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ABSTRACT

The invention is directed to a CO to CO2 combustion promoter comprising

microsphere sized porous silica and/or alumina comprising particles further
comprising on or more Group VIl noble metals wherein the noble metal is
distributed in the particle as an eggshell such that a higher content of noble metal is
present in the outer region of the particle as compared to the content of noble metal

in the center of the particle.
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A COTO COp2 COMBUSTION PROMOTER

Cross-Reference To Related Applications

This application is a continuation under 35 U.S.C. § 120 of co-pending U.S.
Application No. 17/043,031 filed September 29, 2020, which is a 35 U.S.C. § 371
National Phase Entry Application of International Application No.
PCT/US2019/024742 filed March 29, 2019, which designates the U.S. and claims
benefit under 35 U.S.C. § 119(a) of N.L. Provisional Application No. 2020819 filed
April 24, 2018 and under 35 U.S.C. § 119(e) of U.S. Provisional Application No.
62/651,295 filed April 2, 2018, the contents of which are incorporated herein by

reference in their entireties.

Field of the invention

The invention is directed to a CO to CO2 combustion promoter comprising

microsphere sized porous alumina particles comprising one or more Group VIII noble

metals.

Background of the invention

Such CO to CO2 combustion promoters are well known and are used in a fluid

catalytic cracking (FCC) unit. In such a FCC process fluidizable catalyst particles are
contacted in a conversion zone at high temperatures with hydrocarbons such to
crack higher boiling hydrocarbons to lower boiling hydrocarbons, typically boiling in
the gasoline range. The catalyst may be a crystalline zeolitic aluminosilicate
component, usually an ion-exchanged form of a synthetic crystalline Faujasite, and a
porous inorganic oxide matrix. This type of catalyst must be regenerated to low
carbon levels, typically 0.5% or less, to assure that the catalyst particles possess
desired activity and selectivity before the particles are recycled to the conversion
zone, also referred to as cracking zone. In most regenerators the combustible solids
deposited on the spent solid catalyst particles from the cracking zone are burned in a

confined regeneration zone in the form of a fluidized bed which has a relatively high

4828-4541-4620.1
071816-091960USC1
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concentration of catalyst particles (dense phase). A region of lower solids
concentration (dilute phase) is maintained above the dense phase.

High residual concentration of carbon monoxide in flue gases from regenerators
has been a problem. The oxidation of carbon monoxide is highly exothermic and can
result in so-called "carbon monoxide afterburning" which can take place in the dilute
catalyst phase, in the cyclones or in the flue gas lines. Afterburning has caused

significant damage to plant equipment. CO to CO2 combustion promoters are added

to the FCC catalyst inventory of the regenerator with the objective to achieve a
complete combustion of carbon monoxide in the regenerator dense phase and
thereby avoiding this afterburning. The combustion promoters are separate particles
from the cracking catalyst particles. The combustion promoters will be circulated with
the rest of the FCC catalyst inventory from the regenerator to the riser, to the stripper
and back to the regenerator.

Such CO to CO2 combustion promoters are commonly made from

impregnation of Group VIII noble metal or metals, commonly platinum and/or
palladium, onto a porous alumina and/or other substrate microspheres of average
particle size 60 to 90 microns, with physical properties very similar to the base FCCU
catalysts. Such impregnation results in a uniform distribution of the Group VIII noble
metal throughout the internal and external surfaces of the porous microsphere.
EP1879982 describes a CO to CO2 combustion promoter for use in FCC

containing platinum or palladium predominately present in the core of the particle and
a metal active for catalysing NOx decomposition in a shell around the platinum or
palladium.

US2005/0042158 describes a CO to CO2 combustion promoter for use in FCC

containing cerium oxide and a noble metal, like platinum and/or rhodium.

Other background publications are US6165933, US2005042158, US4812431,
US4300997.

A disadvantage of all noble metal based CO to CO2 combustion promoters is
that relatively large amounts of noble metal are required to achieve the desired CO
combustion in the FCC process. It is an objective of the present invention to provide

a CO to CO2» combustion promoter which requires less noble metal to achieve the

same level of CO combustion in the FCC process.

4828-4541-4620.1
071816-091960USC1
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Summary of the invention
This is achieved with the following CO to CO2 combustion promoter. A CO to

CO2 combustion promoter comprising microsphere sized porous silica and/or

alumina comprising particles further comprising one or more Group VIII noble metals
wherein the noble metal is distributed in the particle as an eggshell such that a higher
content of noble metal is present in the outer region of the particle as compared to
the content of noble metal in the center of the particle. In one aspect of any of the

embodiments, described herein is a CO to CO2 combustion promoter comprising a

particle, e.g., spherical particle, comprising i) silica and/or alumina and ii) one or
more Group VIII noble metals, wherein the one or more noble metals is distributed in
the particle in a gradient, with the concentration of each noble metal increasing
toward the outer surface of the particle relative to the center of the particle. In some
embodiments, the particles are less than 1 mm across the largest dimension, e.g.,
they are microspheres. The concentration of the noble metal can be zero, or any
detectable concentration at the lowest point of the gradient. The concentration of the
one or more noble metals can increase along the gradient at a constant or inconstant
rate. In some embodiments, the particle can comprise two regions — a first inner
region not comprising the one or more noble metals or a very low concentration of
such metals and a second outer region, referred to herein as an “eggshell’
comprising the one or more noble metals.

In one aspect of any of the embodiments, described herein is a CO to CO»
combustion promoter comprising a particle, e.g., spherical particle, comprising i) a
first region comprising porous silica and/or alumina and ii) a second region
comprising the surface of the particle and (eggshell) comprising one or more Group
VIl noble metals, wherein the concentration of one or more noble metals is greater in
the second region than in the inner region and/or than in the pores of the inner
region. In some embodiments, the particles are less than 1 mm across the largest
dimension, e.g., they are microspheres. The concentration of the noble metal can be
zero, or any detectable concentration in the first region or in the pores of the first
region.

Applicants found that the CO to CO2 combustion promoter was active as
combustion promoter while the combustion promoter itself contained almost only the

Group VIII noble metal in an eggshell of the particle. Thus the same activity could be

3
4828-4541-4620.1
071816-091960USC1
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achieved using essentially significantly less noble metal per particle. Without wanting
to be limited by the following theory applicants believe that the presence of the noble
metal in the outer eggshell of a microsphere particle is sufficient to achieve an active

combustion promoter. This is because the CO to CO2 oxidation as catalyzed by a

Group VIII noble metal is a very rapid, essentially instantaneous, reaction at the FCC
regenerator temperatures of approximately 704 °C (1,300 °F) which is known as a
diffusion limited or a mass-transfer limited reaction. Thus, the noble metal in the

center of the particle is not active for CO to CO»5 oxidation as the reactant gases (CO
and O2) react before reaching this noble metal.

A further advantage with the eggshell of noble metal is that less NOx formation
is achieved. This may be explained as follows. NOx forming reactions are slower and

thus less diffusion limited than the CO to CO2 reactions. Thus, the prior art

combustion promoters having a uniform distribution and higher loading of the noble
metal will generate more NOx as this additional noble metal will catalyse NOx
forming reactions.

Further, it is known the noble metal will sinter in time making the combustion

promoter less active for CO to CO» oxidation. The sintered particle will, however, still

remain in the catalyst inventory of a FCC unit and continue to catalyse the NOx
forming reactions. It has been reported that the sintered noble metal even promotes
the NOx forming reactions better than the fresh-non-sintered noble metal. The
sintered metal within the entire particle will promote the NOx forming reactions
because these reactions are less diffusion limited. The noble metal of the combustion
promoters according to the invention will also sinter. But because such a particle will
contain considerably less noble metal the catalytic activity for the NOx forming
reaction of such degraded combustion promoters will be less compared to the

degraded combustion promoters of the prior art.

Brief description of the Figures
Fig. 1 shows a cross-section of a state of the art combustion promoter.
Fig. 2 shows a cross-section of a combustion promoter according to the

invention.

4828-4541-4620.1
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Fig. 3 shows a graph with time on the x-axis after injecting a promoter in a FCC
regenerator and on the y-axis the temperature change of the dilute phase of the FCC
regenerator.

Fig. 4 shows the relative promoter concentrations of the combustion promoter
according to this invention and state of the art promoter on the left hand y-axis and
the flue gas NOx concentration in ppm on the right hand y-axis. The x-axis were the

dates during the period the FCC regenerator was monitored.

Detailed description of the invention

In this description the following terms are used having the following definition.

FCC process: process to crack heavy oil fractions to lighter oil fractions by
contacting the heavy oil fraction in a riser reactor where the heavy oil cracks to lighter
oil in the presence of hot FCC catalyst inventory and deposits coke on the FCC
catalyst inventory, by separating light oil fractions from the catalyst inventory by
means of cyclones and by stripping and wherein coke is removed from the catalyst
inventory by combustion in a regenerator to obtain a flue gas and hot catalyst
inventory for reuse in the riser.

FCC Unit: Installation comprising of a riser, a stripper and a regenerator and
means to circulate FCC catalyst inventory from the riser to the stripper and to the
regenerator and back to the riser.

FCC catalyst inventory or catalyst inventory: the total of solid particles
comprising of FCC catalyst and additives which are circulated from the regenerator
to the riser, to the stripper and back to the regenerator.

FCC catalyst: a silica-alumina comprising particle comprising a zeolite.

Spent FCC catalyst: deactivated FCC catalyst obtained from a FCC process
containing coke depositions.

Equilibrium FCC catalyst: mixture of active and deactivated FCC catalyst
representing an average activity of a stable running FCC process.

Eggshell catalysts are known for larger catalyst particles. Applicant now
discovered that it is possible to also form such an eggshell distribution on
microsphere sized porous particles. The microsphere sized particles suitably have an
average (D50) size of between 60 and 90 micron as measured by laser light
scattering, also referred to as laser diffraction, using for example a Malvern
Mastersizer 3000.

4828-4541-4620.1
071816-091960USC1
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The eggshell or outer shell suitably has a depth from the outer surface towards
the interior of the particle of between 1 to 10 microns. In this eggshell, which includes
the outer surface of the particle, suitably more than 60 wt%, suitably more than 80
wit% and even more suitably more than 90 wt% of the noble metal is present of the
total of noble metal present in the particle.

The silica and/or alumina comprising particle of the CO to CO2 combustion

promoter may be a particle based on a predominately only silica particle. Examples
of suitable silica particles are spray dried silica particles. Such a silica particle may
be impregnated as described here below with the noble metal or metals to obtain the
promoter according to the invention.

The silica and/or alumina comprising particle of the CO to CO2 combustion

promoter may also be a particle comprising both alumina and silica. Suitable
examples of such particles are FCC catalyst particles which may comprise between
30 and 70 wt% alumina, between 35 and 70 wt% silica. Such particles will also
comprise of a zeolite, suitably Faujasite or Type Y zeolite, and/or ZSM-5, and binders
such as silica sol, alumina sol, pseudo-boehmite alumina or a clay-based matrix.
Suitably equilibrium FCC catalyst particles or spent FCC catalyst particles are used
as obtained from a fluidized catalytic cracking (FCC) process. The equilibrium or
spent FCC catalyst is obtained from a FCC process wherein fresh FCC catalyst has
deactivated to some degree. Such catalyst particles may thus find a suitable second

use as CO to CO» combustion promoter. By impregnating the FCC catalyst particles

as described here below with the noble metal or metals the promoter according to
the invention may be obtained.

The silica and/or alumina comprising particle of the CO to CO2 combustion

promoter is suitably an alumina particle and more preferably a gamma or theta
alumina particle. Such an alumina starting particle may consist of predominately only

alumina, suitably resulting in a CO to CO2 combustion promoter wherein the support,

thus excluding the noble metals, has an alumina content of above 95 wt% and more
preferably above 99 wt%. The starting gamma or theta alumina particles suitably
have an average (D50) size of between 60 and 90 micron, have a surface area
(BET) of between 50 and 300 m?/g and preferably between 50-150 m2/g and a pore
volume of between 0.05 and 0.50 mL/g and preferably between 0.10 — 0.40 mL/g.

Examples of suitable starting alumina particles are obtainable from Sasol, such as

6
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Puralox and Catalox. Such starting alumina particles may be impregnated as
described here below with the noble metal or metals to obtain the promoter
according to the invention.

The Group VIl noble metal is suitably platinum, palladium, iridium, ruthenium
and/or rhodium. Platinum can be preferred because of its availability. Palladium and
rhodium can be preferred because they promote the NOx forming reactions less than
platinum. A problem in prior art devices is their availability. Because the combustion
promoter according to the inventions requires less noble metal for achieving the
same activity noble metals like palladium and rhodium may be practically applied.

The average content of noble metal per grams of combustion promoter may
range from 1 to 5000 ppm and preferably between 100 and 1500 ppm. Locally, in the
eggshell, this concentration will of course be larger. The concentration of noble metal
in the eggshell may suitably be in the same range as the concentration of noble
metal in the prior art combustion promoters which have the noble metal evenly
distributed within the particle. The optimal content of noble metal will depend on their

catalytic activity for promoting the CO to CO» combustion, wherein it is known that

platinum is very active and will thus require a lower content than for example
palladium which is known to be less active.

The concentration of the noble metal on the support is typically very low. To
establish whether the metals are homogeneously distributed or present as an
eggshell it is possible to use Low Electron lon Scattering. This technique (Platinum
Metals Rev., 2010, 54, (2), 81 87) can establish surface concentrations already at
0.01 at%, which is in the applicable range. By combining this surface technique
together with a bulk chemical analysis technique such as X-ray fluorescence (XRF)
or inductively coupled plasma (ICP) it can be established whether the surface is
enriched in noble metal, and the metal is predominantly present as an eggshell. For
example, if the concentration at the surface is 2 times as high as the bulk
concentration using a technique that has a penetration depth of 10 micron, the metal
distribution is predominantly at the surface and hence is considered an eggshell type
distribution.

The combustion promoter may comprise co-catalytical compounds as for
example known for prior art combustion promoters. For the example cerium oxide

which may be added to provide oxygen storage or copper oxide to reduce NOx
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forming reactions. Such co-catalyst compounds are preferably present in the
eggshell comparable to the noble metal distribution in the particle. Preferably cerium
oxide is distributed in the particle as an eggshell such that a higher content of cerium
oxide is present in the outer region of the particle as compared to the content of
cerium oxide in the centre of the particle. Accordingly, in some embodiments,

described herein is a CO to CO2 combustion promoter comprising a particle (e.g.,

spherical particle) comprising i) silica and/or alumina and ii) one or more Group VIII
noble metals and one or more co-catalytical compounds, wherein the metals and
compounds of ii) are distributed in the particle in a gradient, with the concentration of
each noble metal and co-catalytical compound increasing toward the outer surface of
the particle relative to the center of the particle. In some embodiments, the particle
can comprise two regions — a first inner region not comprising the one or more noble
metals and a second outer region, referred to herein as an “eggshell’, comprising the
one or more noble metals and one or more co-catalytical compounds.

Typically, the sensitivity to attrition of the CO to CO2 combustion promoter

particles is about the same or even better than the FCC catalyst inventory to which
the promoter particles are added. Applicants have now found that it is advantageous

to use CO to CO2 combustion promoter particles which have a higher sensitivity to

attrition than the typical FCC catalyst. The advantage is that in this way deactivated

CO to CO2 combustion promoter particles comprising sintered noble metal or metals

will reduce in size, by for example wear or fracture, quicker than in the prior art

processes. The smaller sized CO to COo combustion promoter particles will

subsequently be removed from the FCC process via the flue gas leaving the FCC
regenerator. These fines in the flue gas may be suitably removed from the flue gas
by means of advance external particulate emissions control devices such as Electro-
Static Precipitators (ESP) or wet-gas scrubbers. In this way the content of

deactivated CO to CO2 combustion promoter containing sintered noble metals in the

FCC catalyst inventory will be lower than when promoter particles are used having a
lower sensitivity to attrition. This results in turn in less NOx forming because the
content of particles with sintered noble metal or metals is lower. See also the
explanation regarding NOx formation above. The sensitivity may be expressed in the
so-called Attrition Index as measured according to ASTM D-5757. The Attrition Index

of the CO to CO2 combustion promoter for a sieve fraction of combustion promoter
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particles of between 40 and 105 micron is preferably between 5 and 25 and more
preferably between 10 and 20. Preferably this Attrition Index of the CO to CO»

combustion promoter is higher than the Attrition Index of the FCC catalyst itself. FCC
catalyst particles typically have a sensitivity to attrition which results in that the
average catalyst residence time of the FCC catalyst in a FCC unit is between 2
weeks and 2 months. The residence time is an average residence time. The
residence time of individual particles varies greatly when one realises that typically
on a daily basis catalyst is added and withdrawn and partially lost to attrition in a
FCC Unit.

The higher sensitivity to attrition of the CO to CO2 combustion promoter

preferably results in that an average residence time of less than 5 days, more
preferably less than 3 days and even more preferably less than one day in the FCC
catalyst inventory. Even shorter residence times will reduce NOx emissions even
further. For the lowest NOx emissions at reasonable expenses, a residence time of
half a day, or a quarter of a day would be considered optimal. At these lower
residence times significant amounts of partially active combustion promoter will be

lost as fines resulting in that more fresh CO to CO2 combustion promoter will be

required to be added to the catalyst inventory. The skilled person will be able to find

the optimal Attrition Index for the CO to CO2 combustion promoter depending for

example on the desired residence time and the influence of the FCC unit itself to the
attrition of the FCC catalyst inventory. This process of finding the optimal Attrition
Index may for example be an empirical iteration, where the attrition resistance of the
additive is lowered (attrition increased) until the NOx emissions are lowered, and
further reduction in the attrition resistance requires an increase in the addition rate of

the combustion promoter. In a FCC process the aged CO to CO2 combustion

promoter will be removed from the process as fines and together with the catalyst
purge which removes a part of the catalyst inventory from the FCC process. When

the CO to CO2 combustion promoter particles having the lower residence times than

the 2 weeks and 2 months for FCC catalysts are used as described above it is
preferred that more than 70 wt% of the CO to CO» combustion promoter as added to
the process is removed as fines together with the flue gas wherein any remainder
may be removed from the catalyst inventory by means of a catalyst withdrawal of the

FCC catalyst inventory.
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Applicant believe that being able to influence, i.e. lower, the residence time of
part of the FCC catalyst inventory by increasing the sensitivity to attrition is novel and
may also be applied in an inventive manner for other FCC additives and even for
FCC catalyst itself. Catalyst and additives used in the FCC process have always
been designed with physical properties such as density and attrition that maximize
the retention of the catalyst or additive in the circulating FCC catalyst inventory.
Such retention characteristics have been designed for these catalyst and additives
irrespective of the life or half-life of the intended catalytic function of the individual
additives or catalyst and without consideration for any detrimental effects such aged
additives and/or FCC catalysts may have when left in the FCC catalyst inventory. By
influencing the sensitivity to attrition of the additives, such as CO combustion
promoters, and/or FCC catalyst one has a means to minimise these detrimental
effects of the aged additives and/or catalyst.

Next to the earlier described CO to CO2 combustion promoter, it may be

preferable that other FCC additives may also have a higher sensitivity to attrition than
the FCC catalyst. Propylene enhancing additives based on medium pore zeolites,
such as ZSM-5, is initially more selective to propylene production but becomes more
butylene selective as it ages due to dealumination. Such additives are well known
and for example described in Magee and Mitchell (editors), Studies in Surface
Science and Catalysis vol. 76, Elsevier Amsterdam 1993. Both the fresh ZSM-5
based additive and the deactivated additive are in competition in the FCC catalyst
inventory for the same feed molecules to crack. Therefore, the presence of (partially)
deactivated ZSM-5 reduces the overall propylene selectivity and enhances the
butylene selectivity. For maximum propylene selectivity it is advantageous to limit the
residence time of the ZSM-5 based additive in the FCC catalyst inventory to below 7
days, more preferred below 5 days and even more preferred to below 3 days. The
residence time may suitably be established using chemical markers. For example,
when to catalysts are added each at 5 tons per day to an FCC unit, with an inventory
of 100 tons, the average residence time in inventory would be when all physical
properties are equal 100/(5+5) = 10 days. When one of the catalysts or additives is
provided with a chemical marker, and only half of that marker is present in the
catalytic inventory, that means the residence time is half of the average residence

time of the total inventory, i.e. 5 days.
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Y zeolite used in FCC catalysts and in some FCC additives may lose their
hydrogen transfer capability and other desirable properties as they age, going
through various phases of reduced and/or undesirable catalytic functionality until they
finally become catalytically inert. By choosing a suitable Attrition Index for such Y
zeolite based FCC catalyst particles and/or Y zeolite based additives one may avoid
such reduced and/or undesirable catalytic functionality of the aged particles. This is
because their residence time is reduced.

The invention is also directed to a FCC process wherein one or more FCC
catalysts and/or FCC additives in the catalyst inventory have a shorter residence
time in the catalyst inventory than the residence time of a more catalytically stable
FCC catalysts and/or FCC additives and wherein the one or more FCC catalysts
and/or FCC additives in the catalyst inventory having a shorter residence time are
more than 70 wt% removed from the process as fines in the flue gas shorter while
the remainder is removed from the FCC process via a catalyst withdrawal of part of
the FCC catalyst inventory.

The invention is also directed to a FCC process wherein one or more FCC
catalysts and/or FCC additives in the catalyst inventory have a shorter residence
time in the catalyst inventory than the residence time of a more catalytically stable
FCC catalysts and/or FCC additives and wherein the shorter residence time is a
result of a higher sensitivity to attrition of said FCC catalysts and/or FCC additives as
compared to the sensitivity to attrition of the more catalytically stable FCC catalysts
and/or FCC additives.

The invention is also directed to a FCC unit comprising a catalyst inventory
comprising:

a. a first FCC catalyst, and

b. a second FCC catalyst and/or additive having a catalytic active component
having a catalytic activity,

whereby the catalytic activity of the second FCC catalyst and/or additive is
negatively altered by the effects on the catalytically active component, whereby the
second FCC catalyst and/or additive is more sensitive to attrition and has a shorter
residence time in the catalyst inventory as compared to the first FCC catalyst.

In the above FCC unit the additive may be a CO to CO2 combustion promoter,

more specially a CO to CO2 combustion promoter wherein at least one of the
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catalytically active components of the additive comprises a metal and wherein the
catalytic effect of the metal is negatively altered by sintering of the metal. The metal
or metals may be as described above for the promoter according to the invention.
The metal may be distributed homogenously or according to a gradient. The

promoter is preferably a CO to CO2 combustion promoter is a CO to CO2

combustion promoter according to this invention. The additive may also be ZSM-5 or
a ZSM-5 comprising additive and wherein the catalytic effect of the ZSM-5 is

negatively altered by dealumination of the zeolite.

The CO to CO2 combustion promoter having a gradient in metal content may

be obtainable by known processes to prepare eggshell type of catalysts as for
example described in W02016/151454. The CO to CO2 combustion promoter is

suitably obtainable by a process comprising the following steps (a) introducing a
medium in the pores of starting porous silica and/or alumina comprising particles to
obtain filled porous particles and (b) contacting the filled porous particles with an
aqueous salt solution of the Group VIII noble metal or metals wherein the Group VI
noble metal deposits predominantly in in the outer region of the particles thereby
obtaining intermediate eggshell particles and optionally (c) dry and/or calcine the
intermediate eggshell particles. The invention is also directed to this process as
such.

The starting porous silica and/or alumina comprising particles may be the
aforementioned starting porous particles described above.

By introducing a medium which does not contain a Group VIII noble metal or
noble metal salt in step (a) the pores of the porous alumina particle and especially
the pores in the centre of the porous silica and/or alumina comprising particle will be
filed with this medium. When the obtained filled porous particle is contacted in step
(b) with an aqueous salt solution of the Group VIII noble metal or metals the pre-filled
pores in the centre of the particle will be more difficult to reach. This results in that
the noble metal is deposited predominately in the eggshell of the particle.

The medium in such a process may be water, an oil, a solvent for the noble
metal salt or a liquid in which the noble metal salt barely dissolves. It is understood
that the medium preferably does not contain the noble metal or its salt to avoid that

noble metal deposits in the centre of the particle. The water may contain other
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additives which suitably do not deposit on the alumina surface of the pores. Such
additives may be gel-forming additives which make it even more difficult for the
aqueous salt solution of the Group VIII noble metal or metals to enter the pores in the
centre of the particle. Alternatively, the filled porous particles may be reduced in
temperature such that the water in the pores solidifies. WWhen such a particle is
contacted in step (b) with the aqueous salt solution of the Group VIII noble metal or
metals the deposition of metals will take place in the eggshell where any frozen water
will first melt and not in the pores which contain the frozen water which will melt at a
later moment in time.

For performing step (a) it is important to know the volume of the pores of the
starting porous silica and/or alumina comprising particles, also referred to as the
support, which are to be filled with medium. The pore volume may be measured
using nitrogen and / or quick porosimetry to measure micro-, meso- and macro-pore
volumes. A preferred method is to establish the “water pore volume”. In this the
particles are fully soaked in excess water. With the aid of a laboratory centrifuge the
excess water that is not contained in the pores is removed. The difference in weight
of the water equals the pore volume as occupied by the water. When no centrifuge is
available, the pore volume can be established by adding water drop wise to a dry
powder. The powder is well mixed during the addition of water. The moment when
the powder no longer adsorbs the water and mixing of the place where the drop
impacted with dry parts of the powder, the powder is considered to be fully saturated.
This method is comparable to the incipient wetness technique but is now used to
establish the pore volume of the support.

In step (a) the support is pre-contacted with a liquid medium, preferably water.
The liquid can be a solvent for the salt, such as water, or a non-solvent, such as
paraffinic oil. The quantity of the added medium is suitably between 50 and 100 vol%
of the pore volume of the support, as established in the steps mentioned above.
More preferred the quantity of the added medium is at least 60% and even more
preferred is at least 70% of the pore volume of the support. Higher than 80% filling of
the pores will be possible, but this does require skill and careful execution to
homogeneously distribute the liquid. Pre-filling the pores to 90%, or even up to 95%
will help to achieve the highest activity for the noble metal but will require a careful
execution of the pre-contacting step. A 100 vol% filing is preferred when one desires

to only deposit noble metals on the outer surface of the particle. The key here is the
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slow addition of the liquid medium to the support while mixing and/or agitating the
support. An alternative can be condensation of the pre-contacting liquid in the pores,
using the appropriate partial pressures to fill a certain fraction of the pores. The pre-
contacting liquid can potentially be solidified via the addition of a gelling agent, by
lowering the temperature, potentially even freezing the pre-contacting liquid in the
pores, or a combination of both. Another method of adding the medium is to saturate
the particles in a fluid bed in a stream containing the medium, where the medium can
condense in the pores. The medium will be homogeneously distributed in this way
over all the particles.

The higher the fraction of pores filled in the initial liquid medium the more the
noble metal will be concentrated on an outer eggshell resulting in a more active
combustion promoter. The noble metal salt will be added in the remainder of the pore
volume in step (b). For example, when 80 vol% of the pores are filled with the liquid
medium, at most 20 vol% of pores can be filled with the noble metal solution. When
the total of the 20 vol% of the remaining pore volume is used to add the noble metal
this method resembles a two-step incipient wetness technique. If less than all the
pore volume is used to add the noble metal, the method resembles a two-step pore
volume impregnation.

Contacting in step (b) may be performed by state of the art methods known for
depositing metals on the surface of silica and/or alumina comprising particles and the
surface of the pores of the silica and/or alumina comprising particles. In this method
the salt solution of the Group VIII noble metal is added in about the same volume as
the remaining pores to be filled with the salt solution. In step (b) of the present
process the filled porous particles are contacted with a volume of the aqueous salt
solution of the Group VIII noble metal or metals which is less than the total volume of
the pores of the porous silica and/or alumina comprising particles. This because the
pore volume in the centre of the particles is already filled with the medium. In this
manner only the pores in the ocuter shell of the particle, i.e. the eggshell, are filled
with the agueous salt solution and the noble metal predominately deposit in the
eggshell of the particle. The contact time in step (b) is preferably at most 30 minutes,
more preferred at most 20 minutes, even more preferred at most 10 minutes. Contact
times of at most 5 minutes or even at most 3 minutes may be even more preferred.
For example, a one minute contact time could be suitable when the pores are filled

for 100 vol%. The impregnated particles and the aqueous salt solution may be
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separated by means of filtration, for example using a filter, covered with a filter cloth
to contain the small support particles. The filtration may be performed by means of a
filter press, a belt filter or any other filtration device suitable to separate the quantity
of catalyst prepared from the liquid slurry. The filtrate may contain noble metal salts
which are suitably recovered and reused to contact a next batch of filled porous
particles.

In step (c) the particle containing the deposited noble metal as obtained in step
(b) may be optionally dried and/or calcined. Drying suitably takes place at
temperatures between 100 to 250 °C (212 to 482 °F) and calcination suitably takes
place at a temperature of between 250 and 750 °C (482 to 1382 °F). Drying and/or
calcination may be with or without vacuum. Drying is preferred to limit sintering of the
noble metal or metals.

Prior to or after performing steps (a)-(b) the starting silica and/or alumina
comprising particles or impregnated particles can also be subjected to a process
comprising steps (a)-(c) wherein in step (b) the filled porous particles are contacted
with an aqueous salt solution of a cerium salt instead of the aqueous salt solution of
the Group VIII noble metal or metals Group VIl noble metal to obtain particles in step
(c) comprising cerium oxide which is distributed in the particle as an eggshell such
that a higher content of cerium oxide is present in the outer region of the particle as
compared to the content of cerium oxide in the centre of the particle.

The invention is also directed to the use of the CO to CO2 combustion promoter

as described above in a fluid catalytic cracking (FCC) unit.

Detailed description of the Figures

Fig.1 shows a state of the art combustion promoter where the Group VIII metal
is distributed homogeneously throughout an alumina microspheres of average
particle size 60 to 90 microns (twice the radius r). The alumina support has
mesopores (pores less than 50 nanometers) distributed throughout the particle. The
capillary effects, both hydraulic and evaporative, in mesopores are well documented
and are characterized by extremely rapid uptake of any liquid, including one with
dissolved noble metal salts. This rapid uptake into the pores of the support is what

results in the homogenous distribution of the noble metals with the impregnation
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methods previously employed and documented to manufacture FCC CO combustion
promoters.

Fig. 2 shows a combustion promoter as prepared according to process of the
invention. The alumina microsphere has the same dimension and mesopore
structure as the alumina microsphere of Fig. 1. The core of the particle contains little
to no Group VIl metals and an outer eggshell which may have a thickness (d) of

between 1 to 10 microns will contain almost all of the Group VIII metal.

The invention will be illustrated by means of the following non-limiting

examples.

EXAMPLE 1

A two-step impregnation was carried out using a high purity gamma alumina support
as purchased from Sasol. In the first step, 10 g of alumina powder was impregnated
with water to fill 90% of the pore volume. At a pore volume of 0.5 mL/g, 4.5 mL of
water was required for 10 g of alumina powder. For the second step, the wet alumina
particles from step 1 with 90% of the pore volume filled with water were impregnated
with a solution of palladium nitrate and dried to achieve an eggshell of palladium on
the particle surface. The second impregnation step was completed before the pre-
filled alumina particles were dried. After completing both impregnation steps, the
impregnated particles were calcined at 600 °C for 1 hour to form a particle with the

composition in accordance with this invention.

EXAMPLE 2

0.1 g of the composition of Example 1 was mixed with 10 g of a commercial FCC
catalyst. The mixture was then used to measure the oxidation of CO in a fluid bed
reactor fitted with a thermocouple. The catalyst bed was heated to 600 °C prior to the
start of CO/O2 flow. Oxidation response was measured using a mixture of 1.8 v/iv%
CO and 0.9 v/iv% O2, balanced with He, under a gas flow rate of 1000 cc/min. The
oxidation response is a measure of the amount of CO which is combusted (oxidized)
to COo.

Comparative Experiment A
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Example 2 was repeated using a state of the art FCC combustion promoter
containing twice the amount of palladium as compared to the promoter of Example 1.
In the state of the art FCC combustion promoter palladium was homogenously
distributed over the particle. The CO oxidation response for the composition of
Example 1 was comparable to the state of the art FCC combustion promoter despite

having half the palladium loading.

Comparative Experiment B

Example 2 was repeated using a lab prepared FCC combustion promoter with the
same palladium loading as in Example 1 and prepared by standard homogeneous
impregnation method. This resulted in a homogeneous distribution of palladium
throughout the alumina support. The CO oxidation response for the composition of

Example 1 was better than the lab prepared FCC combustion promoter.

EXAMPLE 3

A two-step impregnation was carried out using a high purity gamma alumina support
as purchased from Sasol. In the first step, 10 g of alumina powder was impregnated
with water to fill 90% of the pore volume. At a pore volume of 0.5 mL/g, 4.5 mL of
water was required for 10 g of alumina powder. For the second step, the wet alumina
particles from step 1 with 90% of the pore volume filled with water were impregnated
with a solution of platinum nitrate and dried to achieve an eggshell of platinum on the
particle surface. The second impregnation step was completed before the pre-filled
alumina particles were dried. After completing both impregnation steps, the

impregnated particles were calcined at 600 °C.

EXAMPLE 4

Example 2 was repeated using 0.1 g of the composition of Example 3.

Comparative Experiment C

Example 4 was repeated using a state of the art FCC combustion promoter
containing twice the amount of platinum as compared to the promoter of Example 3.
In the state of the art FCC combustion promoter, platinum was homogenously

distributed throughout the particle. The CO oxidation response for the composition of
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Example 3 was comparable to the commercial FCC combustion promoter despite

having half the platinum loading.

Comparative Experiment D

Example 4 was repeated using a lab prepared FCC combustion promoter with the
same platinum loading as in Example 3 and prepared by standard homogeneous
impregnation method. This resulted in a homogeneous distribution of platinum
throughout the particle. The CO oxidation response for the composition of Example 3

was better than the lab prepared FCC combustion promoter.

EXAMPLE 5

Three alumina supports with varying attrition indices were provided by catalyst
manufacturers. The attrition index of the three alumina supports ranged from 2 to 25
as measured according to ASTM D-5757. A two-step impregnation was carried out
for each of the three as supplied alumina powders. In the first step, 10 g of alumina
powder was impregnated with water to fill 90% of the pore volume. At a pore volume
of 0.5 mL/g, 4.5 mL of water was required for 10 g of alumina powder. For the
second step, wet alumina particles with 90% of the pore volume filled with water
were impregnated with a solution of palladium nitrate and dried to achieve an
eggshell of palladium on the particle surface. The second impregnation step was
completed before the pre-filled alumina particles were dried. After completing both
impregnation steps, the impregnated particles were calcined at 600 °C for 1 hour to

form a particle with the composition in accordance with this invention.

EXAMPLE 6

0.1 g of each of the compositions of Example 5 was mixed with 10 g of a commercial
FCC catalyst to prepare 3 different mixtures. Each mixture was then used to
measure the oxidation of CO in a fluid bed reactor fitted with a thermocouple. The
catalyst bed was heated to 600 °C prior to the start of CO/ O flow. Oxidation

response was measured using a mixture of 1.8 viv% CO and 0.9 v/v% O2, balanced

with He, under a gas flow rate of 1000 cc/min.

Comparative Experiment E
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For comparison Example 6 was repeated but now with a state of the art FCC
combustion promoter and lab synthesized FCC combustion promoter prepared by
standard homogeneous impregnation method. The CO oxidation response for each
of the compositions of Example 5 as measured in Example 6 was comparable to the
commercial FCC combustion promoter despite having half the palladium loading.
Further, the CO oxidation response for each of the compositions of Example 5 as
measured in Example 6 was enhanced compared to lab prepared FCC combustion
promoter with the same palladium loading prepared by standard homogeneous
impregnation method. Further, the reduction in attrition resistance of the alumina

support did not reduce the CO oxidation response.

EXAMPLE 7

136 kg (300 Ibs) of palladium-based CO combustion promoter according to the
invention (Promoter A) was supplied to Refinery A. During a one week trial, Refinery
A evaluated the performance in comparison to a state of the art CO combustion
promoter (Promoter B) that has approximately twice the palladium content with the
palladium distributed homogenously throughout the particles. Afterburn control was
maintained using 20% less Promoter A (line (a)) compared to Promoter B (line (b))

as demonstrated in Figure 3.

EXAMPLE 8

136 kg (300 Ibs) of palladium-based CO combustion promoter according to the
invention (Promoter C) was supplied to Refinery B. During a two week trial, Refinery
B evaluated the performance in comparison to a state of the art CO combustion
promoter (Promoter D) that has approximately twice the palladium content with the
palladium distributed homogenously throughout the particles.

Refinery B provided comparative data from the trial, which included data from
three weeks prior to the start of the Promoter C trial when Promoter D was used for
comparison. The first week of Promoter C trial is the transition from Promoter D, and
therefore the second week of Promoter C data was used for comparison purposes

and summarized in Table 1.

TABLE 1
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Promoter D
Promoter C
3 week
2nd week average

average
Flue Gas O2 mol % 1.2 1.4
Flue Gas CO ppm 213.0 140.7
Flue Gas NOx ppm 52.2 36.2
CO Promoter Additions kg/day 11 9

Average flue gas composition and CO Promoter addition rates are given in
Table 1. Promoter C controlled CO to lower levels compared to Promoter D despite
having half the palladium content. Promoter C and Promoter D both controlled
afterburn to acceptable and safe limits. Promoter C achieved this with half the
palladium loading and an 18% lower addition rate. NOx emissions declined as
Promoter C replaced the Promoter D in the FCC unit inventory, declining by over
30%. This result is attributed to less total palladium, both fresh and sintered, present
in the catalyst inventory.

The NOx emissions are shown in Fig. 4 where the relative promoter
concentrations of Promoter C and Promoter D are on the left hand y-axis and the flue
gas NOx concentration in ppm (e) on the right hand y-axis. The x-axis were the dates
the regenerator was monitored. Fig. 4 shows the NOx reduction over time when the
relative content of Promoter D decreases as Promoter C increases. The content is
expressed as a percentage of the maximum concentration of Promoter D. On Jan
20-21, Promoter D was accidently injected and an increase in NOx emissions is
observed.

Refinery B conducted comparative shot tests of Promoter C and Promoter D by
injecting 13.6 kg (30 Ib) of each promoter. Each injection of 13.6 kg (30 Ib) of
promoter reduced the FCC afterburn by 5.6 °C (10 °F). NOx emissions from the
injections of Promoter C and Promoter D were different. 13.6 kg (30 Ib) of Promoter
D increased NOx emissions from 45 to 67 ppm, and 180 minutes after injection the
NOx emissions remained at 55 ppm. 13.6 kg (30 Ib) of Promoter C increased NOx
emissions from 45 to 54 ppm, and 180 minutes after injection the NOx emissions
remained at 50 ppm. Therefore, Promoter C has a reduced impact on NOx

emissions.
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Claims

What is claimed herein is:

A CO to CO, combustion promoter comprising microsphere sized porous particles,
each microsphere sized porous particle independently comprising:

silica, alumina, or mixtures thereof; and

one or more Group VIl noble metals distributed in the particle as an eggshell such that
a higher content of the one or more Group VIII noble metals is present in the outer
region of the microsphere sized porous particle as compared to the content of the one

or more Group VIII noble metals in the centre of the microsphere sized porous particle.

The combustion promoter according to claim 1, comprising a plurality of microsphere

sized porous particles comprising silica.

The combustion promoter according to claim 1, comprising a plurality of microsphere

sized porous particles comprising alumina.

The combustion promoter according to claim 1, comprising a first plurality of
microsphere sized porous particles comprising silica and a second plurality of

microsphere sized porous particles comprising alumina.

The combustion promoter according to claim 1, comprising a plurality of microsphere

sized porous particles comprising silica and alumina.
The combustion promoter according to claim 1, wherein the microsphere sized porous
particles have an average (D50) size of between 60 and 90 microns as measured by

laser diffraction.

The combustion promoter according to claim 1, wherein the microsphere sized porous

particles are gamma or theta alumina particles.

The combustion promoter according to claim 1, wherein the microsphere sized porous

particles are spray dried silica particles.
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The combustion promoter according to claim 1, wherein the microsphere sized porous
particles are an equilibrium or spent catalyst as obtained from a fluidized catalytic

cracking (FCC) process.

The combustion promoter according to claim 1, wherein the attrition index as
measured according to ASTM D-5757 of the CO to CO. combustion promoter for a
sieve fraction of combustion promoter particles of between 40 and 105 microns is

between 5 and 25.

The combustion promoter according to claim 10, wherein the attrition index of the CO
to CO> combustion promoter for a sieve fraction of combustion promoter particles of

between 40 and 105 microns is between 10 and 20.

The combustion promoter according to claim 1, wherein the one or more Group VIl
noble metals comprises one or more of platinum, palladium, iridium, ruthenium, and

rhodium.

The combustion promoter according to claim 12, wherein the one or more Group VIl

noble metals comprises platinum and palladium.

The combustion promoter according to claim 12, wherein the one or more Group VIl

noble metals comprises platinum.

The combustion promoter according to claim 12, wherein the one or more Group VIl

noble metals comprises palladium.

The combustion promoter according to claim 1, wherein the microsphere sized porous

particles further comprise at least one of cerium oxide and copper oxide.

The combustion promoter according to claim 16, wherein the at least one of cerium
oxide and copper oxide is distributed in the microsphere sized porous particle as an
eggshell such that a higher content of the at least one of cerium oxide and copper
oxide is present in the outer region of the microsphere sized porous particle as
compared to the content of the at least one of cerium oxide and copper oxide in the

centre of the microsphere sized porous particle.
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The combustion promoter according to claim 1, obtained by a process comprising the
following steps:

(a) introducing a medium in the pores of microsphere sized porous particles to obtain
filled microsphere sized porous particles; and

(b) contacting the filled microsphere sized porous particles with an aqueous salt
solution of the one or more Group VIII noble metals wherein the one or more Group
VIII noble metals deposits predominantly in in the outer region of the filled microsphere

sized porous particles thereby obtaining eggshell particles.

The combustion promoter of claim 18, the process further comprising a step:

(c) at least one of drying and calcining the eggshell particles.

The combustion promoter according to claim 18, wherein the starting microsphere

sized porous particles are gamma alumina particles having an average (D50) size of

between 60 and 90 microns, have a surface area (BET) of between 50 and 300 m2/g,
and a pore volume of between 0.05 and 0.50 mL/g as measured as the water pore

volume.

The combustion promoter according to claim 18, wherein the medium in step (a) is

water.

The combustion promoter according to claim 18, wherein in step (b) the filled
microsphere sized porous particles are contacted in step (b) with a volume of the
aqueous salt solution of the one or more Group VIII noble metals which is less than the

total volume of the pores of the starting microsphere sized particles.
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The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the attached form related to a patent
application or patent. Accordingly, pursuant to the requirements of the Act, please be advised that: (1) the general authority for the collection of this information
is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and
Trademark Office is to process and/or examine your submission related to a patent application or patent. If you do not furnish the requested information, the U.S.
Patent and Trademark Office may not be able to process and/or examine your submission, which may result in termination of proceedings or abandonment of
the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1 Theinformation on this form will be treated confidentially to the extent allowed under the Freedom of Information Act (5 U.S.C. 552) and the Privacy
Act (5 U.S5.C. 552a). Records from this system of records may be disclosed to the Department of Justice to determine whether the Freedom of
Information Act requires disclosure of these records.

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a court, magistrate, or administrative
tribunal, including disclosures to opposing counsel in the course of settlement negotiations.

3 Arecord in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a request involving an individual, to whom
the record pertains, when the individual has requested assistance from the Member with respect to the subject matter of the record.

4.  Arecord in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for the information in order to perform
a contract. Recipients of information shall be required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C.
552a(m).

5. Arecord related to an International Application filed under the Patent Cooperation Treaty in this system of records may be disclosed, as a routine use,
to the International Bureau of the World Intellectual Property Organization, pursuant to the Patent CooperationTreaty.

6.  Arecord in this system of records may be disclosed, as a routine use, to another federal agency for purposes of National Security review (35 U.5.C. 181)
and for review pursuant to the Atomic Energy Act (42 U.5.C. 218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or his/her designee, during an
inspection of records conducted by GSA as part of that agency's responsibility to recommend improvements in records management practices and
programs, under authority of 44 U.5.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of
records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make determinations about
individuals.

8.  Arecord from this system of records may be disclosed, as a routine use, to the public after either publication of the application pursuant to 35 U.S.C.
122(b) or issuance of a patent pursuant to 35 U.5.C. 151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use,
to the public if the record was filed in an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

9. Arecord from this system of records may be disclosed, as a routine use, to a Federal, State, or local law enforcement agency, if the USPTO becomes
aware of a violation or potential violation of law or regulation.
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PTO/AIA/15 (10-17)
Approved for use through 11/30/2020. OMB 0651-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995 no persons are required to respond to a collection of information unless it displays a valid OMB control number.

4 UTILITY

PATENT APPLICATION
TRANSMITTAL

Attorney Docket No.

071816-091960USC1

First Named Inventor

Guido William ARU

Title

A CO TO CO2 COMBUSTION PROMOTER

Priority Mail Express®

k (Only for new nonprovisional applications under 37 CFR 1.53(b)} Label No. j
APPLICATION ELEMENTS Commissioner for Patents
See MPEP chapter 600 concerning utifity patent application contents. ADDRESS TO P.0. Box 1450

Alexandria, VA 22313-1450

1. Fee Transmittal Form
(PTO/SB/17 or equivalent)

Applicant asserts small entity status.
See 37 CFR 1.27

3. D Applicant certifies micro entity status. See 37 CFR 1.29.
Applicant must attach form PTO/SB/15A or B or equivalent.
Specification [Total Pages 24 ]

Both the claims and abstract must start on a new page.
(See MPEP § 608.01(a) for information on the preferred arrangement)

54 Drawing(s) (35 U.S.C. 113) [Total Sheets 3

6. Inventor’s Oath or Declaration [Total Pages 1 1
(including substitute statements under 37 CFR 1.64 and assignments
serving as an oath or declaration under 37 CFR 1.63(e})

alv]

a. I:‘ Newly executed (original or copy)
A copy from a prior application (37 CFR 1.63(d))

Application Data Sheet  * See note below.
See 37 CFR 1.76 (PTO/AIA/14 or equivalent)

8. CD-ROM or CD-R
in duplicate, large table, or Computer Program (Appendix)

|:| Landscape Table on CD

9. Nucleotide and/or Amino Acid Sequence Submission
(if applicable, items a. — c. are required)

a. I:‘ Computer Readable Form (CRF)

b4|:| Specification Sequence Listing on:
i |:| CD-ROM or CD-R (2 copies); or
ii.|:| Paper

[ I:‘ Statements verifying identity of above copies

ACCOMPANYING APPLICATION PAPERS

10.[ ]

[ ]
2. ]
13.

14.[]
15.[]

16.[ ]
17.[]

18.

Assignment Papers
(cover sheet & document(s))
Name of Assignee

37 CFR 3.73(c) Statement
(when there is an assignee)

Power of Attorney

English Translation Document
(if applicable)

Information Disclosure Statement
(PTO/SB/08 or PTO-1449)

|:| Copies of citations attached
Preliminary Amendment
Return Receipt Postcard
(MPEP § 503) (Should be specifically itemized)
Certified Copy of Priority Document(s)
(if foreign priority is claimed)

Nonpublication Request

Under 35 U.S.C. 122(b){2)(B)(i). Applicant must attach form PTO/SB/35
or equivalent.

Other: TrackOne Request

interest in the matter. See 37 CFR 1.46(b).

*Note: (1) Benefit claims under 37 CFR 1.78 and foreign priority claims under 1.55 must be included in an Application Data Sheet (ADS).
(2) For applications filed under 35 U.S.C. 111, the application must contain an ADS specifying the applicant if the applicant is an
assignee, person to whom the inventor is under an obligation to assign, or person who otherwise shows sufficient proprietary

19. CORRESPONDENCE ADDRESS

The address associated with Customer Number: 53143

OR I:‘ Correspondence address below

Name

Address

City State Zip Code

Country Telephone Email

(‘signature | /Nicole D. Kling/ pate 2021-02-16 )
(_ermrmee) | Nicole D. Kiing oy rgeny | 71959 )

This collection of information is required by 37 CFR 1.53(b). The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO
to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 12 minutes to complete,

including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on
the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND

TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PTO-9199 and select option 2.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is
35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which
the information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission
related to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and
Trademark Office may not be able to process and/or examine your submission, which may result in termination
of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of
records may be disclosed to the Department of Justice to determine whether disclosure of these
records is required by the Freedom of Information Act.

