l' held identical amounts of dye at the adsorp­
tion stage; but under desorption conditions practically all the 
adsorbed dye was released from carbon M, whereas only a small 
portion of the dye was released from carbon Y. 

Desorption Stage 

Temperature, which is an important influence in vapor systems, is 
only a minor factor in the desorption of solutes. With liquid systems, 
a change in temperature within the range that can be employed 
seldom alters the adsorption sufficiently to provide effective desorp­
tion. Temperature can be an adjunct to other means, but when so 
used it must be kept in mind that solutes vary in their response to 
changes in temperature. Some show increased adsorption as the 
temperature rises; others decrease, and still others show no significant 
change. 
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Methods commonly employed for desorption in liquid systems 
include: 

a) Change the chemical nature of the adsorbed substance 
b) Displace the adsorbed substance by adding a more 

adsorbable substance 
c) Apply a counter attraction to oppose the pull of the carbon. 

Change in Chemical Nature of Adsorbed Substance 
Iodine offers a classic example of changing the chemical nature of 

the adsorbed substance. Elemental iodine is readily adsorbable 
whereas iodides are not. When carbon that contains adsorbed 
elemental iodine is reacted with sodium sulfite solution, the iodine 
is converted to the non-adsorbable iodide and can be readily leached 
from the carbon with water. 

A similar principle applies to the desorption of organic acids and 
organic bases. In this case, the pH of the system is adjusted so as to 
convert the adsorbed substance to the less adsorbable salt form. In 
most cases this procedure is only partially successful because many 
organic salts are hydrolytically adsorbed to some extent and such 
portions remain on the carbon. 

Displacement with a more Adsorbable Substance 
The displacement of an adsorbed substance by one that is more 

readily adsorbed can be shown by placing carbon containing iodine 
in ethanol or carbon tetrachloride; some of the iodine will be eluted. 
To be effective, this method requires finding a solvent or solute that 
has much greater affinity for the carbon than does the substance 
initially adsorbed. Loosely held substances are more completely 
displaceable. As we move to firmly bonded substances, the utility 
of the displacement principle greatly diminishes. 

Counter-Attractive Force 
This method is illustrated by the use of a solvent having solubiliz­

ing power for the adsorbed substance; thus, adsorbed iodine is 
partially eluted with potassium iodide solution. This is a clear-cut 
example of elution through solubilizing action inasmuch as potassium 
iodide is not appreciably adsorbed. Many solvents have a dual 
function of both displacing and solubilizing an adsorbed substance. 

Combination Procedures 
Mixtures of immiscible solvents have been used when a solvent 

capable of displacing the adsorbate is not simultaneously able to 
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dissolve it. Steenberg2 found that Methylene Blue can be displaced 
from carbon by chloroform, but the action will not occur unless water 
is simultaneously present to dissolve the displaced dye. Miller3 

employed an ingenious method of using mixtures of immiscible sol­
vent,s for desorption. Benzoic acid adsorbed by carbon from water 
can be eluted with benzene-a process that Miller found to be 
facilitated by the presence of an additional alkaline aqueous phase. 
The mechanism is as follows: Carbon containing adsorbed benzoic 
acid is preferentially wet by benzene and the benzoic acid dissolves 
in the benzene until equilibrium is reached. When the benzene phase 
is in contact with a solution of sodium hydroxide, sodium benzoate 
forms at the benzene II water interface and passes into the aqueous 
phase. The process continues until all the benzoic acid has passed 
from the carbon through the benzene into the alkaline aqueous phase. 

Frequently, various solutes are added to eluting solvents. The 
influence is often selective-an action that is often apparently for­
tuitous, but certain guide lines can aid the selection. A displacing 
agent should be used under those conditions that render it more 
adsorbable; for example, aniline should be employed at a pH of 7 
or above, and phenol at a pH of 7 or lower. The effect is illustrated 
by the fact that aniline will displace phenol at a high pH, whereas at 
a low pH phenol will displace aniline. 

Mixed solutes are often very useful. A mixture of methanol, 
pyridine, and hydrochloric acid is more effective for eluting vitamin 
B2 than any of the ingredients used separately.4 

The enhanced eluting power of mixtures may be the result of the 
adsorbed substance being held at different types of surface or in 
pores of different sizes-each requiring a specific displacing agent. 
In some desorptions the eluting power of a mixture depends on a 
property to which Bancroft5 calls attention; namely, the ability of 
one component to increase the solubilizing action of another. For 
instance, pyroxylin will dissolve more readily in a mixture of ether 
and ethanol than in either solvent used separately. 

It has been mentioned that the efficiency of an adsorption-desorp­
tion process depends on the difference between the amount adsorbed 
under favorable and unfavorable conditions. From this it would 
seem that a study could be expedited by determining conditions that 
would give the poorest adsorption and this could guide the selection 
of proper desorption conditions. The method is helpful as a guide 
for eliminating procedures of little or no value, but it cannot be used 
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to predict recoveries. Thus, if we were to depend on simple arith­
metic, the data in Table IO: I would indicate that if a gram of 
carbon A adsorbed 150 mg phenol from an aqueous solution at pH 5, 
all but IO mg of phenol could be eluted by extracting the carbon with 
benzene. When such an experiment is conducted, however, the 

ADSORPTION OF PHENOL BY CARBON A 

Condi1i0Ks of Adsorption• 

Aqueous solution at pH 5 
Benzene solution 

mg Phenol Adsorbed 
per g Carbon 

150 
10 

• Adsorptions conducted so that the residual phenol concentration m the benzene solution was 
identical with the residual phenol conccntratton m the aqueous solution. 

amount eluted is generally less than calculated, and is often appre­
ciably less. In other words, an eluting substance can be more effec­
tive for preventing a substance from becoming adsorbed than for 
crowding it off after adsorption has taken place. The behavior is 
illustrated in a familiar kitchen experience: If salad oil is placed in 
a glass that contains water, the oil will not adhere to the glass. If 
the oil is placed in a dry glass, however, the oil will adhere to the 
glass. Moreover, the oil will be only partly dislodged if and when 
water is added later, and then oily patches and globules will usually 
cling to the glass. The reluctance of an adsorbed substance to be 
dislodged is termed irreversible adsorption. 

Irreversible Adsorption 

Varied factors can contribute to irreversible adsorption. Only a 
single bond is needed to hold an adsorbed molecule; consequently, 
when it is held by multiple points of attachment, a molecule cannot 
be desorbed except at such times when all bonds are completely 
severed. In some situations, irreversibility may be reduced by allow­
ing sufficient time for the desorption stage to function. 

Another explanation of irreversible adsorption is that some mole­
cules get into small pores and leave no room for a displacing agent 
to enter. Moreover, vapor-phase studies indicate that substances are 
held more tenaciously in the smaller pores; that is, the retentivity is 
greater. 

A chemical change may occur during adsorption and the adsorbate 
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may not be in its original form. Thus, the adsorbate may form a 
polymerization product which resists desorption because of insolu­
bility in known solvents. Other types of change may require desorp­
tion agents appropriate to the altered chemical form. The possibility 
should not be overlooked that an adsorbate may be desorbed and 
escape recognition because of the altered chemical form. 

Chemical changes caused by adsorption on carbon are probably 
less frequent than might be inferred from the frequent reference to 
the subject. It is noteworthy that penicillin, insulin, and other sub­
stances susceptible to destructive changes are stable when adsorbed 
on active carbon. The changes that occur with some substances can 
often be minimized by modifying the conditions under which the 
adsorption and desorption operations are conducted. 

Moloney and Findlay6 found that Methylene Blue adsorbed from 
solution at pH 2.2 could not be extracted by an aqueous soap solu­
tion, whereas, if adsorbed at pH 3.8, at least part could be recovered. 
Catalytic oxidation can be avoided by conducting operations in an 
inert atmosphere. The catalytic activity of carbon may be controlled 
by poisoning the active centers before adsorption. As only a small 
portion of the surface is catalytically active, the poisoning need not 
greatly reduce the adsorptive power of the carbon. The course of a 
desorption can be affected by the period of time elapsing between 
adsorption and desorption, an effect observed by Dole and Klotz 7 

in a study of chloropicrin. Evidence that the state of the adsorbate 
may change with time is indicated by studies of Try horn and Wyatt. 8 

Coadsorbates 

Irreversible adsorption is often less marked in natural products 
containing coadsorbates, and this has led to studies in which syn­
thetic coadsorbates are added to a system.9

• 
10 Williams 11 

• 
12 and 

his coworkers studied the adsorption-desorption of folic acid. They 
found that ammonia eluted the active principle provided the folic 
acid had been adsorbed from crude preparations. In contrast, the 
elution was less successfull when the folic acid had been adsorbed 
from relatively pure solutions. Apparently, certain substances in the 
crude preparations alter the manner in which the folic acid is adsorbed 
so that it can be released to the ammonia. In further studies, they 
found that preadsorption of aniline on carbon prevented the irre­
versible type of adsorption. Folic acid adsorbed by aniline-treated 
carbon from a pure solution could be readily eluted with ammonia. 
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Weiss9 found that streptomycin could be eluted more efficiently 
from carbon pretreated with oleic acid. Asatoor and Dalgliesh10 

report that aqueous phenol will effectively elute certain aromatic 
compounds provided the carbon is pretreated with agents such as 
stearic acid or octadecylamine. 

The function of coadsorbates is not entirely clear as is evident 
from the various descriptive names applied, e.g., modifier, deactivator. 
It may well be that coadsorbates serve different applications in 
different ways depending on characteristics of the system involved. 
According to one view, the coadsorbate occupies and deactivates 
surface areas having the strongest adsorptive power, leaving the 
desired substance to be adsorbed on less active portions of the sur­
face from which it can be more readily dislodged. Another view is 
that primary forces bind the carbon to the coadsorbate, and the 
latter holds tht: desired substance by secondary forces. This envisions 
the coadsorbate as having two hands, one of which holds the carbon 
firrnly and the other holds the desired substance rather loosley, and 
this latter hold can be broken by appropriate conditions. 

No doubt, many such enhancements of adsorptive power can be 
traced to a mordanting effect. but in some cases there is evidence 
that other forces are operating. Acharya13 found that precoating a 
carbon with a solution of an amine, e.g., naphthylamine, increases 
the adsorptive power for benzoic and 'other organic acids. The effect 
appears to be traceable to a change in surface properties arising 
from the preadsorbed amine, and not to a direct interaction between 
the amine and acid. The extent to which the adsorption is enhanced 
is a function of the amount of amine previously adsorbed; in fact, 
the adsorption of acid is diminished when moro than an optimum 
amount of amine is preadsorbed. Acharya also found that increased 
adsorption of acid did not occur when a mixture of amine and acid 
in solution was added to some of the original carbon which had not 
been pretreated with the amine. 

Attempts are sometimes made to recycle the carbon for re-use. 
This obviously is not feasible when the prior desorption is accom­
plished by displacement with a more strongly adsorbable substance. 
When the desorption is accomplished in certain other ways, however, 
a carbon may be recycled a number of times. 

An example is provided by the use of a modified carbon to recover 
uranium by adsorption-desorption. 14 A modifier is placed on the 
surface of a granular carbon. The modifier-an organophosphoric 
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ester-is only slightly soluble in water and has a strong tendency to 
form chelate compounds with uranium. When the adsorption stage 
is complete, the uranium is desorbed by washing the carbon with 
sulfuric or phosphoric acid, after which the carbon is re-used. The 
service life of the char for repeated re-use is limited only by the slow 
hydrolysis of the organophosphoric ester; up to 80 cycles are 
reported. 

2. INDUSTRIAL APPLICATIONS EMPLOYING 
ADSORPTION-DESORPTION 

Adsorption-desorption systems have long been used with great 
success for the recovery of organic vapors (3: 3). With liquid 
systems, applications have from time to time developed which gave 
promise of large opportunities. In the early nineteen-twenties, a 
process for recovering iodine from petroleum brines developed into 
an operation that became one of the largest single consumers of 
activated carbon in America. The undertaking prospered for a 
number of years but became a casualty of the depression. Interest 
in adsorption-desorption then subsided until World War II when a 
process with activated carbon provided the only immediately avail­
able means for the large-scale production of penicillin at a time when 
it was urgently needed. The dramatic success gave great impetus to 
the possible application to other biochemicals. One important de­
velopment was the manufacture of streptomycin. Again, adsorption­
desorption processes gave promise of furnishing a major market for 
activated carbon, but the interest evaporated when the producers of 
penicillin and streptomycin switched to other methods of manu­
facture. 

It would seem that efforts should be made to rekindle the interest. 
Today there is greater understanding of the facets involved, and the 
potential opportunities would justify research into ways and means 
of making adsorption-desorption operations more efficient. In this 
connection, it should be mentioned that no significant technological 
difficulties were encountered in any of the applications just dis­
cussed. Moreover, the economic advantages of the alternative pro­
cesses were marginal and could have been matched by modest 
improvements in the operating costs for using carbon. In fact, in 
the case of streptomycin, studies in the use of coadsorbates and 
improved control of quality of carbon gave promise of placing the 
carbon process in a favorable position. Unfortunately, before the 
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research had been completed another process had been adopted for 
streptomycin. 

3. POSSIBLE APPROACHES TO FURTHER STUDY 

It is apparent that a better understanding is needed of many 
aspects: the causes of irreversibility; the role of coadsorbates; the 
function of mixtures of displacing agents. Studies using radioactive 
tagged atoms might shed much light. 

New testing procedures for adsorption are needed. The tests in 
current use are designed to evaluate carbons to ensure that they will 
have ample adsorptive capacity. Additional information is needed 
for adsorption-desorption processes, and these require testing pro­
cedures that will reveal the ability of a carbon to release a substance 
under conditions of desorption. 

Electrophor-esis might be studied as a means of elution. This 
process has been studied in chromatography, but reports of using it 
in elution from carbon are confined to a few isolated incidents. 
If used, special techniques would be probably required to prevent the 
desorbed substance from becoming involved in electrode reactions. 

REFERENCES 
I. Deitz, V. R., Bibliography of Solid Adsorbents, United States 

Cane Sugar Refiners and Bone Char Manufacturers, and 
National Bureau of Standards, Washington, D.C., 1944. 
Supplementary volume published 1956. 

2. Steenberg, B., Naturwissenschaften, 29: 79 (1941). 
3. Miller, E. J., et al., J. Am. Chem. Soc., 46: 1150 (1924); Mich. 

Agr. Expt. Sta. Rept. for 1930-32, 22. 
4. Guha, B. C., and Chakrovorty, P. N., J. Indian Chem. Soc., 

11 : 295 (1934). 
5. Bancroft, W. D., Applied Colloid Chemistry, 3rd Edition, 

p. 208, McGraw-Hill Book Company, New York, 1932. 
6. Moloney, P. J., and Findlay, D. M., J. Phys. Chem., 28:402 

(1924). 
7. Dole, M., and Klotz, I. M., Ind. Eng. Chem., 38: 1289 (1946). 
8. Tryhorn, F. G., and Wyatt, W. F., Trans. Faraday Soc., 22: 134, 

139 (1926). 
9. Weiss, D. E., Discussions Faraday Soc., 7: 142 (1949). 

10. Asatoor, R., and Dalgliesh, C. E., J. Chem. Soc., 1956:2291; 
1958:1498. 

11. Mitchell, H. K., Snell, E. S., and Williams, R. J., J. Am. Chem. 
Soc., 66: 267 (1944). 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0265



252 ACTIVATED CARBON 

12. Frieden, E. H., Mitchell, H. K., and Williams, R. J., J. Am. 
Chem. Soc., 66: 269 (1944). 

13. Acharya, H.K., J. Indian Chem. Soc., 14: 188 (1937). 
14. McCiaine, L.A., Noble, Paul Jr., and Bullwinkel, Edward P., 

J. Phys. Chem., 62: 299 (1958). 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0266



chapter 11 

Contact Catalysis 

Activated carbon is used as a contact catalyst in various reac­
tions of isomerization, polymerization, oxidation, and halogenation. 
It also finds use as a carrier for other catalysts, perhaps to a greater 
extent than generally realized. 

Any description of a catalyst must be surrounded by so many 
qualifications that it becomes difficult to give any precise definition. 1 

• 
2 

In very general terms, a catalyst may be described as a substance 
which alters the speed of a chemical reaction without itself disappear­
ing as such to appear as an ingredient of the reaction products. No 
apparent net change occurs in the chemical composition of a catalyst, 
but it does not always escape changes in surface characteristics 
caused by the mechanism of the reaction or as a result of poisoning. 
These changes, when they occur, cause a decay in catalytic power and 
limit the effective life. 

The length of life necessary to justify the industrial use of a catalyst 
depends on technological and economic circumstances surrounding 
each specific process. In many cases, the weight of products formed 
is only fifty to one-hundred times that of the catalyst. At the other 
extreme is the use of platinum gauze in the oxidation of ammonia 
where, with suitable precautions, there is no apparent limit to the 
amount of product that can be formed. 

Catalysts can provide many and varied benefits. The ability to 
accelerate a reaction reduces the amount of processing equipment 
otherwise necessary. Some reactions which normally proceed at an 
immeasurably slow rate can be accelerated sufficiently by a catalyst 
to become a worth-while industrial process. Catalysts make the 
preparation of certain products a practical operation and they pro­
vide a possibility for preparing them from less costly materials. 

253 
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Catalysts often eliminate the need of accessory chemicals which 
apart from their cost may also result in the formation of by-products 
having little or no value. 

Catalysts frequently enable a reaction to proceed at lower tem­
peratures; the consequent savings in heat, power, and reduced 
depreciation of equipment are important in processes that normally 
involve high temperatures and pressures. In some processes, a 
catalyst eliminates the need of using other forms of energy, e.g., 
actinic or electrical. Applebey3 states that the energy necessary in 
industrial practice to fix a given amount of nitrogen by the use of a 
catalyst is about one quarter of the energy required to fix the same 
amount electrically. 

A suitable catalyst can often direct a reaction to produce the 
minimum of by-products; this arises from the fact that catalysis can 
be negative; that is, a reaction can be suppressed by a catalyst. 
Often a catalyst accelerates certain reactions and inhibits others; 
therefore, one can alter the course of a reaction by an appropriate 
catalyst. Thus, compound A may normally react to produce B as a 
major product with minor quantities of C. In the presence of an 
appropriate catalyst, the reaction producing C may be inhibited and 
consequently B can be produced in a purer form and with less waste. 
On the other hand, if C is the desired product, it is necessary to 
search for a catalyst that accelerates that reaction and simultaneously 
retards the reaction producing B. In general, catalysts only serve to 
decrease the time required for a system to reach equilibrium, but 
there are cases in which the final concentrations attained with a 
catalyst are not the same as would be anticipated if the role of the 
catalyst were ignored.4

• 
5 

1. THEORIES OF CONT ACT CATALYSIS 

The industrial applications of catalytic processes have been 
generally in advance of theoretical knowledge of the mechanisms 
involved. Most of the catalytic processes developed during the 19th 
century and the early decades of the 20th century were the results of 
cut-and-try methods inspired by what Hilditch6 has called "chemical 
intuition." Even today, many industrial catalytic processes are still 
guided by empiricism. 

For many years, the general principles underlying the mechanism 
of catalytic processes appeared shrouded in mystery, but in recent 
decades, numerous studies by many investigators have given a 
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clearer insight of the probable mechanism of many catalytic reactions. 
It can hardly be said, however, that an ultimate explanation has been 
found. The present state of our knowledge is well expressed in a 
statement made by Adkins: 5 

There are no physical or chemical measurements which can be 
made a priori to distinguish the good from the poor catalyst. 
After a particular substance prepared in a certain way has been 
found to be the best catalyst available, the fact can usually be 
explained. 

At a meeting of one of the learned societies, an "elder statesman" 
got up and discouraged further discussion by observing that he had 
heard innumerable theories of catalysis in his life, but never one 
which he could not disprove. In relating the incident, Hinshelwood 7 

made the comment: 

One may feei that he, or those who tried to satisfy him, were 
seeking the impossible. There is no theory of catalysis. The 
only question is whether we understand catalytic phenomena 
well enough to arrange them into a picture of which we like the 
pattern. 

Much of the difficulty disappears ifwe adopt a pragmatic approach 
and regard these theories not as objective reality but as mental 
highways on which we can move to a fuller understanding. And, 
just as the choice of a highway by a motorist depends upon where he 
wants to go, so also we will do well to select the theory that pr<;,vides 
the most help in the particular problem at hand. 

Some of the various theories will be briefly outlined-partly 
because they provide a convenient way to describe catalytic behavior 
in a systematic manner, partly because the theories of catalytic 
surfaces shed light on the nature of adsorption by activated carbon. 

Active Areas 

Catalytic activity is often concentrated on a relatively small 
portion of the surface of a catalyst; only rarely is the entire surface 
active. 2 This conclusion has developed from poisoning studies, the 
amount of poison required to completely suppress a reaction often 
being far less than needed to cover the entire surface. Pease and 
Stewart8 found that carbon monoxide in quantities sufficient to cover 
only I % of the surface of a copper catalyst suppressed 90 % of the 
catalytic power; in other words, 90% of the catalytic power was 
concentrated in I% of the surface. Poisoning studies by Almquist 
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and Black9 showed that in a pure iron catalyst, only one atom in 
two thousand was active. 

Recognition that only part of the surface need be active has dis­
pelled much of the mystery of poisoning; that is, the ability of small 
traces of certain impurities to destroy the efficiency of a catalyst. 
Today, poisons are regarded as substances that are preferentially 
adsorbed by the active portions of the surface; when the active area 
is small, it can be completely blanketed by small amounts of a 
poison. The active area is regarded as consisting of a number of 
patches distributed more or less uniformly over the surface. 2 

• 
10 

The active patches are also termed active points, or more often active 
centers, and much study has been devoted to learn the probable 
nature of these areas. 

Taylor11 suggests that surfaces contain spots in which crystalliza­
tion is incomplete, and that activity may reside in individual atoms 
existing in varying degrees of unsaturation, ranging from atoms 
completely saturated by neighboring atoms to those which are 
attached to the surface by only a single valence, i.e., only a single 
step removed from a gaseous atom. 

Edges and corners of crystals have been suggested as the seats of 
activity because atoms at such positions are in a more unsaturated 
state. 12 This view finds support in the fact that many edges and 
corners are present in the rough surfaces characteristic of catalysts. 
Metallic mirrors lack the activity of the rough surfaces that are 
formed through the rapid decomposition of organometallic salts. 13 

Fire-polished glass will not catalyze the recombination of atomic 
hydrogen, but a fractured surface will initiate the reaction.14 

Smekal1 5 points out that although modern concepts of structure 
explain many properties of crystals, certain properties are not 
dependent on the space lattice but are related to imperfections that 
normally occur in all crystals. It is suggested that faults such as 
surface cracks and interfaces between minute crystals can act as 
active centers. 

Many aspects of catalytic phenomena are clarified by the concept 
of a heterogeneous surface over which active centers are distributed, 
but the concept in itself does not describe the mechanism of catalysis. 

Concentration Theory 
At one time it was believed that the acceleration of a reaction by 

an adsorbent resulted from an increased concentration of the re­
actants at the surface-a mass-action effect. 2 Today this influence 
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seems relatively unimportant. It is now known that adsorption often 
accelerates a reaction to a far greater degree than can be explained 
by increased concentration alone. Furthermore, adsorption does 
not always accelerate, and in some cases it may even diminish the 
rate of reaction.16 

The concentration theory completely fails to explain the selective 
nature of catalysis. Why, for example, does formic acid decompose 
into hydrogen and carbon dioxide with a zinc oxide catalyst, whereas 
with titanium oxide, it breaks down to carbon monoxide and water? 
Or, to quote another example, why do carbon monoxide and hydro­
gen form methane in the presence of nickel, whereas quantitative 
yields of methanol are produced with a zinc chromite catalyst.6 

Such effects suggest an influence arising from the chemical proper­
ties of the catalyst. Specific catalytic effects depend on properties 
of the surface atoms, and these properties, in turn, are a function of 
the chc:mical nature of the catalytic substance. This is shown by the 
fact that the same type of active surface is not developed on copper 
as on platinum, and both differ from the active surface that can be 
formed on carbon. Properties of surface atoms that are important 
in catalysis appear to be linked to specific adsorptive powers, thus 
hydrogenating and dehydrogenating catalysts adsorb hydrogen, 
whereas oxidizing catalysts adsorb oxygen. 

Intermediate-Compound Theory 
Sabatier1 7 noted that the vigor of the reaction induced by a catalyst 

is not necessarily related to the amount of reactants adsorbed; thus, 
although platinum adsorbs more hydrogen than does nickel, yet 
nickel is often the better hydrogenation catalyst. From this, he con­
cluded that activity depends on the ability of the catalyst to attach 
the substance in a very reactive form. In the case of nickel and hydro­
gen, the activity is presumed to depend on the formation of a 
temporary hydride, NiH2 or Ni2H 2, from which the hydrogen is 
subsequently released to a suitable acceptor such as ethylene-the 
catalyst surface being left in its primitive form, capable of reproduc­
ing the cycle. 

The reverse process of dehydrogenation proceeds through a 
similar mechanism. Hydrides can be formed by taking hydrogen 
from various substances which are thus dehydrogenated; ammonia 
gas is rapidly decomposed into its elements when passed through a 
bed of red-hot copper or iron turnings. 

This theory, known as the intermediate-compound theory,2 has 
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been very fruitful in many research studies. Sabatier and his co­
workers, who made many important contributions to the industrial 
utilization of catalysts, were guided by this theory. Although the 
theory still receives support, it now occupies a somewhat subordinate 
position. In most catalytic reactions, it has not been possible to 
establish the separate existence of the intermediate compound stage, 
and in the minds of many, this places a question mark on the validity 
of the theory. However, it is well recognized that the formation of 
stable compounds is not conducive to high activity. Elements that 
form stable hydrides, e.g., chlorine or oxygen, do not show the 
hydrogenating powers found in nickel or platinum, and the stable 
sodium chloride is useless as a carrier of chlorine. Therefore, one 
would expect that the ability of intermediate compounds to partici­
pate in a further reaction would be associated with instability, and 
this very instability would make it difficult to show their separate 
existence. 

Some have sought to cover the difficulty of isolating the inter­
mediate stage by adopting the designation indefinite intermediate 
compounds or association complexes. Closely akin to this concept is 
the activated adsorption theory which introduces energy relation­
ships. Bancroft2 points out that the definition of intermediate com­
pounds has become so elastic that it is just as convenient to rewrite 
many interpretations of the intermediate compound theory in terms 
of adsorption. As he further points out, the distinction between 
intermediate compounds and adsorption is psychological rather than 
chemical. 

Activated Adsorption 

The theory of activated adsorption is founded on a general con­
cept proposed by Arrhenius to explain the influence of temperature 
on the rate of chemical reactions.'· 2 Arrhenius suggested that every 
system contains normal and active molecules, but only the active 
molecules participate in a chemical reaction. There are diverse views 
as to the mechanism of activation of molecules, but it is generally 
agreed that the essential difference between normal and active 
molecules is that the active molecules have a higher content of 
energy. 2 • 

19 The distinction is relative because the amount of energy 
needed for a molecule to be considered active depends on the re­
action that is involved. In order that a molecule of A may undergo 
chemical transformation into a different molecular species B, it must 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0272



CONTACT CATALYSIS 259 

have at least a certain minimum content of energy-the so-called 
critical energy for reaction. Usually this is higher than the average 
energy, and the additional energy over and above this average, which 
a molecule A must acquire in order to react, is known as the energy 
of activation. -

Taylor20 observed that temperature changes often produce funda­
mental differences in the adsorptive behavior, and suggested that 
an elevation in temperature can produce an activated condition so 
that molecules become adsorbed in a special state. This special 
state may lead to a strong chemisorption, as is the case with oxygen 
molecules adsorbed as surface oxides on carbon. These molecules 
do not enter into further oxid.ation reactions. In other cases, ad­
sorbed molecules in the special state are able to participate in further 
reactions and at lower temperatures than in the absence of a catalyst. 

Various mechanisms have been suggested to explain why Jess 
energy is needed for molecules to react when in the adsorbed state. 
Hinshelwood 7 gives an analogy to illustrate one possibility: When 
a safe is opened by a key, little energy is needed, but precise geo­
metrical conditions must be fulfilled; when it is blown open, much 
more energy is used, but the exact geometry of the lock ceases to be 
of importance. Similarly, the change of monoclinic to rhombic 
sulfur can be accomplished in several ways, each with different 
energy requirements. One way is to vaporize monoclinic sulfur and 
condense the vapor on a portion of the rhombic form at a suitable 
temperature. Another method is to cool a mixture of monoclinic 
and rhombic sulfur below the transition temperature. In this latter 
case the change is accomplished by atoms or molecules of sulfur at 
the interface becoming detached from one phase to be oriented into 
the new structure without ever being free; this change can be 
initiated by far less energy than needed to vaporize sulfur. Based 
on these analogies, it can be pictured that the transformation of 
molecule A into species B could be accelerated by adsorption in an 
ordered fashion to provide nuclei for the growth of the new species. 
In a reaction AB + XY = A Y + BX, a catalyst, by causing strains 
and suitable orientation, may enable the atoms to be exchanged 
without ever being free. 

Strains due to adsorption may cause some adsorbed molecules to 
be disrupted into atoms or ions. 2 Polanyi21 has pointed out that 
if molecules AB and CD were adsorbed as atoms, A, B, C, D, then 
when these atoms are desorbed they would have an opportunity to 
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form new molecular combinations. Such a mechanism would hinge 
on the ease with which the atoms are desorbed; the binding to the 
surface should not be strong enough to prevent a rapid rate of 
desorption. This may be a clue to the phenomenon so often ob­
served, that catalytic activity seldom coincides with the temperature 
of maximum adsorption. The amount of adsorption is often greater 
at a temperature lower than that at which catalytic activity becomes 
appreciable. According to Langmuir, 22 the measured amount of 
adsorption depends not only on the number of molecules that be­
come attached to the surface, but also on the lapse of time between 
adsorption and desorption. Thus, the reduced adsorption, as 
measured at elevated temperatures, may· be due not to a smaller 
number of molecules participating in adsorption, but rather to a 
shorter staying time in the adsorbed state. An increased pace at 
which changes of state occur would increase the opportunities for 
reaction. 

It has also been suggested that the disruption of molecules into 
atoms could initiate a path on which a transformation from A to D 
could proceed through a series of steps A-+B--+C--+D, with each 
step requiring only a fraction of the energy needed to go directly 
from A to D.23 Moreover, any energy released at each intermediate 
stage could help activate the subsequent stage. 

When adsorbed molecules are disrupted into atoms, the adsorbed 
atoms being bonded to the surface must lack some properties 
associated with free atoms. Burke24 has suggested that stretched 
molecules may be more reactive than those disrupted into atoms. 
The distortion by stretching could change the distribution of energy 
within the adsorbed molecules, and the energy may be momentarily 
concentrated in some particular bond enhancing the activity at that 
point. Moreover, some of the energy of adsorption normally released 
as heat may be momentarily stored in potential or vibrational forms 
in the adsorbed molecules, during which time an opportunity may 
occur for reaction with other molecules. 2 5 

A molecule does not exist continually in one form but resonates 
between different forms, e.g., carbon monoxide can exist in the 
forms :26 

c- =0+, C=O, C+ -O-

A molecule persists for a longer time in the form that has the least 
energy, but during briefer intervals it will assume other forms. 
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Adsorption may provide energy to lengthen the time during which 
a molecule remains at a higher energy level. 

The influence of time may also be expressed by saying that when 
two molecules AB and CD are capable of exchanging partners, the 
exchange is more apt to occur when they are in a more energetic 
state and in close proximity, with the partners suitably oriented to­
ward each other. The chances are not great that all the required 
favorable conditions will exist simultaneously during momentary 
contacts between molecules in the gas phase. However, when two 
molecules are adsorbed side by side there is greater probability that 
all favorable conditions will occur at some time during their stay. 27 

Although the discussed mechanisms indicate various ways in 
which a catalyst could enable a reaction to proceed at lower tem­
peratures with less activation, they do not explain why the course of 
a reaction is not the same on all catalysts. 

Orientation2 

Some students of contact catalysis suggest that an adsorbed 
molecule is anchored to the surface at only one point of attachment, 
leaving the balance of the adsorbed molecule free to extend into the 
solution or gas phase where it can be bombarded by molecules of 
the other reactant. Bancroft1 8 has speculated on how different 
orientations could cause different reactions; e.g., the oriented adsorp­
tion of ethyl acetate could account for three different reactions 
depending on whether the molecule is attached through the ethyl, 
the methyl, or the carboxyl group. The orientation theory is also 
capable of explaining cases in which a reaction is suppressed by a 
catalyst. Here it is assumed that the reacting group is held so as to 
be shielded from contact with molecules of the other reactant. 

Specific Activity 

The theory, of orientation, and indeed all theories that trace a 
relation between the kind of products formed and the nature of a 
catalyst, ultimately rest on an assumption that differences exist in 
the quality of solid surfaces. 

As molecular configuration influences the chemical properties of 
molecules in the vapor and liquid state, it is reasonable to believe 
that the specific behavior of active centers on solids could arise from 
definite arrangements of surface atoms, a concept proposed by 
Adkins 28 in 1922. He and his coworkers found that the ratio of 
competing reaction products formed by a catalyst could be modified 
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by changes in the preparation of the catalyst. One typical study 
employed two titanium oxides, one of which was prepared by the 
hydrolysis of tetraethyl orthotitanate, and the other from tetrabutyl 
orthotitanate. When these two catalysts were used separately against 
ethanol, it was found that they differed in the ratio of ethylene and 
ethane produced. Adkins29 suggested that spatial properties, existing 
in the original source materials, survived to some degree in the 
finished catalyst. The space relations of several adsorbing centers, 
acting on a single molecule, could influence the manner in which 
the molecule is distorted. As expressed by Adkins, 29 

Differences in spacing of the centers of activity might produce 
different molecular fragments, just as the size and shape of 
fragments of a piece of paper would be in part determined by 
the relationship in space of the two hands which tore the 
original sheet. 

Burke24 and Balandin30 have developed the concept of the in­
fluence of the geometry of the surface. Balandin considers adsorp­
tion to be accompanied by catalysis only when the active centers 
are distributed at suitable distances to form groups which he terms 
multiplets. According to this theory, the arrangement of active 
centers within the multiplets affects the specificity of the reaction 
that is induced. This can be illustrated by the presumed behavior of 
ethyl alcohol with a catalyst. If we assume the hydroxyl group to­
gether with one hydrogen atom of the alcohol molecule to be held 
on one spot, and the balance of the molecule on another spot, 
then, when the molecule is torn apart, the hydrogen and hydroxyl 
on the one spot will unite to form water and the remaining portion 
of the molecule will form ethylene. If at a different multiplet, one 
active spot adsorbs two hydrogen atoms, leaving the balance of the 
molecule on an adjacent patch, this would favor dehydrogenation 
and result in the formation of an aldehyde. Similarly, the exchange 
of partners between AB and CD would be facilitated when A and D, 
or B and C, are adsorbed on the same centers of a multiplet. The 
absence of suitably arranged multiplets would by this theory explain 
cases in which adsorption occurs without catalysis. 

