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Abstract

Pt/C catalysts were prepared by impregnation of carbon xerogels with H2PtCl6 aqueous solutions. Three supports with various pore textures
were used: two micro-mesoporous (maximum pore size = 10 and 40 nm, respectively) and one micro-macroporous (maximum pore size =
70 nm). After impregnation, drying and reduction, the metal particles were at most 1–1.5 nm in diameter. The Pt dispersion was close to 100% in
the case of the xerogel with large mesopores. For the two other supports, a small fraction of Pt was trapped in blocked micropores. The specific
catalytic activity obtained for benzene hydrogenation was 4–10 times higher than that obtained with active charcoal-supported catalysts prepared
by a similar method. The high dispersion of Pt was attributed to the presence in the xerogel of large mesopore or macropore volumes, which
facilitates impregnation, and a low amount of oxygenated surface groups.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Carbon-supported catalysts are used in chemical industry for
many applications. The most widely used supports are active
charcoals, although carbon blacks or graphite are sometimes
considered [1]. Compared with other catalyst supports, such
as alumina and silica, carbon materials have many advantages:
(i) they are stable in acid or basic media; (ii) they are resis-
tant to high temperature; and (iii) the metal used as catalyst
can be recovered easily after burning of the support. The cat-
alysts are generally prepared by impregnation of a preexisting
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support with a solution of a metal salt. The various impregna-
tion techniques differ from one another in terms of metal salt
choice, solvent (polar or nonpolar), and postimpregnation treat-
ments [1–3]. After impregnation, the catalyst is treated so as
to obtain the active phase, (i.e., the metal in the reduced state)
dispersed on the support. Metals are reduced under hydrogen
at 200–500 ◦C, depending on the metal. The support properties
(principally, surface composition and pore texture) are known
to affect metal dispersion [1–6], although opinions about their
relative importance vary.

Carbon materials issued from drying and pyrolysis of
resorcinol–formaldehyde gels have not yet been widely stud-
ied. A few works are related to the use of carbon aerogels,
porous carbon materials prepared by supercritical drying and
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pyrolysis of organic gels [7–11]. Examples concerning carbon
xerogels are rare and very recent [12–14]. In these examples,
xerogels were prepared from evaporative drying of the solvent
after solvent exchange (water to acetone, generally), followed
by pyrolysis; however, carbon xerogels with tailored texture
can be prepared by simple evaporative drying, without pre-
treatment, of resorcinol–formaldehyde gels, provided that the
correct synthesis conditions are chosen [15,16]. Indeed, micro-
macroporous, micro-mesoporous, microporous, or nonporous
carbon materials can be obtained by this method, the key vari-
ables being the pH and the dilution ratio of the precursors’
solution. This kind of carbon material was recently used as a
Pd and Pd–Ag catalyst support [17,18]. With regard to active
charcoals, the advantages of carbon xerogels are their high pu-
rity and pore texture flexibility. Indeed, active charcoals are
produced from natural sources like wood, nutshells, or fruit
pits, and their pore texture is not easily controlled because it
depends mainly on the structure of the pristine organic mater-
ial [1]. Consequently, diffusional limitations often occur during
catalytic processes. The pore texture of active charcoals can
be modified to some extent by chemical and thermal treat-
ments, but control of texture is very limited compared with
that of carbon xerogels. The ash content of active charcoals
can be very high (up to 15%), although choosing an adequate
organic precursor can minimize the minerals loading. Finally,
the pyrolysis temperature is usually high (from 800–1100 ◦C
and even higher in some cases), and the carbon thus obtained
is usually hydrophobic [4]. These properties are not ideal for
impregnation with aqueous solutions, and active charcoals are
often further partially oxidized to increase their mesopore or
macropore volume and surface oxygen group content. The
oxidation treatment can be performed in liquid phase, using
HNO3 or H2O2, or in gas phase, with oxygen. Another pos-
sibility is to use less or nonpolar solvents, such as acetone
or cyclohexane; however, water is preferable for environmen-
tal and cost reasons. On the other hand, carbon xerogels are
very hydrophilic after pyrolysis. Indeed, a micro-mesoporous
or micro-macroporous carbon xerogel prepared by pyrolysis
at 800 ◦C absorbs an amount of water corresponding to 95%
of its pore volume within a few minutes, whatever the car-
bon texture. This type of support should then lead to a good
metal dispersion. Moreover, it was recently shown that the
presence of large amounts of mesopores or macropores allows
minimizing or even suppressing diffusion limitations in the sup-
port [18].

The aim of the present work is to test carbon xerogels as
supports for Pt/C catalysts. Carbon xerogel-supported catalysts
were prepared by impregnating supports of various textures
with hexachloroplatinatic acid aqueous solutions. After drying
and reduction, the catalysts were characterized by X-ray dif-
fraction, electron transmission microscopy, and CO chemisorp-
tion. The performance of these catalysts for benzene hydro-
genation were compared with that of similar catalysts supported
on commercial active charcoals and prepared by various meth-
ods. The results were analysed with regard to the carbon support
texture and surface properties.
2. Experimental

2.1. Support and Pt/C catalyst synthesis

Pt/carbon xerogel catalysts were synthesized by impregna-
tion of preexisting supports. Three carbon xerogels with various
pore textures were selected: one micro-mesoporous support
with small mesopores (10 nm), one micro-mesoporous sup-
port with large mesopores (40 nm), and one micro-macroporous
support (70 nm). The three carbon xerogels were obtained from
evaporative drying and pyrolysis of resorcinol–formaldehyde
gels prepared following a method described in a previous
study [15]. The resorcinol/formaldehyde molar ratio, R/F ,
was fixed at 0.5 and the dilution ratio, D (i.e., the solvent/
(resorcinol + formaldehyde) molar ratio) was chosen equal
to 5.7. Formaldehyde is available as an aqueous solution
(37 wt% formaldehyde in water, stabilized by 10–15% metha-
nol). Note that “solvent” in the dilution ratio takes into account
the deionized water added, and the water and methanol con-
tained in the formaldehyde solution. The pH of the three solu-
tions was adjusted to 5.25, 5.60, and 6.25 with NaOH aqueous
solutions. Gelation was performed at 85 ◦C, and the aging pe-
riod at the same temperature was chosen to be 72 h. Note that
this operation could be shortened to 24 h, as indicated by very
recent results [19]. The obtained gels were then dried under vac-
uum without any pretreatment. The unsealed flasks were kept at
60 ◦C and the pressure was progressively reduced from 105 to
103 Pa. This step was performed over five days but can be short-
ened by using convective drying [19,20]. The samples were
then heated to 150 ◦C at a pressure of 103 Pa for three days.
After drying, pyrolysis was performed at 800 ◦C under flow-
ing nitrogen and following the same temperature program as in
previous studies [15–17]: (i) ramp at 1.7 ◦C min−1 to 150 ◦C
and hold for 15 min; (ii) ramp at 5 ◦C min−1 to 400 ◦C and
hold for 60 min; (iii) ramp at 5 ◦C min−1 to 800 ◦C and hold
for 120 min; and (iv) cool slowly to room temperature. The
carbon supports are denoted as follows: the letter X (for “xe-
rogel”) is followed by the initial pH of the precursor solution
multiplied by 100. For example, X-525 is a carbon xerogel is-
sued from drying and pyrolysis of a gel prepared at an initial
pH of 5.25.