A record from this system of records may be disclosed, as a routine use, in the course of presenting
evidence to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in
the course of settlement negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress
submitting a request involving an individual, to whom the record pertains, when the individual has
requested assistance from the Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency
having need for the information in order to perform a contract. Recipients of information shall be
required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C.
552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this
system of records may be disclosed, as a routine use, to the International Bureau of the World
Intellectual Property Organization, pursuant to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for
purposes of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act
(42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that
agency'’s responsibility to recommend improvements in records management practices and programs,
under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the
GSA regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or
Commerce) directive. Such disclosure shall not be used to make determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either
publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35
U.S.C. 151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine
use, to the public if the record was filed in an application which became abandoned or in which the
proceedings were terminated and which application is referenced by either a published application, an
application open to public inspection or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local
law enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or
regulation.
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DocCode — SCORE

SCORE Placeholder Sheet for IFW Content

Application Number: 17176222 Document Date: 02/16/2021

The presence of this form in the IFW record indicates that the following document type was received
in electronic format on the date identified above. This content is stored in the SCORE database.

Since this was an electronic submission, there is no physical artifact folder, no artifact folder is
recorded in PALM, and no paper documents or physical media exist. The TIFF images in the IFW
record were created from the original documents that are stored in SCORE.

Drawing

At the time of document entry (noted above):
e USPTO employees may access SCORE content via DAV or via the SCORE web page.

e External customers may access SCORE content via PAIR using the Supplemental Content
tab.

Form Revision Date: March 1, 2019
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Doc code: IDS
Doc description: Information Disclosure Statement (IDS) Filed

PTQO/SB/08a (02-18)

Approved for use through 11/30/2020. OMB 0651-0031
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number

Filing Date

2021-02-16

First Named Inventor W\ru Guido William

Art Unit

Examiner Name ‘

Attorney Docket Number

| 071816-091960USC1

U.S.PATENTS Remove
Examiner| Cite Kind Name of Patentee or Applicant Pages,Columns, Lines where
- Patent Number Issue Date . Relevant Passages or Relevant
Initial No Code!’ of cited Document )
Figures Appear
1 H755282 A 11988-07-05 SAMISH et al.
2 5881390 B2 D005-04-19 IYALURIS et al.
3 7045056 B2 P006-05-16 KELKAR et al.

If you wish to add additional U.S. Paten

t citation information please click the Add button.

Add

U.S.PATENT APPLICATION PUBLICATIONS

Remove

Examiner| .. Publication Kind | Publication Name of Patentee or Applicant Pages,Columns, Lines where
- Cite No . Relevant Passages or Relevant
Initial Number Code’| Date of cited Document )
Figures Appear
1 0050042158 A1l P005-02-24 IYALURIS et al.
2 0060204420 A1 D006-09-14 VAARKAMP et al.

If you wish to add additional U.S. Published Application citation information please click the Add button| Add

FOREIGN PATENT DOCUMENTS

Remove

Examiner
Initial*

Cite
No

Foreign Document
Numbers

Kind
Code#

Country
Code2j

Publication

Date Applicant of cited

Document

Name of Patentee or

Pages,Columns,Lines
where Relevant
Passages or Relevant
Figures Appear

Ts

EFS Web 2.1.18
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Application Number
Filing Date 2021-02-16

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

First Named Inventor ‘ Aru, Guido William

Art Unit |

Examiner Name |

Attorney Docket Number |071816-091960USC1

If you wish to add additional Foreign Patent Document citation information please click the Add button | Add

NON-PATENT LITERATURE DOCUMENTS Remove

Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the item
(book, magazine, journal, serial, symposium, catalog, etc), date, pages(s), volume-issue number(s), TS
publisher, city and/or country where published.

Examiner| Cite
Initials* | No

If you wish to add additional non-patent literature document citation information please click the Add button| Add

EXAMINER SIGNATURE

Examiner Signature ‘I Date Considered ’I

*EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through a
citation if not in conformance and not considered. Include copy of this form with next communication to applicant.

1 See Kind Codes of USPTO Patent Documents at www.USPTO.GOV or MPEP 901.04. 2 Enter office that issued the document, by the two-letter code (WIPO

Standard ST.3). * For Japanese patent documents, the indication of the year of the reign of the Emperor must precede the serial number of the patent document.
4 Kind of document by the appropriate symbols as indicated on the document under WIPO Standard ST.16 if possible. ® Applicant is to place a check mark here if|
English language translation is attached.
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Application Number

Filing Date 2021-02-16

INFORMATION DISCLOSURE
STATEMENT BY APPLICANT

First Named Inventor ‘Aru, Guido William

- Art Unit |
( Not for submission under 37 CFR 1.99)

Examiner Name |

Attorney Docket Number | 071816-091960USC1

CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection(s):

That each item of information contained in the information disclosure statement was first cited in any communication
from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonable inquiry, no item of information contained in the information disclosure statement was known to

[] any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e)}(2).

See attached certification statement.
The fee set forth in 37 CFR 1.17 (p) has been submitted herewith.

X A certification statement is not submitted herewith.

SIGNATURE
A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the
form of the signature.

Signature /Nicole D. Kling/ Date (YYYY-MM-DD) 2021-02-16

Name/Print Nicole D. Kling Registration Number P1’959

This collection of information is required by 37 CFR 1.97 and 1.98. The information is required to obtain or retain a benefit by the
public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour to complete, including gathering, preparing and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you
require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND
FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
VA 22313-1450.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the
attached form related to a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised
that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited
is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark Office is to
process and/or examine your submission related to a patent application or patent. If you do not furnish the requested
information, the U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may
result in termination of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act
(5 U.S.C. 552) and the Privacy Act (5 U.S.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these record s.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant
to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in
an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Attorney Docket No.: $71816-0931960USPX
U.S. National Phase of PCT/US2019/024742

DECLARATION UNDER 37 CFR §1.63 FORUTILITY APPLICATION USING AN
APPLICATION DATA SHEET

TITLE OF INVENTION:

A CO TO CO, COMBUSTION PROMOTER

As the below named inventor, I hereby declare that:

This Declaration is directed to:

= The attached application, or

] United States application or PCT international application number PCT/US2019/024742
filed on Miarch 29, 2019.

] I have reviewed the preliminary amendment filed

The above-identified application was made or authorized to be made by me.

I believe that T am the original inventor or an original joint inventor of a claimed invention in the
application.

I hereby state that 1 have reviewed and understand the contents of the above identified specification,
including the claims, as amended by any amendment referred to above.

T acknowledge the duty to disclose information which is material 1o the examination of this application in
accordance with Title 37, Code of Federal Regulations, §1.56(a).

1 hereby further declare that all statements made herein of my own knowledge are true and that all
statements made on information and belief are believed to be true; and further, that these statements were
made with the knowledge that any willful false statements and the like so made in this declaration are
punishable by fine or imprisonment of not more than 5 years, or both, under Section 1001 of Title 18 of
the United States Code, and that such willful false statements may jeopardize the validity of the
application or any patent issued thereon,

TEGAL TAST NAME FIRST NAME MIDDLE NAME
NAME OF
INVENTOR
ARU GUIDO Wit
wnamre of ventor - N Date:
ﬁ/ AN (f:/&ﬁ Cevrnie & Dobo
Page 1 of 1
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER, FOR PATENTS

PO Box 1450

Alexandria, Virginia 22313-1450

WWw.uspto.gov

APPLICATION FILING or GRP ART
NUMBER I 371(c) DATE UNIT I FIL FEE RECD I ATTY.DOCKET.NO ITOT CLAIMSI IND CLAIMSl
17/176,222 02/16/2021 1736 930 071816-091960USC1 22
CONFIRMATION NO. 3640
53143 FILING RECEIPT

NIXON PEABODY LLP O AL

Exchange Place, 53 State Street
BOSTON, MA 02109

Date Mailed: 02/26/2021

Receipt is acknowledged of this non-provisional utility patent application. The application will be taken up for
examination in due course. Applicant will be notified as to the results of the examination. Any correspondence
concerning the application must include the following identification information: the U.S. APPLICATION NUMBER,
FILING DATE, NAME OF FIRST INVENTOR, and TITLE OF INVENTION. Fees transmitted by check or draft are
subject to collection.

Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please
submit a written request for a corrected Filing Receipt, including a properly marked-up ADS showing the changes
with strike-through for deletions and underlining for additions. If you received a "Notice to File Missing Parts" or
other Notice requiring a response for this application, please submit any request for correction to this Filing Receipt
with your reply to the Notice. When the USPTO processes the reply to the Notice, the USPTO will generate another
Filing Receipt incorporating the requested corrections provided that the request is grantable.

Inventor(s)

Guido William ARU, Conifer, CO;
Applicant(s)

COCHISE TECHNOLOGY, LLC, Conifer, CO;
Assignment For Published Patent Application

COCHISE TECHNOLOGY, LLC, Conifer, CO

Power of Attorney: The patent practitioners associated with Customer Number 53143

Domestic Priority data as claimed by applicant
This application is a CON of 17/043,031 09/29/2020
which is a 371 of PCT/US2019/024742 03/29/2019
which claims benefit of 62/651,295 04/02/2018

Foreign Applications (You may be eligible to benefit from the Patent Prosecution Highway program at the
USPTO. Please see http://www.uspto.gov for more information.)
NETHERLANDS 2020819 04/24/2018 No Access Code Provided

Permission to Access Application via Priority Document Exchange: Yes

Permission to Access Search Results: Yes

page 1 of 4
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Applicant may provide or rescind an authorization for access using Form PTO/SB/39 or Form PTO/SB/69 as
appropriate.

If Required, Foreign Filing License Granted: 02/24/2021

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 17/176,222

Projected Publication Date: 06/03/2021
Non-Publication Request: No

Early Publication Request: No
** SMALL ENTITY **
Title

CO TO CO2 COMBUSTION PROMOTER
Preliminary Class
502
Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition Applications: No

PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents" (specifically, the
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,

this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
page 2 of 4
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countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).

SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
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technology, manufacture products, deliver services, and grow your business, visit http:/www.SelectUSA.gov or call
+1-202-482-6800.
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Decision Granting Request for
Prioritized Examination (Track /)

Application No.

Applicant(s)

17/176,222 ARU, Guido William
Examiner Art Unit AlA (FITF) Status
BRIAN W BROWN OPET Yes

1. THE REQUEST FILED 16 February 2021 IS GRANTED .

The above-identified application has met the requirements for prioritized examination
A for an original nonprovisional application (Track I).
B. [ for an application undergoing continued examination (RCE).

2. The above-identified application will undergo prioritized examination. The application will be
accorded special status throughout its entire course of prosecution until one of the following occurs:

A filing a petition for extension of time to extend the time period for filing a reply;

B. filing an amendment to amend the application to contain more than four

filing a notice of appeal;

I ®@mmOo o

mailing of a notice of allowance;

mailing of a final Office action;

abandonment of the application.

filing a request for suspension of action;

completion of examination as defined in 37 CFR 41.102; or

independent claims, more than thirty total claims , or a multiple dependent claim;
filing a request for continued examination ;

Telephone inquiries with regard to this decision should be directed to BRIAN BROWN at (5§71)272-
5338. In his/her absence, calls may be directed to Petition Help Desk at (571) 272-3282.

/BRIAN W BROWN/
Petitions Examiner, OPET

U.S. Patent and Trademark Office
PTO-2298 (Rev. 02-2012)
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Application No. Applicant(s)

17/176,222 ARU, Guido William
Office Action Summary Examiner ArtUnit | AIA (FITF) Status
HAYTHAM SOLIMAN 1736 Yes

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address --
Period for Reply

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTHS FROM THE MAILING
DATE OF THIS COMMUNICATION.

Extensions of ime may be available under the provisions of 37 CFR 1.136(a}. In no event, however, may a reply be timely filed after SIX (6) MONTHS from the mailing
date of this communication.

- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication.

- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133).
Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any earned patent term
adjustment. See 37 CFR 1.704(b).

Status
1) Responsive to communication(s) filed on 2/16/2021.
O A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filedon .
2a)(J This action is FINAL. 2b) ¥ This action is non-final.

3)(J An election was made by the applicant in response to a restriction requirement set forth during the interview
on ; the restriction requirement and election have been incorporated into this action.

4)[O Since this application is in condition for allowance except for formal matters, prosecution as to the merits is
closed in accordance with the practice under Ex parte Quayte, 1935 C.D. 11, 453 O.G. 213.

Disposition of Claims*
5) Claim(s) 1-22 is/are pending in the application.

5a) Of the above claim(s) _____is/are withdrawn from consideration.
6) (O Claim(s) ____is/are allowed.
7) Claim(s) 1-22 is/are rejected.
8) [J Claim(s) _____is/are objected to.
9) (O Claim(s) ____ are subject to restriction and/or election requirement

* If any claims have been determined allowable, you may be eligible to benefit from the Patent Prosecution Highway program at a
participating intellectual property office for the corresponding application. For more information, please see

http://www.uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHfeedback@uspto.gov.
Application Papers
10)(0J The specification is objected to by the Examiner.
11)(0 The drawing(s) filedon _____is/are: a)[] accepted or b)(] objected to by the Examiner.
Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a).
Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121(d).

Priority under 35 U.S.C. § 119
12) Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
Certified copies:

a)™ All b)(J Some** ¢)3 None of the:
1.0 Certified copies of the priority documents have been received.
2. Certified copies of the priority documents have been received in Application No. 17043031.

3.0 Copies of the certified copies of the priority documents have been received in this National Stage
application from the International Bureau (PCT Rule 17.2(a)).

** See the attached detailed Office action for a list of the certified copies not received.
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1) Notice of References Cited (PTO-892) 3) Interview Summary (PTO-413)
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Application/Control Number: 17/176,222 Page 2
Art Unit: 1736

Notice of Pre-AIA or AIA Status
The present application, filed on or after March 16, 2013, is being examined
under the first inventor to file provisions of the AIA.
Claim Rejections - 35 USC § 112

The following is a quotation of 35 U.S.C. 112(b):

(b) CONCLUSION.—The specification shall conclude with one or more claims particularly
pointing out and distinctly claiming the subject matter which the inventor or a joint inventor
regards as the invention.

The following is a quotation of 35 U.S.C. 112 (pre-AlIA), second paragraph:
The specification shall conclude with one or more claims particularly pointing out and
distinctly claiming the subject matter which the applicant regards as his invention.

Claim 1 is rejected under 35 U.S.C. 112(b) or 35 U.S.C. 112 (pre-AIA), second
paragraph, as being indefinite for failing to particularly point out and distinctly claim
the subject matter which the inventor or a joint inventor (or for applications subject to
pre-AIA 35 U.S.C. 112, the applicant), regards as the invention.

Claim 1 recites the limitation “microsphere sized porous particles” which is
renders the claim indefinite because one of ordinary skill in the art would have not been
able to determine the metes and bounds of the claimed “microsphere sized” limitation.
Which dimension of the sphere is being referred to as “micro ... sized”? The specification
states, “In some embodiments, the particles are less than 1 mm across the largest
dimension, e.g., they are microspheres,” p3, lines 21-30, as filed, which adds to the
ambiguity as to which dimension is being referred to since the specification allows for
multiple unequal dimensions. Moreover, what constitutes “micros... sized”? Would a 0.1
micron read on the claimed invention? How about 1,500 microns, or 1.5 mm? As cited
above, the specification gives an example of “some embodiments” which allows for the

microsphere sized particles to have a largest dimension above the 1 mm. At which point,
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the term “micro... sized” becomes ambiguous, and thus is indefinite. For purposes of
examination, the claimed “microsphere sized porous particles” will be interpreted to
mean particles that have a shape of a sphere, are porous, and have a diameter that is less
than 1 mm and more than 1000 nm.

Claim 6 recites the limitation “wherein the ... particles have an average (D50)
size...” which renders the claimed indefinite as its unclear if the particles collectively,
i.e., put together, have the claimed average diameter or each of the particles has the
claimed average diameter. For purposes of examination, this limitation will be
interpreted to mean each of the particles has the claimed average diameter.

Claim 12 is also rejected as indefinite. A broad range or limitation together with a
narrow range or limitation that falls within the broad range or limitation (in the same
claim) may be considered indefinite if the resulting claim does not clearly set forth the
metes and bounds of the patent protection desired. See MPEP § 2173.05(c). In the
present instance, claim 12 recites the broad recitation one or more Group VIII noble
metals, and the claim also recites “comprises one or more of platinum, palladium,
iridium ....,” which is the narrower statement of the range/limitation. . The claim(s) are
considered indefinite because there is a question or doubt as to whether the feature
introduced by such narrower language is (a) merely exemplary of the remainder of the
claim, and therefore not required, or (b) a required feature of the claims.

”

Claim 18 recites the term “predominantly,” which is a relative term which renders
the claim indefinite. The term "predominantly” is not defined by the claim, the
specification does not provide a standard for ascertaining the requisite degree, and one

of ordinary skill in the art would not be reasonably apprised of the scope of the

invention. The term “predominantly” means “more than” but the claim is silent with
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regards to (a) the conditions of this relative term (i.e., is the term referring to the
concentration, volume, bulk density, etc., of the claimed noble metal in the outer

region?), as well as to (b) what is the relative time comparing the outer region to? See

i for examples
of the many regions of a sphere. The claimed term is interpreted to mean that the
content of the noble metal in the outer region of the microsphere is more than the
content of the noble metal in the center of the sphere as recited in claim 1.

Claim 20 recites the limitation “the starting microsphere sized particles are...”
There is insufficient antecedent basis for this limitation in the claim. The word “starting”
isn’t in claim 18 or in claim 1, and as such it’s unclear to which microsphere sized
particles” is the claim referring? For purposes of examination, this limitation will be
interpreted as referring to the microsphere sized particles of step (a) in the product by
process claim 18.

All the claims which depend from any of the aforementioned claims are also
rejected as indefinite since said claims depend from the claims mentioned above and fail
to remedy the stated deficiencies.

Claim Rejections - 35 USC § 102
The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that

form the basis for the rejections under this section made in this Office action:
A person shall be entitled to a patent unless —

(a)(1) the claimed invention was patented, described in a printed publication, or in public use,
on sale, or otherwise available to the public before the effective filing date of the claimed
invention.

Claims 1-6, 8, 9, 12, 14, 15, 16-19, and 21-22 are rejected under 35 U.S.C. 102(a)(1)

as being anticipated by Yaluris et al. (US 2005/0042158).
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With regards to elaims 1-6, 9, 12, 14, and 16-17, Yaluris teaches particles that
minimize the content of harmful gasses present in regenerator units during the
regeneration of spent FCC catalysts. See, e.g., 10022-24. The particles are microsphere
with a dimension capable of passing through a No. 200 screen (i.e., 74 microns). 10083.
Yaluris teaches that the particles are porous in that they are mixed and sprayed with a
solution that is adjusted to not exceed the water pore volume of the powder. 10085.

The particles have alumina and silica support and are shaped as microspheroidal
(i.e., eggshell), contains cerium oxide, and is impregnated with platinum. Examples 4
and 5. Because the support has a microspheroidal shape, then the platinum and cerium
are in an eggshell shape, too. Moreover, because the volume center is substantially
smaller than the outer region of the particle, then the content of platinum and cerium
oxide in the outer region must be higher in the outer region than in the center of the
particle.

With regards to claims 8, 18, 19, 21 and 22, the claims are product by process
claims. When the examiner has found a substantially similar product as in the applied
prior art, the burden of proof is shifted to the applicant to establish that their product is
patentably distinct and not the examiner to show the same process as making. In re
Brown. 173 USPQ 685, In re Fessman, 180 USPQ 324 and In re Marosi, 218 USPQ 289.

Even though these are product-by-process claims, it is noted that Yaluris teaches
the claimed process steps (see Examples).

With regards to elaim 15, Yaluris teaches that the particles contain palladium.

See claim 1.
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Claim Rejections - 35 USC § 103
The following is a quotation of 35 U.S.C. 103 which forms the basis for all

obviousness rejections set forth in this Office action:

A patent for a claimed invention may not be obtained, notwithstanding that the claimed
invention is not identically disclosed as set forth in section 102, if the differences between the
claimed invention and the prior art are such that the claimed invention as a whole would have
been obvious before the effective filing date of the claimed invention to a person having
ordinary skill in the art to which the claimed invention pertains. Patentability shall not be
negated by the manner in which the invention was made.

Claims 10, 11, 13, and 15 are rejected under 35 U.S.C. 103 as being unpatentable
over Yaluris et al. (US 2005/0042158).

With regards to elaims 10 and 11, the teachings of Yaluris are as set forth
above. Yaluris teaches that the particles have an attrition index of from o to 15, which
overlaps with the claimed range and thus renders it obvious. See MPEP 2144.05 (I).

With regards to elaims 13 and 15, the teachings of Yaluris are as set forth
above. Yaluris teaches that the noble metal utilized in their particles can be a mixture of
palladium and platinum. See Y0051 and claim 1. As such, it would have been obvious to
one of ordinary skill in the art to include both pt and pd in carrying out the exemplified

embodiments of Yaluris.

Claim 7is rejected under 35 U.S.C. 103 as being unpatentable over Yaluris et al.
(US 2005/0042158) in view of Vaarkamp et al. (US 2006/0204420).

With regards to elaim 7, the teachings of Yaluris are as set forth above. Yaluris
teaches that the metal support (i.e., the alumina containing component) may be
crystalline or amorphous, but is silent with regards to containing gamma or theta

alumina.
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Vaarkamp teaches particles for minimizing the emission of harmful gasses during
regeneration of FCC catalysts. See, e.g., abstract and 10006. Vaarkamp states that it is
known in the art that porous gamma alumina is used as part the promoter, foo11, and
teaches that the support maybe crystalline or amorphous and can be gamma or theta
alumina. Y0033. As such, one of ordinary skill in the art would have found it obvious to

modify Yaluris’ invention by using gamma or theta alumina as the support

Claims 20 is rejected under 35 U.S.C. 103 as being unpatentable over Yaluris et
al. (US 2005/0042158) in view of Loganathan et al. (US 2015/0352525).

With regards to elaim 20, the teachings of Yaluris are as set forth above. Yaluris
teaches that the microsphere particle has surface area of 135 m2/g (Example 5), with a
particle size of 74 microns (0083).

Yaluris is silent with regards to the porous particles including gamma alumina
and with regards to the claimed pore volume.

Loganathan teaches a CO oxidation promoter additive for use in the regeneration
of an FCC catalyst. See abstract and background of the invention sections. The promoter
has a gamma alumina with a pore volume of from 0.3 to 0.6 cm3/g, which overlaps with
the claimed invention. See MPEP 2144.05.1. Loganathan teaches that such a support
allows it’s shaping into microspheres having high density and low attrition strength
without employing any alumina based dispersants like aluminum chlorohydrate,
hydroxy nitrate or phosphate. 1 0066-67. As such, it would have been obvious to one of
ordinary skill in the art at the time of the invention to modify the teachings of Yaluris to

include Loganathan’s gamma alumina with a pore volume that overlaps with the
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claimed invention to allow for shaping the microspheres without using alumina based
dispersants.
Conclusion

Any inquiry concerning this communication or earlier communications from the
examiner should be directed to HAYTHAM SOLIMAN whose telephone number is
(571)270-7192. The examiner can normally be reached on M-F 8:00-500.

Examiner interviews are available via telephone, in-person, and video
conferencing using a USPTO supplied web-based collaboration tool. To schedule an
interview, applicant is encouraged to use the USPTO Automated Interview Request
(AIR) at http://www.uspto.gov/interviewpractice.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s
supervisor, Stanley Silverman can be reached on 5712721358. The fax phone number
for the organization where this application or proceeding is assigned is 571-273-8300.

Information regarding the status of an application may be obtained from the
Patent Application Information Retrieval (PAIR) system. Status information for
published applications may be obtained from either Private PAIR or Public PAIR.
Status information for unpublished applications is available through Private PAIR only.
For more information about the PAIR system, see https://ppair-
my.uspto.gov/pair/PrivatePair. Should you have questions on access to the Private
PAIR system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free).
If you would like assistance from a USPTO Customer Service Representative or access to
the automated information system, call 800-786-9199 (IN USA OR CANADA) or 571-
272-1000.

/HAYTHAM SOLIMAN/
Primary Examiner, Art Unit 1736
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U.S. Serial No. 17/176,222
In Response to Non-Final Office Action Mailed April 7, 2021
Response filed July 7, 2021

Page 2 of 13

Amendments to the Claims:

This listing of claims will replace all prior versions, and listings, of claims in the application:

(98]

D

(CURRENTLY AMENDED) A CO to CO, combustion promoter comprising microsphere sized

porous particles, each microsphere sized porous particle having a diameter of less than 1 mm. and
independently comprising:

silica, alumina, or mixtures thereof, and

one or more Group VIII noble metals distributed in the particle as an eggshell such that a higher
eentent concentration of the one or more Group VIII noble metals is present in the outer region of the
microsphere sized porous particle as compared to the eentent concentration of the one or more Group

VIII noble metals in the centre of the microsphere sized porous particle.

(ORIGINAL) The combustion promoter according to claim 1, comprising a plurality of microsphere

sized porous particles comprising silica.

(ORIGINAL) The combustion promoter according to claim 1, comprising a plurality of microsphere

sized porous particles comprising alumina.

(ORIGINAL) The combustion promoter according to claim 1, comprising a first plurality of
microsphere sized porous particles comprising silica and a second plurality of microsphere sized

porous particles comprising alumina.

(ORIGINAL) The combustion promoter according to claim 1, comprising a plurality of microsphere

sized porous particles comprising silica and alumina.

(CURRENTLY AMENDED) The combustion promoter according to claim 1, wherein the
microsphere sized porous particles collectively have an average (D50) size of between 60 and 90

microns as measured by laser diffraction.

4848-4350-5893.1
071816-091960USC1
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7.

10.

11.

12.

13.

14.

16.

(ORIGINAL) The combustion promoter according to claim 1, wherein the microsphere sized porous

particles are gamma or theta alumina particles.

(ORIGINAL) The combustion promoter according to claim 1, wherein the microsphere sized porous

particles are spray dried silica particles.

(ORIGINAL) The combustion promoter according to claim 1, wherein the microsphere sized porous
particles are an equilibrium or spent catalyst as obtained from a fluidized catalytic cracking (FCC)

Pprocess.

(ORIGINAL) The combustion promoter according to claim 1, wherein the attrition index as
measured according to ASTM D-5757 of the CO to CO, combustion promoter for a sieve fraction of

combustion promoter particles of between 40 and 105 microns is between 5 and 25.

(ORIGINAL) The combustion promoter according to claim 10, wherein the attrition index of the CO
to CO, combustion promoter for a sicve fraction of combustion promoter particles of between 40 and

105 microns is between 10 and 20.

(ORIGINAL) The combustion promoter according to claim 1, wherein the one or more Group VIII

noble metals comprises one or more of platinum, palladium, iridium, ruthenium, and rhodium.

(ORIGINAL) The combustion promoter according to claim 12, wherein the one or more Group VIII

noble metals comprises platinum and palladium.

(ORIGINAL) The combustion promoter according to claim 12, wherein the one or more Group VIII

noble metals comprises platinum.

(ORIGINAL) The combustion promoter according to claim 12, wherein the one or more Group VIII

noble metals comprises palladium.

(ORIGINAL) The combustion promoter according to claim 1, wherein the microsphere sized porous

particles further comprise at least one of cerium oxide and copper oxide.

4848-4350-5893.1
071816-091960USC1
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17.

18.

19.

20.

21.

(CURRENTLY AMENDED) The combustion promoter according to claim 16, wherein the at least
one of cerium oxide and copper oxide is distributed in the microsphere sized porous particle as an
cggshell such that a higher concentration eentent of the at least one of cerium oxide and copper oxide
is present in the outer region of the microsphere sized porous particle as compared to the
concentration eentent of the at least one of cerium oxide and copper oxide in the centre of the

microsphere sized porous particle.

(CURRENTLY AMENDED) The combustion promoter according to claim 1, obtained by a process
comprising the following steps:

(a) introducing a medium in the pores of microsphere sized porous particles having a diameter of

less than 1 mm to obtain fied microsphere sized porous particles with filled pores; and
(b) contacting the filed microsphere sized porous particles with filled pores with an aqueous salt
solution of the one or more Group VIII noble metals wherein the one or more Group VIII noble

metals deposits predeminantlyin at a higher content in the outer region of the filed microsphere

sized porous particles with filled pores as compared to the content of the one or more Group VIII

noble metals in the centre of the microsphere sized porous particles with filled pores, thereby
obtaining cggshell particles.

(ORIGINAL) The combustion promoter of claim 18, the process further comprising a step:
(c) at least one of drying and calcining the eggshell particles.

(CURRENTLY AMENDED) The combustion promoter according to claim 18, wherein the starting
microsphere sized porous particles having pores filled in step (a) are gamma alumina particles having
an average (D50) size of between 60 and 90 microns, have a surface arca (BET) of between 50 and
300 mz/g, and a pore volume of between 0.05 and 0.50 mL/g as measured as by the water pore

volume.

(ORIGINAL) The combustion promoter according to claim 18, wherein the medium in step (a) is

water.

4848-4350-5893.1
071816-091960USC1
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22.  (ORIGINAL) The combustion promoter according to claim 18, wherein in step (b) the filled
microsphere sized porous particles are contacted in step (b) with a volume of the aqueous salt
solution of the one or more Group VIII noble metals which is less than the total volume of the pores

of the starting microsphere sized particles.

23.  (NEW) A CO to CO; combustion promoter comprising porous particles, each porous particle having
a diameter of less than 1 mm, and independently comprising:
silica, alumina, or mixtures thereof, and
one or more Group VIII noble metals distributed in the particle such that a higher concentration of
the one or more Group VIII noble metals is present in the outer region of the porous particle as
compared to the concentration of the one or more Group VIII noble metals in the centre of the porous

particle.
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REMARKS

This response addresses the issues noted in the Non-Final Office Action mailed April 7, 2021.
Claims 1-22 were pending in the present application prior to the amendment directed herein.

Claims 1, 6, 17, 18, and 20 are amended herein. New claim 23 is entered herein. Applicant submits
that the amendments add no new matter and find support throughout the specification and claims as
originally filed. For example, the amendments to claim 1 find support at least at page 3, line 13 and page 3,

lines 7-20 of the specification as filed.

The above amendment is not to be construed as acquiescence with regard to the Examiner's
rejections and is made solely to clarify particular aspects of the presently claimed invention and expedite
prosecution. Applicant does not hereby abandon or waive any rights to cancelled subject matter or cancelled
claims and reserves the right to pursue any cancelled subject matter or cancelled claims in this or a further
continuation, divisional, or continuation-in-part application claiming benefit to this application. Favorable
reconsideration of the subject application is respectfully requested in view of the above amendments and the

following remarks.

Rejection under 35 U.S.C. §112(b)

Claim 1 is rejected under 35 U.S.C. §112(b) as allegedly being indefinite. The Office appears to take

the position that “microsphere sized” is indefinite.

Applicant submits that the term “microsphere” is a term of art, the metes and bounds of which are
readily understood by one of ordinary skill in the art. For example, Microspheres Online, a collection of
technical information written by industry experts, defines microspheres as spherical particles “as small as 1
micron in diameter and as large as 1,000 microns (1 mm).” See Exhibit 1 submitted herewith. This term is
particularly well-established within the relevant field of FCC catalysts, appearing without the need for
definition or elaboration in U.S. Patents even before WWII (See U.S. Patents 2.283,172; 2,933,456; and
3,243,262) and technical books from at least 40 years ago (See Fig. 13 of Venuto and Habib “Fluid catalytic
cracking with zeolite catalysts.” Marcel Dekker, Inc. New York (1979); Section VII of which is provided

herewith as Exhibit 2). Clearly, to one of ordinary skill in the art, there is no indefiniteness in this phrase.
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Without contradicting the foregoing or conceding the correctness of the rejection, and merely in
order to expedite prosecution, Applicant has also entered claim 23, which does not recite “microsphere” for

the Examiner’s consideration.

Claim 6 is rejected under 35 U.S.C. §112(b) as allegedly being indefinite. The Office takes the
position that the reference to “average™ is indefinite. Applicant maintains that the meaning of “average™ is
definite at least in context, but merely in order to expedite prosecution, has added “collectively” to the claim

as suggested by the Examiner.

Claim 12 is rejected under 35 U.S.C. §112(b) as allegedly being indefinite. The Office takes the
position that the claim recites a broader and narrower range or limitation, which is prohibited by MPEP

2173.05(c). Applicant respectfully disagrees. As explained in MPEP 2173.05(c):

.. it is not improper under 35 U.S.C. 112(b) or pre-AIA 35 U.S.C.112, second paragraph, to present
a dependent claim that sets forth a narrower range for an element than the range set forth in the claim
from which it depends. For example, if claim 1 reads "A circuit ... wherein the resistance is 70-150
ohms." and claim 2 reads "The circuit of claim 1 wherein the resistance is 70-100 ohms.", then claim
2 should not be rejected as indefinite.
Applicant submits that this is directly analogous to the instant claims. Claim 1 recites the limitation “one or
more Group VIII noble metals.” Claim 12 depends from claim 1 and further limits claim 1 by specifying that
the “one or more Group VIII noble metals comprises one or more of platinum, palladium, iridium,

ruthenium, and rhodium.” Accordingly, claim 12 itself does not present two ranges, it is clearly and

unambiguously providing a narrower range of what is first recited in claim 1, as is proper.

Claim 18 is rejected under 35 U.S.C. §112(b) as allegedly being indefinite. The Office takes the
position that the claim is indefinite for reciting “predominantly.” Claim 18 is amended herein to obviate the

rejection.

Claim 20 is rejected under 35 U.S.C. §112(b) as allegedly being indefinite for a lack of antecedent

basis. Claim 20 is amended herein to obviate the rejection.

In view of the above, Applicants submit that the claimed invention is definite. Reconsideration and

withdrawal of the rejection under 35 U.S.C. §112(b) is respectfully requested.

4848-4350-5893.1
071816-091960USC1

95



U.S. Serial No. 17/176,222
In Response to Non-Final Office Action Mailed April 7, 2021
Response filed July 7, 2021

Page 8 of 13

Rejections under 35 U.S.C. §102

Claims 1-6, 8, 9, 12, 14-19, and 21-22 are rejected under 35 U.S.C. §102(a)(1) as allegedly being
anticipated by Yaluris (US 2005/0042158). Applicant traverses and respectfully submits that the Office’s

characterization and understanding of Yaluris is incorrect in at least the following respects:
1. The Office has erred in not according the claim limitation “eggshell” patentable weight

At page 5 of the Non-Final Office Action, the Office states of Yaluris that “the particles. . . are
shaped as microspheroidal (i.c., eggshell) . . . To the contrary, Applicant submits that
“microspheroidal” and “eggshell” are terms of art which are in no way interchangeable. As
demonstrated above, “microspheroidal” refers to spherical particles having a diameter of 1
micron to 1,000 microns (1 mm). In contrast, “cggshell”, at least within the ficlds of
nanoparticles and in particular catalyst particles, refers to a structure with a thin layer or “shell”
surrounding an inner layer that is chemically distinct from the outer layer. In particular, an
“eggshell” particle that comprises a catalyst comprises higher levels of catalyst in the outer layer.
In this particular instance, the use of “cggshell” of instant claim 1 would be understood by one of
ordinary skill in the art to indicate that the particle has an outer layer (e.g., a shell) with a
relatively high concentration of the one or more Group VIII noble metals and an inner layer (e.g.,
a core) with a relatively lower concentration of the one or more Group VIII noble metals. The
instant specification provides a relevant schematic cross-section of exemplary particles in Fig. 2,

which is provided herein for convenience:

I Fig.2
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The foregoing is substantiated by the accompanying Exhibits 3-5', which demonstrate that
“ecggshell” is a term of art with the meaning articulated above. In particular, please see Exhibit 3
page 1, left column, third paragraph; Exhibit 3 Fig. 5; Exhibit 4 pages 1-2 including Fig. 1; and
Exhibit 5 pages 6688-6699 including Fig. 1 Additionally, the accompanying Declaration of Dr.
Herring further substantiates that these two terms are well understood by one of ordinary skill in

the art and are not synonymous. See, paragraphs 6 and 7 of the Declaration of Dr. Herring.

Applicant requests that the limitations recited in the claims be accorded their ordinary and

customary meanings and accorded patentable weight. MPEP 2111.01(III) and 2143.03.

Additionally, in case the remarks on pages 4-5 are meant to imply that “eggshell” particles as
recited in the claims read on hollow particles, Applicant traverses such a reading of the claims.
As noted above, “eggshell” does not indicate a hollow particle. As illustrated in the specification
at, e.g., page 3 lines 15-27, eggshell particles of the instant application have a first inner region
and a second outer region, both of which comprise certain materials. While the silica and/or
alumina present in an instant particle is porous, it does not comprise a void that would render the

particle hollow.

Finally, Applicant notes that on page 5 of the Office Action, the Office’s interpretation of the
term of “content” may be in conflict with a proper understanding of the term “eggshell.”
Without conceding the correctness of the Office’s interpretation and merely in order to expedite
prosecution, Applicant has amended claim 1 to recite that the “concentration” of the Group VII

noble metals is greater in the outer region of the particles.
Yaluris does not disclose eggshell particles

Having established that “eggshell” is claim limitation distinct from “microspheroidal,” Applicant
submits that Yaluris does not and cannot teach “eggshell” particles according to the instant
claims. Indeed, Yaluris does not contain a single reference to “eggshell,” “gradient,” or

“coating” and uses the term “layer” only in reference to layers of material applied to trays, not

! Exhibit 3 =
4:1-15.

4848-4350-5893.1

Papageriou et al. Journal of Catalysis 1996 158:439-451. Exhibit 4 = Russo et al. Chemengineering 2020
Exhibit 5 = Munnik et al. Chemical Reviews 2015 115:6687-6718.
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particles. It is therefore clear that Yaluris does not disclose a particle with an eggshell

distribution and therefore cannot anticipate the instant claims.
3. Yaluris cannot inherently anticipate

Additionally, Applicant submits that it is impossible for Yaluris to inherently anticipate because
Examples 4 and 5 of Yaluris (to which the Office cited), describe a process which cannot

possibly provide an eggshell distribution.

Briefly, in Example 4 no Group VIII noble metals are present, and Example 4 alone cannot

anticipate.

‘What Example 4 does describe is the preparation of a slurry comprising both alumina and cerium
carbonate crystals, which is then spray dried to form “microspheres” as a “base material.” In
Example 3, the base material is “impregnated” with a platinum solution. But as the instant

specification itself describes:

...CO to CO2 combustion promoters are commonly made from impregnation of Group VIII
noble metal or metals, commonly platinum and/or palladium, onto a porous alumina and/or
other substrate microspheres of average particle size 60 to 90 microns, with physical
properties very similar to the base FCCU catalysts. Such impregnation results in a uniform
distribution of the Group VIII noble metal throughout the internal and external surfaces
of the porous microsphere.

(page 2, lines 14-19; emphasis added)

The instant specification then cites Yaluris as a specific example of such compositions. See page

2, line 24. The instant specification further emphasizes that:

The capillary effects, both hydraulic and evaporative, in mesopores are well documented and
are characterized by extremely rapid uptake of any liquid, including one with dissolved
noble metal salts. This rapid uptake into the pores of the support is what results in the
homogenous distribution of the noble metals with the impregnation methods previously
employed and documented to manufacture FCC CO combustion promoters.

(page 15 line 28- page 16 line 2; emphasis added)

To further substantiate that Yaluris does not describe an eggshell particle, Applicant submits
herewith the Declaration of Dr. Herring. As Dr. Herring states “the “base material” formed in

Example 4 of Yaluris will “necessarily comprise pores” and “impregnation of the “base
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material” as described in Example 5 of Yaluris will “necessarily result in the platinum being
found homogenously throughout the base material particles.” Dr. Herring is clear that “it is
physically impossible for a method as described in Examples 4 and 5 of Yaluris to form an
eggshell particle, as there is no mechanism in place to prevent capillary effects from forcing the

platinum solution to penetrate throughout the entire depth of the pores of the particle.”

It is therefore abundantly clear that Yaluris® method did not and cannot result in eggshell

particles according to instant claim 1.

For the foregoing reasons, the record is clear that Yaluris fails to disclose, explicitly or inherently,
any eggshell particles according to instant claim 1. Where Yaluris therefore fails to teach each and every
limitation of the claims, Applicants submit that the current claims are not anticipated by any of the prior art

provided. Reconsideration and withdrawal of the rejection under 35 U.S.C. §102, is respectfully requested.
Comments on obviousness

In order to expedite prosecution, Applicant notes that the invention of claim 1 is both novel and
nonobvious over Yaluris. As established above, the instant invention is physically distinct from what is
described by Yaluris, ¢.g., at least by having an eggshell distribution. As the instant specification describes
at pages 3-4, this physical distinction results in a number of surprising advantages over compositions such as

those described in Yaluris. Such advantages include:

1. The instant combustion promoters provide the same level of combustion promoter activity as the

prior art non-eggshell promoters, while using significantly less noble metal per particle.
2. The instant invention provides combustion with less NOx formation

Yaluris provides no suggestion or motivation to seek such improvements, much less a suggestion or
motivation that such improvements can be achieved by combustion promoters comprising the eggshell
distribution of instant claim 1. The instant invention therefor provides unexpected results relative to the prior

art and as a consequence is nonobvious.
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Rejections under 35 U.S.C. §103

Claims 10, 11, 13, and 15 are rejected under 35 U.S.C. §103 as allegedly being unpatentable over
Yaluris (US 2005/0042158). Applicants submit that because Yaluris fails to disclose or suggest the invention
described in the independent claims for at least the reasons discussed above, Yaluris cannot render the

indicated claims obvious.

Claim 7 is rejected under 35 U.S.C. §103 as allegedly being unpatentable over Yaluris (US
2005/0042158) in view of Vaarkamp (US 2006/0204420). Vaarkamp is alleged to teach no more than the
existence of gamma or theta alumina. Applicants submit that because Yaluris fails to disclose or suggest the
invention described in the independent claims for at least the reasons discussed above, no combination of

Yaluris and Vaarkamp can render claim 7 obvious.

Claim 20 is rejected under 35 U.S.C. §103 as allegedly being unpatentable over Yaluris (US
2005/0042158) in view of Loganathan (US 2015/0352525). Loganathan is alleged to teach no more than the
existence of gamma alumina and certain pore volumes. Applicants submit that because Yaluris fails to
disclose or suggest the invention described in the independent claims for at least the reasons discussed above,

no combination of Yaluris and Loganathan can render claim 20 obvious.

In view of the foregoing, Applicants submit that the current claims are not obvious in view of any of
the prior art provided. Reconsideration and withdrawal of the rejection under 35 U.S.C. §103, is respectfully

requested.

In view of the above, Applicant submits that all issues raised in the Office Action are addressed

herein. Entry of the proposed amendments and reconsideration of the claims is respectfully requested.

Applicant does not acquiesce in the Examiner’s characterizations of the art including the alleged
motivation to combine references. For brevity and to advance prosecution, however, applicants may have
not addressed all characterizations of the art and reserve the right to do so in further prosecution of this or a
subsequent application. The absence of an explicit response by the applicants to any of the Examiner's
positions does not constitute a concession of the Examiner's positions. The fact that applicants” comments
have focused on particular arguments does not constitute a concession that there are no other arguments for
patentability of the claims. All of the dependent claims are patentable for at least the reasons given with

respect to the claims on which they depend.
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AUTHORIZATION TO CHARGE/CREDIT DEPOSIT ACCOUNT

The Director of the USPTO is hereby authorized to charge any fee deficiencies associated with
the instant filing, except excess claims fees, and credit any overpayments to NIXON PEABODY LLP
Deposit Account No. 50-0850, from which the undersigned is authorized to withdraw.

Customer No.: 53143 Respectfully submitted,

Date: July 7,2021 /Nicole D. Kling/
Ronald I. Eisenstein (Reg. No. 30,628)
Nicole D. Kling (Reg. No. 71,959)
NIXON PEABODY LLP
Exchange Place
53 State Street
Boston, MA 02109-2835
Tel. (617) 345- 6054/1013
Fax (617) 345-1300
Email: bostonpatent@nixonpeabody.com
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Step-type Pt/ 4-ALO; catalyst pellets were prepared by coim-
pregnation and sequential impregnation of hexachioroplatinic
and citric acids. A diffusion--adsorption owdel based on Fickian
diffusion and Langowir adsorption was formulated. The pa-
rameters of the model were determined fror separate experi-
ments. Adsorption constants were obtained in the absence of
diffusional resistances, while effective diffusivities were ob-
tained in the absence of adsorption or desorption. In order to
extend the Langouwir adsorption equations to the rmoulticompo-
pent systerg, two new parameters were introduced, which ac-
counted for solution effects and sterle binderances. Catalyst
distribution inside the pellet and the effects of various impreg-
nation parameters were predicted satisfactorily by the mmdti-
component diffusion—adsorption model. The platinum distri-
bution of pellets prepared by the two impregnation techniques
was simifar, although sequential Lopregnation gave thinner
catalyst step widths,

@ 1996 Academic Press, Inc.

INTRODUCTION

Catalysts involving group VI metals are usually pre-
pared by dispersing the metal on a high-surface-area sup-
pott, so that a large fraction of metal atoms becomes avail-
able for reaction. The supports used in industrial reactors
are generally spherical or eylindrical pellets, with the cata-
iytic agent deposited on the external surface or uniformly
within the pellet.

The location of the catalytic material in the support can
have a significant effect on catalyst performance, especially
when diffusional resistances during reaction are important.
For an sothermal reaction exhibiting positive-order kinet-
ics, it is desirable to place the catalyst on the external
surface of the support where the reaction concentration is
the highest, while for negative-order kinetics {(as in some
concentration regimes of bimolecular Langmuir—Hin-
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shelwood reactions), it is beneficial to locate the catalyst
in the inferior of the support where reactant concentration
is lower (1). For exothermic veactions, even if they are of
positive order, catalyst effectiveness can be increased by
focating the catalytic agent inside the support, thus taking
advantage of heat transport resistances (2).

The theory of optimal catalyst distribution has been de-
veloped even for the most general case of reacting systems:
for any catalyst performance index (i.e., conversion, selec-
tivity or yield) and for an arbitrary number of reactions,
following arbitrary kinetics, occurring in a nonisothermal
pellet, with finite external mass and heat transfer resis-
tances, the optimal catalyst distribution is a Dirac delta
function (3). Tt has also been shown that a step distribution
of catalyst with step width about 5% of the pellet radius
provides virtually the same results achieved by the optimal
distribution {1}, A step-type distribution is the true optimal
distribution and not only an approximation, when the local
catalyst concentration is considered to be bounded by an
upper Hmit (4}, Developments in the area of optimal distri-
bution of catalyst have been reviewed recently {5).

A comamon method of catalyst preparation is by impreg-
pation. A high-surface-area porous support is contacted
with a liquid solution of active component. The active
agent enters the porous support via capillary action and
diffusion and adsorbs on the avaiable surface sites. Sup-
ported platinum catalysts are usually prepared by con-
tacting hexachloroplatinic acid with either a dry or solvent-
fitled support. When y-ALO; pellets are impregnated with
hexachloroplatinic acid, the resulting catalyst profile is of
the eggshell type; ie., the platinum s located in a thin
shell at the support surface. Maatman (6) found that the
platinumn distribution could be made more uniform by the
addition of various acids to the impregnating solution.
Michalko (7) and others {cf. {&)) demonstrated that the
presence of citric acid in the impregnation solution results
in a subsurface band of platinurn in alurnina pellets. Shyr
and Ernst {9} have shown that a varicty of platinum profile
shapes can be obtained by using different coimpregnants.
in all of the above investigators, the preparation of the

0021-9517/96 $12.00
vright © 1996 by Academic Fress, Inc.
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TABLE {

Physical Characteristics of
v-ALG, Pellets

(.32 em

0.32 em

1.73 g/em?
78.4 mily
514 A

0.57

Pellet length
Pellet diameter

Surface area’
Average pore radipg’
Porosity

¢ Obtained by multipoind BET method.

supported platinum catalyst was based on the coimpregna-
tion of hexachloroplatinic acid with another acid (usually
citric acid). Lee and Aris {10) have provided an extensive
review of catalyst preparation and have described models
for various phases of single- and multicomponent impreg-
nation.

Kulkarm er af (11} used a simple model of plug flow
into a single pore considering only two types of resistances
at the liquid-solid interface: mass transfer and adsorption
kinetics. Hegedus er gl {12) modeled competitive multi-
compounent adsorption on wet pellets by using adsorption
constants determined from separate experiments. The
model was used to predict the Rh distribution inside the
peliet, when HF was used as the site blocking agent; diffu-
sion constants were treated as adjustable parameters.
Scelza et al. {13) used a similar model, but they treated
not only the diffusion constants but also the adsorption
constants as adjustable parameters. More detailed models
have also been suggested, which take into account the
chiemistry of the solution—solid interface (14-16).

