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Carbon as a Support for Catalysts

1. Effect of Surface Heterogeneity of Carbon on Dispersion of Platinum
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Differences in the degree of dispersion of platimun supported on a graphitized earbon black,
subjecled {o varying levels of earbon burn-off in air, have been found. Dispersion inereases
with the extent of prior gasifiention of the earbon support., This increase cannod be explained
in terms of lolal surface aren inerense of the carbon support as a resull, of gasifieation. Iather
gasifieation inereases the sinface heterogeneity of the earbon support, which in turn increases the
polential energy barrier for the diffusion of platinum species across the earbon surlace during
sample preparation which uses temperaivres up to 500°C.

INTRODUCTION

Noble metal catalysts supported on ear-
bons are used in several industrial chemieal
proeesses, Since activity and scleelivity of
a eabalyvst depend on its degree of disper-
sion, that is the ratio of surface metal atoms
to the total number of metal atoms, various
studies have been reported in the literature
regarding the determination of surfuce
areas of metals supported on earbons (1-3).
Aetivated earbons, beeause ol their large
internal surface arca (1000-1200 m*/g), are
often used as eatalyst supports. However,
such carbons are invariably associated with

mineral impurities which may act as
dissocinting  centers for hydrogen and

oxygen during eadalytic reactions and, in
some cases, may act as eatalyst poisons.
There is thus need to use relatively pure
carbong as vatalyst supports. In ealalysis,
it is generally desirable to have a high
degree of dispersion of the catalyst on the
support. Bartholomew and Boudart (4)
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have shown that upon activation of
Ciraphon, a graphitized carbon black which
has a highly homogencous surfuce (3) and
is devoid of essentially all impurities, there
is o signifieant inerease in the degree of
dispersion of supported platinum over thai
found on the original Graphon. Therefore,
a systematic investigation of the changes
in the dispersion of platinum as a [unetion
of activation of a relatively pure carbon
support  appears  desirable. This  paper
deseribes the results of such a study.

EXPERIMENTAL METHODS
Muaterials

The earbon support was prepared by the
graphitization of a [urnace carbon blaek
Vulean 3 manulazetured by the Cabot
Corp. The carbon black had an arithmetic
mean dimmeter of 235 A, Surlaee areas from
its particle size distribution and Na adsorp-
tion were 74 and 77 m¥/g, respectively,
indicating that the carbon is essentintly
nenporous. The earbon black was graphi-
tized at 2500°C using the following heating
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eyeles room temperabure to 2000°C in 4 hr
in an argon purge, 2000-2500°C in 3 be in
2o ehdorine-wrgon purge, hold ot 2800-
2510°C for 1 hr in a ehlorine—argon purge
and cool down to room fempersture in
3 days in an argon atmosphere belore
expogitre to air. Chlorine was used 1o vola-
tilize most of the inorganie impurities as
chivrides, The graphitized sample is referred
to as V3G in the toxt.

Twenty gram portions of V3G were
activated at 500°C in & flow of dey air
to 3.7, 8.0, 214, and 48,99 earbon burn-off
in the manner deseribed elsewhere ().
Preparation of  Platinum
Carbon V30

The cexperimental  procedure for  the
preparation of supported platinum  was
essentinlly  the  swme  as used by
Bartholomew and Boudart (). Briefly,
the proeedure consisted of impregnating the
qrbon with eldoroplutinie aeid dissolved
i a4 to I vol mixture of benzene and
absolute ethanol (50 ml of mixture/g of
atulyst), The suspension was mochanieally
stirred and evaporated to near dryness ob
room femperature by bubbling Na through
the suspension for ubout 70 hr, Alter lurther
drying the sample in a vacuum oven at 70°C
over night, it was reduced in fowing ultra-
pure hydrogen (20-30 ml/min) at 500°C
for 10 he,

Supported  on

Determination of Surface Arvea of Platinum

The specifie surface area of platinum was
determined by using the titration technique
suggested by Benson and Boudart (7). For
this purpose, 0 2-3 g portion of the reduced
sample was oxidized with ultrapure Oz ne
ambient temperature. The amount of hy-
drogen adsorbed on the oxidized sample
was determined at 30°C in a volunietric
adsorption apparatus deseribed by Benson
andd Boudart (7). The fellowing stoichiome-
bry wag used to determine the number of
platinum atoms at the surfuce (7):

Pt(0) + 1.6H. — Pe (1) + H,0.