The carbon supports were crushed and sieved to prepare
pellets of 1000–1250 µm in diameter. These pellets were im-
pregnated with H2PtCl6 aqueous solutions. First, the incipient
wetness method (i.e., impregnation with a quantity of solvent
corresponding to the total pore volume of the support and con-
taining the amount of metal to be dispersed on the carbons) was
attempted. The advantage of this method is that all of the metal
solubilized in the solvent is deposited on the support; the actual
metal loading is known. Nevertheless, this method led to nonho-
mogeneous mixing; despite prolonged stirring, a large fraction
of the support remained completely dry, while the impregna-
tion solution was held in agglomerates of wet pellets. This is
why the wet impregnation method (i.e., immersion of the sup-
port in an excess of impregnation solution) was finally chosen.
Each crushed support was immersed in an aqueous solution of
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Table 1
Composition of the impregnation solutions

Catalyst V v
a

(cm3 g−1)
Ptth

b

(wt%)
msupport

c

(g)
V HCP

d

(cm3)
V water

e

(cm3)

X-525-Pt 2.1 1 4 2.56 17.44
X-560-Pt 1.33 1 3 2.00 8.00
X-625-Pt 0.41 1 4 6.41 3.59

a V v = total pore volume of the support.
b Ptth = Pt nominal weight percentage.
c msupport = mass of impregnated support.
d V HCP = volume of H2PtCl6·6H2O solution (concentration = 100 g/l).
e V water = deionised water volume added.

hexachloroplatinic acid whose concentration was adjusted so
that the theoretical metal loading was 1 wt%. The concentra-
tion of each solution was calculated as a function of the total
pore volume of the support assuming that: (i) the concentration
of the solution in excess after impregnation, eliminated by fil-
tration, is identical to that of the initial solution; (ii) the metal
can access the whole pore network of the support; (iii) the metal
that entered the support remains trapped in the pore network af-
ter filtration and drying. The first hypothesis is valid only if
the metal ions do not adsorb at the support surface, which is
probably not the case; should adsorption and/or Pt(IV) reduc-
tion to Pt(II) occur, as observed in many works on the same
subject [4], the actual metal loading would be greater than the
nominal value. The smallest pores could also be inaccessible
to the solution, which would induce the actual metal loading to
be lower than the theoretical value. The actual metal amount
deposited on the support is thus unknown and must be deter-
mined.

Three or four grams of the support, depending on its
availability, were immersed in 10 cm3 of the corresponding
hexachloroplatinic aqueous solution. In the case of X-525, the
amount of solution was 20 cm3, because 10 cm3 were not suf-
ficient to obtain a homogeneous mix. An aqueous solution of
H2PtCl6·6H2O with a concentration equal to 100 g dm−3 was
first prepared, then diluted to obtain three aqueous solutions
adapted to the pore volume of the three carbon xerogels. The
total pore volume of each support, Vv, necessary to the calcu-
lation of the solution concentration, is given in Table 1. It was
determined from the combination of nitrogen adsorption and
mercury porosimetry data (see Section 2.2). The composition
of the solutions is also given in the same table.

After impregnation, the excess of solution was removed by
filtration. The catalyst was dried under ambient air for 24 h,
and then the remaining solvent was extracted under vacuum
(103 Pa), at 60 ◦C for another 12 h. After drying, a fraction of
each sample was reduced under hydrogen for 3 h at 350 ◦C. The
hydrogen flow rate was fixed at 0.025 mmol s−1, and the heat-
ing rate from ambient temperature to 350 ◦C was chosen to be
equal to 350 ◦C h−1. The reduced samples were used for char-
acterization.

To denote the catalysts, the name of the support is followed
by “Pt.” For instance, X-525-Pt is the Pt/C catalyst prepared by
impregnation of support X-525.
2.2. Support and Pt/C catalyst characterization

The pore texture of the support was characterized before
and after impregnation, drying, and reduction treatments by the
analysis of the nitrogen adsorption–desorption isotherms, per-
formed at 77 K with a Sorptomatic Carlo Erba 1900 device. Be-
fore adsorption, the samples were outgassed at 10−3 Pa for 16 h.
The analysis of the isotherms was performed according to the
methodology proposed by Lecloux [21] and provided the BET
specific surface area, SBET, the micropore volume calculated by
the Dubinin–Radushkevich equation, VDUB, and the pore vol-
ume calculated from the adsorbed volume at saturation, Vp. For
samples containing micropores and mesopores only and with
an isotherm displaying a plateau at saturation, the nitrogen ad-
sorption technique is sufficient for determining the total void
volume; consequently, Vv and Vp are equal. Pore volume mea-
surements by nitrogen adsorption are not sufficiently precise
for samples containing macropores (pores of width >50 nm,
corresponding to relative pressures p/p0 > 0.98 following the
Kelvin equation). In the case of micro-macroporous sample,
mercury porosimetry was then used to measure the pore volume
corresponding to pores >7.5 nm. After outgassing at 10−3 Pa
for 2 h, mercury porosimetry measurements were performed
between 0.01 and 0.1 MPa with a manual porosimeter, and be-
tween 0.1 and 200 MPa with a Carlo Erba Porosimeter 2000.
The total pore volume, Vv, was then deduced from a combina-
tion of these two techniques [22],

(1)Vv = VDUB + Vcum<7.5 nm + VHg,

where VDUB takes into account pores of width <2 nm, VHg is
the specific pore volume measured by mercury porosimetry,
and Vcum<7.5 nm is the cumulative volume of pores of width 2–
7.5 nm determined by the Broekhoff–de Boer theory [21]. In
the case of micro-mesoporous carbons, the maximum pore di-
ameter, dp,max (i.e., the pore diameter limit under which smaller
pores represent 95% of the total pore volume) was deduced
from pore size distributions provided by the Broekhoff–de-
Boer method, assuming an open cylinder geometry. In the case
of macroporous samples, the pore size distribution must be
deduced from mercury porosimetry data. Because the macro-
porous samples undergo intrusion only during mercury pres-
sure increase, the pore size distribution was calculated follow-
ing Washburn’s theory [23]. The bulk density of the materials,
ρbulk, was measured by mercury pycnometry.