The present work addresses the preparation of step-type
Pt/y-ALO; pellets by impregnation. A diffusion-
adsorption model which predicts satisfactorily the catalyst
distribution inside the pellet is proposed. The parameters
of the model, i.e., adsorption constants and effective diffu-
sivities, were determined from separate experiments. fu
addition to coimpregnation, sequential impregnation was
also used to prepare step-type catalyst pellets and yielded
thinner step widths as compared with the former.

EXPERIMENTAL

Preparation of Step-Type Catalysts

Thio step-type Pt/y-ALQ; catalysts were prepared by
colmpregnation and sequential impregnation techniques
using citric acid as the competitive adsorbate. Harshaw—
Filtrol AL-0104 cylindrical y-ALG; pellets were used, and
their physical characteristics are given in Table 1. Hexa-
chloroplatinic acid solution was prepared by adding dihy-

105

PAFPAGEORGIOU ET AL,

drogen hexachloroplatinate (IV) (Aldrich A.C.S. grade)
to detonized water. Citric acid (Fisher Scientific A.CS.
grade} was prepared in the sawe way. Before impregna-
tion, the pellets were heated in air at 125°C and stored in
a desiccator prior to use.

For coimpregnation, the pellets (about 4 g) were put in
a flask and contacted with a mixture of citric acid and
hexachloroplatinie actd (18 wl) for a given length of time.
The flask was kept on a shaker (120 rpm) for the total
frmupregnation period. The solution was then removed, and
the pellets were washed with deionized water to remove
the excess hexachloroplatinic acid from the exterior of the
pellets. Two differential initial concentrations of hexa-
chloroplatinic acid (0.0058% and 0.0117 ) and three differ-
ent concentrations of citric acid (0.0556, 0.1111, 0.1667 M)
were used, and the impreguation timme was varied from 15
min to 2.5 k.

Sequential impregnation involved contacting the pellets
inn asimilar manner as before with a solution of hexachloro-
platinic acid (18 mi) for 15 min. The solution was removed
and the pellets were washed with deionized water. They
were then placed ju a solution of citric acid (18 ml) for
the desired impregnation duration. At the end of this pe-
riod, the solution was removed and the pellets were washed
with deionized water. Two different concentrations of hex-
achioroplatinic acid (0.0058% and 0.0117 M} and four differ-
ent concentrations of citric acid (0.0556, (.1111, 0.2222,
(.3333 M) were used, and the impregnation time (for the
second step) was varied from 15 to 60 min.

At the end of the coimpregnation or the sequential im-
pregnation period, the pellets were dried at 125°C for 18
h to immobilize both the citrate and the chloroplatinate
tons. For visual observation the pellets were sectioned radi-
ally and dipped in boiling SnCi; solution. The location and
width of the resulting platinum profile were determined by
photographing the pellet and measuring the distances from
the photographs. The pellets were calcined under a stream
of oxvgen from 25 to 5300°C over a period of half an hour,
followed by treatment in hydrogen for 1 h at S00°C. After
this, the pellets were cooled in a nitrogen atmosphere.

Measurement of the platinum loading was performed
by first crushing the pellets and extracting the platinum by
a mixture of double-distilled HCI, HNO;, and HF, in &
ratio 3:3: 1. The concentration of platinum in solation was
then determived by ICP mass spectroscopy.

The catalyst dispersion was determined by measuring
the platinum surface area by using hydrogen chemisorp-
tion according to the procedure described by Lemaitre
et af. (17). Details of the pulse chemisorption setup used
for the experiments are given elsewhere (18). The catalyst
in powder forrn was first treated in hydrogen at 450°C
for 1 h and after cooling to 25°C, was subjected to an
oxidation—reduction—oxidation cycle, to obtain reproduc-
ible results.
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Determination of Fquilibrivn Adsorption Constants
and Adsorption Rate Constants

The single-component equilibrium adsorption parame-
ters were determined by contacting a known amount of y-
ALO; that was ball-milled to 20 pwm and dried at 125°C
for 8 h, with a known concentration of citric acid or
hexachloroplatinic acid. The slurries were kept in a shaker
during the frapregnation period. They were theun filtered
and the filtrate concentration was determined by either
atomic absorption spectroscopy for hexachloroplatinic acid
or sodium hydroxide titration {using a Fisher Accumet
Model 835MP pH meter) for citric acid. The amount of
solute adsorbed on y-ALG, was determined from the dif-
ference in solution concentration before and after impreg-
nation.

Adsorption rate constanis were measured by transient
adsorption experiments. In each experiment, approxi-
mately 30 g powdered y-ALO; was added to 200 mi im-
pregnating solution of known concentration. The slurry
was kept in a shaker at all times. At selected time intervals,
0.1 ml of the slurry was removed and immediately filtered.
The filtrate concentration was then measured by the tech-
mques described previously. The adsorption rate constaunts
were determined by fitting the transient data.

Some transient multicomponent adsorption experiments
which mimic the sequential impregnation of y-ALO; pel-
ots were also carried out. For these, y-ALO, powder was
first impregnated with a solution of hexachloroplatinic acid
for 1 h and the slurry was then centrifuged to separate
the solid from the hquid. Afterward, the Hquid phase was
decanted off, and citric acid was added to the solid for
further impregoation, which was allowed to progress for
I h

Effective Diffusivity Measurement

Effective diffusivities of citric and hexachloroplatinic
acid were measured under well-mixed conditions in a spin-
ning basket and a packed-bed apparatus. The first consisted
of four stainless-steel baskets mounted on a common axis
that was rotated by a stirring motor. The baskets were
placed in a closed vessel which contained the fluid. The
fhuid was stirred by a maguoetic spin bar rotating counter
to the baskets. This kept the liguid Sowing over the pellet
surface maintatning high interphase mass transfer. The
packed-bed apparatus consisted of a quartz tube containing
the pellets. A peristaltic pump recycled the bulk fluid over
the pellets to achieve good mass transter. More details
about the effective diffusivity measurements have been
reported elsewhere (19). Interphase mass transfer between
the Hquid and the solid phase for both setups was much
faster thaw intraphase mass transfer (19) and therefore the
concentration of solute in the pore flnd at the pellet surface
was equal to the bulk fluid concentration.
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To decouple diffusion from adsorption/desorption phe-
nomena, the pellets were first placed in a high-concenira-
tion solution of citric acid or hexachloroplatinic acid for
several days to achieve equilibrium between the adsorbed
phase and the bulk phase. The pellets were then Ipaded
in either apparatus, bulk fluid of a different (but still high}
concentration was added, and the units were turned on.
Al various time iontervals, the bulk fuid was samopled and
the concentration was measured. All experiments were
performed at room temperature.

SINGLE-COMPONENT EQUILIBRIUM AND
TRANSIENT ADSORPTION RESULTS

It adsorption of citric acid or hexachloroplatinic acid is
described by the Langmuir model, the rate of adsorption
in the absence of mass transfer resistance is given by

dn
B A § 7
o £ L(i.s

ny ko 1]
At equilibrium, the amount adsorbed can be calculated by
setting the transient term equal to zero, thus giving the
Langmuir adsorption isotherm

Keang
Pl =

1+ Ke) 21

where K = &£'/&" is the equilibrium adsorption constant.
Note that ¢, is the sohution concentration and s, the corre-
sponding surface concentration at equilibrium. The guan-
tity 5. is calculated from the difference between the initial
and equilibrivm sclution concentrations. It was found that
the above isotherm fitted both citric acid and hexachloro-
platinic acid adsorption data well. By using a nonlinear
least-squares algorithm {Levenberg-Marquardt), the equi-
Hbrium adsorption constant, K, and the surface saturation
coverage, n,, were obtained for each component. During
the adsorption experiments for both citric acid and hex-
achloroplatinic acid, it was observed that the fluid concen-
tration changed relatively little with time after approxi-
mately 60 min.

From the equilibrium data, hexachloroplatinic acid was
found to have a surface saturation coverage of 121
umol/g (1.55 wmol/m?) and an equiibrivm adsorption con-
stant of 606 liter/mol. For citric acid, the surface saturation
coverage was found to be 200 umol/g (2.68 pmol/m?) and
the equilibrium constant was 19530 liter/mol. Figure |
shows the experimental results of the equilibrium experi-
ments along with the predicted isotherms using the calcu-
lated parameters for hexachloroplatinie acid and citric acid,
respectively. Tt 18 worth noting that Freundlich isotherms
could not describe the adsorption of either the hexachloro-
platinic acid or citric acid on the support.
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powder and the fitted Langmuir adsorption maodels.

For hexachloroplatinic acid, the surface saturation cov-
erage reported in the literature ravges from 110 1o 290
prol/g, while the value of adsorption equilibrium constant
varies from 110 to 31000 I/'mol (see Table 2). The values
obtained in this work are within the above ranges. The
large range of the adsorption equilibrium constant, though,
makes the comparison more difficult. Note that if the sur-
face saturation coverage 1s based oun the surface area of
the support, the above range of values becomes 0.73 10 1.5
pmol/m?, while the saturation coverage obtained in this
study is 1.55 pmol/m?.

Data for citric acid adsorption are relatively scarce (see
Table 3). Shyr and Ernst (9} reported that even though
the adsorption isotherm showed a saturation behavior, a
Langrowir adsorption model did not fit their data obtained
for citric acid on y-ALO;. However, Engels er al. (20)
fitted their data with a Langmuir model and found the
equilibrium adsorption constant to be 2070 lter/mol. This
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value is smaller than that obtained in the present study,
and this may be because it was calculated by linearizing
the adsorption equation. Iu this case, K is obtained from
the line intercept. For large K values, the intercept being
close to zero renders this method unreliable,

The surface saturation coverage reported by Shyr and
Ernst (9} was 215 pmol/g (1.43 pmol/m?®). Hanguo er al.
(21} fitted adsorption data of citric acid on n-ALO; and
found that the saturation coverage was 820 pumol/g (3.35
gmol/r?). Bngles et af. (20) obtained a value of 444 grmol/
g (2.02 pmol/m?). In the present study, the equilibrium
data gave a value of 209 gmol/g (2.68 umol/m?). The
differences among the various studies may lie partly in the
duration of impregnation.

When comparing the adsorption data from various y-
AlLG; supports, caution should be exercised due to the
variances that may be present in the supports. Jiratova
{22} demounstrated that the isoelectric point {the pH where
no adsorption occurs) of alumina varies strongly with trace
tmpurities in the solid and the value of isoelectric point
influences the amount of adsorption that occurs for a given
solution pH. Furthermore, the solution pH also greatly
affects the adsorption properties of a given y-ALQ; sample
{23} and in turn depends on the hexachloroplatinic acid
concentration. In addition, even for a specific concentra-
tion of hexachloroplatinic acid, solely the amount of y-
AL, added can alter the solution pH: i.e., the pH depends
on the ratio of solution volume to mass of alumina (V/G)
{24). These investigators have shown that when alumina
is added gradually to a solution, its pH changes aund ap-
proaches the iscelectric point of the oxide. Considering
the fact that the data shown in Table 2 were obtained over
alarge range of V/( values (5-80 ml/g} and with different
alumina sampies, the large range of adsorption parameters
obtained may be justifiable.

Once the equilibrium adsorption constant and surface
saturation coverage are known, the only parameter in the
Langmuir adsorption meodel remaining to be caleulated
iz the adsorption rate coefficient k. For this purpose, a
transient adsorption equation based on measurable guanti-
ties is developed as follows.

The amount of sohute adsorbed, #, can be calculated by
knowing the solution concentration at a particular time

-

~

Substituting Eg. {3] into [1], the concentration of bulk
solution as a function of time is obtained:
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TABLE 2

‘alues of Adsorption Parameters of Hexachloroplatinic Acid on »ALG, in Water Solution

Ty
Area K t
(m*/g) {liter/maol) {(liter/rool-s) {pmol/g) {umol/m?) (1) Reference
177 459 121 265 1.50 3-8 (35}
156 1330 118 6.73 2 {9
176 RRLEEY 140 .82 6 (34}
243 275 1.12 65 (1)
700 178 {13}
166 550 151 G.79 0.3 {36)
195 110 0.18 290 1.48 2 37y
227 208 .90 1 {23)
78 606 2.46 121 1.55 15 This study

“ Solid was 7n-ALO,.

Eqguation [4] is then fitted to transient adsorption data to
determine &, For hexachloroplatinic acid, its value was
calculated to be 2.46 liter/mol-s, while for citric acid, it
was 7.97 liter/mol-s. Values of adsorption rate constant
for hexachioroplatinic acid reported in the literature (see
Table 2) vary to some extent. No constants have been
reported for the transient adsorption of citric acid.

Figure 2 shows experimental results from transient ex-
periments along with the model predictions for both hex-
achloroplatinic acid and citric acid. It should be noted that
the adsorption rate for citric acid was extremely fast.

MULTICOMPONENT EQUILIBRIUM AND TRANSIENT
ADSORPTION RESULTS

When more than one adsorbate are present in solution,
competition between thero for adsorption sites must be
taken into account. For this, initially a purely competitive
model (ie., no interactions between the adsorbates either
on the support surface or in the fluid phase} was formu-

lated. The adsorption equation of the ith component in a
two-component system is given by

dr;
it

= k:flici(nms — At — "‘j]'zj) — K.

The multicomponent expression should collapse into the
single component expression (Eq. [1]} when oualy one ad-
sorbate 1s present; therefore the ratio n,/ A, should equal
the single-compounent surface saturation coverage, 1, and
Akl the single-component adsorption rate constant, & .
Also, the ratio Aj/A; should equal the ratio of the single-
component saturation coverages ag/n,;, and k,, the single
component desorption rate constant, &; . Thus, Eq. [5] can
be rearranged as

dn; . A ~ -
———————— = kied ng — my Ry o KRy, E'@}
dt \ fAsi ’

This model, however, was unable o describe the multicom-

TABLE 3

‘alues of Adsorption Parameters of Citric Acid on v ALG, in Water Solution

nS
Area K ikt ‘.
{(m'fg (Hter/mol) {Bter/mol-s) {pmolig) {pmalim®) (I Reference
156 215 2 {9y
245 820 [ 21y
220 2070 444 2 {20}
78 19530 797 200 15 This study

@ Solid was 7-ALO;.
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{G/V = 312 g/liter) and fitted Langmuir adsorption models.

ponent experimental data satisfactorily. For this reason, a
model which accounted for sofution effects for hexachloro-
platinic acid and steric hunderances effects for citric acid
was formulated.

In the multicomponent adsorption experiments, the y-
AL, imtially contained adsorbed hexachloroplatinic acid.
The amount of hexachloroplatinic acid desorbed when y-
AL was subsequently placed in the citric acid solution
was in excess of that predicted by the single-component
model butless than that predicted from the purely competi-
tive model. Also, the initial desorption rate of hexachloro-
platinic acid was larger than that computed from both
models, suggesting that its desorption is enhanced by the
presence of citric acid in solution. This was accounted for
by introducing an additional desorption term in the single-
component adsorption expression as follows:

driy ‘
=kic{ng —n) — ki, — K% oony. [7]

dr
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The amount of citric acid adsorbed during the multicom-
ponent experiments was less thao the amount which would
be expecied based on a purely competitive model described
by E¢. [6] for citric acid and Eq. [7] for hexachloroplatinic
acid. Such behavior could be due to steric hinderances
provided by the platinum adsorbed on the surface of y-
Al This was accounted for by introducing a new equi-
Hbrium adsorption constant K%', due to steric hinderances,

= fe e (R — 1y — K3y ) — kang. 18]

By comparing Eq. [§] with [6], it can easily be seen that
K3 for a purely competitive model corresponds to n/rg )
thus it is the ratio of the stoichiometric factors {(A/A;) for
hexachloroplatinic acid and citric acid adsorption equilib-
ria. The equilibriom expressions inchiding the new terms
are

Kiciorig
le 7 f oot
1+ Ko + K57 6y,

'yiinl e) .

The two new parameters in the multicomponent equilib-
riurn model espressed by Fgs. [9} and {10}, namely K7
and KY, were determined by fitting the eguilibriom data
to be 735 and 3.18 liter/mol, respectively.

In the kinetic expressions {Egs. [7] and [8]), once the
equilibrium constants (i.e., X and K} have been obtained,
only one parameter for each component needs to be deter-
mined (i.e., &7 and 43). The values of the desorption rate
constants can then be calculated from the equilibriom con-
stants.

Figure 3 shows the transient multicomponent adsorption
experimental data for hexachloroplatinic and citric acids
along with the model curves. It was found that use of the
single-component adsorption rate constant for hexachloro-
platinic actd (2,46 liter/mol-s) was satisfactory also in the
transient roulticomponent adsorption; however, the ad-
sorption rate constant of citric acid had to be lowered to
0.2 Liter/mol's in order to achieve the best fit. Note that
inn Fig. 3a, the model curve is based on the adsorption rate
constant which was determined by fitting the data of a
differens experiment. Thus the model predictions of the
Hiquid-phase concentrations are satisfactory. In the same
figure, the hexachloroplatinic acid concentration calcu-
fated from the model shows an initial maximum and then
it declines to the steady-state value. The reason for this is
that the concentration of citric acid decreases with time as
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time for {a) hexachloroplatinic acid and (b} citric acid.

it adsotbs oo v-ALO;. At the onset of ¢itric acid impregna-
tion, the fluid-phase concentration of citric acid is relatively
high, thus causing some desorption of the platinum from
the v-ALO; support. As the solution concentration of citric
acid declines due to adsorption, there is a readsorption of
platimam, which decreases the liguid-phase concentration
of hexachloroplatinic acid, as also observed in the experi-
mental data.

As noted earlier, more detailed models which take
into account electrokinetic and ionic dissociation effects
hiave been suggested in the literature (¢f. (14-16}). They
include a more realistic description of the surface chemis-
try at the expense of model complexity. In the present
study, it was intended to keep the model simple such
that kinetics and equilibria for multicomponent systems
collapse into the appropriate single-component expres-
sions in the hmit as concentration of one component
goes {0 zero.
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EFFECTIVE DIFFUSIVITIES

The equation governing the transient transport and ad-
sorption of a solute in a porous solid of cvlindrical geome-
try, initially filled with solvent, is

X i?‘}(,'p N an . {azfp li / ., (?Cp\)l 1
e O T (' ji- b

Since the interphase mass transport resistances during the
effective diffusivity measurement experiments are negligi-
ble, the boundary conditions are

Colx, Ry = cp{ TL/2, r} = cu{t) [12a]
ac,
=Bl g, [12b]
ar |

Absorbate concentration in the bulk solution {assumed to
be well mixed} changes as the solute diffuses into and
adsorbs on the support, because the bulk reservoir is finite.
The change of bulk solute concentration is given by

. dCb

V™

(L2 0C,

R
=N D 4R |
J\r},De iR Jo 5

cir}.
¥=Li2 -

In Langmuir adsorption, surface conceniration of ad-
sorbate does not change appreciably once the fluid concen-
tration reaches a sufficiently high value. By keeping both
the pore and the bulk fluid in this concentration range,
adsorption/desorption do vot oceur and hence are decou-
pled from diffusion, thus simplifying the diffusion—
adsorption Eg. {11] (e, an/dt = 0). To ensure that no
further adsorption could occur, equilibrium was estab-
lished for the pellets prior to their use in diffusivity experi-
ments.

Since there was some occluded liguid between the pellets
when they were first loaded {uto the apparatus, the bulk
fud concentration was altered from its initial concentra-
tion, which had to be accounted for. To calculate the cor-
rect initial value, a material balance was performed after
the pellets were equilibrated with the bulk fluid. The cor-
rected initial concentration is given by

dx
=R
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..g.,. L
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Coo =~ : - V) - 223 {14]

Effective diffusivities were determined by solving Egs. [11]
and {13], using the value of D, as the fitting parameter.
One octant of the pellet was divided into a grid containing
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FIG. 4. Effective diffusivity measurements of hexachloroplatinic acid
and ciiric acid with fitted model predictions. Experimental conditions for
{2} citric acid: o, = 278 M, ¢ = (229 M and (b} hexachloroplatinic
acid: cpe = L0283 M, ¢, = 01071 M.

10 points in the axial and radial directions. Orthogonal
collocation {25) was used for the spatial variables, while
Gear’s method (IMSL subroutine DGEAR) was used to
solve for the time dependence of the concentration at each
collocation point and the concentration in the bulk fluid.

Figure 4 shows the results for one citric acid (spinning
basket} and one hexachioropiatinic acid (packed bed) ef-
fective diffusivity runs. D, was determined to be $.96 X
10°° em?/s for citric acid and 3.12 X 1079 em?/s for hexa-
chloroplatinic acid. The molecular diffusivity, D, of citric
acid in water at 25°C and 0.1 M concentration is 6.61 X
107%cm?/s (26). With this value and the effective diffusivity
value determined experimentally, the tortuosity factor
7= @/, 15 3.9, which is within the range 27 of typical
tortuosity factors {27). The molecular diffusivity of hex-
achloroplatinic acid was not available 1 the literature.
Scelza et gl (13) report an effective diffusivity of 2.25 X
10 % crm?/s for hexachloroplatinic acid in y-ALO; particles.
This value is higher than that reported in the present work.
This may be due to the fact that they calculated both
effective diffusivities and adsorption rate constants by fit-
ting a diffusion—adsorption model with experimental data
obtained under conditions where both diffusion and ad-
sorption were present. Santacesaria et al. {28), by fitting
the diffusion-controlled hexachloroplatinic acid impregna-
tion of y-AL{O; pellets with an unreacted-core shrinking
model, calculated an effective diffusivity of 3.55 = 107°
cm®fs, which agrees well with this work.

DIFFUSION-ADSORPTION MODEL

Model Formudation

For multicomponent impregnation of eylindrical pellets
in a finite reservoir of solution, the material balance inside
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the pellet for species 7 1s given by the multicomponent
version of Eg. [}

- - ¥ .. SN A

¢y, on; Fon, 1o seond )
£ ers PO De,i Y E: f——w(r 'pl \ {SE

a1 ar ax=  rar\ ar /j T

The multicomponent adsorption kinetics (Egs. [7] and [8])
were used to describe the adsorption rates, dn,/dt. Even
though these kinetics were obtained under conditions of
sequential impregnation, the results were utilized also for
describing the coimpregnation of y-AlLO; peliets. The
depletion of species ¢ in the bulk solution is given by

L 5( L (L2 Iy
=~ ND,  dr{ R | : dx {16}
pe, { o ar .
r=R
The boundary condifions are
Coil X, Ry = ¢ {HLJ2, 7} = ¢ (1) [17a]
dc,; .
] [17b]
or N
r=0

For citric acid, the initial conditions for both types of im-
preguation are
atr=0 [18a]

[18b]

Cb,}l = Ch(;,,Z

=0 (0=r=R,0=x=L/2) atr=0

Cp‘}‘.
In cotmpregnation and in the frst ropregnation {(where
only hexachloroplatinic acid is present) of the peliets dur-
g sequential fmapregnation, initial conditions for hexa-
chioroplatinic acid are similar to those described by Egs.
[18]. In sequential impregnation, after the pellets are re-
moved from the hexachloroplatinic acid and placed in the
citric acid solution, the new initial conditions for hexachlor-
oplatinic acid are
atr=10

o =0 [19a]

coi{r Xy =chir,xy mdnx}=nfrx) att=40, [19b]
where ¢f:(r, x) and n#{r, x} are the pore-fluid and surface
concentrations at the end of the first impregnation.

Mote that even though during the experiments the pellets
were initially dry, thus some of the solution entered by
frobibition, Eq. {15] assumes that the pores of the pellet
are initially filled with solvent. Lee and Axis (10} showed
by mumerical calculations that for the impregnation of y-
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ALQ; pellets with hexachloroplatinic acid in which the
pore-filling time was approximately 20 s, there was no
noticeable difference between the platinum distributions
in solvent-filled and dry supports when the impregnation
period lasted 5 min or more. The reason for this is the
short pore-filling time of the pellets. During the pore-filling
stage, hexachloroplatinic acid adsorbs near the external
surface of the pellet; thus the pores become filled with
pure solvent. In our experiments the average porve-filling
time was 12 s, while the impregnation periods varied from
15 min to 2.5 h; thus using a solvent-filled pellet to describe
the impregnation of dry pellets does not induce any signifi-
cant error.

Citric acid and hexachloroplatinic acid adsorb strongly
on y-ALO;. Due to the strong precursor—support interac-
tion, redistribution during the washing and dryving steps
is unlikely, and the final distribution of active phase is
determined mainly in the impregnation step {(cf. (293},

Numerical Solution

The partial differential equations [15]-[19] describing
the multicomponent diffusion and adsorption in a finite
cvlinder were solved by dividing one octant of the pellet
into a region of N < N grid points {recall from Table 1
that pellet L/2R = 1} extending from the pellet center to
the radial and axial surfaces. The spatial derivatives were
solved using the finite difference techuique with central
differencing (25). This reduced Egs. [15] and [16] to a
system of coupled nonlinear ordinary differential equa-
tions {ODEs), with time as the independent variable.

A sixth-order Runge-Kutta algorithm (IMSL subrou-
tine BVERK) was used to integrate the eguations. It was
found that to achieve a reasonable spatial resolution a large
number of grid points was required (N = 50}, resulting in
large computational times. To alleviate this problem one-
dimensional geometry (Le., sphere ) was used. The external
geometric surface arca of a cylinder with length eqgual to
its diameter is 1.5 times larger than that of a sphere with
the same diameter. So, to have the equivalent geometric
surface area, the number of spherical pellets, 3, should
be 1.5 times the nwmber of cylindrical ones, N, By using
this factor, there is no difference between the mass of the
supports if the same pellet density is used. The dimen-
sioniess multicomponent equations describing the impreg-
nation of a sphere are

s g {14, .
sE b o = D B (/ [20]
= —M,D, 4uR> | [21]

Using the above equations for the model the reduction in
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computational time was substantial. The average error in
the pore-fluid concentration predictions, using the spheri-
cal geometry equations {(Egs. {20], [21]) as compared to
the cylindrical geometry (Eqgs. [15], [16]), was typically less
than 10%.

EXPERIMENTAL OBSERVATIONS AND COMPARISON
WITH MODEL PREDICTIONS

The diffusion—adsorption model described previously
predicted successfully the effects of the various impregna-
tion parameters on the platinum distribution within the
peliet. The cross sections of pellets prepared by sequential
and coimpregnation techniques are shown tn Fig. 5. The
dark rings in Figs. Sa-5i are the platinum catalyst, while
the lighter portion is the y-ALQO; support. For comparison,
eggshell, egg-volk, and uniform pellets are also shown in
Figs. 5j-5L

For both types of impregnations, the platinum band was
located deeper inside the pellet for higher initial critic
acid concentration {compare Figs. Sb-5¢, Se-5f, 5h-5i). In
addition, higher impregnation time forced the platinum to
move closer to the pellet center, since the citric acid could
diffuse further inside the pellet and displace the adsorbed
platinum {compare Figs. 5a-5b, 3d-3e, 5¢-35h). Similar
effects during coimpregnation of alumina peliets with hex-
achloroplatinic and citric acid were also observed by
Becker and Nuttall (8).

The initial hexachloroplatinic acid conceuntration did not
have any noticeable effect on the catalyst location; how-
ever, it resulted in catalysts with higher loading and some-
what larger bandwidths (compare Figs. Sa-5d, 5b-3e, Sc—
3f). The bandwidth was also influenced by impregnation
time, owing primarily to geometric effects. Since the diame-
ter of the ring, where the platinum was located, decreased
with time, its width fnereased to accomuuodate the depos-
ited metal (compare Figs. 5a—3b, 5d-5¢, 3g-5h}. Ingeneral,
for the same impregnation timme and adsorbate concentra-
tions, a similar penetration depth was achieved by both
types of impregnations (compare Figs. Sa-5g, 5b-5h}, but
the bandwidth was smaller (as smali as 50 wm) when using
sequential impregnation.

In coimpregnation experiments the platinum loading of
the samples was affected not only by the initial hexachloro-
platinic acid concentration but also to a smaller extent, by
the citric acid conceuntration. The loading decreased with
higher inttial concentration of citric acid, However, during
sequential impregnation, the platinum loading of the peliets
depended primarily on the conditions of the fivst impregoa-
tion step. It could be kept approximately constant by using
the same hexachloroplatinic acid concentration for the first
step. The fact that citric acid concentration did not affect the
platinum loading of pellets prepared by sequential impreg-
nation indicates a different mode of action: in coimpregna-
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Step-type platinum catalysts prepared by sequential impregnation (a) 0.00589 M hexachloroplatinie acid (15 mirg, 01111 M citric acid
1} (b) 0.00589 M hexachloroplatinic acid (15 min), 0.1111 M citric acid (60 min}); {c} 8.00589 M hexachioroplatinic acid (15 min), 0.3333 M
citric acid {60 miny; (d) 0.0117 M hexachloroplatinic acid (35 mun), 1111 M citric acid {15 min); {¢) 0.0117 M hexachloroplatinic acid (15 min),
$.1111 M citric acid (60 ria); (f) 0.0117 M hexacbloroplatinic acid (15 min), 0.3333 M citric acid (60 min} and colmpreguation (g) 8.00589 M
texachloropiatinic acid and 01111 A citric acid (15 min): (h) 6.00580 M hexachloroplatinic acid and 0.1111 M citric acid (60 min): (i) 6.00589 M
tiexachloropiatinic acid and 0.1667 M citric acid (60 mirg: (§) (.0117 M bexachloroplatinic acid (15 mirng; (k) 0.0317 M hexachloroplatinic acid and
$.1667 M citric acid {3 h); (I} 0.6117 M hexachioroplatinic acid and 0.1667 M citric acid (10 k).
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tion i competes with hexachloroplatinic acid for adsorption
onthe support, while insequential impregnation tenhances
the desorption of adsorbed platinum. The platinum loading
of the pellets as measured by ICP mass spectroscopy was in
the range 0.1-0.4 wt%, depending on the initial hexachloro-
platinic acid concentration.

The eggshell distribution (Fig. 5)) was prepared by im-
pregnating the pellet in a solution of hesachloroplatinic
acid alove. The egg-yolk distribution (Fig. 5Kk} could be
achieved by both sequential and coimpregnation, provided
that the impregnation periods were sufficiently long, while
the uniform distribution (Fig. 51} was obtained using the
coimpregnation method. Note that the difference in the
preparation procedure of pellets depicted in Fig. 5k and
Fig. 51 is only the impregnation duration. Thus, for short
cotmpregnation time an egg-white deposition is obtained,
while for longer impregunation periods egg-yolk and ulti-
mately uniform distributions are attained. Catalyst disper-
sion of the pellets, including both step and uniform distri-
butions, as measured by hydrogen chemisorption, ranged
between 60 and 70%. Hence, for pellets with relatively low
platinum loadings as considered in this study, the disper-
sion 18 virtuaily unaltered when concentrating the metal in
a thin step-type distribution. These dispersion values are
within the range reported for typical Pt/y-AL O, catalysts
{cf. {30, 31}

Figures 6 and 7 show the predicted dimensionless plati-
num surface concentration profiles, along with the experi-
mentally measured platinum band positions denoted by the
shadowed regious for the sequential and coirapregnation
studies, respectively. The numbers on the bands give the
wnpregnation time {for sequential impregnation it 1S the
time in the citric acid solution}. The penetration depth of
platinum predicted by the model for both impregnation
techuiques is greater with increasing impregnation time,
as also observed experimentally. In addition, the model is
able to predict that the bandwidths are broader for the
coimpregnation than for the sequential impregoation tech-
mique {compare Figs. 6b and 7b), as well as the fact that
bandwidth increases with impregnation time. Note that the
model predicts that some adsorbed platinum extends from
the peak to the peliet surface, with coimpregnation exhib-
iting more platinum in that region than sequential impreg-
wation. Our pellets showed evidence (1.e., light-gray color)
of small amounts of platinum deposited between the step
distribution and the pellet external surface. This was also
observed previcusly by Kunimori ef af. (32} in the prepara-
tion of similar catalysts using hexachloroplatinic acid and
citric acid.

Figure 8 compares model predictions for the platinum
peak location with experimental data, for various citric
acid concentrations and impregnation time. The model
agrees well with the experimental data and demonstrates
that by increasing citric acid concentration for both impreg-
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FIG. 6. Comparison of model predictions and experimental measure-
ments of the surfa ton profiles of platioum fo sental
impregnation with 01111 M citric acid, {a) 0.00589 M hexachloroplatinic
actd, {b) 0.0117 M hexachloroplatinic acid. The shaded bands indicate
the experimentally measured platinum step pesitions, and the numbers
on the bands give the impreguation time to the citric acid solution.

concentr

nation technigues, the platinum band moves deeper within
the pellet. The mavimum difference between the experi-
mental and the theoretical peak locations is less than 8%
of the peliet radius. An interesting feature is that the mode]
predictions are closer to the experimental data for deeper
band penetrations (ef. Fig. 8b}. This was also observed by

egedus eral. (12) in the coimpregnation of y- AL O; peliets
with a thodium complex and hydrofiuoric acid.

CONCLUDING REMARKS

Since the adsorption and diffusion parameters were not
adjusted to fit the diffusion—adsorption model, accord of
the model with experimental data as shown in Figs, 6-8
appears to be satisfactory. These parameters were deter-
mined from separate experiments in which diffusion and
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adsorption were decoupled. Specifically, diffusion coeffi-
cients were measured in the absence of adsorption, while
adsorption constants were determined in the absence of
diffusion resistances. In similar nonuniform catalyst prepa-
ration studies reported in the literature, adjustment of pa-
rameters was frequently employved in the diffusion-
adsorption model. For example, Melo ef al. (33) and Castro
et gl. (34) altered the single-component saturation cover-
ages to fit the diffusion—adsorption model to the experi-
mental data. Alse, Chu eral. (15) required the use of larger
effective diffusivity of hvdrogen ions than typical values
to fit distribution profiles of nickel in y-ALG,. However,
their diffusion—adsorption model which took into account
the surface chemistry by employing a triple-layer electro-
static roodel, showed excellent agreernent on a gualitative
level and in many cases also on a quantitative level with
experimental distributions.
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From the comparison of model predictions with experi-
mental platinum profiles {Figs. 6-7), it may be seen that
those determined by the model are wider. This may be
due to the measurement procedure which uses optical mi-
croscopy. Schwarz and Heise (16) measured platinum pro-
files in y-ALO; peliets using a scanning microdensitometer
and found Pt distributions which reserobled roore the theo-
retical curves; ie., the platinum was deposited not as a
sharp band but more as a normal distribution with a tail
toward the external surface of the pellet.

APPENDIX: NOTATION

¢ liguid-phase concentration
0, effective diffusivity

D, molecular diffusivity
5 mass of support
K &7k, equilibrium adsorption constant
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K EPE, equilibrium adsorption constant due to
solution effects

K equilibrium adsorption constant due to steric hin-
derances

k* adsorption rate constant

k- desorption rate constant

k! desorption rate constant due to solution effects

L pellet length

M, number of spherical pellets

7 surface concentration

#g surface saturation coverage

Flms multicomponent surface saturation coverage

N, number of cylindrical pellets

v radial distance

R peliet radius

t time

I impregnation time for equilibrium adsorption
experiments

vV volume of bulk solution

X axial distance

Subscripts

b bulk fluid

€ eguilibrium

i component {

i component j (j # i)

m multicomponent

{3 fort=10s

p pore

1 hexachloroplatinic acid

2 citric acid

o for f =mw s

Superscripts

ES

at the end of the first impregnation in the
sequential impregnation technique

Greek Letters

&
A
28
T

1. M[mbid\ I, M., Servida, A

2.

peliet porosity
stoichiometric factor
density of the pellet
tortuosity factor
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Abstrack: Tomaximize the performances of heterogeneous catalytic reactors, it is necessary o consider
many pararneters. Catalytic particle morphology (dimension, shape, active phase distribution) is
generally previously established and seldom considered in the optimization of the catalyst to be
specific for a given process. In this work, the influence of active phase distribution within spherical
catalytic particles (egg-sheli, egg-yolk and egg-white}, on the vield and selectivity of a product is

shown for a consecuiive reaction network; here, the intermediate component 1s the main pra)d uct of
interest. Intraparticle mass and energy balances under non-steady conditions were froplemented.
Sensitivity studies lead to the identification of the optimal conditions, thus maximizing the yield of

the intermediate for each active phase distribution. It was demonstrated that the egg-shell catalyst

can rpaximize the intermediate yield, with a lower active-phase usage.

Keywords: heterogeneous catalysis; non-uniform o st; intraparticle diffusion model;

performance enhancement; in-series reaction modelling

1. Introduction

The chemical industry has developed a growing interest in the enhancement of heterogeneously
catalyzed processes. A heterogeneous catalysis offers several advantages compared to technologies
in which the reagents and catalytic species co-exist in the same phase; easy catalyst separation and
regeneration flexibility are two typical exarapies.

t is necessary to consider many variables to maximize the performance of a heterogeneous
catalytic reactor in terms of yield and selectivity. As is generally known, the catalyst modities the
reaction pathway, leading to a desired increase in the overall reaction rates, improving the selectivity
toward the desired product in complex reaction network sy

The eatalytically active component is often dispersed on a thermostable support stabilizing itself

&

3N

and increasing the specific contact area. Conventional heterogeneous catalyst particles have a uniform
distribution of the active species, e.g.. metals. Nevertheless, a uniform active phase distribution could

be undesirable if the catalyst costis high {1} or the system is limited by internal mass transfer {2]. Thus,

designing the active phase distribution correctly is an attractive opportunity and a great challenge.

Four main active phase profiles are reported in the literature. Figure 1 dey

icts the specific cases
for a spherical particle:

{1} Uniform: the active phase is homogeneously distributed in the support;
{2) Egg-shell: the active phase is located in the outer surface of the support;
ChemEugineering 2028, 4, 24; doi:10.3590/chemengineering4020024 www.mdpi comfjournal/chemengineering
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(3 Egg-white: the active phase is included in a region between the outer-shell and the inner-core;
4} Egg-yolk: the active phase is present in the inner-core of the support.

Uniform Egg-shell Egg-white

Active phase Support

R

Figure 1. Active phase distributions {or a spherical catalyst particle.

Different catalyst preparation methads are well-known, and the specific choice influences the
properties of the final catalyst |3
phases are simultaneously precipitated from a supersaturated solution in coprecipitation; (i}
components are fixed on the support in adsorption;

The most common techmiques are listed here: (i) support and active
gaseous

&

i} the catalytically active metal is precipitated
from the sclution to the support powder, suspended in it, with the addition of a strong base {e.g.,
NaOH) in the deposition-precipitation technigue. Non-traditional preparation methods are based on
microemulsions, atomic-layer epitaxy, plasma and electro-spinning {4} The solid support is in contact

with a precursor solution in it solution for
a certain time (wet impregnation) or sprinkled by sprayers (dry impregnation or incipient wetness

impregnation {WI}.

mpregnation technigues: it is either dipped in the metal

As is pointed out above, during catalyst preparation, the active phase distribution is strongly
tofluenced by intraparticle roass transfer imitations. Egg-shell catalysts are well obtained by modulating

the immersion time of the support in the precursor solution 3], as lower impregnation times prevent

the migration of the active phase toward the inner core of the support. Nevertheless, some research
£ ] Pr

groups preserve the advantages of the IWl approach [3,8], leading to easy control of the active phase
loading. Viscosity, active phase solubility in the precursor solution, concentration, impregnation fime
and temperature are the operating parameters that optimize the final active phase distribution.

The prediction of the right active phase profile within the support material is still a great challenge
to be faced by both industrial and academic researchers |7}, as it is known that this aspect strongly
the chemical reactor design. Uniform distribution
is surely the best choice when studying a simple drreversible reaction under isothermal conditions.
The choiee of the best p

influences the catalytic performance and, ultimately,

sible distribution becornes crucial either when multiple reactions, for example
series and parallel reactions, comprise the overall network or if mass and heat transfer limitations are
remarkable, which is a very common feature in the field of heterogeneously catalyzed reactions. For the
latter cases, it is necessary to distribute the active phase only where the reaction really cecurs, meaning
the outer shell of the solid material. Thus, egg-shell catalysts are often the best choice; the exce
are well represented by processes in which the catalyst could be shell-poisoned.

Several case studies are reported in the literature which reflect the importance of non-uniform
active phase profiles. Some industrially interesting cases are listed below.

Ethylene oxide (EO) |

synthesized using an Ag-based catalyst, for which the cost is rather high,
thus it is dispersed on a support to maximize the specific contact area. EO worldwide production
capacity exceeds 34 million of tons/year |8}, hence optimizing the process has a huge economic

impact [9]. Gravidibiis and Varma {10} compared a catalyst with different active-layer positions,
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concluding that both yleld and selectivity toward EO can be optimized by locating Ag on the
support surface. Non-wiform distribution avoids themmal runaways in the reactor [11]. Catalytic
configuration studies have been used in the optimization of temperature reactor profiles [%} and in
modern microreactor technologies {14},

Intraparticle diffusion is relevant in Fisher-Tropsch synthesis, which converts syngas into liquid

hydrocarbon. The optimal posifion of the active phase layer in the particle is related to the desired
product vield maximization [ 3] Several approaches can be used to minimize fransport limifations:
egg-shell catalyst with a specific thickness of the active layer [34,

13}, wash-coated monoliths [18],
solid foams, and micro- and millireactors. Mazdidi et al. have demonstrated that, by using a tubular
fixed bed reactor, it is converdent to use different catalyst distributions along the bed length, as the
diffusion limitations strongly depend on the reactant conversion {17

In the catalyiic aromatization of methyl cvclopentane an increase in the corwersion was observed
when the metallic sites are distributed on the external surface of the particle [18

ege-shell catalysts are
ion [3], and the
{. Recently, core-shell and core-double-shell catalysts

s0 widely used in the hydrogenation of pyrolysis gasoline [1%], ammonia decompos
puritication of automobile exhaust gases {2

have been compared in terms of amide production in reactors heated under radiofrequencies (RF),
demonstrating that the reaction rates are increased by using an intermediate non-rnagnetic support

It is evident that the active phase distribution optimization for a given reaction is a key aspect to
be faced both experimentally and theoretically. The development of a reliable mathematical model

layer

would allow the a prior design of the best catalyst to optimize the reactor performances. Many studies

have reported on the implementation of specific mathematical models

. Despite the academic
and industrial interest, the models reported on in the literature are based on a simplified approach.
Boukezoula and Bencheikh [17] developed a steady-state modelling approach for the aromatization
of methyl cyclopentane. Thus, alf the dynamic aspects are neglected; that is an essential issue to be

considered within the start-up operation of a chemical plant. Hwang et al. [%] published an interesting
modelling approach dealing with ethylene oxide synthesis, writing mass, and energy balance equations
for both the bulk and particle phase. Therefore, evern in the most advanced till to date, the authors

included fluid-solid mass and heat transfs

°r resistance only in the bulk phase equations, and not in the
particle boundary condition, leading to a certain approximation of the resulis.

Thus, there is a real need to develop more robust mathematical models which could be used to
optimize the catalyst performance. Besides, an intraparticle sensitivity study, allowing the catalytic
performance optimization, is needed. In this work, the influence of active phase distribution on both
vield and selectivity is shown for a consecutive reaction network (A—B—(C), selected as a reference
study, where B is the main product of interest. Mass and energy balances have been developed in
dynarmic conditions for a single spherical particle and sensitivity studies identify the optimal conditions
to maxdmize the yield of B. The reference particle is egg-shell tvpe; comparisons with other active
phase distributions have been carried out.

2. Mathematical Model

The main assumption of the present model is to consider a single catalyst particie in contact with a
gaseous bulk phase characterized by a volume high enough to neglect any variations in its composition
and temperature. Therefore, fluid-solid mass and heat transfer resistance were included in the model,
specifically in the boundary conditions, to establish the opportune mass and energy tluxes between the
single catalyst particle and the bulk phase.

123



“ngineering 2020, 4, 24 4ofib

2.1 Intraparticle Mass and Energy Balonces

Under dynaric conditions, the mass balance of an arbitrary component in a single spherical
particle can be written as Equation (1) {24

)

-phase profiles, distribution functions need to be defined. In this

3

To simulate non-uniform ac
work, analytical functions {(}) have been chosen, whose co-domains vary from 0 to 1. Defining a
smoothing factor (5) (needed to modify the function steepness), 45 and ag are the coordinates of the
distribution domains, Equations (2)-(4),

v

Egg-shell

N

0.5 4 0.5tanh

BEgg-yolk
(X~
0.5 ~ 0.5tarh| e }1"?2\; [©)]
Egg-white
. X"-Li':p_\_’ £y _I_,’x---a,g;‘\
L..Stanh(—————b } 0.5tant xi —5 } 4)

Two coordinates for the egg-white catalyst are needed; hence, the active phase thickness can be
defined as in BEquation (5}

Gap - a32 (5}

§ =

istribution could be centered differently within the support

suld be noted that egg-white
particle. Thus, a3; and 43 can be correctly calculated as in Equations (6} and (7).

S
a3 =y + 5 (6)
&
=y 7}
L

where x is the midpoint coordinate.
Regarding the egg-shell distribution, the active-phase thickness layer (8} is defined as 1 ~ a4,
while it is equal to a, for the egg-yolk catalyst.

The disiribution fun

setting an active phase layer thickness of (.4

ons are Ulustrated in Figure

for all the mentioned cases, with a; = 0.6, a3 = 0.4, ay; = 0.7, a3 = 0.3, centering the catalytic layer for
the egg-white case in the middle of the particle.
The distribution functions were introduced in Equation (1}, in the reaction rate term, that becomes

Equation (8) after introducing a dimensionless particle radins x = /R,

C; ZQ{Dc‘ff q‘Ci. —
~ = T e Oviiro,
X &xi IR + E ; v iop (8}
v j
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Figure 2. The distribution functions (2)-{(4).

The generation terouis multiplied by Oy x; thus, it is possible to discriminate the inert zone (£
x = 0, (no reaction) and a catalyBically active zone (O x # €, where both reaction and diffusion fake
place. The boundary conditions (BUs) needed to solve the partial differential equation are listed in
Equation (9),

[ ac
s =

(&)

In detail, symmetry was considered in the centre of the particle {x = 0); the boundary condition at
the particle surface includes the possibility of external mass transfer iimitation, as the flux in the film
must be equal to the intraparticle diffusion rate at x = 1 (no accurnulation is considered). This aspect is
seldom considered in the published models in this field.

For highly exothermic or endothermic reactions, temperature gradients can become important.
Hence, it is necessary to implement both mass and energy balances to investigate the intraparticle
ternperature profiles and their influence on the concentration profiles inside the catalyst particle.

Energy balance is written as follows

s

\

should be noted that the temperature dependences of density, specific heat and diffusivity are
assumed fo be negligible to simplify the calcudations, particularly because in the present study no
specific chemical system was considered, as the model is based on generic terms.
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The boundary conditions needed to solve the energy balance are reported in Equation (11},

(11}

The external thermic resistance is not neglected at this stage. The Chilton-Colburn analogy was
implemented as it provides an easy relationship between the heat and mass transport coefficients in
the fhaid bulk, Equation (12).

fen (r il:)‘f'ff f ) 1 ‘
= €7 f (12)
D\ kg ) /

2.2. Reaction Network
The reference reaction network being studied is
2 7.
A—=B->C

Both reactions are assumed to be described by first order kinetics, and the ternperature dependences
of the kinetic constants are described with the modified Arrhenius law,

{13}
(14)
-1 ©
vii=1 1 =1 (15}
g 1
The Thiele modudus for a by Hquati 163,
{18)

It is possible to caleulate two Thiele moduli for the proposed reaction network; nevertheless,
only @y was considered, as A—B is the desired reaction. This calculation does not account for the
specific distribution.

The eatalytic efficiency is de ined by Equation (17),

peoth{g) - 1) (17}

The model was implemented in Matlab R2018b, solving the partial differential equations system
using the built-in pdepe function, fixing 50 grid points for the dimensionless particle radius coordinate.
3. Results and Bscussion

3.1, Model Vali

The mass and energy balances were implemented, fixing a set of parameters that are valid for a
generic gas-

solid systern. The reference parameters for all the simulations conducted in the present
work are listed in Tables §

inspired by the properties of the main components involved in ethylene
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oxide synthesis reaction promoted by silver catal

valid for ail the active phase distributions. Within
varied in a range that is cited in the related text.

7of 15

5

2] The
the parametric investigations, a chosen parameter is

lyst 9, ed parameters can be considered

Table 1. Main parameters for the fluid and solid phases.

PARAMETER

VALUE

£y {m]

1x1072

6x107"

4 X107

a3y {1 7x107t

a5z i+ 3x 107t
bi 1x 1075

Ty (K] 2.98 x 104

4x 100

1x 197

5x 107

krp (W m Kt

]

kpefWm ™ K?