Active Centers 
It is apparent that the hypothesis of active centers is extensively 

employed to interpret catalysis, but it should be stated that the con­
cept has been questioned. Direct evidence of the existence of active 
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centers is somewhat lacking. X-ray studies of an active catalyst 
always seem tdgive the usual diffraction pattern of the fully crystal­
line material. This, however, is not considered a disproof of the 
existence of active centers, or that their structure is identical with 
the normal space lattice. As is pointed out, surface layers are not 
of sufficient thickness to give an X-ray pattern of their own. Electron 
diffraction is reported to indicate a difference between catalytically 
active and inactive platinum, and also to distinguish between certain 
supported metallic catalysts. 

The indirect evidence of the existence of active centers is reached 
from so many different approaches as to seem almost conclusive. 
Nevertheless, we must not overlook that some of the preference for 
interpreting adsorption and catalysis in the light of active centers 
may arise from the ease of visualizing a concept expressed in space 
relations. W& must keep in mind that mere geometric arrangements 
in themselves are insufficient to produce the changes that occur, and 
the action of active centers must be associated with a deeper dis­
turbance of energy relations. 

Supports 

Inert refractory supports have long been used as economizers to 
extend the surface of active catalysts; 1 

• 
2 thus asbestos has been used 

to support platinum to catalyze the oxidation of the SO 2 . The 
original purpose of supports seems to have been to extend the surface 
of expensive catalysts. Atoms that are buried in the bulk phase, 
when a catalyst acts as its own support, are brought to the active 
surface when distributed over another, cheaper, support. 

Inert supports also provide other advantages. Some metals are 
most active when reduced from the oxide or salt at the lowest 
possible temperature, and a suitable support enables such a minimum 
temperature to be utilized. Then too, there is a tendency for a 
catalyst to recrystallize, forming a more stable but less active surface 
at temperatures far below the melting point-a behavior known as 
sintering. When distributed over an inert support, the molecules of 
catalyst have less opportunity to cohere to one another and sinter­
ing is thus reduced. Some supports prolong the life of the catalyst 
by suppressing the susceptibility to poisoning, and a supporting 
material is often selected with this in mind. The nature of this 
action is obscure although in some cases, it appears to be caused by 
preferential adsorption of the poison on the support. 
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Supports that do not directly participate in a catalytic reaction can 
increase the rate of catalysis indirectly by providing additional areas 
on which reacting molecules can be captured. Molecules adsorbed 
by physical forces on inactive areas may retain sufficient mobility 
to enable them to migrate over the surface and rapidly reach an 
active center. 31 The active centers are thus supplied with reacting 
molecules more rapidly than could occur by direct hits from a vapor 
or solution phase. 

Promoters 

Much more positive effects of supports are frequently found; the 
activity of the catalyst may be multiplied many times. This behavior 
springs from the ability of certain pairs of substances to enhance 
each other's activity and produce effects far greater than can result 
from the use of either alone. The phenomenon is known as pro­
motion, and a substance that accelerates the activity of another is 
termed a promoter. 1 

• 
2 Such behavior has led to the use and addition 

of substances other than those needed to support the catalyst. 
Frequently, only small quantities are needed to produce great effects. 
Medsforth32 found that hydrogenating activity of nickel for carbon 
monoxide or dioxide is increased nearly twelve-fold by the addition 
of suitable oxides, only 5 % of cerium oxide being needed. 

Many theories have been offered to explain the action of pro­
moters, but as is true of much catalytic behavior, we are a long way 
from understanding the precise mechanism provided by each promo­
ter. Many of the theories are not mutually exclusive and several 
mechanisms may occur simultaneously. 

An interesting theory of promoter action is based on the belief 
that interfaces are the seat of catalytic activity-the active cen­
ters. 1 

• 
2 It is apparent that new boundaries will be provided and 

existing ones altered when one solid is incorporated with another, 
and the enhanced activity may reside in specific configurations pro­
duced at boundaries of the two solids. That boundaries between 
surfaces can be the seat of activity is supported by the fact that a 
decomposition or combination may be difficult to start on a solid 
surface consisting entirely of a single component. Overburnt lime 
does not hydrate readily because water does not combine except 
where hydration has already begun. 22 Faraday found that hydrated 
salts do not commence to effloresce unless the surface is scratched. 
The action of manganese dioxide on the decomposition of potassium 
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chlorate is attributed to specific boundary influences. Pease and 
Taylor33 found that the reduction of copper oxide by hydrogen 
occurs almost entirely at the interface between copper and copper 
oxide. 

Boundary influence can be an important factor, yet, as Bancroft2 

has pointed out, it fails to explain the cases in which a promoter has 
a maximum influence at concentrations far below that which gives 
a maximum extent of interface. 

Another suggestion covering the action of promoters is that one 
of the reactants is activated on the catalyst and the other on the 
promoter. In other reactions, the promoter may provide needed 
links in a chain reaction, some steps occurring on the catalyst and • 
others on the promoter. 

Promoters can provide more suitable geometric arrangements of 
the active centers. The ability of very small concentrations of a 
promoter to produce large effects has been attributed to the pro­
moter molecules completing a necessary configuration, just as a 
single piece can complete an elaborate jig-saw puzzle. This concept 
fits into the Burke-Balandin multiplet theory, the promoter furnish­
ing active atoms to complete suitable multiplets. 

In this connection, it is of interest to note an influence that 
promoters can have on the course of a reaction. Adam 27 reports 
that pure ferric oxide converts carbon dioxide and hydrogen into 
methane and liquid hydrocarbons; but when a trace of sulfur is 
present in the oxide, methanol is formed instead. 

Beneficial Boisoning 

Bancroft' 8 has called attention to the fact that the action of poisons 
is often similar to that of promoters. Rosenmund, 34 using a pal­
ladium catalyst, found that benzaldehyde is not formed by treating 
a solution of benzoyl chloride in benzene with hydrogen, unless 
a trace of sulfurized quinoline is present. The hydrogenation of 
benzaldehyde gives greater yield of the alcohol with smaller yield 
of other products when a trace of quinoline is present. The term 
poisoning implies a detrimental effect, but it is apparent that poison­
ing can be helpful under certain conditions. Poisoning may be 
beneficial by blanketing undesired active centers and thus enabling 
the catalyst to concentrate on the desired reaction. Poisoning may 
also cause a reaction to stop at a desired intermediate stage of a 
chain of reactions. 
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Hilditch6 points out cases in which poisoning is anesthetic rather 
than definitely toxic, for under suitable conditions, the poisoJl is 
displaced from the catalyst which then resumes its normal activity. 
In such instances, beneficial poisoning may be provided by main­
taining a definite concentration of the poison in the reactants. It is 
claimed that the presence of small quantities of oxygen in hydrogen 
aids various hydrogenation processes by minimizing the formation 
of undesired by-products. 

2. ACTIVATED CARBON AS A CATALYST 

Many reactions are catalyzed by activated carbon.36
• 

37 The cata­
lytic power of an activated carbon is often quite specific. The specific 
properties depend on the method of manufacture. Two carbons, 
each made by a different process, may be similar in adsorptive 
properties and yet be dissimilar in specific catalytic power. One of 
them may be more effective for certain reactions whereas the other 
carbon may prove more appropriate for other reactions. 

Activated carbon finds many applications as a carrier for other 
catalysts. Apart from providing a large surface, various other 
benefits have been observed to attend the use of activated carbon as 
a carrier for other catalysts. One value is that the catalyst can be 
prepared at low temperatures-a feature generally desirable. Thus 
nickel salts deposited on activated carbon can be formed into an 
efficient catalyst at 350° to 400° C; whereas temperatures of 420° to 
450° C are required when kieselguhr is used as a support, and 550° C 
or higher with silica gel.6 

Other benefits are illustrated in the use of activated carbon as a 
carrier for aluminum chloride. Various difficulties attend the use 
of unsupported aluminum chloride as a catalyst. Sticky inter­
mediate products are formed in certain reactions which coat the 
aluminum chloride granules, causing them to adhere to one another 
and form large agglomerates with little activity. Moreover, alu­
minum chloride tends to sublime at 180° C under normal pressure, 
a feature which restricts its usefulness. Studies by lpatieff and 
Pines38 indicate that both difficulties are overcome by mixing the 
aluminum chloride with a chloride of another metal, e.g., zinc 
chloride, and adsorbing the mixture on activated carbon. A catalyst 
thus prepared shows little or no tendency to agglomerate. Then too, 
the adsorptive power of the carbon retards the volatilization of the 
aluminum chloride. 
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In other cases, the carbon acts as a promoter and increases the 
rate of the reaction, or enables it to proceed at lower temperatures. 
Working with zinc oxide deposited on charcoal, Adadurov39 

observed that the carrier may alter the course of the reaction. 
The promoting action is not the same for inactive as for activated 

carbon, and dissimilar effects are found with different types of 
activated carbons. Sabalitschka and Moses40 studied the influence 
of the carrier on a palladium catalyst employed for the hydrogenation 
of maleic and fumaric acids. They found that the activity of the 
catalyst depends on the extent to which the palladium compound 
is adsorbed prior to reduction. With carriers of low adsorbing 
power, a more efficient catalyst can be prepared by using the readily 
adsorbable palladium hydroxide rather than the less adsorbable 
chloride. With good adsorbents, equally efficient catalysts can be 
prepared with 't!ither of the palladium compounds. 

Adadurov4
~ prepared catalysts by adsorbing lead nitrate on 

carbon, then drying, and heating to 360° C. He found that when 
these catalysts were employed for the decomposition of formic 
acid, the course of the reaction depended on the conditions under 
which the lead nitrate had been originally adsorbed. Formic acid 
was decomposed into carbon dioxide and hydrogen when the 
catalyst was prepared by adsorbing the lead salt from an 0.01 N 
solution; whereas appreciable amounts of carbon monoxide were 
formed with a catalyst prepared with a 0.05 N solution of lead 
nitrate. 

The behavior of a catalyst can be modified by changing the 
conditions. Johne and Weden42 found that ferrocyanide is almost 
completely oxidized to ferricyanide in the presence of air and carbon 
in a slightly acid medium; whereas in a strongly alkaline medium, 
the reverse reaction occurs. 

The hydrogen-ion concentration is a factor in other reactions; 
a high pH promotes the catalytic oxidation of uric acid43 but inhibits 
the hydrolysis of aspartic acid. 44 Hartnung45 found that the type of 
reaction products formed in the catalytic reduction ofnitriles depends 
on whether or not hydrogen chloride is present in the ethanol used 
as a solvent. 

Catalysis in the liquid phase can be influenced by the nature of 
the solvent used, and the effect may be quite specific.46 Bente and 
Walton47 found that the oxidation of hydroquinone, in the presence 
of carbon, proceeds less readily in organic solvents than in water; 
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dioxane suppresses the oxidation almost completely. Taylor and 
Coughtrey48 observed that the stereoisomeric changes of sulfoxides 

. which took place readily with tetraline as a solvent did not occur 
when benzene was so employed. 

Temperature and pressure can alter the course of a reaction as 
would be expected from thermodynamic considerations. The in­
fluence of temperature is shown in the reaction between chlorine 
and ethylene, which, in the presence of carbon, yields dichloro­
ethylene at I 20° to I 25° C; whereas higher temperatures favor the 
formation of hexachloroethane.49 

Many studies have been made of specific applications of activated 
carbon as a catalyst and also as a promot~r or carrier for other 
catalysts. Of these, a few will be briefly described. 

Reactions Involving Halogens50 

Originally, phosgene was produced by the action of sunlight on 
chlorine and carbon monoxide, but it has since been found that the 
reaction proceeds readily in the absence of light when a mixture of 
the gases is passed over activated carbon. 6

• 
36 One pound of 

activated carbon can catalyze the production of I ton of phosgene 
before reactivation of the carbon becomes necessary. 

Sulfuryl chloride is produced by the reaction of sulfur dioxide 
with chlorine in the presence of activated carbon. 6 Formerly, the 
reaction was conducted in the vapor phase, but now it is carried out 
in the liquid phase. so Activated carbon is suspended in liquid sul­
furyl chloride through which equal volumes of sulfur dioxide and 
chlorine are passed. 51 One pound of the more active types of carbon 
will catalyze the production of 250 pounds of sulfuryl chloride 
per hour. 
· An efficient and safe method of preparing hydrogen chloride 

consists of passing an equimolecular mixture of hydrogen and 
chlorine through a bed of granular activated carbon. 36 Activated 
carbon also catalyzes the formation of hydrogen chloride from steam 
and chlorine. 52 

Newman53 -and his coworkers report that bromine and 'steam 
react at. 600° C to form hydrobrornic acid when activated carbon is 
present. The reaction temperature can be lowered to 500° C when 
iron oxide is mixed with the carbon. The concentration of the 
resulting acid depends on the proportion of steam that is used, and 
fuming acid (60% HBr) can be made readily by this method. The 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0282



CONTACT CATALYSIS 269 

oxygen liberated by the reaction gradually oxidizes the carbon to 
carbon dioxide. 

The preparation of chlorinated organic compounds involves re­
actions that seldom go to completion and some free chlorine is 
present in the end products. The free chlorine may be removed by 
passing the product through a bed of activated carbon saturated 
with water. The carbon acts as a catalyst to promote the reaction 
between chlorine and water, and the hydrochloric acid that is formed 
drains away with the water at the base of the bed. 

The formation of vinyl chloride from acetylene and hydrogen 
chloride is catalyzed by activated carbon impregnated with mercuric 
and mercurous chlorides. 54

• 
55 The catalyst is prepared by saturating 

activated carbon with mercury vapor at 200° C and then adding 
hydrogen chloride to form mercuric and mercurous chlorides. 

Dechlorination of Water Supplies 

The removal of chlorine from water involves both adsorption and 
catalysis. 56

• 
57 

• 
58 Presumably the chlorine is initially adsorbed and 

then reacts : 

The dechlorinating power of carbon can be influenced by the 
presence of other constituents in the water supply. Ammonia will 
form chloramines that are less readily removed by carbon. The 
catalytic removal of chlorine is accelerated at a low pH and retarded 
at a high pH. 

Instances are reported in which the dechlorinating action will 
temporarily diminish and then recover if the carbon is given a brief 
rest period. Under normal circumstances this fatigue does not 
develop; in fact, it occurs only when rather high concentrations of 
chlorine are present. 

Bokhoven and van der Meijden58 report that for an average 
quality of granular or pelletized carbon about 3 inches of a carbon 
layer will reduce the concentration of chlorine by 50%; here the 
principle of the hall'ing l'alue is involved. The height of the carbon 
column should be calculated in accordance with this principle of 
halving value, particularly when a low final chlorine concentration 
is required. In addition, a reserve layer is recommended with a view 
to a possible build-up of organic compounds in the carbon bed which 
could reduce the catalytic properties of the carbon. 
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Isomerization 
Cowan59

• 
60

• 
61 and his coworkers have developed a process for 

the isomerization of nonconjugated oils to conjugated forms. The 
process consists of bringing a vegetable oil-cottonseed, linseed, or 
soybean oil-in contact with a nickel-carbon catalyst at 170° C. An 
inert atmosphere is maintained during the reaction, which requires 
6 to 8 hours for completion at a catalyst concentration of 7.5 %, 
When 20 % of catalyst is present, only 20 to 30 minutes are required 
for isomerization. A sample of catalyst can be used to isomerize 
five to ten batches of oil before its activity is lost. The nickel-carbon 
catalyst does not split ester linkages, and no further chemical 
treatment of the isomerized oil is required. 

Cowan and his coworkers observed that certain types of activated 
carbon are much more suitable than others for the preparation of 
the catalyst. 

Hydrogenation 

Schuster62 reports that activated carbons possess hydrogenating 
power for adsorbed olefines whereas inactive charcoal acquires this 
property only when hydrogenating metals are deposited. Kailan and 
Stiiber63 found that wood char is better than animal char as a sup­
port for nickel in the hydrogenation of oleic acid. 

Reactions Involving Sulfur Compounds 

Activated carbon will adsorb considerable quantities of hydrogen 
sulfide, but much better removal can be accomplished by employing 
the carbon to catalyze the oxidation of hydrogen sulfide to sulfur.64 

In a process developed by Engelhardt, 65 the reaction is catalyzed by 
adding a small amount of ammonia to the gas. The process has been 
adopted in some operations, but generally, iron oxide or various 
liquid systems are employed. These methods, although effective for 
removing hydrogen sulfide, are not suitable for removing organic 
sulfur compounds. The organic sulfides can be broken down by 
certain catalysts at temperatures of 250° to 400° C, but a more 
practical method of removal is to pass the gas through a bed of 
granular activated carbon.66 In order to accomplish efficient and 
complete removal, the gas should be relatively dry because moisture 
interferes with the adsorption of sulfur compounds. Giller and 
Winkler67 find that the efficiency is increased by introducing small 
quantities of air and ammonia into the water gas prior to the 
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treatment with carbon; presumably the effect is similar to that 
reported by Engelhardt for hydrogen sulfide. 

The carbon can be regenerated for re-use by removing the adsorbed 
sulfur compounds. When oxidizing conditions exist during the ad­
sorption, a large portion of the sulfur compounds is oxidized to 
sulfur which can be extracted with a suitable solvent,68 e.g., ammo­
nium sulfide. An alternative method of removing the sulfur com­
pounds and thus regenerating the carbon has been developed by 
Lander, Sinnatt, King, and Bakes.69 Steam, at a temperature of 
250° to 350° C, is passed through the carbon bed in a direction 
counter to that of the gas during the adsorption stage. The steam 
should contain 2.5 % air and I % ammonia. The sulfur compounds 
are carried off by the steam and can be recovered by condensation. 
Even under the best conditions, the regeneration is not complete. 
The carbon gradually loses efficiency with re-use and is eventually 
replaced with fresh carbon. 

Olin, Scarth, and Starkweather70 report that the removal of 
hydrogen sulfide from fuel gas by iron oxide is promoted by activated 
carbon. The extent to which the action is promoted varies with the 
type of carbon used. 

In recent years the use of carbon impregnated with iron or copper 
( or both) is receiving increasing attention for the removal of traces 
of sulfur compounds from gas streams. According to one view, the 
impregnated carbon catalyzes the conversion of hydrogen sulfide to 
elemental sulfur. Other studies indicate that the removal is not due 
to catalytic action but is, rather, a chemical reaction involving the 
formation of metallic sulfides plus the adsorption of organic sulfides 
by the carbon. 

The impregnated carbon can be regenerated by air and steam under 
appropriate conditions. Information on this is available from the 
supplier. 

Reactions Involving Oxygen 

Activated carbon catalyzes the oxidation of ferrous sulfate to the 
ferric form. In a procedure described by Schumacher and Heise, 71 

air is bubbled through an acidulated aqueous solution of ferrous 
sulfate in which activated carbon is present. Burdick 72 found that 
the oxidation of nitric oxide is increased five-hundred fold in the 
presence of activated carbon; moisture decreases the activity. 

Janes 73 describes a process for the electrolysis of aqueous solutions 
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of caustic alkali for producing oxygen without the simultaneous 
liberation of hydrogen. This is accomplished by a cathode of acti­
vated carbon designed so that air adsorbed from the atmosphere 
reacts with the nascent hydrogen to form water.* The over-all drop 
in voltage through the cell is thus reduced and this results in de­
creased consumption of electrical energy. No water is consumed by 
the process, the oxygen liberated at the anode being chemically 
equivalent to that taken up at the cathode. Basically, the process is 
equivalent to extracting oxygen from air at the cathode and delivering 
it in a pure form at the anode. 

Berl74 describes the use of an activated carbon cathode to prepare 
hydrogen peroxide by an electrochemical process. A porous pipe, 
covered with activated carbon, is used as the cathode in an electrolyte 
solution, the cathode being separated from the anode by a diaphram. 
Air or oxygen is forced through the cathode pipe; in the presence of 
the activated carbon, the oxygen reacts with the cathodically evolved 
hydrogen to form hydrogen peroxide. The operation is improved by 
impregnating the carbon with paraffin, but only a very thin coating 
should be applied to avoid impairing the activity of the carbon. A 
preferred method of impregnation is to dip the carbon into a thin 
solution of paraffin in a volatile solvent and subsequently evaporate 
the solvent. The process is also adaptable to the production of 
perborates. 

Activated carbon catalyzes the decomposition of hydrogen 
peroxide,** and for this certain types of carbon are more effective 
than others. The reaction may be utilized when it is desired to re­
move hydrogen peroxide from a solution without introducing other 
chemical contamination. The reaction is also employed in certain 
applications to effect greater decolorization of a product. Skum­
bardis 75 reports that the simultaneous addition of hydrogen peroxide 
and activated carbon to a raw sugar solution effects a more rapid 
and more complete decolorization than is obtained by either hydro­
gen peroxide or carbon acting alone. 

Mart us and Becker 76 utilize the oxygen-adsorptive power of 
activated carbon to depolarize the cathode of an alkaline primary 

* Some hydrogen peroxide is also formed, the oxygen being released when it 
migrates to the anode. 

** In general, a substance that catalyzes a reaction in one direction will also 
accelerate the reverse reaction. The direction taken depends on the point of 
thermodynamic equilibrium. 
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cell. A cathode, made of activated carbon, is designed so that part 
of it is in contact with the atmosphere. Air adsorbed from the 
atmosphere diffuses through the carbon and depolarizes the cath­
ode. Martus and Becker report that activated carbon, when very 
wet with water, has less adsorptive power for oxygen. They over­
came this behavior by impregnating the carbon with a slight amount 
of oil. 

Depolarization by Air in Dry Cells 

Types of activated carbon which have electrical conductivity can 
be used instead of manganese dioxide as a depolarizer in dry-cell 
batteries. 77 Powdered activated carbon is treated with ammonium 
chloride and pressed into a porous cylindrical shape that is placed 
in a zinc container forming the outer electrode. If provision is made 
for a sufficient .supply of air, the effect o.f the activated carbon 
cylinder is similar to that of manganese dibxide. The potential of , 
the activated carbon battery is 0.1 volt lower than that of the man-
ganese dioxide type, but the voltage is steadier and is practically 
constant throughout the life of the battery. 

This type of dry cell has been widely adopted in Europe where a 
specially developed carbon is employed in the manufacture. 78 The 
carbon cell is especially suitable where it is necessary to furnish low 
continuous outputs of energy for long periods of time. The shelf 
life of these cells is long because there is practically no self-discharge. 
Consequently these cells are extremely efficient as sources of current 
over long periods in remote places such as telephone and telegraph 
block stations, and electric installations for wire fencing. 

Miscellaneous 

Indirect effects of carbon are sometimes confused with direct 
catalytic activity, e.g., some reactions are accelerated by activated 
carbon as a result of the adsorption of inhibitors. An example is 
found in the recovery of iodine from iodides present in petroleum 
salt brines. Nitrous acid is employed to oxidize the iodides to iodine 
-a reaction that may be retarded by the presence of inhibitors in 
the brine. Treatment of the brine with an activated carbon removes 
the inhibitors and enables the oxidation reaction to proceed. 

Activated carbon causes some reactions to proceed beyond the 
point of normal equilibrium, and this property is utilized in some 
applications. Thus, under normal conditions, it is not possible to 
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neutralize completely the fatty acids in edible oils, because the 
reaction 

RCOOH + NaOH = RCOONa + H20 

is reversible. When activated carbon is present, however, the 
RCOONa (soap) is adsorbed and the reaction proceeds more nearly 
to completion. 

Summary 

This chapter has presented a perspective of the use of activated 
carbon as a catalyst. It should be mentioned that a number of 
patents have been granted covering many diverse applications not 
included here. 

For a full review the reader is referred to Chemical Abstracts where 
all items can be readily located in the index under Carbon, active and 
Charcoal, active. Much practical help on specific applications can 
often be obtained from the supplier. 

REFERENCES 

1. Frankenburg, W. G., Komarewsky, V. I., and Rideal, E. K. 
(Editors), Advances in Catalysis and Related Subjects, Volumes 
I to 7, Academic Press Inc., New York, 1948 to 1960. 

2. Reports of the Committee on Contact Catalysis: 
Bancroft, W. D., Ind. Eng. Chem., 14: 326,444, 545, 642 (1922); 
I.Phys. Chem., 27:801 (1923). 
Taylor, H. S., J. Phys. Chem., 28:897 (1924); 30: 145 (1926). 
Reid, E. E., J. Phys. Chem., 31 : 1121 ( 1927). 
Burke, R. E., J. Phys. Chem., 32: 1601 (1928). 
Armstrong, E. F., and Hilditch, T. P., J. Phys. Chem., 33: 1441 
(1929). 
Frazer, J. C. W., J. Phys. Chem., 34:2129 (1930). Twelfth 
Report of the Committee on Catalysis, John Wiley and Sons, 
New York, 1940. 

3. Applebey, M. P., Proc. Roy. Soc., Al27:240 (1930). 
4. Freundlich, H., J. Chem. Soc., 164 (1930). 
5. Adkins, H., Ind. Eng. Chem., 32: 1189 ( 1940). 
6. Hilditch, T. P., and Hall, C. C., Catalytic Processes in Applied 

Chemistry, D. van Nostrand Inc., New York, 1937. 
7. Hinshelwood, C. N., J. Chem. Soc., 1203 (1939). 
8. Pease, R. N., and Stewart, I.., J. Am. Chem. Soc., 47: 1235 

(1925). 
9. Almquist, J. A., and Black, C. A., J. Am. Chem. Soc., 48:2820 

(1926). 
Exhibit 1025 

Norit Americas, Inc. v. Calgon Carbon Corporation 
0288



CONTACT CATALYSIS 275 

IO. Beebe, R. A., J. Phys. Chem., 30: 1538 (1926). 
I I. Taylor, H. S., Proc. Roy. Soc. (London), I 08A: 105 (1925). 
12. Schwab, G. M., and Pietsch, E., Z. Elektrochem., 35: 573 

(1929). 
13. Constable, F. H., Proc. Roy. Soc., Al 10:283 {1926). 
14. Wood, R. W., Proc. Roy. Soc. (London), AI02: I (1922). 
15. Smekal, A., Z. Elektrochem., 35: 567 ( 1929); Z. Physik, 55: 289 

(1929). 
16. Kruyt, H. R., and Duin, C. F. van, Rec. trav. chim., 40:249 

(1921). 
17. Sabatier, P., La catalyse en chemie organique, Van Nostrand 

Co., New York, 1920; Chem. and Ind., 46:681, 702 (1927); 
Ind. Eng. Chem., 18: 1005 (1926). 

18. Bancroft, W. D., Applied Colloid Chemistry, McGraw-Hill 
Book Co., New York, 1932. 

19. Lewis, G. N., and Smith, D. F., J. Am. Chem. Soc., 47: 1508 
(1925). 

20. Taylor, H. 8., J. Am. Chem. Soc., 53:578 (1931). 
21. Polanyi, M., J. Soc. Chem. Ind., 54: 123T (1935). 
22. Langmuir, I., J. Am. Chem. Soc., 38: 2221 ( 1916). 
23. Taylor, H. S., Proc. Roy. Soc. (London), I 13A:77 (1926). 
24. Burke, R. E., J. Phys. Chem., 30: 1134 ( 1926); 32: 160 I ( 1928). 
25. Hinshelwood, C. N., Proc. Ruy. Soc., A 127: 240 ( 1930). 
26. Kimball, G. W., "Twelfth Catalysis Report," Chapter I, John 

Wiley and Sons, New York, 1940. 
27. Adam, N. K., Physics and Chemistry of Su1faces, 2nd Edition, 

Oxford University Press, New York, 1938, pp. 277, 240. 
28. Adkins, H., J. Am. Chem. Soc., 44: 2175 ( I 922). 
29. Adkins, H., and Millington, P. E., J. Am. Chem. Soc., 51: 2449 

( 1929). 
30. Balandin, A. A., J. Gen. Chem. (U.S.S.R.), 2: 166 (1932); 

Z. physik. Chem., B2:289 (1929). 
31. Volmer, M., Trans. Faraday Soc., 28:359 (1932). 
32. Medsforth, S., J. Chem. Soc., 123: 1452 ( 1923). 
33. Pease, R. N., and Taylor, H. S., J. Am. Chem. Soc., 43:2179 

( 192 I). 
34. Rosenmund, K. W., and Zetsche, F., Ber., 54:425 (1921). 
35. Rosenmund, K. W., and Jordan, G., Ber., 58 (8): 160 (1925). 
36. Deitz, V. R., Bibliography of Solid Adsorbents, United States 

Cane Sugar Refiners and Bone Char Manufacturers and 
National Bureau of Standards, Washington, D.C., 1944. 
Abstracts of scientific literature on the use of active carbon as a 
catalyst, pp. 652-688. 
Supplementary volume published in 1956. 

37. Hassler, J. W., Actil•e Carbon, the Modern Purifier, Industrial 
Chemical Sales Division, West Virginia Pulp & Paper Com­
pany, New York, 1941. References to the use of active carbon 
as a catalyst, pp. 111-13. 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0289



276 ACTIVATED CARBON 

38. Ipatieff, V. N., and Pines, H., U.S. Patent 2,327,188. 
39. Adadurov, I.E., and Krainii, P. Ya., J. Phys. Chem. (U.S.S.R.), 

5: 1132 (1934). 
40. Sabalitschka, T., and Moses, W., Ber., 60B: 786 ( 1927). 
41. Adadurov, I. E., J. Phys. Chem. (U.S.S.R.), 5: 1139 (1934). 
42. Johne, F., and Weden, H., Biochem. Z., 273: 147 (1934). 
43. Truszkowski, R., Biochem. J., 24: I 349 ( 1930). 
44. Wunderly, K., Helv. Chim. Acta, 16:515 (1933). 
45. Hartung, W. H., J. Am. Chem. Soc., 50: 3370 ( 1928). 
46. Adkins, H., Ind. Eng. Chem., 32: 1189 (1940). 
47. Bente, P. F., and Walton, J. H., J. Phys. Chem., 47: 133 (1943). 
48. Taylor, T. W. J., and Coughtrey, W. C. J., J. Chem. Soc., 974 

( 1935). 
49. Alekseevskii, E. V., J. Russ. Phys. Chem. Soc., 55:403 (1924). 
50. Pope, W. J., Rec. frat'. chim., 42:93~ (1923); British Patent 

122,516. 
51. McKee, R.H., and Salls, C. M., Ind. Eng. Chem., 16:279, 351 

(1924); Canadian Patent 251,586. 
52. Ruff, V. T., J. Chem. Ind. (U.S.S.R.), 13: 348 (1936). 
53. Neumann, 8., Steuer, W., and Domke, R., Z. angew. Chem., 

39: 374 (1926). 
54. Harshaw Chemical Company, Cleveland, Ohio. 
55. Girdler Catalysts, Louisville, Ky. 
56. Parrish, William P.: Personal communication. 
57. Communication, Ted Barnebey of· Barnebey-Cheney, 

Columbus, 0. 
58. Bokhoven, W. C., and Meijden, Chr. van der: Personal 

communication, United Norit Sales Corporation, Amsterdam, 
Holland. 

59. Radlove, S. B., Teeter, H. M., and Cowan, J. C., Northern 
Regional Research Lab. Report, October I, 1945. 

60. Radlove, S. 8., Teeter, H. M., Bond, W. H., Cowan, J.C., and 
Kass, J. P., Ind. Eng. Chem., 38:997 (1946). 

61. Falkenburg, L. B., Schwab, A. W., Cowan, J. C., and Teeter, 
H. M., Ind. Eng. Chem., 38: 1002 (1946). 

62. Schuster, C., Trans. Faraday Soc., 28: 406 ( 1932). 
63. Kailan, A., and StUber, 0., Monatsh., 62: 90 (1932). 
64. Committee on Gas Manufacture, 1928 Report, Gas J., I 84: 526 

( 1928). 
65. Engelhardt, A., Z. angew. Chem., 34:293 (1921). 
66. Bakes, W. E., King, J. G., and Sinnatt, F. S., Fuel Research 

Board ( England, Tech. Paper No. 31 ( I 931 ). 
67. Giller, F., and Winkler, F., U.S. Patent 2,168,933. 
68. Engelhardt, A., Gas- u. Wasserfach, 71 :290 (1928). 
69. Lander, C. H., Sinnatt, F. S., King, J. G., and Bakes, W. E., 

British Patent 337,348. 
70. Olin, H. L., Scarth, V., and Starkweather, W. L., Gas Age­

Record, 70:561 (1932). 
Exhibit 1025 

Norit Americas, Inc. v. Calgon Carbon Corporation 
0290



C6NTACT CATALYSIS 277 

71. Schumacher, E. A., and Heise, G. W., U.S. Patent 2,365,729. 
72. Burdick, C. L., J. Am. Chem. Soc., 44: 244 ( 1922). 
73. Janes, M., U.S. Patent 2,390,591. 
74. Berl, E., Trans. Faraday Soc., 34: 1040 (1938); British Patent 

389,244. 
75. Skumburdis, K., KolloidZ., 55: 156 (1931). 
76. Martus, M. L., and Becker, E. H., U.S. Patent 1,673,198 and 

2,120,618. 
77. Blumenthal, L. M., U.S. Department of Commerce Fiat Final 

Report No. 1181 (June, 1947). 
78. Literature furnished by United Norit Sales Corporation Ltd., 

Amsterdam, Holland. 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0291



chapter 12 

Biochemical Aspects of 
Activated Carbon 

Adsorbents, such as activated carbon, find many uses in bio­
chemical studies. They are employed in the preparation of biological 
products; they are used as medicaments; and they provide a tool 
for the study of biological processes. 1 • 

2
• 

3
• 

4 

Surface chemistry has an essential role in biological processes. 
Investigators have observed a close relation' between adsorption 
phenomena and various aspects of biological behavior. Many vital 
processes are interpreted as manifestations of the interchange of 
energy between the phases of heterogeneous systems which constitute 
living cells. 

1. BIOCHEMISTRY 

Surrounding the protoplasm of living cells is a thin membrane 
with a double surface, one facing the outer world and the other 
enclosing the protoplasmic system. The membrane is not a mere 
separating wall; being semipermeable, it provides an avenue for 
the discharge of waste materials and also enables the cell to select 
from the outer world raw materials needed for its processes. At 
these membranes, surface forces synthesize relatively simple com­
pounds into complex biological factors essential to life and growth, 
but the mechanism of those syntheses is but dimly understood. 
Freundlich5 has pointed out that nature-operating within a small 
temperature range and utilizing a wide variety of interfaces-can 
produce complex compounds whose preparatton in the laboratory 
taxes the ingenuity of the trained chemist. 

278 
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Studies of biological systems have revealed data of fundamental 
importance to students of surface chemistry. Perhaps one of the 
clearest pictures of active centers on surfaces is provided by 
Quaste!'s6 work on adsorption by basterial cell walls. More often, 
however, the approach is reversed and simple systems are searched 
for clues to the mechanism operating in complex living systems. 

Certain forms of catalytic behavior found in biological processes 
are simulated by inorganic adsorbents. 1 

• 
7 Carbon can act as a 

catalase, oxidase, peroxidase, dehydrogenase, etc. The formation of 
urea from ammonium carbonate solutions at the temperature of the 
human body in the presence of activated carbon parallels the action 
of various animal tissues. 8 

Poisoning has been traced to adsorption phenomena. Substances 
that poison biological systems often are well adsorbed on carbon 
and other ads6rbents. The hemolytic activity of alkaline soaps 
parallels their adsorbability on activated carbon and this is also 
true of the bactericidal activity of phenyl-substituted acids. 9 Nar­
cotics show a similar relation. 1 0 Poisoning in biological systems 
often can be traced to the adsorption of substances on cell walls. 
In some instances it ends the flow of materials in and out of the 
cell; in others, adsorption of the poison on active centers prevents 
the synthesis of vital substances. 