The oxygen surface groups of the supports before impreg-
nation were characterized by temperature-programmed desorp-
tion (TPD). For each analysis, 200 mg of the support was
heated at a rate of 5 ◦C min−1 under helium flow from ambi-
ent temperature up to 800 ◦C. The effluent composition was
monitored continuously by sampling on-line to a Pfeiffer Om-
nistar quadruple mass spectrometer. The amounts of CO and
CO2 were obtained using a monohydrated calcium oxalate stan-
dard. The desorption profiles of CO and CO2 are characteristic
of specific surface groups [24,25].

The actual metal content of the catalysts after impregnation,
drying, and reduction was measured by inductively coupled
plasma–atomic emission spectrometry (ICP-AES), using an Iris
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advantage Thermo Jarrel Ash device. The Pt solution was pre-
pared as follows: first, 0.1 g of catalyst was digested by 20 mL
of H2SO4 (95%) and 10 mL of HNO3 (70%), then heated at
300 ◦C until the solution was clear (after about 16 h). After
complete dissolution of the carbon support and evaporation,
3 mL of HNO3 (70%) and 9 mL of HCl (38%) were added.
The obtained solution was transferred into a 100-mL calibrated
flask that was finally filled with deionized water.

Metal particles were examined by X-ray diffraction (XRD),
transmission electron microscopy (TEM), and CO chemisorp-
tion. The XRD patterns were obtained with hand-pressed re-
duced samples mounted on a Siemens D5000 goniometer using
the Cu-Kα line (Ni filter). Transmission electron micrographs
were obtained with a Jeol 200 CX (200 kV) microscope. The
reduced samples were crushed and dispersed in ethanol before
being deposited on a copper grid. A volumetric static method
was used for CO chemisorption [26,27]. Measurements were
obtained on a Fisons Sorptomatic 1990 equipped with a turbo-
molecular vacuum pump that allows a high vacuum of 10−3 Pa.
The nonreduced catalyst was first reduced in situ under hydro-
gen flow (0.0372 mmol s−1); the samples were heated from 25
to 350 ◦C at a rate of 350 ◦C h−1 and kept at 350 ◦C for 3 h. Af-
ter outgassing for 16 h at 340 ◦C, carbon monoxide adsorption
was performed at 30 ◦C. Because both chemisorption (on the Pt
surface atoms) and physisorption (on metallic sites and support
surface) occur at the catalyst surface, chemisorption and ph-
ysisorption effects must be separated. An initial CO adsorption
isotherm was achieved to measure the total amount of adsorbed
carbon monoxide (chemisorbed + physisorbed). The catalyst
was then outgassed on the measurement unit at 30 ◦C for 2 h in
a vacuum of 10−3 Pa, and a second CO adsorption isotherm was
measured to evaluate the amount of physisorbed CO. The to-
tal chemisorbed amount of CO was deduced by subtracting the
second isotherm from the first one and extrapolating the nearly
horizontal difference curve to the uptake axis.

2.3. Catalytic tests: benzene hydrogenation

The catalysts were tested for the hydrogenation of benzene
at 120, 130, 140, and 150 ◦C, at atmospheric pressure. The
H2/C6H6 molar ratio was fixed at 11. The C6H6 flow rate, con-
trolled by a HPLC Gilson 305 pump, was 0.0455 mmol h−1. All
gas flows were adjusted by Bronkhorst mass flow controllers.
A loops system located in the oven upstream from the reac-
tor ensured the vaporization of benzene. The reactor, an Au-
toclave Engineers’ BTRS, was enclosed in a convection oven
with temperature controlled and programmed to within 0.1 ◦C
using a thermocouple located inside the reactor envelope and a
PID controller. Because the hydrogenation of benzene is highly
exothermic (−�Hr = 213 kJ mol−1 [28]), the temperature of
the catalyst was also measured by a second thermocouple lo-
cated just above the sample. The feed and the product streams
were analysed on-line by a gas chromatograph equipped with a
flame ionization detector.

For each test, 0.05 g of nonreduced catalyst, crushed and
sieved again between 100 and 200 µm, was loaded into the
reactor. Before the reaction, the catalyst was reduced under hy-
drogen; the reduction conditions were the same as those for the
reduction of samples used for characterization (see Section 2.1).
Each catalytic test started at 120 ◦C. This temperature level was
maintained until a quasi-stationary state was observed (i.e., af-
ter about 2 h). Then the temperature was increased to 130, 140,
and 150 ◦C, with the conversion measured for 30 min at each
temperature step. In each case, a quasi-stationary state was ob-
served.

The activity of the catalysts was calculated as the amount
of benzene converted into cyclohexane per gram of Pt and per
second. Because this reaction is structure-insensitive [29–31],
the activity of the catalyst is directly linked to the amount of
accessible metal atoms. Consequently, the catalytic activity is
an indirect measurement of metal dispersion, defined as the
amount of accessible metal atoms with regard to the total metal
loading. The activation energy of the reaction catalysed by Pt
was determined from measurements performed at various tem-
peratures.

To compare the results obtained with data already published
in literature for active charcoal supports, the reaction conditions
chosen in this study were identical to those used by Aksoylu
et al. [29–31], except for the catalyst mass (0.05 g instead
of 0.25 g). Indeed, conversion values obtained with 0.25 g of
Pt/carbon xerogel catalysts were systematically equal to 100%
whatever the temperature. Therefore, the mass of catalyst was
decreased down to the minimum amount allowed by the mea-
surement device.