J

!

WP K 8 x 16%
cp kg 'K 6 x 17

Table 2. Fluid component parameters.

A B C

MW; 1 30 30 30
1x107  1x107 ixieT

Cip ol m ™ i 8 4

€y (T ol ™ K71 30 30 30

Table 3. Kinetic and thermodynamic data. T,r= 293 K

Reaction 1 2
A [ ol -5 % 10* -5 X 16°
Eg; [ ol ™] 8 x 104 § % 10%
1%3078 5x1077

The reaction occurs within an egg-shell catalys
phase is located on the outer shell of the sclid particle, accounting for the 40

{1 cm). The external mass transfer coefficient is su

st (disteibution function, as in Equation (2)); the active

0/

T

of the total radius
fficiently high to neglect the film diffusion resistance.

In order to investigate the possibility of temyperature gradients in the particle, /7 is not calculated with

le concentration ar

The calculated intrapartic

Equation (12): if external mass transfer is too high, an isothermal condition could be obtain

wd.

d temperature profiles are displayed in Figure 3.
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368

8%

288

&
X

Figure 3. Intraparticle profiles for egg-shell catalyst. Caleudated profiles for: (a) Caz (b) Cgr () Cos

(&) T. Color-bar of each plot is located on the right-hand-side.

As revealed by the figure, the reactant A is consumed only in the active region, where ay Sx < 1
{Figure 3a); Cp shows a maximum inside the particle, since the intermediate B is formed in reaction
1 and consumed in reaction 2 (Figure 3b). For 0 < x < 43, each profile is described by the diffusive
mechanism only, as no active phase is present in the inner part of the particle. The final product Cis
formed in the cuter shell of the catalyst particle by the progress of the second reaction, then it diffuses
in the inner core of the particle {Figure 3c}. A temperature rise (4 K) under steady-state conditions was
caiculated (Figure 2d).

Thiele modudus and the catalytic efficiency were calcslated under steady-state conditions by
means of Equations (16} and (17}, obtaining ¢ = 8.15 and 1 = 0.32. Under the selected conditions,
the system is highly limited by intraparticle mass transfer.

3.2. Egg-Shell: Sensitioity Study

The influence of the active phase thickness laver was investigated. The physical and chemical
parameters adopted in the sensitivity study are listed in Tables 33, The egg-shell distribution domain
coordinate, 4, is varied from 0 to 1, simulating the cases ranging from a uniform distribution to an inert

particle. Figure 4 shows the steady state intraparticle profiles of cornponent A conversion, vield and
selectivity to Bforay =[0,0.2,04, 06,08, 1}

The conversion degree is in inverse relationship with 4;: an increase in the amount of the active

phase leads to a corresponding increase in the conversion of component A {Figure da). The selectivity

to Bis equal to 1 for an inert part
to give the only the infermediate, thus a fictiious unitary selectivity is computed. It is interesting to
observe that the yield to B is zero for an inert particle and a finite value, not the maximum one, for a
uniform distribution {Figure 4b}. Temperature profiles at steady state show a maximum temperature
gradient of roughly 5 K for the uniformdy distributed active phase catalyst (Figure 4¢). This value
decreases when a lower amount of the active phase is present in the catalyst particle. Maximizing the
yield to B is surely possible with the developed model, as the simulation results suggest the possibility
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dofis
of optimis

rg the steady state vield of the desived product by varying the active-phase thickness.
The plot yp vs. a1 is depicted n Fgure 5,
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Figure 4. Intraparticle profiles calculated for the egg-shell catalyst varying the acti
(&) A conversion; (b) vield to B; (¢} temperature.
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Figure 5. Yield to B (yg) vs. active phase inert fraction coordinate {#y) for the egg-shell catalyst
& LEY P s 85 5

It emerges that the yield of the intermediate component can be optimized designing correctly
the catalyst active phase distribution. It should be noted that, in the case of maximum vield to B,

e reactant conversion is not the maximum possible, as a uniform distribution would surely lead to a
higher conversion.

A sensitivity study on the influence of the kinetic constants on the steady state intraparticle
profiles was conducted. The rafio ¢ = Kyep/len is defined for each simulation; intraparticle profiles
unider steady-state conditions for o = [0.04, 0.0

15, 0.1} are displayed in Figure &

Ao
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As expected, the vield of component B is improved for lower o, L.e., lower kmfz (Figure ¢b); besides,
o does not affect the conversion degree, as Ky is constant (Figure $a). Moreover, by increasing o,
a corresponding increase in the teraperature inside the particle is predicted (Figure £¢).
The overall thermal conductivity of the particle is included in the energy balance
{Hguation (10)}. This parameter affects the intraparticle steady state temperature profiles and, therefore,
the concentrations of the gaseous components inside the particle. In Figure 7, a sensitivity study on
ey, is shown, with kr, = [0.01, 0.05, 0.1 W m™ K7
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Figure 7. Intraparticle profiles: ky, sensitivity study. (3} A conversion; {b) yield to B; {z) temperature.

For high values of the thermal conductivity, flat temperature profiles are observed (Figure 7o);
both the conversion and yield increase were siroulated (FBgure

by Therefore, it must be poinded
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out that the overall selectivity becomes lower. Besides, higher heat conductivity leads to higher
temperatures within the particle: this is the main reason for the improved conversion degrees.

The influence of external mass fransfer coefficient on the concentration profiles is shown
Figure 8§, adopting the thermal conductivity of air for the fluid phase (Table 1}, The simulation was
execuied by diminishing the fluid-solid mass transfer coefficient, by, by a factor of 100 (ky = 110 s7H,

and the heat transfer coefficient it was calculated from Equation (12},

ol

I3 KA
@
”y

=1,

The surface plots show the appearance of external mass transfer Hmitation because at x

¢ Cyg. This fact strongly influences the concentration gradients, as demonstrated.
The influence of effective diffusivity values was studied through a dedicated parametric
571, The steady state resulis are

investigation, varying Dy = [1 x 1077, 1 x 1078, 1 % 1079 m?

reported in Figure 9,
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Figure 9. Intraparticle profiles: Dg; sensitivity study. () A concentratior; (b) B concentration;

(&} temperature.
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ceactant A s transported from the

Itis evident that, by increasing the effective diffusivity value,
catalyst interface to the inner part with a higher velocity (Figure %a}. In these conditions, conversion

is not complete. Moreover, a higher diffusivity value leads to an increase in the concentration of the
intermediate B, leading to a higher vield. This result is reasonable as, by lowering the diffusivity,
a lower amound of Bis produced, which is converted to C (Figure 9b). Ternperature profiles are vather

flat in any case, but the higher the diffusivity, the higher the temperature level, which is connected to
the major activity of the system in the case of high diffusion coefficients.

3.3, Egg-Yolk, Egg-White and Comparisons

The model can be simply extended to other active-phase distributions by using a suitable

distribution function {respectively, egg-yolk and egg-white are simulated with Equations (3} and (4}}.
bubon,

To implement egg-white balances, v = 0.5 was adopted. I analogy with egg-shell dis
the sensitivity studies on egg-yoik and egg-white catalyst were carried out by varying the amount of

active phase and calculating the steady state yield to 8. The results are shown in Figure 14

0&

0.7 L

2.8

04 ; : R O

a4 L

a i 5

Figure 1§, Yield to B vs. active phase thickness for (8) egg-volk catalyst (b} egg-white catalyst.

As expected, both egg-volk and egg-white catalysts enhance the vield of the intermediate product
ting o compare different

compared to the uniform distribution of the active phase. It is intere
active-phase distributions in order to establish which one is the best for the current case study.
With regard to the egg-shell structure, the active-phase thickness layer is defined as 1-4;; it is equal to
a for the egg-yolk catalyst. No comparisons with the egg-white distribution are possible because 0,
in this case, requires two coordinates to be determined.

The curves of steady state yg vs. & for different distributions are depicted in Figure 11, It must be
noted that, when ¢ = 1, the active phase is uniformly distributed within the catalyst. Thus, Figures &
and 11 show identical values of yg when 0 = 1.
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03
0.8 3
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B egg-yolk
¢z 4
Q . ;

Figure 11. Egg-shell va. egg-volk: comparisons.
5 55 57

itis finally dernonstrated that, for the current case study, egg-shell catalysts maximize the yield
of B with a lower active phase usage. The present model can be applied to real reaction networks to
investigate the optimal catalyst design; if the active phase cost is high, this a prior analysis can alse
have a high economic impact on the process.

4, Conclusions

In this work, the influence of the active phase distribution toward the yield of a desired product
was investigated. The consecative reaction scheme A—B—{ was adopted as a reference study, where
B is the desived product. Assuming a spherical support particle, mass and energy balances were
widely implemented for the egg-shell catalyst investigating by simulations the best conditions to
maximize the yield to the component B. The egg-volk and egg-white distributions were simulated

using the respective distribution functions: the maximum yield to B was found for each profile. General

comparisons concluded that, for the reference case-study, egg-shell catalysts maximize the yield of 8

with a lower active-phase usage.

The impiemented modei can be easily adapted for a preliminary study in real systems to correctly
design the active phase distribution within the supported catalyst.

Future works will include the development of bulk phase mass and energy balance to extend the
treatise from a single particle to a real reactor, possibly working under flow condition, extending the
treatise by including other pessible reaction mechanisms.
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Notation

A reactant

i inflection point for egg-shell profile, [

iy inflection point for egg-yoik profile, |-}
31 inflection point 1 for egg-white profile
i3 inflection point 2 for egg-white profile, {-]
B intermediate

b smoothing factor, {-]

C product

Cip concentration of species § in bulk phase at time = 0, {mol m 3]
C; concentration of species , fmol m 3

)
4]

pecific heat of the fluid component, [J mol K

)

pecific heat of the particle, {J mol K

v, [m® ]

effective diffusivi

activation energy, [{ moi1]
nt, [Wom 2 K1)
e

heat exchange coet

reference Kinetic constant, lm?‘ kg"" s l]
fluid thermal conductivity, [W m K’i}
particle thermal conductivity, [W mt K™
mojecaiar weight, -]

number of components, {-]

7 reaction rate j, [mol kg
Ry particle radius, {m]

radial coordinate, [m]

ternperature, [K]

i tirne, {8]

T surface temperature at time = 0, [K|{
x dimensionless radial coordinate, [-}
XA conversion degree, |-|

Vg yield in B, {-

Subscripis

f Huid

i cornponent

7

k ribution type
2 particie

coordinate domain

coordinate domain

reaction enthalpy f, [ moi™]
active-phase thickness, {-]

€ void degree, [-]

bp selectivity to B, |-]

@ Thiele modulus, {-]

7 efficiency factor, [-]

vy stoichiometric matrix, |-}
I particle density, [kg m ™}

T kinetic constant ratio, {-}
O d [-1

ribution funct
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Contents (:

Operated by

Categories

e Applications of Microspheres

e Biomedical Microspheres

Bond Line Spacers

Microspheres are engineered materials that are used in a wide variety of industries and apoi . Microspheres are not all
created equal and functional properties of microspheres need to be carefully considered when choosing the right microsphere s Calibration Prograrn
for the specific project.
» Charge Measurement Technigues
The properties of microspheres that are often considered In product selection are specific gravity (true particle density). particle
size (diameter) and particle size distribution, melting point (temperature tolerance), solvent resistance, durability, crush strength * Charge Microspheres and
(pressure and shear tolerance), color (reflective, fluorescent, or phospherescent response), optical properties (reflective index or Microparticles
retroreflection), conductivity, bio-compatibility, safety, surface properties (porosity, roughness, hydrophobic vs. hydrophilic

- . . . s Clinical Studies
surface, ability to coat or functionalize the spheres) amang many other properties.

e Coatings
Detailed knowledge of the application, the technical judgment of scientists and engineers working on a project, and sometimes
a simple trial-and-error approach, are often used to select the appropriate properties of microspheres for the application. e Color Microspheres

Properties of Microspheres - Composition * Conductive Microspheres
: \\\\\ % N 2N o Density Markers

o DNAResearch

s Drug Delivery

o FDA-approved Microspheres
e Flow Visualization

e Fluorescent Microspheres

e Glass microspheres

s Magnetic Microspheres

» Medical Devices

e Metal Microspheres

e Microparticles

Properties of Microspheres
The most common and widely available microsphere materiats are polymer, ceramic, and glass. However, each one of these

s Microplastics

large categories of materials can be further divided into much narrower categories which vary dramatically in their properties. s Microsphere Basics
For example, polymer microspheres may be manufactured out of polyethylene, polystyrene, polypropylene, poly(methyl
methacrylate). Each of these polymers varies in their melt temperature, resistance to solvents, and ability for the surface to be
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Most common ceramic materials used for microspheres are silica and zirconia, which are often used as fillers or grinding media.

Made of these materials are available in solid and hollow forms, clear or colored, and with a variety of coatings that make them
suitable for particular applications. The materials from which microspheres are made vary widely in density, operating
temperature, crush strength and solvent resistance. Microspheres possess different physical and optical properties, which may
present advantages or limitations for different applications, based on their material composition.

Properties of Microspheres — Density/Specific Gravity

True particle density or specific gravity of the particles is one of the critical properties of microspheres which needs to be
precisely controlled in many applications. Specifically this property becomes important in systems where the spheres are a
component embedded or dispersed into another media, whether suspended in a fluid or used as a filler.

Particles that are heavier than the media in which they are dispersed will settle and collect at the bottom of a container over
time. Particles that are lighter than the media will float up and accumulate on the surface. Matching the specific gravity of
microspheres to

that of @ matrix solution creates a stable suspension of particles, ensures uniform distribution of microspheres in a product, and
prevents settling or surface collection over time.

If microspheres need to be suspended in a particular solution without floating to the top or sinking to the bottom, matching the
specific gravity of the particle and the solution is a critical factor. Solid glass and ceramic microspheres have specific gravity
greater than 2 g/ml Polyethylene microspheres are available in specific gravities of 0.96 g/ml to 1.3 g/ml, which is close to that
of water. A variety of polyethylene microspheres that have been designed with precision density to be {
+ are commercially available.

The most obvious benefit of hollow microspheres is their potential to
reduce part weight, which is a function of density. Compared to
traditional mineral-based additives such as calcium carbonate, gypsum,
mica, silica and talc, hollow microspheres have much lower

densities. For example, at a density of 0.6 g/ml

: can displace the same volume as talc at one-quarter of
the weight. Densities and crush ratings, however, vary dramatically
across product lines.

When microspheres are being used a a bond line spacer to be mixed
into epoxy or another adhesive, manufacturer might need the spheres
to stay in suspension for a significant period of time. Density of the

Microballoons and Microbubbles: Hollow Glass
Microspheres

bondline spacer particles is important to maximize the residence time
in the dispensing vessel to increase the amount of time the mix can be
used after the particles have been incorporated. To achieve this dispersion the density of microspheres needs to match to the
density of the epoxy as closely as possible. Ability to pre-mix offers significant cost savings and efficiency improvements for the
manufacturer, as compared to having to disperse particles at the time of use.

Properties of Microspheres — Durability

Durability may be one of the critical properties of microspheres. Depending on the applications micrespheres might need to be
able to withstand high pressure, temperature, and aggressive solvents, or operate in harsh conditions and aggressive
environments,

Crush Strength

Crush strength is important when microspheres need to survive high-shear forces and high pressures involved in manufacturing
processes such as plastics compounding and injection molding. Typically, solid glass microspheres have better crush strength
compared to

hollow glass microspheres. If microspheres have to underge an aggressive mechanical process, solid glass microspheres will
most likely be required.

Historically, crush strength for hollow glass microspheres has been directly linked to density. That is, a glass sphere witha
density of 0.125 g/ml is rated at 250 psi (1.8 MPa) while one with a density of 0.60 g/mlis rated at 18,000 psi (124 MPa). To some
degree, there is a correlation between density and crush strength. The density and crush strength of microspheres made from a
particular material depends, in part, on two structural variables: wall thickness and particle size.
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Potters' Sphericel glass microspheres, for example, range in size from 11 to 18 microns and have crush strengths ranging from
8,000 to 10,000 psi (55 to 69 MPa), depending on the grade. They have been compounded successfully with a 254 mm/1-inch-
diameter Killion two-stage single-screw extruder and injection molded on a 75-ton Newbury machine without significant sphere
breakage.

Operating Temperature

It is critical to know the maximum operating temperature to which microspheres will be exposed during manufacturing
processes and in final applications.

. - The melting point of polyethylene microspheres varies somewhat depending on the grade and
molecular weight of the polymer, but is usually between 110C for low molecular weight grades and 130C for higher molecular
weight material. The melting point is typically low and sharp. since polyethylene goes through a fast phase transition. Thisisa
very important feature for applications where the spheres are used as a temporary filler but would need to be “melted away” at
a later point to create holes or cavities for a sponge effect.

: = The melting point of glass microspheres is from 500C - 800C, depending on the product. High melting
point makes glass microspheres attractive for high temperature applications, where the product needs to withstand severe
environmental or processing conditions.

- With operating temperatures up to 1000 degrees C, superior toughness and high resistance to wear
ceramic beads can be used in high energy and high temperature processes and applications where other materials would not
survive.

Chemical Stability/Solvent Resistance

- Most grades of polyethylene have excellent chemical resistance and do not dissolve at room
temperature because of their crystallinity. Polyethylene microspheres usually can be dissolved at elevated temperatures in
aromatic hydrocarbons such as toluene or xylene, or in chlorinated solvents such as trichloroethane or trichlorobenzene. This
feature is benefitial if microspheres need to be dissclved at a precise point in the process.

- Glass has very high chemical resistance and is the right choice for applications where microspheres need
to withstand oontact with aggressive solvents at elevated temperatures.

Shelf Life

Shelf life may be an important property of microspheres, as it might limit the options of how the materials are stored, handted,
and used. Most microspheres that are sold as a dry powder have indefinite shelf-life if stored in a sealed container under
controlled conditions {low humidity, no temperature extremes). Microspheres that are provided suspended in solution typically
have a limited shelf life and need to be either refrigerated or frozen to extend useability.

Safety

Safety always needs to be considered when working with materials. Three potential hazards are unique to seme microspheres
and need to be considered: slip hazard, combustible dust, inhalation hazard,

Ball-bearing effect is one of unique properties of microspheres that applies to spherical particles regardless of what material
they are made out of. When spheres are exiremely slippery when spilled, so good housekeeping and prompt clean up of any
spills is essential.

Like most fine powders (e.g. flour), microspheres made of flammable materials in certain size ranges may be combustible
when present in air in certain concentrations. Caution should be taken to read the =, prevent creation of dust
clouds, and eliminate any potential sources of ignition when working with mlcrospheres Good housekeeping practices need to

be in place to ensure no layers of particles are collecting on surfaces, Only approved vacuums can be used and correct clean-
up procedures implemented (e.g. wet wiping as opposed to sweeping to prevent dust clouds)

Lastly, microspheres that are less than 10 micron in diameter may pose an inhalation hazard in some situations. Correct
handling of these microspheres requires combination of engineering controls (e.g. exhaust hood, ventilation), personal

protective equipment (e.g. dust mask, respirator), and good laboratory practices to minimize potential inhalation of the particles.

As any hazard, the risk depends on the amount of material we are working with and the level of exposure. The risks are low for
scientists working with very small quantities of materials in a controlled laboratory environment. The risks are higher when we
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Requirements for particle size vary widely. For example, a scientist might be looking for microspheres less than 10 micron to
simulate a hurman cell in a biological application or a 5 micron sphere to simulate bacteria. A microsphere of 50um diameter
might be needed to hold a precision epoxy bondline, or a reference particle of 500um might be required to calibrate an optical
instrument or a medical device. When used as a filler, smaller microspheres are better able to withstand the processing
conditions of higher shear rates and faster screws.and 850 to 1,000 microns (1 mm). When used as a tracer particle in a flow

visualization experiments, smaller particles tend to stay in suspension longer, while larger particles are easier to observe.

Microsphere size may be critical to the proper function of an assay. or it may be secondary to other characteristics. Diameter
also determines surface area. Small-diameter spheres present more surface area per unit weight while larger spheres present
more surface area per bead. Size also affects ease of handling, processing considerations (such as the method used for
separations [centrifugation, dialysis, filtrationl) and the amount of reagent needed for coating.

Particle size distribution is typically specified in one of two ways:

Median diameter (Ds0) of microspheres with an associated
coefficient of variation {CV%). Sometimes D10 and Dgo are also
specified. This method of reporting particle size assumes a normal
{bell-shaped) distribution of particle diameters.

—

R
N
L

o

The lower the coefficient of variation, the tighter (narrower) the size
distribution of the spheres in the sample. Please note that no

measurement is infinitely precise. Even if very tight tolerances (low
CV¥%) are reported, there is always a level of =

X N }
L

n
2 S
WY ] 10100
3 AR

.

associated with the measurement technique and

o

equipment.

Monodisperse Silica Microspheres

When particle size distribution does not have a bell shape, the
property that is specified is size range, as opposed to a median
diameter. For example, 1-5um or 53-83um, where the first number is
the minimum diameter and the second number is the maximum
diameter. In this method, % of particles in this size range are also
specified. For example, greater than 95% of particles are between 1
and sum in diameter.

For either of the above scenarios there is a science to ensuring a
statistically significant and representative sample of the powdered
material is measured.

Polydisperse Silica Particles

For life sciences applications, monodisperse microspheres are
typically the most desirable but also the most expensive. For large-volume, low-cost filler and texturizer applications, a wider
size distribution might be preferred due to improved packing efficiency. The requirements of each unique formulation must be
investigated to find the most economical solution. The wider the particle-size distribution, the more affordable the spheres.

Properties of Microspheres - Electrostatic Charge,
Conductivity, Magnetism

Microspheres can be neutrally, positively or negatively charged, allowing formulators to design products that are attracted to or
repelled from the surface as needed. Since like charges repel and opposite charges attract, the charge of a coating can be

manipulated to be attracted to the surface or repel dust. Charged microparticles also enable formulators to control how the
various materials within a formula interact.

A positive or negative charge is internally embedded into each microsphere, and proprietary additives are acquired during the
microsphere manufacturing process. The charge is permanent: it does not dissipate over time and cannot be grounded. The
whole microsphere is charged and will respond to the electric field. Further, dark-colored or black microspheres can be made

magnetic or static-dissipative. Metal or metal-coated microspheres offer electrical conductivity and provide shielding against
EMI.

B . which are bipolar and bichromal can be manufactured with with dipole precisely aligned with two differently
colored hemispheres. Due to the dipole the sphere will rotate in electromagnetic field to align more positive hemisphere to the

40of7
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Properties of Microspheres - Optical Characteristics

Microspheres can be transparent or invisible to the eye. partially translucent or cpaque, providing maximum hiding power.
Generally, when light strikes an interface between two substances, some of the light is reflected, some is absorbed, some is
scattered and the remainder is transmitted.

An opaque substance transmits little if any light and thus light is reflected, scattered or absorbed. One cannot see through an
opaque particle since the surface behind it is completely hidden. Since opaque microspheres do not allow light to pass through
them, this means that a 50-micron monolayer of opaque spheres will not transmit light, thus resulting in maximum hiding power
in one layer of microspheres. Opacity of microspheres is often desired in color preducts such as paint coatings and in color
cosmetics such as powder. concealer, blush, lipstick, eye shadow and nail polish, where uniform color and hiding color
undermeath the area on which the cosmetic product applied is required.

In general, high levels of opacity become more difficult to achieve in microscopic particles because opacity is proportional to
the thickness of the material. Due to the chemistry of glass, it is very difficult to create opaque glass spheres. Most colored glass
microspheres are made by attaching dyes to the surface of the particle and do not achieve significant opacity. Ceramic
microspheres can be opaque but microspheres in a batch usually do not have the same level of opacity, with some more

opaque than others,

Hollow glass spheres can be used to replace some of the titaniaina
formulation. Hollow glass spheres redirect the angle of light, imparting
opacity. Depending on the formulation, equivalent tint strength can be
achieved with 2% to 5% replacement of titania.

Retroreflective hemispherically-aluminized high-refractive-index glass
beads are used on airport runways, specialized signs and in other
applications that require high-intensity retroreflectivity. Reflective
pavement marking lines make a significant contribution to highway
safety, especially in conditions of poor visibility at night and in wet

A ' > 3 weather. Applying retroreflective spheres is one of the most cost-
Retroreflective Beads effective ways to increase highway safety in these conditions,
Cosphetic LLC

Different formulations of glass have different index of refraction. For
example, Barium Titanate glass spheres offer a higher Refractive index (n} than most other glass formulations. Depending on the
grade of material, reflecting index of Barium Titanate glass is between 1.9 to 2.2 compared to n=~1.5 of Soda Lime and
Borosilicate glasses. Barium Titanate glass microspheres will reflect back more light directly to the viewer, which is beneficial for
applications where retroreflectivity is desired, such as motion tracking targets in medical devices, endoscopy, micro-optics,
defense and microscopy.

Properties of Microspheres - Color

Colored microspheres add color to a product without the use of other colorants (pigments or dyes) and also offer functional
benefits such as lower viscosity and improved flow. Solid polyethylene microspheres can be manufactured in any color,
including flesh tone, clear, grey, fluorescent, glow-in-the-dark and multicolor, which provides a multitude of options for color
effects in a wide variety of products.

Microspheres can be used to add saturated color, a hint of color or a sparkle to a formula. Colored microspheres enable
formulators to achieve saturated colors or desired color effects with much larger particles, which are not respirable and come in
a free- flowing dry powder, ensuring a simpler formulation process. In addition, since larger microspheres tend to not
agglomerate as easily as submicron pigments, the challenge of pressed-powder agglomeration is greatly reduced.

4/20/2021, 12:24
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important properties of microspheres, especially when used as tracer
particles that need to have high contrast and visibility in the system,
such as in-vivo studies, process diagnostics and troubleshooting,
contamination studies, flow visualization, and instrument calibration, to
namie a few applications.

xvens have colorant embedded into the polyethylene matrix which will not leach out or degrade
in a solution.

Properties of Microspheres - Fluorescence and
Phosphorescence

B b are round spherical particles that emit bright
colors when illuminated by UV light. Ability to emit intense color under
UV (black light) illumination provides contrast and visibility of
microspheres relative to background materials. In addition to the
benefits of conventional high quality microspheres, such as sphericity,
smoothness and spreadability among others, fluorescent spheres offer
extra sensitivity and detectability for analytical methods. For example,
fluorescent microbeads are often used as traces to simulate spread of
viruses in medical research.

Typical applications of < include: testing of filtration
media and systems, vial and container cleaning studies, flow tracing,

UV Fluorescent Polymers Spheres ~ Color
Changing

flow visualization, and fluid mechanics studies, medical imaging and
flow cytometry, fluorescence microscopy and photography, as well as
biomedical technology research, qualification and validation of medical devices, biomedical diagnostics, process
troubleshooting and process flow among others. Specifically fluorescent microspheres are often used for water- and air-flow
testing and bead-based diagnostic applications. New unique applications of fluorescent spheres are being discovered daily.

Phosphorescent particles are used for process study and blind tests especially in medical technology industry, diagnostics,
troubleshooting, process flow, medical research and other industries. Particles exhibit a strong long-afterglow phosphorescent
response and are stable in solution.

Properties of Microspheres - Shape and Quality

While high-quality microspheres tend to be more expensive, some lower-cost microspheres have limitations such as poor
shape and uniformity or lack of consistency between batches, wide particle-size distribution, the presence of dust and debris,
poor roundness and sphericity. It is not uncommon for low-cost low-quality microspheres to contain a significant amount of
crushed, oblong and non-spherical particles, which could negatively impact the texture, appearance and feel of finished
products and/or performance in an application.

It is important for formulators to select a supplier that manufactures particles in a controlled environment and thoroughty
screens them to prevent any dust, debris and nonspherical microparticles entering the system. Depending upon the
requirements for a formulation and properties of microspheres, specifications for the maximum amount of unacceptable
particles must be determined and communicated to the supplier.

For example, with luxury cosmetic applications, most formulators will look for high-quality identical polymer spheres with

excellent uniformity. For large-volume low-density concrete-filler applications sold by the truckload, price may be a more
critical factor than particle size and color uniformity.

Properties of Microspheres — Summary

To summarize, there are many different microsphere products on the market with properties of microspheres varying
dramatically due to the composition of raw materials and additives, particle size and distribution, levels of sphericity and
roundness, among other factors. It is essentials to truly understand the technical requirements of the project and the intended
functionality of microspheres to select the right product for the application.

Share this:

60of7 4/20/2021, 12:24
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are spherical particles on the

micro scale (between 1micron and
1000micron (imm) in diameter). Spherical
particles below 1micron we consider to be
nanoscale and therefore call them
nanospheres. Spheres over 1Imm in
diameter are simply called spheres, beads,
or balls.

Microspheres are solid. meaning they might
be completely solid throughout or they
might have a solid wall (shell).
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U.8. Serial Ko, 171176222
Declarstion of O Heming Under 37 CF R 1132
Page 3af3
§0. It is physically impossible for the method described in Examples 4 and 5.of Yaludis to
form an eggshell particle, as there is no mechanizm in place o prevent capillary effects
froim forcing the platinum solution 1o penstrate throughout the entire depth of the pores of
the particle.

{1 ¥ hereby declare that all statementy made herein of my own knowledge are tnug and that
all sintements made on information and belief are belioved 1o be true; and further that
these statements were made with the kaowledge thay wilful false statemonis and the lks
are punishaile by fine or imprisontment, or both, under Sectlion 1801 of Title 18 of the
United States Code and that such wilful false statements may jsopardize the validity of

the application or any patents issusd therson.

Ny . o L
Date: e A - , 2021 Bespectiuntly submitied,
3
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30 VENUTO AND HABIB

f1473, A number of studies emphasizing the effect of HDT geverity on
POC process varisbles, crackability, yields/selectivity, and produst
quality have been reported {98, 130, 142, 147, 152], Hydrotreating
catalysts are designed to accept large mmounts of deposited metals
{i.e., act as 3 metals sink), thereby preventing contamination of the
FOC catalyst, the performance of which is much more sensitive o
metals {1427,

Vi, PROPERTIES AND CHARACTERIZATION OF FCC CATALYSTS

4. Background snd Beope

A8 noted in Table 1, synthetic silica-gluming was introduced s a
eracking catalyst about 1940 and, in one modification or snother, dom-
inated the cracking catalyst field until the early 1960s and the introduc~
tion of the zeolites [13, 17, 18]. However, over the decade of the
19508, aod particularly during the latter balf, only incremenial tm~
provements in selectivity and regenerability of the amorphous cata-
tyats {e.g., via stlica-magnesia variations [128, 154, 1857) were
schieved, and i remained for the zeolite catalyats to traly revolu~
tionize the cracking catalyst field,

Plank and Rosinski {see the series of patents issued to Mobil Of
[ 1561617} discovered that invorporation of 2 minor proportion of
zeoltite {such 38 rare-earth cation exchanged X or Y synthetic faujesiie}
in & matrix such 38 silica-slumina, silica, or silica-clay, produced
compositions of metter that, over more than g decade, have met, fo
a large extent, the mosi severe reguirements {13, 17, 187 for suc-
cessful cracking calalyeis, including:

1. High activity (allowing economic throughput rates)

%. HReasonable activily stability (resistsnce fo time~dependent deac~
tivation by cvke)

%, High selectivity to gasoline ve cobe and diy gas

4, ‘Thermal and hydrothermal stabilily {ruggedness 1o withstand the
regenerator environment)

5. Accersibility {sufficient diffusivily and internal porosity to allow
wmall, seopomic resctor volumes)

6, Attrition resistance

7. Resistance to poisons {meials, nitrogen, efc.}

8. Acceptably low cost

FLUID CATALYTIC CRACKING 31
SODIUH
ALUBINATE SPRAY DRIER
SODIIK wasH
SILICATE ™ Lighon

o BECLITE CRYSTALLIZATION

18O -2I2°F FiR
i2 ~ 24 HR. ad wagi;q
BRY

MICROSPHERQIDAL
FLd

hiy Oy SOURCE. UID CATALYST

AMORPHOUS HYDROGEL

SYNTHESIS HIKING OF

ZEGLITE i
HYDROGEL

FIG. 18, Simplified conceptual scheme for manufacture of com~
mercial fluid cracking catalyst (XZ~25). Modified after flow sheeis in
Koffler {3817,

In this section we attempt & focus on bighlighis of the zeolite
wracking catslysts, limiting our discussion of the amorphous silica-
aluming type 1o selecied comparigons only, as these have been well
desr}srihed by Sittlg (10, Voge 1117, and others [45, 122, 128, 163~
1897, '

B, Manufroturs of FCC Catalyats

Ag vipualived in Fig. 13, the major operations in the manufac~
ture of & commereial geolite cracking catalyst {182] may include
synthesis snd ion exchange of the zeolite component, preparation of
the sworphous gel, intimate admixture of the zeolile in the gel matris,
and spray dryieg.

Maunufacture of zeclites commercially tnvolves sombingtion of
readily avatlsble, inexpensive, raw materials, including a silica
source, an alumina source, and & strong base such as sodiuw hy-
droxide [13, 181, 183, 184]. These msaterizls, in proper sivichio-
metric ratios, molarily, and state {i.e., soluiion or colloidsl
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42 VENUTO AND HABIB

aince not all deposited metals are equally effective in producing coke
and hydrogen [12]. On a weight basis, nickel shows four times the
coke~ and hydrogen-forming lendency of vanadium {28, 224], and
similay relative responses for both metals on amorphous silica~
slumina have been veported [221]. Ciwbalo, Poster, and Wachtel
7287 define Yeffective metals” (in the gontaminant sense) as (¢ [ppm
Ni] + [ppme ¥} X "feaction effeciiveness' which, in turn, is a func-
tion of feed type and throughput, caialyst type, age and history, and
unit iwventory and makeup rate [28, 291, As an example, for ays-
tems where daily makeup rates ranges from 0.5 io 3.9% of inventory,
the "fraction effectiveness” varied from about 8,21 to 6,32 [28].
iron {which is commonly scale or "tramp' metal} and most other
metals are pot considered significant calalysi contaminanis,

Freshly deposited metals are more sotive than “older' metals that
have been subjected io numercus cycles in the FOC regensrator/re~
aotor cireuit (1027, Upon exposure to such repeated cycles of oxida~
tion/reduction, the poisoning effects of metals contaminants are dim-
imished, but those oa zeoliles lose thelr effectivencas more slowly
than those on amorphous catalyste [28], Grane, Couner, and
Masclogites [221], in & study of metals-poisoned silica-alumina,
suggested that the repested shift from oxidizing to reducing environ-~
ment in golng from regenerator to resctor may nfluence the oxida~
tion siate of the metals or cause sintering {snd loss of surface aves)
with consequent desctivation, Morozov et sl. [2353] observe that,
for a given feedstock, & greater metals bulldup mey cccur on fluld
catalysis than on bead types, beeanse with the latter there is vremoval
of significant amounts of surface metals by atirition. Monigomery
11027 observes that sulfur in POC foed may tend to sulfide—and there-
by activate~ibhe metals on 8 cracking catslyst. On the other hand,
as been cbserved that zeolite catalysts have excellent metals resis-
tance, particularly in short contact time operntion {92, 228]; this
may ocour becguse metal oxides on the eiveulating catalyst are not
ratained in the reaction zone long enough to become sufficiently sul~
fided to show strong debydrogenation sctivity [92, 2267,

7, The Hole of the Matrix

The role of the matrix in composite catalysts has been discussed
in soms detail by several authors [13, 181, 128]. Mairices encom-
pass 8 broad range of 810, -41;05 gels, clays, Al;Os, and other sil-
iceous materials, and may be expected io vary in different catalysis
{2277, Natural, chemically treated, and caleined clay have alsc besn
specified [ 1587 as possible constituents, Although most fundamental
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giudies have been conducted on zeoclites alone, Oblad [ 137 points out
that a fair amount of cainlyst mechanistic patterning may also be true
for matrix-zeotite blends.

In a senge, the matriz protects the small { ~1 10 5 pm), relatively
fragile zeolite orysialiites, butlding the composite up to 3 ~58 pim mi-
erosphere and providing shape and bulk for fividization [787 and mini-
mizing mechanical attrition {see Fig, 13). Eastwood, Plank, and
Welsz [101] observe that the high surface aves matrix surrounding
and diluting the zeclite crysials acts as a heat carrier or Ysink, ™ fa-
cilitating heat fransfer during regeneration and cracking. The stabil~
ity of the composite to high severity steaming iz slso enhanced [13,
101]. Some mairices msy act ss "sodiwm sinks, " silowing solid-
solid sodiurm ion exchange, thus improving stability of the zeolite par~
ticles [13, 101], L.e.,

BE Na¥ + H-Gel = RE HY + Na-Csl
RE Ng¥ + Al~Gel » RE AIY + Na-Gel

Although i is true that matrices bave catalytic properiles of thelr
own [13], the much grester zecliie scéivity permits 3 relutively small
sxacunt of molecular sieve 1o dominate the catalytic behavior of the
composite [13, 188), In fact, & synergistic effect has been desoribed
{18, 100] wherein enhancement of zeclite activity socurs {in that the
same conversion can be chizined for 2 smaller amount of zeolite when
incorporated in the matrix}, The reguivement for & matrix 10 possesg—
and retain-— adequate porosity to maintain full accessibility to feed
molecules and regeneration geses is critical [13, 76, 127, 1851,

E. Performance Charscteristics snd Physiochemical
Characteristics of FCC Catalysts

1. Some Aspects of Fluldization Dynamics

I is because solid fluid catalyst pavticles have the capacily i ex~
hibit liguid-like flow properties when serated that makes possible the
high caialyst circulation rates utilized i FCC units, In fact, if the
degree of slippage between the geses sud solids is sufficient, the sya-
tem cean very closely parallel the dynamics of & true fiuid sysiem [16,
827, even fo the extent of permitting flow scross n {glide) valve, When
2 gas flows upward through a bed of solid particles at low velooity, it
flows through the interatices without moving the bed, Such 2 situation
is called & fixed bed. If the velooity {and pressure drop) are increassd,
8 point will be resched where the pregsure drop equals the weight of
the bed snd the gas will begin o lift the solids, The particles will
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move apart and the bed will expand in volume, becoming more loogely
packed. As the gas velocity is further increased, the pressure drop
remzing essentially constant {equal W the weight of the bed) because
the interstices open up to decrease the resistance to flow. Finally,

a point is reached where the particles no longer fouch, Gas bubbles
begin to form, and the particles begin to move relative io sach other
in a turbulent mamner, For FOC catalyst, the points of ineipient bed
lifting and incipient bubble formation ccour at gas velocities of about
¢, 01 and 8,1 f£/sec, vespectively (807, For gas velocities at or
higher than the point of incipient bubbling, the solid particles arve de-
soribed as & fluidized dense bed.

Further increase in the gas velocily results in avger bubbles, If
the bed is narrow, the bubbles can become as wide as the vessel, and
alternate rising layers of gas aud solids will form. This is called
slugging, and 28 the slugs of solids riss, individual particles fall
through the gas layer and the solid slug eventually disintegrates. At
very high velocities the terminal veloclty of zolid particles s ex~
cepded and the pariicles ave carried aleng with the gas., Buch z vegime
ig called & dilute phase with pneumstic trensport of solids [228], The
various siates of an serated bed are illustrated in Fig, 18,

Whenever a fluidized bed is used, some of the particles—particu-
tarly the smaller ones {fines}—are enirained and carried out with the
gas. To overcome this difficulty, cyclonic collectors {somewhat an~
alogous to centrifuges) are employed, The grs/solids mizture enters
the cylinder tangentially, gas is removed overhead from the middle,
and the solids ave displaced toward the wall and funueled downward
towsrd diplegs {see Figs. 9 and 10). Key cycions performance vari-
ables include inlet velocity, component geometry, particle aize/den~
sity, and gas viscosity [ 83, 82-84, 881,

In o fiukdized dense bed there are two vanges of gas boldup thmes:
Ome for the gas that goes through the bed in bubbles and another, much
longer one, for the gas that proceeds through the interstices between
the particles, The gas in the bubbles tends to have poor conlacting
with the solids, while the gas in the interstices bas good contacting.
Thie is less of a problem if the bubbles can be made smaller. Small-
er particles resull in smaller bubbles but also result in more entrain-
ment and poor cyclone efficlency, However, a small amount of smail-
ex particles (fines} added to the coarser particles produces bubbles
nearky as small as if all the particles were small, The amount of
fines reguired to achieve this effect is that needed to coat all the lavge
particies with fines [80].

Schatz, Owen, and Soyder [ 2291, in riser piiot-plant studies of
dilute phase fluid transport, measured catalyst concentrations and
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DILUTE PHASE
WITH

PHEUMATIC
SLUGGING  TRONSPORT

FNCIRIENT OR
)

FLUIDIZED
MINIMU DENSE
FLUADIZATION

FIXED BED

NI R A

LOW VELOCITY HIGH VELOCITY

FiG. 18, The various states of an sevated bed., The gas veloelty
iz increasing from lefi to right. If the vesssl dizmeter is large
emough, the slugging regime wmay not ocour and incressing gas veloo-
ity will vesult in & amooth tvansition from dense bed io dilute phase,
After Kunii and Levenspiel {2287,

deviations from idesl plugflow for gas and catalysi, Saxton and Woerley
[63] conducted fundemental studies on the nature of fluldization in
visers; they observed that Jocal densities greater than 80 Ib/ft® ce-
eurred nesr the riser walls, and thet densities less than 3 1b/8° oo~
curred near the riser center line, indicating local veloolties as much
as twice the superficial vapor velocities of 35 to 75 ft/sec, Cenersl
information on fluidization and pneumatic transport of solids can be
found in Refs. 10, 80, 82, 84, 228, and 230,

%. Properties of Equilibrium FCC Catalyste

Table 8 gives & representative comparison of the properties of
fresh and sqguilibrium zeolite and amorphous FCC catalysts ag re-
ported by Baker and Blazek [124]., The 0,20 to 0,25% carbon on
the squilibrivm catalysts is the residual level vremaining after re~
generation, Mote the relatively low sodium levels and the sharply
higher levels of iron, and the appearance of conteminant metals such-
as nickel and vanadium on the squilibrium catalysts, Bass [231]
reporis that clay-based catulysts suvprisingly often bave tilaniuwm
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TABLE 8

Comparison of Properties of Fresgh and
Equtlibrium FCC Calalysis?

Amorphous Zeolite
high aluming XZ-3
Eguwi- Equi~
Fresh librium Fresh libriuxe

Chemical analysis (dry

bagis), wi%h
Alumina 28 28.5 31 25.4
Carbhon ¢ $,20 ¢ ¢.25
Sulfate 6.7 6.1 ¢.3 0.1
Sodium 4,03 .02 0,04 €, 04
Iron (ppm} 306 3900 700 3700
Metals (ppmof V+Ni+ Cu)  © 162 i 259
Fhysical properties
Surface area, m?/g 435 144 2385 37
Pore volume, em®/g 8,88 .43 0,60 0.45
Aversge bulk density, g/om® 0,39 0,70 £, 52 0. 68
Particle size, micromesh
sieves, wi%
0t 20 pm 2 o 2 o
G to 40 pro 17 & i3 1
G to 80 pm 88 69 5 7%
Average particle gize, pm 85 63 82 &2
Catalytic activity
Micronciivity, vol% con~
version 60° 59 85 1%
Carbon factor 1.0 1.3 9.6 g.8
Hydrogen fastor 1.0 1.3 8.2 8.7

®fiats from Ref. 124 for same commersial unit.

bEguilibrium values are lower due to presence of some residunl low
alumina of long age,

CAfier 24 he/1060° F/80 psig, 100% steam.
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inclugions in local congentrations far greater than levels indicated by
bulk chemical analysis. Typical rare-earth element distributions and
levels were discussed earlier. With the uze of a scanning eleciron
microscope/energy dispersive x-vay analyzer, Baas has also been
able to distinguish the presence of plate~like kaolin clay, granular
gel, and crystalline zeolite in the interior of lighily ground cracking
catalyst powder [ 2311,

Surface areas are sharply lower (by a factor of ~3 to 2.5) in egui-
libriym vs fresh catalyst; likewise, there is a drop In pore volwme snd
an tncrease in bulk density, Letzsch [227] suggests that, in some
cages, the itial loss in surface arer with catalyst use may in large
part be due to the collapse of amall matriz pores and some zeclite re-
gions which were not properly atabilized {i.2., had high residual so-
diwmn or insdeguate rave-carth sxchange levels),

For koth amorpbons and zeolite catalysts, the ¢ fo 20 pm fraction
disappears and the 0 {0 40 pm fraction is greatly lowered in the eqgui-
librium catalysts compared to the fresh, This reflecis the observa-
tion [82] that the finest pari of the fresh catalyst added to z fluid unit
is often lost on the first one or two cycles of operation, befors it has
much chance to do the work of cracking., Efficient regenerator cyclones
will minimize fines loss and makenp required for ortalyst rctivity
meaintenancs, Beyond the immediate loss of fresh catalyst fines, most
catalyst losses result from atfrition io particles below the size range
retained by the cyclones [ 62]; atiritionsl Ivsses ave aggravaied by es-
cessive stearm or air velocities, However, as indicated earlier, a
digirvibuiion or gradation of particle sizes is required to maintain proper
flutdization dynamics and cyclone efficiency [62]. Edgar [232] has
demonstrated {from lab simulations and scanning electron-micrograph
studies) that fresh FOC catalysts ave not subject to thermal shook and
fracture from rapid vaporization of volatiles when added to hot (1268° F+)
regenerators.

Conversions are higher, and carbon producing {CPF) and hydrogen
factors are lower for the zeolite, as expecied. CPF iz a usefud guide
to the degree of contamination of a catalyst, and is the ratio of coke
yield for a given catalyst to that for 2 standard clean siliva~aluming
catalysi at the same conversion level [28], The bhydrogen factor-de-
fined as the ratic of moles of H,/moles of Cy+ moles of Cy's-—increases
with metals level.

Cther data summaries on propervties of fluid zeolitie catalysts have
been reported [ 106, 107], as well as lnspections for TCC bead cata~
iysts (161, 105, 128, 131], silica~magnesia {128, 155, 1747, ete,
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Heterogeneous catalysis, whereby a gas- or liquid-phase
reaction is performed over a solid catalyst, is at the heart of
the modern energy and chemical industries. Most chemical
processes, both established' "*and emet’ging,"f7 are performed
using functional nanomaterials as catalysts. Moreover, upcom-
ing fields such as nanoelectronics and energy conversion and
storage are based upon the application of similar nanomaterials.
The catalytic activity for these materials often resides with
metal (oxide, sulfide) surface sites, and efficient use of the
metals and space available requires small particles, located on a
mostly inert support to enhance the thermal stability of the
catalyst. The field of catalyst synthesis, also known as catalyst
preparation or catalyst manufacturing, aims at establishing the
desired composition and structure of these materials.

Market studies in 2013 have estimated the total sales of
catalysts to be between $15 and $19 billion per year, and to rise
4—5% per year.”” Moreover, the added value catalysts create in
the conversion of feedstocks to products such as fuels and
chemicals is much larger. Studies have estimated that the cost
of the catalyst only represents between 0.1% and 1% of the final
product margin, meaning that the total value the catalysis-based
industry creates can be estimated to be on the order of trillions
of dollars per year.w‘“ Even so, catalyst synthesis has often
been regarded as an art rather than a science, although an
exponential increase in the number of scientific papers on
supported catalysts testifies to the increased ability to rationally
synthesize active, selective, and stable catalysts.12 Despite this,
many of the fundamental mechanisms concerning catalyst
synthesis are as yet not fully understood. For example, a recent
review highlights the lack of knowledge on the mechanisms and
rates of particdle formation in supported catalyst synthesis."®
Moreover, heterogeneous catalysts for a wide variety of
reactions, such as biomass conversion, (de)hydrogenation and
oxidation, the Fischer—Tropsch synthesis, ammonia synthesis,
deNO,, hydrodesulfurization, and others, encounter challenges
during preparation, activation, and operational use. While very
small metal particles are generally desired, the formation of
poorly reducible compounds such as transition-metal silicates,
aluminates, and titanates often prevents complete reduction of
the precursor to the active phase, so that the costly metal is not
fully utilized. Alternatively, the particles may be in cdose
proximity to each other, resulting in significant particle growth
during operation. During the synthesis of bimetallic or
promoted systems, phase segregation or preferential deposition
may result in separated phases or one metal covered by the
other where an alloy was desired, while macroscopic nonuni-
form distributions may prevent optional use of the catalyst.
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In this review, we describe recent developments in the
synthesis of supported catalysts reported over the past 5—10
years. First, the main requirements of solid catalysts are
discussed. Next, recent developments of the two main
preparation methods used in industry, precipitation and
impregnation, are highlighted. In both of these methods, a
metal precursor, mostly an inorganic salt, is the starting point to
deposit the active metal onto the support. With precipitation
techniques, metal particle growth is induced by supersaturation
of the precursor solution, resulting in nucleation and growth of
metal particles. This can happen in conjunction with the
formation of the support (coprecipitation) or on an existing
support (deposition precipitation). With impregnation techni-
ques, the support is contacted with a precursor solution. Low
loadings, often for precious metals, are achieved by adsorption
of the precursor molecules onto surface groups of the support
(ion adsorption) or through the exchange of ions in, for
example, zeolites (ion exchange), after which excess precursor
is removed. When higher loadings are required, the washing
step is skipped and the support is directly dried, so that all
precursor ends up on the support (impregnation and drying).
Impregnation can be performed to incipient wetness, whereby
only the pores of the support are filled with precursor solution,
to prevent deposition on the external surface of the catalyst
grains and to limit waste. Besides progress in understanding
these traditional methods, emerging preparation techniques are
discussed in this review. Precursors with low melting points can
be heated and contacted directly with the support, such that
capillary forces suck up the precursor upon melting (melt
infiltration). Particles can also be formed in solution (colloidal
route) controlled through use of stabilizing agents or ligands,
after which the formed particles are deposited on a support.
Vapor deposition involves gaseous metal atoms, clusters, or
organics selectively reacting with support surface groups.
Finally, we provide an outlook on the anticipated developments

in the field of supported catalyst synthesis.