In order to use the above stoichiometry,
it s essential that water vapor released
during the titration be completely adsorbed
by the support. When aluming or silica is
used as the metal support, the evolved
water can be readily adsorbed by the sup-
port. However, it is doubtful il it ean be
completely adsorbed by the V3G support.
It is known (8} that the gasification of o
graphitized carbon black inereases the total
(BET) surfuce area (TSA) as well as the
aetive surfaee aren (ASA); that is, the con-
eentration of earbon sites at the edges of the
ervstallites. The rvelative inerease in ASA
for a given level of burn-off is fur in exeess
of the inerease in TSA, During gasification
and subsequent cooling to room tempera-
ture in air, ABA Is covered with oxygen
complexes (8), Walker and Janov (6) have
shown that these complexes ean preferen-
tinlly adsorb a monolayer of water, each
hydrogen in the adsorbed water moleeule
hydrogen-bonding to a chemisorbed oxygen
atom. Assuming that the inerease in ASA
for V3G Tor & given burn-off is of about the
same magnitude ag lor the graphitized
wrbon binck, Graphon, used by Walker
and Janov (6), it was ealeulated that none
of the V3G samples used as o support in
the present study would have sufficient
mpacity to completely adsorhb water re-
leased during titration of the ealalyst, Sinee
treatinent of oxygenated curbons in Hy af
H00°C (during reduction of the eatalyst)
leads to the climination of appreeinble
amounts of oxygen complexes (9), the
adsorption eapacity of various V3G sumples
for water vapor will be further reduced
after the reduction step, Therefore, in order
to ensure that ull the evolved water vapor
is adsorbed, 0.5 g Dricrite was mixed with
the supported Pt—C sample belore titration,

Physieal adsorption of hydrogen vn the
carbon support Bsell was determined for
qch burn-ofl sample up to 400 Torr—the
maximum pressure used for the titration
of the catalyst, This adsorption, which
followed Henry™s law, wag subtracted from
the total amount of hydrogen consumed.
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Adsorption of hydrogen on Drierife was
undeieciable.

Surface Area of Carbons

Total surface area of various V3G sam-
ples was determined by Na adsorption ab
77°K, using the BET equation,

RESULTS AND DISCUSSION

Tolal surface arens of V3G samples
activated to different levels of burn-off, as
well as surlnee area and degree of dispersion
of platinum for 1.0%, by weight, loading
on various supported samples, are given in
Table 1. It is scen that surface aren and
degree of dispersion of platinum inerease
with inereasing activation of the support.
The extent of platinum dispersion inereases
from 169, from the unactivated V3G to
55%, for the 48.9%, burn-ofl sample, while
surface area of the platinum for the corre-
sponding samples inereases progressively
with inerensing hurn-off, T is interesting to
note that while there s a twolold inerease
i the swrface aren of V3G upon activation
to 48.09%, burn-off, the degree of dispersion
of platinum inereases almost 3.5-fold.

Tt may be argued that [or the same
catalyvst loading an inerease in the surfnce
area of the support upon activation de-
ereases the amount of platinum per unib
area of the support, thus leading to an
inerease in the degroe of dispersion. In order
to examtine this possibiliey, the dependenee

TABL

TARLE 1

el of Bur-ofl on Sorface Arven and Degrec
of Dispersion of Platimem Supperfed an Various
V3G Samples

Burn-off Surface area Degree of

(7] dispersion

Vi3t iR of P

(n*/pe) {m*/g 1) {4)
0.0 b B [6
3.7 67 45 17
s 70 47 s
214 N7 B3 24
48,4 il 145 oY

of degree of dispersion on catalyst loading
per unit aren of the support was studied
hetore and alter activation of V3G to 489
hurn-off. The results are given in Table 2.
The mean diameter of platinum particles
and the number of surface platinum atoms
per unit area of the support are also in-
cluded in Table 2. Tt is seen that for the
unactivated sample there is a strong de-
pendence of degree ol dispersion on the
entalyvst loading. Tor instance, it increases
from 169, for 1.09%, platinum loading to:
for 0.3% loading. In contrast, for the acti-
vated sample, there is no change in the
degree of dispersion upon increasing the
mtalyst loading from 0.3 to 1.0%,. Con-
sidering the results for samples 2 and 4
in Table 2, it is seen that for the same
patalyst loading per wnit aren of support
the degree of dispersion on the activated