3. Results

3.1. Support and catalyst characterization

The textural characteristics of the three carbon xerogels, de-
termined before impregnation, are reported in Table 2. The tex-
ture of the carbon xerogel varies greatly with the initial pH of
the solution; the total pore volume, Vv, decreases from 2.1 to
0.41 cm3 g−1 with a pH increase from 5.25 to 6.25. Fig. 1 shows
the mesopore and macropore size distribution of the three sup-
ports. Sample X-525 is micro-macroporous with a maximum
pore size close to 70 nm, sample X-560 is micro-mesoporous
with large mesopores (maximum pore size = 40 nm), and sam-
ple X-625 is micro-mesoporous with small mesopores (maxi-
mum pore size = 10 nm).

Quantitative analysis results of the TPD profiles of the three
carbon xerogels are given in Table 3. In general, in TPD exper-
iments, CO2 and CO desorption is observed, with CO2 appear-
ing at lower temperatures than CO [24,25]. This is due to the de-
composition of the different oxygen-containing groups present
on the carbon surface. The amounts of CO and CO2 released
from each support per gram of carbon, nCO and nCO2 , are very
close and very low whatever the support; nCO ranges from 374
to 530 µmol g−1

C , and nCO2 ranges from 119 to 192 µmol g−1
C .

The amount of oxygenated groups found in the carbon xero-
gels is comparable to those of nonoxidized activated carbons
(cf., e.g., sample A1 in [25]). Much larger amounts can be in-
corporated after oxidation of the support in the case of both
active charcoals and carbon xerogels [32]. In comparison, active
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Table 2
Textural characteristics of the three supports and of the catalysts after impregnation, drying and reduction

Sample SBET
(m2 g−1)

V DUB
(cm3 g−1)

V p

(cm3 g−1)

V Hg

(cm3 g−1)

V v
(cm3 g−1)

dp,max
(nm)

ρbulk
(g cm−3)

εp
(–)

ρn
(g cm−3)

εn
(–)

±5 ±0.01 ±0.05 ±0.05 ±0.1 ±1 ±0.02 ±0.02 ±0.02 ±0.02

Support before impregnation
X-525 645 0.26 1.17 1.72 2.1 70c 0.40 0.73 1.40 0.38
X-560 615 0.25 1.29 1.06 1.33b 40d 0.56 0.61 1.42 0.36
X-625 600 0.25 0.41 –a 0.41b 10d 1.15 0.18 1.42 0.35

Catalyst
X-525-Pt 545 0.22 1.14 1.73 2.0 70c 0.40 0.71 1.40 0.31e

X-560-Pt 545 0.24 1.30 1.05 1.30b 40d 0.57 0.60 1.42 0.35e

X-625-Pt 355 0.16 0.29 –a 0.29b 10d 1.19 0.15 1.42 0.23e

a – Not measurable (mesoporous sample—very small pores).
b ±0.05 cm3 g−1 (micro-mesoporous sample: Vv = Vp).
c Obtained from Washburn’s law (mercury porosimetry).
d Obtained from Broekhoff–de Boer’s theory (nitrogen adsorption–desorption).
e Nodule void fraction remaining accessible after metal deposition.
Table 3
DTP results

Support CO (µmol g−1
C ) CO2 (µmol g−1

C )

X-525 530 119
X-560 447 177
X-575 374 192

Fig. 1. Mesopore and macropore size distributions for the three carbon xerogel
supports before impregnation: (F) X-525, (2) X-560 and (Q) X-625.

charcoal oxidized with nitric acid or oxygen usually releases
6000–6500 µmolCO g−1

C and 1000–1500 µmolCO2 g−1
C [24,25].

Variations among the three carbon xerogel supports are very
slight, and the surface composition can be considered quasi-
constant.

After impregnation, drying, and reduction, the textural para-
meters of X-560-Pt do not change with regard to support X-560
(Table 2). For X-525-Pt, the specific surface area, SBET, the mi-
cropore volume, VDUB, and the total pore volume, Vv, decrease
slightly (Vv = 0.22 cm3 g−1 and SBET = 545 m2 g−1 compared
Table 4
Nominal and maximal platinum loading; ICP, XRD and CO chemisorption
analysis results

Catalyst Ptth
a

(wt%)
Ptmax

b

(wt%)
ICP XRD

dXRD
e

(nm)

CO

ns,m
f

(mmol g−1
Pt )

PtICP
c

(wt%)
Pt%

d

(%)

X-525-Pt 1.0 2.4 1.9 77 <2 1.92
X-560-Pt 1.0 2.5 1.9 75 <2 3.14
X-625-Pt 1.0 6.0 4.5 75 <2 2.15

a Ptth: nominal Pt loading.
b Ptmax: maximal Pt loading, solution in excess included.
c PtICP: actual Pt loading measured by ICP-AES.
d Pt%: fraction of Pt deposited on the support with regard to the total amount

contained in the impregnation solution.
e dXRD: metal particle size obtained from X-ray diffraction (Scherrer’s law).
f ns,m: amount of CO needed to form a chemisorbed monolayer on the Pt

surface atoms.

with Vv = 0.26 cm3 g−1 and SBET = 645 m2 g−1 before im-
pregnation). In contrast, platinum deposition on X-625 strongly
modifies SBET, VDUB, and Vv, in the resulting catalyst X-625-
Pt; SBET decreases from 600 to 355 m2 g−1, VDUB decreases to
0.16 from 0.25 cm3 g−1 for the raw support, and Vv decreases
from 0.41 to 0.29 cm3 g−1. The pore volume corresponding to
mesopores and macropores (i.e., Vv − VDUB) remains almost
constant, whatever the support. The maximum pore size, dp,max,
does not change. The shape of the hysteresis of adsorption–
desorption isotherms (not shown) of the initial carbon supports
remains identical, but the volume adsorbed at low relative pres-
sure, p/p0, which is related to microporosity, significantly de-
creases in X-625-Pt and X-525-Pt. These findings indicate that
metal deposition affects microporosity only.

