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Preface to the Twenty-First Edition 

For m·er 100 ~-ears and throughout :.W previous editions, Rem­
ington.· The Scien('(? and Pmclice of Pharmacy has stood a_s the 
definitive text and 1-cference som·cc of all aspects of the science 
and pra tice of phannac~·. In this new edition, you will find a 
text that is practice-oriented while maintnining its tradition ­
alh· reliable coYerage of scientific aspects . The 21'' edition 
k~ps pace with the changes in pharmacy curriculum and pro­
fessional plrnrmac~, practice in general. 

In the years since the first publication of Remington's 
Pharmoceuticnl Sci<mces. there have been many changes in 
the field of pharmacy and pharmacy practice. Although this 
edition of Remington maintains the general philosophy of pre­
,;ous editions. se,·eral changes have been made to present 
fresh and new information and to take advantage of the 
adrnnces made in recent years . Each section of the book has 
been critically reviewed and revised to refl ect the emerging 
trends in the field. The overall organization of the book is the 
same as the previous editions. 

The biggest change in the 21st edition is in the Pharmacy 
Practice section. This section has been reorganized and 
expanded to reflect the changing realities of comtemporary 
practice. The integration of new scientific information into clin­
ical practice is often difficult. and one of the key purposes of this 
section is to help clinicians translate these scientific advances 
into clinical practice and care of patients. This section brings 
the reader up to date on the latest trends and approaches. New 
chapters have been added that cover the a reas of: 

• The application of ethical principles to practice dilemmas 
• tatistics applied to pharmacy practice 
• Technology and automaiion 
• Professional communication 
• Medication errors 
• Re-engineering pharmacy practice 
• ~1anagement of special risk medicines 
• Special ization of pharmacy practice 
• Disease state management 
• Emergency patient care 
• Wound care 

The Pharmaceutical and Medicinal Agents section is the 
most very useful part of ihe book in terms of core drug infor­
mation. For this <edition, we've added more than 100 new drug 
monograph , and the previou~ly existing material has been up-

dated. We rea li ze that this is a section that is nearly impossible 
to keep current, and we've tried to include as many new drugs 
as possible. Beca use of space constraints, we were limi ted to the 
most important or most widely used drugs. 

Another significant addi t ion to th is edi t ion is the expansion 
of the Phannacodynamics a.nd Pharm.acokinetics section to in­
clude the new, growing area of Pharmacogenomics. This chap­
ter highlights many of the important advances including: prac­
tica l applications and technological considerations, molecular 
diagnostics for optimi zing drug therapy, a nd pharmacoge­
nomics and drug development. 

Many people were involved in creating this edition. I am 
grateful to all the Section Editors and authors for their skillful 
review of the literature and for incorporating their own unique 
perspectives and experience into their chapters. With this edi­
tion, we welcome five new Section Editors . They represent a 
wide geographic diversity and spectrum of experience. We also 
have approximately 100 new authors who represent over 32 
universities as well as positions in governmental agencies and 
private industry. 

I also gratefully acknowledge the extensive contributions of 
the authors and Section Editors of previous editions of Reming­
ton for laying the foundation for the current volume. I recognize 
that we all stand upon the shoulders of giants and are sup­
ported by those leaders who taught and inspired many previous 
generations. 

I especially thank Alfonso R Gennaro, PhD for bis continued 
support. Dr. Gennaro was Remington editor for the past four 
editions. No one is more familiar with Remington than be is. Dr. 
Gennaro has been instrumental in the creation and review of 
the drug monographs. Ensuring scientific accuracy is critical in 
a book such as Remington, and be bas been very generous with 
his time and expertise in this area. 

A heartfelt thanks also goes to Mr. John Hoover, author and 
indexer, who has been involved with Remington since the 1960s 
and has provided editorial guidance at every step of the process. 

It is a pleasure and honor to work on a book with such a long 
and rich tradition . 

Randy Hendrickson 
Editor 

xvii 
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··~·: :;:_;, ELECl'ROLYTES 
I ... . . . . . 

In a preceding chapter, attention was directed to the colligative 
properties of nonelectrolytes, or substances whose aqueous so­
lutions do not conduct electricity. Substances whose aqueous 
solutions conduct electricity are known as electrolytes and are 
typified by inorganic acids, bases, and salts. In addition to the 
property of electrical conductivity, solutions of electrolytes ex­
hibit anomalous colligative properties. 

COLLIGATIVE PROPERTIES 
In general, for nonelectrolytes, a given colligative property of 
two equimolal solutions will be identical. This generalization, 
howeve,r, cannot _be made for solutions of electrolytes. 
. Vant Hoff pointed out that the osmotic pressure of a solu­

tion of an electrolyte is considerably greater than the osmotic 
pressur~ of a solution of a nonelectrolyte of the same molal con­
centration. This anomaly remained unexplained until 1887 
when Arrhenius proposed a hypothesis that forms the basis for 
ourTm?dern theories of electrolyte solutions. 
. his theory postulated that when electTOlytes are dissolved 
~;a~r they .split up into charged particles known as ions. 
th these ions carries one or more electrical charges, with e total char"e on th ·t· • 1 • • total h ., e pos1 IVe ions ,rnt10,1s) bemg equal to the 
Jut. c urge on the negative ions \anions). Thus although a so-ion may • h • increa contnm c argcd particles, it remains neutral. The 
cren . ~ed osmotic pressure of such solutions is due to the in­
Fo se numhl•r or particll'S formed in the process of ionization. 

r example, bOdium rhloride is assumed to dissociate as 

HO 
Na ' C'l __, Nl\• + Ct· 

It is evi I h dissociat d cent t nt l'ach_ molecule of sodiwu chloride that is 
there Wil~ b pro~uce:. h,o ions, and if dissociation is complete, 
were not dt ~w!ce as many particles as would be the case ifit 
same eft ssocinted _at nil. F\ll'thormore, if each ion has the 
pected thct on osmotic pressure as a molernle, it might be ex­
that of 0\ th? osmotic pressure of the solution would be twice 
nonion·a .50 ution containing the snme molul concentrntion of a tztng solute. 

Osniotic-prcs . d . . . . . of snits thnt . suie l!tn mchrnte thnt, m vory dilute soluttons 
that of . 1 . yiold two tons, the prossure is very near\v double 
Si1ni1nt0 Ulio_n~ of ~quimolul com·ontrntions of 11ont•le1.:tro~vtt•s. 
clovnr niui:nihcntton ofvnpor-pr.-ssuro \owl'l'ing boiling-point 
t• ion, und f1·00·,1· • t I • .' 1·1 I tons of 1 ~ ng-pom c t•prcss101\ O\"curs m t I ute so u-o 1•ctrulyt1•s. 

V an't Hoff defined a factor, i.. as the ratio of the coDiptm1 
effect produced by a concentration, m, of electrolyte, divided 
by the effect observed for the same concentration of nonelec­
trolyte, or 

(1) 

in which ,r, .lP, .iT °' .iT,- refer to the osmotic pressure, vapor­
pressure lowering, boiling-point elevation, and freezing-point 
depression, respecti,·ely, of the electrolyte. The terms hr)o and 
so on refer to the nonelectrolyte of the same concentration. In 
general, with strong electrolytes (those assumed to be 10()<;\ 
ionized), the van"t Hoff factor is equal to the number of ions pro­
duced when the electrolyte goes into solution (2 for NaCl and 
l\lgSO,., 3 for CaC)z and ~a:iS(),., 4 for FeCb and Naal'(),., etc). 

In very dilute solutions the osmotic pressure, vapor-pressure 
lowering, boiling-point elevation, and freezing-point depression 
of solutions of electrolytes approach values two, three, four, or 
more times greater (depending on the type of strong electrolyte) 
than in solutions of the same molality of nonelectrolyte, thus 
confirming the hypothesis that an ion has the same primary ef­
fect as a molecule on rolligative properties. It bears repeating, 
however, that two other effects are observed as the concentra­
tion of electrolyte is increased.. 

The first effect results in less than 2-, 3-, or -I-fold intensification of a c:ol­
ligative property. Tb.is !'eduction is ascribed to interionic: attraction be­
tweeo the po.;iti,·e and negative~· charged ions. in consequence ofwhic:h 
the ions are not di.sociated c:ompletel,.v from each other and do not exert 
their full etlo!et on vapor pn,ssure and other colligative properties. This 
deviation generall,.v increases "ith increasing concentration of elec­
trol,.vte. 

The s-,cond etle.:t intensifies the colligative properties and ia at­
tributed to the attraction of ions for solvent molecules (called solt'Olion, 
or, if water is thd solvent, h_vdrotionl, which holds the solvent in solu­
tion and redu,...,s its escaping tendency, with a consequent enhancement 
of the vapor-pn,ssure lowering. Solvation also !'educes interionic attrac­
tion and, then,by, further lowers the vapor pressure. 

CONDUCTIVITY 
The ability of metals to conduct an electric current results from 
the mobility of electrons in the metals. This type of conductiv­
ity is called metallic conducla11ce. On the other hand, various 
chemical compounds- notably acids, bases, and salts-<cmduct 
electricity by virtue of ions present or formed, rather than by 

231 
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m fMl'2: PtW1MM1UTICS 

elidlw.. This iB ea1lect ftfdtvlytk condvctance. and the 
ma■i,..... •• Danda are elemo1ytea. Although the fact that 
.... ~cmcluct elec:tricityin the molten lltat.eis im­
...... their beba\'iar when diaomd in a eolvent., particu­
lmtyia ,....,ii f!l,reatereoncem in pharmaceutical ecienc.-e. 

'Ille eledrieal mnduttittit) (or conductance) of a eolution of 
.. ~-~tht NCiplocal f!ltheresistaJKoeoftheeo­
..... '11lerefwe. te llleallUft eonducthity is actually to mea­
.ie eledrical resi atanee, commonly with a Wlwcmtone bridge 
.,.,.,,.,.._ ud tMn tocakulate the concluctivity. Figure 17-1 
is a aepeaentaticlll f!ltbe compoMnt parts of the apparatus. 

'Ille ealatioD to ~ 1DN8Ur-ed is placed in a gtus or quartz 
c,eD IIPingtwvinert elemodes. commonly made of platinum or 
pld ud caated with ~ - platinum to abaorb gases, across 
.Mdi ...-an ahernating current generated by an Ollcillator 
at~ 6eqaenty m about 1000 Hz. 1llt' reuon for using alternat­
ing CIIITlllll- is to l"PWl"lle the electrolysis that occurs during flow 
fl emnat that '4IOUld caut1e polarization of the electrodes and 
lead t111 ablmrmal results. ~ me of the electrodes and their 
cl-.-apart may ~ TE'ied to reduce very high resistance or 
iac:rw-,-•NSistance toiru:r"Nlle the accuracy and preci­
- arsmuurement. Thus, solutions of high conductance Oow 
1 niltp--..,el - ~ in cell& having small electrodes rela­
tively far apart, 'll"Ml'eU solution& of low conductance (high re­
...,._) are measured in cells 111'ith large electrodes placed 
doee to eech other. 

Electro!Ttic resistance, like metallic resistance, ,·aries di­
ndly lrith 

0

tbe length of the conducting medium and inversely 
•'ith ita ~area.The known resistance required for 
the cin:uit is provided by a resistance box containing calibrated 
cam. Balmang of the bridge may be achieved by sliding a con­
UCI _. a .-u-e of unifonn re&istance until no (or minimum) 
current ~ through the circuit, u detected either visually 
W'ltb a c:atbode-ray O&cilloecope or audibly with earphones. 

'Ibe remtance. in ohms, is calculated by the ,imple proce­
dure uaed in the \\"beatstone bridge met.hod. The reciprocal of 
the~ iE the cond1icth'ity, the uruts of which are recip­
raoal ohnu falaocalledmhoJ. As the numerical value of the con­
dueti,'ity .-ill , ·ary •1th the dimen.sioru; of the conductance ~ 11, 
the q}ue mU&t be calculated u specif,c conductance, L , which 
is the conductance in a cell having electrodei; of 1-cm2 cross-sec­
tional area and 1 cm apart. If the dimem;ion& of the cell used in 
the aperlment • ·ere known, calculating the 6pedfic conduc­
tance would be po66ible. Neverthelei;s, t.hi.6 information act.u• 
ally if not rtquin,d, becau..e calibrating s cell by measuring in 
it the conductivity of a ltBDdard liOlution of k.oown specific con­
dllct.alH:t u paiieibk:-arul much more converuent,-and then 
calculati.og a oelJ rorummt . BecaUae thi.6 con.st.ant i6 a function 

O.c,llot or 

~ 
SJ,de Wire 

P.1 Rz 

figure 17-1, Alternaimg cum,nt Whedtw,r,te t,r,;:J9e fr.,, rrn-o~unng 
cortduetr ;it y . 

Table 11-1. Equlvalent Conductances• at 25• 

G-EO\ !!Q, HOA!; NACL KCl NAI Kl NAOAC 

lnfdil 426.1 390.6• 126.5 149.9 126.9 150.3 91.0 
0.0005 422.7 67.7 124.5 147.8 125.4 89.2 
0.0010 421.4 49.2 123.7 146.9 124.3 88.5 
0.0050 415.8 22.9 120.6 143.5 121.3 144.4 85.7 
0.0100 412.0 16.3 118.5 141 .3 119.2 142.2 83.8 
0.0200 407.2 11.6 115.8 138.3 116.7 139.5 81.2 
0.0500 399.1 7.4 111.1 133.4 112.8 135.0 76.9 
0.1000 391.3 5.2 106.7 129.0 108.8 131.1 72.8 

• The equiv11ent conduct1nce at infinite dilution for acetic acid, a weak 
electrolyte. is obt11ned by adding the equivalent conductances of 
hydrochloric ac,d and sodium acetate and subtracting that of sodium 
chloride . 

only of the dimensions of the cell, it can be u sed to con vert all 
measurements in that cell to specific conductivity. Solutions of 
known concentration of pure potassium chloride a r e used as 
standard solutions for this purpose. 