152

Elfeet of Calalyst Loading on Degree of DHspersion, Mean Particle Pinmeioer
and Number of Plaiinum Atoms on the Burface

Sample Birn-off Pt eontoent Degree of Mean diasm No. suface Pt
No. (") — dispersion of Pt atoms/m? of
Wer mg/m? VaG (") pariicie stpport
9] H10s
1 4.0 1.0 0,178 13} [E123 8.7
2 0.0 0.5 0,088 24 41 i1
3 0.0 0.3 [T 5% 27 34 4.4
4 484 1.0 (0.031 B 14 15.0
D 48,1 .3 027 % 14 4.6
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sample Is Lwice as much as that on the un-
nelivaled sample. Furthermore, in the ense
ol sumples 3 and 4, even though the neti-
vated sample has almost double the eatalyst
loading per unit area compared to that on
the unaetivated V3G sample, the degree of
tispersion on the Intier is hall as mueh as
that on the activated sample. It is signif-
cant that for 1.0% platinum loading on the
unactivated and on the 48599 burn-off
V3G samples, the number of surface
platinum atoms per unit area of the support
is inereased by 729 by activation of the
support,

Sinee o higher degree of dispersion of
platinum supported on the activated V3G
sumples eannot be explained in terms of
total surface area incrcase of the support,
another explanation for the observed be-
havior should be sought. Tt is known (8, 10)
that in the case of relatively homogeneous
graphitized carbon blacks, surfuce hetero-
geneity ean he introduced and inereased
by ecarbon gasification. The increase in
surfaece heterogeneity is due to an inercase
in the width and depth of erystallite
bhoundaries and enlargement of the diameter
and depth of point defects in the basal plane
of the ceystallite. 1t is possible that the ob-
served inerease in the degree of dispersion
with inereasing burn-off of the support is
due to an aecompanying ineresse in surface
hoterogeneity of the substrato.

Flynn and Wanke (11) have recently
shown from an electron mieroscopy study
that, during reduction of a platinum eadu-
lyst supported on aluming, agglomeration
ol particles starts ub as fow o tempernture
s 300°C and becomes significant at 500°C,
Two models have been proposed o explain
the particle size changes during sintering.
Ruckenstein and Pulvermarcher (12) postu-
lated erystallife migration as o sintering
mechanism, while Flynn and Wanke (13)
altributed i to the loss of wloms or mokee-
ukar metal species rom the erystallites,
fullowed by surface diffusion and reeapture
by other erystallites, Some of the observed
experimental fuets cannot be explained by

the former mechanism (17), Flynn and
Wanke (£3) suggested that the migrating
atoms may be considered as o two-
dintensional gas, During the reduction of
the entalyst ut 500°C, swrface hetoro-
geneitics on  the support ean  provide
potential energy harriers to the diffusion
of the “Lwo-dimensional gas” aeross the
surface, thus hindering particle growth.
Obviously, the greater the surface hetoro-
geneity the greater will be the magnitude
and/or frequency of the potential energy
barriers. Taken in the context of the present
study, the greater the extent of gasifiention
of the curbon, the smaller will he the
parkicle gize of the supported platinum and,
henee, the greater will be the degree of its
dispersion for a given eatalyst loading, as
is observed. To the authors’ knowledge,
bthis is the first direct and systemalic ap-
pronch where the effect of surface hetero-
geneity of support on degree of dispersion
of metals has been reported. Tt is noted that
Muhujan and Walker (74) have previously
reported that the two-dimensional ertticnl
temperature of adsorbed xenon decreases
signifeantly und continuousky as the extent
of surfaee heterogencity of  graphitized
earbon biacks is inerensed upon gagifieation.
They have atéributed this decrease to an
inerense in the magnitude of the potential
energy barrier for the translation of xenen
across the surfuce.