Table 4 displays the ICP analysis and CO chemisorption
results. The metal loading measured by ICP, PtICP, is systemat-
ically higher than the nominal value, Ptth (1.9–4.5% compared
with 1.0%). The higher the concentration of the hexachloro-
platinic acid solution, the larger the difference between Ptth and
PtICP. This result suggests the existence of interactions between
the support and the hexachloroplatinate ions. Consequently, the
concentration of the solution in excess should be lower than
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Fig. 2. X-ray diffraction performed on the catalysts after reduction. (F)
X-525-Pt; (2) X-560-Pt; (Q) X-625-Pt; (") Pt/active charcoal (1 wt%, sam-
ple n◦6 in [29]). The vertical lines mark the position of the most intense peak
of Pt (2θ = 39.85◦) and graphite (2θ = 43.25◦). The curves were arbitrarily
shifted upwards for clarity.

that of the initial solution. Indeed, the impregnation solution,
which was bright yellow at the beginning, quickly faded dur-
ing the support impregnation. The fraction of platinum actually
deposited on the support, Pt%, can be calculated from the total
amount of Pt contained in the impregnation solution, the mass
of support used, and the actual metal content of the final cata-
lyst. Whatever the carbon xerogel, Pt% was identical (75–77%).

XRD results are presented in Fig. 2. For comparison, the
diffractogram obtained with a Pt catalyst supported on a mi-
croporous active charcoal prepared in a comparable way is also
shown. This latter sample (sample n◦6) was synthesized in the
context of a previous study [29]. The catalyst was prepared by
incipient wetness impregnation of a commercial active charcoal
Norit ROX with an H2PtCl6 aqueous solution. Before impreg-
nation, the support was washed with HCl in aqueous phase
and then oxidized with an O2–N2 mix (5–95%) in gas phase.
The catalyst was thus reduced in hydrogen at 350 ◦C for 3 h.
In Fig. 2, vertical lines indicate the position of the most in-
tense Bragg lines of Pt and graphite. The (111) Bragg line of
Pt is clearly visible in the case of the Pt/active charcoal sam-
ple. The mean Pt particle size, dXRD, calculated from the peak
broadening by Scherrer’s law [26], is 5.0 nm, which is com-
mon for active charcoal-supported catalysts obtained by this
impregnation method [29–31]. Other samples prepared by im-
pregnation of commercial active charcoals by immersion in
hexachloroplatinate acid aqueous solutions as described above
led to similar metal particle sizes. Note that XRD is sensitive
to the volume of particles; if the particle size distribution is
not monodisperse, then the large particles have a greater influ-
ence on the diffraction signal, and Scherrer’s law overestimates
the mean particle size. Then dXRD corresponds to the mean
volume diameter (i.e., dv = ∑

nid
4
i /

∑
nid

3
i ), where ni is the

number of particles with diameter equal to di . In the case of car-
bon xerogel-supported catalysts, the (111) Bragg line of Pt was
barely detectable (X-625-Pt) or completely invisible (X-560-Pt
and X-525-Pt). The detection limit of the Pt peak corresponded
to particles with diameter close to 2 nm, indicating that the size
of the metal particle dispersed on carbon xerogels was smaller
than this value.

The amount of chemisorbed CO per Pt unit mass, ns,m,
ranged from 1.92 to 3.14 mmol g−1

Pt for the xerogel series. These
results again confirm the presence of Pt on the support and
show that the accessible platinum surface was particularly high
for X-560-Pt (ns,m = 3.14 mmol g−1

Pt , compared with 1.92 and
2.15 mmol g−1

Pt for X-525-Pt and X-625-Pt, respectively). The
analysis of the metal dispersion (i.e., the ratio between the num-
ber of metal atoms at the surface of the metal particles and the
total number of metal atoms in those particles) is developed in
Section 4.

Fig. 3 shows TEM micrographs of the three carbon xerogel-
supported catalysts after metal reduction. For comparison, the
Pt/active charcoal sample prepared in the previous study men-
tioned above [29] is also displayed. In the case of carbon xe-
rogels, the metal particles were barely discernible from the
support whatever the xerogel chosen (Figs. 3a, 3b and 3c); the
particle size was close to the microscope detection limit. Due
to astigmatism and image distortion, it was not possible to ob-
serve the samples at larger magnification. The diameter of the
metal particles was <2 nm in each case and can be estimated
as around 1.5 from TEM micrographs for X-625-Pt. The metal
is even more difficult to distinguish in X-560-Pt and X-525-Pt;
these catalysts probably contain particles <1 nm. These images
confirm the XRD, CO chemisorption, and ICP analysis data in-
dicating that the metal is present and very well dispersed on
the support. For the active charcoal-supported catalyst shown in
Fig. 2, the Pt particle diameter ranged from 3 to 5 nm (Fig. 3d).

3.2. Catalytic tests: benzene hydrogenation

Catalytic tests results are presented in Table 5. Benzene hy-
drogenation on Pt/carbon xerogel catalysts resulted in very high
conversion ratios, even with very low catalyst amounts. The re-
action conditions were identical to those used by Aksoylu et
al. [29–31], except for the catalyst mass, which was decreased
from 0.25 to 0.05 g so that the conversion was not >50%.
Given the reactor dimensions (diameter = 6 mm), it was dif-
ficult to lower the catalyst mass below 0.05 g without risking
insufficient contact between the catalyst and the reactants. The
apparent reaction rate, ra, was calculated from the conversion
at every temperature for each catalyst.

For the carbon xerogel-supported catalysts, the apparent re-
action rate ranged from 869 to 1842 µmol g−1

Pt s−1 at 120 ◦C and
from 1175 to 2513 µmol g−1

Pt s−1 at 130 ◦C. At 140 ◦C, the con-
version was >50% for all of the catalysts. At 150 ◦C, it was
>70% for X-560-Pt and X-625-Pt; these results were not kept
for further calculation. As a general comment, the apparent re-
action rates per Pt mass unit were very high compared with
those obtained in other studies with Pt/active charcoal catalysts
prepared by impregnation of supports treated in various ways
to increase the metal dispersion. As a comparison, Aksoylu et
al. [29–31] mentioned apparent reaction rates ranging from 50
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Fig. 3. Transmission electron microscopy: (a) X-525-Pt; (b) X-560-Pt; (c) X-625-Pt; (d) Pt/active charcoal (1 wt%, sample n◦6 in [29]).
Table 5
Catalytic test results

Catalyst ra
a (µmol g−1

Pt s−1)

120 ◦C 130 ◦C 140 ◦C 150 ◦C

X-525-Pt 869 1203 1808b 2339b

X-560-Pt 1842 2513b 2840b –c

X-625-Pt 1122 1175b –c –c

a ra: apparent reaction rate for benzene hydrogenation per Pt mass unit.
b Conversion >50%.
c Conversion >70% (rejected results).