EQUIVALENT CONDUCTANCE-In studying th e varia • 
tion of conductance of electrolytes with dilution it is essen tial to 
make allowance for dilution so that the compa rison of conduc­
tances may be made for identical amounts of solute. This may 
be achieved by expressing conductance measurem en ts in terms 
of equivalent conductance, A, which is obtained by mult iplying 
the specific conductance, L, by the volume in mil1ilite rs , V., of a 
solution containing 1 g-eq of solute. Thus, 

lOOOL 
/\. = LV. = - c- (2) 

where C is the concentration of electrolyte in the solution in g­
eq/L, that u;, the normality of the solution. F or exam ple, the 
equivalent conductance of 0.01 N potassium chloride s olution, 
which has a specific conductance of 0.001413 mho/cm, may be 
calculated in either of the following ways: 

A= 0.001413 x 100,000 = 141.3 m ho cm2/eq 

or 

1000 X 0.001413 
A ~ 0.0 I = 14 1.3 

STRONG AND WEAK ELECTROLYTES- E lectrolytes 
are classified broadly as strong electrolytes and weak elec­
trolytes. The former category includes solutions of s trong acids, 
strong bases, and most salts; the latter includes w eak acids a nd 
bases, primarily organic adds, amines a nd a few sa lt s. The 
usual criterion for distinguish ing bet~een s trong and weak 
electrolytes is the extent of ~oniz°:tion . An electrolyte exis ting 
entirely or very large]?' as 1~ns 1s considere d a strong elec­
t rolyte, ~~e one t~at 1s a m1~ture of som e m olecular species 
along WJth 10~ de1;ved f:om 1t is a weak electrolyte. For the 
purposes of this. d1scuss1on, classifica t ion of e lt!ct ro lytes as 
str_ong or :,v~ak ~ill be based on certa in conductance ch a ract.er-
1s t1cs exh.ib1t.cd m aqueous solution. 

The equival~nt condu~tanCC;s of some electroly tes, a t d iffer­
ent concent.rat1ons, are given ID Table 17-1 a nd fo r ce,t ain of 
th1:se t:lectro)yu-s again in Figure 17-2, where the equivalent 
oonduc~ce 1s plotte? ag~inst the square root of concen l ration. 
By plotting the data 10 this manner a linear rela tionship is ob­
served for ~trong electrolytes, :Wh i!e a steeply 1·is ing curve is 
noU:d _fo~ Y.e~k electrolytes; tins differen ce is a cha ra cter ist ic 
tluit d1stingu1&hce strong and weak electrolytes 'f h • t • ,. • r h • . • e 1n e rpre­
':"~1.0 0 o t. ~ steep r ise in the e9_uiv_a le1?t conductance of weak 
".lll(:tn.1lyte11_1s that the dcgree oJ 1om zat rnn i ncre a ses w' Lh d"l . 
tir.,n, l)(;(;l.1mrng C1Jmplct.e ol infinite dil ut ion 

1 1 u 
lnlcri,,nic int.crforcnce effects gtmcra lly ha ve a n • I · 

ti . d • · f 1 111o r ro e 1n 
1e.ci,n uct1v1ty o weak electrolytes. Wit h s tron g c lectrnl tos 

which 11re usually CllmplcLcly ioniu id, th e incrca8 • Y. ' 
lent c,mducl.llncc rc!!ults nc,t frc11n incrca i;c d in111'zo t? m, cq uf1vn. 

ion uul rorn 
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Figure 17-2. Variation of equivalent conductance with square root of 
concentration 

diminished ionic interference as the solution is diluted, in con­
sequence of which ions have greater freedom of mobility (ie, in­
creased conductance). 

The value of the equivalent conductance extrapolated to in­
finite dilution (zero concentration), designated by the symbol 
Ao, has special significance. Jt represents t he equivalent con­
ductance of the complet ely ionized electrolyte when the ions 
are so fu r apart that there is no interference with their mi­
gration due to interiontc interaction s. lt has been shown, by 
Kohlrausch, that the equiva lent conducta nce of an electrolyte 
al infinite dilution is the sum of the equivalent conductances 
of its component ions at infinite dilution, expressed symboli­
cally as 

J\o = lo(cntion) + lo(anion) (3) 

The significance ofKohlrausch 's law is that em·h ion, at infinite 
dilution, has a characteristic vnlue of conductnnce thnt is inde­
pendent of the conductance of the oppositely charged ion with 
which it is nssociatecl. Thus, if the equivnlent conductances of 
various ions are known , tho conductance of any electrolyte may 
ho calculnled s imply by ndding the npproprinte ionic l'onduc­
lances. 

As the fruclion of current caniod bv cntions (tra,1sfenmre 
1111111bcr or the cations) 1111d by n11io1\s ( tm11:;ft>1Y!11Nf 1111111ber or 

CHAPTER 17; IOHICSOI.UTJONSAHD EUCTROLffl EQU&W 

anions) in an electrolyte may be determined readily by aper­
iment, ionic conductances are known. Table 17-2 liff8 the 
equivalent ionic conductances at infinite dilution of 10me 
cations and anions. It ui not nec:nury to have this informa­
tion to calculate the equivalent conduc:tanc:e or an electrolyte, 
for KohlraUBCh's law permits the latter to be calculated by 
adding and subtracting values of Ao for appropriate elec­
trolytes. For example, the value of Ao for acetic acid may be 
calculated as 

Ao(CH3COOH> = J\o(HC]) + ,\olCH3COONa> - AJNaCJ) 

which is equivalent to 

lo(W) + lo(CH3COO-) = lo(H•) + Lo<Cn + (lO(Na•) 

+ lo(CH3COO- ) - lo{Na•) - lo(CI-) 

This method is especially useful for calculating for weak elec­
trolytes such as acetic acid_ As evident &om Figure 17-2, the Ao 
value for acetic acid cannot be determined accurately by ex• 
trapolation because of the steep rise of conductance in dilute _. 
lutions. For strong electrolytes, on the other hand. the extrapo­
lation can be made very accurately. Thus, in the example above, 
the values of for HCI, ClfaCOONa, and NaCl are determined 
easily by extrapolation as the substances are strong elec­
trolytes. Substitution of these extrapolated values, as given in 
Table 17-2, yields a value of 390.6 for the value of ,\o for 
CH3COOH. 

IONIZATION OF WEAK ELECTROL~Wbeo Ar· 
rhenius introduced his theory of ionization he proposed that the 
degree of ionization, a, of an electrolyte is measured by the ratio 

(4) 

where A is the equivalent conductance of the electrol.>-1:e at 
any specified concentration of solution and ,\o is the equiva­
lent conductance at infinite dilution. As strong electrolytes 
were then not recognized as being l()()q, ionized, and interi­
onic interference effects had not been evaluated, he believed 
the equation to be applicable to both strong and weak elec­
trolytes. It now is known that the apparent variation of ion­
ization of strong electrolytes arises &om a change in the mo­
bility of ions at different concentrations, rather than from 
varying ionization, so the equation is not applicable to strong 
electrolytes. It does provide, however, a generally acceptable 
approximation of the degree of ionization of weak electrolytes, 
for which deviations resulting from neglect of activity coeffi­
cients and of some change of ionic mobilities with concentra­
tion are, for most purposes, negligible. The following example 
illustrates the use of the equation to calculate the degree of 
ionization of a typical weak electrolyte. 

E.tample-Calculate the degree of ionization of l x 10- 3 N acetic 
acid, the equivalent conductance of which is 48.15 mho cm'leq. The 
equ.ivalent conductance at infinite dilution is 390.6 mho cm2/eq. 

·1S.15 
(l = J 90.6 = 0.1:! 

% ,o,uzauon = JOO.- = I 2% 

Table 17-2- Equivalent Ionic Conductivities at Infinite 
Dilution, at 2s• 
CATIONS 

H• 
Li . 
Na • 
K" 
NH4 • 
½(ah 
½Mgh 

lo 

349.8 
38.7 
50.1 
73.S 
61 .9 
59.5 
53.0 

ANIONS 

ow 
c1 -
er-,-
Aco­
½so.2-

lo 

198.0 
76.3 
78.4 
76.8 
40.9 
79.8 
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MODERN THEORIES 
1l1ae Anbenim theory explains why solutions of electrolytes 
cmdm:t eledricit'y, and why they exhibit enhanced oolligative 
pc.perlils. "Die dleor)· is lllltisfactmy for 10lutions of weak elec,. 
_,_. Sevwa1 de&c:ieoc:i.ea, liowtm!r, do exist when it is a~ 
plied 11D IIOhationll of 6U'ODI' electrolytes. It does not explain the 
&Daft ti stnmg e1ectro1ytes to £ollo"' the law of mass action as 
applied io ioaizat,ioQ; diacrepanciea exist between the degree or 
iaaiPDOD c:ak:ulat.ed from the van"t Hoff factor and the c:onduo-
1irity ratio for strong electrolyte l!Olutiom having conoentra­
lieal greatertbu about O.S M. 

Tbelle deficiencies can be explained by the following 
all8enatiom 

L In the maltm -.&e. C1G111 electrolyiee are excellent conduct.on; 
fll elec:ln::ity. TIU5 lll&'ll!IIU that tbeR matenals are already ion­
- iD tilt cr,9tallme ata~ Further 111ppon. for thia i5 given by 
a-ca, iltUlll5of c,ysW&. whach indicate that the UDit& comprismg 
tht ._ ia=-IIUUCtuff of atrong elecb'Olyta a:re iona. 

2. Antlemu lllll!ClecLed the fact_ that U)DJ; in eoluuon, heme OJIJMr 
-.ely dwpd. wild I.a uaociat.e throu,:h el«trostatic attracbon. 
In •-el wuk electrol)'l.eS, the number of ion• i& DOI large 
mid it • oat •urpn81Qg that elertnlstabc attracuono do not 
- ~ ~-from tbecny. lo clilut.e IOO!uuona, in 
wiudi Rrlllll eleetroi.)'lel are -umed lo be 100% ioruud. the 
IIUlllber • - u large, and anterioruc attractiono becolJle Dl8.JOI" 
'-5 m ~ the ~mical pn1pmje& of theae 10lu­
- -Tia- efLcl& abo.uld. and do, become mott pronouna,d as 
w ~ of e.lecuoly1,e or the valence of the 1ona ia 
mcr11..-d 

11 i5 not wrpriamg. therefore, thet the Arrhenius theory of 
J1Ub111 ic,nizauon involving the law of maJ;S action and oeglect;. 
111g IOlllC charge doe. o~ hold for 110lut1ons o.f strong elec, 
trol,-ia.. Neuu-al ~ of &trooi elec:trolyu,s, if they do ex­
Mil 1116Clluw,n, JDWll a.rue f n:,m int.erioruc aitracbon rather than 
from ir,complete ionizatwn. 

ACTIVITY A.~D ACTIVITY COEFFICIENTS-Due t.o 
jncrea,w,d ~LIC au.ractaoDll as a a.olutJc,n beoomt<s more 
a,sicmtrated, 11M: CU001:otrat.fon of an ion becomes less efficient 
M a ~ or iUi net f!fft!Ctl\'e-s. A more efficient measure 
,4 the- pby~ c,r chemical t:fl't:cl.Lvent1i8 of an ion is known as 
~~til/y, wlucb ifca roea&ureoftheconcentrat..u;n ofan fon re­
lated Lu JU CXltJt,t,fJLraW,n 11t a WllVersally 11dopted reforence­
-.ndard aiate. The n-llluc.01Jup betwern lhe act..ivily and the 
c,r,D01:11Lnd,1c,ii of l&Jl ion can l,t dprt:ai.ed a.s 

a ~ ,,.,y (6) 

wbi,n, m u the- moll&J coDCA<nLn,tic,n, -y ii, the aL1'ivity coefficient, 
ando ~lhi,aa,vat.y. Tbt: liel.-lvaty aJ.,c,a,.n bt,uprebt>t<d an te:rm11 
uf molar ClC)l)Untni'Uuo, c, 1111 

17) 

wtlll:ff (ili th,, i&CIJvity c..ot1Jiw:111. c.n a molar ltUllt-. In dilute 1,()-­

lutioiu r'bt,Jc,w 0.{H M J t.l-;.t, tw<i M:tmty c,..(lcffaca-nt,; ~re 1dt<nti• 
cal, far all prJICW:lll pur~• -

The acti~ coefficient may be determined in various ways, 
auch as meuuring colligative properties, electromotive force, 
eolubility, or diltribution coefficients. For a strong electrolyte, 
the mean ionic activity coefficient, -y., or f ~, provides a measure 
ofthe deviation oft.he electrolyte from ideal behavior. The mean 
ionic activity coefficient.I on a molal basis for several strong 
e1ectz-olytes are given in Table 17-2. It is charact-eristic of the 
electrolytea that the coefficients at first decrease with increas­
ing concentration, p.as1 through a minimum an.d finally in­
crease with increaaing concentration of electrolyte. 

IONIC STRENGTH-Ionic strength is a measure of the in· 
t.ensityoftheelectrical field in a solution and may be expressed 
as 

(8) 

"'hett z, is the valence of ion i. The mean ionic activity coeffi­
cient is a function of ionic strength as are such diverse phe· 
nomena as solubilities of sparingly soluble substances, rates of 
ionic reactions, effects of salts on pH of buffers, e lectrophoresis 
of proteins, and so on. 

The greater effectiveness of ions of higher charge on a spe• 
cific property, compared with the effectiveness of the same 
number of singly charged ions, generally coincides with the 
ionic strength calculated by Equation 8. The variat ion of ionic 
strength with the valence (charge) of the ions comprising a 
strong electrolyte should be noted. 

For univalent cations and univalent anions (cal led u.niuni• 
valent or 1-1) electrolytes, the ionic strength is identical with 
molarity. For bivalent cation and univalent anion (biuniualent 
or 2-1) electrolytes, or univalent cation and bivalent anion 
(unibivalent or 1-2) e.lectrolytes, the ionic strength is three times 
the molarity. For bivalent cation and bivalent an.ion (bibiualent 
or 2-2) electrolytes, the ionic strength is four times the mola rity. 
These relationships are evident from the following example. 

Ezampk--Calculate the ionk strength of 0 .1 M solutions of NaCl, 
Na2SO,, MgCl2, and MgSO,. respectively, for 

NaClµ.= ½(0.1 x 12 + 0.1 x 12) = 0.1 

Na2SO, µ. = ½ (0.2 x 12 + 0 .1 x 22 ) = 0.3 

MgClzµ. = ½ (0.1 x 22 + 0.2 x 12 ) = 0.3 

MgSO• µ."' ½ (0.1 X 22 + 0.1 X 22) = 0 .4 

The io~c strength of a solution containing more than one elec­
trolyte as the sum of the ionic strengths of the ind1vidoal salts 
comprising the solution. For example the ionic st1·ength of a so• 
lution containing NaCl, Na2SO4, MgCJ2 , a nd M gS04 , e ach at a 
concentration of0.l M, is 1.1. 