The mechanism suggested above receives
support from  the mwodel developed by
Phillips et al. (15) for morphologieal changes
ovenrring in gold particles (diamoter less
than 100 &) on amorphous carbon. They
consider a random distribution of preferred
trapping sites on the heterogencous surfaee
of amorphous carbon. These trapping sites
act as two-dimensional potential  wells,
Metallic particles will escupe from these
sites only if their thermal energy is greater
than the energy of the potentiad well.

It was mentioned above that during
gasifiention and subsequent cooling of the
wrbon in air, its ASA s covered with
oxygen complexes, The presence of these
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complexes may  affecs both the chloro-
platinie acid uptake as well as its mobility
during the early stages of the reduction
process. This may cventually affeet the
degree of dispersion of redueced platinum.
In order to see i such s the ease, two por-
tions of the 21.49% burn-off V3G sample
were impregnated with the same ameunt of
chloroplatinie aeid (1.09 platinum load-
ing). One portion was associafed with
pxyvgen complexes while the second portion
was treated with Ha ab 8950°C to remove
the oxygen complexes (I6). Following this
trentment, the sample was cooled in Ha.
Under these conditions, ASA will be
covered with chemisorbed hydrogen, Sinee
hydrogen is chiemisorbed essentindly at the
same sites ns oxygen  (I7), subscquent
exposure of the treated sample to air during
impregnation s not expected to result in
chemisorption of oxygen (78). Fullowing
impregnation, the two samples were re-
duced in Ha in the vsual mannper, The
degree of dispersion of platinum supported
on the oxidized and oxygen-free earbons
was found to be 26 and 279, respeetively.
This shows that under the present experi-
mental conditions, the presenee (or ab-
senee) of oxygen complexes has little or no
effret on the degree of  dispersion of
platinum,

In arder to see i there is uny cffeet of
solvent used for impregnation on the degree
of dispersion of platinum, the 48.9% burn-
off V3G sample was impregnated with
chloroplatinic acid (1.09% platinum load-
ing) dissolved in distilled water. The
suspension was dried in o vacuum oven ab
110°C. This method has been used for the
preparation of platinum eatalvsts supported
ont alumina (11). The degree of dispersion
of platinum was found to be 249 compared
to 55%, obtained for the sume catalyst load-
ing when impregnation is earried out in o
benzene-ethanol mixture, The mechanism
of impregnation and the changes undergone
by adsorbed ehloroplatinic acid  during
reduction are speeulative. However, 16 is
reasonable Lo assume that o more unjform

distribution of chloroplatinie acid on the
substrate will give a higher degree of
dispersion  of platinum. The observed
marked difference in the degree of disper-
sion when impregnation is earried out in
agueous and nonaqueons media suggests
that chloroplatinic acid is adsorbed more
uniformly [rom 2 benzene—cthanol mixture
than from an aqueous selution. Sinee the
dicleetric eonstant of the benzene-ethanol
mixture is mueh loss than that of water, it
is likely that ehloropladinie acid is present
assentinlly as undissociated molecules in
the former media, while in the squeous
solution it is strongly ionized, platinum
being present in the form of an anion
[PtCL . Therefore, it is expeeted that
chloroplatinie aecld will be adsorbed non-
specifieally, moleeularly and uniformly lrom
i benzene-cthanol mixture. Sinee carbons
are poor adsorbents for anions (19), it is
likely that chloroplatinic acid from an
agueois solittion s adsorbed nonuniformly
an the support; that is, it may be adsorbed
as agglomerates in the furm of slands or
elugters glving rise to n broad distribution
of particle sizes, Such a distribution is more
conducive to partiele growth during sinfer-
ing {11).