to 450 µmol g−1
Pt s−1 for catalysts obtained by impregnation of

active charcoals (preoxidized or not) with hexachloroplatinic
acid aqueous solutions and tested under similar conditions. The
best results (∼400 µmol g−1

Pt s−1) were obtained with preoxi-
dized supports (e.g., sample n◦6 in [29], whose XRD pattern
and TEM micrographs are presented above). The activity of
X-525-Pt and X-625-Pt was close to that of Pt/active charcoal
catalysts prepared by organometallic chemical vapour deposi-
tion [31]. For active charcoals, this method leads to higher metal
dispersion than impregnation but is also more complicated and
expensive. The apparent reaction rate of sample X-560-Pt at
120 ◦C (1842 µmol g−1

Pt s−1) was about 10 times higher than
that commonly observed with impregnated active charcoal and
twice as high as that obtained with active charcoal-supported
catalysts prepared by organometallic chemical vapour deposi-
tion.

The reaction rate observed is an apparent reaction rate. It
equals the intrinsic reaction rate when no diffusional limitation
occurs and when the reactor is differential only. As a first ap-
proximation, the reactor can be considered differential when the
kinetic measurements are performed below 120 ◦C (conversion
<40%). But this hypothesis is no longer acceptable for higher
temperature (T = 130 ◦C; conversion of 40–60%). Results are
processed below considering a differential reactor at 120 ◦C and
an integral reactor when measurements obtained at 130, 140,
and 150 ◦C are used. The existence of diffusional limitations
can be highlighted by evaluating the Weisz modulus, Φ [33],

(2)Φ = raρbulkL
2

,

DeCs
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where ra is the observed reaction rate (mmol kg−1
cat s−1), ρbulk

is the bulk density of the catalyst (kgcat m−3), L is the ra-
tio between the volume and the external surface of the porous
pellet (m), De is the effective diffusion coefficient of benzene
(m2 s−1), and Cs is the benzene concentration at the pellet sur-
face (mmol m−3). In the case of spherical pellets, L = d/6,
where d is the pellet diameter. The Weisz modulus compares
the observed reaction rate to the diffusion rate. When Φ � 1,
the diffusion phenomenon has no significant effect, and ra is
equal to the intrinsic reaction rate. When Φ � 1, diffusional
limitations modify the apparent kinetics, and ra can be very dif-
ferent from the intrinsic reaction rate. The effective diffusion
coefficient, De, can be developed as a combination of the mole-
cular diffusion, Dm, and the Knudsen diffusivity (Bosanquet
formula [33]),

(3)De =
(

(1/Dm) + (2/(97 × 10−3dp
√

T/M))

ε2

)−1

,

where ε is the accessible void fraction of the catalyst pellet,
dp is the pore size (m), M is the molar weight of benzene
(78.11 × 10−6 kg mmol−1), T is the temperature expressed
in K, and Dm is the molecular diffusivity of benzene in the fluid
phase (m2 s−1), considered equal to that of benzene in hydro-
gen. Dm can be calculated as a function of the temperature by
the Chapman–Enskog equation [33]: between 120 and 150 ◦C,
Dm ranges from 1.61 × 10−4 to 1.39 × 10−4 m2 s−1. Because
carbon xerogels are composed of interconnected microporous
nodules separated by mesopores or macropores, the catalyst
pellet can be considered to be composed of two separate lev-
els [18,34,35], a first level corresponding to the pellet itself and
a second level corresponding to the nodules. Each level is char-
acterized by its own pore size, bulk density, void fraction, and
characteristic dimension L [18,34,35]. The Weisz modulus can
be calculated for both the pellet and nodule levels to determine
the importance of diffusional limitations at any level.

At the pellet level, ρbulk is given in Table 2 (X-525-Pt,
400 kg m−3; X-560-Pt, 570 kg m−3; X-625-Pt, 1190 kg m−3).
To consider the most unfavourable case (i.e., the conditions
leading to the slowest diffusion rate), dp was chosen equal to
the smallest mesopore or macropore size, that is, the pore width
limit above which larger pores represent 95% of the total pore
volume. Fig. 1 gives the values for dp (X-525-Pt, dp = 40 nm;
X-560-Pt, dp = 20 nm; X-625-Pt, dp = 4 nm). At the pellet
level, only diffusion from the pellet surface to the nodule sur-
face was taken into account. Thus, the void fraction considered
was that of the pellets, micropores excluded, εp. This parameter
was calculated as

(4)εp = Vv − VDUB

(1/ρbulk)
.

Here εp ranged from 0.71 (X-525-Pt) to 0.15 (X-625-Pt) (Ta-
ble 2). Considering that external diffusional limitations were
negligible for the conditions chosen, Cs was equal to the
benzene concentration in the gas flow. Again, the most un-
favourable conditions were obtained when the reactant concen-
tration was minimal, that is, when Cs was equal to the outlet
concentration, which ranges from 900 to 1600 mmol m−3. This
method led to Weisz modulus values at the pellet level rang-
ing from 10−2 to 10−5, depending on the reaction conditions
and on the catalyst. These findings indicate that no diffusional
limitations occurred at the pellet level.

At the nodule level, TEM micrographs show that L varied
from 10 to 100 nm. The bulk density, ρbulk, was replaced by the
bulk density of the nodules, ρn, which can be calculated as:

(5)ρn =
(

1

ρs
+ VDUB

)−1

,

where ρs is the skeletal density of the carbon support and VDUB
is the micropore volume of the support before impregnation:
indeed, micropores blocking may lead to decreasing micropore
volume detected by nitrogen adsorption, but this phenomenon
does not significantly alter the nodule density. In previous stud-
ies [15,16], ρs was measured by helium pycnometry and found
to be constant and equal to about 2200 kg m−3. Because VDUB
was quasi-constant in each support before impregnation, what-
ever the carbon xerogel used, the nodule bulk density, ρn, was
constant as well (Table 2; ρn ∼ 1400–1420 kg m−3). The void
fraction considered was that remaining accessible to gases after
metal deposition, that is,

(6)εn = VDUB

(1/ρbulk) − (Vv − VDUB)
,

where VDUB and Vv are the micropore volume and the total
pore volume of the final catalyst, respectively. Due to micropore
blocking (and VDUB variation), εn varied among the catalysts,
ranging from 0.31 to 0.23 (Table 2). Because no diffusional lim-
itations occurred at the upper level, the reactant concentration
remained equal to that in the gas flow at the reactor outlet (900–
1600 mmol m−3). Calculations show that the Weisz modulus at
the nodule level was always <10−8. Thus the catalysts were
operating in a chemical regime; the effect of the reactants dif-
fusion on the observed kinetics was negligible.