DEBYE-HUCKEL THEORY-The Debye- H uckel equa· 
ti.ona, which are applicable only to very dilute solutions (about 
0.02 µ), maybe extended to somewhat more concentrated solu· 
uons (about 0.1 µ ) in the simplified form 

- o.s1 zr r.,. 
logJ. "' /µ 

I + µ 
(9) 

The mean ionic activity coefficient for aqueous sol uLions of elec• 
trolytes al 2.5° can be expressed as 

I 
- 0.q l z,z_ .{µ. 

og/. = r:; 
l + H'-

(10) 

in which z. js the valence oft.he cation and z . is i he valence of 
the anion. When the ionic sl.rengt.h of the solution becomes high 
fapprox.imat.ely 0.3 lo 0.5), these equau ons become inadequate 
and a linear term inµ is added. This is illu strnted for Lhe mean 
ionic activit.y ~ fficient, 

I / - 0.r,1 z,z. ,/µ 
og ~ • , ➔ K , 11 

l + \Iµ 
( U ) 
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Tabl• 17-3. Values of Some Salting-Out Constants for 
Various Barbiturates at 25° 

IARIITIJRAll KCL KBII NACL NAIii 

Amobc1rbital 0.168 0.095 0.212 0.143 
Aprobarbital 0.136 0.062 0.184 0.120 
Barbital 0.092 0.042 0.136 0.088 
Phenobarbital 0.092 0.034 0.132 0.078 
Vinbarbital 0.125 0.036 0.143 0.096 

in which K is a salting-out constant chosen empirically for each 
salt. This ;quation is valid for solutions with ionic strength up 
to approximately 1. 

SALTING-OUT EFFECT-The aqueous solubility of a 
slightly soluble organic substance gener~lly is .affect?d 
markedly by the addition of a n electrolyte. This efT~ct 1s partic­
ularly noticeable when the electrolyte concentration reaches 
0.5 Mor higher . If the aqueous solution of the organic sub~tance 
has a dielectric constant lower than that of pure water, its sol­
ubility is decreased and the substance is salted-out. The use of 
high concentrations of electrolytes, such as ammonium sulfate 
or sodium sulfate, for the separation of proteins by difTere_ntial 
precipitation is perhaps the most striking example of this ef­
fect. The aqueous solutions of a few substances such as hydro­
cyanic acid, glycine, and cystine have a higher dielectric con­
stant than that of pure water, and these substances are 
salted-in. These phenomena can be expressed empirically as 

log S = log S 0 ~ K,m 02) 

in which S0 represents the solubility of the organic substance in 
pure water and S is t he solubility in the electrolyte solution. 
The slope of the straight line obtained by plotting log S versus 
m is positive for salting-in a nd negative for salting-out. In 
terms of ionic s trength this equation becomes 

log S = log S o ::!: K~ J.L (13) 

where K~ = K. for univalent salts, K ', = K.,13 for unibivalent 
salts, and K~ = K,14 for bivalent salts. The salting-out constant 
depends on the tempe rature as well as the nature of both the 
organic subs tance and the electrolyte. The effect of the elec­
trolyte and the organic substance can be seen in Table 17-3. In 
all instances, if t he a nion is consta nt, the sodium cation has a 
greater salting-out effect than the potassium cation, probably 
due to the higher charge density of the former. Although the 
reasoning is less clear , it a ppears that, fo r a constant cation, 
chloride anion has a greater effect than bromide a nion upon the 
salting-out phenomenon. 

ACIDS AND BASES 
~rrhenius defined an acid as n subs tance that yields hydrogen 
ions in aqueous solution und a base a s n subs ta nce that yields 
hydroxyl ions in aqueous solution. Except for the fact that hy­
drogen ions neutra lize hydroxyl ions to form water , no comple­
mentary relationship between ncids and bases {eg, that be­
tween oxida nl.s a nd rcductants) is evide nt in Arrhenius' 
definitions for these substa nces; rather, the ir oppositeness of 
chnrncter is emphns ized. Moreover, no account is taken of the 
behavior of a cids and bases in nonaqueous solvents. Also, nl­
though acidity is nssociated with so ele mentary a particle as the 
Proton (hycll'ogcn ion), bas icily is a ttributed to so relatively 
complex an association of atoms as the hyd1·oxyl ion. It would 
seem that a simpler concept of a base could be devised. 

PROTON CONCEPT-In ponde ring the objections to Ar­
rhon1u~• definitions, Drnns tecl and Bjenum ir\ Denma rk nnd 
Lowry In Engla nd developed and in 1923 a nnounced, a more 
sati~factory, and more goncr: l, theo1·y of acids and bases. Ac­
cording to this theory, Rn acid is a suhs tnnce capable ofyieldmg 
a Proton (hydrngen ion), whereas a base is a subs tanre cnpable 

or accepting a proton. Thia complementary reJa&ionmipmay be 
exprened by 

A .:=ff•+ B 
add .... 

The pair or substances thus related through mutual aln1ity to 
gain or lose a proton is called a conjugate acid-baae pair. Spe­
cific e:i:amplea or such pairs are 

Add Bue 

m=n- +c1-
CH 1COOH ;: ff' + CR,COO­

NH, • ;: ff• + NH.1 

HCOJ - == H· + co/-
H2P04. ;: ff• + HPOl· 

H,O ;: ff++ oH-

HaO• ;: ff• + H,O 

AJ(H,0).1+;: ff• + Al(H,0)-0ff?• 

It is apparent that not only molecules, but also cations and an-
ions, may function as acids or bases. . . . 

The complementary nature of the acid-ba_se ~ listed J;5 
reminiscent of the complementary relationship of pa.us of OlD· 

dants and reductants where, however, the ability to gain or lose 
one or more electrons-rather than protons-is the distin­
guishing characteristic. 

Osldallt lledudaat 

FeJ• + e· = Fe'• 

Na· + e· == Sa 

1/,I, + e · == 1-

However, these examples of acid-base pairs and oxidant­
reductant pairs represent reactions that are posi,-ible in princi­
ple only. Ordi.oarily acids will not release free protons any more 
than reductants will release free electrons. That is, protons and 
electrons, respectively, can be transferred only from one sub­
stance {an ion, a tom, or molecule) to another. Thus, it is a fun. 
damental fact of chemistry that oxidation of one substance will 
occur only if reduction of another substance occurs simultane­
ously. Stated in another way, electrons will be released from 
the reductant {oxidation) only if an oxidant capable of accepting 
electrons {reduction) is present. For this reason oxidation­
reduction reactions must involve two conjugate oxidant-reduc­
tant pairs of substances: 

oxidant1 + reductant2 :;= reductantl + oxidant, 

where Subscript 1 represents one coajugate oxidant-reductant 
pair and Subscript 2 represents the other. 

Similarly, an acid will not release a proton unless a base ca­
pable of accepting it is present simultaneously. This means that 
any actual manifestation of acid- base behavior must involve 
interaction between two sets of conjugate acid-base pairs, rep­
resented as 

A1 + B, = B1 + A.! 
add, base-, base, add, 

In such a reaction, which is called protol_wis or a protolytic re­
actio11, A1 and B1 cons titute one conjugate acid-base pair, and 
A2 and 8 2 the other; the proton given up by A1 (which thereby 
becomes 8 1) is transferred to 8 , (which becomes A~>-

)Vhen an acid, such as hydrochloric, is dis,solved ill water, a 
protolytic reaction occurs. 

HCl + tl,;O ;;: c1- + H.1O • 
acid, ba.,..... bas.,, add, 

The ionic species tt:.O •, calll'd hydronium or axo11ium ion, al­
ways is foi-med when a n acid is dissoh·ed in water. Often, for 
purposes of convenien<"e, this is written simply as H • and is 
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- Mff2:~ 

.W. ~ iol_l, ab:1lclap the -t.are• ion practically is 
•11 ••atmealatiOD. 

When a liue leg. ammoma) is cliaolvecl in water, the reac­
tila of~ is 

Nila+ Hp =""'11." + OH· 
..., ... lldll, .... 

'Die pnllt.cln theor)- of' acid-bue function makea the concept 
~tuperiluous. When, forexamp)e. sodium acetate is 
:ti i1-.d in wawr, thit! acid-base interaction occurs 

Ql,COO· + ff,!() ;:e CH...OOOH + OH· 
.,_, ...... add, ..... 

111-aq-Nlation of ammonium chloride the reaction is 

"""'H. • + H,?0 ;:e ,-.~ + H ,o-
ani, ......... acY, 

'1'tamf'er of protuns (prot.olysi&) i& not limited to dissimilar con­
japll! acid-hue pairL In the preceding examples H~ some­
tmle9 behawe& u u acid and at other times as a base. Such an 
amphoteric substance is called, in Brensted"s terminology, an 
~ ~-

ELECTRON-PAIR CONCEPT-The proton concept of 
acids and bue& pl"O\ide&' a more general definition for these 
Pfl11¢11Dml, but it does not indicat.e the basic reason for proton 
iramfer, nor dos it explain how such substances as sulfur tri­
tmde, boron trichloride, stannic chloride. or carbon dioxide­
- of-.-bicb is capable of donating a protoo-=an behave a& 
acids. Both deficiencies o[ the proton theory are avoided in the 
mmY inclusiV(' definition of acids and hues propo&ed by Lewis 
in 1923. lJ:i 1916 he proposed that sharing of a pair of elect.ro11S 
by t..-o uoms established a bond (co,·alent) betweE:D the •~ms; 
theorefore, an acid is a substance capable of sharing a pair of 
dectnms made available by another substance called a base, 
J,bereq)· forming a coordmate covalent bond. The base is the 
1ublt.ance t.b.81 donates a share in its electron pair to the acjd. 

'l1ie follo..ing equauon illustrates how Lew· definitiom ex­
plain the transfer of a proton (hydrogen ion) t.o ammonia to 
form ammoniWJl ion. 

H [ H ]• 
ff++ : ::H - H :: :H 

Tbe read.ion of boron trichJoride, which according to the Lewis 
theory ii; an acid, with ammonia is similar, for the boron lacJu; 
an t:M!Cln)D pair if it is to attain a stable oct.et configuration, 
whil4< ammonia ha.6 e pair of electrons thet may be shared, 
thu.6, 

Cl H CIH 

Cl:B + :N :H - Cl:B:N H 

CJ .H CIH 
LEVELING EFFECT OF A SOL\'E.l'IIT-\','h.en the strong 

aaduuch BE HClO4 , H..S04• HCJ, or HNO;, are dlBsolved in wa­
ter the M>lut.iuns---tf I.hey are of iden!Jcal normality and are not. 
lbCJ• conCt-nt.rawd-all have about the i,;ame hydrogen-ion con­
a,ntrat1on, indic.stmg the aeidM to ~ uf about th~ same 
.irength. n.., ,-.,.-.u,<,n for thlli u; that ell(;h one of the acids un­
derg<,(,& pract.1cally C6mplelAl prW>lysu, in w1tU:r. 

JIC,1 ..- H,O - Cf· + H.,O · 
acMI, ~ , a.-, add, 

Thi• pht-nomenon, e1tllcd the l1•1,el11111 e[/l'l'I of wul.l'r, occurw 
w~t-r w addi:d acid LB ,Mongl!r th&n th., hydromum ion. 
Such a rtacstion manifenl,i thE tcndcnc.-y uf prot.on-Lrannfor reac• 
tioru to p~ a.ponUineouHly m the dufl(;Llon <,/' lormjng a 
weaker acid Qr w1:ak.cr Vdl>e. 

Smee the 111.rongt'.llt ad d that ci;n exii.t in an ernphiproLic 
110IVl!nl iii the conjugate 11(.'Jd form vf the 1Wlvtnt, tmy elronger 
acid will undergo prot...lyMili to the wt,11ktr i.olvcnt. el'id. 
HCI04, HJ;04, HCI, (Jr HN06 10re 1111 111.nmger acid~ ~huu lhc 

hydnmium ion. so they are converted in water to the hydro-

nium ion. d. ·d 
When the strong bases sodium hydride, so 1um ~m1 e, or 

sodium ethcmde are dissolved in water, each reacts wtth water 
to form sodium hydroxide. These reactions illustr!lte _the ~evel­
ing effeci of water on bases. Because the hydroXIde 10n 1s the 
stronpst base that can exist in wate~, any base ~tronger than 
the hydroxide ion undergoes protolys1s to ?ydroX1de. . . 

Intrinsic differences in the acidity of acids become eV1dent 1f 
they are dissolved in a relatively poor proton acceptor such _as 
anhydrous acetic acid. Perchlorlc acid (.H~IO,e), ~ str?ng acid, 
undergoes practically complete reaction with acetic acid to pro­
duce the aceto11ium ion (acid,2): 

HC104 + CH3COOH ➔ ClO4• + CH3COOHl+ 
add, bue1 base1 ac:id2 

(etron&) (atrong) (weak) (weak) 

but sulfuric acid and hydrochloric acid behave as weak acids. It 
is because pe-rchloric acid is a very strong acid when dissolved 
in glacial acetic acid that it has found many import~t applica­
tiom in analytical chemistry as a titrant for a vanety_ of su~­
stances that behave as bases in acetic acid. Because of its abil­
ity to differentiate the acidity of various ecids, it is called a 
differentw.ti.rig solvent for acids; this property results fro':° its 
relatively weak proton-acceptor tendency. A solvent that differ­
entiates basicity of different bases must have a weak proton­
donor tendency; it is called a differentiating solvent for bases. 
Liquid ammonia is typical of solvents in this category. 

Solvents that have both weak proton-donor and proton-ac­
ceptor tendencies are called aprotic solvents and m ay s erve as 
differentiating solvents for both acids and bases; they h ave lit­
tle if any action on solutes and serve mainly as inert dispersion 
media for the solutes. Useful aprotic solvents are benzene, 
toluene, or hexane. 

IONIZATION OF ACIDS AND BASES-Acids a nd bases 
commonly are classified as strong or weak acids and strong or 
weak bases depending on whether they are ionized extensively 
ors.lightly in aqueous solutions. If, for example, 1 N aqueous so­
Jutioru; of hydrochloric acid and acetic acid are compared, it is 
found that the former is a better conductor of electricity, reacts 
much more readily with metals, catalyzes certain reactions 
more efficiently, and possesses a more acid taste than the lat­
ter. Both solutions, however, will neutralize identical a mounts 
of alkali. A similar comparison of 1 N solutions of sodium hy­
droxi_iie and ammonia reveals the former to be m ore active than 
the latter, although both solutions will neu t r alize identical 
q uant1 ties of acid. 

The differences in the properties of t he two acids is at­
tributed to d.ifferenees in the concentration of hydrogen (more 
accurately hydronium) ion, the hydrochloric acid be ing ionized 
to a great.er extent and thus containing a higher concentration 
of hydrogen ion than acetic acid. Simila rly, most of the differ­
ences between the sodium hydroxide a nd ammonia solutions 
are at~ribut.ed to the higher hydroxyl-ion concentration in the 
former. 