Ao CATALYIY REQ

weh,

Catalysts come in a wide variety to accommodate the large
differences in operating conditions, feedstocks, and products,
and the catalytically active metals can be deposited on a range
of supports, which are generally highly porous and can vary in
size from small powders to centimeter-sized pellets. In each
case, high activities and selectivities toward the desired products
are required. Moreover, the stability of the catalyst is highly
important, and processes such as the irreversible growth of
particles or poisoning of the active sites have to be prevented.""
The performance and stability of the catalyst are determined by
what we refer to as the “DNA” of the catalyst, that is, the
density, nature, and accessibility of the active sites, with the
accessibility largely determined by the support pore architec-
ture.

The density of active sites is important to the activity
primarily through the number of particles on the support
connected to the metal loading. Since industrial reactors are
generally limited in size for practical reasons, it is often
desirable to use a high density of active sites (high metal
loading) to maximize the activity per unit volume. The local
particle density, and therefore the distance between particles,
can also be important for the stability of the -catalysts.
Maximizing the spacing between Cu particles proved highly
beneficial for the stability of methanol catalysts."® Similarly,
reducing the size of aggregates of cobalt nanoparticles on silica
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gel in Fischer—Tropsch catalysts has been shown to improve
catalyst stability.16

The nature of the active sites has a direct bearing on the
surface-specific activity, often referred to as the turnover
frequency (TOF), and the catalyst selectivity. This nature is
determined by the composition (ie, type of metal and
promoters or bimetallics), size, and shape of the nanoparticles.
Reduction of the size of the nanoparticles increases the amount
of surface sites per unit weight of metal and generally results in
more active catalysts. For structure-sensitive reactions favored
by specific surface sites, such as low-coordination sites found on
defects, corners, steps, or edges, reduction of the particle size
may enhance the TOF.'” However, maximum weight-based
activities at a certain particle size have also been reported. In
the dehydrocyclization of n-heptane over Pt catalysts, a large
increase in TOF was observed with decreasing particle size
from 4 to 1.5 nm, whereas further reduction in size resulted in a
large decrease.'® The TOF of Fischer—Tropsch cobalt catalysts
was found to be constant for particles larger than 6 nm, while
below 6 nm it steeply decreased.'”?°

The nature of the metal(s) and the support can also
influence the catalyst stability. For example, small Ag particles
displayed a much higher adhesion energy when supported on
reduced CeO, compared to MgO,21 and 4 nm bimetallic PtRh
particles exhibited higher thermal stability compared to
monometallic Pt partides.zz The initial particle size might
play a role as well, since 2 nm Pt nanoparticles in polymer
electrolyte membrane fuel cells were found to be very unstable,
while S nm particles exhibited almost no deactivation.”
Similarly, 3—4 nm Ni particles on silica gel used in the
methanation reaction exhibited rapid particle growth resulting
in particles up to 100 nm in size, whereas 8—9 nm initial
particles remained of a size similar to the pore diameter (10
nm) of the silica gel support.24

Accessibility of active sites calls upon control of the catalyst
porosity. This is key for the rate of mass transfer of reactants to
and products from the active sites, and affects activity by
diffusion rates, selectivity by the extent of secondary reactions,
and stability via processes such as coke formation and
poisoning. In academia, fine powder grains are often used to
ensure good accessibility of the active sites to prevent mass-
transfer limitations. However, small grains cause a large
pressure drop over a catalyst bed of significant height.
Therefore, catalyst support bodies or pellets a few millimeters
in size are often used in industry. For these relatively large
bodies, the macroscopic distribution of the active sites becomes
important, and a useful tool to estimate the degree of mass-
transfer limitations in a catalytic system is the Thiele modulus

@:

v
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where V, is the volume of the pellet, A, is the external surface
area of the pellet, k, is the first-order rate constant, and D, is the
effective diffusion coefficient. A ¢ greater than 0.3 is an
indication that diffusion of the reactant through the pores is
rate limiting. Thus, for large catalyst bodies, a homogeneous
distribution of the active phase is only preferential for relatively
slow catalytic reactions, providing reactants time to diffuse to
the active sites. If the reaction is fast or if secondary reactions
are problematic, a different macroscopic distribution of the
active phase might be preferred, such as an eggshell distribution
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or an egg-white distribution if the catalyst is prone to attrition.
If the reactants contain poisons, an egg-yolk distribution may
be favorable so that the poison can be captured at the edge of
the catalyst body, where few active sites are present (Figure 1).

N

aetal nading. RIS

Figure 1. Different types of macroscopic metal distributions across a
support body: (a) homogeneous distribution, (b) egg-yolk distribu-
tion, (c) eggshell distribution, (d) egg-white distribution (red, high
concentration of metal; blue, low concentration of metal).

Common support materials consist of refractory oxides such
as SiO,, Al,O;, or TiO,. These materials exhibit high specific
surface areas, high porosities, and high thermal and mechanical
stability and come in a variety of pore sizes, while they are
mostly chemically inert. Carbon is also widely used, while
zeolites are often applied in many oil-refining and petrochem-
ical applications. Recently, an increasing variety of ordered
mesoporous materials have been used as model supports.25
Finally, metal organic frameworks are showing an increased use
as catalysts or as support for metal (oxide) nalloparticles.26 To
maintain activity as well as for practical reasons, the support
requires a high mechanical strength and the macroscopic bodies
should be resistant to attrition if the catalyst is vigorously
agitated such as in fluid bed or slurry bed reactors.

Oxidic supports are commonly produced via sol—gel
chemistry, in which a metal precursor (usually a silicate
dissolved in water, sometimes a metal alkoxide in an organic
solvent) is polymerized in solution, forming polysilicate species.
Further condensation leads to the formation of small particles,
links between particles, and eventually the formation of a gel.
Parameters such as the pH, temperature, growth time, and
presence of salts are important to determine the morphology of
the oxides formed. Also the drying procedure and further
thermal treatment are critical to determine the final porosity of
the carrier.”” The surface of oxidic supports generally contains a
significant concentration of hydroxyl groups, which act as
adsorption sites for metal complexes and are key to many
interactions between the metal precursor and the support.
Depending on the type of support and the pH of the aqueous
solution, these groups can become protonated or deproto-
nated.”® For each support, in water there exists a pH for which
the net charge of these surface groups is zero, so that the net
particle charge can be considered nil. Above this pH, more
groups are deprotonated and the surface is negatively charged,
whereas, below the point of zero charge (PZC), the surface is
positively charged due to protonation. Table 1 shows the PZC
for several important supports. An extensive list can be found
elsewhere.?

Oxidic supports can often (partly) dissolve in acidic or
alkaline media. This can have a negative effect on the resulting
catalyst, such as with the impregnation of aqueous cobalt nitrate
on y-alumina.*® Partial dissolution of the alumina resulted in
loosely bound cobalt particles after drying and thermal
treatment, giving rise to attrition during Fischer—Tropsch
synthesis and thus contamination of the product stream.
However, partial dissolution can also be beneficial. During
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Table 1. Point of Zero Charge for Several Important
Supports in Aqueous Solution™

support PZC range support PZC range
Sio, 2—4 7-ALO; 8-9
oxidized activated carbon 2—4 activated carbon 8—10
TiO, 5=7

deposition precipitation of nickel on silica, partial dissolution of
the silica has been proposed to facilitate the deposition of a
nickel silicate phase, forming small homogeneous particles
during subsequent thermal clecon“q:aosition.z’1 Thus, the
solubility of the support may play a role in the synthesis of
heterogeneous catalysts, although it is rarely considered

explicitly.

(737

Precipitation can be induced by a change in conditions such as
temperature, pH, or evaporation, and has long been used to
produce supported catalysts. Controlled precipitation from a
precursor solution follows the principles of nucleation and
growth. An initial nucleation boom of tiny crystallites followed
by growth without the formation of new nuclei can result in
small and quite monodisperse particles. This concept is known
as “burst nucleation” and is not only important for precipitation
but also key in the synthesis of colloids and can play a role in
the synthesis of catalysts via impregnation.
3.3, Copracipitation
In coprecipitation, salts of the active metal and support are
dissolved and mixed such that nucleation and growth of a
combined solid precursor of the active metal and support is
obtained in a single step. Very high metal loadings of 70 wt %
and higher can be achieved while maintaining small particle
sizes, and as such, it is the most convenient way to produce
catalysts with a high metal weight to volume ratio. Small
particles are formed even at these high loadings by creating a
very high degree of supersaturation, so that all components
nucleate at a high rate and at the same time. This is often
realized by mixing two concentrated solutions, the components
of which result in an insoluble material when combined. Highly
soluble metal nitrates, chlorides, or sulfides can be mixed with
basic reagents such as alkali carbonates or hydroxides so that
metal carbonates or hydroxides are formed. The low solubility
of these compounds causes most of the precursor to precipitate.
During coprecipitation, great care has to be taken to prevent
local fluctuations in the conditions caused by, for example,
temperature gradients, insufficient mixing, or concentration
gradients, which can cause additional nucleation events,
different or inhomogeneous growth patterns, or the precip-
itation of different phases. New techniques such as spray-drying
and continuous consecutive precipitation can help overcome
these practical problenns.32’33

Coprecipitation can be utilized to produce catalysts such as
nickel alumina for steam reforming™ or iron copper potassium
for Fischer—Tropsch synthcsis,35 while most recent systematic
studies that have led to increased fundamental insight focused
on Cu/ZnO/AlL,O; catalysts for methanol synthesis. The active
sites for this catalyst are metallic copper step sites which are in
close contact with Zn." Molar Cu/Zn ratios of 70:30 are most
common, while the molar Al,O; content is generally below that
of Zn, and preparation is done by combining copper, zinc, and
aluminum nitrates and precipitated using alkali (bi)-

DOI: 10.1021/cr500486u
Chem. Rev. 2015, 115, 6687-6718



carbonates.>® After precipitation and aging, washing steps are
necessary to remove residual nitrates and sodium or potassium,
which can cause particle sintering and agglomeration during
further thermal treatment, leading to a loss of surface area.
Titration experiments have shown that precipitation is
preferably performed at constant pH. When the pH is slowly
increased, sequential precipitation results, whereby Cu is first
precipitated followed by Zn.*”” Baltes et al. systematically
studied the precipitation at different pH values (4.5—10) and
temperatures (30—70 °C), while keeping the subsequent
treatments the same (1 h of aging, calcination at 300 °C).*
The precipitation conditions had little effect on the Cu/Zn/Al
ratio, which was similar in all precipitated samples, and close to
that of the initial solution (60:30:10). However, large
differences were observed in the Brunauer—Emmett—Teller
(BET) and Cu(0) surface areas after reduction at 300 °C in H,
(Figure 2). The lowest Cu(0) surface areas were found at a very
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Figure 2. Influence of the pH and temperature during the
precipitation of Cu/Zn/Al catalysts on the final specific Cu(0) surface
area. After precipitation, all catalysts were aged for 1 h, calcined at 300
°C, and reduced at 300 °C. The final properties of the catalyst were
highly dependent on the conditions during precipitation. In general, a
higher temperature and a pH between 6 and 7 during precipitation
resulted in catalysts with the highest metallic copper surface areas.
Adapted with permission from ref 38. Copyright 2008 Elsevier.

low pH, where X-ray diffraction (XRD) revealed large CuO
crystallites and ZnO diffraction lines after calcination. High
Cu(0) surface areas were generally found at higher precipitation
temperatures, with a maximum at a pH of 6—7 at a temperature
of >60 °C, in agreement with the results of previous studies.
Under these conditions, small CuO particles and some residual
zincian malachite, (Cu,Zn),{CO;)(OH),, were reported after
calcination.®®

Zincian malachite has previously been reported to be the
desired 3Precursor for the formation of active methanol
catalysts. ° The crystalline phase is formed during the aging
process after initial precipitation, which generally forms an
amorphous product due to the fast kinetics of the precipitation
process (Figure 3). The resulting zincian malachite consists of
thin needles 5—15 nm in width, and forms the general
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Figure 3. (a) Cartoon of the steps during coprecipitation of Cu/ZnO
catalysts. During precipitation, an amorphous material is obtained,
which is turned into a crystallite phase during aging. A subsequent
calcination step forms small CuO and ZnO particles, the former of
which can be reduced. (b) Evolution of the pH during precipitation
and aging of a typical Cu/ZnO sample, along with the associated
change in color and crystallinity during aging (inset). Adapted with
permission from ref 39. Copyright 2012 Royal Society of Chemistry.

mesostructure of the catalyst. By incorporation of Zn, close
Cu—Zn interactions enable the formation of small Cu particles
during subsequent calcination and reduction.*® Zander et al.
analyzed the aging process of Cu/Zn (molar ratio 70:30) in
detail with in situ energy-dispersive XRD (EDXRD) and UV—
vis measurements.>® The precipitate was formed at pH 7 at 63
°C, close to the previously found optimum, and immediately
spray-dried to allow separation of the precipitation and aging
steps. Subsequently, the aging step was studied in a pH range
between S and 8, and at temperatures between 50 and 70 °C.
Two mechanisms were found for the formation of high Zn
incorporation into zincian malachite. At pH > 7, a sodium zinc
salt precipitated along with a low Zn content zincian malachite,
followed by slow dissolution of the sodium zinc salt and
incorporation of the Zn into the zincian malachite during aging.
At pH between S and 6.5, direct co-condensation of copper and
zinc caused direct formation of the zincian malachite, resulting
in the highest amount of Zn incorporation (29.2%), close to the
total amount added.*® A study on different precipitation agents
for Cu/Zn/Al precipitated at pH 6 and aged for 2 h showed
little difference in the obtained crystalline phases and final BET
surface area among sodium, potassium, and ammonium
carbonate precipitating agents, although use of sodium
hydroxide provided a notably lower surface area. ™

After aging, the zincian malachite precursor is converted into
CuO and ZnO particles by a calcination step. Stepwise
calcination at 100 °C intervals from 200 to 700 °C showed
the best result was usually obtained at 300 °C.%® At this point,
most of the copper was present in the form of small CuO
particles, while some degree of zincian malachite was still
present. Although decomposition of these last traces was
possible at higher temperatures, this also resulted in a
sharpening of the CuO XRD diffraction line, corresponding
to larger CuO particles due to sintering at the increased
temperature. Other studies on Cu/Zn/Al coprecipitates also
reported an increase in CuQ particle size upon increasing the
severity of the calcination procedure. Increasing the calcination
time at 350 °C from 1 to 3 h increased the CuO particle size

DOI: 10.1021/cr500486u
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Figure 4. Evolution of the BET surface area of Cu/ZnO/AlLO, catalysts obtained by different washing and calcination treatments after
coprecipitation: (a) Na,CO, used as the precipitating agent, followed by calcination in stagnant air, (b) (NH,)HCO, used as the precipitating agent,
followed by different numbers of washing steps and calcination treatments. Adapted with permission from ref 47. Copyright 2013 Elsevier.

from 3.0 to 3.7 nm, which increased further to 5.0 nm at 400
oc.¥ Similarly, increasing the calcination temperature from 400
to 700 °C brought about a gradual increase from 5.3 to 15.8
nm, highli%hting the importance of a relatively mild activation
treatment.

Although water is normally used as the solvent for
precipitation techniques, high Cu surface areas have been
obtained in a solvent mixture of ethylene glycol and water at a
ratio of 4:1.** Cu/Zn/Al at a ratio of 3:3:1 was precipitated at
pH S and 70 °C, aged for 2 h, and calcined at 350 °C. It was
postulated that the ethylene glycol works as a surfactant that
adsorbs on the surface of growing crystallites, thereby inhibiting
further growth so that small particles and high surface areas are
obtained. However, mixing other polar solvents with water,
such as ethanol, tetrahydrofuran, and 1,4-dioxane, had a
negative effect on the Cu surface area.

Microwave irradiation has been investigated as an alternative
heat source during the precipitation and aging process of Cu/
Zn/Al at a molar ratio of 64:32:4 at pH 7.5-8.% Although
microwave irradiation had little effect on the precipitation
process, aging at 70—90 °C using microwave irradiation showed
an increased incorporation of Zn compared to regular aging at
the same temperature, eventually leading to smaller CuO
particles after activation.

3.1.1. “Greener” Coprecipitation Methods. Coprecipi-
tation methods generally require numerous washing steps after
precipitation to wash out residual nitrates, sodium, potassium,
and other compounds to prevent sintering and agglomeration
of particles during thermal treatment. This produces large
amounts of wastewater contaminated with nitrates, and
although this is undesired, precursor salts based on sulfate or
chloride instead of nitrate introduce poisons for the methanol
catalyst. To circumvent this, metal formates have been
investigated as a precursor 1'eplzlcemen'c.46 Titration experi-
ments revealed that copper and zinc formates have a higher
tendency to simultaneously precipitate, increasing the homo-
geneity of the metal distribution in the precipitate. In the
absence of nitrates, formation of zincian malachite is not
possible, and instead, a phase with the general formula
(Cuy_Zn,),(OH);HCO, was formed. Investigation of the
crystal structure revealed a maximum Zn incorporation into the
precursor phase of around 20% (x = 0.2), somewhat lower
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compared to the 20—-30% generally found in zincian malachite
when using nitrate precursors. Upon coprecipiatation of Cu/Zn
from formate precursors, 12 nm CuO particles were found,
somewhat larger than present in conventional systems.
However, this was attributed to the lack of ALO; in the
sample and relatively lower amount of Zn. Even so, the catalyst
showed a relatively good activity, possible due to the good
interaction of the Cu and Zn phases, showing formates are
promising nitrate substitutes.

Alternatively, altering the calcination treatment has been
shown to circumvent the need for a multitude of washing steps
to remove residual nitrates altogcthcr.47 Cu/Zn/Al catalysts
with a molar ratio of $5:30:15 were precipitated using Na,CO;
or (NH,)HCO; at a pH of 7 and a temperature of 70 °C and
aged for 2 h. If no washing was performed, a very low BET
surface area of 15 m?/ g was found after calcination in stagnant
air for the sample precipitated with Na,CO; (Figure 4). This
increased significantly with each washing step, to a maximum of
115 m?/g after seven steps, illustrating the importance of
removing nitrates and sodium to prevent agglomeration of the
resulting copper particles. When (NH,)HCO; was used as the
precipitating agent, the values varied from 70 to 100 m?/ g after
calcination in stagnant air depending on the number of washing
steps. However, if the calcination was performed in a high flow
of N,, 120 m?/ g was obtained without performance of a single
washing step. Moreover, although washing is normally needed
to remove sodium from the sample, by using (NH,)HCO;, the
need for a washing step was circumvented altogether, albeit at
less than quantitative precipitation of copper. Alteration of the
thermal treatment step has been rarely studied for precipitated
catalysts, in contrast to catalysts prepared by impregnation and
drying, which is discussed in detail in section 4.4.

3, Deposition Pracipitation

Similar to coprecipitation, deposition precipitation concerns
deposition from a precursor solution through a change of pH,
temperature, or evaporation, so that metal compounds are
formed with a low solubility, often metal hydroxides. In the case
of deposition precipitation, this is done in the presence of an
existing support, and the concentration of the new compound
is increased gradually to prevent formation of bulk phases in
solution. Preferential precipitation on the support can be
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achieved because introduction of the support in the solution
causes either a reduction of the surface free energy of tiny
nuclei or stabilization of the precipitate, decreasing the energy
barrier for nucleation. Hence, conditions exist where nucleation
can only occur on the support and not in the bulk solution, so
that the support surface functions as a seed for nucleation.”"
Nucleation of the metal species is generally induced by
changing the pH so compounds with a low solubility are
formed. When this is done by injection of the precipitant (e.g.,
alkaline solution), great care has to be taken to prevent local
concentrations exceeding the critical supersaturation, which
would cause bulk precipitation. Because of this, homogeneous
deposition precipitation methods are often preferred, whereby
precipitation is induced homogeneously throughout the
reaction vessel. This can be achieved by adding urea (at
room temperature), which when heated to 90 °C will slowly
decompose, resulting in the formation of OH", thereby slowly
enhancing the pH upon decomposition. Other popular
precipitation techniques include the direct reduction of solvated
metal ions to the metal*® or a gradual reduction of the pH by
slow removal of ligands such as ammonia via evaporation.*’
Classically, deposition precipitation was developed to
produce catalysts with metal loadings that exceed those
obtained by impregnation which is limited by solubility;so
however, few recent studies in this respect are noted. In one,
hexachloroplatinic acid was used as a precursor to deposit up to
60 wt % Pt on a high surface area carbon black via deposition of
PtCIx(OH)y(HZO)Z species formed by the decomposition of
urea.”! Increasing the urea/Pt molar ratio from 0 to 80 showed
a decrease in size of the Pt particles from § to 2 nm (Figure $)
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Figure 5. TEM images of 60 wt % Pt/C before reduction, showing the
size of the Pt nanoparticle complexes dependent on the amount of
urea used during deposition: (a) no urea, (b—f) urea/Pt molar ratio of
(b) S, (c) 10, (d) 20, (e) 40, and (f) 80. Scale bar 10 nm. Adapted
from ref S1. Copyright 2009 American Chemical Society.

before reduction. Note that deposition was also possible
without addition of urea, suggesting not only precipitation but
also adsorption of Pt complexes played a role (see section 4.2).
It was postulated that the observed reduction in size was mainly
due to electrostatic charge effects: at a higher pH, obtained by
more urea addition, Pt complexes with a more negative charge
were formed, so that their growth was limited by repulsion. The
reduction step was also important for the final metal particle
size. When reduction was performed by addition of NaBH, at
room temperature, the high reduction potential of NaBH,
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resulted in large particles and agglomerates. When ethylene
glycol was added at room temperature instead, small
monodispersed Pt particles were obtained by in situ formation
of acetaldehyde at 120 °C, which functioned as a reducing
agent. A separate study focused on the initial pH of the solution
for the production of 40 wt % PtRu (equal molar ratio) on
carbon black.> Through addition of NaOH, the initial solution
was varied between pH 3 and pH 10 before the temperature
was raised to 90 °C to start decomposition of urea (urea/PtRu
molar ratio of 20). The metal particle size varied from 3.6 nm at
pH 3—4 to 2.6 nm at pH 9—10 after reduction in a flow of H,.

Cobalt has been deposited on silica gel and carbon nanofiber
(CNF) supports using deposition precipitation starting from an
aqueous solution of cobalt nitrate and urea®® At a 15 wt %
loading of cobalt, the resulting material consisted of mainly
cobalt hydrosilicates on silica, whereas on CNF a weak
interaction with the precursor resulted in limited nucleation
on the support, with both materials exhibiting large cobalt
particles after reduction (40 and 25 nm, respectively). Uniform
deposition was more successful when cobalt carbonate and a
high initial pH were used instead, and precipitation was induced
by evaporation of ammonia at 90 °C, slowly lowering the pH.
Using this method, much smaller particles of 8 and 13 nm size
were obtained for CNF and silica, respectively. Similar results
were obtained in a separate study on Co/TiO, at loadings
varying between 4 and 24 wt %. Although some small 2 nm
particles were found using urea and cobalt nitrate, large
unsupported particles were observed, resulting in an average of
20 nm particles at 4 wt % Co and 50 nm at 24 wt % on titania.
Deposition precipitation onto titania of cobalt carbonate by
evaporation of ammonia resulted in a homogeneous distribu-
tion of 9 nm particles at 4 wt % Co, §r0wing only to 15 nm for
the sample prepared at 24 wt %.°* These results show the
interaction of the precursor and the support is important to the
method of deposition precipitation; when the interaction is too
strong, such as with cobalt nitrate and silica, mixed metal—
support phases are formed, whereas a too weak interaction,
such as with cobalt nitrate and CNF or TiO,, results in large,
unsupported particles. In all reported cases, deposition
precipitation of cobalt carbonate by evaporation of ammonia
resulted in a more optimal interaction.

3.2.1. Gold Catalysts. Recently, deposition precipitation
has frequently been used for the preparation of finely dispersed
gold particles at relatively low loadings. A facile and common
proceeding starts with an aqueous solution of HAuCl, to arrive
at 0.5—2 wt % loading.>® The pH of the solution is raised using
NaOH, followed by addition of the support under vigorous
stirring, and heating to 70 °C. In general, not all gold is
deposited from solution, and an investigation on the effects of
pH during deposition for Au/TiO, revealed the uptake of gold
was maximum at a pH around 6, close to the PZC of the TiO,
support.56’57 However, this resulted in the formation of large
Au particles, while a good compromise between particle size
and uptake was obtained at pH 9. This technique has been
applied to deposit Au on a variety of supports such as a
hydrotalcite,*® diamond,* $i0,/Ti0,° and AL, O,.** However,
several studies on the mechanism argue that it is technically not
a deposition precipitztti(m.56’62_65 Moreau et al. proposed that
electrostatic adsorption takes place at a pH below the PZC for
gold deposited on titania, while above the PZC a neutral
Au(OH);H,O species adsorbs on two TiO™ surface sites.®
Cellier et al. compared anion adsorption at pH 3 to deposition
precipitation at pH 7 on two titania sul:)ports.64 In both cases,
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evidence of gold chloride complexes on the surface of the
support was obtained, suggesting AuCl,_ (OH),” complexes
had reacted with surface OH groups to form surface species,
rather than forming a precipitate of the type Au(OH),Cl;_,.
Moreover, when titania with a higher surface area was used, a
higher Au loading was achieved, corroborating the mechanism
of surface adsorption rather than precipitation. It has been
argued that an adsorption equilibrium explains why not all Au
precipitates from solution, although finite solubility of a
precipitate offers an alternative explanation.

Zanella et al. already postulated a similar mechanism of gold
surface complexation for the NaOH “deposition precipitation”
method in 2002, and compared it with the more conventional
deposition precipitation method using urea to slowly raise the
pH for the preparation of a Au/TiO, catalyst with a nominal
loading of 8 wt % Au®? Precipitation of all gold in solution was
achieved using the urea deposition precipitation method,
whereas a maximum Au loading of only 3 wt % was obtained
using the NaOH method, suggesting the two involve different
deposition pathways. Further study suggested that AuCl-
(OH);™, the dominant species at pH 8, reacts with the surface
hydroxyl species in the NaOH method.®® For the urea
deposition method, a gold—urea or gold—urea derivative
complex formed with a high N content, although the exact
nature of the complex was not reported. It was postulated that
initially some AuCl,_.(OH),” anions adsorbed on the
positively charged support surface hydroxyl groups at low
pH, which serve as nucleation sites for the precipitation of the
gold—urea complex species in the first hour. These form
relatively large particles, which fragment into smaller particles
upon aging as the pH rises further (Figure 6).
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Figure 6. Time evolution of the pH and the Au particle size estimated
by TEM during the preparation of 8 wt % Au/TiO, prepared by
deposition precipitation using urea. Adapted with permission from ref
66. Copyright 2005 Elsevier.

The urea deposition precipitation method was further used
to deposit Au on ALOs, TiO,, ZrO, and CeO, at loadings
between 1 and 7 wt %.%” In each case, small particles of around
2 nm size were found by transmission electron microscopy
(TEM) analysis, and the synthesis was readily scaled up to 50 g
without compromise. Moreover, it was concluded that, at a
loading of 1 wt %, which was found to be below the absorption
capacity of the supports investigated, all the gold was initially
adsorbed by the support as AuCl,_.(OH),” species. This first
adsorption step was then rapidly followed by a change of
speciation by adsorbed gold—urea complex formation, so that
again this technically is not a deposition precipitation. Using
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this method, 1 wt % AuPd bimetallic particles were deposited
on TiO, and Al,O; with different Au/Pd ratios and very good
incorporation of Pd into the Au particles.68770

A thermodynamic model has been proposed to rationalize
the cluster size of Au particles during deposition precipitation
using urea.”" A key part of the model is the dependency of the
interfacial energy on the electrostatic interaction between the
nanoparticles and support, which was related to the PZC of the
support and the pH of the solution. The experimental data of 2
wt % Au deposited at a pH of 8 on different supports (ALO;,
PZC = 8; TiO,, PZC = 6; SiO,, PZC = 4) showed a decrease in
particle size from 2.3 to 1.6 nm with decreasing support PZC.
Even though further thermal treatments such as drying and
calcination were not taken into account, and the authors
acknowledged that the model provides only some qualitative
trends, while the interactions involved are likely more
complicated, the experimental results were in fair agreement
with model predictions.

Impregnation and drying is a frequently used preparation
method among others due to its simple execution and low
waste streams. The first step is contacting a metal precursor
solution with a porous support. Common precursors include
inorganic metal salts, such as metal sulfates, carbonates,
chlorides, nitrates, or acetates, and organic metal complexes,
such as metal acetylacetonates. The most commonly used
solvent for inorganic salts is water because of the high solubility
of many precursors, whereas organic solvents are mainly used
for organometallic precursors. To prevent premature deposi-
tion of the metal precursor in bulk solution, concentrations
below (super)saturation are required.

Two main impregnation methods are distinguished, namely,
wet impregnation (WI), whereby an excess amount of solution
is used, and pore volume impregnation (PVI), in which an
amount to just fill the pore volume of the support is used. The
latter method is also known as incipient wetness impregnation
(IWI) or dry impregnation (DI), because the impregnated
material keeps a dry character at a macroscopic scale. Uptake of
the liquid into the pores of the support occurs due to the
capillary pressure difference Ap across a hemispherical
meniscus in a pore with radius r, according to the Young—
Laplace equation””

D

Ap = ’\ZJ/E\:’/’b) oS o))
where 7, is the surface tension between the liquid and vapor
interface and & is the wetting angle between the solid and the
liquid. If & < 90°, the liquid is considered as wetting and will
penetrate the support spontaneously, which is the case with
water in combination with most oxidic supports. If the liquid is
nonwetting (6 > 90°), the capillary pressure becomes negative
and an external pressure is needed to force the liquid into the
pores. This can occur for hydrophobic supports such as carbon
materials, for which a less polar solvent such as ethanol or 2-
propanol may be more appropriate, although this usually comes
at the expense of a lower precursor solubility. From eq 2 it is
clear the pressure difference depends inversely on the pore size,
so that liquid is preferentially sucked up by the smallest pores.
The rate at which the liquid fills the pores is generally fast and
is often not considered critical for catalyst synthesis. According
to the Washburn equation,73 infiltration of a wetting liquid into
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a porous body of a few millimeters can occur in seconds to
minutes, as has been experimentally verified.”* However, when
the support is prewetted with the same solvent before loading
of the precursor via wet impregnation, capillary forces do not
play a role and the only driving force for the precursor to enter
the support is diffusion, which can take significantly longer.”

4.1.1. Pore Filling. Although pore filling occurs rapidly,
whether all pores are filled after impregnation to incipient
wetness has been questioned. Inhomogeneous MnO, and Fe
distributions have been observed after calcination on SBA-15
and MCM-41, respectively, and attributed to inhomogeneous
filling during in1pregnation.76’77 Direct imaging of the
impregnated precursor solution is difficult, due to evaporation
and decomposition induced by a high-intensity beam of an
electron microscope. A first visualization of SBA-15 impreg-
nated with a nickel nitrate hexahydrate solution was done by
Sietsma et al. using cryo-TEM.78 Frozen to —197 °C, many
pores were found empty after impregnation (Figure 7), which

Figure 7. Cryo-HAADF-STEM (cryogenic high-angle annular dark
field scanning transmission electron microscopy) images of the SBA-
15 pore volume impregnated with an aqueous nickel nitrate solution
and frozen to —196 °C, showing several pores remained empty after
impregnation. Adapted from ref 78. Copyright 2008 American
Chemical Society.

was attributed to the relatively low hydroxyl density of SBA-15
compared to that of regular silica, resulting in incomplete
wetting. However, it is also possible N, physisorption
underestimated the total pore volume of the SBA-1S, so that
there was not enough liquid to fill all the pores. A more detailed
cryo-TEM tomography study was performed by Eggenhuisen et
al. on SBA-15 impregnated with cobalt nitrate or nickel nitrate
solutions.”® Although a few empty pores were found mainly on
the external edge of the support particles, the majority were
filled, and it was concluded that impregnation does lead to an
almost homogeneous and complete pore filling. More
quantitative measurements on larger samples by differential
scanning calorimetry (DSC) have also provided evidence on
the complete filling of porous supports (Figure 8).*° Due to the
downward shift in the melting point of liquid confined in
nanopores, a distinction was possible between extraporous and
intraporous liquid in the material. Incipient wetness impregna-
tion of several ordered mesoporous silicas and silica gels with
several solutions, including a eutectic nickel nitrate solution,
resulted in fillings between 90% and 100%.

The two-solvent impregnation method, also known as the
double-solvent technique, offers an alternative to ensure no
material ends up at the outer surface of the support particle.76
In this method, the support is first dispersed in an apolar
solvent such as pentane or cyclohexane. Subsequently, an
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Figure 8. DSC measurements during the heating of a silica gel with 16
nm pores filled with a eutectic nickel nitrate solution (EuNi(NO,),).
The maximum filled fraction f is defined by f = Venuwo,),/ Vsio, pores:

Due to confinement, the solution in the pores melts (endothermic
peak) at a lower temperature compared to the extraporous or bulk
solution. Even at a filling of 1.00, no bulk melting was detected,
indicating all of the impregnation solution was located inside the
pores. Adapted from ref 80. Copyright 2009 American Chemical
Society.

aqueous solution containing the metal precursor is added. Due
to the favorable wetting properties of the aqueous solvent, i.e.,
the aqueous phase has a lower contact angle 8, it replaces the
apolar solvent in the mesopores of the support. However,
inhomogeneous distributions inside the catalyst grains are often
reported after drying and calcination when using this
method,®' ™" which is at least partly influenced by the choice
of the apolar solvent. Van der Meer et al. studied pentane,
hexane, heptane, and cyclohexane as apolar solvents for the
production of Co3;0,/SBA-1S5 from an aqueous solution of
cobalt nitrate, followed by drying and calcination.®* Use of
cyclohexane resulted in large aggregates of cobalt particles a few
hundred nanometers in size, whereas pentane resulted in
relatively small aggregates several tens of nanometers in size. It
was proposed that the aggregate size is influenced by the size of
the aqueous droplets that form in the alkane phase, which is
influenced by the interfacial tension between the polar and
apolar solvents. This was lowest for pentane, resulting in the
smallest droplets and subsequent aggregates.®> Comparison of
nickel actetate and nickel nitrate on MCM-41 (Ni loading of 1
and § wt %) showed more homogeneous distributions were
obtained using nickel acetate, suggesting the thermal treatment
after impregnation plays a significant role in the distribution of
the precursor.”” In this case, it was postulated that nickel
acetate exhibited stronger adsorption on the support surface,
thereby limiting redistribution, whereas nickel nitrate redis-
tributed during further treatment due to a weak interaction with
the support, as will be discussed in the following sections. Also
note that organic material present during subsequent thermal
treatments can greatly affect the final dispersion of the catalyst,
as discussed in section 4.4.1.

2
ol

2. Adsorption

In general, adsorption of metal ions from aqueous solution
onto a support plays an important role when low metal
loadings are applied. Electrostatic adsorption requires the pH of
the solution to be different from the PZC of the support to
create adsorption sites in the form of charged surface hydroxyl
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groups. This ability of support surface hydroxyl groups in water
to become protonated or deprotonated also allows them to
function as a pH buffer. When a y-alumina with a surface area of
200 m*/g, pore volume of 0.5 mL/g, and surface hydroxyl
density of 8 groups/nm2 is impregnated to incipient wetness
with an acidic solution of pH 3, only 1 of 5000 surface groups
become protonated so that the surface will be negligibly
charged. However, the pH of the solution will rise from 3 to
that close to the PZC charge of the y-alumina, about 8—9.5¢
Therefore, adsorption is often low upon incipient wetness
impregnation, especially with high precursor concentrations,
and when adsorption is desired, wet impregnation is generally
applied. It should be noted that the change in pH of the
impregnating solution upon impregnation to incipient wetness
is often not considered, even though many transition metals are
hydrolyzed at high pH, which may result in premature
precipitation of metal hydroxides.

Varying names are used for adsorption techniques, such as
strong electrostatic adsorption (SEA), ion adsorption (IA), and
equilibrium deposition filtration (EDF). All these methods are
based on the same general principle. To achieve adsorption,
wet impregnation is performed with a large excess of solution, a
low concentration of the precursor, and a predetermined pH.
The modes of deposition can be globally divided into two main
modes of adsorption. Outer sphere complex formation
concerns nonspecific, Coulombic or electrostatic interactions
of the precursor with the support, whereby the support surface
charge is compensated by a layer of charged metal ion
complexes in solution. Inner sphere complex formation occurs
when support surface groups become directly involved in
binding the complex, e.g,, when a surface oxygen or hydroxyl
group enters the first coordination sphere of the metal complex.
A detailed review on the fundamentals of adsorption can be
found elsewhere.®’

4.2.1. Outer and Inner Sphere Complex Formation.
Adsorption via outer sphere complex formation concerns
mainly electrostatic interactions, and has been formulated into a
relatively simple model.®® In general, multivalent ions
preferentially adsorb over monovalent ions.** This type of
adsorption is highly pH dependent; at a pH at the PZC, the net
charge of the surface is zero and very limited or no adsorption
takes place. Anions are adsorbed at a pH below the PZC, while
cations are adsorbed when the pH is higher. Care should be
taken not to use extreme pH values, whereby the high ionic
strength of the solution diminishes the adsorption equilibrium
constant, so that adsorption is actually reduced instead of
improved. Moreover, support dissolution can be significant
especially at a pH very different from the PZC of the support.

Recently, Regalbuto et al. used palladium, copper, cobalt,
ruthenium, and nickel ammine complexes to obtain silica-
supported catalysts at loadings between 1 and 3 wt %.°° After
deposition at a pH of 12, the catalysts were dried and directly
reduced. Small particles between 1 and 3 nm in size were
found, and calculations showed that these metal loadings were
close to the maximum obtainable by electrostatic adsorption for
the used silica with a surface area of 180 mz/g and a PZC of 4.0.
It was postulated that the maximum loading mainly depends on
the surface area of the support. A follow-up study focused on
SBA-15 supports with different surface areas.” Ammine
complexes were used to deposit Pd nanoparticles of 1.3 nm
size at a relatively high loading of 8.7 wt % on 1000 mz/g SBA-
15, and 1.9 nm Pt particles were synthesized on SBA-1$ with a
600 m?/ g surface area with a loading of 9.2 wt %, showing high
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surface areas were indeed beneficial for adsorption. Co particles
were also synthesized using this method, but larger particles of
7 nm size at a loading of 5.1 wt % resulted. This was attributed
to particle growth that occurred during the high reduction
temperature of 800 °C needed to reduce the strongly adsorbing
cobalt complexes, whereas the Pt and Pd catalysts were reduced
at 350 °C or lower. Moreover, dissolution of the silica support
was already observed at pH 9, and 25% of the SBA-15 silica was
dissolved after 1 h at pH 10, the optimum pH for the uptake of
metal cations. This led to a large increase in pore diameter and
pore volume; however, this was not considered a problem due
to the relatively thick walls of SBA-15. It was suggested to
minimize the contact time to reduce this effect.

Recent studies have focused on adsorption on high surface
area carbon supports to obtain high metal loadings.
Hexachloroplatinate was deposited on several carbon xerogels
with a BET surface area of 650 m*/g (at pH 11, PZC = 9.4),
while platinum tetrammine was deposited on oxidized carbon
(at pH 2.5, PZC 2.4).”> The maximum loading of
hexachloroplatinate was found to be 9.2 wt %, while that of
platinum tetrammine was only 4 wt %, and scaled linearly with
the mesoporous surface area of the support. It was
hypothesized that the platinum ammine complexes, which
retain two hydration sheaths, were too large to enter the
micropores of the carbon, which was not a problem for the
smaller hexachloroplatinate. In each case, small Pt particles
between 1.1 and 1.3 nm in size were obtained. In another study,
2 nm Pt particles at a very high loading of 28 wt % were
obtained on a carbon black material with a 1500 mz/g surface
area using hexachloroplatinate at high pH.93 Regalbuto et al.
have shown for support material with a lower surface area that
high loadings can be achieved by successive impregnation and
reduction steps. On carbon xerogel with a surface area of about
600 m*/g, hexachloroplatinate was deposited at loadings of 7.5,
15.0, and 22.3 wt % for the first, second, and third steps,
respectively.94 Thus, it appeared the adsorbed metal ions
formed small particles during reduction, thereby fully
regenerating the adsorption sites, as has also been observed
during atomic layer deposition (see section 5.3). Moreover, the
particle size did not increase significantly upon additional
treatments, but stayed constant at 2.0 nm, resulting in an
increased particle density upon multiple deposition cycles.

Although short contact times (1 h) resulted in outer sphere
complex formation, a longer contact time between platinum
tetrammine and oxidized carbon at low pH gave rise to
reduction of Pt concurrent with oxidation of the carbon
surface.®® Similarly, when trying to deposit cobalt on a carbon
support at high pH, it was found that the cobalt ammine
complex was completely converted to Co;O, after 1 h, which
did not occur on silica®™ Reductive ammination of the
precursor took place, forming different precipitates depending
on the pH (CoO at pH 9.2, Co;0, at pH 9.8, and Co(OH),*~
at pH > 11 when NH,OH was used as the base), so that the
process is better described as a deposition precipitation.
Moreover, at higher pH the cobalt ammine reacted to
[Co(NH,);Cl]Cl,, which did not adsorb at all.”® Nonetheless,
particles of 5 nm size were obtained at a Co loading of 6.7 wt %
at a pH of 10.

While in each of the previously discussed studies diluted
slurries of a powdered support in a large excess of solvent were
used, it was recently shown that significant adsorption is also
possible during incipient wetness impregnation, in a modified
method called charge-enhanced dry impregnation (CEDI1).””
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To overcome the buffering effect and charge of the support,
very high or low pH values were required (Figure 9). While

Figure 9. Estimation of the pH needed to obtain maximum cation
adsorption for a material with PZC = 2: (a) difference in the initial pH
of the solution and the final pH caused by buffering of the support,
dependent on the surface loading (SL, defined as the amount of
support surface area present in the slurry per liter), (b) cation uptake,
dependent on the final pH and surface loading. The dashed blue line
in (b) shows maximum uptake around a final pH of 9. In (a), it can be
seen that, to obtain this final pH, the slurry should be at an initial pH
of 9 for very low SL (a highly diluted slurry), whereas at high SL, such
as is the case for incipient wetness impregnation, an initial pH of 13
can be required (the SL at incipient wetness for a material with a
surface area of 200 mz/g and pore volume of 1 mL/g is 200K m?/L).
Adapted from ref 97. Copyright 2013 American Chemical Society.

dissolution of the support could be an issue at such extreme
pH, it was reasoned that the buffering effect of the support
would result in relatively fast pH equilibration, so that the pH
drops to a value where the surface is charged but dissolution is
less problematic. Using this method, 2 wt % Pt was deposited
on carbon (PZC = 2, pH 13), silica (PZC = 4, pH 13), and
alumina (PZC = 8, pH 1). Small particles between 1.5 and 3
nm in size were obtained, much smaller compared to those
from a conventional dry impregnation whereby the pH of the
impregnating solution was not optimized. Thus, CEDI provides
the advantage of obtaining high dispersions without high
amounts of wastewater, albeit at relatively low metal loadings.
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The principles of strong electrostatic adsorption have also
been used to selectively deposit metals on specific surface sites.
Using the difference in PZC between Co;0, (PZC = 8) and
TiO, (PZC = 4), manganese was selectively deposited on
cobalt in a Co;0,/TiO, catalyst by using KMnO, at a pH of 1,
whereby the TiO, was negligibly charged.”® Scanning trans-
mission electron microscopy—electron energy loss spectrosco-
py (STEM—EELS) showed MnO was located preferentially on
the Co;O, (Figure 10), while samples prepared by conven-

Figure 10. STEM—EELS map for Mn/Co/TiO,. Strong electrostatic
adsorption resulted in manganese (green) deposited on the cobalt
(red) after calcination (a), which moved to the cobalt titania (blue)
interface after reduction (b). By deposition via IWI, MnO was present
on the TiO, support after calcination (c), which after reduction also
migrated to the Co/TiO, interface (d). Adapted with permission from
ref 99. Copyright 2010 Wiley.

tional incipient wetness impregnation whereby the pH was not
regulated resulted in MnO dispersed all over the TiO,
support.” However, reduction of the catalyst resulted in
migration of the MnO in both cases to the Co/TiO, interface,
which appeared to be thermodynamically favorable. Similar
results were obtained for MnO/Co/SiO, and MnO/Rh/SiO,,
where MnO was preferentially adsorbed on Co;0, or Rh,O;,
respectively, However, no MnO mi(gration was observed after
reduction on the silica support.wo’l !

Inner sphere complex formation concerns a chemical
adsorption, whereby metal complexes are covalently coordi-
nated to the hydroxyl groups (Figure 11). Because a charged
complex is bonded to the support, this is generally
compensated through the release or accumulation of protons
by the support for a positive or negative metal complex,
respectively, leading to a change in the pH of the impregnating
solution. Therefore, to optimize procedures whereby inner
sphere complex formation occurs, it is often important to
actively regulate the pH during the equilibration procedure. In
addition, adsorption can occur at a pH similar to the PZC, as
described for Au on ALO; or TiO, (see section 3.2.1). The
exact nature of adsorption depends on the support, precursor,
and conditions, and often both inner and outer sphere complex
formation can occur simultaneously.

In a series of papers, Lycourghiotis et al. investigated the
method of adsorption on titania (PZC = 6.5, BET surface area
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Figure 11. Schematic representation of various deposition possibilities
of Co(F,0)s*" on (101) anatase: (a) hydrogen bonding, (b) outer
sphere complex formation via electrostatic adsorption, (c) inner
sphere complex formation via monosubstitution of a H,O ligand with
a terminal surface oxygen atom, (d) monosubstitution with a
hydrolyzed compound, (e) formation of a monosubstituted complex
with a bridging surface oxygen, (f) formation of a disubstituted
complex with one bridging and one terminal surface oxygen, (g)
formation of a disubstituted complex with two terminal oxygen groups
(Ti in gray, H in yellow, O in red, Co in pink, and oxygen of the
hydrolyzed group in blue). Adapted with permission from ref 102.
Copyright 2009 Wiley.

50 mz/g) supported chromium, molybdenum, tungsten, cobalt,
and nickel at various pH values ranging from below to above
the PZC.'%*7'% It was found that CrO,>~, HCrO,”, and
CrO;”” mainly adsorb through electrostatic forces to form
outer sphere complexes, at a maximum of 1 wt % at pH 4.5."%
However, the other metals all showed some form of covalent
bonding of the metal precursor complex and the titania
support. Mo and W complexes showed the highest adsorption
of 3 and 10 wt %, respectively, at pH 4. Mainly mononuclear
MoO,>” and WO,?” species were observed, whereby the
complexes were formed via hydrogen bonds or substitution of
one or two oxygen ligands with terminal oxygen groups of the
titania. Polymeric species were also found in both cases when
high initial concentrations and low pH were used, which
adsorbed mainly through electrostatic forces. Co(H,0)s>* and
Ni(H,0)¢*" species preferentially adsorbed as mononuclear
species, whereby one water ligand was replaced by a surface
oxygen group, at a maximum of about 2 wt % at pH 7.5. In
addition, one or more water ligands not bonding with the
support could be hydrolyzed.