Warburg, 1 1 who suggested that cell respiration is catalyzed by 
heavy metals contained in living cells, observed that chemicals that 
poison such action also inhibit similar catalytic properties in 
charcoal. Thus, hydrocyanic acid poisons living cells and also the 
catalytic properties of carbon. Both effects are ascribed to adsorp­
tion on active centers that contain iron. 

Larson' 2 and coworkers, seeking to learn why peptone inhibited 
the action of sulfapyridine on pneumococcus, observed that the 
ability of carbon to adsorb sulfapyridine was reduced when peptone 
was present. This suggests that peptone may prevent the adsorption 
of sulfapyridine by bacterial surfaces. 

Although data from simple systems provide clues to the mech­
anisms involved in biological behavior, there are definite limitations. 
It is obvious that the multiplicity of factors involved in biological 
processes makes it difficult to reach sure conclusions from the 
evidence provided by simple nonliving systems. 

The ability to prepare substances in a relatively pure form by 
the use of adsorbents often makes it possible to distinguish effects 
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of impurities or of companion subst.ances present in the natural 
product from effects of the product itself. Chick and Roscoe,13 

and also Kinnersly and Peters,14 employed adsorption to differentiate 
similar vitamins. By selective adsorption and desorption, Will­
stiitter15 and his coworkers isolated individual enzymes in a relatively 
pure form and thus advanced our knowledge of these substances. 
They found that although the specificity of an enzyme remained 
unchanged, many properties ascribed to enzymes in their natural 
state depended on companion substances. These companion sub­
stances affect the stability of the enzyme, the action of poisons, and 
the influence of temperature and pH on the activity of the enzyme. 
Thus, lipase from human pancrease is most active in a slightly 
alkaline medium. whereas lipase from human gastric juice is most 
active at a pH of 5 to 6. When gastric lipase is treated with an 
adsorbent (kaolin), the enzyme develops maximum activity at pH 8-
similarly to the pancreatic lipase. 4 Apparently, the adsorbent 
removes a companion compound which inhibits the activity at the 
higher pH. Willstiitter produced purified enzymes with many-fold 
their natural activity, a matter of importance to industries that 
employ enzymes to replace chemical methods. 

Willstiitter worked mainly with mineral adsorbents, but the 
techniques he employed have been applied to carbon by other 
workers. A number of enzymes are appreciably adsorbed by carbon 
if suitable conditions are provided, 1 

• 
2 

• 
16 but a subsequent elution 

has not always been accomplished with any great degree of success. 
Pepsin has been eluted with phosphate17 and rennin with saponin, 18 

but invertase has resisted various methods of elution that have been 
tried. 1 

<J 

Enzymes vary in the extent to which they retain activity in the 
adsorbed state. 2° Free and adsorbed uricase appear to be equally 
active on dissolved uric acid, but adsorbed uric acid does not react. 21 

In the case of amylase, Sabalilschka22 found that the activity 
depended on the pH at which the enzyme was adsorbed. The activity 
of adsorbed invertase is affected by the -conditions under which it 
is adsorbed. Miller 19 found that small concentrations of adsorbed 
invertase did not invert sucrose, whereas there was appreciable 
activity when larger amounts of invertase were adsorbed. lnvertase 
adsorbed from purified dialyzed solutions had less activity than 
when adsorbed from unpurified solutions. Miller also found that 
acetic acid-adsorbed either before or simultaneously with the 
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enzyme-enhanced the adsorption; moreover, the adsorbed enzyme 
had greater activity. This effect, however, did not occur when the 
acid was added after the adsorption of the enzyme. 

The utility of carbon for the purification of a biological product 
may depend on the stability of the product while in the adsorbed 
state. A number of biological products are stable when adsorbed 
and this is true even of substances that are susceptible to destructive 
changes. Regna23 reports that penicillin adsorbed on activated car­
bon is stable for at least 6 hours. Jensen and DeLawder24 found that 
adsorption on carbon did not alter the activity of crystalline insulin. 
In some cases, the stability is enhanced in the adsorbed state. Thus, 
under ordinary conditions, the adrenal cortex hormone is rapidly 
destroyed when the adrenal glands are removed from the animal 
body, but when adsorbed on activated carbon, the hormone is 
stabilized and ttfe product retains its activity indefinitely at room 
temperature. 25 

There are certain compounds in which oxidation and other 
chemical changes are catalyzed by activated carbon. Amino acids 
are an outstanding example.'· 26 These acids frequently undergo 
aminolysis; that is, the NH 2 group is replaced by OH to give the 
hydroxy acid. In the presence of air, oxidation also occurs, forming 
an aldehyde with one less carbon atom; or the oxidation may be 
complete giving carbon dioxide, water, and ammonia. The course 
of the reaction depends on experimental conditions; hydrolysis, for 
instance, is retarded by a high pH and accelerated by a low pH. 27 

All amino acids are not affected to the same extent. Bergel and 
Bolz28 found that leucine is oxidized ten times faster than alanine. 
Fi.irth29 reports that histidine and proline are relatively stable, and 
Wunderly30 finds that the deaminating effect is specific for the true 
amino grouping. 

Some carbons have greater catalytic activity than others on 
amino acids. 31 Warburg's32 studies indicate that the activity is 
promoted by the presence of iron in certain forms. He reports that 
by poisoning an activated carbon with cyanide, the oxidizing effect 
can be minimized without affecting the adsorption. 

Fox and Levy33 point out that, in some cases, activated carbon 
can be employed to accomplish a mild oxidation unaccompanied by 
undesirable by-products; thus ascorbic acid is oxidized to dehydro­
ascorbic acid. Schwob34 found that uracil is completely oxidized 
by hydrogen peroxide in the absence of carbon, but in the presence 
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of carbon, the action can be controlled to produce intermediate 
compounds of biological importance. Frerejacque35 reports that at 
room temperature, uric acid in potassium hydroxide solution is 
oxidized to allantoin, and potassium oxonate in the presence of 
activated carbon. At 0° C, oxonamide is produced. 

2. PHARMACOLOGY 

Activated carbon, in the form of a dry powder enclosed in a 
bandage, is applied as a dressing for ulcers, suppurating or gan­
grenous wounds, and other malodorous secretions. Although used 
principally to eliminate fetid odors, some antiseptic value is also 
claimed. Schobesch36 finds carbon of value for prophylactic treat­
ment of yperite wounds. Nahmmacher37 recommends the intra­
uterine application of charcoal for various forms of endometritis, 
especially in infected abortions. A surgical dressing, prepared from 
regenerated cellulose and IO to 15 % of activated carbon, is reported 
to stimulate secretions in wounds; moreover, the dressing absorbs 
secretions that are not absorbed by cellulose alone. 38 The dressing 
has been used advantageously in combination with sulfonamides to 
treat wounds that develop pus; the sulfonamides, when used alone, 
are inactive when pus is secreted. 

Plaster bandages and casts applied over wounds often develop 
an odorous suppuration. Ryan 39 reports that the disagreeable 
odors that develop in such cases can be eliminated by incorporating 
5 to 12 % of activated carbon in the plaster. The carbon used should 
be free from salts that would alter the setting properties of the 
plaster. Seddon and Florey40 report that offensive odors are pre­
vented by covering the plaster cast with a cloth impregnated with 
activated carbon. Best results are obtained when the limb is com­
pletely enclosed in a bag made from impregnated cloth. The bag 
should fit over the cast like a loose sleeve or stocking. In hospitals, 
odors from wounds can be. controlled by withdrawing air from 
beneath the blankets and passing it through a canister of activated 
carbon.41 

Adsorbents have long been·employed to treat various intestinal 
disturbances. In 1712, Father Deutrecolle, a Jesuit missionary in 
China, described the use of clay to treat diarrhea.42 Braafladt 
reports that the use of kaolin together with a hypertonic salt solu­
tion reduced the mortality from cholera from 60 to 3 % during the 
Balkan war of 1910.42 McRobert advocated kaolin to treat acute 
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bacterial food poisonings encountered by the British army in 
India.42 Favorable effects have been reported to result from the use 
of charcoal in infections such as dysentery, cholera, typhoid, and 
food poisoning. 1 

Some investigators report that benefits arise from the adsorbent 
adhering to the membranes of the intestinal tract and forming a 
protective coat. The elimination of gas is probably the result of 
the adsorption of substances that cause the formation of gas rather 
than to direct adsorption of the gas. Activated carbon, when wet, 
has very little adsorbing power for the gases found in the alimentary 
tract. 43 The beneficial results have been ascribed to removal of 
bacteria and toxins. Carbon of itself has no disinfecting power, but 
when certain metals, e.g., silver, are deposited on the surface of 
carbon, they confer disinfecting properties.44

•
45 It is to be noted 

that the disinfe~ting power of soluble disinfectants can be greatly 
reduced by carbon if the active agent is adsorbable. Eisler46 found 
that when phenol or mercuric chloride, adsorbed on carbon, is used 
for disinfection, about a hundred times as much disinfectant is 
required as when used in the free state. 

Limited data are found in the literature on the removal of bacteria 
by carbon in i 1itro.47

•
48 In many cases, the removal is ascribed to 

the bacteria being mechanically trapped when the liquid is filtered. 
The selective removal of certain types of bacteria indicates that more 
than a mechanical action is involved. Gunnison and Marshall47 

found that carbon adsorbed Lactobaccillus acidophilus, but not 
Escherichia coli or Clostridium welchii. Salus49 found typhoid 
bacteria to be more readily adsorbed than Escherichia coli and less 
readily than cocci. Oksentyan, so in a study of lactic acid bacteria, 
found that adsorption did not affect the reproduction of the bac­
teria but lowered their physiological functions. Lasseur51 observed 
Pseudomonas chlororaphis to become affixed at one pole and Bacillus 
megatherium frequently came to rest a short distance from the 
carbon granule. Of the bacteria studied by Gunnison and Marshall, 
these investigators were not able to demonstrate microscopically an 
affinity between adsorbents and bacteria. 

Although bacteria are colloidal systems, their large size makes it 
questionable whether their removal can be regarded as true ad­
sorption. One suggestion is that carbon, by adsorbing protective 
colloids, may leave the bacteria in a condition that permits them to 
clump and be mechanically trapped by the carbon. Studies by 
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Buzagh, 52 dealing with conditions under which large particles can 
adhere to one another, are of interest in this connection. 

Evidence on the adsorption of toxins and viruses is more positive, 
but the clinical value of the data is limited by the fact that they are 
derived mainly from experiments conducted in vitro. The studies 
include a number of viruses, venoms, toxins, antitoxins, and 
agglutinins.'· 2 The extent of each adsorption is influenced by 
experimental conditions and by the type of carbon used. In some 
cases, the activity disappears in the adsorbed state, whereas in others, 
it is reduced. 53 Poppe and Busch54 found that at pH 6.5 to 8.4, the 
foot-and-mouth virus is so strongly adsorbed that neither the 
adsorbent nor the supernatant fluid is infectious to guinea pigs. 
Cordier55 reports that the virus is not destroyed but the activity is 
reduced; small doses of adsorbed virus immunize the animal whereas 
large doses cause ulcers. An experience of Seibert56 is worth 
mentioning. She found that injections of a purified derivative from 
old tuberculin did not stimulate the production of antibodies, but 
when it was adsorbed on carbon and injected in that form, it became 
antigenic; that is, it incited the production of antibodies. Such an 
increase in activity is in contrast to the decrease often found with 
adsorbed substances. 

In some cases, advantages are provided by administering medica­
ments adsorbed on activated carbon. 57

• 
58 The gradual release of 

the substance maintains a more uniform effective concentration. 
Goiffon 59 found that secondary reactions resulting from eserine 
are avoided by administering the drug on charcoal. He also reports 
the use of charcoal containing adsorbed hydroxyaminophenylar­
sonic acid for the treatment of amebic and parasitic infections. 
Grollman25

• 
60 reports success in administering adrenal cortex 

hormone adsorbed on charcoal-the hormone being eluted by the 
gastro-intestinal fluids. Sklow61 reports that the effect of certain 
hormones is prolonged when adsorbed on carbon. .He found that 
when testosterone adsorbed on carbon is implanted subcutaneously, 
the action lasts five times longer than when administered in oil. 
The activity of adsorbed progesterone was prolonged to an even 
greater extent. 

Activated carbon sometimes is incorporated with nauseating drugs. 
to make them less objectionable. The procedure is practical except 
in the case of strongly adsorbable drugs that are not released in the 
gastro-intestinal tract. 
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Antidote 
Holt62 and Holz have prepared an informative review of the use 

of activated carbon as an effective emergency antidote for many 
ingested poisons. They stress the importance of selecting a suitable 
type of activated carbon and emphasize that the carbon should be 
administered promptly after the poison has been swallowed. They 
recommend that the carbon be used in the form of a fine powder 
that is stirred into water to the consistency of a thick soup; this can 
be drunk or used for lavaging. Holt and Holz state that a bottle of 
activated carbon on every medicine shelf would go a long way to 
combat serious poisonings in the home. 

The successful administration of carbon in acute intestinal 
infections and as an antidote has led to its use for chronic disorders 
of the gastro-intestinal system. Although activated carbon is in itself 
entirely nontoxic and passes out of the digestive system unchanged 
except for the adsorbed substances it acquires, pharmacologists 
caution against regular and continued use. It is pointed out that the 
adsorptive power of carbon can deplete vitamins and enzymes from 
the system. 1 

• 
62 

The required dose of carbon varies according to the condition to 
be corrected. 62

•
63

•
64

•
65 For ordinary gastric irritations, 0.5 gram 

may be sufficient, whereas 5 grams or more may be required for 
acute infections. Still larger quantities are necessary when used as 
an antidote for a poison. Much depends on the site of the poison or 
infection. Thus, larger doses are necessary when action is desired in 
the lower intestine because much of the adsorptive power of the 
carbon is exhausted by the time this region is reached. 

Various procedures have been developed to evaluate activated 
carbons for medicinal purposes.' The adsorption of substances 
such as Methylene Blue, strychnine, antipyrene, mercuric chloride 
is suggested for evaluation. In addition to measurements of adsorp­
tive power, the U.S. Pharmacopeia includes tests to insure the 
absence of heavy metals, sulfides, and cyanides.65 

3. INFLUENCE OF CARBON IN BIOLOGICAL 
PROCESSES 

Brief mention can be made of cases in which activated carbon has 
been used to study changes in biological functions. 

Gottlieb and Ludwig66 studied the adsorption of dyes from 
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serum. They found that carbon adsorbs much less dye from serum 
of patients with liver disease than from normal serum. The reaction 
is suggested for use as a test for liver function, and also for the study 
of changes in blood proteins in disease of the liver. 

Grollman, Shumacker, and Howard67 adsorbed estrogenic sub­
stances from urine and fed the carbon-estrogen combination to 
experimental animals. They found that the estrogenic substances 
are eluted from the carbon by the gastro-intestinal fluids and produce 
effective results. By this method, one can easily study variations in 
the estrogenic effects of urine, and thus follow changes in the 
concentration of estrogen in urine under various physiological 
conditions. 

Wolff, Hawkins, and Giles,68 in determining the nicotine content 
in the blood of smokers, observed that blood contained certain 
substances (termed nicotine blank material) which give a color with 
the test reagent similar to that produced by nicotine. They found 
that activated carbon will adsorb nicotine but not the blank material. 
This led them to an indirect approach in which the apparent nicotine 
concentration was determined before and after adsorption with 
activated carbon. The content of nicotine is assumed to be the 
difference between the two determinations. 

Fermentation 

Various effects are possible when activated carbon is present 
during fermentation. 1 Apart from any direct catalytic action, 
indirect effects may occur. Carbon may accelerate biological 
activity by adsorbing poisons, or may retard it by adsorbing nutrients 
necessary for the growth of microorganisms. Reactions may also be 
retarded by the adsorption of enzymes. In some cases, the course of 
the reaction is altered and different products are formed. 

Amati69 noted that carbon retarded the fermentation of sugars, 
but several other workers have reported an acceleration of biological 
activity.1

-
70 Lampe,7 1 working with molasses, reported that 0.1 % 

of activated carbon greatly accelerated the fermentation. He also 
found that formation of aldehyde was reduced sufficiently to make 
it unnecessary to use an aldehyde column in the subsequent distil• 
lation. In contrast, Abderhalden's 7 2 studies indicate that appreciable 
quantities of aldehydes develop when fermentation is conducted in 
the presence of activated carbon. He also notes that the formation of 
glycerol during the fermentation of dextrose by yeast is enhanced 
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by carbon, if air is excluded from the fermentation vessel. Tomoda 73 

found that activated carbon added to a sugar mash increased the 
yield of fuse! oil. 

4. BIOCHEMICALS 

At the time the first edition of this text was prepared, many en­
visioned that large markets would result from studies of adsorption­
desorption processes in the manufacture of biochemicals. The 
markets have not developed but the potential still exists. Activated 
carbon is extensively employed for the decolorizing and deodoriz­
ing of many biochemicals but we lack information as to specific 
applications. 

Biochemical substances usually are present in only small con­
centrations in the source materials and to be prepared in usable 
form, they must be concentrated and also separated from a variety 
of other ingredients. The properties of these substances make them 
amenable to purification by adsorption processes, but the exact 
procedure to be employed varies from one case to another. In a 
few cases, it is possible to selectively adsorb the desired biochemical 
substance and leave most of the impurities in solution. The carbon 
cake is then eluted with a solvent that preferentially extracts the 
desired compound. Generally, the procedure is much more involved 
as it is seldom possible to obtain an adsorbent that will strongly 
adsorb the desired substance and simultaneously exclude the many 
other compounds present in the source materials. 

Elution presents similar difficulties. In some cases, companion 
substances in the source materials act as coadsorbates and aid the 
adsorption and elution, whereas in other cases the companion 
substances interfere and should be removed by a prior precipitation 
or extraction. Frequently, several stages of adsorption are desirable. 
In some processes, the selection of suitable conditions for the first 
stage will allow the bulk of the impurities to be selectively adsorbed, 
leaving the desired substance in a less contaminated condition in the 
filtrate. The conditions are then readjusted to permit the adsorption 
of the desired compound on another adsorbent from which it is 
subsequently eluted. 

The variety of treatments that can be employed is well illustrated 
by the many different processes that are described in the scientific 
literature. We lack information, however, on the extent to which 
specific processes are employed on a commercial scale. 
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Penicillin 
The carbon process was very important in the early development 

of manufacturing penicillin but has since been succeeded by other 
methods. A description of the process is included both because it is 
of historical interest and because it illustrates techniques useful in 
other applications. 1 

A suitable broth is sterilized and inoculated with a seed culture of 
Penicillium notatum and then aerated with sterile air for 70 to 80 
hours at 24° C. At the end of the fermentation, the broth is filtered. 
The clear brown broth (penicillin concentration about 30 parts per 
million) is usually chilled to the lowest possible working tempera­
ture during the subsequent processing to avoid destruction of the 
penicillin. Sufficient carbon is added to the filtered broth to adsorb 
the penicillin; the mixture is stirred for JO minutes and then filtered. 
The carbon cake is eluted with a suitable solvent. Originally amyl 
acetate was used, but later this was replaced by 80 % acetone. The 
elution is conducted preferably by removing the carbon cake from 
the filter, stirring with the eluting agent for about 20 minutes, and 
then filtering. 

When acetone is used as an eluant, it is &eparated from the 
filtrate by distillation in a vacuum or by extraction with a solvent 
that is not miscible with water. The resulting aqueous concentrate 
of penicillin is chilled to 0° C, acidified to pH 2.0, and extracted 
with an organic solvent. Penicillin, a fairly strong acid, is very 
soluble in a number of organic solvents, e.g., ethyl acetate, alcohol, 
ether, amyl acetate, cycloxhexanone, dioxane, chloroform. 

The organic solvent containing the penicillin is stirred with a 
dilute sodium bicarbonate solution. The penicillin salt which is 
formed goes into the aqueous phase and this is filtered through a 
Seitz-type biological plate-and-frame filter. The relatively concen­
trated solution is transferred to vials and dehydrated by freezing 
and high vacuum. 

In some operations, the penicillin is treated at an intermediate 
stage with activated carbon under conditions that enable color and 
other impurities to be adsorbed. 

Streptomycin 

Although other methods are now employed to manufacture 
streptomycin, the carbon process as originally developed is described 
because of features that are of value in other applications. 1 
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Sterilized mash is inoculated with a pure culture of Streptomyces 
griseus and aerated under aseptic conditions for several days at 25° 
to 30° C. The broth is filtered and activated carbon is added to the 
clear filtrate to adsorb the streptomycin. The carbon dosage must 
be closely controlled as an insufficient amount results in incomplete 
adsorption, and an excess of carbon reduces the yield by elution. 
The carbon is separated by filtration and washed with alcohol to 
remove loosely held impurities, after which the streptomycin is 
eluted from the carbon with acidified methanol. The eluate is 
neutralized and evaporated at reduced pressure under carefully 
controlled conditions to prevent decomposition of the streptomycin. 
At this point, the streptomycin is 25 to 30% pure and a number of 
subsequent steps are required to obtain a final product free from all 
toxic impurities. In some operations, a subsequent purification with 
activated carbon is provided under conditions in which the impurities 
are adsorbed and not the streptomycin. 

Vitamins 

a) Vitamin-bearing Oils: The conventional method of decolorizing 
and deodorizing edible oils with adsorbents at an elevated tempera­
ture is of little value for vitamin-bearing oils because, under such 
conditions, considerable amounts of vitamin A are destroyed by 
oxidation. Buxton 74 describes a method in which the vitamin 
potency is preserved. Activated carbon is mixed with a solvent such 
as heptane or ethylene dichloride, and nitrogen is bubbled through 
the suspension for about 5 minutes to deaerate the carbon. The 
vitamin-bearing oil is then added, and the mixture stirred for 30 
minutes at room temperature in an atmosphere of nitrogen, after 
which the mixture is filtered. Vitamin A is not adsorbed under 
these conditions and practically all of it is found in the filtrate. The 
solvent is removed by evaporation at reduced pressure and the 
remaining oil is greatly improved in color and odor. Some anti­
oxidants are removed by the carbon and these should be replaced. 

In a modification of the foregoing process, the carbon is mixed 
with water and heated to over 50° C. The deaerated carbon slurry 
is added to a vitamin-containing oil, and the whole mass is stirred at 
a slightly elevated temperature under reduced pressure until taste and 
odor impurities are adsorbed. The heat applied has a dual purpose 
in that it drives off the moisture and accelerates the rate at which 
the impurities are adsorbed. 
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Hennessy75 found that when fish oils are hydrogenated in the 
presence of activated carbon, the odor is greatly improved and the 
vitamin potency is not impaired. 

b) Vitamin A: De76 found that vitamin A can be separated from 
carotene by adsorbing the latter on activated carbon. Marcussen 77 

describes a process for separating vitamins A and D. A concentrate 
prepared from fish-liver oil is dissolved in heptane and percolated 
through a column of activated carbon. When additional pure 
heptane is passed through the column, the vitamin D is eluted first 
and the vitamin A subsequently. 

In a procedure employed by Holmes, Cassidy, Manly, and 
Hartzler,78 vitamin A is concentrated by fractionation in Tsweet 
adsorption columns, using a column of oxygen-free carbon and a 
column of a special type of magnesia. 

c) Vitamin C: Fox and Levy 79 found that activated carbon con­
verts ascorbic acid into the reversibly oxidized dehydroascorbic acid, 
the extent of the conversion depending on the type of carbon used. 
Very little irreversible oxidation occurs. Watanabe80 observed that 
the optimum pH for the reversible oxidation_ ranged from 3.2 to 
4.4, depending to some extent on the type of carbon used. De­
hydroascorbic acid can be regenerated to ascorbic acid by hydrogen 
sulfide. Indovina81 found that ascorbic acid is adsorbed without 
decomposition when the treatment is conducted in an atmosphere 
of nitrogen. Kuhn and Gerhard82 observed that the oxidation of 
ascorbic acid is diminished by impregnating the carbon with a 
reducing agent such as sodium sulfide or sodium thiosulfate. 

d) Vitamin D: Funk and Dubin,83 using autolyzed yeast, adsorbed 
vitamin D with fullers' earth or activated carbon. Acetic acid was 
employed to elute the vitamin from the activated carbon; but for 
fullers' earth, barium hydroxide was more effective. 

Vitamin G (Riboflavin): Booher84 employed adsorbents to prepare 
a vitamin G concentrate from whey. In one procedure, the vitamin 
in the whey is adsorbed on fullers' earth at low temperature and 
then eluted with hot water. The vitamin in the eluate from the 
fullers' earth is further concentrated by adsorption on activated 
carbon from which it is subsequently, desorbed with an ethanol­
benzene mixture, the latter being separated from the vitamin 
concentrate by evaporation. 

Vitamin H: Booher85 describes the use of activated carbon to 
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obtain a 60- to 90-fold increased concentration of vitamin H• from 
rice polishings. The success of the process depends on certain 
preliminary steps of purification. An acidulated aqueous extract of 
rice polishings is mixed with fullers' earth, which adsorbs vitamin 
B1 . The neutralized filtrate is desiccated and the dry solids are ex­
tracted with,absolute ethyl alcohol. The extract is diluted with water 
and treated with activated carbon to adsorb vitamin H which is 
subsequently eluted with n-butyl alcohol or other suitable solvent. 

Antineuritic Factor: Kinnersly and Peters86 studied methods for 
concentrating thiamine (torulin) an antineuritic factor present in 
yeast. In one procedure, neutral lead acetate is added to an aqueous 
yeast extract to precipitate certain impurities. The filtrate is treated 
with barium hydroxide to precipitate gums-the excess barium 
hydroxide being removed with sulfuric acid. Other impurities are 
removed from th·e solution with mercuric sulfate. Activated carbon 
is added to the filtrate to adsorb the active principle which is sub­
sequently extracted with 0.1 N hydrochloric acid in 50 % alcohol. 

Kinnersly and Peters86 point out that many variable factors are 
involved and that a procedure suitable for recovering thiamine 
from one raw material may not be applicable when a different 
source material is used. The adsorption of thiamine depends on the 
presence of a coadsorbate in the solution; consequently, the pre­
liminary treatments should be such as to remove interfering sub­
stances without affecting the coadsorbate. The pH at which the 
adsorption should be conducted depends on the preliminary 
treatment. For example, when a previous precipitation with mercuric 
sulfate is provided, the optimum pH is 7.0; but when this step is 
omitted, the adsorption should be conducted at pH 5.0 to 6.0. 

Folic Acid: Mitchell, Snell, and Williams87 describe a method for 
concentrating folic acid from spinach. The process includes three 
successive stages of adsorption-desorption on activated carbon after 
which the solution is further purified by various chemical reagents. 
Folic acid, when adsorbed from crude solutions, can be eluted with 
hot ammonia, but the elution is not successful when the folic acid 
is adsorbed from purified solutions. Because of this, it becomes 
necessary to modify the procedure during the second and third 
stages of the adsorption-desorption process. Frieden, Mitchell, and 
Williams88 suggested that impurities adsorbed from a crude solution 

• Later identified as a combination of pyridoxine and pantothenic acid. 
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cause the folic acid to be held less tenaciously. They studied the 
action of other substances and found that when activated carbon is 
pretreated with aniline, folic acid adsorbed from a purified solution 
can be eluted without difficulty. 

Liver Extract: Kyer89 prepared a concentrated liver extract by 
precipitating the proteins with lead acetate and then adsorbing the 
active principle on carbon. The use of the lead salt had certain 
disadvantages; in a later method, calcium chloride and sodium 
carbonate were added to form a precipitate of calcium carbonate 
which removed the protein as did lead acetate. The filtrate adjusted 
to pH 5 is treated with activated carbon, and the filtrate from this 
is treated with an additional quantity of carbon. The carbon cakes 
are extracted with hot 50 % alcohol and the ef uate is concentrated 
in t'acuo. Tyrosine also is adsorbed and eluted with the active 
substance, although, with some carbons, the adsorption of tyrosine 
is incomplete. 

Precipitate Factor: Elvehjem90 and coworkers found a dietary 
factor in liver, yeast, and milk, which they called the alcohol-ether 
precipitate factor. This factor can be adsorbed by activated carbon, 
but difficulty has been experienced in eluting the active substance. 
However, when carbon that contained the adsorbed factor was fed 
to vitamin-deficient animals, good growth was obtained. This sug­
gests that elution in vitro could be accomplished under appropriate 
conditions. 

L. Casei Factor: Stokstad, Hutchings, and Subba Row91 studied 
the isolation of this factor from liver. Liver extract containing 
20,000 units of activity per gram was dissolved in water, adjusted to 
pH 8.5, heated to 80° C, and calcium chloride added to flocculate 
the precipitate that formed. The L. casei factor was adsorbed from 
the filtrate by activated carbon at pH 3.0. The carbon cake was 
washed with 60 % ethanol to remove inert substances and then it was 
treated with 0.5 N ammonium hydroxide in 60 % ethanol at 70° C 
to elute the active factor. The filtrate, adjusted to pH 1.3, was per­
colated through a column of Super Filtrol to adsorb the active factor, 
and the latter was subsequently eluted with 0.5 N ammonium 
hydroxide in 60 % ethanol. 

Hutchings92 and coworkers isolated the L. casei factor from a 
solution obtained by aerobic fermentation of an unidentified 
bacterium of genus Corynebacterium. The filtered solution was 
adjusted to pH 3.0 and activated carbon was added. After 30 
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minutes of contact, the carbon was filtered off, washed with water 
and then with 50% ethanol, and the washings were discarded. 
Following this, the carbon was eluted with a solution containing 
10 % ammonium hydroxide and 50 % ethanol. Approximately 65 % 
of the L. casei factor was recovered. 

Hormones93 

a) Insulin: Moloney and Findlay94 outline a method of purifying 
insulin. Activated carbon is added to a partially purified solution 
of insulin adjusted to pH 2.5 with hydrochloric acid. After 12 
hours of contact, the mixture is filtered and the carbon cake is 
washed with water and then extracted with a solution containing 
5 % acetic acid and 60 % ethanol. This extracts certain impurities 
but does not disturb the insulin. The washed carbon cake is digested 
for several houi:,s at room temperature with a 12 % solution of 
benzoic acid in 60 % ethanol to elute the adsorbed insulin. The 
ethanol is evaporated from the filtrate and the benzoic acid in the 
concentrate is extracted with ether. The resulting aqueous solution 
contains the purified insulin together with traces of dissolved ether. 
The ether is subsequently removed by evaporation. 

Jensen and DeLawder95 purified commercial insulin by adsorption 
on activated carbon followed by elution with 90 % phenol. The 
phenol eluate was diluted with water and the insulin that flocked 
out was washed with absolute alcohol and ether. Insulin thus 
prepared has an activity about equal to that of crystalline insulin. 
The activity was not further increased by a subsequent adsorption 
and elution. This finding is supported by data of Fisher and Scott, 96 

and is in contrast to an observation by Dingemanse97 that a product 
of greater activity than crystalline insulin can be prepared by this 
procedure. 

b) Oxytocic Hormone: Methods of concentrating this hormone 
have been developed by Freeman, Gulland, and Randall. 98 In one 
procedure, an acid extract of powdered posterior lobe, adjusted to 
pH 11, is treated with fullers' earth to adsorb impurities. The 
active principle remaining in solution is adsorbed on activated 
carbon from which it is subsequently extracted with glacial acetic 
acid. 

c) Adrenal Cortex Hormone: Grollman and Firor99
• 

100 found 
that adrenalectomized animals could be maintained in a normal 
state of health with adrenal cortical hormone adsorbed on carbon 
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administered orally, the hormone being eluted by the gastro­
intestinal fluids. 

To prepare the hormone, the adrenal glands are extracted with 
acetone, after which the acetone is removed by distillation in vacuo 
at 35° to 40° C. The remaining aqueous concentrate, after being 
filtered and adjusted to pH 7.0 with sodium hydroxide, is shaken 
with activated carbon to adsorb the hormone. To get rid of impuri­
ties incidentally adsorbed on the carbon, it is washed successively 
with dilute alkali, hydrochloric acid, and alcohol. The alkali removes 
products of phenolic decomposition; the acid elutes epinephrine; 
and the alcohol dissolves certain lipoidal impurities. 

When it is desired to administer the hormone uncombined, it is 
eluted from the charcoal with chloroform. The chloroform is 
removed by distillation in vacuo, leaving a brownish resin that is 
soluble in aqueous ethyl alcohol. 

d) Plant Wound Hormone: English and Bonner101 prepared a 
concentrate of this hormone from bean pods. An alcoholic extract 
of the pods was evaporated in an atmosphere of nitrogen and the 
residual syrup was extracted with water. Activated carbon was 
added to the aqueous extract and the mixture was stirred at room 
temperature for l hour in an atmosphere of nitrogen. After filtration, 
the active substance was eluted from the carbon with pyridine and 
purified further by chemical methods. 

Removal of Pyrogens 

It is necessary that solutions used for parenteral injection should 
have no harmful effects. Sterility is obviously important. Even 
though a solution is free from microorganisms in its final state, 
however, it may be unsuitable because of by-products of bacterial 
action formed before or during sterilization. Certain bacteria produce 
thermo-stable substances which are classified as pyrogens. Pyrogens, 
when present in parenteral solutions, will cause a physiological 
reaction that occurs from 15 minutes to 8 hours after the injection. 
The reaction is characterized by a rigor and chill accompanied by a 
sharp rise in temperature and an increase in the pulse rate. This 
reaction is followed by profuse sweating and a fall in temperature. 
There may also be nausea, vomiting, headache, and albuminuria. 
As most patients who are given parenteral injections are already in a 
weakened condition, such reactions can be dangerous. 

As large quantities ofpyrogens may be present in ordinary distilled 
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water, specially designed stills are required for the removal of pyro­
gens by distillation. A number of workers, 1 

• 
102 Todd, Gemmell, 

Brindle, Rigby, Lees, and Levy have found that pyrogens can be 
removed by powdered activated carbon. Great care is required in 
the filtration because it must provide complete removal of all solid 
particles and also maintain aseptic conditions. Hudson103 has 
designed a filter unit. 

The addition of medicaments, e.g., dextrose, to a carefully pre­
pared water can introduce pyrogens, and as such solutions cannot 
be purified by distillation, the use of carbon becomes necessary. 
Certain medicaments are adsorbed by the carbon and then it 
becomes necessary to add sufficient quantity to compensate for the 
amount adsorbed. 

Granular carbons are not effective and only certain powdered car­
bons are suitable. In addition to adsorptive power for pyrogens, the 
carbon must be free of soluble inorganic substances, some of which 
may produce an opalescence during the subsequent sterilization. 

The original publications should be consulted for complete details 
of the technique for the use of activated carbon in the preparation 
of pyrogen-free solutions. 

This chapter covers only some of the ways in which activated 
carbon can offer utility in this field. Other possibilities are suggested 
in References. For a complete review the reader is referred to 
Chemical Abstracts where all items dealing with the subject can be 
readily located in the index under Carbon, active; and Charcoal, 
active; and also to Deitz, Bibliography of Solid Adsorbents, which 
contains a section on biochemical, medical, and pharmaceutical 
applications. 
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chapter 13 

Experimental Methods of 

Gas Adsorption 

1. STATIC ADSORPTION METHODS 

A method occasionally used to measure the adsorption of vapors 
is to place a weighed quantity of carbon in an open weighing bottle 
in a desiccator in which is also placed a beaker containing the liquid 
phase of the substance to be adsorbed. When adsorption is com­
plete, the increased weight of the carbon sample measures the 
saturation adsorption. Under the conditions of this procedure, sub­
stances having low vapor pressures would be adsorbed more slowly 
and may appear to be weakly adsorbed unless sufficient time is 
provided to ensure equilibrium. 