Considering an integral isotherm reactor working in station-
ary state and a first-order reaction, the relationship between the
conversion (f ) and the apparent activation energy of the reac-
tion (Ea) can be written as [33]

(7)ln

(
ln

1

1 − f

)
= lnC − Ea

RT
,

where C is a constant, R is the perfect gas constant, and T is the
temperature. The apparent activation energy for benzene hydro-
genation on Pt was calculated from experimental data obtained
at 120, 130, 140, and 150 ◦C. Ea was found to range from 57 to
64 kJ mol−1, in agreement with values reported in the literature
(30–70 kJ mol−1 [36]).

4. Discussion

According to several earlier studies carried out with Pt/active
charcoal catalysts, metal dispersion essentially depends on two
parameters: support pore texture and surface composition [1,4].
The surface composition determines the interactions between
the support and the species to be deposited, as well as the
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interactions between the solvent and the support. The pres-
ence in the carbon support of oxygenated surface groups, such
as carboxylic acid, phenol, lactone, and carboxylic anhydride,
enhances dispersion after the impregnation step [4–6]. The
increased dispersion is attributed to interactions between the
metal ion and the carbon surface via adsorption sites and, when
a polar solvent (e.g., water) is used, to increased wettability of
the carbon support, which facilitates penetration of the solution
into the pore network. In the same way, the pore texture config-
uration plays an important role during impregnation [1,4]. On
the one hand, the larger the pores, the more accessible the in-
ternal surface of the support; on the other hand, the larger the
total accessible surface, the lower the interactions between the
metal particles, and these particles then tend to remain small
after reduction.

The influence of the carbon surface composition is also very
important during the reduction treatment, which is performed
between 200 and 500 ◦C depending on the metal. Indeed, the
sintering of metal particles depends strongly on their local in-
teractions with the support, and these interactions are defined
by the chemical functions present at the carbon surface. The
oxygenated groups seem to have a negative effect on the plat-
inum dispersion after reduction [4]. This effect is attributed to a
delocalisation modification of the aromatic cycles π -electrons
of the carbon, which are responsible for anchoring of the re-
duced metal particles. This indicates that the same property of
the carbon material may have diametrically opposite effects on
the metal dispersion during successive treatments, and that a
good metal dispersion generally results from a compromise; the
oxygenated groups, which are necessary for an optimal impreg-
nation by aqueous solutions, should be eliminated during the
reduction step to avoid metal sintering. Rodríguez-Reinoso [4]
concluded that the Pt dispersion on carbon supports is better
when the support contains only oxygenated groups that are
eliminated at relatively low temperatures.

The pore texture of active charcoals is usually much less ho-
mogeneous than that of carbon xerogels. Active charcoals can
be considered to be composed of entirely microporous zones
separated from each other by mesopores and/or macropores.
The size distribution of these mesopores and macropores is
generally very wide (from a few nanometers to several microm-
eters), but the corresponding total pore volume is usually rather
low (<0.5 cm3 g−1). This configuration is not optimal for im-
pregnation, and the active charcoals are often partially oxidized
with HNO3 or H2O2 in liquid phase or with O2 or N2O in gas
phase to increase the hydrophilicity of the support, so that the
impregnation solution enters the micropores. In contrast, carbon
xerogels contain high mesopore or macropore volume and have
a very homogeneous pore texture. Thus, the pore texture of car-
bon xerogels is much more favourable to liquid absorption; the
presence of oxygenated groups could be less crucial than in the
case of active charcoals. The oxygenated groups content of car-
bon xerogels, measured by TPD, is about 10 times lower than
that of oxidized active charcoals. Nevertheless, hexachloropla-
tinic acid aqueous solutions easily enter the pore network of
carbon xerogels; within a few minutes, this kind of support
absorbs an amount of water corresponding to 95% of its pore
volume.

According to the conclusions of Rodríguez-Reinoso [4], this
situation is optimal for obtaining high Pt dispersion values. In-
deed, the amount of oxygenated groups that resist reduction at
350 ◦C (i.e., phenol, ether, carbonyl, quinone, and lactone) is
very low. The presence of both large mesopore or macropore
volume and low surface oxygenated group content could ex-
plain the drastic decrease in the metal particle size with regard
to the results obtained by impregnation of active charcoals, pre-
oxidized or not, with H2PtCl6 aqueous solutions. Also note that
the actual Pt content in each catalyst is higher than the nominal
value (1.9–4.5 wt% compared with 1 wt%), suggesting that in-
teractions exist between the support and the metal ions during
the impregnation step.

The platinum dispersion, DPt (i.e., the ratio between the
number of surface Pt atoms and the total amount of Pt atoms) is
given by [27]

(8)DPt = ns,mMPtXPt−CO × 10−3,

where ns,m is the amount of CO needed to form a chemisorbed
monolayer on surface Pt atoms (mmol g−1

Pt ) and MPt is the
atomic weight of Pt (195.09 g mol−1). XPt–CO represents the
chemisorption mean stoichiometry, that is, the mean number of
Pt atoms on which one CO molecule is adsorbed. The knowl-
edge of the adsorption stoichiometry is necessary for the analy-
sis of CO chemisorption data. Indeed, CO can form linear or
bridged bonds with surface Pt atoms. Other types of bonds ex-
ist (e.g., a “crown bond” between three Pt atoms and one CO
molecule [27]), but these configurations are much less common.
The ratio of linear to bridged bonds depends on the size and
structure of the Pt particles. In particular, the presence of edges,
steps, and crystallographic imperfections at the metal particle
surface has a strong influence on the bond type [27].