'rhe i<1nization of incomplet.e)y ionized acids rnay be consid­
tlrnd a reversible reaction of the type 

HA ;;::: H• + A-

":'h~re HA is ~he molccula.- a.cid and A- is its a nion. An equilib­
num exprcsKion based on Lhe law of mass action m ay be a pplied 
to the reaction 

(14 ) 

where K,, is lhe ionii1nion or dissociaLlo:n const.oni nnd lhe 
!>!ackcl.li i.ii,rnify conccntrnLion. For any b>iven ncid in ~ ny spec-
1l1ed !,O)vunl.and oL any constant tempc rflLurc, K., remains rel­
atively co_naLanL 01:1 the conccntra lfon of acid is varied , provided 
Lhc udd ,111 wi,ukly ionized. Wilh incrcusingly s tronge r ncidlt 
Jwwevcr, proures&ivl!ly lu,·ger dcvintio111:1 occur. ' 
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Although the strength of an acid commonly is measured in 
terms of the ionization or dissocia t ion constant defined in 
Equation 14, the process of ionization probably is never as sim­
ple aa shown above. A proton simply will not detach itself from 
one molecule unless it is accepted simultaneously by another 
molecule. When an acid is dissolved in water, the latter acts as 
a base, accepting a proton (Br1msted's definition of a base) by 
donating a share in a pair of electrons (Lewis' definition of a 
base). This reaction may be written as 

HA + H20 ;;::: A· + H30-+ 
u ld, bue, bue, uld2 

Application of t he law of mass action to this reaction gives 

[H30 • J(A· J 
K = [HA](H,O) 

Because [H2O] is a constant, this equation may be written 

(15) 

(16) 

This equation is identical with Equation 14 because [H3 O+] is 
numerically equal to [H +]. 

Acids that are capable of donating more th an one proton are 
t.enned polyprolic. The ionization of a polyprotic acid occurs in 
stages and can be illustrated by considering the equilibria in­
volved in the ionization of phosphoric acid: 

H3PO4 + H~O ;;:= H2PO. - + H3O+ 

H2PO. - + H2O ;;:= HPo,.2• + H3Q+ 

HPO4
2- + H2O ;;:= po.3- + HaO+ 

Application of t he law of mass action to this series of reactions 
gives 

[H2P0 4 · )[ 1-130 • 
Ki= [H3P0

4) 

(HPO 2- 111-1 O• J 
K - ' 3 2 - [H

2
P04 - 1 

K _ f Po.3-111-1Jo·1 
1 

- 1 uPo.i- 1 

(17) 

(18) 

(19 ) 

If the three expressions for the ionization constants are multi­
plied together, an overall ionization, K, can be obtained 

(PO 3• J(H o• 13 
K = KKK= I J 

' J IH.,Po.1 
(20) 

E_ach ?f the successive ioni,mt1ons is suppressed by the hydro­
~1u?1 to_n f?rmed from preceding stages according to Le Chate­
her s pn nctple. The successive dissociation constants always de­
crea~e in value, as successive protons must be removed from 
species that always are charged more negatively. This can be 
~een from the data in Table 17-4, in whichK1 for phosphoric acid 
18 approximately 100,000 times greater thanK2, which is in turn 
a_ppro~imately 100,000 times gt·eater than K3 • Althou gh succes­
sive dtssocintion constants are a lways smalle r, t he difference is 
not always as great as it is for phosphoric acid. Tartaric acid, for 
example, has K1 = 9.12 x 10- 4 and K2 = 4.27 x 10- 6 . 

Ionization or a base can be illustrated by using the specific 
sub~tnnce NHa for an example. According to Bronsted a nd 
Lewis, when the bnse Nrb is d issolved in water, the la tter acts 
~s Bl\ acid, donating a proton to NH 3, ,vhich accepts it by offer­
ing a share in a pnir or electrons on the nitrogen atom. This re­
action is written 

Nila + HJO .= NH4 • + OH-
" """ add 

CHAPTER 17: IOMC S0WTIONS AND ELECTlOl.ffl EQU1U1R1A 

Table 17-4. Dissociation Constants In Water at 25• 
SUBSTANCE K 

Weak acids 
Acetic 1.75 X 10- 3 

Acetylsalicylic 3.27 X 10- 4 

Barbital 1.23 X 10-• 
Barbituric 1.05 X 10-4 

Benzoic 6.30 X 10- 5 

Benzyl penicillin 1.74 X 10- J 
Boric IC, 5.8 X 10- tD 
caffeine 1 X 10-14 

carbonic IC, 4.31 X 10- 7 

IC2 4.7 X 10- tt 
Citric (1 H2O) IC, 7.0 X 10- 4 

IC2 1.8 X 10- S 
IC3 4.0 X 10"7 

Dichloroacetic 5 X 10- 2 

Ethylenediaminetetra- IC, 1 X 10- 2 

acetic acid (EDTA) K2 2.14 X 10- J 
IC3 6.92 X 10- 7 

K, 5.5 X 10- 11 

Formic 1.77 X 10· 4 

Glycerophosphoric K, 3.4 X 10- 2 

K2 6.4 X 10 - 7 

Glycine K, 4.5 X 10 - J 
K2 1.7 X 10- tD 

Lactic 139 X 10 - 4 

Mandelic 4.29 X 10- 4 

Monochloroacetic 1.4 X 10· 3 

Oxalic (2H2O) K, 5.5 X 10- 2 

K2 5.3 X 10- 5 

Phenobarbital 3.9 X 10- I 
Phenol 1 X 1o•tO 
Phosphoric K, 7.5 X 10- 3 

K2 6.2 X 10-a 
K3 2.1 X 10 "13 

Picric 4.2 X 10· 1 

Propionic 1.34 X 10· 5 

Saccharin 2.5 X 10· 2 

Salicylic 1.06 X 10 - J 
Succinic K, 6.4 X 10- 5 

K2 2.3 X 10· & 
Sulfadiazine 3.3 X 10- 7 

Sulfamerazine 8.7 X 10· • 
Sulfapyridine 3.6 X 10- 9 

Sulfathiazole 7.6 X 10- a 
Tartaric K, 9.6 X 10- 4 

K2 4.4 X 10- 5 

Trichloroacetic 1.3 X 10- 1 

Weak bases 
Acetanilide 4.1 X 10- 14 (40°) 
Ammonia 1.74 X 10- 5 

Apomorphine 1.0 X 10- 7 

Atropine 4.5 X 10- 5 

Benzocaine 6.0 X 10- 12 

Caffeine 4.1 X 10- 14 (40°) 
Cocaine 2.6 X 10· ' 
Codeine 9 X 10- 7 

Ephedrine 2.3 X 10- 5 

Morphine 7.4 X 10· 7 

Papaverine s x 10- 9 

Physostigmine K, 7.6 X 10- 7 

K 2 5.7 X 10- IJ 
Pilocarpine K, 7 X 10- a 

K2 2 X 10- IJ 
Procaine 7 X ,0- 5 

Pyridine 1.4 X 10- 9 

Quinine K, 1.0 X 10- 6 

K2 1.3 X 10- IO 
Reserpine 4 X 10· • 
Strychnine K, 1 X 10- 6 

K2 2 X 10· 12 

Theobromine 4.8 X 10- 14 (40°) 
Thiourea 1.1 X 10- 15 

Urea 1.5 X 10· 14 
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.. Miff 2: IMAINl(IU1ICS 

• ......,.._,,__ fordm reaction ii 

1Nff4•1(0H-J 
K• )t.11~1(H101 

With lBs()] c.'Olllltan\, this expression may be written 

r.-H.·noH-1 
K.,• INR1J 

(21) 

(22) 

IO?li"IZAffON OF WATER-Although it is a poor conduc­
w or el«tricity, pure water doee ioniz.e through a process 
bown u atoprotnl~'Sis, in the follov.ing manner: 

Application oft. la•· of mass action to this reaction gives 

[H10•1toH- J 
K- 1Hi012 (23) 

where K i& the equilibnum coMt.ant for the reaction. Because 
the conttntrabon or H20 \molecular .. ·at.er) is ,·ery much 
pater than either the hydronium-ion or hydroxyl-ion conoen­
trabOll6. it can be COMidered to be constant and can be com­
bined •ith K to IP'~ a new constant, K.,, known u the iori prod-
11.d of-t.er", and Equation 23 becomes 

K. • JH,O"IIOW) (24) 

The numerical \'8lue of K.,_ vane&. with temperature; at 25~ it is 
apprmima1.ely equal to 1 X 1 o- 14

• 

Smee the autoprot.oly,w; or pure water yields one bydronium 
1011 for each hydroxyl ion produced, [H30•J equal to [OH-J. At 
25' each bu a value of 1 X 10- 1 mol/L 11 X 10·7 X 1 x 10· 7 = 
K,. .. l x 10- 1•i. A eolution in which lHaO"] is equal to [OW] 
u; IA!nDed a neutral i;olution. 

If an ,acid as added to water, the byclroruum-iori concentra­
tion .-ill be mc:reai;ed and the equilibrium between bydron.ium 
and hydroxyl ions will be chsturbed mo~ntanly. To restore 
equihbnum. - of the hydroxyl ions. originally prei;ent i.n 
the waier, •ill combtM with a part of the add~ bydroruum 
IOIW to form ooruonued wa1.er moleculefi, until the product of 
the coocentraW>m of the t.wo ions has bt,en reduced t.o l0- 14

• 

\\Dff! eqwhbnum llgliln is reiitort!d. the coocent.rat10.os or the 
t•o wm oo lunger will be t,qual. If, for example, the hydro­
DIWIMOD ClOD01eflU-8UOO isl X 10-3 ~ when equilibrium is es­
uibla.bbed. the cona-nlrauon of hydroxyl ion w1U be 1 x 1o•iJ 
lthr product of I.bf t11oo conCA:nirauona being equal t.o 10- uJ, 
Al; IH.IYJ u; much great.er than (OH J, the solution is said t.o 
IIC'aadorac~. 

Jn a unuiar mMDner, the addJtion of an i,lkal.i t.o pure wet.er 
mu1i.t"nianly dJi,turbt- th«: .,quihlmum betw1:en hydron1um and 
hydroxyl 1uru. 'fo rrit.on, t:quilibnum, i.Ome of the hydronium 
Wlli c,ngmafly pre..ent .Ill uie 'l'~dt.er will combine wllh part of 
the a.ddt,d hydroxyl >Oil& to form nonionized water molt:eules. 
Thi, prc.ce .. <:hrJltnUci uoul the product of the hydn,mum and 
bydruxyl j{lj) wncenlrflUuna 1again .u; equal t.o 10 14• Ao1>ummg 
~ tho, fi,w hydroxyl-Jun c:vnceoLrallon u; l ,<. 10 •?\,Liu, con­
u-1'1U-•l.l<,D uf hydroruum ion in the .oluuon will Le 1 ~ 10 10. 
Bt,cauM, (OH j u, much grt:1ti.,,r th;,n IH.O • J, the '°lution i11 
~ t.o to.. l,w;1.c ur alkalu>t!. 

REIATJOSISHJP OY KA AND Kw--A part1cularly inl,f,rest,. 
1r,g 111.d uw;ful rt'\;d.iuta.h1p IA,i'i'et-D LIU: 11lr1::nb'\.h of 110 ac1d and 
11.11 CX,OJU&,illk L.at-, c,r a ll...e i.nd 11.11 oonJugalk acid, ex1 .. i.. for 
1Jlw1tnt.wn, c.ur,a1<kr t.lue 1o-trength oftht- uw.t- NH3 and II.II a,n­
Jllplk a.cid ?\H4 • m "au,r, Tt>t ~havJur of !\HJ 111; a l,u1,e JB U• 

i,r-...d l,y 

for which the equilibrium, as formulated earlier, is 

INH1•11ow1 
K... (NHll 

The behavior of NU.• as an acid is represented by 

NH. .. + H20 ~ NH3 + Hao• 

The equilibrium constant for this is 

[NH~][H:iO .. I 
K. = (NH," ) 

Multiplying Equations 25 and 26 

[NH311H:10· )(NH,• )[OU- I 
K.,Kb.. (NH, •11NH11I 

It is obvious that 

(25) 

(26) 

(27) 

(28) 

where K,.. is the ion product of water as defined in Equation 24. 
The utility of this relationship, which is a general ~ne for 

any conjugate acid - base pair, is evident from the following de­
ductions: (1) The strength of an acid may be expressed in terms 
either oftheK

0 
or the K0 of its conjugate base, or vice versa; (2) 

the K,, of an acid may be calculated if the Kb of its conjugate 
base is known, or vice versa; and (3 ) the stronger a n acid is, the 
weaker its conjugate base, or vice versa. 

Bases that are capable of interacting with more than one 
proton are termed polyaczdic, and can be illustrated by 

ro,3- + H20 ~ HPo.2 - + ott -
HP0,2 - + H20 ~ H2PO., - + OH-

H:J'O◄ - + H20 ~ H 3 PO, + OH-

Applying the law of mass action to this series of reactions, and us· 
ing the concepts outlined in Equations 25 to 28, the relationship 
between the various K,. and K0 values for phosphoric acid are 

K:,,, = Kai X K0s = K02 X K02 = Kas X Kb1 (29) 

where Kai , K..2, and K,,3 refer to the equilibria given by Equa­
tio111117, 18, and 19, respectively; Kbi, Kb2 , and K b3 refer to ~he 
reaction of P04

3-, HPoi- , and H2Po,- , respective ly, with 
water. 

ELECTRONEGATMTY AND DISSOCIATION CON­
STANTS-Table 17-4gives the dissociation constants of several 
weak acidti and weak bases in water, at 25°. Strong acids and 
st.rong bw;ei; do not obey th~ law of mass action, su dissociation 
con,itants cannot be formulated for these s trong electrolytes. 

Table 17-4 shows that great variations occur i n the s trength 
of weak acids and weak bases. The effec t of various sub­
st.ituents on the strength of acids and bases depends on the elec­
tronegativity of the substituent atom or radical. Fur e xample, 
the .llubsutution of one chlorine atom into the m olecule of acetic 
acid increases the dc,gree of ionization of lhe acid. S ubstitution 
of~wo chlonne awms further increases the degree of ionizatio_n, 
and introduction of three chlorine atoms produces a sllll 
st,rongc,r acid. Acetic acid ionizes primarily beca use the oxygen 
awm adjacent to the hydrogen atom of the cnrboxyl g roup has 
a st.rongt-r affinity for elect.Ton,; than the }1ydrogen at.om. Thus, 
when 8(:(,tk add is djsSQlved in water, the polar molecules of 
the wai.er have a stronger affinity for the hydil'oge n of acetic 
acid than the hydrogen atoms of water. The a ceti c acid ionizes 
aa a consequence of this difference in uffinities. 

When an 11wrn of chlorine is introduced int.o the a cetic acid 
molecule, forming CJCH2COOH, the electrons in Lhe molecule 
lire allracl,.(,d very strongly Lo Lhe chlorine ut:cause of its rel­
atively high cleclrOn!!galiviLy; the hond boLwee n the h ydrogen 
ond the oxygen in lhtl ~arhoxyl group js thereby weakened, 
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and the degree or ionization increased. Introduction or two 
or three chlorine atoms weakens the bond further and in­
creases the strength of the acid. On the other hand, substitu­
tion of chlorine into the molecule of ammonia reduces the 
strength of the base because or its decreased affinity for the 
hydrogen ion. 