This method obviously does not provide an isotherm, because the 
adsorption is measured at only one equilibrium point-saturation 
adsorption-and this point has very little practical significance. The 
saturation adsorption, when expressed as milliliters of liquid, is re­
ported to be almost identical for a number of different substances. 1 

• 
2 

In the oldest and perhaps most commonly used method for 
measuring the adsorption of gases, a measured amount of gas is 
introduced to a known weight of an adsorbent. The amount ad­
sorbed is calculated by comparing the resulting gas pressure with 
that which would be expected if no adsorption occurred. Many 
assemblies have been developed to fit specific adsorptions. They all 
require careful attention to a number of details for which reference 
should be made to the original publications. 2 

• 
3 

• 
4 Only an outline 

of the basic features will be given here. 
The basic parts of a static-adsorption assembly comprise a bulb 

300 
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EXPERIMENTAL METHODS OF GAS ADSORPTION 

containing the .adsorbent, a buret containing a measured quantity 
of the gas to be adsorbed, a manometer to measure pressure (Figure 
13: l ). Other essential units are a system for removing gases and 
other impurities from the adsorption bulb before adsorption, and a 
thermostat for controlling the temperature during the adsorption. 

s 

,. 
V 

FIG. 13: I. ADSORPTION APPARATUS 

a) Sample holder stopcock 
b) Three-way cock 
c) Charcoal sample holder 
d) Con,rant temperature bath 
e) Bath thermometer 

f) Glass bulbs of known volume 
g) Air /me 
h) Water Jacket thermometer 
i) Mercurv manometer of large bore 
/) Prelimin~ry evacuation connecaon 

k) Bmad,ene storage bulbs 
I) Line fromm butadrene cylinder 

m) McLeod vacuum gage 
n) Mercury diffusion pump 
p) Auxihary pressure line 
r) Forepump trap 
s) Line to forepump 
t) Pressure-regulating receiver 
v) Aux1hary vacuum line 

From H. N. Taylor and C. F. Bonilla, Ind. Eng. Chem., 39:871 (1947); reprinted 
by permission of American Chemical Society 

The first step in the procedure is to heat the adsorption bulb to 
remove gases which are carried off by evacuation with a suitable 
pump. When cool, the bulb is placed in the constant-temperature 
bath and a stopcock, leading to the gas buret, is opened. When 
equilibrium is established, the volume and pressure of the unadsorbed 
gas is determined. Part of the gas originally in the gas buret is ad­
sorbed and part of it fills the dead space; that is, the space in the 
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302 ACTIVATED CARBON 

adsorption apparatus that is not occupied by the solid structure of 
the adsorbent. 

In order to determine the amount adsorbed, it is necessary to 
know the volume of the dead space, and this is measured with a gas 
that is not adsorbed. Helium is commonly used for this purpose. 
The method is satisfactory when the adsorption is measured at low 
pressures, particularly when most of the gas introduced is adsorbed 

FIG. 13:2. SORPTION BALANCE IN SUPERPOSED ADJUSTABLE THERMOSTATS 

From J. W. McBain and A. M. Bakr, J. Am. Chem. Soc., 48:690 (1926); 
reprinted by permission of American Chemical Society 

and only a small fraction remains as a gas in the dead space. At 
high pressures, however, the unadsorbed gas constitutes a relatively 
large proportion of the total gas in the system, and any error in 
evaluating the volume of the dead space will be reflected in the 
values for the amount adsorbed. 

In another static method of measuring gas adsorption, the amount 
of gas adsorbed is measured by the increase in the weight of the ad­
sorbent. For this, a very useful balance was developed by McBain 
and Bakr5 (Figure 13: 2), the essential part of which is a helical spring 
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of silica with a hook at each end, and a bucket containing the ad­
sorbent is suspended from the lower hook. The balance is calibrated 
by determining the elongation under known loads, which is read by 
a travelling microscope. The balance is supported within a glass tube 
containing a thin-walled glass bulb holding the liquid whose vapor 
is to be adsorbed. After evacuating the system and sealing off the 
unit, the glass bulb containing the liquid is broken by a magnetic 
device. The elongation of the balance spring measures the amount 
adsorbed. 

This method has various advantages in addition to eliminating 
any significance attaching to the dead space. Pressure within the 
apparatus may be adjusted, in the case of vapors, by cooling a 
portion of the glass tubing to various temperatures and having 
sufficient vapor present to keep some liquid condensed, whereupon 
its vapor pressure will be the pressure prevailing throughout the 
apparatus. McBain reports that adsorption and desorption can be 
observed directly and repeatedly under a whole series of experi­
mental conditions. 

Degassing 

In static studies of gas adsorption, the carbon usually is degassed or 
outgassed before the adsorption. 1 

• 
2 To do this, the carbon is heated 

at a temperature within the range 300° to 900° C, and then cooled; 
the entire process is conducted under high vacuum. McBain6 found 
that degassing alters the isotherm to a type in which nearly all the 
adsorption occurs at very low pressures. Degassing also increases 
the rate of adsorption, and equilibrium conditions are attained with­
out the delay often encountered otherwise. 

Harned7 found degassing to be more effective when the carbon is 
given an intermediate washing-out with the gas to be studied. The 
procedure involves heating the carbon to over 700° C in a high 
vacuum, then cooling in a vacuum, after which the carbon is exposed 
to the gas to be adsorbed, reheated, and finally cooled in a high 
vacuum. The adsorptive power of the carbon for the gas is then 
studied, although in some cases, the washing-out followed by heating 
is repeated. Such treatment increases the velocity of adsorption. 
Harned considered the effect of washing-out analogous to soaking 
up gasoline with a sponge already covered with a film of water; 
practically no gasoline will be taken up until the sponge is washed 
out a number of times with gasoline. 
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304 ACTIVATED CARBON 

In evaluating the effect of degassing, one is faced with an uncer­
tainty as to whether the operation may produce changes in the 
carbon other than removal of preadsorbed gases. Other lines of 
evidence indicate that qualitative changes in adsorptive power may 
occur when a carbon is heated above 500° C. More than simple 
removal of preadsorbed gas may be involved, and a carbon may not 
have the same intrinsic properties before and after degassing at high 
temperatures. 

Hysteresis 

Previously, it has been stated that an equilibrium exists between 
the concentration in the adsorbed and unadsorbed states. From this 
one might expect the same equilibrium points to be reached when the 

E ....... 
)( 

p 

FIG. 13:3. ILLUSTRATION OF HYSTERESIS 

0, adsorption isotherm 
X, desorption isotherm 
P, pressure of gas at equilibrium 

process starts from low concentrations and goes to higher concen­
trations as when the procedure is reversed. Frequently, however, it 
is found that when carbon containing adsorbed vapor is subjected 
to diminishing pressure, the desorption isotherm fails to retrace the 
path of the isotherm which formed when the pressure was increased 
(Figure 13: 3). The carbon then holds more gas for a given pressure 
on the curve of desorption than on that of adsorption. In such cases, 
all or part of the desorption isotherm is above the adsorption iso­
therm, indicating a resistance to desorption. Many consider the 
desorption curve as representing the true equilibrium; in which case, 
the lower level of the adsorption isotherm would represent resistance 
to adsorption. 
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This behavior is known as hysteresis. Some cases of hysteresis 
have been ascribed to analytical errors caused by displacement of 
previously held permanent gases during the adsorption stage; other 
cases may be due to insufficient time to reach equilibrium. Hysteresis 
has been found, however, even with carbons that were carefully 
degassed before adsorption and when ample time has been provided 
to reach equilibrium. ' 

E ....... 
)( 

)( X 

p 

FIG. ] 3: 4. DISCONTINUOUS ISOTHERM 

P, pressure of gas at equilibrium 

Studies have been made in which a succession of adsorption and 
desorption stages follow one another; not infrequently each adsorp­
tion isotherm duplicates the previous adsorption isotherm and each 
desorption isotherm retraces the previous desorption isotherm. In 
such cases, we have no clear guide as to whether the adsorption or 
desorption isotherm represents the true equilibrium. 

The phenomena of hysteresis are reminiscent of behavior such as 
supersaturation and supercooling. Some students explain hysteresis 
as a consequence of capillary condensation. 8 Gleysteen and Deitz,9 
in a careful review of the phenomena, suggested an interpretation 
based on the multimolecular theory of adsorption developed by 
Brunauer and coworkers. 

Discontinuous Isotherms 
Although most isotherms appear as continuous curves, there is 

evidence that some adsorptions are discontinuous, because the iso­
therm appears as a series of steps 1. 

2 (Figure 13: 4). Discontinuities 
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are observed only when a sufficient number of observations are made 
so as to place the individual points very close together. Burrage10 in 
a study of discontinuities in the adsorption of carbon dioxide deter­
mined 350 points between pressures of 0.04 mm. and 81 mm. As yet 
there does not appear to be a clear understanding of the cause of 
discontinuities.11 Possibly they may be traced to the heterogeneous 
nature of the adsorbent surface. 

2. DYNAMIC ADSORPTION METHODS 

The methods of gas adsorption thus far described are known as 
static methods. Data so obtained will not necessarily reflect the 
behavior in industrial operations in which a mixture of gases passes 
continuously through a carbon bed. For this, dynamic methods are 
used which are designed to simulate the industrial process. A known 
mixture of gases is passed continuously at a constant rate through a 
definite volume of carbon, and the time required for the adsorbable 
vapors to break through and appear in the exit gases is called the 
service time. The experiment may be continued beyond the break 
point until the exit vapors have the same composition as the entering 
mixture. The carbon is then saturated with respect to that pressure. 

The first procedures in general use were the tube tests developed 
by the Chemical Warfare Service for th_e selection of carbons for 
gas-masks during World War 1.13

•
14 In the procedure described by 

Fieldner, 1 5 a tube 2 centimeters in diameter is filled to a depth of 
10 centimeters by a standard method for filling tubes. Then a 
standard concentration (usually 1000 or 10,000 parts per million by 
volume) of the gas in the air (50% humidity) is passed through the 
adsorbent at a rate of 500 milliliters per square centimeter per minute. 
The length of time is noted from the instant the gas-air mixture is 
started until the time the toxic gas begins to come through the 
adsorbent, as determined by an appropriate qualitative test. This is 
designated the service time. The test may be continued beyond this 
point, in which case a quantitative analysis of the gas stream is 
made at definite intervals. 

As the quality of adsorbent carbon was improved, it became 
necessary to develop an accelerated test, using higher concentrations 
of gas and faster rates of flow. According to Chaney, 13 accelerated 
tests serve to give relative values for manufacturing control at any 
given plant, but they provide distorted values when applied to 
carbons of different origin. 
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The following modification of the methods of Chaney and 
Fieldner has been developed by Stone and Clinton. 16 The apparatus 
is shown in Figure I 3: 5. * 

CO"H• COIi,,. 11 
10' 1,.0..C. CM 

1/•• TueNI. 

.J 

FIG. 13: 5. APPARATUS FOR THE DETERMINATION OF ADSORPTION VALUES AND 
SERVICE TIMES 

From H. S. Stone and R. 0. Clinton, Ind. Eng. Chem. Anal. Ed., 14: 131 (1942); 
reprinted by permission of American Chemical Society 

A composite sample of the carbon is screened to 8- to 14-mesh 
on standard screens, dried 4 hours at 140° to 150° C, and cooled 
in a desiccator. A volume of the dried carbon (about 25 ml), 
sufficient to give a tamped column length of 15.0 cm in the 
adsorption tube, is transferred to the adsorption tube and the 
tube and contents are weighed to I mg. The carbon is then 
tamped by tapping lightly on a level wooden surface until no 
further diminution in volume is noted, at which point the 
column of carbon in the adsorption tube should measure exactly 
15.0 cm in length. This column length of 15.0 cm should be 
reproducible upon inverting the adsorption tube and retamping 
the carbon. A simple method of achieving this result involves 
the use of a flat-bottomed test tube 1.3 cm in inside diameter, 
and calibrated at 15.0 cm, for the measurement of the carbon 
before insertion into the adsorption tube. The adsorption tube 
is placed in position in the thermostat, which is controlled at 
25.0°. Sufficient time is then allowed (about 30 minutes) for the 
carbon to reach temperature equilibrium with the thermostat. 

An air-flow rate of 650 ml per minute (490 ml per minute, 
per sq cm of cross-sectional area of the carbon) is established 
through the apparatus, with the three-way stopcock turned so 
as to vent the carbon tetrachloride-saturated air to a hood. 

• Both Figure 13: 5 and the description of the method are reprinted by per­
mission of American Chemical Society. 
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The stopcock is then turned to allow the carbon tetrachloride­
air mixture to pass through the adsorption tube, the initial starting 
time is noted, and any necessary flow-rate adjustments are 
quickly made. 

The first appearance of a greenish tinge in the burner flame 
(which is adjusted to a height of about 7.5 cm, 3 inches) is taken 
as the breakdown point, and the elapsed time recorded as 
"accelerated carbon tetrachloride service time". The adsorption 
tube-to-burner connection is then broken and the effluent 
carbon tetrachloride-air mixtures vented to a hood. 

Passage of the carbon tetrachloride-air mixture is continued, 
with weighings of the adsorption tube each half hour, until no 
further gain in weight is evident (3 to 5 hours). The gain of 
carbon tetrachloride in milligrams per gram of carbon is re­
corded as the adsorption value. 

The "accelerated carbon tetrachloride service time" as deter­
mined above is multiplied by 2.0 to convert to the approximate 
corresponding "chloropicrin service time". 

Precautions must be taken to ensure a constant 0° C tempera­
ture of the carbon tetrachloride in the cooling bath, as well as a 
constant air-flow rate throughout the determination, since small 
variations in these factors will introduce relatively large errors. 

Coull, Engel, and Miller17 have developed a method in which an 
organic vapor-air mixture of any desired composition can be passed 
through the carbon bed. The exit gases are analyzed continuously 
by a thermal-conductivity. cell, the accuracy of which has been con­
firmed by gravimetric methods. The resulting data allow a ready 
evaluation of the performance of the carbon and yield information 
as to the adsorption efficiency after the break point is reached. 

Berl1 8 found that gas concentrations can be measured over a wide 
range with the Haber and Lowe interferometer. An ultraviolet 
photometer has been used with success by Dole and Klotz19 for the 
continuous quantitative analysis of either phosgene or chloropicrin. 

Retentivity 

Many investigators place value on retentivity data. Retentivity 
cannot be defined exactly but it refers to the phenomenon that when 
a char has taken up a vapor to capacity from a relatively strong 
concentration, a certain proportion of this adsorbed vapor can be 
removed with ease in a current of air while the remainder is retained 
more firmly. Data retentivity, as given by different investigators, are 
comparable only if obtained under corresponding conditions of 
time, temperature, and velocity of air stream. 20 • 

21 

Chaney' 3 describes an accelerated routine procedure. In this, 
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dried and evacuated carbon is saturated with toluene vapor at 22° C, 
the weight of adsorbed vapor giving the saturation value. The carbon 
is then evacuated to 2 millimeters of mercury at I 00° C, and weigh­
ings are taken each half hour. When the last three weighings lie on 
a straight line, the intercept of this line extended to the Y axis is 
taken as the retentivity value (Figure I 3: 6). 

~ IO \ 

li 
\ 

r(··sr. 
11,,..__ 

··- •• -"i •·-····· 

a I • 
TIME IN HOUl'I& 

Fm. 13: 6, GRAPHICAL METHOD FOR DETERMINATION OF RETENTIVITIES 

From H. S. Stone and R. 0. Clinton, Ind. Eng. Chem. Anal. Ed., 14: 131 (1942); 
reprinted by permission of American Chemical Society 

In the method developed by Macy, 22 a sample of carbon saturated 
with a gas is placed in a U-tube of 1.4 centimeters diameter, through 
which dry air at 25° C is passed at the rate of l000 milliliters per 
minute. The amount of gas retained at the end of 2 hours is called 
the retentivity. 

Hormats23 and his coworkers provide a concise practical definition 
of retentivity as applied to carbon for gas respirators. They define 
letentivity as the weight of adsorbed gas or vapor per unit volume of 
adsorbent in equilibrium with a concentration of gas or vapor in air 
just below that of physiological significance. 
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3. MISCELLANEOUS METHODS 

Heat of Wetting 
The heat of wetting is often utilized as a guide to the relative gas­

adsorbing power of carbons, a higher heat of wetting being associated 
with greater gas-adsorbing power. Bell and Philip24 have observed 
a relation between the heat of wetting and the retentivity. 

The heat of wetting is the amount of heat liberated when a 
measured quantity of a carbon is immersed in the liquid contained 
in a well insulated container, e.g., a Dewar flask. The test is rapid, 
it can be conducted in very simple apparatus, and it requires less 
skill than do the gas-adsorption tests. 

An assembly described by Macy22 is very satisfactory. The 
apparatus consists of a test tube to serve as a reaction vessel; this 
is inserted in a somewhat larger tube, the space between the two 
tubes providing an insulating air jacket. 

The test for heat of wetting is generally applied to granular carbons 
and for these, particle size has little or no influence on the results. 26 

Powdered carbons, which do not immerse quickly present difficulties 
in manipulation. Moisture in the carbon gives a lower value for 
the heat of wetting. Impurities in the liquid also affect the value 
obtained. 

Heat of Adsorption 
Different types of assemblies have been developed to measure the 

heat of adsorption, each one being designed to fit specific conditions. 
It would be impractical to present an adequate discussion of the 
varied techniques that ca1' be used and the interested reader is 
referred to the original publications. 2 

Chaney Activity Test 
Chaney13 observed a correlation between the retentivity of a 

carbon and the adsorptive power for iodine, which he termed the 
activity. The activity is obtained by determining the amount of 
iodine which I gram of dried 200-mesh carbon will adsorb from 50 
milliliters of 0.2 N iodine-potassium iodide solution. The mix­
ture is agitated for 3 minutes, filtered, and the first portions of 
the filtrate are discarded. The iodine concentration of an aliquot 
portion of the filtrate is determined by titration. Highly active 
carbons for gas-adsorption will remove approximately 90 % of the 
iodine. 
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Measurement of Odor Concentration 
An instrument known as the Scentometer has recently been 

developed to measure the magnitude of the concentration of odors 
at a given site.25

• 
26

• 
27 The principle employed is to measure the 

extent to which an odor-bearing air must be diluted with odor-free 
air in order to reach the threshold point. The odor-free air is supplied 
by the Scentometer, by passing air through activated carbon con­
tained in the instrument. The Scentometer enables field studies to 
be made to learn the degree of purification required to provide air 
of suitable quality in the situation under study. 

Carbon Tetrachloride Activity and Retentivity 
In industrial circles, many suppliers now evaluate carbons for gas 

and vapor systems by tests based on the adsorption and desorption 
of carbon tetrachloride. 28 The adsorption stage gives a value 
designated as the Carbon Tetrachloride Activity, and the desorption 
stage furnishes a value termed the Carbon Tetrachloride Retentivity. 

The principle involved in the test for activity is: Pure dry air 
saturated with carbon tetrachloride is passed through a bed of 
activated carbon until the carbon has taken up all the carbon tetra­
chloride it can adsorb at the temperature of the test. Conditions of 
the experimental procedure vary from one supplier to another; 
therefore the supplier involved should be consulted to learn the 
details of the conditions to be observed. 

The retentivity is measured by passing pure dry air for 6 hours 
through the carbon from the preceding test, which initially is 
saturated with carbon tetrachloride. The amount of carbon tetra­
chloride retained after 6 hours is a measure of the retentivity. The 
amount retained will be influenced by the conditions of the test and 
these have not been standardized. Therefore, as in the case of the 
test for activity, the supplier should be co)'.lsulted as to the experi­
mental details. 

It should be mentioned that test procedures for activated carbon 
are now under study by a committee of the American Society of 
Testing and Materials. 
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chapter 14 

Laboratory Adsorption 
Procedures for Liquid 

Systems 

1. INTRODUCTION 

The first step in testing procedures for the study of adsorption in 
the laboratory is to determine the approximate carbon dosage re­
quired to accomplish the desired objective. 1 

• 
2 For this, separate 

portions of the liquid to be treated are measured into flasks or 
beakers together with weighed quantities of the carbon. The size of 
the liquid portion will depend on the amount of filtrate needed for 
the various properties to be evaluated. A carbon dosage considered 
economically practicable is used together with 150 %, 80 %, 60 %, and 
40 % of that dosage. The reason for using the higher carbon dosage is 
the fact that the dosage found necessary in laboratory tests is often 
greater than that needed to accomplish the same purification in 
plant operation. Instances are known in which the correct plant 
dosage is only half of the amount indicated in laboratory tests. 

Each mixture (together with a blank containing no carbon) is 
maintained under conditions to be employed in processing. With 
powdered carbons, 15 to 60 minutes will usually suffice. Granular 
carbons may require 3 to IO hours or more. Therefore, when 
powdered and granular carbons are being simultaneously compared, 
the granular carbons should be pulverized and tested in that form. 

On completion of the contact period, the mixtures are filtered and 
each filtrate is examined by appropriate tests. The calculations are 

314 
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FIG. 14: I. CHART FOR CALCULATING CARBON DOSAGE FOR TWO-STAGE COUNTER· 

CURRENT APPLICATION 

From W. A. Helbig, in Colloid Chemistry (J. Alexander, Ed.), 6:814 (1946); 
reprinted by permission of Reinhold Publishing Corporation, New York 
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made as outlined in 7: 1. If the data appear favorable the study is 
pursued further, as outlined in Chapter 4. 

Dosage for Countercurrent Application 
The dosage for countercurrent application can be determined by 

a cut-and-try laboratory study. In this, the first step is to determine 
the amount of carbon needed to provide the desired purification in 
a single-stage operation. Then two or three percentages of that 
dosage, e.g., 60%, 40%, 20%, are taken, and a two-stage counter­
current process is conducted in the laboratory. The resulting data 
can guide the selection of other trial dosages. 

The study can be shortened and simplified by the use of charts 
prepared by Sanders3 and Helbig,4 one of which appears in Figure 
14: I. To use this chart, an adsorption isotherm is developed for the 
system under study and the value of 1/n (the isotherm slope) is 
determined. Then, knowing the carbon dosage required to give the 
desired residual concentration of color or other impurity in a single­
stage treatment, an inspection of the chart will disclose the percentage 
of that dosage which is required for a two-stage countercurrent 
treatment.* 

Effect of Concentration 
In processes where carbon can be applied at different points, e.g. 

before or after a concentration stage, it is desirable to determine at 
which point carbon is most efficient. In such cases, the comparison 
should be based on the amount of carbon required to purify a given 
weight of material, calculated on a dry basis. Let us assume that 
2 grams of carbon remove 90 % of the color from I liter of concen­
trated liquor containing 500 grams of sugar per liter. We want to 
know whether less carbon could be used if it is applied to a weaker 
liquor (250 grams of sugar per liter) before concentration. To deter­
mine this, we find out how much carbon is required to remove 90 % 
of the color from 2 liters of weak liquor, i.e., 500 grams of sugar. 

When variations occur in the quality of a raw material, it may be 
difficult to procure samples of thin and thick liquor that correspond 
to the same batch of raw material. If so, the thin liquor for testing 
should be prepared by diluting a portion of the thick liquor. Studies 

• Charts for calculating dosages for three-stage countercurrent, and for two- 1 

step divided dosages are available from Atlas Chemical Industries, Wilmington, 
Delaware. Many other manufacturers and suppliers have available literature on 
testing procedures: see Appendix. 
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of the effect of concentration are sometimes made by adding the 
purified solid substance, e.g., pure sugar, to the thin liquor. This 
method should not be used because the ratio of impurities to solid 
substance then is not the same in the thin as in the thick liquor. 

Precautions for Filtration 

In conducting adsorption tests, difficulties may be encountered 
because traces of fine carbon carry through with the filtrate, particu­
larly with initial portions. Usually this difficulty can be remedied by 
using a more suitable filter paper. For most purposes, No. 5 What­
man or its equivalent will be satisfactory. Should the turbidity per­
sist, the filtrates may be refiltered through the bed of carbon. As 
refiltration removes additional color and other impurities, it follows 
that if one filtrate is thus treated, then all filtrates in that series of 
tests must als~ be refiltered. Similarly, when only the first portion 
of a filtrate is turbid and is discarded, then the same quantity of the 
initial portion of every filtrate must be discarded. Otherwise, the 
comparison of different filtrates will be misleading. 

Ordinary glass funnels holding folded or fluted filter paper can be 
employed for liquids that filter readily. If a liquid is difficult to 
filter, a Buechner or similar type of funnel can be used with a suction 
flask. With such funnels, either filter paper or cloth may be used. 
If filter cloth is used, it is desirable to precoat the filter with a ¼ inch 
layer of filter aid to prevent any carbon from coming through in the 
first portions of the filtrate. When using a suction filter, the vacuum 
should not be broken suddenly during filtration as this may loosen 
the carbon cake and result in a cloudy filtrate. 

2. MEASUREMENT OF COLORLESS 
CONTAMINATION 

The characteristics that serve to identify colorless impurities are 
often specific to the individual process; consequently means of 
identification and measurement are best known to the technical 
personnel concerned. Some of the more familiar forms of con­
tamination will be considered here to illustrate how the underlying 
adsorptive properties can be integrated into a study of a potential 
application of carbon. 

Taste and Odor 

We know little as to the identity of the innumerable compounds 
which on one occasion or another cause tastes and odors. Even 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0331



318 ACTIVATED CARBON 

when their identity is known the concentrations may be so minute 
as to be difficult to measure by chemical or physical methods and 
because of this, dependence must be placed on the senses of taste 
and smell. This method is generally satisfactory because it is the 
same as that used by the consumer in evaluating the quality of the 
product. 

The use of the senses of taste and smell are subject to restrictive 
limitations. First of all they are not precise. Various opinions on 
the numerical difference in the intensity of odors that an individual 
can distinguish give a range, from 30 % to well over 100 %- Another 
limitation inherent in any test based on odor perception is imposed 
by the rapid onset of fatigue; the sense of smell quickly becomes 
dulled. Various views exist as to the period of time over which 
reliable data on odor can be obtained. Much depends on the testing 
procedure, but even with the most favorable circumstances the 
maximum time is probably less than an hour. The permissible time 
is very brief when dealing with odors that have anesthetic effect on 
odor-perception. 

Jar Tests 
These are often employed to determine the carbon dose needed 

to provide the desired improvement in odor. Filtrates from a range 
of carbon dosages are placed into flasks and each is sniffed to find 
the dosage that reduces the odor to an acceptable level. All samples 
must be at an identical temperature during the observation. The 
temperature for sniffing may be a matter of personal preference, 
subject to special characteristics of the substance being examined, 
but to avoid rapid fatigue the temperature should not be higher 
than 60° C. 

Threshold Odor Test 
The evaluation of odor has been of great importance in the study 

of potable water, and there the Spaulding Threshold Test is exten­
sively used. This test was invented by Charles Spaulding5 and 
further developed by Braidech, 6 Laughlin, 7 Feben, 8 Hulbert, 8 and 
others.9 

This test is based on a comparison with an odor-free water ob­
tained by passing tap water through a column of activated carbon. 
The water under test is diluted with odor-free water until the odor is 
no longer detectable. The last dilution at which an odor is observed 
is the threshold odor point. 
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Useful data are obtained only by strict adherence to various 
details and the reader is referred to publications in which these have 
been given. 1 

• 
9 

Relative Efficiency of Different Carbons 

Usually it is feasible to determine the approximate relative 
efficiency of two, or even three, carbons within the allowable time 
for conducting a test on odor, but when more carbons are to be 
evaluated the odor-perception will probably be dulled before the 
testing can be completed. Therefore, when many carbons are to be 
evaluated, the study should be subdivided and conducted in separate 
sessions, using two carbons at each session. 

The separate data are correlated by using a standard carbon for 
reference at each session. All this can introduce large errors. There­
fore, when maAy carbons are to be compared, the relative power of 
each one to remove odor is often evaluated by a suitable indirect test. 

Experience has shown that the relative power of carbon in the 
removal of odor runs parallel to the Iodine Relative Efficiency-the 
/-RE. Therefore the iodine test will provide data on which to select 
a carbon for the removal of taste and odor, and it usually involves 
less uncertainty than an extended series of tests for odor. For those 
that hesitate to go the whole way, the I-RE can be used as a screen 
to select a smaller number of carbons for a direct odor test. 

The phenol test also gives a good index of the relative odor­
removal power of carbons, but the test is less convenient to conduct. 

When both color and odor are to be removed, only carbons that 
have decolorizing power need be considered for testing. All de­
colorizing carbons have some capacity for adsorbing odors, but the 
reverse does not necessarily follow. A carbon can have large 
adsorptive power for odors and have negligible decolorizing power. 

Odor Precnrsors 

Carbon often removes precursors of odors that may otherwise 
develop during later stages of processing or storage. A manufacturer 
of gelatin evaluates this feature by sprinkling a thin layer of finished 
gelatin over the surface of hot water and noting any development of 
odor. 

Stability; Shelf Life 

The effect of carbon treatment on stability can be judged by the 
shelf life. As this can require long periods of time, appropriate 
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accelerated tests are often devised by the technical personnel 
familiar with the characteristics of the particular product involved. 

Organic Colloids 
Considerable specificity is shown in the adsorption characteristics 

of colloids from different sources. Thus carbon R removed more 
colloids from a cane sugar syrup, whereas, carbon T was more effec­
tive for a beet sugar syrup. The adsorptive power of a carbon for 
colloids is usually increased by pulverizing it to a small particle size. 
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FIG. 14:2. ADSORPTION OF FOAM-PRODUCING SUBSTANCES FROM AN INDUSTRIAL 

LIQUID 

Carbon dosage expressed as g/liter 
Foam height expressed as ml foam after shaking filtrate 20 seconds 

The adsorption of organic colloids is generally measured by 
changes in such properties as viscosity, filterability, crystallization, 
and tendency to foam. 

Foaming: Special procedures are used in many industries to 
measure this property. A convenient method is to shake a measured 
quantity ofliquid under arbitrarily established conditions and measure 
the height of foam and also the length of time the foam persists. The 
test is applied to the original liquid and to the carbon-treated filtrates. 
As it may be difficult to determine the relation of height and per­
sistency of foam to concentration, the data are best plotted as in 
Figure 14: 2. 

Filterability: From many liquids, carbon removes substances that 
retard the flow of the liquid through a filter medium. The extent of 
the removal can be determined by measuring the time required for 
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a definite volume of liquid to flow through filter paper on a Buechner 
funnel while maintaining a constant vacuum. The test is applied to 
the original liquid and also to the filtrates after treatment with 
carbon, employing uniform conditions of temperature and vacuum 
on all samples. The data are plotted as for foaming characteristics. 

Viscosity: The change in viscosity produced by carbon treatment 
can be measured by a viscometer. 

Surface Tension: Changes in this property are measured by 
suitable instruments. 

Improved Crystallization: Improvement in the form and appear­
ance of crystals can be observed by visual inspection. Improvement 
in color is determined by dissolving the crystals in a suitable solvent 
and measuring the color of the solution. The extent to which a 
yield of crystals is increased by carbon treatment is difficult to 
measure accurately in laboratory experiments. Such information 
should be derived from plant experience. 

3. DECOLORIZA TION 

Photoelectric colorimeters and spectrophotometers are in general 
use for the determination of decolorizing properties, especially when 
many samples are to be evaluated. Although direct visual methods 
are less convenient and subject to considerable personal equation, 
they have a virtue in that they immediately reveal changes in the hue 
and shade of color-features that can disclose significant aspects. 
Visual observation is helpful to ensure that the filtrates are com­
pletely free of carbon particles or other turbidity. 

Photoelectric Colorimeters 

When several tests are to be conducted on the same liquor, a 
dilution chart can be helpful. This is prepared by diluting the 
original liquid to various concentrations and measuring the diluted 
color with the colorimeter. If the color is adsorbable by filter paper, 
then before measuring the color, the diluted samples should be 
filtered through the same type of filter paper that is to be used for 
the carbon-treated samples. 

Table 14: 1 shows colorimeter readings for dilutions of a solution 
of dye. With this chart the calculation of color-removal becomes 
simple and rapid. Thus if a carbon-treated solution gives a reading 
of 15 on the colorimeter, an inspection of the dilution chart shows 
that the carbon-treated sample contains 4 % of the original color. 
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TABLE 14:1 

COLORIMETER READINGS FOR DIFFERENT CONCENTRATIONS 
OF METHYLENE BLUE IN AQUEOUS SOLUTION 

Methylene Blue 
ml original in 100 ml 

so 
40 
30 
20 
IS 
10 
8 
6 
5 
4 
3 
2 
I 

Concentration 
g/liter 

0.400 
0.320 
0.240 
0.160 
0.120 
0.080 
0.064 
0.048 
0.040 
0.032 
0.024 
0.016 
0.008 

Electrophotometer 
reading of solution 

after filtration 
700 
530 
350 
190 
120 
70 
50 
32 
22 
15 
10 
7 
4 

Data on decolorization are often expressed as a percentage of 
improvement over the original. Although it is a convenient and 
informative way to express data, this terminology can be confusing, 
under certain conditions. For an alternative mode of expression, 
see 16:2. 

Nessler Tubes 
A portion of the original solution is diluted with water (or other 

appropriate solvent) in a Nessler tube to furnish a standard of 
comparison. The standard may correspond to the desired decolori­
zation, or it may be an arbitrary dilution, e.g., l part of original 
solution plus 9 parts of water. A carbon-treated filtrate is placed 
in one tube and sufficient of the standard dilution is then poured into 
the standard tube until the colors observed through the length of the 
cylinders are identical. The concentrations of color are inversely 
proportional to the height of the liquid in the respective columns. 

In a modification, various dilutions of the original solution are 
placed in a series of separate tubes. These are used to evaluate the 
color in each filtrate. 

Lovibond Tintometer 
The Lovibond tintometer provides a well-known method of 

estimating the color of a solution in terms of standard glasses. 
Yellow, red, and blue glasses calibrated in Lovibond units are sup­
plied. Various combinations of the glasses are observed to find 
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which matches the color of the liquid being examined. The Lovibond 
units for different types of color are not additive, that is, a 35 yellow 
and a 4 red should not be regarded as a total of 39 color units. 
Instead, each type of color must be considered separately. In work 
on edible oils, attention is focused on the red color except for green 
oils, in which case, the blue glasses are separately evaluated. 

Changes in Hne Resulting from Carbon Treatment 
Some process liquors contain a variety of colored ingredients, all 

of which may not be adsorbed in similar amounts. In such cases, 
carbon treatment can alter the hue. The behavior can be illustrated 
by an experiment with a solution that contained a red dye and also 
a blue dye, a combination that caused the solution and all dilutions 
of it to have a purple color. 

The blue dye.was less adsorbable than the red dye; consequently 
the filtrate from a treatment with activated carbon had a bluish color 
that did not match any dilution of the original solution. The change 
in hue was disclosed in visual methods of testing, for example, in 
Nessler tubes, but it was difficult to assign a definite numerical value 
to the change by such visual methods of observation. 

In such cases the use of different filters in a colorimeter will often 
suffice to differentiate the component colors. A spectrophotometer 
is particularly useful because it permits making a separate calculation 
for each wave length whose transmission is affected by the treatment 
with activated carbon. 