1t iy [mown that fullowing activation of
a graphitized earbon in air or oxygen, the
edge sites are covered with oxygen com-
plexes. These complexes are predominantly
sarbonyl groups. It may be agreed that the
CO-complex present on the earbon surface
after burn-off and chlorine, which may be

present cither from  the chlorine-argon
purge (used during the graphitization

process) or from impregnation with chlore-
platinie acid, eould react during heat treat-
ment in hydrogen to form phosgene. 16 is
well known that platinum is very volatile
in the presence of phosgene and other
sarbonyl chlorides and that a vapor phase
redistribution of platinum ean be obtained
in the presenee of phosgene, 1t is also
possthle to remove platinum [rom eadalyst
surfaces by extended exposure to phosgene,
However, in the prosent study formation
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of phosgene scems fo be unbikely for the
following reasons.

It has been shown clsewhere i this paper
tliat, the degree of dispersion of platinum
for o given catalyst louding on o given
activated V3G sample is the same whether
the carbon s initially  sssocisted  with
oxyeer complexes or whether, lollowing
activation, i is treated with He at 050°C
to remove the oxyveen complexes, Fo the
authors’ knowledge, no known heteroatom
functional groups present on earbon sur-
fuces ure thermally stalde up to 2800°C, the
temperature seen by V3G during  its
prepuration. However, i any chlorine was
retained on the V3G surface after the
chlorine—argon purge, then it would have
bheen completely desorbed ns HOD during
heat trestment in Ha at 950°C (used for
removing oxyeen complexes). In this eon-
foxt, Purt (20} hay previously shown that
chemisorbed chlorine ean be quantitatively
removed as HCL upon treatment with I
ab as low o temperature as 700°C. The fact
that the degree of dispersion of platinum
for a piven catalyst foading is the same
whether or not the activated V3G sumple
eontaing adsorbed CO or Cly suggests that,
phesgene is not formed during the eatalyst
prepuaration,

We do not know for certain if any
chlorine is fixed on the earbon swrface
during impregnation with chloroplatinie
aceid or upon subsequent heat treatment of
the impregnated sumples. Purt (20) has
shown that in the case of carbong which are
inilially defieient in carbon-hydrogen sur-
face complexes (such as graphitized V3Q)
most of the ehlorine that can be chomi-
sorbed on the earbon surfaee remains intacet
even after prolonged outgassing at 1200°C.
Tuken in the eontext of the present study,
this means that any chlorine chemisorbed
on the earbon surface during impregonation
will not be desorbed as Cls during subse-
quent treatment with Ha {reduction step)
abthough it may be HCL
Frurthermore, Purt (20) hins shown that

evdved  as

while the CO«complex on o earbon surface
is desorbed almost completely en heut
treatment in vacuum ot 1000°C, it 15 com-
pletely eliminated in Hy at mueh lower
temperatures, This suggests that the CO-
complex is not desorbed as such in M.
probably it comes off as CH,y and/or H,0,
In the Hght of the above discussion, it iy
concluded that in the present study there
b little possibiity of the formadion of
phosgene,

Spillover of dissociated hydrogen away
from platinum onto adjncent active sites
on the earbon support has been reporked
previeusly (2, 2£). It may be argued that
an inerease in ASA of the V3G caurbon
stpport upon gasifiention will inercase the
extent ol spillover, thus giving a higher
appuarent degree of dispersion of platinum.
TTowever, it is concluded that negligible
spillover occurred in the present study for
the following reasons:

i. Hydrogen spilfover has not been re-
ported during titeation of the carbon sup-
ported eatalyvst at ambient temperatures
{4, although its oceuwrrence has  been
observed at 250°C and above (3, 21).

i During reduction of the catalyst ag
H00°C, the ASA of the carbon support will
be lurgely oeeupied by hydrogen (27). Sinee
chemizsorbed hydrogen will not be displaced
by oxygen during the oxidation of the eatu-
lyst ol room temperature (I8), uptake of
hydrogen, i any, on the carbon support
during the titration of the eatalyst witlk he
negligible.

i, When 45.9% burn-off V3G sample,
prior to impregnation, is heated in Ho at
3530°C and subsequently cooled in He, the
ASA  will be eompletely  covered  with
hydrogen. If any hydrogen spiffover were
veeurring, the culeulated degree of disper-
slon of platinum supported on the He-
treated carbon should have been less than
on the V3G sample assoelated with oxygen
complexes. However, the degree of dispoer-
storr of platinum on both the samples was
shown carlier {o be the sine,
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