IONIC STRENGTH AND DISSOCIATION CON­
STANTS-Most solutions of pharmaceutical interest are in a 
concentration range such that the ionic strength or the solution 
may have a marked effect on ionic equilibria and observed dis­
sociation constants. One method of correcting dissociation con­
stants for solutions with an ionic strength up to about 0.3 is to 
calculate an apparent dissociation constant, pK~, as 

0 .51 (2Z - I).;;. 
pK~ = pK, + r 

1 + VIL 
(30) 

in which pK,, is the tabulated thermodynamic dissociation con­
stant, Z is the charge on the acid, and µ. is the ionic strength. 

Examp/e--CalculatepK!, for succinic acid a t an ionic strength of0.1. 
Assume that pK2 is 5.63. The charge on the acid species is - 1. 

0 .5 1 (-2 - ] ) ,/o.f 
pKi = 5.63 I + ,/o.i 

= 5 f\:l - 0 .:17 = 5 .2f\ 

DETERMINATION OF DISSOCIATION CON­
STANTS--Although the dissociation constan t of a weak acid or 
base can be obtained in a wide variety of ways including con­
ductivity measurements, absorpt ion spectrometry and parti­
tion coefficients, the most widely used method is potentiometric 
pH measurement (see Potentiometry). T he simplest method in­
volving potentiometric pH measurement is based on the mea­
surement of the hydronium-ion concentration of a solution con­
taining equimolar concentrations of the acid and a strong-base 
salt of the acid. The principle of th.is method is evident from an 
inspection of Equation 16; when equimolar concentrations of 
HA (the acid) and A - (the salt) are present, t he dissociation 
constant, K0 , numerically is equal to the hydronium-ion con­
centration (also, the pK0 of the acid is equal to the pH of the so­
lution). Although this method is simple and rapid , the dissocia­
tion constant obtained is not sufficiently accurate for many 
purposes. 

To obtain the dissociation constan t of a weak acid with a 
high degree of accuracy and precision, a dilute solu tion of the 
acid (about 10- 3 to 10 ·• JI,/ ) is titrated with a strong base, and 
the pH of the solution taken after each addition of base. The re­
sulting data can be handled m a wide variety of ways, perhaps 
the best of wh ich is the method proposed by Benet and Goyan.1 

The proton balance equation for n weak acid , HA, being titrated 
Wlth a strong base such as KOH, would be 

(31) 

in which [K+-1 is the conrentration of the base added . Equation 
31 can be rearranged to give 

( 32) 

When a weak monoprotic acid is added to wa ter it can exist in 
the _unionized form, HA, and in the ionized form, A -. After equi­
librium is established , the sum of the concentrations of both 
spe~ies must be equa l to C,,, the s toichiomet1·ic (added) concen­
tration of acid, or 

C,, = [HAI + (A _ I = LHAJ + Z 

The term [HAI can bo replaced us ing Equa tion 16 to give 

Ill O' lZ 
C,.=-+-+ z 

l33) 

(34) 

CHAPTER 17: IONIC SOI.UTl0N5 AND ELECTIIOLYTI EQUIUIIIIA 

which can be rearranpcl to 

(35) 

According to Equation 35, if Z, which ia obtained from the ex­
perimental data using Equation 32, ia plotted veraus the terma 
ZCHaO•J, a straight line results with a slope equal to 1/K,,, and 
an inten:ept equal to C.,. In addition to obtaining an accurate 
estimate for the dissociation constant. the stoichiometric con• 
centration of the substance being titrated is also obtained. This 
is of importance when the substance being titrated cannot be 
purified, or has an unknown degree of solvation. Similar equa­
tions can be developed for obtaining the diasoc:iation constant 
for a weak base.1 

The dissociation constants for diprotic acids can be obtained 
by defining P as the average number of proto1111 dissociated per 
mole of acid, or 

P = ZIC., (36) 

and 

[H-.0- 1~ K,[H,O+-j(I - P) 
(2 - P) = K ,K , + (2 - P) 

(37) 

A plot of Equation 37 should yield a straight line with a slope 
equal to K1 and an intercept of K1K2 . Dividing the intercept by 
the slope yields K2 . 

MICRO DISSOCIATION CONSTANTS-The dissocia­
tion constants for polyprotic acids, as determined by potentio­
metric titration, are known generally as macro, or titration, 
constants. As it is known that carboxyl groups are stronger 
acids than protonated amino groups, there is no difficulty in as­
signing K 1 and K2, as determined by Equation 37. to the car­
boxyl and amino groups, respectively, of a substance such as 
glycine hydrochloride. 

In other chemicals or drugs such as phenylpropanolamine, 
in which t he two acidic groups are the phenolic and the proto­
nated am ino group, th e assignment or dissociation constants is 
more difficult. Th.is is because. in general, both groups have dis­
sociation constants of equal magnitude. Thus, there will be two 
ways or losing the first proton and two ways of losing the sec­
ond, resulting in four possible species in solution. This can be il­
lustrated using the convention or assigning a plus ( +) to a pos­
itively charged group. a O to an uncharged group, and a minus 
(-) to a negatively charged group. Thus, +0 would represent 
the fully protonated phenylpropanolamine, +- the di polar ion, 
00 the uncharged molecule, and 0-, the anion. The total ion­
ization scheme, therefore, can be written 

~ 1 0 0 

The micro constants are rela ted to the macro constants as 

K1 = kt + k 2 

K1K~ = k 1k3 = k!k• 

(38) 

(39) 

It can be seen from Equation 38 tha t unless k 1 or k 2 is very 
much smaller than the other, the observed macro constant is a 
composite or t he t wo a nd cannot be assigned to one or the other 
acidic group in a nonambiguous way. 

Methods for determining k 1 are given by Riege lman et al2 

and Niebergall et al.3 Once k 1, Kt, a nd K2 have been de ter­
mined, all or t he other micro cons ta nts can be obtained from 
Equations 38 a nd 39. 
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PH .-
• --- ~ f-): '"t • . -

'The D.....erieal ..JUN of hyclnmium•i<ID C01lttlltration may 
wr, enannouaJ.v; for • norlllal aolution of a strong acid the 
'1'a1m is aearb' 1. ,vbile for a ncmnal tolution of a l!trong ba.,ie it 
ii approximately 1 x 10- 1•; Uum! is a variation of 
100.000.000,000,000 bf.tweffl t.heee two limits. Bcaiuse of the 
iDcoDWDienee of dealing with such large numbers, in 1909 
Stn,nson propoaed that hydronium-ion CQllCl'ntiratiou be ex• 
prNNd in 1m11s of' the logarithm Oogl of ita reciprocal. To this 
~ he Ulligned the symbol pH. Mathematically 1t is wi:itttti 

l 
pHelog~ (40) 

Stnc,p the lopnlhm of 1 1& ~ro. the t'Cjuation also may be 
,wnues, 

pH ., -log{H:i(>◄ J (41) 

from -a·b.Jch it is f'\,denl that pH also may be defined u the neg­
•bve logarithm of the bJ,droni11D1-1on concentration. In general, 
du& type of notation is used to indicate the negath-e logarithm 
of the term that is pttceded by the p., which gives rise to the 
following 

pOH :- -log [OH - ) 

pK = -logK 

'l'bus, taking IOgaritbms ofEquationi 28 and 24 gi,·es 

pK,, + pK1, = pK.., 

pH + pOH "" pK.., 

(42) 

(43) 

(44-) 

(45) 

The ffilltlonship of pH to bydronium•ion and hydroxyl-ion con­
cmtratJonS may be &een in Table 17-5. 

The follo",ng example& illustrate the conversion from e.a:J»­
uential top notation. 

1- Calcwaie the pH correiponcbng IQ a hydroiuum-ion coPCt'Dtra­

"°"' of I x JO • g-1on/L, 
~ 

J 
pH = lc,g ~ 

= log J0,000 od11g (J x 10·•) 

Jug (J " 10· •); ... 

pll • 4 

Table 17~. Hydroniwm-lon •nd Hydroxyl-Ion 
c.onc.ntr•tions 

HOf!W.LfTY IN Tl:RMI NOftl,lAUl'Y 1H TfftMS 
PH C,f H•Ol'.0N•JM ION Of HVOROX\11 ION 

0 1 10· " 
1 10 I 10 tl 

2 10· 2 10 ., 
lrl(lu1,1n9 3 10 l ,0- 11 

ilCid,ty 4 10 • 10 ,o 
5 ,0 s 10 11 

6 10 6 10 I 

~utrilpo,nt 7 10 7 10 l 
8 10 I 10 6 

9 10 9 10 I 

10 10 10 10 • 
11 10 II 10 1 

lncre,;1,1ng 12 10 tl 10 1 

iillkahnrty 13 10 " 10 I 

14 10 
,. 

1 

2. Calrulate the pl{ corresponding to a hydronium ion-concentra­
boll ol O 000036 N (or g-ion/L). <Note: This mor:e frequently 

18 
wntten•• nwnl>M-multiplied by a power of lO, t.hus, 3.6 >< 10-a 
'°" 0.000036.) 

Sol11lr011: 

I 
pH= log 3.6 x 10-s 

= log 28,000 or log (2.8 x JOH) 

log (2,8 X 10"4) = log 2.8 + !Ot • 

log 2.8 = +0.44 

log 10" = +4 00 

pH= 4.44 

This problem also may be solved as follows: 

pH~ - log (3.G x 10- 6 ) 

log 3.6 = 4'0.56 

log I o-5 = -6.00 

= -4 44 = log (3.6 x l o-5 ) 

pH = -(-4 44)= +4.44 = 4.44 

The following examples illustrate the conversion of p nota­
tion lo exponential notation. 

1. Oalculat.e the hydronium-ion concentration corresponding to 
8 pH of4 44. 

Solution: 

1 
pH= log (H)O•] 

I 
444=1og-­

(Hl 0 "] 

I 
(H, O+( = anulog or 4.44 = 28,000 (rounded oC!) 

I 
IH,O•] ~ 28,000 = 0.000036 or 3 .6 x 10 -:. 

This calculation also may be made as 

+4,44 = - log [H30 +] 

or 

- 4.44 = + log [H30 +J 

ln li11dlng the antflog or - 4.44 iL should be kcp t m m, nd that the 
ma11L1ssa (~he number lO the right of the dcmmal p o111t) of a log to the 
-~ lOlthe ·common or Brigg6um loganLhm b ase) 1s alwayH posllwe but 
that the cllaraeienswc{the number to the lcfl. of the dee, mnl Pl>1nt) moy 
bepo11l1tit <>r Mgotwt. AB the cnL1re log - 4.44 is negative, JL is ob,•loua 
that one ainnot look up lhe al')tilog of - 0.4-4. However, the number 
,::4.44 alliO may be wriltc,n ( - 6.00 + 0.66J, or a s ntore often written 
5.56., the bar arroS& the charw:terjsiic indicates t hat it ,ii one is negnt!vo' 
w~le the resufthe number is positive. Looking up lho on tilog of 0.56 
II 1s found to be 3.6; as the anl.Jlog of - 5.00 ls 10 6• tt fol lows thnt the 
hydromwn-1on concentr-abon must be 3.6 x 1 O • mola/L. 

2 CalcuJat.e U)e hydromum-1on CQncent rotion corre11p<md111g to a 
pH of 10.17. 

Solulwn, 

10.17 = - Jr,,g(H~O • J 

- 10.J? = l•Jg(Ji,,O· J 

- 10.17 = 1- J I 00-,. 0.R!j) "" TT R:J 

The- anlilog of0.83 = 6,8. 
'fhe a~Ul<.>g of - J) ,00 - 10 11 

The hydr<.>mu.m•fon C</nttntrolion is thorofo1·0 G.8 x 10 11 1110VL, 
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In the section Ionization of Water, it was shown that the hy­
dronium-ion concentration of pure water, at 25°, is 1 x 10-7 N, 
corresponding to a pH of 7. 

This figure, therefore, is designated as the neutral point, 
and all values below a pH of 7 represent acidity-the smaller 
the number, the greater the acidity. Values above 7 represent 
alkalinity-the larger the number, the greater the alkalinity. 
The pH scale usually runs from 0 to 14, but mathematically 
there is no reason why negative numbers or numbers above 14 
should not be used. In practice, however, such values are never 
encountered because solutions that might be expected to have 
such values are too concentrated to be ionized extensively or the 
interionic attraction is so great as to materially reduce ionic 
activity. 

The pH of the purest water obtainable, so-called 'conductiv­
ity water', is 7 when the measurement is made carefully under 
conditions to exclude carbon dioxide and prevent errors inher­
ent in the measuring technique (such as acidity or alkalinjty of 
the indicator). Upon agitating this water in the presence of car· 
bon dfoxide in the atmosphere (equilibrium water), the value 
drops rapidly to 5.7. This is the pH of nearly all djstilled water 
that has been exposed to the atmosphere for even a short time 
and oft.en is called 'equilibrium' water. 

It should be emphasized strongly that the generalizations 
stated concerning neutrality, acidity, and alkaliruty hold ex­
actly only when (1) the solvent is water, (2 ) the temperature is 
25°, and (3) there are no other factors to cause deviation from 
the simply formulated equilibria underlying the defirution of 
pH given in the preceding discussion. 

SPECIES CONCENTRATION 
When a weak acid, H,.A is added to water, n + 1 species, in­
cluding the un-ionized acid, can exist. After equilibrium is es­
tablished, the sum of the concen trations of all species must be 
equal to c., the s toichiometric (added) concen tr ation of acid. 
Thus, for a triprotic acid HsA, 

C. = [H,JAJ + lHiA - J + [HA2 - 1 + [A;i - 1 (46) 

In adrution, the concentrations of a ll acidic and basic species 
in solution vary with pH, a nd can be re presented solely in terms 
ofeqwlibrium constan ts and the hydronium-ion concentration. 
These relationships may be expressed as 

[H,.AJ = [H 30 ' J"C0 /D (47) 

LHn-1 A 1
] = lHaO ' J" -1K1, ... , ~C. ID (48) 

in which n represents t he total number of dissociable hydrogens 
in the parent acid,j is the number of protons dissociated, Ca is 
the stoichiometric concentration of acid, a nd K represents the 
acid dissociation constants. T he term D is a power series in 
rHaO' ] and K, starting with [H30 • J raised to the nth power. 
The last term is the product of all the dissociation constants. 
The intermediate term~ can be generated from the last term by 
substituting [HaO '] for Kn to obtain the next-to-last term, then 
substituting [HsO ' ] for K,. 1 to obta in the next term, a nd on­
ward until Lhe first term is reached. The following examples 
show the denominator, D, to be used for va rious types of ac.-ids: 

H3A: D "' [Hs0 ' ]3 + K1[H.10 ' ]2 + K1K2[HaO ' J + K t K 2K s {49) 

l·l ,A: D = 111 ,0• [l + K,[H ,O• [ + K,K, 

HA: D = [H;O~J + K
0 

{50) 

(51) 

The numerator in all insta nces is Ca multiplied by the term 
from the denomina tor that has [H3 0 ~ I rnised to the ,, - j 
power. Thus, for diprotic acids such as carbonic, succinic, tar­
taric, and so on, 

IHaAI = ill o •JJ + K IH O• j + K K, ,I I .I I . 