A carbon-treated filtrate may have a different quality of color 
because of a change in pH. This may occur when a carbon that 
contains appreciable acid or alkali is used to decolorize a liquid 
containing indicator-type colored bodies. Such behavior requires 
experimental precautions. One method is to test the pH of each 
filtrate and adjust any deviation to the original pH. In the case of 
synthetic test solutions, these should be buffered to the natural pH 
of the dissolved dye. It is to be noted that the buffer can affect the 
adsorbability of the dye and the adsorption may not be the same 
from buffered as from unbuffered solutions. 

4. SYNTHETIC TEST SOLUTIONS 

General Aspects 
To qualify for use, synthetic test solutions should contain an 

adsorbable substance appropriate for the type of carbon and the 
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application under consideration. There are very practical advantages 
in selecting substances of which the concentrations are readily 
measured. Colorimetric methods are rapid and many dyes are 
acceptable. 

Because many carbons contain some acid or alkaline constituents, 
it is generally advisable to buffer a test solution with non-adsorbable 
agents such as mono- and di-sodium phosphate. Buffered solutions 
are especially necessary when using dyes that can act as acid-base 
indicators. 

Alkalimetric and acidimetric methods are not to be used because 
of interference from acids or bases in some carbons. The effect is 
illustrated by an experience with a test that involved the adsorption 
of aniline. As first conducted, the residual unadsorbed aniline was 
measured by a specific chemical test. The method was tedious, 
however, and it was thought the procedure could be shortened and 
simplified by titrating the unadsorbed aniline with an acid. But the 
residual aniline thus measured often differed from that measured by 
the specific chemical test. The deviations were traced to the presence 
of free acid on some carbons and free alkali on others. Carbons 
with a high pH gave a false high residual aniline, whereas carbons 
of low pH showed a false low residual concentration of aniline. 
Similar experiences are reported in the use of acidimetry and alkali­
metry to measure the adsorption of other substances. 

Chart for Relative Efficiency 

A comparison of the relative efficiency of different carbons should 
be based on the amount of each that is required to provide filtrates 
of equal purity. As normally conducted, this can necessitate several 
dosages of each carbon and the total task can be formidable when 
several carbons are to be compared. For some purposes, the pro­
cedure can be shortened by making single point determinations con­
joined with a relative efficiency chart. 

Let us consider a solution from which 1.0 gram per liter of the 
standard carbon removes a desired 80 % of color. Liter portions of 
the solution are treated with various dosages of standard carbon 
and the removal of color is recorded to give a chart of relative 
values (Table 14: 2). Next, liter portions of the solution are treated 
with a single dose (1.0 gram) of each of the other carbons being 
examined. If 1.0 gram of a particular carbon removes 55 % of the 
color, a reference to the chart shows that it is doing the same work 
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TABLE 14: 2 

RELATIVE VALUES FOR DIFFERENT CARBONS• 

Dosage standard carbon 
g/liter 

1.2 
1.0 
0.9 
0.8 
0.7 
0.6 
0.5 

• Value of standard carbon = 100. 

% Color removed 

83 
80 
77 
73 
68 
62 
55 

Relative efficiency of a 
carbon of similar power, 

using 1.0 g/ liter 
120 
100 
90 
80 
70 
60 
50 

as 0.5 gram of the standard. Therefore, it has only half the efficiency 
of the standard carbon and 2.0 grams per liter would be required to 
give the desired 80 % removal. This conclusion should be confirmed 
by a test using 2.0 grams because some carbons do not have the same 
relative value at all concentrations. 

Dye Test 

Solutions of various dyes provide indirect tests. Concentrations 
which are convenient for use are shown in Table 14:3, which also 

TABLE 14:3 

DYE SOLUTIONS FOR SYNTHETIC TESTS 

Suggested 
Solvent Solute Concentration Other carbon dosage 

g/liter conditions g/lOOml 
Water Methylene Blue 0.80 0.15-0.50 
Water Malachite Green 0.91 0.10--0.50 
Water Alizarin Red 0.73 Buffered to 

pH 6.2 0.10--0.50 
Water Ponceau Red 1.09 Buffered to 

pH 7.0 0.20-1.00 
Ethanol Methylene Blue 0.50 0.40-3.50 
Ethanol Malachite Green 0.43 0.60-8.00 

gives the probable range of carbon dosages to be used. Test solutions 
containing a mixture of suitable dyes are of value in revealing 
versatile adsorptive properties. 

Procedure 
I. Into 200-milliliter Erlenmeyer flasks introduce 100-milliliter 

portions of the solution together with weights of carbon to 
give an adsorption range of 60-99 % removal of the solute 
originally present. 
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2. Agitate the contents of the flasks by a suitable device for 
I hour at approximately 25° C; (for control tests, the time 
can be shortened to 15 minutes. The rate of adsorption is 
very rapid for the first 10 minutes and then decreases sharply. 
After I hour, further changes are slight). 

3. Then filter the carbon-dye mixture through a 15-centimeter 
No. 5 Whatman filter paper (or equivalent) in a gravity 
funnel, allowing all the solution to filter. 

4. Stir the filtrates to ensure homogeneity before determining 
the concentration of color. Complete freedom from turbidity 
is necessary in order to obtain an accurate measurement of 
the dissolved color. 

The data are calculated as described in 7: 1. 
The adsorption characteristics of many dyes used in synthetic 

test solutions will vary from one batch to another. Therefore, when 
tests are to be correlated over a period of time, it is important to 
procure an ample supply of a selected batch of each dye, sufficient 
to last for the duration of the study. When several laboratories 
participate in a joint study, all should use reagents from an identical 
supply. 

Molasses Test 
Batches of molasses obtained from different sources will vary con­

siderably in depth of color and in the ease with which the color 
bodies are adsorbed. Because of this, it is not practical to state the 
concentrations of molasses to be used in preparing the stock solution. 
Depending upon the type of molasses, somewhere between 20 and 
60 grams of molasses per liter of solution will be suitable. 

The appropriate weight of molasses, together with 15 grams of 
disodium phosphate, is dissolved in 500 milliliters of water and 
sufficient phosphoric acid is added to give a pH of 6.5. The mixture 
is diluted to 1 liter. If turbid, the solution should be filtered before 
use through a ¼-inch thick layer of filter aid on a cloth mat placed 
in a Buechner funnel. 

Dilute test solutions of molasses undergo chemical and biological 
changes that alter the adsorbability. Preservatives are of question­
able utility in this. If kept in a refrigerator, a dilute molasses solu­
tion will usually be stable for 4 to 8 hours. When a new supply of 
molasses is procured, the stability of a diluted solution should be 
determined by making decolorizing tests with a standard carbon at 
hourly intervals. 

Many supplies of molasses are acceptable but there is appreciable 
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variation in the characteristics of adsorptive behavior. In general, 
a darker molasses will show a broader spectrum of adsorptive power. 

Each batch of molasses has eccentricities of behavior and when­
ever a new batch is obtained, time is needed to learn the characteris­
tics. Therefore, when a suitable new batch is located, one should 
procure a quantity sufficient to last several years-or at least for the 
period during which tests are to be correlated. The reserve supply 
should be kept in cold storage. 

Procedure for Conducting Test 
Two methods are commonly followed for conducting the molasses 

test. 

Method A 
l. Measure a SO-milliliter portion of the solution into a 150-

milliliter beaker, add 0.5 gram of carbon, and stir until 
wetted down. 

2. Place the beaker on a heating unit and bring contents to a 
boil. 

3. Filter through a 15-centimeter No. 5 Whatman filter paper 
(or equivalent) in a gravity funnel and measure the color of 
the filtrate. 

4. Repeat steps I to 3 using other weights of carbon suitable to 
give an adsorption range between 70 and 90 % removal of 
the original color. 

Method B 
I. Place separate portions of molasses solution plus appropriate 

carbon dosages in bottles and shake them in a steam chest at 
100° C for 50 minutes. 

2. Turn off the steam and agitate the bottles for 45 minutes 
longer. 

3. Filter the solutions and measure the color of the filtrates. 

The adsorption may be calculated by using the Freundlich iso­
therm (Section 7: 1 ). Often the removal of color is expressed as a 
percentage and plotted as shown in Figure 14: 3. By inspection the 
weight of carbon is determined that will reduce the color to an 
acceptable point. This weight is compared with the amount of a 
standard carbon that is required to remove the same amount of color. 

Car! is required in selecting the comparison point to be used in 
this or in any other indirect test. Comparisons should be made 
within a range at which a variation in carbon dosage produces a 
readily measurable change in the amount adsorbed. For instance, 
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an inspection of Figure 14: 3 shows that, in this case, it is undesirable 
to make comparisons when the removal of color exceeds 95 %- Above 
95 %, a large increase in carbon dosage makes only a small change 
in the amount of color adsorbed. Conversely, a small error in 
measuring residual colors could cause a large error in calculating the 
relative value of two carbons. 
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FIG. 14:3. ADSORPTION OF MOLASSES COLOR 

Carbon dosage expressed as g/50 ml solution 

It is noted to be in Table 14: 4 that the relative efficiency of different 
types of carbon can depend on which molasses testing procedure, 
A or B is used. 

TABLE 14:4 

TESTS ON MOLASSES 

Grade carbon M-RE 

L 
M 
R 
s 
T 
u 
w 
y 

Standard 

Method A 
80 
90 
70 
70 

100 
95 

100 
100 
100 

Method B 
70 
95 
70 

100 
90 
95 

100 
75 

100 
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Caramel Test 

As in the case of molasses, the color of different samples of 
caramel varies in intensity. Usually 4 to 6 grams of caramel per liter 
of water will give a satisfactory solution. The method of buffering 
the solution and the procedure for conducting the test parallel those 
used for molasses. During the early development of carbons for the 
treatment of liquids, this test was extensively used. Since then, it has 
been found that the test has very little relation to the removal of 
impurities from most industrial solutions and is seldom used now. 

Iodine Test 

For the test with iodine, a stock solution is prepared, containing 
2. 7 grams of iodine and 4.1 grams of potassium iodide per liter. 
The stock solution should be kept in dark bottles and stored in a 
cool place. The. strength should be determined before use. When 
the iodine concentration falls below 2.65 grams per liter, an entirely 
fresh solution should be prepared. 

Procedure 
l. Into a 250-milliliter Erlenmeyer flask, introduce 0.5 gtam of 

the carbon being tested and 10 milliliters of 5 % hydrochloric 
acid. 

2. Swirl the flask until the carbon is wetted, then add JOO milli­
liters of stock iodine solution and shake for 5 minutes. 

3. Filter through a IS-centimeter No. 5 Whatman paper or 
equivalent in a gravity funnel, allowing all of the solution to 
filter. 

4. Stir the filtrate to ensure homogeneity and titrate an aliquot 
portion with 0.1 N sodium thiosulfate, using starch as an 

indicator. 

Repeat the test using appropriate carbon dosages in the range 0.2 
to 0.4 g per 100 ml iodine solution. 

The data are calculated as in 7: 1. 

Baylis Phenol Test 

This test with phenol was developed to evaluate carbons for the 
removal of tastes and odors from potable water supplies. The 
amount of carbon required to reduce the phenol concentration in a 
liter of water from 0. IO to 0.0 I parts per million is known as the 
phenol flumber. 

Successful use of this test requires much practice and close ad­
herence to the details of the procedure. The reader is referred to the 
original publication. 11 

• 
12 
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Colebaugh Modified Phenol Test 
A stock solution is prepared by dissolving 1 .0 grams of phenol in 

2 liters of water to which are added 60 grams of anhydrous trisodium 
phosphate. The solution is adjusted to pH 6.5 with phosphoric acid, 
and then diluted to 5 liters to give a concentration of 200 milligrams 
of phenol per liter. 

A 0. 1 N bromate-bromide solution is prepared by dissolving 2. 784 
grams of potassium bromate and 10 grams of potassium bromide in 
distilled water and diluting to a liter. Other reagents required are 
concentrated hydrochloric acid, 12.5 % solution of potassium iodide, 
0.01 N sodium thiosulfate solution, and 0.1 % starch indicator 
solution. All reagents used in this test should be chemically pure. 

Procedure 
I. Into 250-milliliter Erlenmeyer flasks, place 0.50, 0.40, 0.35, 

0.30, and 0.25 grams of the carbon to be tested, and to each 
flask, add 200 milliliters of the phenol stock solution. 

2. Shake for 30 minutes, filter through a 24-centimeter No. 5 
Whatman (or equivalent) filter paper, allowing all the liquid 
to filter. 

3. Stir the filtrates and pipette 150 milliliters of each filtrate 
into 500-milliliter iodine flasks. 

4. Add 10 milliliters of concentrated hydrochloric acid to each 
flask and titrate with 0. 1 N bromate-bromide solution until a 
yellow color persists after shaking for I minute. 

5. Place the flask and contents in cold water and when it is cool, 
add 8 milliliters of 12.5 % potassium iodide solution to the 
top of the flask. (The cold water creates a partial vacuum 
which causes the potassium iodide solution to be drawn into 
the flask when the stopper is loosened.) 

6. Shake the flask for 2 minutes and titrate the liberated iodine 
with 0.01 N sodium thiosulfate using starch as an indicator. 

The milliliters of 0.0 I N thiosulfate used are converted to milli­
liters of 0.1 N solution and these are subtracted from the milliliters 
of 0.1 N bromate-bromide originally added. The difference is the 
volume of the bromate-bromide solution that has reacted with un­
adsorbed phenol to form tribromophenol. Each milliliter of 0.1 N 
bromate-bromide solution is equivalent to 1.57 milligrams of 
unadsorbed phenol. 

The data are calculated as i'n 7: I. 

Permanganate Test 
For the test with permanganate, add 0.4 gram of carbon to 25 

milliliters of 0.5 N KMn04 in a 150-milliliter beaker, stir for 30 
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seconds and allow the mixture to stand an additional 9.5 minutes. 
Filter the permanganate-carbon mixture through a Gooch crucible 
fitted with an asbestos fiber mat. Transfer the last traces of the 
permanganate-carbon mixture from the beaker, using 50 milliliters 
of distilled water in JO-milliliter portions. Wash the crucible with 
50 milliliters of distilled water in JO-milliliter portions. Combine the 
filtrate and washings and determine iodometrically the amount of 
remaining permanganate. Commercial carbons will remove from 
25 to over 50 % of the permanganate. 

Other Tests 

Other indirect tests have been developed which yield significant 
information to certain industries. For the greater part, the pattern 
of their procedure is similar to the tests that have been described. 

In some indugtrial products, the impurities are in such small con­
centrations that they present analytical difficulties in the measure­
ment of adsorptive power. In some of such cases, it is practical to 
conduct the adsorption on mother liquors in which the high con­
centration of color and other impurities simplifies the analytical 
measurement of the adsorptive power. 

Another method is to add artificial color to a test portion of the 
product being purified and use this to measure the adsorptive power 
of carbons. This method gives data of less significance than is 
provided by the use of mother liquors. 

Multiple Tests 

When several tests are used to control the quality of activated 
carbon production and shipments, each test should be chosen to 
catch deviations and mutations not detected by other control tests 
in use. The selection of tests can be based on a laboratory study in 
which a number of batches of the same carbon are tested with various 
synthetic test solutions. 

Abridged data on such a study appear in Table 14: 5. Inspection 
of the table discloses that the adsorption of aniline blue closely 
parallels the M-RE; hence if the M-RE is being used nothing will 
be gained by adding the test with Aniline Blue. 

The f-RE should be included because it gives a different response 
from the M-RE on several batches. However, there is no need to 
include the phenol test because this almost duplicates the figures 
furnished by the /-RE. As the Ponceau test shows departures from 
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both the M-RE and the I-RE, this could be included as a third test 
for customers that require more rigid quality control. 

It is to be emphasized that the data given for Carbon Win Table 
14: 5 and the deductions as to suitable control tests apply only to 
that particular grade of carbon. Another grade, particularly one 
made by a different process, would furnish other assortments of 
adsorptive power. A corollary is that specifications for the purchase 
of a certain grade of carbon should not be used automatically for 
the purchase of a different grade. Furthermore, if and when a switch 
to another carbon is being considered the decision should rest on a 
comparative performance with the solution to be purified. Carbons 
must never be substituted for one another on the basis of synthetic 
test solutions in an industrial application. 

TABLE 14:5 

RELATIVE SPECIFIC ADSORPTIVE CAPACITY OF DIFFERENT 
BATCHES OF A CARBON PRODUCED DURING AN EXPERIMENTAL 

DEVELOPMENT PROGRAM. 

Batch No. Molasses Aniline Blue Ponceau R Phenol Iodine 
Carbon W M-RE RE RE RE RE 

30 100 100 70 100 100 
33 9S 100 100 90 9S 
37 9S 90 90 80 8S 
42 7S 7S 100 100 9S 
48 100 9S 80 90 90 
so 100 100 JOO 9S 100 
54 9S 90 7S 70 7S 
S9 60 6S 90 100 9S 
62 70 70 100 80 8S 
6S 100 100 95 9S 100 
70 80' 7S 100 100 95 
73 100 100 9S 60 6S 

Standard 100 100 100 100 100 

5. PROCEDURES FOR GRANULAR 
ACTIVATED CARBONS 

It would seem that the laboratory evaluation of granular carbons 
should be conducted under conditions that would parallel those that 
are employed in plant operation, namely, percolation in columns. 
For reasons that will become clear as the discussion proceeds there 
are limitations to doing this. In practice, the evaluation of granular 
carbons involves a combination study of batch-contact and use of 
columns.13, t4, ,s. 16, 11 
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The preliminary studies-to learn proper pH, temperature, and 
correlation with other steps in processing-all these can be effectively 
made by batch-contact methods. For these, the granular carbons 
are pulverized and used in a size comparable with that of powdered 
carbons. Work so conducted requires less liquid, and the tests are 
more reproducible, and can be completed in far less time than is 
required for column studies. This last advantage is important when 
working with process liquors that are perishable, or in which the 
quality does not remain constant but varies from time to time. 

When a batch-contact process is to be used in plant operation, the 
laboratory batch test reproduces in miniature practically all the 
features needed to lay out the operation on plant scale; and one can 
move almost directly from the laboratory to the drafting table. To a 
limited degree, batch tests can also contribute information for a 
column set-up on plant scale, if and where the situation is one for 
which there is sufficient prior experience on plant scale. 

TABLE 14:6 

DATA ON ADSORPTION FROM TREATMENT OF PHENOL• 

Addition of Carbon 
M 

1st gram 
2nd gram 
3rd gram 
4th gram 
5th gram 
6th gram 
7th gram 

Concentration phenol, mg/liter 

Before carbon 
101S 
860 
61S 
480 
35S 
240 
135 

After filtration 
860 
615 
480 
355 
240 
135 
so 

Phenol adsorbed 
mg/gram Carbon 

155 
14S 
135 
125 
11S 
105 
85 

• Conditions: I hter of phenol solution treated successively with 1-g portions of Carbon M, 
filtration •fler adding each por!Ion of carbon. 

In the case of a new type of application batch tests of themselves 
leave many essential factors undetermined. In a batch-contact 
operation, all portions of the carbon are in equilibrium with the 
liquid in its final state of purity,** and consequently the adsorptive 
capacity of a carbon is only partially utilized. In contrast, in a 
column this same partial utilization is true only of the layer of carbon 
where t~e liquid leaves the column. Layers of carbon more remote 

•• This equilibrium is not the ultimate equilibrium that would be attained after 
prolonged contact, but rather a tentative equilibrium reached within the time 
limits that are practical for a working application. 
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from the exit are in equilibrium with a less purified liquid and con­
sequently hold more and more adsorbed substance. To express it 
somewhat differently, adsorption in a column proceeds in steps; 
thus, when a colored solution passes through a column, some of the 
color is removed by the layer of carbon at the entrance leaving a 
less colored solution to be treated by the next layer of carbon it 
meets. This diminution continues as the liquid meets further fresh 
portions of carbon. 

The course of the action can be illustrated by adding successive 
portions of activated carbon· to a liquid containing an adsorbable 
solute. The data in Table 14:6 were obtained by mixing one gram 
of powdered activated carbon with a liter of phenol solution and 
then filtering. The residual unadsorbed phenol in the filtrate was 
measured and from that the amount of phenol adsorbed was calcu­
lated. The filtrate was then treated with another one-gram portion 
of fresh carbon and the unadsorbed phenol was again measured. 
The operation was continued until seven one-gram portions of 
carbon had been applied. 

From Table 14: 6 we see that the seven separate one-gram portions 
of carbon reduced the phenol concentration from IOI 5 mg/liter to 
50 mg/liter, whereas to accomplish this same reduction in a single 
stage treatment required eleven grams of carbon. A column can be 
viewed as a succession of separate layers of carbon; therefore the 
data in Table 14:6 illustrate the action in a column of carbon.* It 
should be mentioned that the magnitude of the benefits vary from 
one situation to another. lf we plot the data in Table 14:6 we get 
the equivalent of a Freundlich isotherm (Figure 14: 4) and the slope 
of the isotherm is an index of the benefit of applying carbon in a 
split treatment, and hence in a column. Thus if the slope of the 
isotherm were as in Bin Figure 14: 5 the benefits of split treatment 
are negligible; whereas the benefits would be great with Gin Figure 
14: 5 particularly when complete purification is desired. 

The benefits anticipated from an inspection of an isotherm using 
carbon in powdered form may not be fully realized in an actual 
column. The rate of adsorption is much more rapid with powdered 
carbon than with granular, but this feature of itself presents no real 

* Actually, this presentation is over-simplified. In a column the mathematics 
are far more complex because as the percolation continues, the concentration of 
adsorbed substance steadily increases in all portions of the carbon bed, and the 
increase moves as a wave from the entrance of the column to the exit. 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0348



ADSORPTION PROCEDURES FOR LIQUID SYSTEMS 

150 

100 

80 

C 
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FIG. 14:5. ISOTHERMS FOR PROCESS LIQUOR USING CARBONS BAND G (plotted 
logarithmically) 

problem because in plant operation, a column is on stream for several 
days, and this affords ample time to utilize the adsorptive capacity 
of a grlt'nular carbon. In a column, moreover, all portions of the 
liquid are in continuous contact with some portion of the carbon 
bed, and because of this the rate of adsorption is more rapid than 
would be deduced from batch-contact tests with granular carbon. 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0349



336 ACTIVATED CARBON 

The main difficulty arises in the adsorption of larger molecules that 
cannot successfully navigate the smaller pores to reach the internal 
surface, and thence they are adsorbed mainly on the external or 
boundary surface. Therefore, when large molecules such as colloids 
are to be adsorbed, it is desirable to use as small a size of granule as 
will give an adequate rate of flow of liquid. 

Channelling occurs to some extent in all columns, but it is reported 
that the effect is magnified in laboratory columns of small diameter. 
Consequently performance in a plant scale operation is usually 
much better than indicated by tests in laboratory columns. 

Technicians working with bone char have found thstt channelling 
is minimized by using granules of uniform particle size, and it has 
been recommended that a sample of char be screened into separate 
sizes, placing the largest size at the bottom of the laboratory column 
and the smallest size at the top. 1 7 The carbon should be pre-soaked 
in the hot liquid to be treated, or in hot water to expel the air from 
the carbon. Some authorities recommend upward flow; others 
prefer downward flow. 

The design of a suitable laboratory column presents difficulties. 
In order to provide time of contact and linear velocity of flow equal 
to that in a plant column, the laboratory column would need to be 
of equal length and that is not always practicable. Workers with 
bone char have devoted much study to tests with columns and have 
developed various procedures. 17 

In one method, a column 2.5 inches ID by 6.5 inches in height is 
used. The liquid is passed through at a rate of 300 ml/hour. The 
time of conJact is similar to that in the corresponding plant operation, 
but the linear velocity is only 0.5 ft/hour compared to 5.0 ft/hour in 
the plant operation. The test is reported as useful for quality control 
in an established operation. 

Another method has been developed to evaluate performance in a 
new application. 13 

• 
15 This set-up consists of three tubes, each 4 to 5 

feet long and of a convenient diameter, not less than I inch ID. The 
tubes are mounted vertically for down-flow operation and are con­
nected in series to provide a total of 12 to 15 feet in depth of bed. 

Liquid is pumped through the columns at a definite rate. It has 
been found that 0.5 to 1.0 gpm/sq ft cross sectional area are good 
starting rates. Samples are taken at frequent intervals from the 
effluent end of each tube. The samples are analyzed for color and 
other contamination. A study that would mirror plant operation 
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should be continued long enough to obtain adequate countercurrent 
data. 

As of now, when an untried application is to be made to a new 
product there is little published information to guide the novice in 
the correlation of data on laboratory columns and the capacity of 
plant-scale units. For the present, it would be well for the prospec­
tive user in a new undertaking to consult with suppliers who can 
give the needed guidance. 

6. SPECIFICATIONS 

The experimental conditions to be established for tests conducted 
on industrial process liquors are governed by economic and tech­
nological factors. With synthetic tests, e.g., iodine, dye, molasses 
solutions analytical considerations influence the selection of experi­
mental conditiom; for conducting the tests. Precise standardization 
is essential on all details such as time of contact, temperature, method 
of filtration, measuring instrument. All participating laboratories 
should use reagents from the same standard supply. Even with 
rigorously defined procedures, however, different laboratories may 
not always duplicate one another's data. Such contingencies can be 
resolved by agreement on a standard sample of carbon that will serve 
as the final gauge. 

Agreement is also necessary as to the amount of tolerance to be 
allowed, and this in turn will depend on the magnitude of the experi­
mental errors inherent in the test procedure, plus provision for 
deviations in quality that normally occur in the manufacture of 
activated carbon. For this the manufacturers experience is the best 
guide in the case of established tests. With new and untried tests, 
it is well to base specifications on experimental data covering at least 
a dozen different batches ,of the grade of carbon selected. 

New specifications must be developed whenever a change is made 
from one type of carbon to the purchase of a different brand or 
grade. 

Standard Carbon 

The sample of standard carbon should be from a representative 
batch ~f the grade of carbon to be used. Sufficient quantity should 
be reserved for all tests likely to be required during the period in 
which that grade of carbon is to be used. The supply should be 
stored in glass-stoppered bottles. 
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When several different grades of activated carbon are to be used, 
a separate standard sample of each grade of carbon should be 
selected and kept for reference. 

7. DESORPTION 

The procedures described so far involve processes in which the 
impurities are adsorbed and the product remains in solution. When 
purification is accomplished by selectively adsorbing and eluting the 
desired product, a knowledge of desorption procedures may be 
helpful. 

Desorption is preferably studied by carrying out the entire process; 
that is, the material is first adsorbed, the surplus liquor is filtered off, 
and the carbon cake is treated with various eluting liquids. The 
experimental details can be illustrated by an example. One liter of 
an aqueous solution of benzoic acid is treated with sufficient carbon 
to adsorb 90 % of the acid and then filtered. The carbon is removed 
from the filter and stirred for IO minutes in an eluting liquid, e.g., 
benzene or an aqueous solution of sodium hydroxide, after which 
it is filtered. The carbon is subjected to a second, and in some cases 
to a third and fourth, extraction, using fresh portions of the eluting 
liquid. All filtrates are combined and the amount of benzoic acid 
recovered is determined. 

In an adsorption-desorption process, there are two avenues of 
loss: one is the material that is lost by not being adsorbed from the 
original solution; the other is that portion of the adsorbate which 
is not eluted from the carbon. When larger dosages of carbon are 
used, less material is lost through not being adsorbed; but the in­
creased amount of carbon results in a greater amount of the adsor­
bate being retained on the carbon at the elution stage. In each 
process, there is an optimum dosage of carbon which gives the 
maximum over-all recovery. This optimum dosage is determined 
by using various dosages of carbon in the complete adsorption­
desorption procedure. Usually, a preliminary study is made, using 
three rather widely spaced doses, the results of which narrow the 
range of other dosages to be tried. 

After obtaining data with one eluting agent, the work is repeated 
with others. The effect of conditions, such as time and temperature, 
also requires study. Such a comprehensive study of an adsorption­
desorption process is very time-consuming. Certain preliminary 
studies can shorten the procedure by selecting suitable conditions 
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for elution. The simplification rests on the principle that the best 
conditions for elution usually correspond to the poorest conditions 
for adsorption. Let us consider a dye adsorbed from an aqueous 
solution, for which we desire to know whether it can be satisfactorily 
eluted with water containing small percentages of a very adsorbable 
compound, such as saponin or phenol. A separate adsorption is 
conducted in which the eluting substance is added to the dye solution 
before adding the carbon; the decrease in the amount of dye adsorbed 
is an index of the eluting power. 

In making these studies, it is important to recognize that measure­
ments based on decreased adsorption do not necessarily give a 
quantitative measure of the eluting power. Sometimes, eluting agents 
are more effective in preventing adsorption than in extracting a sub­
stance after it is adsorbed. The extent of any such difference can be 
approximated by a supplementary test. In this, the eluting agents 
are not added until the adsorption has proceeded for about 20 
minutes to allow normal adsorption to occur. The eluting agents 
are then added and the agitation is continued for 10 minutes. If the 
eluting agent diminishes the adsorption to a greater extent when 
added initially than when added after adsorption has occurred, this 
indicates that the eluting power of the agent should be discounted 
to that extent. 

The eluting power of different solvents can be approximated by 
a modification of this procedure. Some of the substance to be pro­
cessed is dissolved in each of the solvents to be studied. Each 
solution is then treated with carbon, and the solvent from which 
the poorest adsorption is obtained can be expected to be the best 
eluting agent. 

It is to be recognized that the data provided by these simplified 
procedures have limited significance. Their main value is that elu­
ants and conditions of no value can be eliminated from further 
consideration. Conclusions reached from these simplified procedures 
-as to the best eluants and conditions-should be confirmed by a 
supplementary test using the full adsorption-desorption procedure on 
the substance to be processed. This is especially necessary when the 
preliminary studies employ a synthetically prepared solution; these 
studie1,o do not fully reflect the behavior of a substance when present 
in industrial or biological preparations containing coadsorbates. 

Also to be considered is the fact that the value of an eluting agent 
may depend on the ability to extract the desired substance selectively 
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and leave most of the impurities on the carbon. Obviously, such 
information is obtained only from studies using the liquid to be 
processed. 
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chapter 15 

General Properties of 
Activated Carbons 

1. INORGANIC CONSTITUENTS 

As activated carbons contain inorganic constituents derived from 
the source materials and from ingredients added during manu­
facture, 1 

• 
2 the total amounts of inorganic constituents will vary 

from one grade of carbon to another (see Table I 5: I). Permissible 

TABLE 15: I 

ANALYSIS OF DIFFERENT TYPES OF ACTIVE CARBON* 

Carbon Ingredients % 
Codea 

Ash C H S (org.) S (inorg.) N 
A 32.0 88.4 7.8 0.08 0.14 0.40 
B 4.3 94.4 I.I 0.04 0.62 
C 3.2 91.7 1.7 0.02 0.05 0.38 
D 1.2 95.3 0.6 0.19 0.43 0.54 
E 2.0 87.5 2.2 0.12 0.04 0.39 

a The carbons in this code do not correspond lo carbons appearing in other tables with similar 
code letters. 

• From data by I. P. Honig, Chem. Ztg. S2: 7, 34 (1928). 

limits depend on a number of factors: the chemical nature and 
quantity of the individual components; the carbon dosage; and the 
standards of quality for the product being treated. 3 Some applica­
tions ¥equire a thoroughly washed carbon, whereas unwashed 
carbons are entirely suitable for many products. Even when large 
carbon dosages of 4 or 5 % are used, the amount of inorganic 
constituents eluted from the average unwashed carbon is relatively 
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small. In processes that include a subsequent crystallization or 
distillation, the extracted inorganic substances do not reach the 
finished product. 

Ash 
To determine the content of ash, a weighed quantity (2 grams of 

powdered carbon, or 10 to 20 grams granular carbon) is placed in a 
porcelain crucible and heated in air in a muffle furnace until the 
carbon has been completely burned. The temperature should be kept 
below 600° C to minimize volatilization of inorganic constituents, 
and also to leave the ash in a suitable condition for further examina­
tion. 

The inorganic constituents in a carbon are usually reported as 
being in the form in which they appear when the carbon is ashed. 
This can be misleading because the analysis of an ash does not 
necessarily show the form in which the inorganics exist in the carbon. 
Table 15: 2 shows the amount of soluble matter found in the ash of 
carbon MM was considerably more than could be eluted from the 
carbon with water. 

TABLE 15:2 

AMOUNTS OF WATER-SOLUBLE INORGANIC 
SUBSTANCES IN CARBON 

Found in ash Eluted from 
Carbon from 100 g 100 g original 
Grade carbon carbon 
EE 0.7S g 0.50 g 
FF 0.80 0.41 
GG 1.52 I.SS 
MM 2.50 1.20 
NN 3.50 2.05 

The form in which inorganic constituents are present is influenced 
by the method of preparing the carbon. A sample of carbon KK 
from an activating furnace was divided into two portions: one 
portion was cooled in the presence of air; another portion was 
cooled in complete absence of air. The amount of water-extractable 
inorganic matter differed in the two samples, whereas the water­
soluble substances in the ash were identical for both samples. 

Ion Exchangers, Inorganic Constituents 
As previously mentioned, the amount of inorganic substances 

that can be leached from some carbons is less than the water-soluble 
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matter found in the ash of the carbon. The deviation varies, being 
negligible in some carbons and appreciable in others. 

In some types of carbon, a normally soluble inorganic compound 
is bonded to the carbon in the form of an ion exchanger-usually 
an anion exchanger. This behavior is illustrated by the data in 
Table 15:3. Carbon JJ was thoroughly washed with water and then 

TABLE 15:3 

EFFECT OF VARIOUS TREATMENTS ON 
ASH CONTENT AND pH 

N112So4 pH 
Carbon in the ash water extract 

from 100 g carbon of carbon 
Washed with water 2.2 8.0 
Washed with HCl 0.9 1.5 
Washed w1th HCl, then 
neutralized with NaOH 1.9 7.2 
Washed with HCI, then 
heated to 800° C 1.0 7.6 

when ashed was found to contain 2.2 grams of sodium sulfate per 
100 grams of original carbon, none of which could be leached from 
the carbon by washing with water. A portion of carbon JJ was 
extracted with hydrochloric acid and, based on an analysis of the 
ash, the content of sodium sulfate had decreased to 0.9 %-

The acid extraction, however, lowered the pH of carbon JJ from 
8.0 to pH 1.5, and the pH was not altered to any appreciable extent 
by washing with water. The carbon could be made neutral by 
heating to an elevated temperature to drive off the acid, or by 
adding a base. When the adjustment was made by adding a base 
such as sodium hydroxide, the carbon regained much of the original 
sodfom sulfate content and this could not be removed by washing 
with water. This suggests that the apparent extraction of inorganic 
matter from carbon JJ was in reality an ion-exchange in which 
sodium ions left the carbon to be replaced by hydrogen ions from 
the acid. The net effect is that carbon JJ after extraction with acid 
contains sulfuric acid instead of sodium sulfate.* 

Although such ion-exchange does not occur with all types of 

• We refer to the ion-exchange as though a sulfate ion were bonded to the 
carbon, but we do not know the actual identity. The designation sulfate is 
applied only because that happens to be the form in which the sodium appears 
in the ash in this instance. 
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carbon, the possibility must be kept in mind. Inasmuch as a process 
liquor may contain exchangeable ions, it follows that in measuring 
the amount of inorganic constituents that can be eluted from a car­
bon, the test should be based on using the liquor to be processed, 
not water. 