The knowledge of the type of species adsorbed at different
pH values has allowed for the rational synthesis of supported
catalysts. In the synthesis of 1.5 wt % MoO;/TiO, catalysts, it
was found that deposition at a constant pH of 6 resulted in
much better dispersed catalysts as determined by XPS, which
showed a Mo/(Mo + Ti + O) ratio of 2.2 compared to 1.3 for
the catalyst prepared at pH 9.'%” Tt was postulated that the
disubstituted MoO,>” that formed at pH 6, whereby two
oxygen ligands of the precursor are replaced with terminal
oxygen groups of the TiO,, was more stable to sintering during
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subsequent calcination compared to the monosubstituted
species which dominated at pH 9. Studies on Co/Al,O; and
Mo/AlL,O; illustrated the technique is not always easy, as
deposition of large crystals or too strongly interacting species
which were difficult to reduce also occurred depending on the
conditions."*®'% Nonetheless, Kordulis et al. showed Co/Mo
(2 wt %/17 wt %) bimetallic catalysts can be synthesized on an
Al,0;/8i0, mixed support. Co-adsorption of ammonium
heptamolybdate and cobalt nitrate at pH S resulted in the
selective deposition of MoO,*” on the positively charged
alumina, while the silica was negatively charged. Alternatively,
Co was preferentially deposited on the silica surface, which
resulted in fewer irreducible Co/AL,O; sites. The resulting
catalyst was over 10% more active for the hydrodesulfurization
of thiophene compared to a similar one prepared via regular
impregnation.

In the synthesis of 1 wt % Ni/SiO, catalysts using nickel
ethylenediamine (en) complexes from nickel nitrate and
ethylenediamine, the NiO species were controlled via different
graftings of the nickel precursor complex.llo Both Ni(en)-
(H,0), and Ni(en),(H,0), were grafted onto the support via
replacement of two H,O ligands with surface hydroxyl groups.
After calcination, grafted Ni(en)(H,0), gave rise to nickel
phyllosilicate formation, eventually resulting in large nickel
particles after reduction. However, grafted Ni(en),(H,0),
brought about isolated Ni** ions after calcination, resulting in
very small particles after reduction. This was attributed to the
lack of free H,O ligands in the adsorbed complex, so that it no
longer reacted with other complexes or silicon-containing
species.

4.2.2. Metal Distribution. Adsorption also plays a
significant role in the metal distribution across macroscopic
support grains or pellets."""**> Although the pore filling with
liquids of larger bodies occurs within a few seconds or minutes,
adsorption on support sites often slows penetration of the
precursor significantly. After short equilibration times, it is
possible that metal precursor complexes are mostly adsorbed in
the outer shell of the support body, resulting in an eggshell
distribution. The details of an eggshell distribution will strongly
depend on the equilibrium between adsorbed and solvated
species. A longer equilibration time leads to diffusion of the
metal complex toward the center of the catalyst body due to
concentration gradients if the adsorption is at least to some
extent reversible, so that eventually the system will converge to
a homogeneous distribution. Addition of a second component
that adsorbs more strongly than the precursor can result in egg-
white or egg-yolk distributions (Figure 1). The additional
component adsorbs in the outer shell, leaving no sites available
for the metal precursor complex, which diffuses inward where
more adsorption sites are available. Although this has been
known for a long time, the subsequent drying step is also
reported to have a large impact on the distribution, and direct
monitoring of the distribution during impregnation is now
possible by advanced S]fectroscopic techniques that have
recently been developed.'"?

Using Raman spectroscopy, the impregnation of 3 mm y-
ALO; pellets (PZC = 9) with ammonium heptamolybdate
(AHM) solutions at {)H 5 or 9, leading to 15 wt % Mo, was
followed over time."'* Because of the equilibrium between
heptamolybdate and monomolybdate, Mo,0,,%~ was the
predominant species at pH S, while at pH 9 mainly MoO,*~
was found. Upon impregnation with the solution at pH 9, close
to the PZC of the y-Al,O;, the surface was minimally charged
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and almost no interaction took place between the precursor
and support, which led to a homogeneous Mo0Q,* distribution
across the pellet after 10 min. With an impregnation solution of
pH S, the y-AlLLO; was positively charged, and electrostatic
adsorption of Mo,0,,% took place at the outer edges of the
surface. At the same time, the buffering effect of y-AlLO;
resulted in an increase in the pH and MoO,>” formation,
which more easily diffused toward the inside of the pellet.
Moreover, (NH,);[AI(OH)¢MogO;s] precipitated on the
external surface, preventing a large part of the Mo from
diffusing into the pellet altogether. When a y-Al,O; with a
lower PZC of 8 was used, areas of high Mo concentrations were
found throughout the pellet at long equilibration times with
diagonally offset Raman spectroscopy and X-ray absorption
tomography."¥"'® These were attributed to the formation of
AI(OH)MoO,¢*" species throughout the support due to the
lower buffering capacity of the alumina with PZC = 8 instead of
9 as in the previous study. This was mitigated by co-
impregnation of a species that forms stable complexes with

Mo®', such as citrate or H;PO,, which resulted in
homogeneous distributions after a sufficient time for equilibra-
103116

tion. "

The concentration of the precursor has also been found
important, which can be explained by the limited adsorption
capacity of a support surface. For Co(H,0)s*" complexes
impregnated on alumina, little interaction is expected between
the positive complex and the protonated or neutral surface
hydroxyls. Nonetheless, impregnation of a 3.85 mm y-Al,O;
pellet with a low concentration (0.2 M) of Co(NOj;), took 4 h
for equilibration, as followed with 'H magnetic resonance
imaging (MRI),**” while in a different study impregnation of a
3 mm y-ALO; pellet with a higher concentration (1.35 M) of
Co(NO;), solution showed a homogeneous distribution
already after 5 min.''® Bergwerft et al. further studied the
impregnation of 0.2 M Co*" by varying the pH and citric acid
concentration using "H MRL'"’ If no citric acid was added, a
homogeneous distribution was obtained after 160 min at pH 1.
Addition of citric acid at pH 1 did not lead to the formation of
cobalt citrate complexes, so that competitive adsorption
between Co(H,0)s** and free citric acid resulted in more
rapid transport of Co® to the center of the 3.85 mm pellet,
producing egg-yolk catalysts after 90 min of equilibration
(Figure 12). At pH S and 9, cobalt citrate complexes formed
which strongly adsorbed on the surface of the y-Al,Oj, resulting
in eggshell distributions of varying degrees even after 48 h.
However, addition of extra citrate to these solutions again
resulted in competitive adsorption, so that the Co*" complexes
migrated toward the center more rapidly.

Nickel combined with ethylenediamine showed similar
results. Upon impregnation of a 3 mm y-ALO; pellet with
0.5 M Ni(H,0)s** and en at different Ni/en molar ratios (0, 1,
2, and 3), homogeneous Ni(H,0)¢** and Ni(en);*" distribu-
tions were found after S min for Ni/en ratios of 0 and 3,
respectively.120 At other ratios, Ni(en) (H,0)¢_,,”" complexes
formed which strongly adsorb, resulting in eggshell formations
after S min, and a 2 h equilibrium period was necessary to
obtain homogeneous distributions. On a 3.85 mm pellet, 5 min
was not sufficient to obtain a hnmogeneous dlstrlbutmn upon
impregnation of a 0.5 M Ni(H,0),** solution."*! This relatively
slow equilibration of weakly interacting species was attributed
to partial hydrolysis and subsequent redissolution of nickel
nitrate. While the PZC and surface area of this pellet were
similar to those of the pellet used in the previous study, the
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Figure 12. 2D 'H MRI images recorded on an ALO; extrudate after
impregnation with 0.2 M Co(NO;),(aq) at pH 1 with different molar
ratios of cobalt to citrate. The blue color indicates a low cobalt
concentration, yellow indicates a medium cobalt concentration, and
red indicates a high cobalt concentration. The higher the amount of
citric acid, the faster cobalt migrated to the inside of the pellet,
resulting in more concentrated egg yolks, while the eggshells with only
medium cobalt concentrations (yellow) became larger. Adapted with
permission from ref 119. Copyright 2008 Wiley.

difference might be attributed to the lower pore volume of the
pellet, so that the amount of surface area per volume of
impregnating solution doubled, allowing for more interaction
with the support. Regardless, after 1 h a homogeneous
distribution was found. Combined with ethylenediaminetetra-
acetic acid (EDTA) at a molar ratio of Ni/EDTA of 6 at pH 1
or 6, slight eggshell formations were found due to the
formation and electrostatic adsorption of Ni(EDTA)*™ and
Ni(EDTA-H)~ complexes in the external shell, while the
remaining Ni(H,0),>* was homogeneously distributed
throughout the rest of the pellet. Equilibration was faster at
pH 1, for which less hydrolysis of Ni(H,0)¢*" species occurred.
This difference in equilibration time based on pH was even
more pronounced for Cr(H,0)s* complexes, where very
defined eggshell profiles were formed at pH 4.5 due to
hydrolysis of the precursor, while uniform distributions were
obtained at pH 1."*> When CrQ,>~ complexes were used as the
precursor, the roles were reversed. Strong electrostatic
adsorption at low pH led to egg-white structures, while high
pH led to limited interaction and therefore a homogeneous
distribution. In this case, citric acid was found to limit
hydrolysis of the Cr*" complexes, while it also caused reduction
of Cr* to Cr*, so that in most cases homogeneous
distributions were obtained.

In the previous study, competitive adsorption was also
studied using H;PO,. This led to e gyolk catalysts upon co-
impregnation with Cr®" species.””” Another example of
competitive adsorption is CI~ and PdCL,>". Five minutes after
impregnation, all PdCL,>~ had hydrolyzed to PdCL,(OH),* at
the edge of the yA1203 pellet due to the basic surface OH
groups, regardless of the CI™ concentration and pH 2 After 2
h, egg-white distributions were obtained at pH 1 because many
sites at the edge of the pellet were protonated followed by
adsorption of CI7, so that the PdCL,(OH),*™ moved deeper
into the pellet for adsorption on free sites. At pH 5, CI”
adsorption was less favorable so that eggshell distributions were
still detected. After 96 h each of the four main distributions
(Figure 1) could be obtained depending on the conditions
used. An egg-white distribution was obtained by strong and
competitive CI™ adsorption at low pH, which was limited to the
outer shell of the pellet at low CI” concentration, while at
higher CI™ concentration more competitive adsorption resulted
in an egg-yolk profile. At higher pH and low CI™ concentration,
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limited competitive adsorption resulted in an eggshell catalyst,
while increasing the CI” concentration resulted in a more
homogeneous distribution.

hying

The drying step has long been known to have a strong
influence on the final catalyst.“z’124 Drying can be separated
into three main stages, the increasing rate, constant rate, and
falling rate periods. The increasing rate period concerns the
time it takes for the system to attain the equilibrium drying
temperature, which is slightly lower than the temperature set on
the drying oven because evaporation is an endothermic process,
but a pseudo steady state is generally achieved relatively rapidly.
In the constant rate period, drying mainly occurs on the
external surface of the drying grain or pellet. The system is in
what is called a pendular state, whereby a continuous liquid
exists throughout the particle, such that the solvent can be
transported toward the external surface of the catalyst grain via
capillary forces. If the precursor has a weak interaction with the
support, it may be transported toward the external surface
along with the solvent, resulting in a concentration buildup on
the external rim of the support. As a consequence of the
resulting concentration gradient, back-diffusion toward the
inside of the grain can occur. At a certain time, the amount of
solvent has been reduced to such an extent that capillary flow
toward the external surface of the catalyst grain can no longer
keep up with the rate of drying, and the drying front moves
inward. As this happens, the drying rate slows as transport via
the vapor is slower than via the liquid, and the liquid inside the
pores becomes discontinuous, called the funicular state, so that
isolated patches of liquid can form, and macroscopic
redistribution at this stage becomes very limited.

As the solvent is removed during drying, the concentration of
the precursor will rise, and once it reaches the critical
supersaturation, precipitation will take place. Moreover, a
chemical change of the precursor induced by dehydration,
temperature, or a gas atmosphere can result in precipitation. As
systems likely go through severe macroscopic redistribution
across the catalyst grain or pellet during drying, precipitation
can be important for the final macroscopic distribution of the
active phase. It should be noted that many organic molecules
such as citric acid or EDTA have previously been reported to
change the viscosity of the impregnating solution.'*> This was
recently shown in the preparation of 1-20 wt % Fe catalysts on
a-Al,O; by Torres et al, who compared the effect of iron
nitrate and ammonium iron citrate on the iron distribution of
the final catalysts.126 Iron particles of around 20 nm were found
regardless of the precursor at loadings of S and 10 wt % Fe.
However, iron nitrate resulted in high local loadings, while
other parts of the support remained empty, whereas
ammonium iron citrate led to a homogeneous distribution.
This was attributed to the formation of a gel-like phase for the
citrate precursor, thereby preventing redistribution. Addition of
ethylene glycol (EG) in the preparation of 20 wt % Ni/MCM-
41 catalysts prepared from nickel nitrate has been shown to
prevent redistribution of nickel to the external surface during
thermal treatment, which happened to a great extent when EG
was not co-impregnated.'>” However, few other recent studies
have been performed on the effects of the viscosity, although
the addition of organic molecules has been used extensively to
obtain a higher metal dispersion, which is discussed in the
section on activation (4.4.1).
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4.3.1. Drying of Strongly or Weakly Adsorbing
Species. Since drying concerns movement of solvated species
on a large scale, it is important to consider the degree of
adsorption of the metal species in solution. Recently, Liu et al.
modeled the effects of drying on porous bodies with different
metal profiles after impregnation.”® Although 0.25 M nickel
nitrate was used as a case study, the developed methodology
presented was not limited to specific active components or
supports, and the interaction between the two could be
parametrically varied. By varying the strength of adsorption of
nickel nitrate to the support, and varying the nickel nitrate
distribution after impregnation from homogeneous to eggshell,
the effect of drying was studied. For a high adsorption strength,
drying had little effect on the distribution, so that the main
determining factor for the distribution was the impregnation
step. A homogeneous distribution after impregnation remained
homogeneous after drying, while eggshell distributions
remained largely unchanged when the adsorption strength
was high.

Recent improvements in spectroscopic techniques have
enabled imaging of distributions after impregnation and drying,
providing experimental evidence of the limited effect of drying
on strongly adsorbing species. UV—vis and IR microspectro-
scopy showed nickel ethylenediamine complexes (0.5 M) with
one or two en ligands grafted on y-alumina did not redistribute
during drying, whereas nonadsorbing Ni(en),** migrated
toward the outside of the support.120 Strongly adsorbing Pd
species (0.1 M PdCl,” solution) on alumina were studied with
UV—vis microspectroscopy, and were also found to retain the
distribution they had obtained during impregnation after
dl'ying.123 Using magnetic resonance imaging, cobalt nitrate at
low concentration (0.2 M, pH 4) was found to adsorb
sufficiently strongly to a y-alumina surface to retain its eggshell
distribution obtained during impregnation after drying.128
Thus, these studies confirm that, for strongly adsorbing species,
the drying step does not alter the macroscopic distribution of
the precursor to a large degree.

For weakly adsorbing species and high concentrations,
convection and back-diffusion during the drying step become
very important. In the model of Liu et al,, when the adsorption
strength of nickel nitrate was reduced to a moderate value and
assuming a homogeneous distribution after impregnation,
drying could result in severe redistribution of the 025 M
nickel nitrate solution on p-alumina depending on the
conditions.”® Drying at 70 °C resulted in an almost
homogeneous distribution. However, increasing the drying
temperature to 300 °C resulted in eggshell distributions,
because back-diffusion of nickel nitrate was not fast enough to
compensate for the high drying rate. Similar results were
obtained upon alteration of the humidity of the drying air; at
0.5% humidity, drying was relatively fast, resulting in an
eggshell distribution, while drying in 10% humidity resulted in
an almost homogeneous distribution. Finally, the size of the
support pellet had a great influence on the distribution. A pellet
diameter of 1 mm resulted in a moderate eggshell distribution
whereby the concentration of nickel nitrate in the shell was 1.5
times higher than in the center of the pellet. For a 10 mm
pellet, the concentration in the shell was almost 3 times higher
compared to that in the center. The model was recently
extended to a 3 mm y-alumina pellet impregnated with nickel
nitrate concentrations ranging from 0.005 to 4.0 M (Figure 13),
and many of the results were compared to experimental
data."*”"3° A very low nickel nitrate concentration (0.005 M)
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Figure 13. Simulated effect of the initial Ni(NO;),(aq) concentration
on the final metal profile across a 3 mm y-Al,O; pellet after drying at
80 °C, starting from a homogeneous distribution after impregnation:
(a) low metal loadings, (b) moderate metal loadings, (c) high metal
loadings. The loading of nickel is plotted as a function of the
normalized radial distance /R, whereby r is the distance from the
center of the pellet and R is the pellet radius. Adapted with permission
from ref 130. Copyright 2012 Elsevier.

resulted in homogeneous distributions after drying at 80 °C
because most of the nickel nitrate remained adsorbed on the y-
alumina. At a slightly higher concentration (0.06 M), the
amount of nickel nitrate exceeded the adsorption capacity of
the support, and an eggshell distribution was obtained due to
convective redistribution toward the edge of the pellet.
Although back-diffusion gave rise to partial mitigation of this
redistribution, the system entered the falling rate period
relatively rapidly, so that film breakage occurred and material
was no longer transported across large distances. At even higher
concentrations (3 M), the precursor was also initially
transported toward the outer edge of the pellet, but the
concentration was so high that film breakage did not occur, so
that sufficient back-diffusion time resulted in a homogeneous
distribution. It should be noted that, in these model systems,
only the solvent water was removed, leaving the nickel nitrate
hexahydrate, which melts in its own crystal water above 56 °C,
intact. Nonetheless, good agreement was found between the
model predictions and real experiments, suggesting macro-
scopic distribution occurs mainly during the removal of the
solvent, not removal of the crystal water of metal nitrates.
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An interesting consequence of these considerations is that
precursor material present on the external surface of the catalyst
grain or pellet does not necessarily mean it will be deposited
there during drying. If material remains on the external surface
during impregnation, capillary flow can still pull it in when part
of the pore volume becomes accessible again due to (partial)
evaporation of the solvent, assuming the material on the
external surface is still dissolved or can be molten. The latter
case closely resembles melt infiltration, which will be discussed
in detail in section S.1.

Other experimental evidence on redistribution of the
precursor during drying has been reported in recent years.
Impregnation of a basic AHM solution (1.8 M, pH 9) onto y-
alumina resulted in little interaction with the support, so that
redistribution toward the external portion of the pellet resulted
in eggshell distributions."*" Alternatively, addition of HyPO, to
an impregnation of y-alumina with AHM resulted in surface
adsorption of PO,*, so that the support surface was not
significantly charged even at pH 2, together with complex
formation of the form HxI’zMosOBé_x—.“'s While normally
AHM would adsorb to the alumina surface at this low pH, the
negatively charged complex only weakly interacted with the
PO, surface groups, so that redistribution of the complexes also
resulted in eggshell distributions. As mentioned earlier, weakly
interacting Ni(en); complexes redistributed during drying,
resulting in eggshell profiles."” Clearly, weakly interacting
species can migrate over macroscopic distances during the
drying step.

4.3.2. Metal Redistribution at the Nanoscale. Macro-
scopic distributions can be largely avoided by reducing the grain
size of the support. This is often done in academia to rule out
the effect of macroscopic distributions on the catalyst
performance. However, even though support grains might be
homogeneously distributed on the macroscale, inhomogeneities
are frequently reported on the nanoscale. The active metal is
often located in large clusters or aggregates, while a large part of
the support remains empty. These aggregates can be much
larger than the average pore diameter, and the nanoparticles
often form an intricate network throughout the pore
structure.’®* Moreover, the crystallites inside these aggregates
have been observed to have an overall crystallographic
alignment, suggesting they are closely linked to each other or
were at some point during their synthesis.l33 Methods to
prevent this include modification of the support or co-
impregnation of organic molecules.”**'** However, recent
studies revealed these inhomogeneous distributions can be
circumvented by careful control of the drying step.

Using Stober silica spheres impregnated with nickel nitrate
solutions, Banerjee et al. used environmental TEM to study the
distribution of the nickel phases during preparation. It was
shown that inhomogeneous distributions obtained after in situ
drying of an aqueous solution largely remained after calcination
and reduction, while use of ethanol as a solvent resulted in
more homogeneous distributions, which was attributed to the
lower surface tension of ethanol.'*® Munnik et al. used a silica
gel (38—75 pm grains) impregnated with a 4.2 M aqueous
cobalt nitrate solution, close to saturation, and opted for drying
in a N, flow in a fluidized bed reactor at different temperatures
instead of the often-practiced stagnant drying in a muffle oven,
followed by calcination at 350 °C in a N, flow."® While all of
the samples displayed uniform cobalt distributions on the
macroscale, drying at 25 °C followed by calcination resulted in
8 nm cobalt oxide particles clustered together in aggregates of
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40 nm size. Increasing the drying temperature gradually
reduced the aggregate size until at 100 °C the 8 nm particles
were homogeneously distributed over the support and no
aggregates were found. However, a further increase of the
drying temperature to 150 °C resulted again in aggregate
formation, up to 80 nm in size (Figure 14). This behavior was

Figure 14. TEM images of calcined Co0;0,/SiO, after drying
treatments in a N, fluidized bed at different temperatures: (a) 25
°C, (b) S0 °C, (c) 75 °C, (d) 100 °C, (e) 125 °C, (f) 150 °C.
Different extents of cobalt aggregation (black) were observed on the
silica support (gray) depending on the drying temperature. The size of
the primary cobalt oxide nanoparticles was ~9 nm in all cases. Adapted
from ref 16. Copyright 2014 American Chemical Society.

further studied by performing a calcination in a gas flow of 1%
NO/N, after the drying treatment, which resulted in
immobilization of the cobalt nitrate precursor via cobalt
hydroxynitrate formation, so that further redistribution after
drying was not possible.'”” After drying at 25 °C and
calcination in a NO/N, gas flow, 3—4 nm cobalt oxide
particles were found in large irregularly shaped aggregates up to
200 nm in size. Increasing the drying temperature reduced the
size of the aggregates, until at 100 °C a homogeneous
distribution of 3—4 nm cobalt particles was obtained."*® A
further increase of the temperature resulted in 8 nm cobalt
particles in increasingly large aggregates. It was postulated that
aggregation originated from two separate mechanisms. At low
temperature, precipitation of a cobalt nitrate species occurred
when the concentration reached supersaturation. If the drying
rate is low, nucleation of this species is relatively slow so that
growth becomes very significant, resulting in large cobalt nitrate
islands, while other areas on the support become depleted.
Raising the temperature increased the drying rate, so that the
nucleation rate increased and smaller islands were formed,
eventually resulting in a homogeneous distribution at 100 °C.

6701

165

This behavior shows a resemblance to what is observed in the
drying of colloidal wet films'***° and suggests that at low
temperature aggregate formation is mainly a physical process.
At temperatures above 100 °C, nucleation and growth of cobalt
oxide due to decomposition of cobalt nitrate was found to
occur during drying. As this mainly occurred in the presence of
a large amount of water, either in liquid or vapor form, the
cobalt nitrate was highly mobile and nucleation and growth of
cobalt oxide resulted in increasingly larger :lggregates.138

The effect of precursor—support interactions was also
investigated for a y-alumina support. While stagnant drying in
a muffle oven between 60 to 120 °C always resulted in 8 nm
cobalt particles located in 30—60 nm aggregates after
calcination in a N, flow, drying in a fluidized bed between 25
and 100 °C resulted in the 8 nm particles being uniformly
distributed throughout the support after calcination.'®® At 150
°C, aggregates of 30—40 nm size were found, somewhat smaller
than on silica. Thus, it appeared that the increased support—
precursor interactions of the y-alumina inhibited aggregate
formation. Moreover, although drying in stagnant air always
resulted in aggregates, drying using a N, flow resulted in
uniform distributions, showing the importance of rapid removal
of water during the drying process. It should be noted that fast
drying can have a negative effect on the macroscopic
distribution across catalyst grains when precipitation occurs
without sufficient time for back-diffusion, as mentioned in the
previous section and observed for silica with larger pores of 23
nm.

Aggregate formation due to a long retention time of water
vapor has also been used for the synthesis of nanocast materials.
Starting from iron nitrate, large iron oxide aggregates up to
2000 nm in size were synthesized on an ordered mesoporous
silica support by covering up the sample container during a heat
treatment to 150 °C.**" Similar results were found for cobalt,
nickel, indium, manganese, cesium, and chromium oxides when
starting from the respective metal nitrates, showing the
importance of the water pressure during drying and
decomposition of metal nitrate hydrates in general.

4.3.3. Alternative Drying Methods. While drying is most
often performed in stagnant air in a regular muffle oven, other
alternatives besides fluidized bed drying are available that alter
the rate of drying or the drying process, and so influence the
distribution of the active metal phase. In freeze-drying the
precursor is frozen after impregnation, followed by sublimation
of the immobilized solvent at reduced temperature and
pressure. Eggenhuisen et al. performed freeze-drying on SBA-
15 impregnated with nickel or cobalt nitrate by freezing in
liquid nitrogen and drying at —55 °C under reduced pressure.79
Using cryo-TEM tomography to visualize the dried samples, it
was shown that freeze-drying resulted in homogeneous
distributions of cobalt nitrate after drying, whereas inhomoge-
neous distributions were obtained after conventional drying at
60 °C (Figure 15). This difference in nanoscale distribution was
largely maintained after a thermal activation was performed,
illustrating the drying step is highly important for the final
metal distribution at the nanoscale. The method was also
shown to work on a silica gel for cobalt nitrate and nickel
29142 However, freezing the precursor required great
care.'™ When a liquid is confined in nanometer-sized pores, the
freezing and melting points can be greatly depressed. While a
42 M cobalt nitrate solution froze at about —30 °C,
confinement in a silica gel with 8 nm pores caused a freezing
point depression to —90 °C. Thus, to properly freeze and dry

nitrate.
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Figure 15. Cryo-TEM tomography results of Co(NO;), salt distribution in mesoporous SBA-15 after different drying treatments: (a) dried at 60 °C
in a muffle oven, showing an inhomogeneous distribution after drying (triangles and rectangles in (B) and (C) indicate examples of pores with
inhomogeneous fillings), (b) dried by freeze-drying, showing a homogeneous distribution after drying. All scale bars are 50 nm. Lines A, B, and C
indicate the positions of the cross-sections. Bright dots and lines are empty pores; dark areas are filled pores. Adapted from ref 79. Copyright 2013

American Chemical Society.

the impregnated sample, a temperature of —90 °C or lower
should be applied. Therefore, although liquid nitrogen
temperatures were sufficient to freeze the confined precursor,
—45 °C was not sufficient to solidify the precursor, and
redistribution was observed over the macroscopic catalyst
grains, creating distinct eggshell distributions.

Microwave drying provides another alternative. It has the
potential to speed up drying drastically due to the volumetric
heating of the material, removing the need for heat transport
from the outer edge of the particle toward the center. Liu et al.
studied microwave drying on 3 mm pellets impregnated with
different concentrations of nickel nitrate solutions from 0.1 to 2
M. In all cases, homogeneous macroscopic distributions
across the pellet were obtained. Moreover, the drying step was
completed in a relatively short amount of time. It was proposed
that uniform drying reduced convection so that more
homogeneous distributions were obtained.
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In the activation step the deposited metal precursor is
converted into the active phase. Generally, this is done by a
calcination step, resulting in the metal oxides, followed by a
reduction if metallic particles are required. Next to metals,
common active phases include metal oxides or metal sulfides.

4.4.1. Formation of the Active Phase. The activation
treatment leads to the formation of nanoparticles, and often has
a large influence on the final particle size. Moreover, although
most treatments remain below the melting point of the active
materials, the temperatures used can easily exceed the Hiittig
temperature (THﬁttig = 0.3T ), around which defect sites on
metal particles become mobile, or even the Tammann
temperature (Trommann = 0-5Tmer), whereby surface atoms
become mobile, which can lead to particle growth via migration
and coalescence of the particles or via Ostwald ripening.
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Although direct reduction of many precursors can lead to
well-dispersed catalysts, direct reduction is often highly
exothermic and can lead to mixed metal—support phases.
Moreover, it can produce a pyrophoric catalyst that needs to be
passivated, often making it impractical for use on an industrial
scale. Therefore, a calcination procedure is usually performed to
form the pure metal oxide particles before further treatment
such as reduction. Both the heating rate and air flow during
calcination have been shown to be highly important for the
preparation of 23 wt % Co/y-Al,O; catalysts for the Fischer—
Tropsch synthesis. Heating rates between 0.1 and 1 °C/min
resulted in similarly active catalysts; however, higher heating
rates of 4 and 8 °C/min significantly reduced the activity when
calcined to 250 °C."* Air flows of 1 ms/(kch(NO]h-h), roughly

corresponding to a gas hourly space velocity (GHSV) of 2000
h7, and higher during calcination resulted in similar catalysts
with a cobalt surface area of 11 m?/ g; however, at lower flows
cobalt surface areas as low as 6 mz/g were obtained. In a
separate study, flows higher than the above-mentioned 1 m?/
(kgCO(NO3)z-h) were used to investigate the gas composition and

calcination temperature in the synthesis of 20 wt % Co/y-
ALO,;M** Although calcination at temperatures between 150
and 500 °C for 10 h showed almost complete decomposition of
the cobalt nitrate regardless of the temperature, dispersions of
around 9% were found at 150 °C, whereas at 400 °C this was
slightly lower (7.5%). Upon testing the gas composition, only
50% steam/air produced lower cobalt dispersions, whereas little
difference was observed between N, and air.

Sietsma et al. studied the calcination of nickel nitrate on
SBA-15 (24 wt % Ni)."* After drying at 120 °C, the precursor
was found only inside the pores of the SBA-15 support, in the
form of 9 nm crystallites of Ni;(NO;),(OH),, similar to the
pore size of the support. Thermal decomposition of this phase

DOI: 10.1021/cr500486u
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in stagnant air resulted in severe redistribution and large
particles on the external surface of the support (Figure 16). In a

How s 1% NG

Figure 16. HAADF-STEM (high-angle annular dark field scanning
transmission electron microscopy) images of Ni/SBA-1S after drying
at 120 °C (center) and after calcination in different gas atmospheres at
450 °C. After drying, nanowires of basic nickel nitrate were observed
exclusively inside the mesopores of SBA-15. Calcination in stagnant air
resulted in large NiO crystals on the external surface of the support
particle. Calcination in air or helium flow gave rise to smaller NiO
particles, while calcination in 1% NO led to very small particles of
about 4 nm. Adapted with permission from ref 145. Copyright 2007
Wiley.

flow of air, the particle size was decreased, and a further
improvement was obtained in a flow of He, suggesting
decomposition in a flow and an O,-free environment was
beneficial for the metal dispersion. The highest dispersion was
obtained in a flow of 1% NO/He, which resulted exclusively in
small 4 nm NiO particles inside the mesopores of the support.
Further investigation on Ni/SBA-15 showed that addition of
NO, or O, to the gas stream, both decomposition products of
Niz(NO;),(OH),, was detrimental for the metal dispersion and
resulted in large particles and mgration toward the external
surface of the SBA-15 particles. ® Moreover, NO concen-
trations as low as 0.1 vol % were already enough to reduce the
NiO particle size from 11 to 4 nm at a GHSV of 24 500 h™".
Reduction of the GHSV at a NO concentration of 1 vol %
showed little impact until a GHSV of 7000 h™, while further
reduction resulted in gradually larger particles.146 Additional IR,
MS, and isotopic labeling studies revealed that NO scavenges
oxygen radicals from the nitrate during clecomposition.14 Tt

6703

167

was proposed that when a nitrate group becomes unstable
during the thermal treatment, NO reacts with the formed
oxygen radical, thereby shifting the equilibrium toward NiO
and so creating a NiO nucleus. As this occurs at lower
temperatures and because a larger number of nuclei are present,
many small particles result, and extensive sintering or migration
is prevented. If NO is not present during decomposition,
oxygen radicals will combine to form O,. This was proposed as
the rate-determining step, and moreover was postulated to be
catalyzed by the formed NiO so that nucleation would start an
autocatalytic process, causing the entire Niz(NO;),(OH),
crystallite to rapidly decompose, resulting in large particles.

Wolters et al. further investigated the decomposition of
scandium, manganese, iron, cobalt, nickel, copper, and zinc
nitrates impregnated onto silica gel and SBA-15 at metal
loadings between 6 and 16 wt %."%® After impregnation with
the 3 M metal nitrate solution, the samples were dried in a
desiccator at room temperature to prevent premature
decomposition of the nitrates, followed by thermal treatment
in Ar or 1% NO/Ar at 1 °C/min. For all metals, addition of
NO was found to lower the decomposition temperature
significantly by about 50 °C. However, for Sc, Mn, Fe, and
Zn, no crystalline phases were detected by XRD after
decomposition in either Ar or NO/Ar flow. For Co, Ni, and
Cu, addition of NO resulted in rapid hydrolysis of the metal
nitrate to its respective metal hydroxynitrate, which resulted in
significantly lower metal oxide particle sizes of §, 4, and 7 nm
after decomposition, respectively, compared to averages of 10,
12, or 23 nm obtained in air. By varying the pore size of the
ordered mesoporous support between 2.5 and 10 nm, it was
shown that the formed nickel hydroxynitrate crystallites
obtained after drying were of a size similar to that of the
pores, and that the size of the final NiO particles obtained after
calcination depended on the original size of these crysta.llites.149
Quick X-ray absorption spectroscopy on cobalt nitrate
impregnated on silica at a Co loading of 10 wt % also revealed
rapid formation of cobalt hydroxynitrate below 100 °C in the
presence of 5% NO/He, which further decomposed to Co;0,
between 110 and 170 °C."*° Furthermore, temperature-
programmed calcination on cobalt nitrate melt infiltrated (see
section 5.1) on y-AlLO;, followed by drying at 85 °C in air,
revealed the hydrolysis of cobalt nitrate during a NO thermal
treatment and subsequent improved particle size after
decomposition also occurred on y-Al,0;."°' However, the
resulting increase in cobalt specific surface area of up to 33% for
catalysts prepared using NO was less compared to the increase
with silica. Using temperature-programmed reduction—X-ray
absorption fine structure (TPR—XAFS) spectroscopy,, Jacobs
et al. also observed that the effect of NO on the dispersion is
larger on silica compared to y-alumina, and attributed this to
the strong interaction between y-alumina and cobalt nitrate,
which already results in relatively small p.su‘ticles.152 Therefore,
it was postulated that the effect of NO would work best on
supports such as silica that exhibit a weak interaction with the
precursor.

Further study on the decomposition of copper nitrate
impregnated on SBA-15 and silica gel (18 wt % Cu) confirmed
the formation of copper hydroxynitrate at temperatures below
100 °C in the presence of 2 vol % NO, which subsequently
decomposes directly into CuO at 200 °C, leading to small 6—8
nm Particles.153 However, when NO was not present, a higher
copper dispersion was obtained in air flow with GHSV as low as
250 b7, Although large 30 nm CuO crystallites were detected

DOI: 10.1021/cr500486u
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by XRD, N,O chemisorption for the reduced catalyst revealed a
relatively high Cu surface area of 90 m?/gc,, indicating small
particles dominated. From diffuse reflectance infrared Fourier
transform (DRIFT) measurements during calcination, it was
concluded that the high dispersion originated from the
mobilization of copper nitrate anhydride, which rapidly
redispersed over the support surface anchored by silanol
groups, ultimately resulting in very small CuO particles. The
large CuO particles were the result of a small amount of poorly
dispersed copper hydroxynitrate which formed even in the
absence NO. Such premature hydrolysis during the initial stages
of the thermal treatment may be largely avoided by vacuum-
drying at room temperature. When this was performed on SBA-
1S impregnated with a 4 M copper nitrate solution for 12 h, no
large crystallites were found after calcination at 500 °C in a N,
flow (GHSV = 1000 h™").*

4.4.2. Chelating Additives and Other Organic-Con-
taining Precursors. Organic precursors or additives are
frequently used for the synthesis of supported catalysts, in
particular for hydrodesulfurization (HDS) catalysts such as
alumina-supported CoMoS, NiMoS, CoWS, and NiWS. For
these catalysts the active phase consists of MoS, or WS, slabs
decorated with Co or Ni atoms located at the edges, which are
commonly prepared by co-impregnation of the metal
precursors followed by drying, calcination, and sulfidation.
However, under standard conditions, sulfidation of cobalt or
nickel occurs prior to that of molybdenum or tungsten,
resulting in undesired CogSg or Ni,S; phases. Chelating agents
are used among others to retard sulfidation of cobalt and nickel,
so that they are only sulfidized after MoS, or WS, phases have
formed and the cobalt or nickel can be efficiently deposited at
the edges of the slabs. For CoMoS catalysts, a moderately
strong chelating agent such as nitrilotriacetic acid (NTA) offers
sufficient retardation,** whereas NiMoS catalysts require
slightly stronger complexing agents such as EDTA." Because
tungsten is sulfidized at a higher temperature than molybde-
num, formation of CoWS and NiWS$ catalysts generally requires
even stronger complexing agents.lss'ls7

More recently, research has focused on the use of chelating
agents for the preparation of cobalt Fischer—Tropsch catalysts.
In an extensive study, S wt % Co/SiO, catalysts were prepared
by incipient wetness impregnation of cobalt nitrate and NTA,
EDTA, or trans-1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic
acid (CyDTA) at equal nitrate/chelate molar ratios and a pH of
9—10 to ensure chelation of Co**(aq)."®® After impregnation,
samples were dried at 120 °C, calcined in stagnant air at 450
°C, and reduced at 500 °C. A correlation was found between
the cobalt dispersion and the complex formation constant of
the chelating agent, showing increasingly smaller particles going
from no chelate to NTA to EDTA to CyDTA. However, for
EDTA and CyDTA, the particles were difficult to reduce due to
the formation of cobalt silicates. Glycine, citric acid, aspartic
acid, and triethylenetetramine-N,N,N',N",N”,N”-hexaacetic acid
(TTHA) were tested in a separate study, but exhibited lower
Co dispersion compared to NTA."® The catalytic activity of
Co was correlated to the complex formation constants of the
organic additives with Co®* in a volcano-type plot (Figure 17),
suggesting a moderately strong complexing agent offers the best
compromise of obtaining small yet reducible particles. Further
investigation on NTA showed a Co**/NTA molar ratio of 1
resulted in the highest dispersion, and that a calcination
temperature of 450 °C was optimal.léo
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Figure 17. Relationship between the CO conversion in the Fischer—
Tropsch synthesis of reduced Co catalysts and the complex formation
constant of the organic acids and chelating agents used during the
catalyst preparation. The CO conversion was proportional to the
dispersion after reduction, which exhibited a similar relationship with
log Kco. Adapted with permission from ref 160. Copyright 2009
Elsevier.

Due to the presence of chelating agents, the concentration of
the impregnation solution and thereby the resulting metal
loading are relatively low. To cope with this challenge, a
stepwise impregnation was proposed, whereby silica was first
impregnated with the chelating agent (NTA or CyDTA) and
dried at 120 °C, after which cobalt nitrate was impregnated
with weight loadings up to 20 wt %. At these loadings both
NTA- and CyDTA-prepared catalysts exhibited very good
reducibility and similar activities.'®" Further investigation of the
20 wt % Co catalyst with a Co/chelate ratio of 4 showed only
one-fourth of the CyDTA was complexed with Co®* in the
dried material, resulting in the suppressed particle growth of
Co30, during calcination through stabilization of small cobalt
clusters that served as nuclei.'®

Glycols are a popular alternative to improve the dispersion of
cobalt catalysts. Borg et al. prepared y-alumina- and a-alumina-
supported catalysts with Co loadings of 12, 20, and 30 wt % by
impregnation with cobalt nitrate and different ratios of water/
ethylene glycol as the solvent.">® After impregnation, samples
were dried at 110 °C and calcined in air at 300 °C. On both
supports, Co;0, particles became smaller upon increasing the
amount of ethylene glycol relative to water, from 16 nm to as
low as 4 nm, and addition of EG resulted in more uniform
particle distributions. The authors postulated that EG works as
a surfactant, resulting in better wetting of the support, although
the impact of EG on the drying and calcination steps was not
excluded in this work. This glycol method was subsequently
used to prepare a wide range of particle sizes on y-, 5-, -, and
a-aluminas. ¢3¢*

The difference between straight chains (ethylene glycol,
diethylene glycol (DEG), triethylene glycol (TEG)) or
branched (glycerol, pentaerythritol) glycols has been inves-
tigated for the preparation of 10 and 20 wt % Co/SiO, catalysts
at different Co/glycol molar ratios between 0 and 1165166 Afrar
impregnation, the samples were dried at 120 °C and calcined in
stagnant air at 450 °C. A reduction in crystallite size from 35 to
10 nm was observed; however, the resulting Co;0, crystallite
sizes did not depend on the specific glycol, but rather on the
atomic ratio of carbon to Co*" (Figure 18), while no further

DOI: 10.1021/cr500486u
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Figure 18. Impact of the amount of atomic carbon relative to Co**
present in the impregnating solution for the preparation of 20 wt %
Co/SiO,. Closed symbols represent Co,O, measurements after
calcination and open symbols metallic Co after reduction. Key: circles,
EG; triangles, DEG; squares, TEG. Adapted with permission from ref
165. Copyright 2011 Elsevier.

improvement was found above a carbon/Co ratio of 2. FTIR
investigation of TEG samples suggested a polymer-complex-
like species was formed during calcination through ester
polymerization of TEG with its derivatives, thereby preventing
excessive growth of particles. Other sugar additives have been
used with mixed success. Co-impregnation of sorbitol for the
preparation of 10 wt % Co/SiO, samples has led to poorly
reducible cobalt,'”” while addition of sucrose did not change
the reducibility of 6—8 wt % Co0/$i0,.*® In the latter case, the
catalysts were also promoted with Ru or Re, suggesting a
reduction promotor may be necessary when using sugar-derived
additives.

Organic precursors are a popular alternative to inorganic
metal salts. Cobalt nitrate and acetate have been compared for
the preparation of 10 wt % Co/SiO, catalysts by incipient
wetness, drying at 90 °C, and calcination at 400 °C.' Cobalt
nitrate exhibited an endothermic calcination, favoring the
formation of agglomerated 20 nm Co;0, crystallites, while
acetate decomposed exothermically during calcination, resulting
in the formation of cobalt silicates, which hamper reduction.
Comparison of cobalt nitrate, acetate, and chloride for the
synthesis of 20 wt % Co/AIPO, by impregnation, drying at 110
°C, and calcination at 500 °C showed similar results, while
cobalt chloride gave rise to very large 35-160 nm
crystallites.'”® Nickel nitrate and acetate have been compared
for the deposition of 1 or 5 wt % Ni/MCM-41 by the two-
solvent impregnation. After drying at 90 °C and calcination in
an air flow at 500 °C, nickel acetate was shown to produce
smaller NiO particles compared to nickel nitrate, while only a
limited amount of nickel silicate was found.*> Wet impregnated
nickel glycinate on y-alumina at a nickel loading of 15 or 28 wt
% resulted in S—30 nm nickel particles after drying at 80 °C
and calcination at 500 °C in an argon flow.' ! Using the
glycinate precursor, both hexagonal close-packed (hcp) and
face-centered cubic (fcc) Ni phases were detected, whereas
normally fcc is the dominant phase. Incipient wetness
impregnation of y-alumina has been performed with nickel
ethylenediamine nitrate or nickel nitrate hexahydrate (14—15
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wt % Ni), followed by drying at 100 °C, calcination at 500 °C,
and reduction at 500 °C."”* The Ni(en) precursor resulted in a
metallic nickel surface area of 13 m?/, .., Whereas nickel nitrate
resulted in 6 m?/g.,. Moreover, Ni(en) did not lead to
formation of nickel aluminate, whereas this was found in
significant amounts for nitrate samples. These results show that
although organic precursors can result in smaller particles, the
conditions during thermal treatment and the nature of the
support have a large influence on the formation of mixed
metal—support phases which are difficult to reduce, which was
more severe for cobalt than for nickel precursors.

4.4.3. Plasma Activation. Although thermal activation
treatments are conventionally used to decompose and reduce
the metal precursors, cold plasma techniques are receiving
increased attention. Especially glow discharge plasma is of
interest, due to its ability to provide reduced catalysts when
working with noble-metal precursors without the need for a
reducing agent. In glow discharge plasma, the sample is loaded
into a special reactor, followed by evacuation of the reaction
chamber to around 100 Pa. After this the gas is introduced,
often H,, Ar, or N,, and a voltage is applied to generate the
plasma. Using this method, 2—3 wt % Pt, Pd, Ag, or Au was
prepared on TiO,, y-ALO;, or HZSM-S following impregnation
with an aqueous solution of H,PtCl,, PdCl, AgNO; or
HAuCl,.'? Directly after impregnation, Ar glow discharge
plasma was performed to produce the reduced materials. The
treatment led to Pd, Pt, and Ag particles of 2, 4, and 6 nm size,
respectively, a factor of 2—3 smaller compared to those of
samples reduced in H, at 300 °C. A systematic study on 2 wt %
Pt/TiO, revealed it took 60 min to fully reduce the sample, and
even O, usage led to a net reducing plasma, although some
oxides were also formed. Ar glow discharge plasma has also
been used to produce 3.5 wt % Pd/y-Al,O; after impregnation
and drying at 110 °C."* Compared to a regular calcination and
reduction treatment at 500 °C, a factor of 2 smaller particles
were obtained (3.2 vs 7.5 nm). One weight percent Ir/y-ALO;
was prepared after impregnation with H,IrClg followed by Ar
glow discharge plasma.l75 Even after annealing at 600 °C in Ar,
only 1 nm particles were found, while conventional reduction in
H, resulted in 3 nm particles. AuPd bimetallic particles on SBA-
15 have also been prepared using this method by incipient
wetness impregnation of HAuCl, and Pd(NO;), at a total
metal loading of 4 wt %176 After impregnation, Ar glow
discharge plasma was used to decompose the precursors. The
resulting material exhibited nanoparticles with Pd-rich shells
and Au cores, whereas conventionally prepared samples
contained homogeneous PdAu alloy particles, showing the
potential for producing tailored bimetallics.

Succession of N, and H, plasmas has also been used after
impregnation and drying. Unpromoted and Pt-promoted 15 wt
% Co/y-Al,O; catalysts were prepared by impregnation and
drying at 100 °C."” Even though a H, plasma was used, X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) data showed that the cobalt
nitrate decomposed not into metallic Co but rather into Co;0,,
suggesting the type of gas only plays a minor role; however, no
crystallinity was detected by XRD. Upon subsequent thermal
reduction, 6—7 nm Co particles were obtained related to
improved reducibility of the plasma-treated sample as
compared to a conventionally calcined sample that led to 10
nm particles. Unpromoted and Ru-promoted 10 wt % Co/SiO,
catalysts have also been prepared via this method after
impregnation and drying at 90 °C."”® 1t was found that the
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resulting Co;0, particles depended on the power used during
glow discharge. At 60 V, 8.5 nm particles formed, with good
reducibility and performance in the Fischer—Tropsch reaction.
Particles as small as 5.7 nm were found after treatment at 120
V; however, this was accompanied by formation of cobalt
silicate, which led to catalysts with lower activity. It was
proposed that the plasma promotes crystal nucleation, so that a
relatively high nucleation to growth ratio can be achieved,
resulting in relatively small particles. Slightly smaller nickel
particles have also been reported in 8 wt % Ni/MgO—Al,O,
materials after impregnation and drying at 110 °C.'”

Glow discharge plasma has also been used as an additional
pretreatment step to improve catalysts. Five weight percent Ni/
7-ALLOj; has been prepared by impregnation and drying at 110
°C, followed by decomposition in Ar plasma and a subsequent
thermal calcination step."®® An improved stability was found
during the dry reforming of methane, which was attributed to a
stronger metal—support interaction induced by the plasma
treatment. A similar improved interaction was also suggested
for the production of up to 2 wt % Pt/TiO, by including an Ar
glow discharge plasma step between drying and thermal
calcination."®" In the above-mentioned studies, the plasma
treatment lasted between 1 and 2 h. This is shorter than most
conventional thermal activation procedures and a potential
benefit of cold plasma techniques. However, to our knowledge,
no studies have been performed on the minimum duration of
the plasma treatment needed for completeness and of the
decomposition or the penetration power of the treatment for
applications in larger catalyst bodies or pellets.