{ll 10 ' )1C0 (52) 

CHAPTER 17: IONIC SOLIITIONS AND ELKTROL YTI EQUIUIIUA 

IHA"l • IH..O•J-1 + K,[H,i<>•J + K,Ka (153) 

IA'· I • K,K_.c0 

IHJ0•1l + K,IHao·1 + K,Kz 
(154) 

Emmpk-Calculate the concentrations or all auc:cinic add apeclea in 
a 1.0 x 10· • M solution ofsuccinic acid at pH 6. Aaaume that Ka • 6.4 
X 10·& and K2 - 2.3 X 10-•. 

Equations 52-64 have the same denominator, D, which can be c:al­
culated as 

Therefore, 

D = [H30•12 + Kalff3Q•J + KaK2 

= 1.0 X 10" 12 + 6.4 X 10- 5 X 1.0 X 10-e + 6.4 

X 10- 5 X 2.3 X 10- s 

= 1.0 x 10- 12 + 6.4 x 10- n + 14.7 X 10-n 

= 21.2 X 10- 11 

IH 1O· fC0 

IHaAI = D 

1.0 X J0- 12 X 1.0 X 10- 3 

------....,.,.--=4.7X J0-6M 
21.2 X JO·II 

K,[H10 ' 1Ca 
(HA· J = D 

6.4 X JO·II X 1.0 X (0- 1 

--------- = 3.0 x 10- • M 
21.2 X lQ·ll 

K 1K ,Ca 
w -1 = ---:v-

14_7 X 10"11 X 1.0 X 10"3 

---------- = 6.9 x 10·• M 
21.2 X JO - II 

PROTON-BALANCE EQUATION 
In the Bronsted-Lowry system, the total number of protons re­
leased by acidic species must equal the total number of protons 
consumed by basic species. Trus results in a very useful rela­
tionship known as the proton-balance equation (PBE), in which 
the sum of the concentration terms for species that form by pro­
ton consumption is equated to the sum of the concentration 
terms for species that are formed by the release of protons. The 
PBE forms the basis of a unified approach to pH calcula~ion_s, 
as it is an exact accounting of all proton transfers occurnng m 
solution. 

When HCl is added to water, for example, it dissociates 
yielding one c1· for each proton released. Thus, c1- is a species 
formed by the release of a proton. In the same solution, and ac­
tually in all aqueous solutions 

2H20 ;:= HaO• + OH-

where H3 0 + is formed by proton consumption and OH- is 
formed by proton release. Thus, the PBE is 

0

(55) 

In general, the PBE can be formed in the followjng manner: 

1. Start with the spedes added to water. 
2. Place all species that can form when protons are released on the 

right side of the equation. 
3. Place all species that can form when protons are consumed on the 

lei\ side of the equation. 
4. Multiply the concentration of each species by the number of pho• 

tons gained or lost to form that species. . 
5. Add lHJO ' I the lei\ side of the equation and !OH" ) to the nght 

side of th.e equation. These result from the interaction of two 
molecules of water as shown above. 
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II ¥' :n.a.ro.a..w..to,...,thellltdaHaPO.- fonna 
. .......... .,,.. ,...._ RPO.•- tom. With the,.._ cf two 
,... .. ,o.•-... ~•n1eueettlu'Nprot.eaa,whidtcn,M 
....... PIE: 

ZRaO~J- roa-1 + IBtP0.-1 + 2{HP0/-1 + SCP0.1-1 <56> 
~ NaJIPO. • aclded to water, it~tee into two 

Na" --mio.•-. n..eodi- ion is 11t81eew4 ill die PBE .,__ 
.... ,....,,_ .. ftlea.._~cfpn,tona.Tb.epecjft 
BP0.

1
", ......... ma)' l'NCt W'i1h --lo 11ft ~PO. - will! the COIi• 

Raptian ti- pralllll, ll.PO. with the eonswnpboa cf two protma, 
aml ,o.•- 'W'ilb the 1'llleur ot-praton to 11ft the fol1owmc PBE: 

IBaO"l + lHaPOe -1 + ~.] • [OH- ) + [P04
1 -1 (57) 

CALOJLATIONS 
Tbe pH or IOlution.8 of acids, baees, and salts may be calc:ulat.ed 
111mg the concepts presented i~ the~ sectiona. 

Strong Adds or Bases 
When a strong acid such as HCI is added to ,r.ater, I.be follow­
ing reartiom occur: 

HCI + H~ ➔ H:,O• -t- c1-

2H~ = Hao· + oH­

Tbe PBE for this system would be 

m.ao•J "' IOH-J + [Ci-] (58) 

ID most in&t.ance& <Ca > (.5 X 10- 1 M ) the [OH-] would be 
negbgib)e compared to lhe c1- and the equation &implifies to 

m,o· 1 = 1cn = c. <59> 

Thus. the hydrooium-ion concentration of a solution of a strong 
acid would be equal to the stoichiometric concentration of the 
acid. Thi,; would be anticipated, because &trong acids generally 
- auumed to be 1~ ioruzed. 

The pH of a 0.005 M &0lution of HCI therefore is calculated 
as 

pH = - log0.005 = 2.30 

ID a similar ID8JlDer the hydro.xyl-ion concentration for a so­
luuon of a atrong base. liuch a.& NaOH would be 

[OW]= [.l'.a·J = C" <60J 

and the pH of a O 005 M a.olution of NaOH would be 

pOH = - log 0.005'"' 2.30 

pH = pK.,. - pOH = U- 00 - 2.30 = 11.70 

W~ak Add5 or Base5 

Jfa weak aod, HA, u. 1oddc.-d I.O wat,,r, 1t will equ14brat.e with itij 
conjugate bli«:, A -, u 

HA + Ht<)== H.o· + A-

Aat,uuting for t,h., ionization uf wat.t:, gJHII the following PBE 
'"' t.tw. 1,yat.t-m: 

(H/)'J ""JOWJ + IA J (6] J 

n>e co,weat.r11ti11n c,f A lil! a fun<.-tion c;fhydnm1um,ion cunccm­
ir11.tiiun ca.a bt ubt.aioed &JI 11huwn prt,v10U11ly to give 

(H/J' J ., JOH I + (HJ)· J +- K. 161:!J 

Algebraic simplification yields 

(C0 - lHaO• I + (OWi) 
IH:,O•J • Ka ([H,,O• J - 1on- I) 

(63) 

In moat inatancet for solutions of weak adds, [H30+] >> 
[OH- ], and the equation simplifies to give 

(64) 

This is a quadratic equation• that yields 

-Ka + JK0 ~ + 4KaCa 
[HsO•J = 2 

(65) 

since 1H30+1 can never be negative. Furthermore, if [H3~+] is 
less than 5% ofC., Equation 64 is simplified further to give 

IH,1O• I = ./K nCn (66) 

It generally is preferable to use the simplest equation to cal­
culate lHsO+]. However, when [H3Q+] is calculated, it must b.e 
compared to Ca in order to detennine wheth er t h e assui:nption 
c. >> [H3O•J is valid. If the assumption is not valid, the 
quadratic equation should be used. 

Eranap/e----{;alculate the pH of a 5.00 x 10- 6 M solution of a weak 
aod having a K. = 1.90 x 10-s. 

IH10•1 = ,IK.c. 

= J i.go x 10-& x 5 .00 x 10 -s 

= 3.08 X JO· • M 

As C. ((5.00 >< 10- • M )] is not m.uch greater than (HaO •], the quadratic 
equation (Equation 65) should be used. 

- J 90 X IQ·~ + \{(J.90 X J0 - 5

) ~ + 1(5 00 X 10- 6

) 

IHJO' = 
2 

= 7.06 X JO·l 

pH= - log (7 06 x JQ- ll = 2.15 

No~ that the assumption [H.,O · 1 >> roH· J is valid. The hy<lronium­
ion c:oncentrallon calculated from Equation 66 has a rclauve error of 
about JOO% when compared to the correct value obi.a.med from Equa­
tion 65. 

When a salt. obtained from a strong acid and a weak base--such as 
am:moruum chloride, morphlne sul.fat.e, or pilocarpine hydrochloride-is 
dJ&solved in water, 1t dissociates as 

H,O 
BH•X- - BH• + x-

in which BJi"' is the protonated fonn of t he base B. a nd x- is 
the anion of a strong acid. Because x- is the an ion of a s trong 
acip, his too weak a base to undergo any further reaction with 
water. The prot.onat.ed base, however, can act as a weak acid to 
give 

BH• + H~O .= B + HaO .. 

Thus, Equaljons 65 and 66 a re valid, with C0 being equal to the 
concentration of the salt in solution. ff K,. for I-he prntonated 
base is not avajJable, it can be obtained by dividing K i, for the 
base B, fot.o K.,. 

Examp/e-C&Jculote tJic pH of a 0.026 M solution or ammonium 
chloride • .AliBumetl1atKhforammon1a 1s 1.74 X 10 4 ond K . , 1s 1.00 >< 
10 " 

• 'J'lu, ~•rnorul ,wlu.l.J(,n lb a quudratlc equo1io.n of tho form 
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K,. 1.00 x J0- 14 

K. • K. • 1.74 x 10-$ • 6.75 x 10-10 

IH,o· I - JK.c. 
• ✓5.75 X 10-oo X 2.6 X J0-2 

= 3.87 x 10-eM 

pH= - Jog (3.87 x 10- 6) • 6.41 

As c. ill much greater than [H30•1 and [HaO•J is much greater than 
(OW), the assumptions are valid and the value calculated for pH is suf­
ficiently accurate. 

Weak Bases 
When a weak base, B, is dissolved in water it ionizes to give the 
conjugate acid as 

B + H20 ;= BH._ + OH­

The PBE for this system is 

[BH •1 + [H30• J = [OH- ] (67) 

Substituting [BH• J as a function of hydronium-ion concentra­
tion and simplifying, in the same manner as shown for a weak 
acid, gives 

(OW) = K (Cb - (OW)+ (H3O• I) 
b (IOWJ - (H,O• )) 

If[OH-J [H30 •J, as is true gener..tlly, then 

coH- 12 = KbloH-1 - K bc b = o 
which is a qua dratic with the following solution: 

- K0 + J K0
2 + 4K•Co 

(OW) = 
2 

IfC• >> [OH- ), the quadratic equation simplifies to 

(OH-] = JK.C0 

(68) 

(69) 

(70) 

(71) 

Once [OH- ] is calculated , it can be converted to pOH, which can 
be subtracted from pKw to give pH. 

Example-Calculate the pH of a 4 50 x 10- • M solution of a weak 
base having Ko = 2.00 X 10- •. Assume that K., = 1.00 x 10- ••. 

(OH- J = ,K.C0 

= J2 00 x 10-• x 4.50 x 10-2 

= \9.00 X IO 6 = 3 00 x 10· 3 M 

Both assumptions are valid. 

pOH = - log 3.00 X 10- 3 = 2.52 

pH = 14.00 - 2.52 = 11.48 

Wh~n salts obtnined from s trong bases and weak acids (eg, 
s~d1um acetate, sodium sulfothiazole, or sod ium benzoate) are 
dissolved in wa ter, they dissociate as 

Na• A- l ~O Na• + A-

in ~hich A - is the conjugate base of the weak acid, HA. The 
Na undergoes no further reaction with water. The A - , how­
ever, acts as a weak base to give 

A-+ H20 ;= HA + OH -

Thus, Equations 70 a nd 71 are valid, with Cb being equa l to the 
co~centration of the salt ii) solution. T he value for K b can be ob­
~aincd by dividing K0 for the COl\jugnte acid , HA, into Kw, 

.ta111p/e- Culcuhuo the pH of n 0.05 A/ solullon of sodium aceta te. As· 
lluone lhut K. for acetic ucid = 1.75 >< 10- 0 und Kw= 1.00 X 10 "· 

CHAPTEA 17: IONIC SOLUTIONS NfO ELECJIIOLYTE IQUIUIIIIA 

K. 1.00 x 10-14 
Kt• Ka• 1.75 x 10-1 

• 5.71 x 10-.. 

OH- • JK,.C0 • /5. 71 x 10-18 X 5.0 X Jo-a 

- 5.34 >< 10➔ 11 

Both assumptions are valid: 

pOH • - log (5.34 x 10-•) • 5.27 

pH = 14.00 - 5.27 = 8. 73 

Ampholytes 
Substances such as NaHCO3 and NaH2P04 are termed am• 
pholytes and are capable of functioning both as acids and bases. 
When an ampholyte of the type NaHA is dissolved in water, the 
following series of reactions can occur: 

Na•HA- '!:? Na• + HA-

HA- + H~O=A2- + 8 30• 

HA- + H20 = H~ + oH-

2~0 = Hp• + OH-

The total PBE for the system is 

[H:iO+J + [H2Al =[OH- ]+ [A2- J (72) 

Substituting both [H2AJ and [A2 - 1 as a function oflHJO•J (see 
Equations 52 and 54), yields 

[H30 • J2 C, 

(73) 
K,, K1K-zC. 

= [HaO+] + [HaO "J2 + K,[H:iO "l + K1K2 

This gives a fourth-order equation in [HaO" ], which can be sim­
plified using certain judicious assumptions to 

[HJO•J: ✓K1K2C, 
K , + C, (74) 

In most instances, c. >> K1 , and the equation further simpli­
fies to 

(75) 

and [HaO"] becomes independent of the concentration of the 
salt. A special property of ampholytes is that the concentration 
of the species HA - is maximum at the pH corresponding to 
Equat ion 75. 

When the s implest amino acid salt , glycine hydrochloride, is 
dissolved in water, it acts as a diprotic acid and ionizes as 

+NH;iCH2COOH + H20 ;;= +NH;iCH2COO- + HaO+ 

+NH;iCH2COo- + H~O ;= NH2CH2Coo- + 1-liO+ 

The form, • NH:iCH~coo-. is an ampholyte because it also can 
act as a weak. base: 

.. NHaCH2COO- + H20 ;;= "NHaCH2COOH + OH-

This type of subs tance, which carries both a charged acidic and 
a charged basic moie ty on the same molecule is termed a zwit­
terion. Because the two charges balance each other. the 
molecule acts essentia lly as a neutral molecule. The pH at 
which the zwitterion concentration is maximum is known as 
the isoelectric point, which can be calculated from Equation 75. 