Miscellaneous Inorganic Constituents 

This section will consider only those inorganic constituents 
commonly reported.'· 2 • 

3 

Iron: The concentration of iron ranges from traces to over I per 
cent. In carbons prepared by steam-activation, iron may be present 
in a magnetic state, and some of it can be removed by a magnet. 
Acid-washed carbon can contain iron in both ferric and ferrous 
forms. Iron is seldom released from a carbon except in solutions 
having a low pH. Actually most types of carbon can remove much 
iron from a solution having a pH of 4 or higher. 

Some of the iron in carbon can be removed by washing with acid 
or by electrolysis, but complete removal is seldom if ever accom­
plished, because iron salts are so strongly held by carbon and only a 
small portion is released with each extraction. Therefore a washed 
carbon can release some iron to acids such as citric, tartaric, hydro­
chloric. For applications in which the release of iron is objectionable 
it may be necessary to use a carbon prepared from source materials 
that are low in iron, or else take supplementary measures to remove 
the dissolved iron from the carbon treated product. 

Sulfur: Depending on the type of carbon, total sulfur will range 
from traces to over 2 per cent. It exists in varied forms-free sulfur, 
sulfides, sulfates, thiosulfates. In some types of carbon, much of the 
sulfur is bonded in forms not yet identified. Sulfur can be present 
in forms that act as ion-exchangers. In some carbons much of the 
sulfur can be volatilized by heating in a stream of nitrogen, hydrogen, 
or steam at temperatures over 800° C. It is reported that certain 
tightly bonded sulfur compounds can be removed by adding 5 % of 
phosphoric acid to the carbon and then heating at 900° C. 

Phosphates: The content of phosphates will range from zero to 
over 3 per cent. Phosphates have been reported as aiding the adsorp­
tion of some impurities. Little or no information is available on 
other phosphorus compounds that may be present in carbon. 

Calcium: The content of calcium compounds ranges from zero to 
Exhibit 1025 

Norit Americas, Inc. v. Calgon Carbon Corporation 
0358



GENERAL PROPERTIES OF ACTIVATED CARBONS 34S 

over 1 per cent. Calcium has often been reported as a cause of haze, 
but in a number of instances the claim is unfounded. 

Chlorides: The content of chlorides ranges from zero to over 0.5 
per cent. Chlorides are not acceptable in a number of applications. 

Sodium: Compounds of sodium range from traces to over 3 per 
cent. In some carbons much of the sodium content is not extractable 
with water. 

Copper: The content of copper will range from zero to 20 ppm. 
As it is usually tightly held, it is seldom released to solution. Instead, 
many types of carbon can adsorb traces of copper. 

Silica: Even when present in concentration as high as 25 per cent, 
silica is not released except in strongly alkaline solutions. 

Moisture 

Activated carbon is generally used in the as received condition and 
should be so used in tests of adsorptive capacity. When comparing 
different carbons, all weighings should be corrected to a basis of 
dry carbon by calculation. The moisture is determined by drying 
a small separate portion in an oven at 110° C for 24 hours. 

2. pH OF CARBON 

What is called the pH of carbon may be defined as the pH of a 
suspension of a carbon in distilled water. The numerical value of 
the pH will be affected by the experimental conditions, e.g., time 
and temperature of extraction and the carbon-water ratio. Con­
sequently, the process conditions, under which a carbon is used, 
should be considered when selecting a method for measuring the pH. 

In a method suitable for most general purposes, a suspension of 
2 grams of carbon in 50 milliliters of distilled water (pH 7 .0) is 
heated to 90° C and then cooled to 20° C. The pH of the suspension 
is determined electrometrically. 

In some procedures, the suspension is allowed to settle and the 
pH of the supernatant water is determined. However, there is 
evidence that the pH of the suspension and that of the supernatant 
liquid are not identical. A similar objection exists to determining 
the pH of a carbon filtrate. 

With industrial aqueous solutions, the main influence of pH in 
carbon arises from changes produced on the pH of the liquid being 
treated. The extent of such change depends on characteristics of the 
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individual system. A wide range of pH in carbon can be tolerated 
when small carbon dosages are applied t0- buffered solutions, 
whereas the permissible range of pH can be very narrow where a 
large carbon dosage is applied to liquids sensitive to the influence 
of pH. 

In many cases the user can offset any adverse pH effect by adding 
an appropriate amount of acid or base to offset the pH of the carbon. 
To avoid the necessity for such adjustment, the desired pH of the 
carbon should be specified on the purchase order. In a few applica­
tions, a pH as high as IO is acceptable, and even desirable, whereas 
other applications may call for a pH as low as 3.0. For the great 
majority of applications a neutral range of pH 6.0-8.0 is safest for 
all-round service. Over-all aspects must be kept in mind; thus, with 
corn sugar, a low pH will give better decolorization but it will impair 
the removal of iron. 

For reasons not well understood, many non-aqueous liquids, 
e.g., edible oils, are sensitive to the pH of the carbon and when this 
is so, it is important to use a carbon with the proper pH. Usually a 
neutral pH is satisfactory but each case should be individually 
studied. 

The pH of most commercial carbons is due to inorganic ingredients 
originating in the source materials or added during manufacture. 
In the case of carbons that are washed after activation, the pH is 
conveniently adjusted during the washing cycle, after which the 
carbon is dried. Drying is a major cost in the washing of a carbon. 
Where a carbon can be used in the wet state, the cost of drying can 
be eliminated by washing at the site of use. But, except for granular 
carbons, this seldom is acceptable to the customer. 

After activation, most carbons are alkaline, and experience has 
shown that for many applications, the steps of washing and drying 
can be eliminated by blending a powdered carbon with an appropriate 
quantity of acid. 

Sulfuric acid is often used for blending, preferably in a dilute form 
of approximately 30 % acid. Moisture is necessary to ionize the 
acid so that it will react with and neutralize the alkalinity of the 
carbon during the blending stage. If concentrated acid is used, the 
neutralization will not take place and the surface of the carbon will 
contain patches of both unreacted acid and un-neutralized alkalinity. 
The effect is more apt to be adverse when the carbon is applied to 
non-aqueous liquids. 
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Phosphoric acid has a disadvantage of high cost; moreover 
greater quantities are required to provide a given adjustment in pH. 
In some applications, however, phosphoric-adjusted carbons furnish 
definite benefits. 

Hydrochloric acid can be used for some applications, but it is not 
acceptable in a number of processes because of objections to 
chlorides. 

Alkaline Carbons 

Carbon containing mineral alkali can often be used as is or 
after washing with tap water. If a neutral pH is desired, the usual 
practice is to adjust the carbon to pH 7 and then wash with neutral 
water. Salts formed by neutralizing an alkali can usually be completely 
removed by washing with water. 

3. STRUCTURAL CHARACTERISTICS 

Shape and Form 
Activated carbons are available in diverse forms: 1 

• 
2

• 
3 

a) Symmetrical pellets 
b) Irregular shaped granules 
c) Powder 
d) Specialties such as pre-formed shapes; wool;4 slurry 

for coating paper, cloth, metal, or other supporting 
media5 

The pellets are available in several sizes, e.g., ¼ and ¼ inch in 
diameter, and are recommended where low resistance to fluid flow 
is necessary. 

The granular carbons are available in many sizes from 4 x 6 mesh 
to as small as 20 x 50 mesh. A small size provides more rapid 
rate of adsorption; a larger size is used where low resistance to 
flow of fluid is needed, as, for example, in the treatment of viscous 

• liquids. 
Powdered carbons for batch-contact processes are pulverized as 

fine as practicable to provide a great number of particles to scatter 
throughout the liquid being treated (Table 15:4). Fine grinding also 
makes the internal surface more readily accessible to molecules of 
solute. 

The particle size of powdered carbons must not be too small 
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because the rate of filtration is thus impaired. The rate of filtration 
is influenced by particle size but even more by the distribution of 
particle size. When particles of widely different sizes are present as 
a mixture, the smaller particles become lodged in the interstices 
between the larger particles and impede the flow of liquid. It can 
happen that a batch of finely ground particles of fairly uniform size 
will give faster filtration than another batch that is more coarsely 
ground, on the average, but contains an assortment of very unevenly 
sized particles. 

TABLE 15:4 

BULK DENSITY AND SCREEN ANALYSIS OF 
POWDERED ACTIVATED CARBON 

Carbon 
Code 

E 
F 
G 
H 
I 
J 
K 

Bulk density 
lb/cu ft 

31 
28 
23 
15 
18 
32 
20 

Screen analysis 
on through 

I 00 mesh, % 200 mesh, % 
6 68 

21 61 
3 85 

30 42 
18 54 
7 73 
0 100 

The preparation of proper distribution of particle size requires 
appropriate pulverizing equipment. Other factors include: structural 
characteristics of the source material and the activation process 
employed. The presence of much moisture in the carbon during 
pulverizing can have an adverse effect on the particle size distri­
bution. 

Carbons for Water Purification 
Carbons intended for water purification are pulverized more 

finely than those intended for industrial purposes. 
For purifying water, powdered carbon is used in dosages of a few 

parts per million, and at such low dosages each unit weight of carbon 
should contain very many particle's that can scatter throughout the 
water being treated and come rapidly into contact with all molecules 
carrying taste and odor. 

The scattering capacity is disclosed by the opacity produced by a 
given concentration of carbon. A convenient method of measure­
ment is to make a suspension of 0.70 gram of carbon per liter of 
water and measure the transmission of light in a suitable colorimeter. 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0362



GENERAL PROPERTIES OF ACTIVATED CARBONS 349 

The reading should be made immediately after the suspension has 
been properly formed. 

The opacity is influenced by the method of preparing the sus­
pension. Therefore when carbons are being compared, the conditions 
for preparing all suspensions should be identical. 

Distilled water should be used in preparing the suspensions. In 
water containing inorganic ingredients, the particles of carbon may 
coalesce to form floes that settle rapidly. Flocculation is not rapid 
in distilled water unless the concentration of carbon exceeds a 
critical value. The critical concentration depends on the carbon 
being tested. 

Hardness 
Granular carbons should have sufficient strength to withstand the 

effects of handling. The resistance to abrasion is measured by 
comparing the screen analysis of a carbon before and after being 
subjected to abrasion. 

The conditions for conducting the abrasion are not yet standard­
ized and vary from one supplier to another.6 The general approach 
used is to shake a weighed portion of carbon, e.g., l 00 g, with 30 
steel balls (recommended sizes range from ¼ to ! inch diameter) for 
a definite length of time, e.g., 30 minutes. 

Density 
The apparent density of a carbon is the weight of a unit volume of 

it including the pores and the voids between the particles. The 
apparent density is ascertained by measuring the volume ofa weighed 
sample in a graduate after tamping till no further shrinkage in 
volume occurs. The data can be expressed as density (water = 1 ), 
or as pounds per cubic foot. 

Surface Area 
Measurements of surface area are seldom made by users of 

. activated carbon, and suppliers are fully familiar with the procedure. 
An adequate presentation of the procedure is outside the scope of 
this text. The interested reader is referred to the many papers 
published on the subject:· 3 • 7 

Pore Size Distribntion 
The comments under surface area apply also to the determination 

of pore size distribution.'· 3 
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Oil Retention 

ACTIVATED CARBON 

4. SOME OTHER PROPERTIES OF 
ACTIVATED CARBONS 

The power of carbon to retain oil is measured in various ways. In 
one laboratory method, 10 g carbon are mixed with 200 g oil at 
80° C, then filtered on a Buechner funnel placed in a drying oven 
in which an inert atmosphere (nitrogen) is maintained. Even under 
the best experimental conditions, the retention of oil so measured is 
higher than in plant operation in which all loosely held oil is re­
covered by blowing the press with steam. 

Retention of oil can also be measured by extracting a dried 
portion of the carbon cake from the filter press. This method, 
however, can seldom be applied directly to carbon unless a suitable 
laboratory press is available. Plant operations generally use carbon 
in a mixture with clay. 

The retention of oil by carbon is somewhat greater than by clay. 
This adverse feature of carbon is often offset when the carbon is 
used in a mixture because a carbon-clay mixture is often more 
effective than clay alone for decolorizing an oil. 

Filtration Rate 
Rates of filtration are measured for several purposes: 
I. To determine the filter capacity required for plant operation. 
2. To determine the relative filtration rates of different carbons. 
3. To check shipments of carbon against a standard sample. 
The capacity of the filter required for a new application can be 

based on flow rates obtained in the laboratory, using a suitable unit 
such as the bomb filter. In many cases, a test with a Buechner 
funnel gives significant information. In any such study, it is well to 
consult with various manufacturers of filters as their knowledge and 
experience can be very helpful. 

In evaluating the relative filtration rate of different carbons, it is 
iJllportant to consider that the filtration rate is a function of mech­
anical resistance that not only results from the shape and size of the 
carbon particles, but also depends on the filterability of the liquid. 
Some carbons are so effective for removing lyophilic colloids, gums, 
and resins that they give a better over-all filtration performance than 
does a carbon that has better mechanical structure, but lacks ability 
to remove colloidal substances. Consequently, comparisons of 
filtration of different carbons should be based on the solution to be 
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purified, and not on water, as is sometimes done. A further pre­
caution is to employ the dosage of each carbon needed to give the 
desired final purity. Thus, if I part of carbon A accomplishes the 
same desired purity as 2 parts of carbon B, then these respective 
dosages should be used in studying the filtration. The final thickness 
of the carbon cake should be sufficient to permit comparison with 
that obtained in the industrial operation. 

Sometimes it is desirable to check the uniformity of shipments of 
the same brand of a commercial carbon. In such a case, any 
difference in rate of filtration would be apt to arise from variations in 
size and structure of particles. A test for uniformity may be carried 
out as follows: Make a slurry of 20 grams of carbon in 200 milliliters 
of distilled water at room temperature, and filter it through a cloth 
mat on a Buechner funnel. When the first dry spot appears on the 
surface of the- carbon cake, add 250 milliliters of distilled water at 
room temperature. Keep the vacuum at 15 inches of mercury and 
observe the time elapsing until the first dry spot appears on the 
surface of the carbon cake. 

Sedimentation 
Although sedimentation rates in water are of little value for 

measuring the size of carbon particles, they have practical importance 
in evaluating a carbon for water purification. Here carbon is 
applied to a relatively quiescent fluid in which it is desirable for the 
particles to remain suspended for sufficient time to come into contact 
with most of the adsorbable taste and odor molecules. Sedimentation 
tests should employ a dosage corresponding to that to be used in 
the plant operation. Incidentally, the volume occupied by a given 
weight of settled carbon is not the same in all liquids. 

Temperature of Ignition 
Reported ignition points for carbons range from a low of less 

than 300° C for some specimens to over 600° C for others. 1 The 
temperature at which a carbon will ignite in air depends on the 
experimental conditions. Consequently, the different methods that 
have been devised will not show an identical ignition temperature for 
a particular carbon. Because of this, comparisons of the ignition 
temperature of different carbons are of significance only when 
determined under identical experimental conditions. 

It is reported that the temperature at which a carbon wjll ignite 
depends, to some extent, on the temperature at which the prior 
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carbonization and activation were conducted. A much greater 
influence is traced to the presence of non-carbon ingredients; some 
substances, such as sodium carbonate, lower the ignition point, 
whereas acids, notably phosphoric, elevate the ignition point. 

The ignition point is also influenced by the manner in which an 
inorganic constituent is held on the carbon. Thus, when sodium 
carbonate is present in a form that is readily leached from the 
carbon, the effect on the temperature of ignition is not the same as 
when the sodium carbonate is held tenaciously and cannot be 
eluted. This suggests that studies of the ignition temperature might 
contribute clues to an understanding of the status of the inorganic 
constituents in a carbon. 

Electrical Conductivity 

The electrical conductivity is not the same for all carbons. 1 This 
property is not related to adsorptive power, but does depend upon 
the method used to prepare the carbon. Carbons of high conductivity 
may be very adsorptive, such as chars made from acid tar, or they 
may be inactive, such as retort carbon. On the other hand, active 
carbons prepared by the zinc chloride process as well as unactivated 
wood charcoal have low conductivity (see Table 15: 5). 

TABLE 15:5 

ELECTRICAL CONDUCTIVITY• 

Apparent Reduced 
Sort of Carbon Surface density specific 

sq mfg at 350 resistance 
atm X 100 

Graphite 40 1.68 2.7 
Retort graphite IS 1.50 2.3 
Acid-tar carbon 1,050 0.37 1.7 
Acid-tar carbon 924 0.42 1.9 
Acid-tar carbon 960 0.36 2.1 
Decolorization carbon 880 0.43 2.9 
Carbo med. 475 0.53 12 
Coconut carbon 245 0.86 21 
Activated beechwood carbon 122 0.71 28 
Zinc chloride carbon med. 604 0.37 780 
Beechwood carbon 0 0.70 8,000,000 

Temperature 
of formation 

oc 

? 
1,500 

950 
950 
950 
800 

750-800 
800 
800 
500 
400 

• E. Berl, Trans. Faraday Soc. 34: 1040 (1938); reprinted by permission of the Faraday Society. 
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Catalytic Power 
One type of carbon may be appropriate to catalyze a certain 

reaction, whereas another reaction will require a different type of 
carbon. Therefore, direct experimentation with the reaction to be 
catalyzed is the only way of determining whether a particular type 
of carbon has the desired activity. After a particular type of carbon 
has been found satisfactory, it is often possible to find an indirect 
adsorption test that will provide an index of the activity of other 
batches of carbon, provided they are prepared by the same activating 
process. The use of two different indirect tests will provide a more 
dependable guide than a single test. 

The ignition or kindling temperature is an important factor in 
some catalytic applications. 

Corrosion 
Activated carbon may augment the corrosive action of liquids of 

low pH; therefore, when testing materials for suitability in processing 
equipment, the tests should be conducted with carbon present in the 
system. 
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chapter 16 

Final Gleanings 

1. INTRODUCTION 

In the course of preparing this revised edition, many oddments 
were uncovered that for various reasons have not been incorporated 
into this text. 1 

-
11 Some items are omitted because they carry a dis­

cussion beyond the scope of an introductory text; others digress far 
from the general objective, and still others are inappropriate for 
other reasons. Several topics of possible interest to individual 
readers have, however, been selected somewhat arbitrarily for in­
clusion in this final chapter. 

2. MEASUREMENT OF ADSORPTION 

In studies of vapor phase, the amount of adsorbed substance can 
be measured by a direct weighing. This direct approach is not 
feasible in liquid systems and the adsorption is calculated from 
measurements of changes in concentration. The figure thus furnished 
does not show the actual weight of the adsorbed substance. As 
A. M. Williams12 pointed out many years ago, calculations based on 
changes in concentration do not take into account the amount of 
solvent adsorbed; hence such calculations give the apparent excess 
in adsorption of a solute, and this is less than the true gravimetric 
quantity. 

This aspect has little or no significance to most industrial users, 
most of whom use carbon to correct an undesired characteristic. 
Their interest is in knowing the extent of the improvement. If in a 
given situation, the removal of 90 % of objectionable color provides 
a finished product of satisfactory quality the operator seldom has 
any need to know the weight of color removed. 

354 
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In some instances, however, knowledge of gravimetric quantities 
can be helpful, e.g., when a substance is to be reclaimed by subsequent 
elution. But practically all such applications deal with small initial 
concentrations and in such cases there is little deviation between the 
calculated and the actual gravimetric quantities. The deviation be­
comes appreciable only when the solute is present in a large concen­
tration in a very adsorbable solvent; then the apparent adsorption 
can be misleading as to the true situation. 

Bartell and Sloan13 conducted adsorption experiments on mix­
tures of ethanol and ethyl carbonate. They found that ethanol is 
preferentially adsorbed when the original concentration of ethanol 
is less than that of the ethyl carbonate. When ethanol is present in 
greater concentrations, however, ethyl carbonate is preferentially 
adsorbed. Still further, they found that there is no apparent adsorp­
tion of either ingredient when the two are present in approximately 
equal molar concentrations. This is explained on the basis that at 
that point both ingredients are adsorbed to the same extent, leaving 
the concentration unchanged. • 

Frenndlich Isotherm 
Here we will consider certain aspects of the Freundlich isotherm 

not covered in Chapter 7. As there stated, the Freundlich isotherm 
expresses a relationship between the amount of substance that is 
adsorbed and that which remains unadsorbed. 1

•
2

•
9

•
14

•
15

•
16 To 

repeat the symbols previously stated: 
C is the concentration remaining unadsorbed; 
Xis the amount of substance adsorbed; 
M is the weight of carbon used; 

Hence X/ M is the concentration on the carbon. 
It is found that the concentration on the carbon is proportional 

to the concentration not adsorbed; usually it is proportional to a 
power or fractional power of the unadsorbed concentration. 
Expressed mathematically, 

X/ M is proportional to C 11• 

The exponent is of great practical significance because it reveals 
the manner in which the adsorption changes with respect to different 
concentrations left unadsorbed. The numerical value of 1/n is 
readily determined by inspection of a log-log plot of the isotherm, 
for 1/n is the slope of the isotherm-the ratio of the rise to the run. 
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If we consider a point moving along the sloping isotherm in Figure 
16: l we find that in moving up l inch vertically it will at the same time 
move 2 inches to the right in a horizontal direction. For this iso­
therm, therefore, 1/n is 1/2, which means that the concentration on 
the carbon is proportional to the square root of the unadsorbed 
concentration. 

C 
FIG. 16: I. ADSORPTION ISOTHERM TO ILLUSTRATE SIGNIFICANCE OF ISOTHERM 

SLOPE IN A LOG-LOG PLOT 

The exponent is usually expressed in decimal form. It is found 
that when expressed in decimal form the exponent is usually less 
than 1.0; but frequent exceptions to this generalization are found. 
Sanders14 working with sugar solutions found values as high as 2.0. 

The proportional relation between the adsorbed and unadsorbed 
concentrations can be converted to an equation by introducing a 
constant, k, and takes the familiar form: 

X/M= k(l/n 

The numerical value of k is the concentration on the carbon, X/ M, 
when the concentration in solution, C, is unity. It will be apparent 
that the numerical value of k depends on the unit of measurement 
employed. Thus, if the concentration is expressed as a percentage, 
then k is the value of X/ M when I % of the original substance 
remains unadsorbed; if the units are expressed in milligrams, then k 
is the value of X/ Mat I milligram residual concentration in solution. 

Although commonly known as the Freundlich isotherm, some 
authorities refer to it by other names such as adsorption isothermal, 
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classical sorption isotherm, exponential equation. It has also been 
called the Boedecker formula because C. Boedecker in 1859 reported 
data in which the adsorption was proportional to the initial con­
centration. 8 • 

17 In 1888, van Bemmelen discovered that the amount of 
substance adsorbed is a function of the equilibrium concentration. 8 

Calculation of Decolorization 
Data on decolorization and other aspects of adsorption are often 

expressed as a percentage of improvement over the original.* When 
employed in adsorption isotherms, data in a percentage form can 
lead to such awkward expressions as, 3 % color was adwrbed by 
I gram of carbon when I % color remained in solution. Such awkward­
ness can be avoided by the simple expedient of substituting unit for 
percentage. Then the expression just quoted becomes: 3 units of 
color are adrnrbed by I gram of carbon when I unit of color remains 
in solution. It is ·as they say, "just a question of semantics"'. 

Deviations from the Freundlich Equation 
Many adsorption isotherms, when plotted logarithmically, fail to 

give a straight line, particularly when the adsorption is studied over 
a wide range of concentration. They are said to fail to obey the 
Freundlich equation. Such failure does not cancel the utility of an 
isotherm because the data usually are interpreted by an inspection of 
the graphs. There can be no doubt that it is easier to make compara­
tive studies when dealing with straight-line isotherms, but one should 
not make a fetish of them. After all, the Freundlich equation is only 
a statement of behavior that has been observed in many but not all 
cases of adsorption. Deviations often reveal significant information 
on the adsorption being studied, as is illustrated in the following 
examples. 

As previously mentioned, in adsorption from solution we do not 
measure the true weight of solute adsorbed, but rather the extent to 
which the solute is adsorbed in excess of the solvent. The excess 
adsorption of the solute diminishes at higher concentrations if the 
solvent is very adsorbable-this can lead to behavior illustrated by 
isotherm A in Figure 16:2. 

In many industrial solutions, the adsorption is measured by 
properties, e.g., color, which may be due to a number of ingredients 
that are not equally adsorbable. This may result in a discontinuity 

• The Darcograph, supplied by Atlas Chemical Industries, Wilmington Del., 
is helpful in decolorizing studies using the adsorption isotherm. 
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exhibited by isotherm B in Figure 16: 2. Helbig2 suggests that this 
phenomenon can be traced to the fact that the color below the break 
is associated with an ingredient that is not appreciably adsorbed by 
the carbon. 

When the various ingredients are not too different in adsorbability, 
the isotherm may show a gradual curvature instead of a sharp break 
( C in Figure 16: 2). Isotherms of this type can also occur when car­
bon contains extractable material such as iron which may form color 

E ....... 
)( 

CJ s 

LOG C 

FIG. 16:2. ISOTHERMS TO ILLUSTRATE DEVIATIONS FROM FREUNDLICH EQUATION 

bodies with certain solutes. As a result, the color removed by the 
carbon will be partially offset, an effect that is more pronounced at 
higher carbon dosages. 

Helbig2 calls attention to deviations that may be caused by 
incorrect measurement of the original concentration. If an erro­
neously high value is obtained for the original color, this will cause 
the isotherm to curve upward in the region of low carbon dosages; 
conversely, it will curve downward if the original color value is 
erroneously low. 

Theoretical Eqnations 
The Freundlich equation reveals the operation of mass actioµ in 

adsorption phenomena; efforts to find greater theoretical significance 
have not been very successful. This has led to a study of other 
equations to interpret adsorption phenomena. 

The development of theoretical equations can be approached 
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from a thermodynamic, statistical, or kinetic angle. The thermo­
dynamic approach is presented in the equations of Polanyi, Berenyi, 
and others. 1 The equation of Langmuir represents the kinetic 
approach. Swan and Urquart1 point out that the thermodynamic 
treatment has a great advantage that it does not require a knowledge 
of the intimate mechanism of the process and, in particular, involves 
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FIG. 16:3. ADSORPTION ISOTHERM OF CARBON DIOXIDE AT -78° C (Plotted 
according to Langmuir equation) 

p, mm gas 
x/m, ml adsorbed gas at S.T.P./g carbon 

no assumptions with regard to the attractive forces between mol­
ecules. However, no relation for the rate of adsorption can be ob­
tained from thermodynamics alone. Kinetic treatment permits the 
deduction of the rate of an adsorption reaction, but when an attempt 
is made to allow for the interaction of molecules, the mathematics 
become so involved as to be impossible of solution. 

No attempt will be made in this text to discuss the various theo­
retical equations, but it seems desirable to give a simplified form of 
the Langmuir equation that is employed for plotting experimental 

data. Data are plotted on arithmetic graph paper using L and p 
. x/m 

as coordinates (Figure 16: 3). A straight line indicates that the 
Langmuir theory may apply to the system being studied. 
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lsosteres 
When carbon, containing adsorbed gas, is heated to a higher 

temperature, some of the adsorbed gas escapes unless a compensating 
increase is made in the pressure. Conversely, when the temperature 
falls, additional gas will be adsorbed unless the pressure is reduced. 
An isostere is formed by plotting the pressure required to maintain 
constant adsorption at different temperatures. 7 

When the vapor pressure of a liquid at two different temperatures 
is known, it is possible to calculate the heat of condensation by means 
of the Clausius-Clapeyron equation. A similar procedure is em­
ployed to calculate the differential heat of adsorption from the 
isosteres (9: 17). 

Data for plotting isosteres can be derived from isotherms of 
separate adsorptions, each adsorption being conducted at a different 
suitable temperature. 

Isoelectric Point 
Some reported values of the isoelectric point are based on the 

change by carbon of the pH of buffered solutions, the buffer solution 
whose hydrogen ion concentration is unaffected being considered to 
represent the isoelectric pH of the carbon. Values thus obtained 
range from pH 5 to 9 and appear to depend on the selective adsorb­
ability of the separate constituents of the buffer. Therefore, they 
bear no relation to isoelectric points determined electrokinetically, 
and have no real significance for such purpose (see 9: 16). 

Hydrophilic and Hydrophobic Characteristics 
Attraction and repulsion of water can be roughly gauged by 

shaking a solid in powdered form with a mixture of water and an 
immiscible organic liquid, e.g., water and benzene. Substances such 
as clay, which go into the aqueous phase, are described as hydro­
philic (water-liking) and substances such as mercuric sulfide, which 
go into the organic liquid, are termed hydrophobic (water-hating). 

Activated carbons are hydrophobic; some are more hydrophobic 
than others. The difference can be shown by an experiment in which 
a suspension of a carbon in water is shaken with an immiscible 
organic liquid. A very hydrophobic carbon will leave the water and 
go completely into the organic liquid. In contrast, a carbon that is 
less hydrophobic, that is, slightly hydrophilic, will gather at the 
interface between the two liquids. The reaction is more evident when 
the aqueous phase contains an alkali. 
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3. ITEMS OF THEORETICAL INTEREST 

Phenomena of Adsorption and Solution 

361 

Certain similarities observed between adsorption and solution have 
led some to believe that both may be different aspects of the same 
fundamental phenomenon.1 The amount of a gas that is adsorbed 
is a function of the pressure, and this is also true of the amount of a 
gas that dissolves in a liquid. The way in which a solute distributes 
itself quantitatively between the adsorbent and the solution recalls a 
similar distribution that occurs when a solute is placed in a mixture 
of two immiscible solvents-for instance, acetic acid in water and 
benzene. With solutions in which the solute has the same molecular 
structure in both solvents, the equation for the distribution may be 
written: 

Ca= kCb 

where C0 is the concentration in one solvent and Cb the concentra­
tion in the other solvent. When, because of association or dissocia­
tion, the solute does not have the same molecular form in both 
solvents the equation is modified: 

Ca= kCb" or Ca 11" = kCb 

The exponent is a function of the difference in the molecular weight 
of the solute in the two solvents. If this interpretation is placed on 
the exponent in the Freundlich equation, it can lead to deductions 
that are inadmissible. For example the adsorption of hydrogen by 
some carbons has been found to be proportional to the cube root of 
the concentration. According to the distribution equation, this 
would mean that adsorbed hydrogen has molecular weight that is 
less than that of the hydrogen atom. 8 Others point out that the 
known laws of solution are derived from the behavior of dilute 
solutions, whereas many adsorptions conceivably involve high con­
centrations at the interface. Moreover, it has been pointed out that 
the quantitative relations, existing in a system in which all components 
are mobile, might require modification in systems in which one 
component is mechanically rigid and, therefore, unable to diffuse. 

Rate of Adsorption 
The rate of adsorption may be retarded by the presence of pre­

viously adsorbed gases, some portions of which are weakly held and 
are readily displaced; but the last traces are often held with such 
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tenacity as to require months for complete displacement. This con­
dition can be corrected in laboratory studies by degassing. To do this, 
the carbon is heated to a high temperature in a vacuum. McBain8 

found that degassing enables equilibrium in adsorption to be reached 
rapidly, after which, no further change occurs in years. In the 
absence of degassing, a slow adsorption often continues for a period 
of weeks or months. 

The subsequent slow adsorption has also been ascribed to a 
gradual interpenetration of the adsorbed molecules into the carbon 
structure to form a solid solution. Such behavior has been studied 
in connection with the adsorption of iodine. 1 The data of different 
investigators are not in full agreement, but there appears to be a 
rapid initial adsorption which is complete in less than an hour, after 
which a very slow sorption of iodine continues for years. That the 
slow stage consists of a penetration of the iodine molecules into the 
carbon structure is indicated by work of Davis 18 who found that 
iodine is less readily desorbed after long contact with carbon. In 
some adsorptions, such as that of oxygen on carbon, the slow stage 
seems to involve a chemical reaction. 

The time required to establish an adsorptive bond, after contact 
is made, is not the same for all adsorbents or for all adsorbates. 
Unequal rates of adsorption have been attributed to differences in the 
pore size of dissimilar carbons; larger molecules would have greater 
difficulty in penetrating into a carbon having smaller pores. The 
inconsistent behavior of different carbons has also been attributed 
to dissimilar qualities of adsorptive powers. 

Adsorption is primarily a surface phenomenon, but it is often 
accompanied by a deeper penetration of the vapor or solute into 
the body of the solid adsorbent. This deeper penetration is akin to 
the formation of a solid solution and is termed absorption. Since 
it is seldom practicable to distinguish clearly between absorption 
and adsorption, McBain8 suggested the use of the broader term 
sorption to cover both phenomena. 

Traube's Rule 

In an aqueous solution, an increase in the molecular size in a homo­
logous series usually results in a greater number of molecules being 
adsorbed. 1 This behavior is known as Traube's Rule. 9 

Some carbons, however, do not conform to the rule, 1 in that they 
adsorb smaller molecules in preference to larger ones. Such failure 
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to obey Traube's Rule is more apt to occur with a carbon that has 
been given only a brief period of activation. In the early stages of 
activation, the pores may not be sufficiently enlarged to admit the 
larger size molecules. This belieffinds support in the fact that during 
activation, the volume of a carbon particle does not diminish in 
proportion to the decrease in weight. This suggests that erosion 
occurs within the pores and that they are thus enlarged. The sepa­
rating walls would simultaneously become thinner-a change that 
could explain why carbon particles become softer and more friable 
after longer activation. 

Whether or not a carbon obeys Traube's Rule can also depend 
on the temperature used in activation. Dubinin 19 found that carbons 
activated at 500° C adsorb organic acids according to Traube's Rule, 
whereas carbons activated at 800° C show a reversal; that is, the 
lower members ·of a homologous series are better adsorbed. One 
explanation is that activation at 800° C produces smaller pores than 
it does at 500° C. Prolonged activation at 800° C, however, promotes 
the adsorptive power of a carbon for larger molecules. 

Deviations from Traube's Rule are minimized when the carbon 
remains in contact with the solution for a longer period. 20 Devia­
tions are also minimized when the carbon is finely pulverized.21 

TABLE 16:1 

DENSITIES OF CHARCOAL* 

Liquid 
Water 
Benzene 
Carbon tetrachloride 
Petroleum ether 

Density g/cc 
1.821 
1.994 
1.860 
2.083 

• J. L. Culbertson and A. Dunbar, J. Am. Ch,m. Soc. 59: 306 (1937); reprinted by permission 
of the American Chemical Society. 

True Density 

It might be expected that the true density of carbon, that is, the 
density of the carbon skeleton, could be determined by the classical 
method of Archimedes-placing a known mass in a pycnometer 
and displacing the air by a liquid. With carbon, this method presents 
difficulties, for it has been found that the observed density depends 
on the liquid employed (Table 16: I). 

Two interpretations of this behavior have been offered. 2 ~ One 
is that the film of liquid at the carbon surface is compressed by 
adsorption forces and, therefore, has a density greater than that of 
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the bulk liquid. According to this interpretation, densities so ob­
tained are fictitiously high depending on the compressibility of the 
film of the liquid used. Against this view are the data of Howard 
and Hulett23 who found a high density of 2.1 for cocoanut carbon in 
helium at 25° C; and at this temperature, helium is not appreciably 
adsorbed. 

This leads to the other interpretation which explains the variations 
in density as caused by unequal ability of different adsorbates to enter 
into the smallest pores. This concept finds support in work by Cude 
and Hulett24 who found that the density gradually drifts to higher 
values during prolonged immersion in the liquid. This drift may 
continue for months before a constant value is reached. ·when a 
system is placed initially under great pressures (500 to 8,600 atmos­
pheres), the final density is attained within a few hours. Thus, in 
water, at a pressure up to 8,600 atmospheres, a sample of carbon 
reached a density of 1.902 in a relatively short time; whereas, when 
immersed in water at atmospheric pressure for 4 months, the observed 
density was only 1.86. 