Other cold plasma techniques have been investigated.
Dielectric barrier discharge (DBD) plasma under atmospheric
conditions was used in the synthesis of 20 wt % Co/SiO, after
incipient wetness impregnation and drying at 100 oc.182
However, the resulting catalyst exhibited similar activity in the
Fischer—Tropsch synthesis compared to conventionally
calcined catalysts, and TEM images showed 50 nm aggregates
were formed in the DBD method, so more research is needed
to make this a viable alternative. Microwave plasma has been
used for the preparation of S or 10 wt % Ni/CeO, by wet
impregnation and drying at 100 °C."*? Catalysts prepared with
a power of 250 W exhibited a dispersion similar to that of
samples conventionally prepared by calcination. The samples
formed by microwave plasma exhibited a greatly increased
stability, which was again attributed to enhanced metal—
support interactions. However, during the microwave treat-
ment, a large decrease in support surface area and a large
increase in pore diameter were observed, which did not occur
during conventional thermal calcination. This was attributed to
removal of residual carbon that remained after synthesis of the
CeO, support. However, this may significantly influence the
formed phase.

In melt infiltration, a metal or metal precursor salt is physically
mixed with the support structure, and subsequently heated
above the melting temperature of the metal (salt). This results
in the melt being sucked into the pores of the support by
capillary forces, whereby an important condition is that the
melt and decomposition temperatures should be sufficiently
different. As such, this preparation method exhibits many
similarities to impregnation and drying (section 4), and similar
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physical principles of support wetting and capillary pressure and
flow are important.184 In specific cases melt infiltration can
provide an attractive alternative due to the relatively simple
procedure and no need for solvent. Besides melt infiltration, the
method is known by other names such as the solid—solid
method, solid-state impregnation, and the solvent-free method.

Melt infiltration for the synthesis of catalysts has been mostly
performed with transition-metal nitrate hydrates. These exhibit
low melting points since melting occurs as dissolution in their
own crystal water, generally between SO and 100 °C (Table 2),

Table 2. Example of Melting Temperatures of Several Metal
Precursors'**

précursor o (0€) precursor Taai0¢)
Co(NO,),-6H,0 ss Fe(NO,);-9H,0 47
Ni(NO,),6H,0 56 Ag(NO,) 210
Cu(NO,),-3H,0 114 Fe(acac), 190
Cr(NO,);9H,0 66 (NH,),Cr,0, n/a”

“It is noted that many metal nitrates start to lose part of the crystal
water at temperatures slightly above the melting temperature.
®Decomposes before melting.

while use of metal precursors without crystal water is generally
less successful. For example, physical mixing of MCM-41 and
Ni(NO,),-6H,0 followed by heating to S00 °C caused
infiltration of the nickel nitrate into the pores of the support,
resulting in small NiO particles.*” However, when nickel
acetate and MCM-41 were physically mixed, no infiltration was
observed during thermal treatment, and all of the acetate
remained outside the pores. Care has to be taken to prevent
decomposition of the precursor prior to entrance into the
pores. Physical mixing of a hydrated Fe(NO;); salt (hydration
not specified) and MCM-41, followed by heating to 400 °C at $
°C/min and further heating to 700 °C, resulted in sharp XRD
patterns related to crystallites over 40 nm in size present on the
external surface of the MCM-41 primary particles.186 It is likely
that the high-temperature ramp applied caused decomposition
of the iron nitrate before it completely filled the mesopores of
the support. However, many small particles were also observed,
indicating melt infiltration was partly successful. One millimole
of Co(NO,),-6H,0, Ni(NO;),6H,0, Ce(NO,)56H,0, or
Cr(NO;);-9H,0 physically mixed with 0.15 g of SBA-1S or
KIT-6 and heated to 500 °C at a rate of 1 °C/min resulted in
large interconnected networks inside the pores of the support,
which formed porous single-crystal networks after removal of
the silica."®” A similar procedure attempted with Pb(NQ;), and
(NH,),Cr,0, revealed these precursors did not infiltrate the
silica supports, which was explained by decomposition of the
precursor without melting. Physical mixing of Ce(NO;);-6H,0,
Ni(NO,),-6H,0, or Co(NO;),-6H,0 with SBA-15 at lower
loadings (0.3 mmol for 0.1 g) followed by calcination to 450 °C
did not result in large interconnected networks but rather in
small 4—7 nm particles.188 This suggests the loading may be
relevant for the formation of large crystals, or that there was a
significant difference between the interconnectivity of the used
SBA-1$ supports.

In the previous studies, infiltration and decomposition of the
metal nitrate hydrate precursors was performed in a single step.
However, when decomposition starts while infiltration is still
ongoing, it is possible that material decomposes on the external
surface of the support, or that the formed metal oxide nuclei are
continuously supplied with additional metal nitrate hydrate,

DOI: 10.1021/cr500486u
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causing the grow of large crystals forming a network
throughout the pores of the support. As this is undesirable
for catalysis, the infiltration and decomposition step should
ideally be separated. In a detailed study, three different SBA-
15’s, MCM-41, and a silica gel were melt infiltrated with
Co(NO;),-6H,0 by heating to 60 °C in a sealed Teflon-lined
autoclave for 24 h.'** Afterward, XRD did not detect any
crystalline material, suggesting all the Co(NO,),-6H,0O was
taken up by the pores of the support. In contrast, when the
same procedure was performed in an open crucible, sharp
Co(NO,),4H,0 peaks were observed indicative of partial
decomposition of Co(NO;),-6H,0, which then remained on
the external surface of the support. After calcination in a flow of
N,, large Co;0, particles were found on the external surface
when an open crucible was used for infiltration, while no such
particles were observed after melt infiltration in a closed
autoclave. Making use of the difference in melting point
between intraporous (5—20 °C) and extraporous (53 °C)
Co(NO;),-6H,0, the maximum loading was studied by
DSC.'¥ Up to a loading of 1.4 geowo,),6m,0/8ssatss only
intraporous Co(NQO;),-6H,0 was observed, whereas, above
this, both extraporous and intraporous Co(NO;),-6H,O was
found (Figure 19). This amount corresponded to a pore filling
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Figure 19. Amount of intraporous Co(NO;),-6H,0 per gram of SBA-
15 as a function of the amount added in the physical mixture. Squares
indicate preparation in situ in DSC measurement cups, while triangles
indicate preparation ex situ in a closed autoclave at 60 °C. Up to 1.4 g
of added Co(NO;),-6H,0 was all found inside the pores after melt
infiltration, whereas further addition did not increase the intraporous
loading. Adapted from ref 189. Copyright 2010 American Chemical
Society.

of 75% assuming the density of crystalline Co(NO;),-6H,0.
However, due to the lack of an XRD signal, it was proposed
that the Co(NOj;),-6H,O was not crystalline but rather an
amorphous phase with a lower density, so that a close to 100%
filling was more likely. This methodology of melt infiltration in
an autoclave was subsequently utilized to produce a variety of
highly loaded Co/SiO, (20 wt %) and Ni/SiO, (21 wt %)
catalysts by using calcination in N, or 1% NO/N, gas
flows,”*'** and a similar method was used to form a bimetallic
Co/Rh catalyst on y-ALO; (20 and 1 wt %, resl:)ectively).151
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Also Cu—Ce bimetallic materials have been synthesized using
melt infiltration. Cu(NO,),-2.5H,0 and Ce(NO;);-6H,O were
first mixed at 120 °C in a closed vial, after which silica hollow
spheres were added for infiltration followed by calcination at
550 °C."° The molar ratio between the copper and ceria
nitrates was varied, while in each case the total salt volume was
kept below the pore volume of the support. However, when
Cu/Ce ratios higher than 1 were used, large Cu(NO;),2.5H,0
crystals were detected after infiltration, suggesting extraporous
Cu(NO;),-2.5H,0 was still present. This was also observed
after calcination, where large 100 nm CuO crystallites were
detected. When the ratios were reversed, no extraporous salt
was found. Another similar study successfully prepared Cu—
Ce/SBA-15 using melt infiltration, which exhibited better
mixing between copper and ceria compared to that with wet
impregnation.191

Besides metal nitrates, acetylacetonate (acac) precursors have
also been used for melt infiltration. Mo(acac); and Fe(acac);
were used to prepare Fe/KIT-6, Mo/KIT-6, and Mo—Fe/KIT-
6 at loadings between 0.3 and 1.5 wt % by physically mixing the
salt and support and heating to 500 °C for § h."* However,
this may have caused a large amount of pores to be blocked, as
a reduction in BET surface area from 600 to 60 mz/g was
observed accompanied by a reduction in pore volume from 0.8
to 0.15 mL/g, suggesting the melting point and decomposition
temperature of these precursors are too close to each other for
an efficient melt infiltration procedure. Pt(acac), has also been
introduced into an Al-SBA-15 material by physical mixing,
followed by a thermal treatment at 100 °C for 24 h, 180 °C for
0.5 h (5 °C/min), and 400 °C for 6 h (10 °C/min)."”* A
homogeneous distribution of the 1 wt % Pt was obtained, with
small 1 nm particles similar to those in the preparation by wet
impregnation. However, 180 °C is close to the boiling point of
Pt(acac),, so that this form of solid-state impregnation
concerns vapor deposition rather than melt infiltration.

Due to the absence of solvent that needs to be removed and
the increased viscosity of molten metal salts compared to
aqueous solutions, melt infiltration can have an effect on the
distribution of the active phase during the loading step. For
example, although the surface tensions of a cobalt nitrate
solution and molten Co(NOj;),-6H,0 at 60 °C were found to
be similar, the viscosity of the melt was over 10 times higher.'**
Melt infiltration of a 2.7 mm silica pellet by (NO;),-6H,O at 60
°C for 30 s resulted in penetration of the outer 0.1-0.2 mm,
whereas solution impregnation resulted in a homogeneous
distribution. Similarly, melt infiltration of Ni(NQ;),-6H,O into
a 3 mm alumina pellet for 2—5 min, followed by cooling to
room temperature, resulted in distinct eggshells as determined
by micro X-ray fluorescence (micro-XRF), while infiltration
over 10 or 30 min, or an agin% step at 65 °C, resulted in more
homogeneous distributions."”> Some inhomogeneities did
remain, attributed to the precipitation of nickel tetrahydrate
on the alumina, which has a higher melting point.

The absence of additional solvent can limit redistribution
during subsequent thermal steps if enough time is allowed for a
homogeneous distribution during melt infiltration. As described
in section 4.3.3, freeze-drying of a 4 M aqueous solution of
cobalt nitrate inside the pores of the silica gel required
temperatures below —90 °C to freeze.** At —45 °C, the
material was not completely frozen and extensive redistribution
was observed in the form of eggshell catalysts and large
aggregates. However, when Co(NO;),-6H,0 was melt
infiltrated, a freezing temperature of only —20 °C was required
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to solidify the confined precursor. Thus, when freeze-drying
was performed at —4$ °C, a homogeneous distribution was
obtained after melt infiltration (Figure 20). A more

Figure 20. TEM images of C0;0,/SiO, prepared via incipient wetness
impregnation (A) and melt infiltration (B) followed by freeze-drying
at —45 °C and calcination in N, flow at 350 °C. The impregnated
sample was not fully solidified, resulting in severe aggregation and
redistribution of the metal nitrate toward the external surface of the
silica grain, whereas the melt-infiltrated sample exhibited a
homogeneous distribution due to the fully frozen precursor. Adapted
with permission from ref 142. Copyright 2013 Elsevier.

homogeneous distribution was also obtained after drying of
Co/SiO, with large pores in a N, flow at 150 °C, which
resulted in eggshell catalysts after incipient wetness impregna-
tion but in homogeneous distributions after melt infiltration."®

5.2, Collotdal Synthesis
Colloidal synthesis provides unique opportunities to control
the size, shape, and composition of nanoparticles in the liquid
phase and has been reviewed previously.l%’197 The nano-
particles are generally formed by stepwise induction of a change
in conditions in an otherwise homogeneous solution of the
metal precursor. This results in a nucleation burst, followed by
growth of the nanoparticles from the remaining precursor in
solution. Ligands present in the solution play an essential role
in stabilizing the nanoparticles against aggregation, coalescence,
and growth, while they may also influence the shape of the
nanoparticles."”® Even though the synthesis of colloidal
nanoparticles has been studied extensively also for cat:llysis199
(see also reviews on electrocatalysis,”"® the oxygen reduction
reaction,®® or size and shape selectivityzoz), few studies focus
on deposition of the preformed particles on a support, even
though this step is crucial for obtaining active and stable
heterogeneous catalysts. Moreover, different colloidal synthesis
methods and the variety of stabilizing ligands that have to be
removed before or after deposition make generalization of the
available literature difficult. Here we do not repeat earlier
reviews on nanoparticle synthesis but rather focus on recent
studies that address the challenge of deposition of nanoparticles
on a support.

Wet impregnation is commonly applied to deposit the
colloids onto a support due to the relatively low nanoparticle
concentrations in colloidal solutions necessary to prevent
aggregation and precipitation. It can take a long time for all
particles to migrate into the pores of the support because
diftusivity of colloidal nanoparticles is relatively slow, which can
be stimulated through use of sonication. The drying step can
have a large influence on the distribution of the nanoparticles
when particles are not strongly bound to the support, as has
been demonstrated for the drying of colloidal wet films."*
Significant redistribution toward the external surface of the
grains is possible since evaporation of the solvent in porous
bodies usually occurs on the external surface (see section 4.3).
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Even so, few studies report the distribution of nanoparticles at
the nanoscale and even less the macroscopic distribution across
support grains. Co nanoparticles deposited on SBA-15 by wet
impregnation followed by extensive washing resulted in
aggregation of particles in some areas, while other areas of
the support remained empty.203 Similarly, iron oxide particles
of 2—10 nm size deposited by wet impregnation on y-ALO;
showed similarly inhomogeneous distributions with particles
aggregated and preferentially deposited on the external surface
of the support.”®" The same particles deposited on MCM-41
with a pore size of 3 nm exhibited homogeneous distributions,
but were exclusively deposited on the external surface, not
surprising considering the relatively small pore size in relation
to the size of the nanoparticles. However, eggshell catalysts
have also been observed on carbon model supports with pore
sizes larger than the colloidal particles. Focused ion beam
scanning electron microscopy (FIB-SEM) on a model carbon
support with pore sizes between 75 and 250 nm impregnated
with 15-30 nm Pd particles revealed almost exclusively
eggshell distributions.?® Penetration of the pores was possible
when a vacuum impregnation was performed; however, the
resulting metal distribution remained inhomogeneous.

Deposition of nanoparticles often relies on electrostatic
interactions, van der Waals interactions, or polar bonds
involving the stabilizing ligands of the particles on one hand,
and the support surface groups on the other hand. Electrostatic
interactions have been shown to play an important role in 4 nm
Pd colloids stabilized with poly(vinylpyrrolidone) (pvp).2
These were found to be negatively charged between pH 2 and
pH 8. When deposited by a wet impregnation at pH 3 on
differently treated CNFs with PZCs ranging from 2.2 to 7.7, a
maximum uptake (3.9 wt %) occurred for CNFs with high
PZCs, whereas supports with a PZC around 2—3 exhibited
almost no uptake (0.5 wt %). Thus, the supports with a low
PZC and concomitant high surface oxygen content that were
negatively charged at pH 3 repelled the negatively charged
colloids, whereas the high PZC carbon supports with low
oxygen content attracted the colloids. The uptake of PtO,
colloidal particles prepared by the polyol method and stabilized
by glycolate exhibited a similar dependency on the carbon
support.”*”?% Uptake of PtO, nanoparticles varied greatly from
1.5 to 19 wt %. However, since deposition of the oxidic
particles was performed at pH 9—10, electrostatic interaction
was unlikely. It was proposed that the particles adsorbed
preferentially on carbene-type or surface defect sites. Moreover,
similar to the Pd metal particles, uptake was improved by
removing oxygen groups from the support, which were thought
to weaken the adsorption strength.

Kimura et al. found the adsorption capacity of TiO, for Pt
colloids stabilized with PVP to be very high, good for Al,O; and
MgO, and poor on $i0,.>% However, adsorption on TiO, was
not dependent on the pH of the solution between pH 2 and pH
10, suggesting nonspecific interactions (van der Waals or polar)
played an important role. At high loadings (10 wt %), an
increase in particle size was observed, suggesting the support
did not directly bind with all particles at these high loadings,
leading to aggregation. Similar results have been reported for
other Pd and Pt particles, which started to form aggregates at
higher Ioadings.zm Moreover, extra addition of the used
stabilizing agent hexadecyl(2-hydroxyethyl)-
dimethylammonium dihydrogen phosphate reduced the uptake
of the metal nanoparticles likely due to competitive adsorption,
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suggesting the adsorption of ligands was competing with the
surface deposition of nanoparticles.

Immobilization of Au,,** particles with 0.8 nm diameter
stabilized with triphenylphosphine (TPP) has been found to
depend on the solvent.*'' The highest uptake on silica was
observed when pure dichloromethane (DCM) was used,
whereas a gradual decrease in uptake occurred upon mixing
with ethanol. It was proposed that the binding with the TPP
ligands occurred via weak interactive forces between the
permanent dipole of the silica OH surface groups and the
induced dipole within the ligand layer. At increasing ethanol
concentration, the attractive force between the two became
weaker due to the increased electrical permittivity caused by
ethanol. However, although uptake was less when a DCM/
ethanol mixture was used, smaller particle sizes were also
obtained, which was attributed to a more homogeneous
distribution due to the weaker interaction in the presence of
ethanol. The stability of Au particles also depends on the
stabilizing ligand. When the electrostatic stabilizer tetrakis-
(hydroxypropyl)phosphonium chloride (THPC) was used,
smaller particles were deposited on a carbon support compared
to those deposited when poly(vinyl alcohol) (PVA), a steric
stabilizer, was used.?'? However, when Pd was subsequently
added from a Na,PdCl, solution in the presence of PVA and
H,, THPC-stabilized particles exhibited more extensive growth
compared to the PVA-stabilized particles.

The charge of the stabilizing agent also plays a large role. For
the deposition of 10 nm Ag particles stabilized with 3-
mercatopropionic acid (MPA) onto y-ALO;, the pH of the
impregnating solution influenced the final particle size.”'> At
pH 3.7, MPA was negatively charged, causing repulsion
between nanoparticles, whereas attraction with the positively
charged support caused direct deposition of the nanoparticles.
However, at a pH of 2.9, MPA was almost negligibly charged,
causing particles to assemble together due to hydrogen bonding
and resulting in average particles of 26 nm after calcination at
550 °C (Figure 21).

After deposition of the particles on the support, care has to
be taken to remove the stabilizing and structure-directing
ligands or surfactants. Thermal decomposition of the ligands is
most common. However, depending on the ligand, this can
require high temperatures at which sintering of the metal
particles becomes significant. For example, for nickel particles

.

Figure 21. TEM images of Ag particles deposited on y-ALO, at
different pH values, followed by calcination at 550 °C and reduction at
200 °C: (a) pH 3.7, (b) pH 2.9. At pH 3.7 the originally 10 nm Ag
colloids are unchanged after deposition due to the electrostatic
repulsion of the MPA ligands, whereas at pH 2 severe sintering occurs
due to the negligible charge of MPA at this pH. Adapted from ref 213.
Copyright 2009 American Chemical Society.
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capped with a mixture of oleic acid, trioctylamine, and
trioctylphosphine deposited on SiO,, activation at 150 and
350 °C in H, was not sufficient to remove all the Iigands.214
Even at 500 °C not all ligands were removed, while at this
temperature particles exhibited significant sintering, growing
from 5.3 to 20 nm.

Alternatively, the ligands may be extracted using solvents
after deposition. In this case, the particles should exhibit a high
affinity for the support to prevent excessive redistribution, or a
solvent other than the solvent during deposition may be used.
This was first demonstrated on 3 nm gold colloids capped with
PVA after aqueous deposition on TiO,*'* A conventional
thermal treatment was compared to aqueous solvent extraction.
Refluxing in water at 90 °C for 60 min resulted in removal of
20% PVA, and no gold was found in the washing solution, while
the particle size showed a minor increase from 3.0 to 4.8 nm.
After a calcination treatment at 300 °C, all PVA was removed;
however, the particle size increased to 6.1 nm. Further removal
of ligands using the washing treatment was difficult; nonethe-
less, the washed material was S times more active in the CO
oxidation reaction. Although this cannot be explained solely
from the particle size difference between the two methods, it
shows washing may be beneficial compared to thermal
treatment even if not all ligands can be removed. Copper
particles capped with cetyltrimethylammonium bromide
(CTAB) were successively deposited on a y-alumina via a
similar method.?'® The 4.6 nm copper particles were
impregnated using an aqueous solution, followed by washing
with ethanol to remove the CTAB. After subsequent activation
at 300 °C in H,, only a minor increase in particle size to 5.2 nm
was observed. However, the ligand removal was not quantified,
nor was potential loss of copper during washing commented
on. Unfortunately, the removal of ligands after deposition of the
colloidal metal nanoparticles is rarely studied in detail, even
though it is crucial to obtain active catalysts and deserves more
attention.

Microemulsions provide a different way to produce finely
dispersed colloidal nanoparticles, whereby nanoparticles are
synthesized in the aqueous cores of the surfactant reverse
micelles. Deposition of these nanoparticles can often be done
by destabilizing the microemulsion in the presence of a support
by addition of, for example, THF. However, the resulting
supported metal dispersion can suffer compared to that of the
nanoparticles in solution. Moreover, synthesis of reverse micelle
Co30, particles directly in contact with a y-AL,O; support
resulted in large amounts of cobalt aluminate, which gave rise
to cumbersome catalyst activation.”'” A study on neutral
(sodium bis(2-ethylhexyl) sulfosuccinate, AOT) or ionic
(poly(oxyethylene) (8) octylphenyl ether, TT) surfactants for
the production of Co;0, particles showed the particle size was
only slightly influenced by the surfactant.”*® However, a great
improvement in dispersion was observed when the silica
support was first silylated. This resulted in a decrease in Co
particle size from 16 to 6.5 nm (TT) or from 1S5 to S nm
(AOT) after reduction. It was concluded that the increased
interaction between the hydrophobic silylated support and the
micelles reduced the degree of aggregation in the liquid
medium, thereby improving the dispersion and possibly the
distribution.

Although investigation on the kinetics of particle formation is
difficult and rarely attempted, Finke et al. elucidated the
kinetics of Pt nanoparticle formation from a H,PtCly solution
in the presence of y-Al,O; for the synthesis of 1 wt % Pt/
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AlLO;*"® By using the hydrogenation activity of Pt, the
nanoparticle formation was inferred from the simultaneous
hydrogenation reaction of cyclohexene with hydrogen.
Through use of a high-precision pressure transducer, real-
time information on the loss in H, pressure provided unique
kinetic data on the nanoparticle formation, assuming the
reaction was structure insensitive. H,PtCls was first impreg-
nated using ethyl acetate as the solvent, dried at room
temperature in vacuum, and subsequently added to a solution
of cyclohexene in ethanol. By applying a H, pressure at 22 °C,
the Pt precursor was reduced to Pt(0), forming supported
nanoparticles which immediately started to convert cyclo-
hexene to cyclohexane. The rate-determining step was assumed
to be formation of the growing nanoparticle, so that the
catalyzed reaction was used as a probe for the rate of formation.
Further study suggested a sigmoidal growth behavior that fit a
two-step mechanism for nanoparticle formation of slow
nucleation and autocatalytic surface growth first discovered
for nanoparticle formation in solution. 20 Because of the good
fit to the two-step mechanism, it was proposed that many of the
insights obtained for nucleation and growth in solution also
hold in the presence of a support.

A more detailed study was subsequently performed for the
synthesis of 1 wt % Ir/y-Al,O; catalysts.**" Similarly, [Ir(1,5-
COD)CI], was first deposited on y-alumina using ethyl acetate
and dried, followed by formation of the Ir nanoparticles in
acetone at 22 °C under hydrogen pressure, which was
monitored by the hydrogenation reaction of cyclohexene.
Again, the system showed an excellent fit to the two-step
mechanism of nucleation followed by autocatalytic surface
growth, producing 3 nm iridium particles with a relatively
narrow particle size distribution. Further investigation showed
nucleation occurred bimolecularly from the precursor in
solution, followed by rapid capture of the nuclei by the y-
Al,Oj; surface and further autocatalytic growth of the supported
particles.zzz’zz3 However, when a S-fold decrease of the Tr(1,5-
COD)Cl/y-ALO; precatalyst was used, a different growth
behavior was observed, resulting in iridium particles of 1.7 nm
with a relatively broad particle size distribution.”** This led to
the proposal of a four-step mechanism (Figure 22), whereby
Ir(0) nuclei are first formed, which subsequently grow
autocatalytically from additional precursor in solution to form
larger 1r(0), clusters, but can also aggregate. These larger
aggregated clusters can again grow autocatalytically from the
precursor in solution, but will likely not aggregate with other
nuclei due to their limited mobility when they are deposited on
the support surface. The new model showed an excellent fit
with experimental data; however, whether the individual steps
occur in solution or on the support surface was not reported,
and the reason for the change from a two-step to a four-step
mechanism at lower concentration is subject to further
research.

Finally, it is noted that in recent years colloidal techniques
have been used for synthesizing a porous support shell around
preformed nanoparticles. While these are relevant for catalysis
and catalyst preparation, their discussion is beyond the scope of
the present review, and they have recently been reviewed
elsewhere.?>57>%7
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Atomic layer deposition (ALD) has shown increased use for the
preparation of catalysts.”*® ALD, also known as atomic layer
epitaxy (ALE) or molecular layering, is based on the irreversible
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Figure 22. Schematic representation of the four-step mechanism for
nanoparticle formation and agglomeration. Ir(1,5-COD)Cl is first
reduced to Ir(0) nuclei, which subsequently grow autocatalytically by
addition of more Ir(1,5-COD)CI to form Ir(0),. Two such Ir(0),
clusters can aggregate to form one larger cluster, while further growth
of such large clusters is limited to autocatalytic growth via addition of
Ir(1,5-COD)Cl. Adapted from ref 224. Copyright 2014 American
Chemical Society.

and self-limiting reaction between molecules in the gas phase
and a surface, so that a uniform monolayer is formed. In
general, it entails reaction of a vapor-phase metal precursor with
support surface groups such as terminal hydroxyls, followed by
purging and a second reaction, often with oxygen or hydrides of
the nonmetal elements such as water, ammonia, or hydrogen
sulfide, for the formation of metals and metal oxides, nitrides,
or sulfides. This second reaction also regenerates surface sites,
often in the form of hydroxyl groups, so that multiple ALD
cycles can be performed successively to deposit more material
in a layer by layer fashion to produce increasingly thick films.**’
The technique principally deposits sequential (mono)layers of
material; however, transition metals and especially noble metals
tend to agglomerate to form small particles even after one cycle
due to the stable metal—metal bonds.

Early detailed studies on atomic layer deposition for catalyst
preparation mainly concerned 2,2,6,6-tetramethyl-3,5-heptane-
dionato (thd) ligands for precursors such as Cu(thd),,**
Pd(thd),,***" and Rh(thd);_/zz’1 while acac precursors such as
Ni(acac),,*** Co(acac),**? Co(zlcac)yzz’z”234 Cr(acac)3,235 and
VO(acac),?* were also used. Selective adsorption on SiO, and
AlLO; surfaces occurred via an exchange reaction between
surface OH groups and ligands, although recently steric
hindrance was found to play a role in the deposition of
Cof(acac), and Co(acac);.**” The remaining acac or thd ligands
were decomposed in oxygen, hydrogen, or water vapor.
Multiple cycles were mainly used for Co and Ni, which
exhibited a linear increase in metal loading along with an
increase in particle size for one to ten cycles. Multiple cycles of
VO(OC;H,); on silica were less successful, because the V-
catalyzed decomposition of the VO(OC;H,); precursor
complex caused uncontrolled deposition in later cydes.u8

ALD can be an efficient deposition method for the
production of finely dispersed metal particles for catalysis due
to the self-limiting deposition reaction, allowing for a
homogeneous distribution even in highly porous and
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heterogeneous support bodies, which would not be possible
with other, non-self-limiting methods. However, the actual
penetration depth of the gas is highly dependent on the support
material and partial pressure of the precursor. For example, on a
very low density silica aerogel, ZnO was deposited from
Zn(C,H;), homogeneously penetrating hundreds of micro-
meters, >’ while a copper layer formed by [Cu(*Bu-Me-amd)],
penetrated only up to 10 g#m due to the 2 orders of magnitude
lower partial pressure of the Cu precursor.240 Similar results
were also obtained for deposition of Pt on carbon aerogel from
(methylcyclopentadienyl)trimethylplatinum (MeCthMes).241
It was postulated that, next to diffusion, adsorption—desorption
equilibrium of the precursor and reaction product molecules
also plays an important role depending on the support.

Feng et al. used silica with a grain size between 75—200 ym
as a support for deposition of Pd.*** Prior to Pd deposition, the
silica was first coated by a 0.5 nm thick layer of Al,O; using
trimethylaluminum (TMA), or ZnO using diethyl zinc at 200
°C, while water was used to decompose the precursors.
Subsequently, 1.5-2.5 wt % Pd was deposited by one or two
cycles of palladium hexafluoroacetylacetonate (Pd(hfac),) and
formalin (formaldehyde and methanol in water). On the basis
of a time-dependent deposition study, it was concluded that
diffusion of the precursor into the support was the limiting step
for these materials and conditions. On the Al,Oj-coated silica,
1-2 nm Pd particles were found distributed uniformly across
the support particles by scanning electron microscopy—energy-
dispersive X-ray (SEM—EDX) spectroscopy, while no particles
were detected on ZnO, suggesting an alloy formation. Using up
to 25 cycles, it was found that the Pd particle size increased
almost linearly from 1.1 to 2.9 nm on ALO;-coated silica.”*?
Moreover, an induction time was observed for the uptake of Pd,
which increased after several cycles. It was postulated that when
Pd(hfac), is deposited, Al(hfac)* species are formed which are
not removed during subsequent formalin exposure, and thus
are poisoning the surface.**" The formalin treatment only
removed hfac ligands on the Pd and replaced them with
hydrogen adatoms, which formed new nucleation sites for
further Pd cycles, resulting in an increased Pd uptake as
particles became larger due to an increasing amount of
nucleation sites for additional Pd(hfac),. A similar growth
behavior was observed on MgO and TiO, layers; however, no
Pd particles were observed on pure silica, suggesting a limited
reactivity of the Si—OH hydroxyl groups with Pd(hfac),>*

A study of the deposition of Pt on y-AL, O3, TiO,, and SrTiO;
using MeCpPtMe; and H, or N, cycles showed the Pt
precursor can be adsorbed on oxidic supports at temperatures
as low as 100 °C, and is decomposed at 200 °C in H, or 300 °C
in N, to form metallic Pt partic]es.245 Even though a prolonged
time was necessary for adsorption of MeCpPtMe; at 100 °C, at
300 °C premature decomposition resulted in Pt deposition
throughout the reactor. During decomposition of the precursor
in H, or N,, mobile Pt species formed that aggregated into
small clusters, forming Pt particles of 1-2 nm. The hydroxyl
groups during these treatments were also regenerated, so that
additional cycles may be performed. It was observed that the
MeCpPtMe; precursor preferentially adsorbs on surface
hydroxyl groups and not on metallic Pt, and that the Pt
particle size did not increase much upon subsequent cycles.
When O, was used to decompose the precursor, PtO formed,
which interacted with MeCpPtMe; via reductive adsorption,
resulting in an increase in Pt particle size. However, this only
occurred when MeCpPtMe; already occupied most of the
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surface hydroxyls, and was less noticeable for high surface area
supports under the used conditions. Pt on silica gel (30—75 ym
grain size) has also been prepared while keeping the substrate
at 325 °C.>* Even though the previous study mentioned 300
°C as an upper temperature, homogeneous distributions were
reported on cross-sectioned silica particles. Three, five, or ten
cycles of Pt precursor and O, were used to deposit 1.6, 2.3, or
12 wt % Pt, respectively, with particle sizes between 1 and 2.5
nm.

Mixed PtRu particles on AlL,O; were synthesized using
alternating cycles of MeCpPtMe; and (2,4-
dimethylpentadienyl)(ethylcyclopentadienyl)ruthenium (Ru-
(DER)), decomposing the precursor with oxygen in between.
Two cycles of Ru(DER)/O, were followed by one cycle of
MeCpPtMe;/O, and one cycle of Ru(DER)/O, for a final 1:1
molar ratio, and resulted in 12 nm particles with good mixing
of Ru and Pt as determined by EXAFS analysis.”*” PtPd
bimetallic particles have also been synthesized using ALD on
SiO, covered with Al O; or TiO, supports, creating 1-2 nm
particles.24s However, as soon as a reduction treatment was
performed, the particles rearranged to a Pt core/Pd shell
nanostructure independent of the deposition sequence.

Although most studies have been performed on noble-metal
nanoparticles, non-noble-metal particles can also be synthe-
sized. Co;0, was deposited on Al,Oj-coated and uncoated
silica %el to 25 wt % using bis(cyclopentadienyl)cobalt and
ozone.”* Using ALD, the particle size was reduced 2-fold
compared to that obtained with incipient wetness impregna-
tion, from 10—11 to 5—6 nm. However, IWI-prepared catalysts
were more active for the Fischer—Tropsch reaction. This was
attributed to retarded reduction of Co;0, to Co for catalysts
prepared by ALD, which was mitigated somewhat by Pt
addition.

5.3.1. ALD for Nanoparticle Stabilization. Next to the
active metal, a method has been developed in which an
additional oxidic support layer was deposited by an extra step
during ALD, referred to as ABC atomic layer deposition.””
The nature of Pd deposition from Pd(hfac), was especially
suitable for this. In step A, Pd(hfac), was adsorbed on AL O;,
whereby some hfac ligands dissociated and adsorbed on the
alumina to prevent total coverage of Pd. Next, step B entailed
ALD of TMA, which did not adsorb on the Pd precursor but
did decompose the Al(hfac)* species, and deposited a new
layer of alumina on the support. In step C, the adsorbed TMA
was decomposed by water, creating new surface sites for Pd
adsorption in the next ABC cycle while keeping the existing
adsorbed Pd(hfac) intact, so that further growth of these
particles was not possible (note Pd(hfac), was decomposed by
formalin, not water). This resulted in a very narrow size
distribution of 1 nm particles for up to 15 cycles and 6.6 wt %
Pd.** However, this method is only possible if the precursor in
step A does not adsorb on all sites, and reactants in step B and
C do not react with the precursor from step A but do create
new adsorption sites.

Deposition of a covering and stabilizing layer after synthesis
of the supported metal particles has been completed is also
possible. Feng et al. deposited Pd by ALD on an Al,Oz-covered
silica gel, and subsequently coated this with additional Al,O; by
several ALD cycles using TMA and water at 200 °C.>! The
resulting catalysts were tested in the decomposition of
methanol, and showed significantly more active catalysts after
1-16 AL, O; ALD cycles. This was attributed to more stable
catalysts already after one cycle; whereas the uncoated catalyst
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exhibited particle growth from 1.4 to 2.3 nm, the Al,O;-coated
catalysts did not exhibit any particle growth. When more than
16 cycles were used, the activity greatly decreased, attributed to
coverage of the entire Pd particle by ALO;. It was found that
initial Al,O; cycles preferentially adsorbed on the Pd edge, step,
and corner sites, whereas the catalytic activity comes from
Pd(111), which was left unchanged. Further investigation
showed that the Pd remained accessible because CHj; species
were adsorbed on Pd after the first ALD cycle, blocking it for
further adsorption of TMA in the subsequent cycle, and

therefore preventing formation of a monolayer (Figure 23).>%

5

Figure 23. Schematic representation of the deposition of a porous
alumina layer on Pd particles supported on an oxidic support, and
TEM images of spherical alumina-supported Pd particles with different
numbers of Al,O, layers deposited on top, represented by the number
of cycles (xc). An increasingly thick layer was observed with increasing
cycles; however, the particles remained accessible for catalysis.
Adapted from ref 252. Copyright 2012 American Chemical Society.

One study showed that, even after 45 ALD cyces with a
resulting AL, O; layer of 8 nm thickness, the Pd was still largely
accessible and very resistant to coking and sintering in the
dehydrogenation of ethane to ethylene at 650 o 2535t

The principle of blocking part of the nanoparticle by
adsorption of a specific molecule so that a porous rather than
solid layer is formed was further investigated on Pd deposited
on 0-Al,O; by ALD.>S After investigation of several blocking
agents, octadecanethiol was chosen due to its relatively strong
binding to the Pd particles and relatively large 2 nm length,
while it does not react with TMA and therefore should remain
on the surface of the Pd nanoparticles during ALD deposition
of ALO; CO adsorption after 21 cycles showed that Pd
remained accessible when the blocking agent was used during
ALD, whereas unprotected nanoparticles were completely
covered in the sample prepared without octadecanethiol.

Coating of 1.7 nm Pt partides deposited by ALD on
mesoporous silica has also been performed. A total of 10, 20,
30, or 40 cycles of TMA and ethylene glycol were performed
for layers of 1, 2, 3, or 4 nm thickness, respectively.256 After 20
cycles, all Pt was found to be covered. However, an oxidation
step at 400 °C in air created porosity in the Al,O; layer. The
resulting material had a Pt dispersion of 38%, significantly lower
than that of the original material (65%) (Figure 24). However,
when the materials were exposed to a temperature of 800 °C,
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Figure 24. HAADF-STEM (high-angle annular dark field scanning
transmission electron microscopy) images of Pt/silica catalysts after
calcination for 4 h at 400 (a, b), 600 (c, d), and 800 (e, f) °C. The
uncoated catalyst exhibited significant sintering, especially at higher
temperatures (a, ¢, e), whereas the Al,O;-coated catalyst prepared
using 40 ALD cycles exhibited negligible particle growth (b, d, f).
Adapted from ref 256. Copyright 2011 American Chemical Society.

the uncoated Pt catalyst exhibited significant sintering and a
reduced dispersion of 4%, whereas the Pt sample coated with
20 cycles of AL,O; exhibited much better stability and 27%
dispersion. When 40 cycles were used, sintering was even
almost nil.

It should be noted that ALD of a stabilizing layer can also be
realized on existing materials which have not been created by
ALD. For example, ALD was used to deposit an Al,O; layer on
a 3 nm Cu/y-AlLO; catalyst ]grepared by incipient wetness
impregnation of copper nitrate.”>’” After reduction, the catalyst
exhibited 86 ymol/g surface Cu sites. After deposition of an
Al,Oj layer by 45 cycles of TMA and water, no Cu surface sites
were found. However, a thermal treatment at 700 °C in air
created porosity in the layer, resulting in 23 gmol/g Cu surface
sites. During the liquid-phase hydrogenation of furfural, this
catalyst did not exhibit any particle growth, whereas the
uncoated catalyst showed particle growth from 3 to 5 nm after
catalysis. A similar improvement in nanoparticle stability was
obtained for a Cu/SiO, material coated by application of 30
cycles of TMA and water, followed by calcination at 700 °C in
air.>*® Prior to the alumina coating, the catalyst displayed 34
pmol/g Cu surface sites. After coating, no sites were detected,
whereas 15 pmol/g surface sites were recovered after
accessibility was recreated by calcination at 700 °C. To image
the pores in the alumina overcoat, a layer of NbO, was applied
by 20 alternating ALD cycles of Nb(OCH,CH,); and H,0,
which was previously shown to provide a uniform 1 nm thick
niobia layer in the pores of SBA-15.%%° Using STEM—EELS, the
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penetration depth of NbO, was found to be significantly larger
after calcination of the overcoat at 700 °C, indicating the
presence of pores before NbO, deposition.258

Similar deposition of a protective layer by ALD on
preformed material is playing an increasingly important role,
for example, for the stabilization of photocathodes for the
photoelectrochemical water reduction. In particular, Cu,O is an
attractive p-type oxide for photoelectrochemical hydrogen
production; however, it is unstable in water. Recently, it was
shown that protective Al-doped zinc oxide and titanium oxide
layers deposited by ALD provided a stabilizing effect.”*’
Similarly, alumina ALD has been performed to coat LiCoO,
for lithium ion battery electrodes, which also exhibited
improved stability after extensive charge—discharge cycling
compared to the untreated material %!

In this review, we have summarized the progress in conven-
tional and new techniques for the synthesis of supported
catalysts that has been obtained in recent years. Detailed studies
of coprecipitation have provided new insights into the
precipitation mechanism and effect of subsequent thermal
activation treatments, while alternative precursors, precipitating
agents, and thermal treatments provide promising alternatives
for “greener” coprecipitation methods. Deposition precipitation
is used to produce highly loaded metal catalysts, but shows an
increased usage for the preparation of low-loaded, highly
dispersed (noble)-metal catalysts. However, research has
revealed that the physicochemical processes that take place at
low loadings resemble adsorption rather than precipitation.

Impregnation and drying remains the most studied
preparation technique. Detailed study of impregnated ordered
materials has shown complete pore filling with aqueous
solutions and oxidic supports, and an enhanced understanding
of adsorption on support surfaces has improved the ability to
rationally synthesize well-dispersed supported metal catalysts.
The development of microspectroscopic tools enabled the
study of (the development of) gradients and chemical
speciation in macroscopic catalyst bodies during impregnation
and drying processes, whereas models have been developed and
experimentally verified that predict the distribution of the metal
precursor across catalyst grains for both high and low precursor
loadings. In addition, the development of the nanoscale metal
distribution, which has been a long-standing challenge in the
synthesis of catalysts, was recently studied. Thermal decom-
position of the metal salt precursor, in particular the role of the
gas composition or use of chelating agents, has also been
systematically studied to elucidate the effects on particle size
and particle distribution.

Besides these, several new or rejuvenated approaches were
noticed. First, melt infiltration is a promising and facile
technique for the preparation of catalysts with high metal
loadings that bears many similarities to impregnation and
drying, and as such could benefit from the extensive knowledge
obtained recently on this method. Second, the synthesis of
colloids in solution leads to unique control over particle size,
shape, and composition and yields extensive literature.
However, deposition of the formed colloids onto a support is
critical but has been less studied. Third, the kinetics of particle
growth in the presence of a support have been studied in real
time for the first time using in situ catalytic measurements of
the emerging catalyst. Fourth, atomic layer deposition is
showing promise especially for deposition of nanoparticles, but
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also for deposition of a stabilizing layer onto supported
catalysts, for which further insight into the stabilizing effect and
ability to obtain porous layers is desired.

On the basis of literature described in this review, it is clear
that single (monometallic) particle properties can be largely
controlled. To further advance the field of catalyst preparation,
more detailed studies on the kinetics of particle formation™ for
each of the preparation methods, as well as systematic studies
to control the collective properties of the nanoparticles,"> and
the controlled formation of bimetallic and core—shell
particles,”® are greatly desired. To achieve this, the develop-
ment of in situ spectroscopic and microscopic techniques will
be critical. In particular, X-ray-based techniques*** and liquid-
cell TEM>** offer possibilities to study the genesis of particles
in real time, while other advanced electron microsco}:)y
techniques such as cryo-TEM’® and electron tomography”®
offer information on the distribution of the precursor at
different stages during preparation. Furthermore, surface
science studies provide increased understanding of the
influence of support hydroxylation and the ;)re&)aration
method,>****7 while X-ray**® and microbalance®®?”® techni-
ques offer increasingly accurate information on the adsorption
of complexes on flat surfaces. Model supports are also essential
since 2D model supports provide an excellent platform to study
morphological and compositional changes of nanoparticles,”” "
while 3D model supports are excellent to study the synthesis,79
distribution, and stability”” of metal nanoparticles in a more
realistic environment, and other synthesis methods such as
electrodeposition allow for precise control of the material.*”?
Combination of these and other techniques will provide key
insights to further the rationalization of the synthesis of
supported catalysts.
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Application/Control Number: 17/176,222 Page 2
Art Unit: 1736

DETAILED ACTION
Claim Rejections - 35 USC § 102
The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that

form the basis for the rejections under this section made in this Office action:

A person shall be entitled to a patent unless —

(a)(1) the claimed invention was patented, described in a printed publication, or in public use,
on sale, or otherwise available to the public before the effective filing date of the claimed
invention.

Claims 1-6, 8, 9, 12, 14, 15, 16-19, and 21-23 are rejected under 35 U.S.C. 102(a)(1)
as being anticipated by Yaluris et al. (US 2005/0042158).

As an initial matter, in the remarks dated 07/07/2021 (“Remarks”), the Applicant
noted that the terms “microsphere” and “eggshell” are not interchangeable. See
Remarks at p8. It appears that the Applicant is distinguishing between the two terms in
that “microsphere” relates to the shape of the claimed particles while “eggshell” relates
to the distribution of the claimed “one or more Group VIII noble metals” in the claimed
microsphere. Along with other references, the Applicant points to pages 6688-99 of
Munnik et al. (“Recent Developments in the Synthesis of Supported Catalysts™) to
support this distinction. See Remarks at pg. Munnik teaches that an eggshell
distribution is a “macroscopic distribution” that is resulted from the adsorption of a
metal precursor “in the outer shell of the support body.” See Munnik at section 4.2.2.
The Office will adopt this interpretation of both terms.

With regards to claims 1-6, 9, 12, 14, 16, 17 and 23, Yaluris teaches particles
that minimize the content of harmful gasses present in regenerator units during the
regeneration of spent FCC catalysts. See, e.g., 10022-24. The particles are microsphere

with a dimension capable of passing through a No. 200 screen (i.e., 74 microns). 10083.
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Yaluris teaches that the particles are porous in that they are mixed and sprayed with a
solution that is adjusted to not exceed the water pore volume of the powder. 10085.

The particles have alumina and silica support and are shaped as microspheroidal,
contains cerium oxide, and is impregnated with platinum. Examples 4 and 5. Since the
support is porous (i.e., because it has a pore volume, it must be porous, see 10085), and
since platinum is impregnated via spray a platinum solution onto the support, it is
inevitable that some of the platinum solution is adsorbed into the support’s pores. As
such, according to the adopted definition of “eggshell” above, Yaluris anticipates the
claimed invention.

With regards to claims 8, 18, 19, 21 and 22, the claims are product by process
claims. When the examiner has found a substantially similar product as in the applied
prior art, the burden of proof is shifted to the applicant to establish that their product is
patentably distinct and not the examiner to show the same process as making. In re
Brown. 173 USPQ 685, In re Fessman, 180 USPQ 324 and In re Marosi, 218 USPQ 289.

Even though these are product-by-process claims, it is noted that Yaluris teaches
the claimed process steps (see Examples).

With regards to elaim 15, Yaluris teaches that the particles contain palladium.
See claim 1.

Claim Rejections - 35 USC § 103
The following is a quotation of 35 U.S.C. 103 which forms the basis for all

obviousness rejections set forth in this Office action:

A patent for a claimed invention may not be obtained, notwithstanding that the claimed
invention is not identically disclosed as set forth in section 102, if the differences between the
claimed invention and the prior art are such that the claimed invention as a whole would have
been obvious before the effective filing date of the claimed invention to a person having
ordinary skill in the art to which the claimed invention pertains. Patentability shall not be
negated by the manner in which the invention was made.
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Claims 10, 11, 13, and 15 are rejected under 35 U.S.C. 103 as being unpatentable
over Yaluris et al. (US 2005/0042158).

With regards to claims 10 and 11, the teachings of Yaluris are as set forth
above. Yaluris teaches that the particles have an attrition index of from o to 15, which
overlaps with the claimed range and thus renders it obvious. See MPEP 2144.05 (D).

With regards to elaims 13 and 15, the teachings of Yaluris are as set forth
above. Yaluris teaches that the noble metal utilized in their particles can be a mixture of
palladium and platinum. See Y0051 and claim 1. As such, it would have been obvious to
one of ordinary skill in the art to include both pt and pd in carrying out the exemplified
embodiments of Yaluris.

Claim 7 is rejected under 35 U.S.C. 103 as being unpatentable over Yaluris et al.
(US 2005/0042158) in view of Vaarkamp et al. (US 2006/0204420).

With regards to elaim 7, the teachings of Yaluris are as set forth above. Yaluris
teaches that the metal support (i.e., the alumina containing component) may be
crystalline or amorphous, but is silent with regards to containing gamma or theta
alumina.

Vaarkamp teaches particles for minimizing the emission of harmful gasses during
regeneration of FCC catalysts. See, e.g., abstract and 0006. Vaarkamp states that it is
known in the art that porous gamma alumina is used as part the promoter, foo11, and
teaches that the support maybe crystalline or amorphous and can be gamma or theta
alumina. 10033. As such, one of ordinary skill in the art would have found it obvious to

modify Yaluris’ invention by using gamma or theta alumina as the support

188



Application/Control Number: 17/176,222 Page 5
Art Unit: 1736

Claims 20 is rejected under 35 U.S.C. 103 as being unpatentable over Yaluris et
al. (US 2005/0042158) in view of Loganathan et al. (US 2015/0352525).

With regards to elaim 20, the teachings of Yaluris are as set forth above. Yaluris
teaches that the microsphere particle has surface area of 135 m2/g (Example 5), with a
particle size of 74 microns (0083).