On the acid s ide of the isoelectric point, amino acids and pro­
teins a re cationic and incompatible with anionic materials such 
as the naturally occurring gums used as suspending and/or 
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~hic6111Dta.On thuJblineaideof'the~point, 
amiao acids ani proteifta 111'9 anionie ancl tncompablile with 
aliaaicmarim sucll as benzalkonium ebloride. 

Sells of Wffk Adds and Weak Bases 
Whn• salt IUCh u ammonium aCletate (which is derived from 
a waltadd and a-it bue) isdiMoh-ed in .,,.tff, it undergoes 
die follcn,.'ing l'elll'tions: 

BH·A-~ BR" + A-

BR• ... H::O.: B + Hp• 

A· + H,P = HA 4- on· 
'lbe tiol.lll PBE fort.hi5 5>-swm ill 

ca,o• 1-+- lHA1 .. IOH-l + [BJ 

Replaang [BAJ and (BJ as a function of£H.,0•1, gives 

(H 0 · JC K"C 
IH,O")+ l"' (OH) •• 

111,o· I + K0 = + (H 10· I + K.: 

(76) 

(77) 

in which C. is the concentration of salt., K., iii the ionuation con­
tltanl of the ~ugate acid Conned from the reaction between 
A- and water. and~ is the ionization constant for the proto­
nated hue. BH' . In general, [HsO ... ], I OW). K,,, andE., u..qially 
- amallB than C~ and the equation simplifies to 

(78) 

Emnipk-Cal~ the pl:! of a 0 01 M 110lution. of ammonium ac­
-.. 'J'br 81DfflCNlllDl1 ion ha5 a K., ~ual ti, 5.i5 X 10-10, ,i,ic,h re~ 
-K.m_Equauon 78 Attticaod basa K.,ofl.75 x 1.0·". " ·Inch reJ>-
re1G116K. Ill UjllAlioo 78: 

(H,O•( •\I.if> x 10·• x 6,75 x rn-1• 

• 1.00 X 10 ' 

pH • - log (UK) x 10' 7) ~ 7 00 

All of ibe a1111umpt.1ons are valid. 

Buffers 
Tbt-~ l;,uffer, buffttr ,o/utum, and buff~red solutum. wht:n 
w,ed ,nth reference LO h),·drog1m-10n ronci::ntrat.1on or pH, refor 
IO ibe ability of a 1>yatem, particularly an aqueous solulion, t.o 
n,t;ist a change of pl:l on adding acid or alkali. or oo d1lut,ion 
wnh a liOlvent. 

If flJl acid M ~ is $dded 1.0 wa~r. the pH ur the lattkr is 
changtod marMed.ly, for wat.er hall no ab1ht)' t.o re61fft change of 
pH: rt i, complet.t-ly devoid of LufJer act.l(Jn. Evtn a very weak. 
.ad i,ucb a,; carlion dfoaude change& I.he pH of water, de<ireas­
mg 11. from 7 t.o 5 7 when the t.mall concentral1on of carbon 
cuo:od«, prh<:nt l1l Jur u, eqwhhn,Ltd "'' tb pure water. Tiu, ex• 
i,eme MIJoCE'pL11'i,l1ty uf d.u,ulJed wet.tr I.O II change uf pH upon 
.ddlrlg very •mall 11mount1 af 11c1d or lia.e iJ,; ofl.en of great 
cx,na,m 111 phllnllaceu~1Cill <,perauona. Sol u lions of nrutral 
.a.IL&, .uch 8Ji M>dnun chloridt:, 1o1m1h,rly lack ability io rei,ii,l 
char.get of pH on 11ddlr1g acid or ballt'; _MUCh 6<J)ul1on.s are called 
11nhuffm,"d. 

Char~ri6llC <,( buffen•d •<Jlut,ufJ.il, which undergo small 
chlil'~ uf pH c,n addrllun of acid or l,;,,;i,, ,.. the pre1ocm&! e1th~r 
«A a 1o>tai o11Cld lllld a ...alt uf w -.·t:ak acid, or a w1:11k ba;.e and 
,. .. 11 af u.e ww l:,;,,,,e. An e.umple of the former 1,ysi.em ill 
~ lloC'l.d and a.od1urn acctaw; 1md of 1.he )&l.u,r. 11,nrnonium 
t,ydro&Jlif tmd 8JllruunJum c:hlondt from lht 11roVJn cunct>plQf 
aw1da v;d biu,.,• dJw.u1>1,t,d 1:,1rl1t-r, 1L u, i,pparnnl lhf<l 1>uch 
buffi,r ac.-0011 1nvol11e.i a ci,nJug11l,e ;.~1d-l.,u,e J,llll" m lhi, ..,,Ju­
uon. ll will be r-.114,d that 81..C.'t.llU! 1'>11 •• lht oonJ\Jgule Ila"" of 
,-c.euc wd, ll!ld that 11mn.orJJum ,un '" lhe eo1ijugiiµ,at 1d of 11m-

monia (the principal constituent of what commonly is called 
ammonium ~-droxide). 

The mechanism of action of the acetic acid-sodium acetate 
buft'er pair is that the acid, which exists largely in molecular 
(nonionized) form, combines with hydroxyl ion that may be 
added to form acetate ion and water; thus, 

~COOH + Ol:1- ➔ CH3COO- + H 20 

The at"etate ion, which is a base, combines with the hydrogen 
(more. exactly hydroni,um) ion that may be added to form essen­
tially nonionized acetic acid and water, represented as 

CllaCOO- + 830'" ➔ CH;aCOOH + H 20 

As will be illustrated later by an example, the change of pH is 
slight as long as the amount of hydronium or hydroxyl ion 
added does not exceed the capacity Qf the buffer system to neu­
tralue it. 

The ammonia- ammonium c.hloride pair functions as a 
buffer because the ammonia combines with hydronium ion that 
may be added to form ammonium ion and water; thus. 

NH3 + l:hO+ ➔ NH.+ + H20 

Ammonium ion, which is an acid, combines with a dded hy­
droxyl ion to form ammonia and water,,as 

NHa4 + + OH· ➔ NHa + H20 

Again, the change of pH is slight if the am ount of added hydro­
nium or hydroxyl ion is not in excess of the capacity of the sys­
tem to neutralize it. 

Besides these two general types of buffers, a third appears 
to exist. This" is the buffer system composed of two salts, as 
monobasic potassium phosphate, KH2P04, and djbasic potas­
s h11n p~o~phat.e, K2HP04. This is not, however, a new type of 
buffer; 1t1s actually a weak-acid/conjugate-base buffer in which 
an ion, HzPO. -, serves as the weak acid, and HPo. 2 - is its con­
jugate base. When hydroxyl ion is added to this buffer the foJ. 
lov.;ng reaction takes place: 

H2PO, - + OH- ➔ RPOi- + H20 

and when hydroniwn ion ill added, 

HPo.2- + H.30 + ➔ H2P04 - + H 20 

~Lisapp":rent I.hat the mechanism of action of this type ofbu!Ter 
111 ei;senwlly the same as that of the weak-add/conjugate-base 
buffer composed of.acetic acid and sodium acetat e. 

C~ULATIO~S-A buffer system composed of a conju­
gate acul-base pair, NaA- HA (such a s sod ium c1cetale and 
aq:-tic acid/, would have a PBE of 

(79) 

R,,placi!'g ll_lAJ and IA- ] as a function of hydrouium-ion con­
ceratration gives 

(80) 

wh.ere Ci, is the conceo~rlllion of t he salt, NaA, rind c
0 

is the 
concentration of~he week acid", HA. 'J'his equal.ion can b . . 
ranged to give e I ear 

(Hi()• I• K (Cu - 11110 ' I + (OW ]) 
• (l~ + 111, O• I - (OIi I) 

In gcn~ral, llQth C. and C~ are much greate r Lhan I II o • I 
Y.'htrh 1s in ~urn much greater than !OH - 1 and the .t • ' 
sirnplilit:11 to ~qunuon 

(82) 
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or, expressed in terms of pH, as 

Cb 
pH s pK. + logC. (83) 

This equation generally is called the Henderson-Hassel~lch 
equation. It applies to all buffer systems formed from a smgle 
conjugate acid-base pair, regardless of the natu~ of the salts. 
For example, it applies equally well 1? the followmg. buffer sys­
tems: ammonia-ammonium chloT1de, monosod1um phos­
phate-disodium phosphate, and phenobarbital-sodium pheno­
barbital. In the ammonia-ammonium chloride system, 
ammonia is obviously the base and the ammonium ion is the acid 
(C. equal to the concentration ~fthe saltJ. ln the ~hos.phate sys­
tem, monosodium phosphate 1s the _acid and d1sodrnm phos• 
phate is the base. For the phenobarbital buffer system, pheno­
barbital is the acid and the phenobarbital anion is the base (C& 
equal to the concentration of sodium phenobarbital). 

A5 an example of the application of this equation, the pH of 
a buffer solution containing acetic acid and sodium acetate, 
each in 0.1 M concentration, may be calculated. The K0 of acetic 
acid, as defined above, is 1.8 X 10- 5, at 25°. 

Solution: 
First, the pK., of acetic acid is calculated: 

pK0 = - log Ka= - log 1.8 x 10- 5 

= - log 1.8 - log 10- s 

= - 0.26 - (-5) = +4.74 

Substituting this value into Equation 83: 

pH = log~:~ + 4.74 = +4.74 

The Henderson-Hasselbalch equation predicts that any so­
lutions containing the same molar concentration of acetic acid 
as of sodium acetate will have the same pH. Thus, a solution of 
0.01 M concentration of each will have the same pH, 4.74, as 
one of 0.1 M concentration of each component. Actually, there 
will be some dilference in the pH of t he solutions, for the actiu­
ity coemcient of the components varies with concentration. For 
most practical purposes, however, the approximate values of 
pH calculated by the equation are satisfactory. It should be 
pointed out that the buffer of higher concentration of each com­
ponent will have a much greater capacity for neutralizing 
added acid or base and this point will be discussed further in 
the discussion ofbuffor capacity. 

The Henderson-Hasselbalch equation is useful a lso for cal­
culating the ratio of molar concentrations of a buffer system re­
quired to produce a solution of specific pH. As an example, s up­
pose that an acetic acid-sodium acetate buffer of pH 4.5 must be 
prepared. What ratio of the bufTer components should be used? 

Solution: 
Rearranging Equnhon 8:1, which is used to calculate the pH of weak 

acid-salt type buffers, g,vc~ 

JbascJ 
log [ne1dJ • pll - pK,, 

= 15 - I 76 = - 0.2,1 = (9.76 - 10) 

Jbn,,•J 
-l - = an11log of (9.76 - 10) = 0.575 

llCldJ 

The interpretation of this result is that the proportion of 
sodium acetate to acelic acid should be 0.575 mo! of the former 
!0 1 mo! of the latter to produce a pH of 4.5. A solution contain­
l~g 0.0575 mol of sodium acetate and 0.1 mo! of acetic acid per 
hler would meet this requirement, as would a lso one containing 
O 00575 mo! of sodium acetate a nd 0.01 mo! of acetic acid per 
hter. The actual concen tration selected would depend chieOy on 
the desired buffer capacity. 

~UFFER CAPAClTY-The ability of a buffer solution to 
resist changes in pH upon addition of acid or alkali may be mea­
sured in terms of bufl'er capacity. fn t ho prt>ceding disrnssion of 
buffers, it hns been seen that, inn goMrnl way, the co11centr11-

CHAPTER 17: IOMC 50WTIONS NfD B.ICTIIOLffl EQUUU 

tion or acid in a weak-add/conjaptHue buff'erdetermina the 
capacity to "neutralize" added bue, while the coacentration of 
salt of the weak acid determines the capacity to aeatralia 
added acid. Similarly, in a weak-bue/conjupte-acid baft'er the 
concentration of the weak bue establishes the baft'er capacity 
toward added acid, while the concentration of the conjugate 
acid of the weak base determines the capacity toward added 
base. When the buffer i1 equimolar in the concentrationa of 
weak acid and conjugate base, or of weak base and conjugate 
acid, it has equal buffer capacity toward added strong acid or 
strong base. 

Van Slyke, the biochemist, introduced a quantitative ex• 
pression for evaluating buffer capacity. This may be defined aa 
the amount, in gram~uivalents (g~) per liter, of atrong acid 
or strong base required to be added to a aolution to change ita 
pH by 1 unit; a solution has a buffer capacity or 1 when 1 L re­
quires 1 g-eq of strong base OT acid to change the pH 1 unit. (In 
practice, considerably smaller increments are meuured, ex­
pressed as the ratio or acid or base added to the change of pH 
produced.) From this definition it is apparent ~t the small~r 
the pH change in a solution caused by the addition of a ~­
fled quantity of acid OT alkali, the greater the buffer capacity or 
the solution. 

The following examples illustrate certain basic principles 
and calculations concerning buffer action and buffer capacity. 

E.r.ample /-What is the change of pH on adding 0.01 mol of NaOH 
to l L of0.10 ,II acetic acid? 
(a) Calculate the pH of a 0.10 molar solution of acetic acid: 

ftt,0 · 1 = v~ = v 1.75 x 10· • x 1.0 x 10- 1 • 4.18 x 10· 1 

pH s - log 4. 18 x 10- 1 • 2.38 

(b) On adding 0.01 mo! ofNaOH to a liter of this solution. 0.01 mol of 
aretic acid is converted to 0.01 mo! of sodium acetaie. thereby decreas­
ing Ca to 0.09 M, and C6 = 1.0 x 10 -• .\L lising the Hendenon-Hassel• 
bach equation gives 

0.01 
pH = 4.76 + log 0.09 = ~-76 - 0.95 • 3.81 

The pH change is, therefore, 1.43 unit. The buffer capacity as defined 
above is calculated to be 

mols of SaOH added = O O l l 
change in pH 

Example 2-What is the change of pH on adding 0.1 mol ofNaOH to 
1 L ofbulTer solutioa 0.1 Min acetic acid and 0.1 Mia sodium acetate? 
(a) The pH of the buffer solution before adding NaOH is 

Jba.sel 
pH= log 1ac1dJ + pK;, 

0 .1 
= logo.i + 4.76 = U 6 

(b) On addiag 0.01 mo! of:O.aOH per liter to this buffer soh1tion. 0.01 mol 
of aretic acid is converted to 0.01 rnol of sodium acetate. thereby de­
creasing the conrentratioo of acid to 0.09 M and increasing the concen­
trauon of base to 0.11 .\1. The pH is calculated as 

0. 11 
pH = log 0.09 + ~-76 

= 0.087 + 4. i6 = 4.85 

The ch;rnge of pH in this case is only 0.09 unit, about 1/10 the change in 
the pre«dmg example. The buff<'r capacity is calculated as 

mots of l'i:iOH added = 0.0 I z O. l l 
ch,u~e of pH 0.09 

Thus, the buffer capacity of the a('(!tic acid-so<!iurn acetat! buffer solu­
tion i8 npproximntely 10 ti111es that oft.he aceuc acid solution. . 