In an analysis of methods for determining true densities, 
Coolidge25 points out that highly porous adsorbents approach 
molecular dispersity. Thus, their true density is in principle as 
elusive as the true density of a solute in an ordinary solution. 

Effect of pH on Specific Carbons 
The fact that the optimum pH for adsorption is not necessarily 

the same for all carbon indicates a direct but as yet unknown effect 
on the carbon. In a study of caramel adsorption, Hauge and Willa­
man26 found the order of efficiency of various carbons to be 
A>C>D>E>F at pH 7.0 whereas at pH 4.0 the order was 
F > A> E > D > C. Any direct effects of pH on the properties of 
carbon are minor, however, compared to the much stronger influence 
of hydrogen and hydroxyl ions on the properties of many solutes. 

Influence of Specific Ions on Adsorption 
The influence of a salt on adsorption is reported to be specific in 

some instances. Kruyt27 found considerable specificity in the 
influence of the anion. The adsorption of Methylene Blue was 
promoted by anions in the order Cl, S0

4

, P0
4 

Br, N0
3

; whereas 
for Crystal Violet, the order was P0

4

, S0
4

, Cl, Br, N0
3

; and for 
auramine, Cl, S04 , Br, N0 3, P04 . Kozakevich 28 found Br ions 
more effective than Cl ions for promoting adsorption of benzoic 
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acid from ethanol, whereas the reverse was true with methanol or 
water as the solvent. 

Adsorptive Characteristics of Water Vapor 
For many experimental purposes, activated carbon can be dried 

by keeping it in a desiccator for several days. The adsorption of 
water vapor differs from that of most gases. At low humidities, 
the adsorption of water is very small but it increases rapidly at a 
relative humidity of 0.3 to 0.4 (Figure 16:4). Mc8ain29 suggests 
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FlG. 16:4. ADSORPTION ISOTHERM, OF VAPORS 

From A. S. Coolidge, in J. Am. Chem. Soc., 49: 708 (1927); reprinted by per­
mission of American Chemical Society 

that when a sufficient number of water molecules simultaneously 
impinge on the surface of a carbon, they are held by mutual polari­
zation which augments the attractive power of the carbon. 

Changes in Adsorptive Power with Time 
Questions are often asked as to the effect of age on adsorptive 

power when activated carbon is to be stored for long periods of time. 
In most cases, this need cause no concern to the user of carbon 
because experience has shown that most commercial carbons retain 
almost all of their activity over a period of years. Carbons that lose 
adsorptive power when dried, however, may deteriorate with age. 
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Scientific data on this question are meager and those available 
are somewhat conflicting. 30 An examination of the data indicates 
that the influence of storage on the keeping qualities of a carbon 
depends on several factors. An important factor is the method em­
ployed for preparing the carbon. Zaverina and Dubinin31 found 
that carbons activated between 300° and 500° C lost no adsorptive 
power for iodine during a storage period of 5 years, whereas carbons 
prepared at higher temperatures showed a loss of adsorptive power for 
iodine. King32 observed other properties on which the effect of time 
depended upon the temperature at . which the carbon had been 
activated. Carbon activated at higher temperatures showed a de­
crease in pH after several months of storage whereas no change 
occurred in carbons prepared at low temperatures. When changes 
do occur, they seem to be associated with the effects of oxidation. 
Moist air causes a decay in certain catalytic properties. 33 

The extent and direction of a change in carbon with age may 
depend upon which properties are examined. Bente and Walton34 

found that exposure of activated carbon to moist oxygen caused a 
decay in the power to catalyze the oxidation of potassium urate; 
but no change resulted in a similar property for hydroquinone. 
Zaverina and Dubinin31 examined a carbon in which the adsorptive 
power for benzene vapor was fully retained when the carbon was 
stored, whereas the adsorptive power for acids decreased. 

Instances of increased adsorptive power with age are reported. 
Zaverina found age enhanced the adsorptive power for sodium 
hydroxide; and Lawson35 noted that some chars become more 
hygroscopic on standing. Bolam and Phillips36 found that a de­
creased adsorptive power for acids was accompanied by an almost 
equivalent increase in adsorptive power for silver nitrate. 

The effect of age may also depend upon which period of the 
history of the carbon is examined. In carbons prepared by McBain 
and Sessions, 37 the adsorptive power for iodine decreased during 
the first two years, after which very little decay occurred. 

Activated Carbon-an Organic Polymer 

Garten and Weiss38 point out that as activated carbon contains 
from 2 % to 25 % of oxygen and considerable quantities of hydrogen, 
the term carbon is a misnomer. They suggest that activated carbon 
be viewed as a complex organic polymer having a large internal 
surface and electrical conductivity. From certain points of view, 
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activated carbon could be regarded as a giant molecule in which 
resonance is possible between chemical structures situated at a 
distance but connected by a conducting system or bonds. 

4. SURFACE OXIDES 

Support is found for the general outlines of Shilov's theory of 
surface oxides (9: 12), but there is some question that they can be 
defined as rigidly as he suggested. 1 

• 
38

• 
39 Moreover, although many 

data support the concept that surface oxides participate in the 
adsorption of strongly ionized acids and bases as well as in the 
hydrolytic adsorption of inorganic salts, the phenomenon is more 
complex than was originally assumed. The adsorption of benzoic 
acid and of aliphatic acids above butyric does not seem to be limited 
to the oxide that adsorbs dilute hydrochloric acid; in fact these 
organic acids carr be adsorbed by carbons that adsorb strong bases 
such as sodium hydroxide. Even in the case of hydrochloric acid 
the influence of the oxide is less apparent in strong concentrations 
of acid. Similar inconsistencies are found with bases, the adsorptive 
behavior of the relatively strong tetraethylamine hydroxide is unlike 
that of either potassium or ammonium hydroxide. Evidently, the 
mechanism by which many acids and bases are adsorbed by carbon 
is more complex than a simple reaction involving hydrogen and 
hydroxyl ions. 

To what extent surface oxides influence adsorptions other thao 
those of strong acids and bases is not clear. 1 Carbons prepared 
below 500° C are more hydrophilic, that is, they adsorb water vapor 
more readily than do carbons prepared at higher temperatures. 
Moreover, when a carbon is reheated at a different temperature it 
tends to develop the water adsorbing properties characteristic of the 
final temperature given. 

The adsorption of polar compounds may be influenced by surface 
oxides. 

The temperature at which certain other adsorptive powers develop 
often corresponds to a temperature favorable to the formation of 
one of the surface oxides. This, however, does not establish a direct 
connection between a specific adsorptive power and the surface 
oxide. Let us consider the adsorption of Malachite Green. For this, 
certain temperatures of activation are favorable but only when the 
carbon has been given suitable previous treatment. Moreover, 
adsorptive power for Malachite Green when once developed is not 
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readily lost by reheating at a different temperature. In fact, some 
sequences of temperature enhance the adsorption. From various 
studies, one might reasonably conclude that the temperature of 
activation influences the development of specific adsorptive powers 
apart from those related to surface oxides. 

Knowledge of the existence of surface oxides on carbon dates 
back to de Saussure and many studies have since been made to 
determine their chemical nature. 1 Rhead and Wheeler40 studied 
the fixation of oxygen by carbon some years before a relation was 
sought to adsorptive power. They considered the surface oxide 
complex to be a primary protluct of the interaction between carbon 
and oxygen, and one that is capable of being subsequently decom­
posed into the ultimate gaseous products of combustion-carbon 
monoxide and dioxide. They were puzzled by the behavior of this 
carbon-oxygen complex for, although it resembles a chemical com­
pound, yet it cannot be wholly decomposed into carbon monoxide 
and dioxide at any one temperature. Instead, the reaction proceeds 
by steps through a wide range of temperature. The gases come off 
in rushes at characteristic temperatures. 

Rhead and Wheeler40 considered the possibility that at each 
temperature the complex might partly decompose, splitting off 
gaseous oxides and leaving a residual solid oxide containing a 
smaller ratio of oxygen which is capable of undergoing further de­
composition at a still higher temperature. They questioned this 
hypothesis on finding that each rise of a few degrees in temperature 
causes a limited evolution of gaseous oxides which would imply a 
tremendous number of stages in the degradation process. 

Shah41 found that the gaseous oxides liberated when carbon is 
heated are not readsorbed when the temperature is lowered, and this 
indicates that the oxides are held in a form different from that in 
which they are evolved. The ratio of carbon monoxide to dioxide 
in the liberated gases not only depends on the temperature at which 
the gases are driven off, but also is a function of the temperature at 
which the oxygen was originally fixed. This indicates that various 
types of oxides can form. 

Strickland-Constable42 offers a constructive interpretation of the 
behavior of carbon when subjected to increasing temperature, based 
on analogous behavior of organic compounds containing oxygen. 
Such organic compounds decompose to yield carbon monoxide 
and dioxide at widely different temperatures; the decomposition 
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temperature is about 500° C for acetone and 400° C for diethyl ether. 
The covalent attachment of oxygen to a heterogeneous carbon sur­
face could provide opportunities for a wide assortment of different 
groupings; and groups similar to those found in ketones, alcohols, 
acids may all be present simultaneously. Each form would have 
characteristic properties, including a specific decomposition tem­
perature. The over-all effect would permit a progressive liberation 
of gaseous oxides over a wide temperature range. The studies of 
Frumkin1 and his coworkers are of interest. He heated an ash-free 
charcoal in a vacuum to 1000° C and found that this carbon adsorbed 
neither mineral acids nor alkalis provided air was completely 
excluded. After contact with air, the carbon adsorbed acids but not 
alkalis. In another study, carbon prepared at a high temperature in 
an atmosphere of hydrogen was able to adsorb alkali when hydrogen 
was present. Thi!!- carbon did not adsorb acid from dilute solutions 
although it did so from solutions stronger than 0.1 normal. 

These and other studies led Frumkin to believe that carbon acts 
like a gas electrode. Adsorbed oxygen, in the presence of water, is 
transformed into hydroxyl ions which are held at the carbon surface 
by electrovalent forces and can be exchanged for other anions. 

On the other hand adsorbed hydrogen in the presence of water 
forms hydrogen ions which can be exchanged for other cations. 
The reaction is reversed by making the carbon suspension definitely 
acid, in which case, hydrogen is evolved as a gas. 

Steenberg39 in a comprehensive and informative review of many 
aspects of surface oxides has contributed much to our understanding 
of their characteristics. He classifies activated carbons into Hand L 
types. The L carbons are those that preferentially adsorb alkali, 
and the H types are those that adsorb mineral acids and but little 
alkali. Many associated properties are described and discussed. 

Catalytic lnftnence of Surface Oxides 

Carbons prepared at 850° C to 950° C appear more effective for 
some oxidations, e.g., hydroquinone, sodium thiosulfate, potassium 
urate, and for the decomposition of hydrogen peroxide; whereas, 
carbons prepared at lower temperatures, in the range of 450° to 
600° C, have been found more effective for the oxidation of sodium 
arsenite and potassium nitrite. 1 It should be mentioned that certain 
of these specific effects are not supported by all data. 

King43 found that a carbon prepared at 900" C, when later heated 
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at 500° C, lost the properties of a higher-temperature carbon and 
acquired those characteristic of the lower-temperature carbon. If 
this carbon were again reheated to 850° C, however, the catalytic 
properties peculiar to the higher temperature would be regained. 
The influence of the temperature of activation on catalytic powers 
recalls a similar phenomenon observed in the effect on properties 
attributed to surface oxides. Because of this, it has been suggested 
that specific catalytic effects depend on the type of surface oxide 
formed on the carbon. According to this theory, certain reactions 
can be promoted by the surface oxide formed at low temperatures, 
whereas the surface oxide formed at higher temperatures catalyzes 
other reactions. 

Obviously, the evidence is circumstantial, and the catalytic prop­
erties could be due to other changes occurring in the carbon at 
each temperature. Studies by Rideal and Wright44

• 
45 indicate that 

the oxidizing action is not due directly to oxygen held in the form of 
stable oxides. 

The significance of surface oxides in oxidation reactions is placed 
in doubt by studies that trace oxidations to active centers containing 
other non-carbon elements. The oxidation is often enhanced when 
a carbon is prepared from nitrogeneous raw materials; similarly 
the presence of iron accelerates many oxidations. 

pH and Surface Oxides 

The pH of a carbon, as measured in a suspension in distilled water, 
arises mainly from associated components incident to the activation 
process or added subsequently to give a desired pH. There is evi­
dence, however, that some pH effects can arise from constitutive 
properties of the carbon. In studies of a carbon with a low ash, 
King46 found that the pH depended on the temperature at which 
the carbon had previously been ignited; the pH increased as the 
temperature was raised from 25° to 900° C. Above 900° C, the pH 
again fell. 

Wiegand,47 in a study of colloidal carbons, found that the pH 
of an aqueous suspension ranged between 3 and 11, depending on 
the temperature to which the carbon had been heated previously; 
the pH increased with an elevation in temperature. With ash-free 
carbons, the pH effect is found with the suspension rather than in 
the supernatant liquid. This led Wiegand to suggest a mechanism 
occurring at or near the surface of the carbon. He considered that 
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surface ox.ides, present in low-temperature carbons, adsorb water 
hydrolytically in such a manner that the hydroxyl group is held close 
to the surface, and the hydrogen is held loosely as ions. Although 
the hydrogen ions cannot wander far from the surface, they have 
sufficient freedom to affect the potential of a glass electrode placed 
in a carbon suspension. Carbons heated to high temperatures lose 
some surface oxides, and then the water is adsorbed so that hydrogen 
ions are held to the surface and the loosely held hydroxyl ions give 
an alkaline reaction. 

Peptization 
Carbon may be peptized in distilled water. Here the solubilizing 

effect is produced by the ions in the double layer on the carbon. 
Osmosis causes the loosely held ions in the double layer to diffuse 
throughout the liquid and, in turn, they drag the oppositely charged 
ions together witb the attached carbon particles. Peptization from 
this cause may be corrected by increasing the concentration of carbon, 
or by adding suitable electrolytes, e.g., HCl, CaCl 2, Alz(SO 4h in 
sufficient concentrations. It is to be noted, however, that certain 
electrolytes, such as NaOH and also some dyes, tend to stabilize a 
carbon suspension. 

5. MANUFACTURE OF A NEW ACTIVATED 
CARBON 

In undertaking a new venture to manufacture activated carbon, 
a first step is to determine the kind of adsorptive powers to be de­
veloped, and this in turn requires a knowledge of the markets to be 
reached. 

One approach would be to obtain process liquors from represen­
tative industries and use them to measure the effectiveness of the 
chars produced during the various stages of the development. This 
can be very time-consuming and, more important, the data will be 
inconclusive unless based on adequate knowledge of what each 
particular industry requires of activated carbon. 

In another approach, we can select one or more of the established 
commercial carbons and determine the adsorptive powers as 
measured by various synthetic tests. Then we study how to provide 
similar properties in the new carbon. This does not mean a slavish 
endeavor to provide an ex.act replica of the established carbon. In 
the first place, it is seldom possible to reproduce such properties in 
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an exact copy. Even if it could be done, it is certainly desirable to 
explore possible variations in adsorptive power that may enable the 
new carbon to enter fields not previously reached. 

In countries where all supplies of activated carbon are imported, 
there is a natural incentive to construct manufacturing facilities to 
handle domestic needs. Plans for such an undertaking should in­
clude a preliminary market survey to determine the quality of the 
carbon being imported. If it is found that several types of carbon 
are needed, it may be desirable to design manufacturing facilities 
that will produce several types of carbon, otherwise it would still be 
necessary to import certain grades of carbon. 

6. SOME ASPECTS OF FUTURE RESEARCH 

Among the major projects for future research on activated carbon 
are ways and means to provide greater markets. Sales outlets will 
expand in proportion to the ability of suppliers to surmount existing 
hurdles and to furnish new forms of usefulness. For this, a first 
step is to be aware of problems and needs that exist. These can be­
come known through intelligent reporting by sales and service 
representatives. In this, management will do well to keep clearly 
in mind that the things we least like to hear often can do us the 
most good. And so when gripes, complaints, and requests for 
unusual forms of utility are relayed by sales representatives, they 
should be welcomed as furnishing an indication of what needs to be 
done. 

Reactivation of Powdered Carbon 

The use of a certain daily minimum tonnage of activated carbon 
is necessary to warrant the capital cost and the expense of operating 
reactivation equipment. Reactivation would be neither practicable 
nor economic for many who use activated carbon. For those that 
use large tonnages of powdered carbon, however, an efficient method 
of reactivation could lower costs, reduce the size of needed inven­
tories, and minimize problems for the disposal of spent carbon. 

Powdered carbon can be reactivated very successfully in the 
laboratory. For many years the powdered carbon used in sugar 
refineries was reactivated with reasonable success. The discontinu­
ance of the practice in later years was the result of several adverse 
features including: 

a) Dust and dirt 
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b) Irregular recoveries ranging from 60 to 90% 
c) A tendency of the reactivated carbon to become 

further pulverized with impairment of filtration 
characteristics. 

It is entirely possible that research could find ways to correct these 
features, and the economic rewards would be considerable. In view 
of this it is well to outline briefly the methods of reactivation as 
formerly practiced. 

The general principles of reactivation apply to spent carbons from 
various processes, but the discussion here will be limited to a brief 
description of methods employed in the sugar industry. 

The initial step is to remove loosely held sugar and other substances 
by a thorough washing with water. Many substances adsorbed from 
sugar liquors can be extracted with a solution of sodium hydroxide. 
A dilute solution. should be employed because strong caustic solu­
tions may fix certain impurities on the carbon. A 5 % solution of 
sodium hydroxide can be used, but some workers recommend 
weaker solutions. Following this treatment, the carbon is washed 
with water after which it is neutralized with dilute acid. Even though 
adsorptive power can be restored to the carbon by this treatment, it 
is seldom sufficient to enable the carbon to be re-used without a 
burning operation. 

An alternative procedure is fermentation of the adsorbed organic 
substances. This is accomplished by making the carbon into a 
suitable slurry which is seeded and aerated until fermentation is 
complete; usually several days are required. 

After fermentation or treatment with a chemical, the carbon is 
dried and burnt under conditions that permit a selective oxidation 
of the remaining adsorbed impurities. The burning can be conducted 
at 300° to 500° C in air, or at 800° to 900° C in steam. To avoid 
high losses in dust the equipment should be especially designed to 
handle a powdered material. 

The reactivated carbon will have from 50 to 100 % of its original 
adsorptive power, depending on the efficiency of the reactivating 
process. At this stage, the carbon contains mineral ingredients­
iron and calcium compounds-that were removed from the sugar 
liquors. When present in considerable quantities, these compounds 
are removed by dilute hydrochloric acid, after which the carbon is 
washed with water and then neutralized with sodium hydroxide. 
The amount of carbon recovered will range from 60% to 90%, 
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depending on the extent of burning and mechanical losses. These 
losses are replaced by the addition of new carbon. 

Dust and Dirt 

In past years a frequent objection to the use of powdered activated 
carbon was the dust and dirt involved. In more recent years this 
problem has been avoided in many applications by improved 
methods of handling (5:6). Those methods, however, are not 
always feasible for those that would use carbon intermittently or in 
small quantities. In considering such situations it could be ofinterest 
to mention some laboratory studies which indicate that dust and dirt 
can often be eliminated by using powdered carbon in moisturized 
form. 

One of the problems in handling powdered carbon arises from the 
difficulty of immersing it in the liquid to be treated. The difficulty 
is caused by a film of adsorbed gas that is displaced when a liquid 
wets the carbon. When displaced, the gas tends to carry some of the 
powdered carbon and thus create dust. The situation is aggravated 
if the gas is released suddenly, as when the carbon is mixed with a 
hot liquid, especially a hot oil or wax. Because of this, carbon 
should be mixed with a liquid at the lowest practicable temperature. 

Laboratory studies show that when the adsorbed gas is pre­
displaced by moisturizing, the rate of wetting is accelerated without 
creating dust. Another benefit arises from the fact that moist carbon 
particles adhere to one another; consequently, moisturized carbon 
does not raise dust when handled. The amount of moisture needed 
will range from 30 % to over 50 %, depending on the type of carbon. 

Moisture should be blended with the carbon after the grinding 
operation because pulverizing a damp carbon can have an adverse 
effect on the particle size distribution, and cause the carbon to have 
poor filtration characteristics. Moisturized carbon should be packed 
in a type of container that will ensure retention of the moisture 
during storage. 

Moisture does not impair the adsorptive capacity; carbons have 
been stored in water for several years without any impairment. 
Moisturized carbon is suitable for all aqueous solutions and also 
for some organic liquids. 

Inasmuch as moisturized carbon would go mainly to users of 
small quantities, the added freight cost would be negligible for thosf 
wishing to ensure the benefits of minimum dust and dirt. 
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Continnous Filtration with Powdered Carbon 
When a liquid is percolated through a column of granular carbon, 

the carbon at any given instant can be regarded as being present at 
a high concentration. This feature can be advantageous in applica­
tions that require filtrates of high purity. 

Such high concentrations are not feasible for powdered carbons 
in batch-contact operations. However, some studies indicate that it 
may be possible to fortify the effectiveness of powdered carbon in 
this direction by means of a continuous system as illustrated in 
Figure 16: 5. Vessel A contains 100 grams of powdered carbon and 

E 

A 

FIG. 16:5. UNIT FOR CONTINUOUS FILTRATION WITH POWDERED CARBON 

A, containing vessel 
P, propeller for moving carbon-liquid mixture over filter, F 

Liquid enters system at E and leaves at L 

1 liter of the liquid to be decolorized. Liquid is removed through 
the filter, F and the amount removed is continuously replenished by 
incoming liquid through£. 

The carbon dosage ( 10 %) rapidly builds a thick carbon cake on 
the filter leaf, but this adverse effect can be abated by measures to 
remove the cake from the filter as it forms, and repulping it for 
return to the, treatment cycle. For this purpose, a high speed 
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propeller, P, causes the carbon-liquid slurry to move continuously 
over the filter leaf. During this passage, some of the liquid leaves the 
system through the filter and simultaneously deposits a residue of 
carbon cake on the filter leaf. This carbon cake, however, is im­
mediately swept away by the swiftly moving circulating slurry and 
re-enters the treatment cycle. 

As previously mentioned, the advantages of a high concentration 
of carbon are more evident in applications that require filtrates of 
great purity. To accomplish this with the procedure described, the 
operation employs a series of filter units, each one similar to A in 
Figure 16:5. Consider Figure 16:6, in which units R, S, and Tare 

E ➔ L 

R s T 

Fm. 16:6. COUNTERCURRENT SYSTEM FOR FILTRATION THROUGH POWDERED 

CARBON 
(Solution enters system at E and leaves at L) 

arranged in a series. Raw liquor enters unit R where it is partially 
decolorized, leaves in a continuous fashion through the filter, F, and 
enters unit S for additional decolorization. The effluent from unit S 
then goes to unit T where any residual color is removed. The opera­
tion continues until the effluent from unit R has much color, thus 
showing that the carbon in unit R is exhausted. 

Then unit R is taken off the line, the exhausted carbon in it is 
replaced with virgin carbon, and the unit is restored to service, but 
it now becomes the final unit in the series. The raw liquor now enters 
unit S from which it goes to T and finally to R. 

In time the carbon in unit S becomes exhausted and is replaced 
with virgin carbon to become the final unit in the series. This 
arrangement, whereby an exhausted unit is recharged is continued 
for the duration of the operation. 

In addition to furnishing a continuous delivery of effluent liquor, 
of high purity, the fact that the carbon is exhausted when discarded 
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means that the adsorptive capacity is being more completely utilized. 
Consequently, less carbon is required for the over-all operation. 
A further benefit is realized in applications that reclaim the adsorbed 
substance by subsequent desorption. This follows from the fact that 
desorption is usually more effective when the prior adsorption is 
conducted so as to saturate the carbon. 

In presenting the foregoing discussion, it should be emphasized 
that the procedure is in the early experimental stage and the data 
thus far developed indicate some uncertainty as to the practical 
utility of it. 

One of several problems that confront the procedure, for example, 
is the design of a suitable filter. Possibly vacuum drum filters could 
be used for liquids of low viscosity, but high-viscosity liquors will 
require new designs provided with ways and means for continuous 
displacement of the carbon cake from the filter leaf. 

The primary reason for outlining the procedure here is that it 
serves to define the situation clearly. It also focuses attention on the 
need for research to develop techniques that will make more effective 
use of the purifying potential of powdered carbon. 

Test Procedures 

Studies of the influence of activation procedures on the charac­
teristics of the resulting activated carbon employ synthetic solutions 
in which a single adsorbable solute is dissolved in water. Some recent 
studies indicate that a test solution containing two or more adsorb­
able solutes will reveal properties not disclosed when only a single 
solute is present. 
• Experiences with adsorption-desorption processes indicate a need 

to investigate additional tests in which an organic solvent is 
substituted for water. 

When certain oxidizi_ng substances, such as dichromate or per­
manganate, are removed from solution by activated carbon, the 
effect can be a composite of two actions, adsorption and chemical 
change. Thus when activated carbon is placed in a permanganate 
solution, there is evidence that some of the permanganate is adsorbed 
as such, whereas other portions are reduced to forms of lower 
valence and held to the carbon in an altered form. Inasmuch as the 
ratio of direct adsorption to chemical change varies according to the 
type of carbon used, a study of this feature might reveal information 
of practical value. 
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When numerous test procedures are included in an investigation, 
the resulting data on inspection may appear more confusing than 
informative. It has been suggested that modern methods of statistical 
analysis could be helpful.48 
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Appendix 
A committee of the American Society for Testing and Materials 

is now studying ways and means to prepare standard definitions of 
terms relating to the manufacture, testing, and methods of using 
activated carbon. 

Meanwhile we shall list a number of terms that are now in common 
use. It will be noted that different sources of the information some­
times employ dissimilar descriptions for a given term. 

I. GLOSSARY* 
Absorption: I) The ability of a porous solid to hold a liquid by co­

hesion and capillary action; 2) Action similar to that of a sponge 
or blotter in soaking up a liquid; 3) As applied to solids, absorp­
tion refers to a more or less uniform penetration throughout a 
solid by any particular component, as distinguished from the 
existence of a higher concentration of the component at a surface 
or interface as found in adsorption; 4) The penetration of liquid or 
vapor into the solid structure; that is, it could be considered a 
solution with the solid acting as the solvent. 

Adsorbate: 1) The adsorbed material; 2) The substance held on the 
surface of a solid. 

Adsorbent: I) A solid substance on which adsorption can occur; 
2) A solid surface that is able to attract and hold other specific 
substances. 

Adsorption: The phenomena whereby molecules adhere to a surface. 
Adsorptive Capacity: The quantity of adsorbate held by a unit of 

activated carbon or other adsorbent under ,stated conditions. 
Adsorptive Power: The degree to which an activated carbon is 

able to adsorb a particular substance under stated equilibrium 
conditions. 

Ash: 1) The residue remaining after combustion of an activated 
carbon or raw material at a suitable oxidizing temperature; 2) The 
mineral constituents of an activated carbon; 3) The inorganic 
material present in a carbon. 

As-ls Basis: A term that signifies the sample of carbon has received 
no treatment to alter the moisture content. 

Carbon, Reactivated: See Reactivation. 

• A number of definitions not included here can be found in glossaries 
furnished by Atlas Chemical Industries, Pittsburgh Chemical Company, National 
Carbon Company, and other suppliers of activated carbon. 

380 
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Carbon, Regenerated: See Regeneration. 
Carbon, Revivified: See Revivified. 

381 

Carbon, Spent: Activated carbon which has been used and which has 
little or no adsorptive capacity remaining for the product being 
treated. 

Carbon, Virgin: Activated carbon that has not been used for any 
adsorptive p.irpose. 

Critical Bed Depth: In a carbon column the critical bed depth is the 
depth of granular carbon that is partially spent. It lies between 
the fresh virgin carbon and the spent carbon, and is the zone 
where adsorption takes place. In a single-column system this is 
the amount of carbon that is not completely utilized. 

Density, Apparent: 1) A measure of the weight of carbon that can be 
contained in a given volume under specified conditions; 2) The 
weight per unit volume of activated carbon. 

Density, Bulk: $ame as apparent density. 
Desorption: I) The removal of an adsorbed substance from the 

surface of a solid; 2) The opposite of adsorption, a phenomenon 
in which an adsorbed molecule leaves the surface of a solid; 
3) The process of removing an adsorbed layer from the surface of 
activated carbon or other adsorbent. 

Dry Basis: I) A term used to signify that any moisture present in a 
sample has been deducted from the weight as determined in the 
scales; 2) The weight as found on a balance less the weight of 
moisture present in the sample; 3) A term used to signify that a 
given weight of substance is exclusive of any moisture which may 
be present. 

Hardness Number: 1) A measurement of the percentage of an 
activated carbon that survives impact and abrasion by standard 
size steel balls under prescribed conditions; 2) The resistance of 
granular carbon to the degradation action of steel balls in a 
Ro-Tap machine under prescribed conditions. 

Macropore: I) Pores having a radius of 100 A or greater; 2) The 
pores in activated carbon which are larger ldiameter) than 1,000 A. 

Mesh Size: I) The particle size of activated carbon as determined 
by U.S. Sieve Series; 2) The size of particles as measured by the 
standard Tyler series of screens. 

Micropore: I) Pores having a radius of less than I 00 A; 2) The pores 
in activated carbon which range in size (diameter) from 10 A to 
1,000A. 

Moisture: I) The percentage by weight of water adsorbed on 
activated carbon; 2) The moisture content of a carbon is the per­
centage loss in weight of a sample after heating for 6 hours at 
150° C; 3) The moisture is the loss in weight of a sample of carbon 
when heated for 24 hours at 110° C in an inert atmosphere. 
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Particle Density: The weight per unit volume of granular carbon as 
determined by the displacement of mercury. 

Reactivation: I) The act of restoring adsorptive power to a, spent 
carbon by a process similar to the original activation process; 
2) The removal of adsorbates from a spent carbon that will allow 
the carbon to be reused; 3) Heating a sper.t carbon above 500° C 
in a controlled oxidation atmosphere. 

Regeneration: I) Spent carbons from vapor phase systems are 
regenerated by heating with steam; other methods include heat­
ing in an inert atmosphere, and elution by a suitable solvent; 2) 
Any process for restoring activity by desorbing the adsorbed 
substances. 

Relative Efficiency: I) A comparison of the decolorizing power of a 
sample of carbon with the decolorizing power of a standard 
carbon; 2) The adsorptive capacity of a sample carbon for a 
specific substance as compared with the adsorptive capacity of a 
standard carbon for the same substance. 

Revivified: A tetm that is sometimes used to describe either re­
generated or reactivated carbon. 

Safen: The use of carbon to adsorb pesticides and release same in 
small concentrations that will not damage the foliage. 

Sorption: I) A term that includes the amount of substance adsorbed 
plus the amount of substance absorbed; 2) A broad term that 
covers both adsorption and absorption. 

Standard Carbon: A sample of carbon that is selected arbitrarily as a 
reference to evaluate the relative efficiency of production and 
shipments of activated carbon. 

Water Grade Carbon: Originally. carbons specifically prepared for 
purification of potable water supplies; later, often used to designate 
carbons that will remove tastes and odors in applications that do 
not require decolorization. 

11. MANUFACTURERS AND SUPPLIERS 
OF ACTIVATED CARBON 

For a number of reasons it is not practicable to furnish the names 
of suppliers of activated carbon. 

The names of the American manufacturers are listed in Industrial 
and Engineering Chemistry for December, 1962. The names of manu­
facturers in other countries can be obtained from the respective 
consular offices. 

The names and addresses of suppliers can be located by reference 
to Chemical Week Buyers Guide, Thomas Register, Conover-Mast 
Purchasing Directory, and other similar guides. 
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111. EPILOGUE 
Earlier in this text I have mentioned many who have assisted in 

various ways. I wish to express great appreciation also to: Ronald S. 
Joyce, Henry Laughlin, and Don Weiss. 