Yaluris is silent with regards to the porous particles including gamma alumina
and with regards to the claimed pore volume.

Loganathan teaches a CO oxidation promoter additive for use in the regeneration
of an FCC catalyst. See abstract and background of the invention sections. The promoter
has a gamma alumina with a pore volume of from 0.3 to 0.6 cm3/g, which overlaps with
the claimed invention. See MPEP 2144.05.1. Loganathan teaches that such a support
allows it’s shaping into microspheres having high density and low attrition strength
without employing any alumina based dispersants like aluminum chlorohydrate,
hydroxy nitrate or phosphate. 1 0066-67. As such, it would have been obvious to one of
ordinary skill in the art at the time of the invention to modify the teachings of Yaluris to
include Loganathan’s gamma alumina with a pore volume that overlaps with the
claimed invention to allow for shaping the microspheres without using alumina based
dispersants.

Response to Arguments

Applicant's arguments filed on 07/07/2021 (“Remarks”) have been fully
considered. The arguments regarding the rejection under 35 U.S.C. 112(b) are
withdrawn in light of the amendments and arguments presented in the Remarks.
However, Applicant’s arguments regarding the rejection under 35 U.S.C. 102 are not

persuasive.
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The Examiner clarified the Office’s position regarding the distinction between the
claimed terms “microsphere” and “eggshell” above. In essence, the former relates to the
structure of the claimed particles while the latter refers to the distribution of claimed
“one or more Group VIII noble metals” in the microsphere particles.

Regarding Yaluris et al. (US 2005/0042158), the Applicant argues that “Yaluris
does not disclose eggshell particles” Remarks at pg (emphasis in original). To support
this argument, Applicant asserts that “Yaluris does not contain a single reference to
‘eggshell,” ‘gradient,” or ‘coating’ and uses the term ‘layer’ only in reference to layers of
material applied to trays, not particles.” Id. at 9-10. This argument is unpersuasive.

Yaluris teaches that the support is porous (i.e., because it has a pore volume, it
must be porous, see 10085). Yaluris also teaches that platinum is impregnated via spray
a platinum solution onto the support. As such, it is inevitable that some of the platinum
solution is adsorbed onto the support’s pores yielding an “eggshell” distribution within
Yaluris’ microsphere particles. Accordingly, Applicant’s arguments are unpersuasive.

Still, Applicant points to a declaration by Dr. Herring (“Declaration”) and
concludes that “Yaluris fails to disclose, explicitly or inherently, any eggshell particles
according to instant claim 1.” Remarks at p11. The Declaration states:

To someone familiar with chemistry, it is understood that the base

material formed in Example 4 of Yaluris will necessarily comprise

pores and that impregnating the base material will according to the

method of Example 5 necessarily result in the platinum being found

homogenously throughout the base material particles.
Declaration at 18 (emphasis in original).

This portion from the Declaration further supports the rejection of claim 1. Claim

1 requires “one or more Group VII noble metals” to be distributed in the microsphere

particle. The distribution is defined in the claim where it states, “...such that a high
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concentration of the one or more Group VIII noble metals is present in the outer region
of the microsphere sized porous particle as compared to the concentration of the one or
more Group VII noble metal in the centre of the microsphere sized porous particle.”
Because the claim allow for only one noble metal, and since Yaluris’ support “necessarily”
porous, and further since Yaluris sprays the support with platinum solution, it is
inevitable that the pores of the support will include platinum solution is adsorbed into it.
Munnik et al. further supports this conclusion. It states under section 4.2.2. Metal
Distribution:
Adsorption also plays a significant role in the metal distribution across
macroscopic support grains or pellets. Although the pore filling with
liquids of larger bodies occurs within a few seconds or minutes,
adsorption on support sites often slows penetration of the precursor
significantly. After short equilibration times, it is possible that metal
precursor complexes are mostly adsorbed in the outer shell of the support
body, resulting in an eggshell distribution.
Munnik at p6697 (emphasis added).
In other words, because the Declaration makes it clear that Yaluris base material
“will necessarily comprise pores,” (Declaration at 98), and because filling these pores
with liquid results “in an eggshell distribution,” (Munnik at p6697), then Yaluris’
microsphere particle must have an eggshell distribution as required by the claimed
invention. Thus, the claimed invention is anticipated by the teachings of Yaluris.
Applicant’s arguments regarding the obviousness rejections are based on the

unpersuasive argument that Yaluris does not anticipate the independent claim, and thus

are found unpersuasive, too.
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Conclusion

THIS ACTION IS MADE FINAL. Applicant is reminded of the extension of
time policy as set forth in 37 CFR 1.136(a).

A shortened statutory period for reply to this final action is set to expire THREE
MONTHS from the mailing date of this action. In the event a first reply is filed within
TWO MONTHS of the mailing date of this final action and the advisory action is not
mailed until after the end of the THREE-MONTH shortened statutory period, then the
shortened statutory period will expire on the date the advisory action is mailed, and any
extension fee pursuant to 37 CFR 1.136(a) will be calculated from the mailing date of the
advisory action. In no event, however, will the statutory period for reply expire later
than SIX MONTHS from the mailing date of this final action.

Any inquiry concerning this communication or earlier communications from the
examiner should be directed to HAYTHAM SOLIMAN whose telephone number is
(571)270-7192. The examiner can normally be reached on M-F 8:00-500.

Examiner interviews are available via telephone, in-person, and video
conferencing using a USPTO supplied web-based collaboration tool. To schedule an
interview, applicant is encouraged to use the USPTO Automated Interview Request
(AIR) at http://www.uspto.gov/interviewpractice.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s
supervisor, Stanley Silverman can be reached on 5712721358. The fax phone number
for the organization where this application or proceeding is assigned is 571-273-8300.

Information regarding the status of an application may be obtained from the
Patent Application Information Retrieval (PAIR) system. Status information for
published applications may be obtained from either Private PAIR or Public PAIR.
Status information for unpublished applications is available through Private PAIR only.
For more information about the PAIR system, see https://ppair-
my.uspto.gov/pair/PrivatePair. Should you have questions on access to the Private
PAIR system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free).
If you would like assistance from a USPTO Customer Service Representative or access to
the automated information system, call 800-786-9199 (IN USA OR CANADA) or 571-
272-1000.

/HAYTHAM SOLIMAN/
Primary Examiner, Art Unit 1736
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If you wish to add additional Foreign Patent Document citation information please click the Add button
NON-PATENT LITERATURE DOCUMENTS

Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the item
(book, magazine, journal, serial, symposium, catalog, etc), date, pages(s), volume-issue number(s), TS
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Receipt date: 07/07/2021 17/176,222 - GAU: 173¢
Application Number 17176222
Filing Date 2021-02-16
INFORMATION DISCLOSURE First Named Inventor |Aru, Guido William
STATEMENT BY APPLICANT —— — 738
( Not for submission under 37 CFR 1.99)
Examiner Name | Soliman, Haytham
Attorney Docket Number | 071816-091960USC1
1 Microspheres Online. "12 Essential Properties of Microspheres - Detailed Guide to Achieve Results." Retrieved from |:|
web 2021-04-20. URL: <https://www.microspheres.us/properties-of-microspheres/>. 7 pages. (2020)
5 MUNNIK et al. "Recent developments in the synthesis of supported catalysts." Chemical Reviews 115(14): 6687-6718 D
(2015)
3 PAPAGEORGIQU et al. "Preparation of Pt/y-Al203Pellets with Internal Step-Distribution of Catalyst: Experiments and |:|
Theory." Journal of Catalysis 158(2): 439-451 (1996)
RUSSO et al. "Intraparticle Modeling of Non-Uniform Active Phase Distribution Catalyst." ChemEngineering 4(2): 24
4 U]
pp. 1-15 (2020)
5 VENUTO et al. "Fluid catalytic cracking with zeolite catalysts.” Marcel Dekker, Inc. New York. Pages 30-31, 42-47 D
(1979)
If you wish to add additional non-patent literature document citation information please click the Add button
EXAMINER SIGNATURE
Examiner Signature JHAYTHAM SOLIMAN/ Date Considered o8/10/2021
*EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through a
citation if not in conformance and not considered. Include copy of this form with next communication to applicant.
1 See Kind Codes of USPTO Patent Documents at w 30V or MPEP 901.04. 2 Enter office that issued the document, by the two-letter code (WIPO
Standard ST.3). 3 For Japanese patent documents, the indication of the year of the reign of the Emperor must precede the serial number of the patent document.
4 Kind of document by the appropriate symbols as indicated on the document under WIPO Standard ST.16 if possible. 5 Applicant is to place a check mark here if|
English language translation is attached
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Receipt date: 07/07/2021 17/176,222 - GAU: 173¢
Application Number 17176222

Filing Date 2021-02-16

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

First Named Inventor |Aru, Guido William
Art Unit | 1736

Examiner Name | Soliman, Haytham

Attorney Docket Number |071816-091960USC1

CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection(s):

That each item of information contained in the information disclosure statement was first cited in any communication
[] from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)(1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonable inquiry, no item of information contained in the information disclosure statement was known to

[] any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e)(2).

[] See attached certification statement.
XI The fee set forth in 37 CFR 1.17 (p) has been submitted herewith.

A certification statement is not submitted herewith.
SIGNATURE

A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the
form of the signature.

Signature /Nicole D. Kling/ Date (YYYY-MM-DD) 2021-07-07
Name/Print Nicole D. Kling Registration Number 71,959

This collection of information is required by 37 CFR 1.97 and 1.98. The information is required to obtain or retain a benefit by the
public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour to complete, including gathering, preparing and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you
require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND
FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
VA 22313-1450.
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Receipt date: 07/07/2021 17/176,222 - GAU: 173¢

Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the
attached form related to a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised
that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited
is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark Office is to
process and/or examine your submission related to a patent application or patent. If you do not furnish the requested
information, the U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may
result in termination of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act
(5 U.S.C. 552) and the Privacy Act (5 U.S.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these record s.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant
to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in
an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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UNITED STATES PATENT AND TRADEMARK OFFICE

USPTO Automated Interview Request (AIR)

Oct 15 2021

This paper requesting to schedule and/or conduct an interview is appropriate because:

This submission is requested to be accepted as an authorization for this
interview to communicate via the internet. Recognizing that Internet
communications are not secure, I hereby authorize the USPTO to communicate with
the undersigned concerning scheduling of the interview via video conference,
instant messaging, or electronic mail, and to conduct the interview in accordance
with office practice including video conferencing.

Name (s) :
Nicole D. Kling

S—signature:
/NIcole Kling/

Registration Number:
71959

U.S. Application Number:
17176222

Confirmation Number:
3640

E-mail Address:
nkling@nixonpeabody.com

Phone Number:
+1 6174706866

Proposed Time of Interview:
10-25-2021 1:00 PM ET

Alternative Proposed Time (s) of Interview:
10-27-2021 10:00 AM ET

Alternative Proposed Time (s) of Interview:
10-27-2021 11:00 AM ET

Prefered Interview Type:
Telephonic

I am the applicant or applicant's representative for this application.

Topic for Discussion:
103 rejection, teachings of cited art

) UNITED STATES
PATENT AND TRADEMARK OFFICE
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Application/Control No. Applicant(s)/Patent Under Reexamination
Issue Classification |i7176 222 ARU. Guido William
H ‘“ “H“ |“ Examiner Art Unit
HAYTHAM SOLIMAN 1736
CPC
Symbol Type Version
BO1J 8926 F 2013-01-01
C01B 50 | 2017-08-01
BO1J 1827 | 2013-01-01
BO1J 26 | 2013-01-01
BO1J 04 | 2013-01-01
BO1J 08 | 2013-01-01
BO1J 12 | 2013-01-01
BO1J 42 I 2013-01-01
BO1J 44 | 2013-01-01
BO1J 63 | 2013-01-01
BO1J 008 | 2013-01-01
BO1J 08 | 2013-01-01
BO1J 1014 | 2013-01-01
BO1J 1019 I 2013-01-01
BO1J 1038 | 2013-01-01
BO1J 0221 | 2013-01-01
BO1J 0236 | 2013-01-01
BO1J 088 | 2013-01-01
C10G 04 | 2013-01-01
CPC Combination Sets
Symbol Type Set Ranking Version
NONE
Total Claims Allowed:
(Assistant Examiner) (Date) 22

/HAYTHAM SOLIMAN/
Primary Examiner, Art Unit 1736

(Primary Examiner)

03 November 2021

(Date)

O.G. Print Claim(s) | O.G. Print Figure
1 2

U.S. Patent and Trademark Office
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/ssue Classification

Application/Control No. Applicant(s)/Patent Under Reexamination

17/176,222 ARU, Guido William
Examiner Art Unit
HAYTHAM SOLIMAN 1736

INTERNATIONAL CLASSIFICATION

CLAIMED

C10G

NON-CLAIMED

US ORIGINAL CLASSIFICATION

CLASS

SUBCLASS

208

120.35

CROSS REFERENCES(S)

CLASS

SUBCLASS (ONE SUBCLASS PER BLOCK)

NONE

(Assistant Examiner)

(Date)

Total Claims Allowed:

22

/HAYTHAM SOLIMAN/
Primary Examiner, Art Unit 1736

(Primary Examiner)

03 November 2021

(Date)

O.G. Print Claim(s)
1

O.G. Print Figure
2

U.S. Patent and Trademark Office
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/ssue Classification

Application/Control No.

Applicant(s)/Patent Under Reexamination

17/176,222 ARU, Guido William
H ‘“ “H“ |“ Examiner Art Unit
HAYTHAM SOLIMAN 1736
Claims renumbered in the same order as presented by applicant ([ CPA (O T.D. O R.1.47
CLAIMS
Final |Original|Final |Original|Final [Original|Final |Original|Final Original|Final OriginallFinaI Original|Final |Original
NONE
Total Claims Allowed:
(Assistant Examiner) (Date) 22
/HAYTHAM SOLIMAN/ 03 November 2021 . . -
Primary Examiner, Art Unit 1736 O.G. Print Claim(s) | O.G. Print Figure
(Primary Examiner) (Date) 1 2
U.S. Patent and Trademark Office Part of Paper No.: 20211103
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Application/Control No.
Search Notes 171176.222

Applicant(s)/Patent Under Reexamination

ARU, Guido William

I [>-
HAYTHAM SOLIMAN 1736
CPC - Searched*
Symbol Date Examiner
B01J23/8926, B01J37/0236, B01J21/12, B01J8/26, B01J23/42, IHS/
C01B32/50, B01J35/1019, B01J37/0221, B01J35/1038, B01J23/44, 04/04/2021
B01J35/08, B01J21/04, B01J35/1014, B01J8/1827, C10G11/04,
B01J21/08, B01J37/088, B01J23/63, B01J35/008
Updated above search 08/10/2021 IHS/
Updated above search 11/03/2021 THS/
CPC Combination Sets - Searched*
Symbol Date Examiner
US Classification - Searched*
Class Subclass Date Examiner
208 120.35 04/04/2021 JHS/
Updated above search 08/10/2021 JHS/
Updated above search 11/03/2021 JHS/

* See search history printout included with this form or the SEARCH NOTES box below to determine the scope of

the search.

/HAYTHAM SOLIMAN/
Primary Examiner, Art Unit 1736

U.S. Patent and Trademark Office
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Application/Control No.
Search Notes 171176.222

Applicant(s)/Patent Under Reexamination

ARU, Guido William

H“HHH“ H“m ‘ “H“‘ —
HAYTHAM SOLIMAN

Art Unit

1736
Search Notes
Search Notes Date Examiner
Searched EAST 04/04/2021 [HS/
Preformed Inventor Search 04/04/2021 [HS/
Preformed USPC and CPC search 04/04/2021 [HS/
Preformed Assignee search 04/04/2021 [HS/
Considered IDS and ISR of sister app # 17043031 04/04/2021 [HS/
Updated above search 08/10/2021 [HS/
Updated above search 11/03/2021 IHS/
Interference Search
g?n?tl)zfs/CPC US Subclass/CPC Group Date Examiner
208 120.35 11/03/2021 [HS/

/HAYTHAM SOLIMAN/
Primary Examiner, Art Unit 1736
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Page 2 of 2

204

Part of Paper No.: 20211103



Application No. Applicant(s)
17/176,222 ARU, Guido William
. py s . i AlA (First | t
Applicant-Initiated Interview Summary Eg{?ﬁm G:it oy otanue | Pe%e
SOLIMAN 1736 | Yes 1of

HAYTHAM SOLIMAN Primary Examiner Telephonic

Natalie Herring Ph.D. Inventor
Nicole D. Kling Agent of Record

Date of Interview: 25 October 2021

Issues Discussed:

35U.S.C. 102

Applicant argued that the distinction between the closest prior art of record and the claimed invention is
that the concentration (i.e., m/v) of the noble metal as oppose to merely its mass, is not uniform
throughout the claimed promoter. The Applicant asserted that the closest prior art of record is at best
silent regarding this feature. The Examiner agreed. In a later call, the Applicant agreed to cancel claim
23 via an examiner amendment.

Attachment

/HAYTHAM SOLIMAN/
Primary Examiner, Art Unit 1736

Applicant is reminded that a complete written statement as to the substance of the interview must be made of record in
the application file. It is the applicants responsibility to provide the written statement, unless the interview was initiated
by the Examiner and the Examiner has indicated that a written summary will be provided. See MPEP 713.04

Please further see:

MPEP 713.04

Title 37 Code of Federal Regulations (CFR) § 1.133 Interviews, paragraph (b)

37 CFR § 1.2 Business to be transacted in writing

Applicant recordation instructions: The formal written reply to the last Office action must include the substance of the
interview. (See MPEP section 713.04). If a reply to the last Office action has already been filed, applicant is given a
non-extendable period of the longer of one month or thirty days from this interview date, or the mailing date of this
interview summary form, whichever is later, to file a statement of the substance of the interview.

Examiner recordation instructions: Examiners must summarize the substance of any interview of record. A complete
and proper recordation of the substance of an interview should include the items listed in MPEP 713.04 for complete
and proper recordation including the identification of the general thrust of each argument or issue discussed, a general
indication of any other pertinent matters discussed regarding patentability and the general results or outcome of the
interview, to include an indication as to whether or not agreement was reached on the issues raised.

U.S. Patent and Trademark Office
PTOL-413/413b (Rev. Oct. 2019) Interview Summary Paper No. 20211103
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Interview Agenda for USSN 17/176,222
Scheduled for October 25, 2021 at 1 pm Eastern

Attendees:
Nicole D. Kling Applicant’s Representative, Agent of Record
Natalie Herring Ph.D. Director of Technology and Business Development at G.W. Aru

Points of Discussion
1. Introduce Dr. Herring; Overview of combustion promoter technology

2. The Yaluris inventors have physically characterized their particles and describe the
“palladium is present in the form of highly dispersed PdO species”

a. See Alexeev et al. Characterization of Pd-based FCC CO/NOx control additives
by in situ FTIR and extended X-ray absorption fine structure spectroscopies.
Catalysis Today, 2007, 127, 176-188.

“EXAFS results indicate that in a freshly prepared Pd"" /Ce"" / Na™ /y-Al>O3 sample,
similar to materials used commercially as FCC NOx additives, palladium is present in

the form of highly dispersed PdO species.”

The Munnik reference is not applicable to Yaluris

(98]

a. The relevant compositions are physically distinct in size and chemical makeup.
Those physical distinctions are known to affect absorption.

b. The relevant compositions are made by methods with different impregnation
conditions.

4. The present invention provides unexpected results

4881-7675-8784.1
071816-091960USC1
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, UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.UsSpto.gov

NOTICE OF ALLOWANCE AND FEE(S) DUE

53143 7590 11/17/2021 | EXAMINER |
RONALD I. EISENSTEIN SOLIMAN, HAYTHAM
NIXON PEABODY LLP
| ART UNIT PAPER NUMBER |

Exchange Place, 53 State Street
BOSTON, MA 02109 1736

DATE MAILED: 11/17/2021

APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.

17/176.222 02/16/2021 Guido William ARU 071816-091960USC1 3640

TITLE OF INVENTION: CO TO CO2 COMBUSTION PROMOTER

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE PUBLICATION FEE DUE | PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE

nonprovisional SMALL $600 $0.00 $0.00 $600 02/17/2022

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT.
PROSECUTION ON THE MERITS IS CLOSED. THIS NOTICE OF ALLOWANCE IS NOT A GRANT OF PATENT RIGHTS.
THIS APPLICATION IS SUBJECT TO WITHDRAWAL FROM ISSUE AT THE INITIATIVE OF THE OFFICE OR UPON
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308.

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE MAILING
DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED. THIS STATUTORY PERIOD
CANNOT BE EXTENDED. SEE 35 U.S.C. 151. THE ISSUE FEE DUE INDICATED ABOVE DOES NOT REFLECT A CREDIT
FOR ANY PREVIOUSLY PAID ISSUE FEE IN THIS APPLICATION. IF AN ISSUE FEE HAS PREVIOUSLY BEEN PAID IN
THIS APPLICATION (AS SHOWN ABOVE), THE RETURN OF PART B OF THIS FORM WILL BE CONSIDERED A REQUEST
TO REAPPLY THE PREVIOUSLY PAID ISSUE FEE TOWARD THE ISSUE FEE NOW DUE.

HOW TO REPLY TO THIS NOTICE:

I. Review the ENTITY STATUS shown above. If the ENTITY STATUS is shown as SMALL or MICRO, verify whether entitlement to that
entity status still applies.

If the ENTITY STATUS is the same as shown above, pay the TOTAL FEE(S) DUE shown above.

If the ENTITY STATUS is changed from that shown above, on PART B - FEE(S) TRANSMITTAL, complete section number 5 titled
"Change in Entity Status (from status indicated above)".

For purposes of this notice, small entity fees are 1/2 the amount of undiscounted fees, and micro entity fees are 1/2 the amount of small entity
fees.

II. PART B - FEE(S) TRANSMITTAL, or its equivalent, must be completed and returned to the United States Patent and Trademark Office
(USPTO) with your ISSUE FEE and PUBLICATION FEE (if required). If you are charging the fee(s) to your deposit account, section "4b"
of Part B - Fee(s) Transmittal should be completed and an extra copy of the form should be submitted. If an equivalent of Part B is filed, a
request to reapply a previously paid issue fee must be clearly made, and delays in processing may occur due to the difficulty in recognizing
the paper as an equivalent of Part B.

II1. All communications regarding this application must give the application number. Please direct all communications prior to issuance to Mail
Stop ISSUE FEE unless advised to the contrary.

IMPORTANT REMINDER: Maintenance fees are due in utility patents issuing on applications filed on or after Dec. 12, 1980.
It is patentee's responsibility to ensure timely payment of maintenance fees when due. More information is available at

www.uspto.gov/PatentMaintenanceFees.
Page 1 of 3

PTOL-85 (Rev. 02/11)
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PART B - FEE(S) TRANSMITTAL
Complete and send this form, together with applicable fee(s), by mail or fax, or via EFS-Web.

By mail, send to: ~ Mail Stop ISSUE FEE
Commissioner for Patents
P.O. Box 1450

Alexandria, Virginia 22313-1450

By fax, send to:  (571)-273-2885

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 5 should be completed where appropriate. All
further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as indicated unless corrected
below or directed otherwise in Block 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for maintenance fee notifications.

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address)

Note: A certificate of mailing can only be used for domestic mailings of the
Fee(s) Transmittal. This certificate cannot be used for any other accompanying
papers. Each additional paper, such as an assignment or formal drawing, must
have its own certificate of mailing or transmission.

53143 7590 11/17/2021 Certificate of Mailing or Transmission
RONALD I. EISENSTEIN 1 hereby certify that this Fee(s) Transmittal is being deposited with the United
. States Postal Service with sufficient postage for first class mail in an envelope
NIXON PEABODY LLP addressed to the Mail Stop ISSUE FEE address above, or being transmitted to
Exchange Place, 53 State Street the USPTO via EFS-Web or by facsimile to (571) 273-2885, on the date below.
s
BOSTON. MA 02109 (Typed or printed name)
s
(Signature)
(Date)|
I APPLICATION NO. | FILING DATE | FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. | CONFIRMATION NO. |
17/176.222 02/16/2021 Guido William ARU 071816-091960USC1 3640
TITLE OF INVENTION: CO TO CO2 COMBUSTION PROMOTER
I APPLN. TYPE | ENTITY STATUS | ISSUE FEE DUE | PUBLICATION FEE DUE | PREV. PAID ISSUE FEE | TOTAL FEE(S) DUE | DATE DUE |
nonprovisional SMALL $600 $0.00 $0.00 $600 02/17/2022
I EXAMINER I ART UNIT | CLASS-SUBCLASS |
SOLIMAN, HAYTHAM 1736 208-120350

1. Change of correspondence address or indication of "Fee Address" (37
CFR 1.363).

| Change of correspondence address (or Change of Correspondence
Address form PTO/SB/122) attached.

(] "Fee Address" indication (or "Fee Address" Indication form PTO/
SB/47; Rev 03-09 or more recent) attached. Use of a Customer
Number is required.

2. For printing on the patent front page, list

(1) The names of up to 3 registered patent attorneys
or agents OR, alternatively, 1

(2) The name of a single firm (having as a member a

registered attorney or agent) and the names of up to 2
2 registered patent attorneys or agents. If no name is
listed, no name will be printed. 3

w

. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type)

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document must have been previously
recorded, or filed for recordation, as set forth in 37 CFR 3.11 and 37 CFR 3.81(a). Completion of this form is NOT a substitute for filing an assignment.

(B) RESIDENCE: (CITY and STATE OR COUNTRY)

(A) NAME OF ASSIGNEE

Please check the appropriate assignee category or categories (will not be printed on the patent) : [ Individuat [ Corporation or other private group entity [ Government

4a. Fees submitted: [Missue Fee [Ipublication Fee (if required)

[JAdvance Order - # of Copies

4b. Method of Payment: (Please first reapply any previously paid fee shown above)

[ Blectronic Payment via EFS-Web [ Enclosed check

(I Non-electronic payment by credit card (Attach form PTO-2038)

(1 The Director is hereby authorized to charge the required fee(s), any deficiency, or credit any overpayment to Deposit Account No.

5. Change in Entity Status (from status indicated above)

M| Applicant certifying micro entity status. See 37 CFR 1.29
M| Applicant asserting small entity status. See 37 CFR 1.27

| Applicant changing to regular undiscounted fee status.

NOTE: Absent a valid certification of Micro Entity Status (see forms PTO/SB/15A and 15B), issue
fee payment in the micro entity amount will not be accepted at the risk of application abandonment.
NOTE: If the application was previously under micro entity status, checking this box will be taken
to be a notification of loss of entitlement to micro entity status.

NOTE: Checking this box will be taken to be a notification of loss of entitlement to small or micro
entity status, as applicable.

NOTE: This form must be signed in accordance with 37 CFR 1.31 and 1.33. See 37 CFR 1.4 for signature requirements and certifications.

Authorized Signature

Typed or printed name

Date

Registration No.

PTOL-85 Part B (08-18) Approved for use through 01/31/2020

Page 2 of 3
OMB 0651-0033
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.UsSpto.gov

I APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. | CONFIRMATION NO. |
17/176.222 02/16/2021 Guido William ARU 071816-091960USC1 3640
| EXAMINER |
53143 7590 11/17/2021
RONALD I. EISENSTEIN SOLIMAN, HAYTHAM

NIXON PEABODY LLP
Exchange Place, 53 State Street
BOSTON, MA 02109 1736

DATE MAILED: 11/17/2021

| ART UNIT PAPER NUMBER |

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(Applications filed on or after May 29, 2000)

The Office has discontinued providing a Patent Term Adjustment (PTA) calculation with the Notice of Allowance.

Section 1(h)(2) of the AIA Technical Corrections Act amended 35 U.S.C. 154(b)(3)(B)(i) to eliminate the requirement
that the Office provide a patent term adjustment determination with the notice of allowance. See Revisions to Patent
Term Adjustment, 78 Fed. Reg. 19416, 19417 (Apr. 1, 2013). Therefore, the Office is no longer providing an initial
patent term adjustment determination with the notice of allowance. The Office will continue to provide a patent term
adjustment determination with the Issue Notification Letter that is mailed to applicant approximately three weeks prior
to the issue date of the patent, and will include the patent term adjustment on the patent. Any request for reconsideration

of the patent term adjustment determination (or reinstatement of patent term adjustment) should follow the process
outlined in 37 CFR 1.705.

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of

Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0101 or (571)-272-4200.

Page 3 of 3

PTOL-85 (Rev. 02/11)
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OMB Clearance and PRA Burden Statement for PTOL-85 Part B

The Paperwork Reduction Act (PRA) of 1995 requires Federal agencies to obtain Office of Management and Budget
approval before requesting most types of information from the public. When OMB approves an agency request to
collect information from the public, OMB (i) provides a valid OMB Control Number and expiration date for the
agency to display on the instrument that will be used to collect the information and (ii) requires the agency to inform
the public about the OMB Control Number’s legal significance in accordance with 5 CFR 1320.5(b).

The information collected by PTOL-85 Part B is required by 37 CFR 1.311. The information is required to obtain
or retain a benefit by the public which is to file (and by the USPTO to process) an application. Confidentiality is
governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 30 minutes to complete, including
gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon
the individual case. Any comments on the amount of time you require to complete this form and/or suggestions
for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office,
U.S. Department of Commerce, P.O. Box 1450, Alexandria, Virginia 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
Virginia 22313-1450. Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection
of information unless it displays a valid OMB control number.

Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the requirements
of the Act, please be advised that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)
(2); (2) turnishing of the information solicited is voluntary; and (3) the principal purpose for which the information
is used by the U.S. Patent and Trademark Office is to process and/or examine your submission related to a patent
application or patent. If you do not furnish the requested information, the U.S. Patent and Trademark Office may not
be able to process and/or examine your submission, which may result in termination of proceedings or abandonment
of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records may
be disclosed to the Department of Justice to determine whether disclosure of these records is required by the
Freedom of Information Act.

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence
to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of
settlement negotiations.

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting
a request involving an individual, to whom the record pertains, when the individual has requested assistance
from the Member with respect to the subject matter of the record.

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having
need for the information in order to perform a contract. Recipients of information shall be required to comply
with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. A record related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator, General Services,
or his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility
to recommend improvements in records management practices and programs, under authority of 44 U.S.C.
2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection
of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall
not be used to make determinations about individuals.

8. Arecord from this system of records may be disclosed, as aroutine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed
in an application which became abandoned or in which the proceedings were terminated and which application
is referenced by either a published application, an application open to public inspection or an issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agencys, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Application No. Applicant(s)
) - 17/176,222 ARU, Guido William
Notice of Allowability Examiner ArtUnit | AIA (FITF) Status
HAYTHAM SOLIMAN 1736 Yes

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address--
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308.

1.} This communication is responsive to 08/13/2021.
(O A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on .

2.[J An election was made by the applicant in response to a restriction requirement set forth during the interview on ; the
restriction requirement and election have been incorporated into this action.

3.} The allowed claim(s) is/are 1-22 . As aresult of the allowed claim(s), you may be eligible to benefit from the Patent Prosecution
Highway program at a participating intellectual property office for the corresponding application. For more information, please see
http://www.uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHfeedback@uspto.gov.

4. Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).

Certified copies:
a) MAIl b) (J Some* ¢) [J None of the:
1. [3 Certified copies of the priority documents have been received.
2. ¥] Certified copies of the priority documents have been received in Application No. 17043031 .
3. [0 Copies of the certified copies of the priority documents have been received in this national stage application from the
International Bureau (PCT Rule 17.2(a)).

* Certified copies not received:

Applicant has THREE MONTHS FROM THE "MAILING DATE" of this communication to file a reply complying with the requirements
noted below. Failure to timely comply will result in ABANDONMENT of this application.
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE.

5. CORRECTED DRAWINGS (as "replacement sheets") must be submitted.

(J including changes required by the attached Examiner's Amendment / Comment or in the Office action of
Paper No./Mail Date .

Identifying indicia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings in the front (not the back) of each
sheet. Replacement sheet(s) should be labeled as such in the header according to 37 CFR 1.121(d).

6. DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the
attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL.

Attachment(s)

1.0 Notice of References Cited (PTO-892) 5. ¥} Examiner's Amendment/Comment

2.0 Information Disclosure Statements (PTO/SB/08), 6. ¥} Examiner's Statement of Reasons for Allowance
Paper No./Mail Date

3.0 Examiner's Comment Regarding Requirement for Deposit 7. (3 Other .

of Biological Material
4. Interview Summary (PTO-413),
Paper No./Mail Date. 20211103.
/HAYTHAM SOLIMAN/
Primary Examiner, Art Unit 1736

U.S. Patent and Trademark Office -
PTOL-37 (Rev. 08-13) Notice of Allowability Part of Paper No./Mail Date 20211103
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Application/Control Number: 17/176,222 Page 2
Art Unit: 1736

DETAILED ACTION
EXAMINER'S AMENDMENT

An examiner’s amendment to the record appears below. Should the changes
and/or additions be unacceptable to applicant, an amendment may be filed as provided
by 37 CFR 1.312. To ensure consideration of such an amendment, it MUST be submitted
no later than the payment of the issue fee.

Authorization for this examiner’s amendment was given in an interview with
Dr. Nicole Kling on 11/4/2021.

The application has been amended as follows:

Claim 23 is now cancelled.

Reasons for Allowance

The following is an examiner’s statement of reasons for allowance:

The claimed invention requires the concentration, i.e., mass/volume, as opposed
to the amount, i.e., mass, of the claimed noble metal is change from the outer region of
the claimed promoter to its inner region. The closest prior art of record is silent regarding
this feature, and as such it does not anticipate or render it obvious.

Any comments considered necessary by applicant must be submitted no later than
the payment of the issue fee and, to avoid processing delays, should preferably accompany
the issue fee. Such submissions should be clearly labeled “Comments on Statement of
Reasons for Allowance.”

Conclusion

Any inquiry concerning this communication or earlier communications from the
examiner should be directed to HAYTHAM SOLIMAN whose telephone number is
(571)270-7192. The examiner can normally be reached M-F 8:00-500.

Examiner interviews are available via telephone, in-person, and video
conferencing using a USPTO supplied web-based collaboration tool. To schedule an
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Application/Control Number: 17/176,222 Page 3
Art Unit: 1736

interview, applicant is encouraged to use the USPTO Automated Interview Request
(AIR) at http://www.uspto.gov/interviewpractice.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s
supervisor, Stanley Silverman can be reached on 5712721358. The fax phone number for
the organization where this application or proceeding is assigned is 571-273-8300.

Information regarding the status of published or unpublished applications may
be obtained from Patent Center. Unpublished application information in Patent Center
is available to registered users. To file and manage patent submissions in Patent Center,
visit: https://patentcenter.uspto.gov. Visit
https://www.uspto.gov/patents/apply/patent-center for more information about Patent
Center and https://www.uspto.gov/patents/docx for information about filing in DOCX
format. For additional questions, contact the Electronic Business Center (EBC) at 866-
217-9197 (toll-free). If you would like assistance from a USPTO Customer Service
Representative, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000.

/HAYTHAM SOLIMAN/
Primary Examiner, Art Unit 1736
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Attorney Docket No. 071816-091960USC1 PATENT

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re Application of:  Guido William ARU et al. Confirmation No.: 3640

Application No.: 17/176,222 Art Unit: 1736

Filing Date: February 16, 2021 Examiner: Haytham SOLIMAN
For: A COTO CO2 COMBUSTION PROMOTER

VIA EFS-WEB

Commissioner for Patents

P.O. Box 1450

Alexandria, VA 22313-1450
GENERAL TRANSMITTAL & CERTIFICATE OF EFS SUBMISSION
Pursuant to 37 C.F.R. § 1.8(a)(1)(1)(C) I hereby certify that the following documents are

being submitted to the Patent and Trademark Office via the Office Electronic Filing System in
accordance with § 1.6(a)(4) on December 6, 2021;

General Transmittal & Certificate of EFS Submission (1 pg.);
Issue Fee Transmittal (1 pg.);

Declaration (1 pg.); and

Fee Transmittal (1 pg.)

L=

AUTHORIZATION TO CHARGE/CREDIT DEPOSIT ACCOUNT

The Director of the USPTO is hereby authorized to charge any fee deficiencies associated with
the instant filing, except excess claims fees, and credit any overpayments to NIXON PEABODY LLP
Deposit Account No. 50-0850, from which the undersigned is authorized to withdraw.

Customer No.: 53143 Respectfully submitted,

Date: December 6, 2021 /NICOLE D. KLING/
NICOLE D. KLING (Reg. No. 71,959)
RONALD I. EISENSTEIN (Reg. No. 30,628)
NIXON PEABODY LLP
Exchange Place — 53 State Street
Boston, MA 02109-2835
Tel. (617) 345-1013/6054
Fax (617) 345-1300
Email: bostonpatent@nixonpeabody.com

4833-4902-4040.1
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Electronic Patent Application Fee Transmittal

Application Number:

17176222

Filing Date:

16-Feb-2021

Title of Invention:

COTO CO2 COMBUSTION PROMOTER

First Named Inventor/Applicant Name:

Guido William ARU

Filer:

Nicole Dian Kling/Ali Yamakaitis

Attorney Docket Number:

071816-091960USC1

Filed as Small Entity

Filing Fees for Utility under 35 USC 111(a)

Description Fee Code Quantity Amount suz:;:;)l in

Basic Filing:
Pages:
Claims:
Miscellaneous-Filing:
Petition:
Patent-Appeals-and-Interference:
Post-Allowance-and-Post-Issuance:

UTILITY APPL ISSUE FEE 2501 1 600 600
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Description Fee Code Quantity Amount Sul:’-;l';(tsa)l in
Extension-of-Time:
Miscellaneous:
Total in USD ($) 600
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Attorney Docket No.: §71816-8919606USC1
U.8.8.N. 17/176,222

DECLARATION UNDER 37 CFR §1.63 FOR UTILITY APPLICATION USING AN
APPLICATION DATA SHEET

TITLE OF INVENTION:

A COTO CO, COMBUSTION PROMOTER
As the below named inventor, I hereby declare that:
This Declaration is directed to:
8 United States application 17/176,222 filed February 16, 2021, which claims priority to
PCT international application number PCT/US2019/624742 filed on March 29, 2019.
& I have reviewed the Amendment filed July 7, 2021.
] I have reviewed the Examiner’s Amendment mailed November 17, 2021.

The above-identified application was made or authorized to be made by me.

I believe that I am the original inventor or an original joint inventor of a claimed invention in the
application.

[ hereby state that T have reviewed and understand the contents of the above identified specification,
inctuding the claims, as amended by any amendment referred to above.

I acknowledge the duty to disclose information which is material to the examination of this application in
accordance with Title 37, Code of Federal Regulations, §1.56(a).

1 hereby further declare that all statements made herein of my own knowledge are true and that all
statements made on information and belief are believed to be true; and further, that these statements were
made with the knowledge that any willful false statements and the like so made in this declaration are
punishable by fine or imprisonment of not more than 5 years, or both, under Section 1001 of Title 18 of
the United States Code, and that such willful false statements may jeopardize the validity of the
application or any patent issued thereon.

LEGAL LAST NAME FIRST NAME MIDDLE NAME
NAME OF
INVENTOR
ENTO ARU GUIDO WILLIAM
Signatur;‘? of Inventer——, U Date:
L b ; o ey
el 2T {s I P O E s R T s \j“g

Page 1 of 1
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Electronic Acknowledgement Receipt

EFS ID: 44438559
Application Number: 17176222
International Application Number:
Confirmation Number: 3640

Title of Invention:

CO TO CO2 COMBUSTION PROMOTER

First Named Inventor/Applicant Name:

Guido William ARU

Customer Number:

53143

Filer:

Nicole Dian Kling/Ali Yamakaitis

Filer Authorized By:

Nicole Dian Kling

Attorney Docket Number: 071816-091960USC1
Receipt Date: 06-DEC-2021
Filing Date: 16-FEB-2021
Time Stamp: 12:44:23

Application Type:

Utility under 35 USC 111(a)

Payment information:

Submitted with Payment yes

Payment Type DA

Payment was successfully received in RAM $600

RAM confirmation Number E2021B6C44482954

Deposit Account

Authorized User

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows:
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File Listing:

Document s . File Size(Bytes)/ Multi Pages
Document Description File Name A . .
Number Message Digest | Part/.zip| (if appl.)
116877
2021-12-06-
1 Transmittal Letter EFS_Transmittal_071816-09196 no 1
ouUSC1 _pdf 56719c4d9990410e22f062da028737917119)
87e3
Warnings:
Information:
989995
2021-12-06_Declaration_07181
i i - - no 1
2 Oath or Declaration filed 6-091960USC1.pdf
0aSa21d92eda57b773453723a6f3f56227(7)
af39
Warnings:
Information:
1621239
2021-12-06_Issue_Fee_Transmi
- — >0 ST 1
3 Issue Fee Payment (PTO-85B) ttal_071816-091960USC1.pdf no
098f599b2531a010c52557be25aa2900d 1
516a2
Warnings:
Information:
37983
4 Fee Worksheet (SB06) fee-info.pdf no 2
8a2724d%a44a596521157f14a20f52fed 22
95eb
Warnings:
Information:
Total Files Size (in bytes){ 2766094
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This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.

220




PART B - FEE(S) TRANSMITTAL

Web.,

By mail, send to: Mail Stop ISSUE FEE By fax, send tor  (571)-273-2885
Cornmissioner for Patents

F.O. Box 1450
Alexandria, Virginia 223

Coraplete and send this form, together with applicable fee(s), by mail or fax, or via k

fdt
ce

Ql‘l\RF 35" for
ouly be used for dom )
nnot be used for any other accompanying
gument or formal drawing, must

have its own cettificaie of maiting or wansau

Cem’ﬁaabe of Mailing or Transmission
Imnswma 18 bewg deposited with the Hmied

53143 7590
RONALD L EISENSTEIN
NIXON PEABODY LLP
Hxchange Flace, 53 State Street
BOSTON, MA §2109 {Lyped or printzd uame)

(Signature)

(Date)
E APPLICATION NG, i FILING DATE I FIRST NAMED INVENTOR i ATTORNEY DOCKET NQO. E CONFIRMATION NG, i
17/176,222 02/16/2021 Guido William ART 071816-091960USCH 3640
TITLE OF INVENTION: CO TO C0O2 COMRBUSTION PROMOTER
E APPLN. TYPE ! ENTITY STATUS | {88UE FEE DUE E PUBLICATION FEE DUE ; PREV. PAID ISSUE FEE E TOTAL FEE(S) DUE ! DATE DUE !
nonprovisional SMALL $600 $0.00 SO.00 3600 02/17/2022
E EXAMINER ; ART UNIT E CLASS-SURCLASS ,
SOLIMAN, HAYTHAM 1736 208-120330
on of "Fee Address” (37 2. For printing on the patent front page, lis

(1) The names of up to 3 registered 1
or agents OR. allemdl vely.

alrotneys 1 NIXONPEABODY LLP

“har

gz of Correspon

RONALD | EISENETEIN

stered patent fmomf’w or agents.

Hsted, no name will be printed. 5 NICOLE DL KLING

Address” Indication form PTG/
ed. Use of a Customer

"Fee Address” indicatt
SR/47; Rev

Nssmber § required.
ASSIGNEE NAME AND RESIDENCE DATA TCO BE PRINTED ON THE PATENT (print or type)
PLEASE NOTE: Unle 3
recorded, or filed for recordal

&)

fied below, no dmygnm dats will appear on the patent. [fana document must have been previously
137 CFR 3.11 apd 37 CFR 3.81(a). Lompictmn of this form is NOT a substitute for filing an assigm

{A) NAME OF ASSIGNEE (BY RESIDENCE: (CITY and STATE OB COUNTRY)

COCHISE TECHNOLOGY, LLC Conifer, O (US)

Please check the appropriate assignee caregory or categosies (will not be prinred on the patent) : |wd Individual 123 Corporation or other private group entity 'wd Government

4s. Pees submitted: ;?,‘Jissue Fee [ dPublication Fee (if required} LJAdvance Order - # of Copies
4h. Method of Payment:

st reapply any previously paid jee shown above)

zctronic Payey S-Web i Enciosed check L ¥ Mop-electronic payment by credit card { Attach form PTO-2038)

The Dvector is bereby authorized to charge the required fee(s), any defictency, or credit any overpayment to Deposit Account No.

5. Change in Batity Statas (from status indicated above)

7. Absent a on of \/ii(.n, Emiiy Sta[u /SE/ISA and 15B), issue
i lication abandon

o this box will be ta

4 (:n’ib ‘”L-- ms PTO/

" Applicant certifying micro entity stams. See 37 CFR 1.29

i Applicant asserting smail entity status. See 37 CFR 1.27

¥ status.
box will be taken to be a notification of loss of entitiement to small or micro

Applicant changing to regular undiscounted {ee status. entity
ity

NOTE: This form must be signed in accordance with 37 CFR 1.31 and 1.33. See 37 CFR 1.4 for signatare requirements and certifications.

Authorized Signature MNICOLE D. KLING/ Date 2021-12-08

NICOLE D. KUING N 71,959

Typed or prinied name Registration No.

Page20f3
3 Part B (08-18) Approved for use through 03/31/2020 OMRB 0631-0033 .S, Patent and Trademark Office; U.S. BEPARTMENT OF COMMERCE
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.0. Box 1450

Alexandria, Virginia 22313-1450

Www.uspto.gov

| APPLICATION NO. ISSUE DATE PATENT NO. ATTORNEY DOCKET NO. CONFIRMATION NO.
17/176,222 0171872022 11224864 071816-091960USC1 3640
53143 7590 12/28/2021

RONALD I. EISENSTEIN
NIXON PEABODY LLP
Exchange Place, 53 State Street
BOSTON, MA 02109

ISSUE NOTIFICATION

The projected patent number and issue date are specified above.

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(application filed on or after May 29, 2000)

The Patent Term Adjustment is 0 day(s). Any patent to issue from the above-identified application will include
an indication of the adjustment on the front page.

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that
determines Patent Term Adjustment is the filing date of the most recent CPA.

Applicant will be able to obtain more detailed information by accessing the Patent Application Information
Retrieval (PAIR) WEB site (http://pair.uspto.gov).

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office
of Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments
should be directed to the Application Assistance Unit (AAU) of the Office of Data Management (ODM) at
(571)-272-4200.

INVENTOR(s) (Please see PAIR WEB site http://pair.uspto.gov for additional inventors):
Guido William ARU, Conifer, CO;

APPLICANT(s) (Please see PAIR WEB site hitp://pair.uspto.gov for additional applicants):
COCHISE TECHNOLOGY, LLC, Conifer, CO;

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location
for business investment, innovation, and commercialization of new technologies. The USA offers tremendous
resources and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation
works to encourage and facilitate business investment. To learn more about why the USA is the best country in
the world to develop technology, manufacture products, and grow your business, visit SelectUSA.gov.

IR103 (Rev. 10/09)
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AQ 120 (Rev. 08/10)

e L22-ov-02636-JKB  Document 4 Filed 10713722

Page iofd

TO: Mail Stop 8 REPORT ON THE
) Director of the U.S. Patent and Trademark Office FILING OR DETERMINATION OF AN
P.O. Box 1450 ACTION REGARDING A PATENT OR
Alexandria, VA 22313-1450 TRADEMARK
In Compliance with 35 U.S.C. § 290 and/or 15 U.S.C. § 1116 you are hereby advised that a court action has been
filed in the U.S. District Court District of Maryland on the following
[] Trademarks or [A Patents. ( [] the patent action involves 35 U.S.C. § 292.):
DOCKET NO. DATE FILED U.S. DISTRICT COURT
1:22-cv-2636 10/13/22 District of Maryland

PLAINTIFF DEFENDANT

G. W. Ary, LLC, and Cochise Technology, LLC

W. R. Grace & Co.-Conn.

TRE]@E?/ITR%RN 0. %?{TER?D};EI?;[FEEKT HOLDER OF PATENT OR TRADEMARK
1 11,224,864 1/18/2022 Cochise Technology, LLC
2
3
4
5

In the above—entitled case, the following patent(s)/ trademark(s) have been included:
DATE INCLUDED INCLUDED BY
[] Amendment [] Answer [ Other Pleading

TR%E?/ITR%RN 0. %I;TER%DE?;[FEQIE HOLDER OF PATENT OR TRADEMARK
1
2
3
4
5

In the above—entitled case, the following decision has been rendered or judgement issued:

DECISION/JUDGEMENT
CLERK (BY) DEPUTY CLERK DATE

Copy 1—Upon initiation of action, mail this copy to Director
Copy 2—Upon filing document adding patent(s), mail this copy to Director

223

Copy 3—Upon termination of action, mail this copy to Director
Copy 4—Case file copy