As is m part e"ident from these examples. and may be further evt­
denced by calcnlations of pH changes in other systems, the degree of 
bulfor action and therefore, the buffer capacity, depend on the kind and 
conc->ntrnhon of (he bulfl-r components. the pH region involved and the 
kind of nc1d or alkt\li added. 
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... Nlrr2:fltWIMAaU11CS 

-Sl'IIONG ACIDS AND BASES AS "'BUFFERS"-ln \he 
....... dilaaNion. buffer action WU attn'buted to ayltemB m 
<U ..at acids ancl tMir ecqupte buea, (2) weak baaea and 
111aireaqjupteaacls. ancl C8) eertain acicl-be98 paira.thatcan 
..._, m the manner either ofaystem 1 or 2. 

n. ~ to resist ebanae in pH cm adding acicl or alkali ii 

iP au c md al8o by relatPWly concenh'atecl IOlutiom ohtrong 

mds ancl ~ buN. lfto 1 L of pure waw ba,ing a pH of 7 

ii added 1 mL of 0.01 JI hydrochloric acicl. the pH is ftdUCled to 

about6. lfthe ume,-olume oft.he acid ii added to 1 Lof0.001 

JI b),irochloric: acid. which has a pH of about 3, the hydronium­

icm CDDmDtratian is incralled only about l'i and the pH is re­

cl..t hardly at all. The nature of this buffer action is quite dif­

fereat from that of the bue buffer aolutiona. The very simple 

nplanaticm is that when 1 mLof0.01 M HCl. "'-hich represents 

0.00001 C-4Q ofbydronium ions, is added to the 0.0000001 g~ 

ofbydramum iolUI m 1 L of pure water, the hydronium-ion con­

aintrauaa is increued 100-fold (equh-alent ID two pH units), 

but when the ume amount is added to the 0.001 g~ of hydro­

nium ions m 1 L of 0.001 M HCl. the increaR is only 1/100 the 

concentration already preaenL Similarly, if 1 mL of 0.01 M 
SaOH ii added to 1 L of pure •·ater, the pH u increased to 9, 

• ·bile ifthe Ullle volume•• added to 1 L of0.001 molar NaOH, 

the pH iii incnaaed almost.immeasurably. 
1D general, aolutiona of strong acids of pH 3 or leas. and so­

Juuona of strong bueB of pH 11 or more, exhibit this kind of 
b&dfer act.Jon by ,-irtue of the relatively high concentration of 

bydrooium ar hydroxyl iolll! present.. The USP include& among 

iu SLaDd.ard Buffer Solutions a series of hydrochloric acid 

bwfen, COYfflllg the pH range 1.2 to 2.2, •hich also contain 

potassium chlonde. The salt does not part.icipat.e in the buffer­

ing mecbanitml. "8 is the ea&e with salts or weak aads; im;tead. 

it llff\"ff u a nonreact.1ve constituent reqwred to maintain the 

proper- electrolyte en"ironment of the solutions. 

DETERMINATION OF pH 

Colorimetry 
A relatin,ly BlDlple and mexpensive met.hod for det.ermirung 

tbte approXJmat.e pH of II ii0lut100 d.-pends on the fact thal some 

amJugaJ.e lilCid-Lai.e pam; <incLcat.orsl possess one color in the 

110d form and anulh.,r color in the ba&e fonn. Assume that the 

acid form c,f a particular indkator is red, and the base form is 

)·ellow. The a,Jc,r c,f a i,ol uliun c,f this mcLcawr will range from 

n,d v.•lw-n it J.£ a,ufficitntly a~-id, i.o yellc,w when 1t is suffidenLly 

allr.aline. 
1n the mtemMidJJIIA: pH range lthe transit.wn inLervalJ Lhe 

c:olur v.Ul l;t, a !,lend c,f rt:d and ydl<,w deprndmg upc,o the ratio 

af the l,a,,e t,o t h<- 11.c,d form. Jo gent-ral, ahhough Lhere are 

•hgbt d1/Tt-n<na<i l,e1.v.t,1;n indicatbrs, color changell appan,nl to 

the eyt- caruwt be cLM:erntd wht-n Lbe ratio ufbw.e t.O acid form, 

ur aad to wu.e form exc:oodi! l(J-1, The w,e of Equal.ion 83 indi• 

c:aU:5 that the tr;,ns,uon rangie c,f mo.,t, ind1cawrs is equal t.O lhe 

pl(. af the 11',d1u.t.vr : J pH unit, ur a u..t,(u) range uf apprC1xi­

ma1ot-ly two pH uni!M. 81.&ndard indic..t.or &(J)ut1011B can Le made 

at krn:,wn pH va.1~• w1thm lhe tr=1uon range of the fod1ca­

t.or, .11nd the pH ufan unkno""n 1><1luuc,n c.in lit detnmined by 

adding the ind.icut.<,r LO it. and (;(JtTJparing the resultmg colur 

with the 11uindJird wlutJOru, 
Anuth.-r ,nethud for w,mg Llit..c indicatJ,r~ ili t.o 11pply tlwm 

t,o thin it.ripe of filter pap('r. A drup ol' the Uflknc,wn IJ'Jlullon is 

plae4,d c,n a pioce uf t.he rndt<:111.<Jr paper a.nd the rc&ultrng color 

18 compart=d to a color chart 11upphed w,th tht> J1Jdic..t.or pap,,r. 

Thi,&e pa~rs are available in Ii wide v&rie::Ly 1JfvH ranges, 

Potentiometry 
Elec:t.rometric methods for the det.crmintll1C1n c,f pH are liai,ed 

on the fact that t.he d ifference c,f electric:uJ J)(lwntiul l*lwtt-n 

two IUitab1e electrodes dipping into a ~lution containin h 

drorrium ion• depends on the concentration (or activity) 0~ ~ ­

latter. The developmen~ofa potenti~l differen~e is not a Specjfi e 
property orh)'dronium ions. A solution o_f any 10n will develo c 

potential proportional to the concentration of that ion if a ~ a 
able pair of electrode& is placed in the so~utio_n. suit. 

nie metionshiP ~twet;~ ~e pot~nbal difference and con­

centration of an ion m equ1hbn~ ~th the e~ectrodes may be 
deri,-ed as follows. Wh_en a metal 1s immersed into a solu tion or 

one or its ult.a, there. 1s a ten~ency for th~ metal to go into so­
lution in the form of ions. Thi~ tendency 1s known as the solu­
ticn pressun of the me~ and is.comparable to the tendency or 

sugar molecules (eg, to dissolve in water). The metallic ions in 

solution tend, on the other hand, to become discharged by fonn­

ing atoms. this effect being proportional to the osmotic pressure 

oftbe ions. 
For an at.om of a metal to go into solution as a positive ion 

electrons. equal in number to the charge on the ion, must be left 

behind on the metal electrode with the result that. the latter be­

comes negatively charged. The positively charged ions in solu­

tion, however, may become discharged as atoms by taking up 

electrons from the metal electrode. Depending on which effect 
predominates, the electrical charge on the electrode will be ei­

ther positive or negative and may be expressed quantitatively 

by the following equation proposed by Nem st in 1889: 

RT P 
E = nF In P (84) 

• ·here E is the potential difference or electromotive force, R is 

the gas constant (8,316 joules), Tis the absolute temperature, 

n is the valence oftbe ion, Fis the Faraday of electricity (96,500 

coulombs), p is the osmotic pressure of the ions, and Pis the so· 

lution pressure of the metal. 
lnasmuch as it is impossible to measure the potential differ· 

enre between one electrode and a solution with any degree of 

certainty, it is customary to use two e lectTodes and to measure 

the potential difference between them. If two electrodes, b~t~ of 

the 5ame metal, are immersed in separate solutions containuig 

ions of that metal-at osmotic pressure p I a nd p2, respec· 

tively-and are connected by means of a tube containing 8 non· 

reacting salt solution (a so-called salt bridge) the potential de­

veloped across the t.wo electrodes wilJ be equa'I lo the dilTe:~ 

between the potential differences of the individua l electr es, 
thus, 

RT p 1 RT p ., 
E = E, - E2 = - In - - - In -

11F P, nF I', 

(85) 

~ -~ th electrod~sare of the same metal P 1 = P~ und the eq 
Lion may he simplifil'd t.o ' 

RT RT RT p1 (86) 
E= - FlnP1 - --;Jnpl"' -ln -

11 111' 11F /J, 

In I • . ., ·1ute 60' 

I 
. P aceufo&moticpressures it is pennis!liblo, for ul ~ere 

ut.Jons to "'·bsu·1 h d • hot ' 
Ii ' •u ute t e concentrations c1 an I'~ ' 'fh6 
uund. /see Chapter 16), t.o be proporUonRI to 111 u 11rl pi• 

equation lhen becomes 

RT c
1 

(S7l 
E = - ln -

11F r 1 

lf 1:ith1:r c • I o of th8 

other mu •~r c2 18 _known, it is obvious t.h11 L the _vo _u cell c1111 

00 Y fuund if the J)-Olent iaJ dilTenmce E of th•s 
ffil!llijUred. ' ' ut 

Fur the detc • . u-odo11 s 
pll, an 1:loct.rod rm1no~1on of hydronium-ion co neon rogen g~ f 
end hydrCI . o_ul winch an equllibrium between hYL! 10cc 0 

metallic 
0
,::m •on can Ix: eslublit1hcd mu~t ho ui;!!d 111 ey cle'' 

trulyt,1cull/~:~?01
• Sue~ an clecLrode may 110 inodl~lc 111c t1il'. 

with lati Ing a &lnp or platinum or other no O 11ydr<l 
gen i:;._ rf~ ~la~k and ijuLuruting tlw

1

Jat.ter with P''.\/e. ,r.-•o 
iuch 1,IP~lr~: ovice functions au u hydrogen t•_le1'

1.'/: 17.S, 
8 muy bo DH&mnl,l('d a11 shown in F,i:u• 
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--;;--___ 
Figure 17-3. Hydrogen-ion concentration chain. 

In this diagram one electrode dips into Solution A, contain­
ing a known hydronium-ion concentration, and the other elec­
trode dips into Solution B, containing an unknown hydronium­
ion concentration. The two electrodes and solutions, sometimes 
called half-cells, then are connected by a bridge of neutral salt 
solution, which has no significant effect on the solutions it con­
nects. The potential difference across the two electrodes is mea­
sured by means of a potentiometer, P. If the concentration, c1, 

ofhydronium ion in Solution A is 1 N, Equation 87 simplifies to 

RT 1 
E=- ln ­

nF Cz 
(88) 

or in terms ofBriggsian logarithms 

RT 1 
E = 2.303 - F log,0 - (89) n c, 

lffor log10 llc2 there is substituted its equivalent pH, the equa­
tion becomes 

RT 
E = 2.303 nF pH (90) 

andd finally by substituting numerical values for R n T and F an as • , , , , 
rel t' suh~m_g the temperature to be 20°, the following simple 

a ions . 1p 1s derived: 

- E 
E=OOi>8 lpllorpH=-- (91) 

0.0f,81 

hydThe. hydrogen electrode dipping into a solution of known 
ron1um-ion . 

rnay b concentrat1on, called the reference electrode, 
shown e_ rej.'aced by a calomel electrode, one type of which is 
rnercur'n 11y1re 17-4. The elenwnts of a calomel electrode are 
chloridy ;~c calom_cl in un aqueous solution of potassium 
of the ~-d e pote~trnl of this electrode is consta nt, regardless 
it dips ~honium-•~n conct'ntration of the solution into which 
up bot · e potentrnl dt'pcnds on the equilibrium that is set 
L Ween mere • d · b t11e con • . uiy an mercurous ions from the calomel, ut 

ll<llubili~ -n~~ation of_ th? lntter is governed, according to ~he 
Ions, wh' ~ ocluct ~rmc1ple, by the concentration of chloride 
the solt :~ ar~ den ved mninly from the potnssium chloride in 
With th •on. 1 herefore, the potential of this electrode varies 
cl~trol i8 concont rntion of potassium chloride in the 

B ye. 
ecnuse th 1hnt are h' h O cnlomel olcclrodo nlways inclicntes voltages 

Whoo the ig or, by n constnnt vnlue, thnn those obtained 
17.3 is us~~or~~l hydrogen electrode chain shown in Figure 
tho cnlorn · l • it is necessary to subtrnct the potential clue to 
111agnit11c1: ~!oct~·ode itself from the observed voltage. As the 
Potassium O t~is voltage depends on the concentrntion of 
0oces8111,Y t hionde in the cnlomel-electrode electrolyte, it is 
llllrpo588 8 

° now the concentrntion of the former. For most 
snturntod potassium chloride solution is used that 

CHAl'TElt 17: IONIC SOWTlONS AND ELEClllOt.YTE ~ 

produces potential diff'erenc:e al 0.2488 V. Accordingly, befbre 
using Equation 86 (or the ealc:ulation of pH from the YOltap 
or a cell made up of a calomel and a bydropn elec:trode dip­
ping into the solution to be tested. 0.2488 V must be sub­
tracted from the observed potential difference. Expreaed 
mathematically, Equation 92 is used (or calc:ulating pH from 
the potential diff'erence of such a cell. 

E-0.2488 
pH "' 0.0581 <92> 

In measuring the potential difference between the elec­
trodes, it is imperative that very little current be drawn Crom 
the cell, for with current flowing the voltage changes, owing to 
polarization effects at the electrode. Because of this it is not 
possible to make accurate measurements with a voltmeter that 
requires appreciable current to operate it. In its place a poten­
tiometer is used that does not draw a current from the cell be­
ing measured. 

There are many limitations to the use o( the hydrogen 
electrode: 

• It cannot be used in solutions containing stronc oziclants such as 
ferric iron, dichromates, nitric acid, perollide. or chlorine or reduc­
tants such as sulfurous acid and hydrogen sulfide. 

• It is affected by the presence of organic compounds that are re­
duced fairly easily. 

• It cannot be used sua:essfully in solutions containing cations that 
fall below hydrogen in the electrochemical series. 

• Erratic results are obtained in the measurement of unbuffered so­
lutions unless special precautions are taken. 

• It is troublesome to prepare and maintain. 

As other electrodes more convenient to use now are available, 
the hydrogen electrode today is used rarely. Nevertheless, it is 
the ultimate standard for pH measurements. 

To avoid some of the difficulties with the hydrogen electrode, 
the quinhydrone electrode was introduced and was popular for 
a long time, particularly for measurements of acid solutions. 
The unusual feature of this electrode is that it consists of a 
piece of gold or platinum wire or foil dipping into the solution to 
be tested, in which has been dissolved a small quantity of quin­
hydrone. A calomel electrode may be used for referenre,just as 
in determinations with the hydrogen electrode. 

+ 

Figure 17-4. Calomel electrode. 
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