In preparing this edition I have endeavored to give credit to the 
original sources of information. Reading the proofs has brought a 
realization that many items are based on unpublished data and on 
oral information, and in such cases one's memory may occasionally 
be faulty. Consequently, I shall welcome the correction of any 
errors of credit and interpretation that may have occurred. Com­
munications should be addressed to: 

John W. Hassler, 
P.O. Box 415, 

Levittown, Pennsylvania. 
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Index 
A 

Absorption, distinguished from ad­
sorption, 362, 380 

Accelerated tests, 42, 48, 306, 308, 
320 

Acid washed carbons, 184, 193, 346 
Acidimetric methods analysis, 324 
Acids, adsorption of: 

inorganic, 32, 225, 367 
organic, 28, 32, 367 

Activated adsorption, 206, 258-260 
Activated carbom 

annual production, 9 
brand names, 2-3 
definition, 2, 171, 366 
forms of, 2, 172, 347 
history, 3-7 
prices, 7 5, 163 
types of, 2, 172 

Activation: 
density changes during, 180 
environment, control of, 166-168 
methods of, 174-184 
non-carbon constituents, effect of, 

175, 190-193 
particle size of source materials, 

180 
porosity, development of, 178, 213 
source materials, 171, 174 
specific adsorptive powers, de-

velopment of, 176-179, 189, 215 
surface area Increase, 215 
temperature of, 175-183, 225, 367-

370 
Active centers, 217-219, 255, 261-5 
Activity changes In activated carbon: 

effect of 
age, 365 
drying, 185, 365 
moisture, 374 
oxidizing chemicals, 216 

Adrenal cortex hormone, adsorption 
and elution, 281, 284, 293 

385 

Adsorbable substances: 
gases and vapors, 21-25 
solutes, 25-36 

Adsorbates 
chemical changes In, 23, 27, 210, 

226, 247, 281, 284 
definition, 3 80 

Adsorbed layer, activity of, 229, 280 
nature of, 2 27 
specific properties, 227 
stability of, 210, 226, 247, 281, 284 
thickness, 205, 227 

Adsorbers for gas and vapor sys-
tems: 

by-pass and panel types, 51 
horizontal, 59 
series arrangement, 59 

Adsorption, apparent, 354 
capillary condensation, 203 
chemical, 206-209 
definition, 380 
energy changes associated with, 15 
equilibrium relation, 355, 357 
forms of, 15 
hydrolytic, 36-38, 221-224 
irreversible, 229, 247 
isotherms, 156-161, 21\T-221 
Langmuir theory of, 204, 208, 228 
physical, 206 
potential theory of, 204, 228 
precipitation associated with, 89, 

224 
preferential, 3 54 
solution phenomena and, 19, 228 
specificity in, 73-76 
surface tension, 201 
temperature influence, 22, 26, 221 
van de Waals forces, 22, 204, 228 
velocity of, 19-21, 41, 75, 80, 99 
wave, 334 

Adsorption-desorption processes: 
basic principles, 12, 241-248 
irreversible adsorption influence, 

229, 247 
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Adsorption-desorption process: 
liquid phase applications, 12, 136, 

142,148, 241-251, 287-294 
test procedures, 246, 338-340, 377 
vapor phase applications, 58, 59, 

60, 61 
Aerosols, removal of, 44, 51 
Age effect on activated carbon, 365 
Agricultural applications, 12, 149, 

241 
Air process of carbon activation, 

176-178, 181 
Air purification and recovery, 7, 43-

55 
Alcoholic beverages, treatment of, 

80, 118-121 
Alkali carbonates and hydroxides, 

treatment of, 136 
Alkalimetric methods of adsorption 

analysis, 324 
Alum, decolorization of, 136 
Amines, adsorption of, 32 
Amino acids, catalytic changes in, 

281 
pH influence on adsorption, 32 

Amorphous carbon, 186-189 
Ammonia, adsorption of, 44 
Analysis, applications in, 143-148 
Aniline adsorption, 35, 37, 241, 324 
Aniline blue, adsorption of, 215 

test method, 176, 178, 332 
Anticorrosion paints, 149 
Antidote for poisons, 285 
Antineurittc factor, purification of, 

291 
Antioxidants, adsorption of, 82, 117 
Apparent adsorption, 354 
Apple storage, 62 
Ash in carbon, 341 
Association, influence of, 31 
Autocatalysis, 82 

B 

BET formula, 212 
Bacteria, effect on, 283 
Bandages, surgical, 282 
Bases, adsorption of: 

inorganic, 224, 367 
organic, 32 

Batch-contact unit operation, 2, 96, 
333 

Batteries, depolarization of, 272 
Beer, haze prevention, 121 
Beet sugar refining, 112 

Bemmelen formula, 357 
Benefits other than removal of color 

and odor, 10-12, 82-89, 113, 
117, 120, 148-150, 266, 282-285, 
319-321 

Benzene, recovery of, 60 
Bentonite in conjunction with carbon, 

93, 121 
Benzoic acid, adsorption of, 156, 

223, 246 
Berry juice, haze removal, 131 
Binders for granular carbons, 185 
Biochemicals, activity in adsorbed 

state, 280-281, 284, 292 
purification of, 287-294 

Biochemistry studies, 278-282, 285 
Black ash as source carbon, 6 
Blending activated carbons, 166 
Blood char, 4, 183 
Bloom, removal from vegetable oils, 

117 
Boedecker formula, 357 
Boiling point, relation to adsorbabil-

ity, 21-22 
Bone char, 4, 95, 110, 175 
Boundary influence, 264 
Brand names of activated carbons, 

2-3, 70 
Brandy, purification of, 120 
Breakpoint control, 57 
Briquetting granular carbons, 185 
Buffered solutions, use of, 323 
Bulk density, 349 
Butter, purification of, 130 
By-pass adsorbers, 51 

C 

Calcium chloride process for activa-
tion of carbon, 17 5 

Calcium constituents in carbon, 344 
Cane sugar refining, 6, 109-112 
Capillary condensation, 203 
Caramel test, 168,329 
Carbon adsorption method analysis 

of organic contamination, 146-
148 

Carbon-chloroform extractables, 148 
Carbon dioxide process for activa­

tion of carbon, 176 
Carbon dioxide, purification of, 62 
Carbon monoxide process for activa­

tion of carbon, 183 
Carbon tetrachloride: 

activity and retentivity tests, 311 
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adsorption of, 307 
Carbonization process, influence of 

mineral ingredients, 17 5 
method of conducting, 174 

Catalysis, 253-274 
activated adsorption, 258-260 
active centers, 255, 261-265 
beneficial poisoning, 265 
bowidary influence, 264 
concentration theory, 256 
general discussion, 253-255, 266-

268 
inhibitors, removal of, 82 
interfaces, 264 
intermediate compowid theory, 257 
oriented adsorption, 261 
pH influence, 267 
poisoning, 248, 255, 265, 281 
promoters, 264, 267 
solvent influence, 267 
specificity, 261 
supports, 263 
temperature influence, 266-268 

Catalyst residues, removal, 117 
Catalytic powers of activated carbon: 

carrier, 266 
dechlorination of water supplies, 

80, 269 
evaluation of, 353 
halogenation reactions, 268 
hydrogenations, 270 
isomerizations, 270 
oxidations, 77,119,271,281 
promoter, 267 
specific action, 266, 353 
sulfur compowids, reactions of, 

270 
surface oxide influence, 369 
toxic gases, removal by catalysis, 

42 
Caustic alkali process for activation 

of carbon, 182 
Chaney activity test, 310 
Channeling in percolation columns, 

104, 336 
Characteristics, miscellaneous of 

activated carbon, 161, 341-351 
Chemical adsorption, 206 
Chemical changes associated with 

adsorption, 23, 27, 42, 210, 226 
Chemical structure of adsorbable 

substances, 21-29 
Chemical treatment with activated 

carbon, 91, 124, 126 

Chemicals, purification of: 
inorganic 136-140 
organic, 133-136 

Chemisorption, 206 

387 

Chloramine, adsorption of, 126 
Chlorides in activated carbon, 345 
Chlorine, activation of carbon with, 

183 
removal from water supplies, 80, 

269 
use of, with activated carbon, 113, 

126 
Chloroform extractables in water 

analysis, 148 
Chloropicrin, adsorption of, 42 
Chromates, reduction of, 226 
Chromatographic analysis, 144-146 
Cigarette filter, 62 
Classical adsorption isotherm, 357 
Clays used with activated carbon, 94, 

116, 350 
Coadsorbates, 36, 138, 139, 248, 287, 

291 
Coal as source carbon, 177, 184, 192 
Coconut char, 5, 7, 46,174,184 
Cohesive forces in adsorption, 201 
Coke plant waste, phenol recovery 

from, 142 
Colebaugh phenol test, 330 
Colloidal forms of contamination: 

mt;luence on adsorption of other 
substances, 84 

methods of removal, 86, 113 
peptization influence, 85 
protective action, 84-89, 114 
test methods, 320 

Colloidal products, decolorization 
and deodorization of, 90, 128-
130 

Color, changes in hue during adsorp­
tion, 321,323 

methods of measurement, 321-324 
pH influence, 78, 323 

Color migration in plastic solids, 12, 
148 

Columns of granular carbon (see 
Percolation) 

Common ion effect in adsorption, 32 
Concentration stage for applying 

carbon, 78, 79, 120, 316 
Condensibility influence, 21-23 
Contact-batch unit operation, 2, 96, 

333 
Congo Red adsorption, 36 
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Conjwiction of adsorption with other 
methods of separation, 89-94, 
108-109, 113, 122, 134, 272 

Continuous adsorption process 
(CAP), 104 

Contaminants, multiple, 73, 323 
Conveying pipes, 98 
Copper, adsorption of, 120 

content in carbon, 345 
Corn sugars and syrups, refining of, 

88, 114 
Corrosion, effects of activated car­

bon, 56, 57, 353 
Corrosive operating conditions, 

equipment materials for, 56, 96-
99, 353 

Countercurrent application of acti­
vated carbon: 

calculation of dosage, 101, 159, 
315 

method of operation, 79, 100, 111, 
115 

Crystallites of amorphous carbon, 
186-189 

Crystallization following carbon 
treatment: 

higher melting point of crystals, 
93, 133 

improved yield and crystal shape, 
93, 133, 321 

precautions required, 93 
Crystals, adsorption by, 209 

D 

Darkening of treated product, 77 
Data of adsorption: methods of ex­

pressing 
changes in concentration, 154, 157, 

354 
correlation of data from different 

test procedures, 73, 155, 326, 
337, 378 

gram vs. mole basis, 24, 30 
isotherms, 156-161 
percentage improvement, 74, 154, 

357 
relative efficiency based on stand-

ard carbon, 74, 156 
Deactivated carbons, 249 
Decay in carbon activity, 185, 365 
Dechlorination of water supplies, 80, 

269 
Decolorization survey, 73-79 

Decolorizing carbons: 
factors involved in selection, 74 
significance of designation, 10, 74 
types of, 74 

Degassing, 303, 362 
Density of activated carbons: 

apparent bulk, 349 
change during activation, 180 
true, 363 

Depolarization of dry cell batteries, 
273 

Desorption, factors that influence: 
basic principles, 241 
chemical changes of adsorbate, 

245 
coadsorbates, 248 
combination procedures, 245 
cowiter attractive forces, 245 
displacement, 218, 245 
electrophoresis, 251 
illustration, 242 
irreversible adsorption, 229, 247 
isotherm slope, 242 
pH, 246, 248 
pore size distribution in carbon, 

246 
reservoir principle, 241, 243 
solvent, 245 
temperature, 58, 244 
time, 241, 248 

Desiccant, use of, 61 
Detergent contamination, removal of, 

143 
Detergent industrial products, 

color and odor removal, 130 
Development of specific adsorptive 

powers, 178, 215 
Differential heat of adsorption, 234 
Discontinuous isotherms, 305 
Disinfectants, reduced power in 

presence of carbon, 283 
Disinfection of carbon, 127 
Displacement of adsorbed sub­

stances, 25, 218, 245 
Dissociation, influence on adsorba­

bility, 31 
Distillation, with activated carbon, 

93, 133 
Distribution law and adsorption, 361 
Divided application of carbon: 

powdered carbon in batch-contact 
operation, 101, 333 

granular carbon in percolation 
systems, 334 
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Dolomite process of carbon activa­
tion, 181 

Dosage of activated carbon: 
batch-contact operations, 71, 75, 

111, 119, 121, 127 
coW1tercurrent application, 79, 

101, 315 
relation of laboratory data to plant 

requirements, 98, 314 
two-step divided application, 316 

Drip rendering process for lard, 118 
Dry cell batteries, depolarization of, 

273 
Dry cleaning solvents, purification 

of, 140 
Drying activated carbon, 345, 365 
Dust from carbon, methods of con­

trol, 99, 106, 140, 374 
Dye test solutions, 32 5 

E 

Electrical conductivity of activated 
carbons, 352 

Electrophoresis, 231-233 
Electroplating solutions, purification 

of, 139 
Elution (see Desorption) 
Emulsions, 84 
Enzymes, adsorption of, 280 
Equipment, constructional materials 

for, 56, 59, 96-99, 102-104, 353 
Evaporation, prevention of foaming, 

84 
Exchange adsorption, 221 
Expanded bed, 104 
Explosive mixtures of organic va­

pors, 55 
Exponential equation, 357 

F 

Fabrics impregnated with activated 
carbon, 62 

Fats, purification of, 90, 94, 115 
Fatty acids, neutralization of, 116, 

118, 274 
Fermentation in spent carbons, 373 
Fermentation processes, use of car­

bon in, 286 
Ferric and ferrous salts, adsorption 

of, 224, 226 
Filter aid, 99 
Filter cake, 99 
Filterablllty of liquids, improvement 

in, 114, 320, 350 

389 

Filtration, laboratory studies, 317, 
350 

methods of plant operation, 99-100 
types of filters, 98 

Fire prevention and control, 105 
Flavors, methods of improving, 79 

preservation of natural, 80, 120, 
131 

Flotation processes, use of carbon 
in, 139 

FlUidization rn activation processes, 
180 

Foam, reduction of, 73, 84, 93, 113, 
320 

Felic acid, preparation of, 291 
Food products, purification of, 130-

132 
Fractionating adsorption, 80 
Freundlich equation (see Isotherms) 
Fruit Juices, haze removal, 131 
Fruit storage aided by activated car­

bon, 62 
Fullers earth with carbon, 94 
Fungicides applied with activated 

carbon, 242 
Future research, some suggested 

subJects, 13, 54, 170, 251, 372-
378 

G 
Gases, adsorbable types, 21 
Gas and vapor systems, industrial 

use of activated carbon, 41-64 
Gas masks, use of, 5, 7, 42-44 

limitation of, 44 
Gasoline retovery from natural gas, 

60 
Gelatin purification, 131 
Glucose refining, 114 
Glutamlc acid, purification of, 135 
Glycerol purification, 93, 133 
Gold reclamation, 137 
Grades of activated carbons, changes 

in characteristics, 70 
Granular activated carbon: 

applications in gas and vapor sys­
tems, 20, 41-64 

applications in liquid systems (see 
Percolation) 

hardness, 184 
mesh size, 347 
methods of manufacture, 184 
molecular size of adsorbable sub-

stances, 336 
test procedures, 7 5, 314, 332-337 

Exhibit 1025 
Norit Americas, Inc. v. Calgon Carbon Corporation 

0403



390 

H 

H carbons, 369 
Halogenation catalysis, 268 
Handling precautions for carbon 99 

106, 123, 374 ' ' 
Hardness of carbon particles 349 

363, 381 ' ' 
Haze, cause and prevention, 86-89, 

121 
Heat of adsorption, 38, 57, 63, 233-

237, 310 
differential, 234 
integral, 233 
theory of, 234-237 

Heat of wetting, 236, 310 
Helium, adsorption of, 22 
Herreschoff furnaces 

activation and reactivation of car­
bon, 105, 181 

History of activated carbon, 3-7 
Homologous series, influence on ad-

sorbability, 362 
Honey, control of quality, 80, 132 
Hormones, purification of, 293 
Hue, changes in, 321, 323 
Hydrogen, constituent of activated 

carbon, 188, 193 
Hydrocarbon gases, separation of, 60 
Hydrogen ion, influence of, 32, 224, 

232, 246, 267 
Hydrogen peroxide, catalytic effects, 

272 
Hydrogen peroxide use in conjunction 

with carbon, 91 
Hydr;fin sulfide, removal of, 43, 

Hydrogenation catalysis, 270 
Hydrolytic adsorption, 36-38, 221-

224 
Hydrophilic and hydrophobic sur­

faces, 230, 360 
Hydroxymethylfurfural, removal of, 

73, 114 
Hypersorption process, 61 
Hysteresis phenomenon, 304 

1-J 
Ignition temperature of activated 

carbons, 351-353 
Indicator dye colors: 

behavior at interfaces, 210 
effect of pH, 78 

Inert atmosphere required in some 
applications, 77, 97, 116, 289 

Inhibitors of chemical reactions, 
removal of, 82, 91 

Inorganic chemicals, purification of, 
136-140 

Inorganic ingredients in activated 
carbons, 161, 190-193, 341-345 

Inorganic contaminants in process 
liquors, 89, 114 

effect of protective colloids, 89 
Insecticides used with activated 

carbon, 12, 241 
Insulin, purification of, 248, 281, 293 
Interfaces, adsorption at, 16-19, 25, 

210, 264 
Intestinal infections, use of adsorb­

ents, 282 
Inversion of sucrose, 114, 229 
Iodine adsorption, 27, 36, 220, 245 

362 ' 
reclamation from brines, 91, 136 

250 ' 
test methods, 164-166, 169 176 

329 ' ' 
Ions, adsorption of, 32, 138, 228 

influence on adsorption of other 
substances, 364 

Ion-exchange properties of activated 
carbons, 342-344 

Ion-exchange resins, use with acti­
vated carbon, 93, 135 

Ionization, relation to adsorbability, 
32, 228-229 

I-RE (iodine relative efficiency), 
164-166, 169, 319, 332 

Iron contaminants in process liquors: 
adsorption of, 89, 224 
effect of protective colloids, 89 
reduction ferric salts by carbon 

226 ' 
Iron, constituent of activated carbon: 

amount present, 344 
effect on treated product, 77, 344 
influence of pH, 77 
removal from carbon 344 

Irreversible adsorption: 229, 247 
Isatin purification, 92 
Isoelectric point, 32, 232, 360 
Isomerization catalysis, 270 
Isosteres, 360 
Isotherm slope: 

factors influencing, 243 
in countercurrent adsorption, 101, 

159-161 
in desorption, 243 
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Isotherm slope: significance of, 157, 
159, 334-356 

temperature influence, 221 
Isotherms: 

deviations from normal, 357 
discontinuities, 305, 358 
exponent (see Isotherm slope) 
interpretation of, 156-161, 219-

221, 334, 355 
method of plotting, 157 

Jar tests, 318 

K 

Kilns for activation and reactivation 
of carbon, 105, 17 5 

Kindling temperature, 351, 353 

L 

L carbons, 369 • 
L. Casei factor, preparation of, 292 
Labeling requirements, 121, 132 
Laboratory procedures: 

desorption, 338 
gas and vapor systems, 300-311 
granular carbons, 314, 332-337, 

349 
liquid systems, 314-340 
miscellaneous properties of acti­

vated carbons, 341-3 53 
powdered carbons, 314-332, 338, 

341-353 
relation of laboratory dosage to 

plant requirements, 98, 314 
Lacquer, decolorization of, 90 
Lactates and lactic acid, decoloriza­

tion of, 133 
Langmuir equation, 359 
Langmuir theory of adsorption, 204, 

208, 228 
Lard, purification of, 118 
Large molecules, adsorption of, 28 
Layer filtration, 102, 113, 115, 140 
Lead nitrate crystals, adsorption 

study, 217 
Legal requirements, 118, 121, 132 
Lignin char, 177 ' 
Like dissolves like, 17 
Liver extract, purification of, 292 
Lovibond tintometer. 322 
Low temperature, production of, 63 

M 

Macropores, 213, 381 
Magnesium chloride process for ac -

tivation of carbon, 175 

391 

Magnesium silicate used with carbon, 
93 

Malachite Green test method, 33, 
218, 325 

Manufacture of activated carbon: 
current methods of, 175-185 
new processes, problems of, 173, 

371 
Maple syrup, control of quality, 80, 

132 
Market reviews, 7-12, 54, 127, 250, 

372-374 
Masking agents for odors, 45, 80 
Mayonnaise, treatment of, 130 
McBain-Bakr balance, 302 
Mechanical strength of carbons, 349 
Medicines administered with acti-

vated carbon, 11, 241, 284 
Melting point of organic chemicals, 

effect of carbon on, 133 
Memory of activated carbon, 167, 

176 
Mercuric chloride: 

effect of carbon on disinfection 
power, 283 

effect of sodium chloride on ad­
sorption, 36 

Mercury vapor, adsorption of, 44 
Mesh size of commercial activated 

carbons, 347, 381 
Metallic salts, adsorption of, 224-

226 
coadsorbates for adsorption of, 

138 
hydrolytic adsorption, 224 
reduction of, 226 

Methylene Blue, hydrolytic adsorp­
tion, 222 

test method. 33, 177, 218, 325 
Micelles, 129 
Micropores, 213, 381 
Milk, treatment with carbon, 130 
Mixtures: adsorption from 

gases and vapors, 25 
solutes, 34, 246, 377 
solvents. 34 

Mixtures of different adsorbents, 93 
Mixtures of different types of acti­

vated carbon, use of, 94 
Modifier of carbon, 249 
Moisture in carbon: 

influence on adsorptive power, 57, 
374 

measurement of amount present, 
345. 365, 381 
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Moisturized carbon, 374 
Molasses, adsorption, 76, 177, 221 

test method, 177, 326-328 
Molecular structure of adsorbable 

substances, 30 
Molecular weight of substances, re­

lation to adsorbability, 23-24, 
28, 29, 213, 229, 336, 362 

Mono- and multi-layers of adsorb­
ates, 228 

Monosodium glutamate, 135 
Mother liquors, purification of, 93, 

331 
M-RE (molasses relative efficiency), 

164-166, 169, 332 
Moving bed system for granular car­

bon, 103 
Multimolecular theory of adsorption, 

228 
Multiple contaminants, 73, 323 
Multiple gases, adsorption of, 25 
Multiple obJectives in treatment of 

products, 73 
Multiple solutes, adsorption of, 34 
Multiple tests, interpretation of data 

from, 165, 331, 377 

N 

Natural flavor, effects of, 79, 120, 
131 

Natural gas, separation of hydrocar­
bons, 60-61 

Nature of activated carbon surface, 
200-225 

Nessler tubes for color measure-
ment, 322 

Neutral spirits, purification of, 120 
Nickel electroplating solutions, 139 
Nitriles, decolorization, 76 
Nitrogen, combined in activated car­

bon, 192 
Noncarbon constituents of activated 

carbons, 188, 192, 341-345, 366 
Nuisances created by small gravi­

metric concentrations, 71, 79 

0 

Odor, characteristics, 45 
fatigue, 46, 318 
method of measurement, 46-50, 

311, 318 
threshold concentration of various 

substances, 49, 147 
Odor precursors, 319 

Odors, removal of: 
by adsorption, 79-81, 94 
by catalytic action of carbon, 42, 

54, 80 
combined with decolorization, 80, 

81, 319 
future market opportunities, 54 
selection of suitable type activated 

carbon, 42, 79, Bl, 317-319 
Oil retention, 117,350 
Oils animal and vegetable, refining 

of, 90, 94, 100, 115 
Optical isomers, adsorption of, 30 
Organic chemicals, purification of, 

133-136 
Organic colloidal contaminants: 

influence on adsorption of other 
substances, 84-89 

methods of removal, 85 
pephzatlon influence, 85 
protective action, 84-89 
solvent influence, 90 

Organic colloids, decolorization and 
deodorization of, 90, 128-130 

Organic contaminants in water sup­
plies, method of measurement, 
146-148 

Organic polymer, activated carbon 
considered as, 366 

Oriented adsorption, 17-19, 33, 229, 
261 

Orthochloronitrobenzene, 146 
Oxidation catalysis, 77, 119, 271, 281 

minimizing effect of, 77, 290 
Oxidizing gases for activation of 

carbon, 175-181, 189 
Oxygen, depletion in living quarters, 

45 

p 

Packaging, 105 
Paints, anticorrosion, containing ac -

tlvated carbon, 149 
Panel type adsorbers, 51 
Parenteral solutions, removal of 

pyrogens, 294 
Particle size of activated carbons: 

granular, 347 
pellets, 347 
powdered, 347 
relation to adsorption of large 

molecules and colloids, 129, 320, 
336 

water purification, 348 
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Partition law and adsorption, 361 
Pectin, 131 
Pelletized carbon, 184, 347 
Penicillin, purification of, 12, 250, 

281, 288 
Peptization, cause of, 85, 371 

definition, 8 5 
examples, 130, 136, 371 
remedial measures, 85, 90 

Percentage terminology for adsorp­
tion data, 74, 357 

Percolation through granular carbon, 
96, 102 

applications, 112, 115, 129, 130, 
136 

channeling, 104, 336 
continuous adsorption process 

(CAP), 104 
countercurrent operation, 103 
design of equipment, 103 
expanded bed, 104 
moving bed systems, 103 
series arrangement of columns, 

103 
viewed as a series of separate ap­

plications of carbon, 334 
test procedures, 314, 332-337 

Permanent gases, adsorption of, 22, 
64 

Permanganate: 
action on activated carbons, 217, 

226 
test method, 330, 377 

Peroxides in vegetable oils, re­
moval of, 117 

pH of activated carbons: 
commercial brands of carbon, 78, 

184, 346 
industrial requirements, 114, 117, 

346 
influence in aqueous solutions, 78, 

323, 346 
influence in non-aqueous solutions, 

78, 81, 117, 346 
measurement of, 345, 371 
methods of adJusting, 184, 346 

pH of solution being treated: influ-
ence on 

adsorption, 35, 37, 38, 223, 364 
decolorization, 77 
different types of activated car­

bons, 364 
electrophoresis, 232 
haze formation, 89 

393 

pH of solution being treated: 
hydrolytic adsorption, 36-38, 223 
indicator type color, 78, 323 
iron removal, 77, 89 

Pharmacology, 282-284 
Phenol, adsorption, 31, 35,215, 247, 

333-335 
reclamation from coke plant 

waste, 142 
test method, 169, 329, 332 

Phosgene, catalytic reaction, 268 
Phosphates in activated carbons, 344 
Phosphoric acid for adjustment of 

carbon pH, 184 
Phosphoric acid process for activa-

tion of carbon, 182, 185 
Photoelectric colorimeters, 73, 321 
Physical adsorption, 206 
Plaster bandages and casts, 282 
Plastic solids, 12 
Poisons, activated carbon as an anti­

dote, 285 
biological effects of, 279, 281 
catalytic effects of, 248, 255, 265 

Polar groups, influence on adsorba-
bility, 31, 230, 367 

Polyester resins, preparation of, 130 
Polypeptides, influence of pH, 32 
Ponceau dye, test method, 176, 177, 

325, 332 
Pore shape influence, 213 
Pore size distribution: relation to 

adsorption, 214, 362 
desorption, 246, 
general discussion, 213 
method of activation, 183, 214, 363 
measurement of, 349 

Potable water, purification of, 5, 10, 
122-127 

Potential theory of adsorption, 204, 
228 

Potassium benzoate, hydrolytic ad­
sorption, 223 

Powdered activated carbons: 
contact-batch unit operation, 96 
continuous filtration unit operation, 

102 
countercurrent operation, 100 
divided application of carbon, 101 
handling precautions, 99, 106, 374 
improved methods of unit opera-

tion, 375-377 
layer filtration, 102 
particle size, 123, 348 
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Powdered activated carbons: 
preparation of, 184, 348 
reactivation, 372 
water purification grade, 348 

Precipitation as a factor in adsorp-
tion, 87, 89, 224 

Precoats of filter aid, 99 
Preferential adsorption, 354 
Preliminary application of activated 

carbon, 91, 116 
Pressure, influence on adsorption, 

23-25 
Pretreatment of process liquors, 91 
Prices of commercial activated car­

bons, 75, 163 
Process liquors, test method for 

quality control of carbon, 155, 
161 

Product retention by activated car­
bon, 71, 90 

Production of activated carbon, an­
nual basis, 9 

Properties of activated carbon, 
miscellaneous, 161 

Protective colloids, influence on ad­
sorption, 84-90, 114, 130, 283 

Protective colloidal contaminants, 
removal of, 86, 129 

Proteins, adsorption of, 32 
Pseudo-activated carbons, 185 
Pumps, 98 
Pyrogens, removal of, 294 

a 
Quality control of activated carbon 

shipments: 
blending, 166 
test procedures, 163-166 

R 

Rare gases, adsorption of, 64 
Rate of adsorption, 19-21, 41, 75, BO, 

99, 334, 361 
Reactivation of spent carbons, 105, 

372, 382 
Recovered air, 44-55 
Reducing power of activated carbons, 

27, 137, 226, 377 
Regeneration of spent carbons, 52, 

58, 61, 382 
Regulation of vapor and solution con­

centrations, 12, 241-243 
Relative efficiency of activated car­

bons, 156, 159, 319, 324, 382 

Research: 
program for a new application, 67-

94 
subjects for study, 13, 54, 170, 

251, 352, 372-378 
Reservoir, carbon as, 12, 241, 243 
Resins, decolorization, 130 
Retention, gas and vapor systems, 

42, 308-311 
liquid systems, 71, 90,117,350 

Rhodamine dye test, 34 
Rubber, prevention of color migra­

tion, 148 

s 
Safening of pesticides, 12, 241 
Salting out, effect on adsorption, 31 
Saran carbon, 183 
Scattering capacity of carbon in 

water, 123 
Scentometer for measurement of 

odor concentrations, 311 
Scrap candy, treatment of, 132 
Sealed electrical instruments, pro­

tection of, 62 
Selective adsorptive power of acti­

vated carbons, 74, 76, 159, 172, 
189, 214-219, 320 

Sedimentation rate, 351 
Sense of taste and smell, use of, 45, 

318 
Separation, adsorption as a means 

of, 21, 67 
Service life, 44, 52, 60, 127 
Service time, 42, 306, 308 
Sewage treatment, 143 
Shelf life of treated products, 81, 319 
Shipments of carbon in bulk, 105, 123 
Silica in carbon, 345 
Silver salts, adsorption study, 226 
Similar substances, separation of, 21 
Slurry feeding of carbon, 99, 123 
Smell sense for test of odor removal, 

45, 311, 318 
Smog, removal of, 8, 45 
Smoke, removal of, 51 
Soap contaminants in oils, removal 

of, 117 
Soap products, purification of, 130 
Sodium compounds in carbon, 345 
Sodium phenate, hydrolytic adsorp-

tion, 37 
Solubillty, influence on adsorption, 

30-34 
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Solutes, adsorbable types, 25-36 
mutual effects in mixtures, 34-36, 

246 
Solution phenomena related to ad­

sorption, 19, 228, 361 
Solvents, adsorption of, 33, 354, 357 

effects on adsorption of solutes, 
33, 218, 228 

mixtures of, 34, 246 
selection of, 90, 129 
simultaneous adsorption with sol-

utes, 228, 354, 357 
Solvent vapors, recovery of, 8, 55-59 
Sorption, 362, 382 
Source materials for activated car­

bons, 1, 171, 174 
Specialties, 185, 347 
Specific adsorptive powers: 

rate of developme11t during activa­
tion, 178-179, 215 

relation to type of carbon, 2, 34, 
74-76, 120, 159, 172, 178, 190, 
215, 218, 244, 266, 270, 320, 364 

Specl.fications, 332, 337 
Spectrophotometer, 73, 323 
Split application of carbon, 101, 334 
Splitting adsorption, 226 
Stability of adsorbed substances, 23, 

27, 210, 226, 281 
Stability of carbon-treated products, 

81, 82, 319 
Stage of process for applying carbon, 

78, 101, 113, 115, 125, 131, 316 
Standard carbon for tests and speci­

fications, 156, 337, 382 
Steam for desorption of vapors, 58 
Steam process for activation of car­

bon, 176-181 
Stereoisomers, adsorption of, 30 
Storage of activated carbon: 

conditions for, 105 
effect on adsorptive power, 365, 

374 • 
handling, 106 

Storage of product in contact with 
carbon, 63, 82 

Streptomycin, preparation of, 250, 
288 

Structural characteristics of acti­
vated carbons, 347 

Submarines, purification of air in, 8, 
45 

Substituent groups in molecules, 
effects of, 29 

395 

Sudan dye test, 6, 168 
Sugar refining, 109-114 
Sulfate process of carbon activation, 

181 
Sulfide process of carbon activa­

tion, 182 
Sulfur, constituent of some activated 

carbons, 192, 344 
methods of removal from carbon, 

192, 344 
Sulfur organic compounds, removal 

from gases, 270 
Sulfuric acid process of carbon ac­

tivation, 185 
Sulfuric acid for adjustment of car­

bon pH, 346 
Sulfuryl chloride, preparation of, 268 
Supersaturated solutions, precautions 

required, 86, 93 
Supersaturated vapors, 22 
Suppliers of activated carbons, 382 
Surface area, 211-213, 215, 349 
Surface condensation, 21 
Surface oxides, 189, 225, 367 -371 
Surface tension, 16, 201-203 
Surface forces as cause of chemical 

change, 210 
Surfaces, considered as boundaries, 

16 
qualitative characteristics, 216 
wettability, 230 

Surgical bandages, 282 
Suspensions, preparation of, 348 
Sweetening off, 100, 105 
Syndets, removal of, 143 
Synthetic resins, treatment of, 130 
Synthetic test solutions, 165-170, 

323-332 
Systemic insecticides applied with 

carbon, 12 

T 

Tartrates and tartaric acid, purifi­
cation of, 134-135 

Taste and odor removal: 
by adsorption, 79-81. 94, 117, 121, 

123 
by catalysis, 42, 54, 80, 269 
combined with decolorization, 80, 

81, 319 
influence inherent odor of product 

being treated, 79,120, 131 
selection of suitable carbon, 42, 

79, Bl, 317-319, 329 
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396 

Temperature influence on adsorption: 
anomalous effects, 26 
gas and vapor systems, 22 
liquid systems, 26, 69, 76 

Temperature influence on methods of 
activation, 174-178, 181-183 

Test methods: 
flexibility needed in choice of 

method, 168 
history, 42, 168 
quality control of shipments, 163 -

166 
research on, 377 

Test methods for gas and vapor sys-
tems: 

accelerated tests, 42, 48 
activity of carbon, 310 
air purification and recovery 48-

50 ' 
chloropicrin, 42 
dynamic methods, 306-308 
retentivity of carbon, 308-311 
service time, 42 
static methods, 300-303 

Test methods for liquid systems: 
case history, 168 
colorimetric methods, 321-323 
countercurrent application, 315 
decolorization, 321 
decolorization combined with de-

odorization, 80, 319 
deodorization, 317 -319 
desorption, 246, 338, 377 
dosage, laboratory data vs. plant 

requirements, 98, 314 
filterability, 320 
foaming, 320 
granular carbons, special condi­

tions for, 314, 332-337 
multiple, 165, 331, 377 
odor removal power of carbons, 

318 
pH influence, 323 
process liquors as test media, 

155, 161 
research, 377 
screening tests, 162 
stage of process for carbon appli­

cation, 316 
synthetic solutions, selection of, 

323-332, 377 
Theories, nature of, 200 
Thiocyanate process for activation of 

carbon, 182 

Threshold odor concentration of 
various substances, 49, 147 

Threshold odor test, 50, 311, 318 
Time of contact, 75, 80, 99, 314, 334 
Toxic gases, removal of, 41, 54 
Toxicological analysis, 144 
Toxins, adsorption of, 283 
Transportation of gases and vapors 

63 ' 
Traube's rule, 362 
Tuberculin experiments, 284 

u 
Unit operations, gas and vapor sys-

tems: 
adsorbers, types of, 51, 59 
desorption by steaming, 58 
effective life of carbon, 44, 52, 54, 

60 
equipment and materials of con­

struction, 51, 56-61 
explosive mixtures of vapors, 55 
regeneration of spent carbon 52 

58, 61 ' ' 
thickness of carbon bed, 51, 59 

Unit operations, liquid systems: 
contact-batch, 96-100 
concentration stage influence, 7 8 
carbon used with other methods of 

purification, '89-94, 108, 113, 
124-126, 134 

continuous systems, 102-104, 375 
countercurrent operation, 100, 

111, 115 
divided application of carbon, 101 
dosages, 71, 111, 121, 127 
dust control, 99, 106, 140 
equipment, 96-99, 102-104 
filtration, 98-100 
layer filtration, 102, 113, 115, 140 
multiple objectives, 73 
percolation in columns, 102-104 
reactivation, 105, 372 
split application, 101 
stage process for application of 

carbon, 78, 101, 113, 115, 125, 
131 

temperature of operation, 76, 99 
time of contact, 75, 80, 99, 121, 

124, 132 
Unit processes, gas and vapor sys­

tems, 41-64 
liquid systems, 109-148 

Uranium reclamation, 249 
Urine analysis, 144 
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V 

Vacuum, needed in some applica­
tions, 77, 116 

produced with activated carbon, 64 
Valences, primary and secondary 

208 ' 
van Bemmelen formula, 357 
van der Waals forces, 22, 204, 206 

228 ' 
Vapors, adsorbable types, 21-25 
Variations in quality of product to be 

purified, effect of, 68, 163 
Vegetable oils, refining of, 115 
Velocity of adsorption 19-21 41 75 

80, 99, 361 ' ' ' ' 
Venoms, adsorption of, 284 
Ventilation of living quarters, 8, 45 
Vesicants, protective fabrics for, 62 
Vinyl chloride, pr11paration of, 269 
Virgin carbon, 381 
Virus, adsorption of, 284 
Viscosity influence, 76, 90, 99, 104 
Vitamins, purification of, 289 

w 
War gases, 7, 41 

397 

Washed activated carbons, 184, 192 
341-347 ' 

Waste, treatment of, 142 
Water grade type carbons, 81 348 

351 ' ' 
Water, potable: 

dechlorination, 127, 269 
~mprovement m palatability, 123 
industrial supplies, 127 
municipal supplies, 122-127 

Water vapor, adsorption of, 365 
Waxes, treatment of 90 
Weed killers, 150 ' 
Wettability of surfaces, 140, 230, 

360, 374 
Whiskey, treatment of, 80, 118-120 
White sidewall tires, prevention of 

discoloration, 13, 148 
Wine, removal of off flavors, 121 
Wood char, 176 
Wool carbon, 347 
World War I, 7, 41, 306 
World War II, 12, 250 

z 
Zinc chloride process for activation 

of carbon, 175, 185, 190 
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