In most studies performed on Pt/C catalysts with dispersion
ranging between 15 and 25%, XPt–CO is considered equal to
unity [37]; in other words, all CO–Pt bonds are considered lin-
ear. However, Rodríguez-Reinoso et al. [38] showed that in the
case of high dispersion values (25% < DPt < 50%), XPt–CO in-
creases; bridged bonds are formed to the detriment of linear
bonds. In this study, CO chemisorption and H2 chemisorption
results were compared, considering that the Pt–H adsorption
stoichiometry remains equal to unity whatever the metal disper-
sion. At low dispersion value (<25%), the amount of adsorbed
CO was equal to that of adsorbed hydrogen, and the CO ad-
sorption stoichiometry was XPt–CO = 1. But as the dispersion
increased, the relationship between adsorbed CO and adsorbed
hydrogen changed. The correlation straight line between the
amounts of adsorbed CO and adsorbed hydrogen showed that
when the Pt dispersion exceeded 25%, XPt–CO = 1.61, indi-
cating the presence of bridged bonds between Pt and CO. The
proposed explanation for this finding is that the formation of
bridged bonds is favoured when the Pt atoms are located at
edges of the Pt crystal or at a crystallographic defect. The
amount of such adsorption sites increases when the size of the
metal particles decreases.
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Table 6
Dispersion and equivalent metal particle sizea

Catalyst XPt–CO = 1 XPt–CO = 1.61 XPt–CO = 2

DPt
(%)

dCO
(nm)

DPt
(%)

dCO
(nm)

DPt
(%)

dCO
(nm)

X-525-Pt 34 3.3 54 2.1 67 1.7
X-560-Pt 61 1.8 99 1.1b 122c –d

X-625-Pt 41 2.8 66 1.7 82 1.4

a XPt–CO = mean CO–Pt chemisorption stoichiometry; DPt = platinum dis-
persion; dCO = equivalent diameter of the metal particles obtained by CO
chemisorption.

b Maximum value: all the Pt atoms are accessible.
c Absurd value (>100%).
d Not calculated, the dispersion value obtained being absurd.

Note that the metal particles studied by Rodríguez-Reinoso
et al. in the study summarized above [38] were never smaller
than 2 nm in diameter. Consequently, the stoichiometry to be
considered for the analysis of the metal dispersion of Pt/carbon
xerogel catalysts could deviate from XPt–CO = 1.61. The CO
chemisorption data were thus analysed using three values of
the adsorption stoichiometry: XPt–CO = 1 (i.e., CO adsorbs
on Pt via linear bonds only); XPt–CO = 1.61 (i.e., the bridged
and linear bonds coexist, and the ratio between the two bond
types is the same as that observed when DPt ranges from 25 to
50% by Rodríguez-Reinoso et al. [38]); and XPt–CO = 2 (i.e.,
bridged bonds exist only between Pt and chemisorbed CO). The
mean equivalent particle diameter, dCO (i.e., the particle diam-
eter leading to a metal surface equivalent to that detected by
chemisorption) can be calculated by [27]

(9)dCO = 6(vm/am)

DPt
,

where vm is the mean volume occupied by a metal atom in the
bulk of a metal particle (for Pt, vm = 0.0151 nm3) and am is
the mean surface area occupied by a surface metal atom (for
Pt, am = 0.0807 nm2) [27]. The values of DPt and dCO ob-
tained with the three chemisorption stoichiometries considered
are displayed in Table 6.

Results obtained with XPt–CO = 1 led to mean particle sizes
dCO clearly larger than those observed by TEM and XRD. For
X-525-Pt and X-625-Pt, dCO = 3.3 and 2.8 nm, respectively.
However, 3 nm particles should be detected by XRD, and TEM
images showed that the metal particles were 1–1.5 nm maxi-
mum. For X-560-Pt, the results were in good agreement with
XRD results (dCO = 1.8 nm, not easily detectable by XRD),
but the particle size observed by TEM was <1.5 nm. These re-
sults indicate either that the metal was partly inaccessible or the
chemisorption stoichiometry XPt–CO was underestimated. For
X-525-Pt and X-625-Pt, a fraction of the metal possibly was en-
trapped in micropores blocked by other metal particles. Indeed,
nitrogen adsorption–desorption measurements showed that the
specific surface area, SBET, decreased in both samples after im-
pregnation. This phenomenon was not observed with X-560-Pt;
all of the Pt particles should be accessible in this catalyst.

Considering XPt–CO = 2 leads to an absurd result for X-
560-Pt (DPt > 100%); in this case, the only explanation is
that the adsorption stoichiometry was not chosen appropriately.
CO chemisorption results obtained with the two other catalysts
are in good agreement with the metal particle size derived from
other techniques if all of the metal is assumed to be accessible.
This hypothesis is probably valid for X-560-Pt; the specific sur-
face area and total pore volume of the support did not decrease
after impregnation. However, assuming that all of the metal is
accessible in X-525-Pt and X-625-Pt is doubtful, because the
total pore volume decreased from 0.26 to 0.22 cm3 g−1 and
from 0.25 to 0.16 cm3 g−1, respectively.

Finally, the intermediate stoichiometry value (XPt–CO =
1.61) led to plausible results for the three carbon xerogel-
supported catalysts. Note that the metal particle size calculated
for X-560-Pt using XPt–CO = 1.61 as adsorption stoichiometry
parameter (i.e., dCO = 1.1 nm) was a maximum value. Indeed,
because all of the metal atoms are accessible (DPt = 99%),
it is not possible to calculate the mean metal particle diame-
ter from Eq. (9): the number of accessible atoms detected by
CO chemisorption is the same whatever the particle size when
the metal particles are <1.1 nm. Given the size of a Pt atom
(0.276 nm diameter), X-560-Pt probably should be considered
to comprise aggregates composed of a few metal atoms (2–10
units) deposited on the carbon support. The Pt atoms cannot be
isolated from one another; otherwise, it would not be possible
to form bridged bonds between Pt and CO, and the chemisorp-
tion stoichiometry to be considered would be XPt–CO = 1.

These results illustrate the difficulties encountered when the
accessible metal surface is analysed by CO chemisorption. Be-
cause the two extreme values of chemisorption stoichiometry
(XPt–CO = 1 or 2) led to particle sizes inconsistent with the
TEM and XRD observations or to absurd results, the interme-
diary value of XPt–CO seems to be the best choice. Nevertheless,
it is also possible that the stoichiometry to consider is not the
same for all catalysts.

The hydrogenation of benzene is a structure-insensitive re-
action [29–31]. In other words, in principle, the reaction rate
is directly proportional to the accessible Pt surface (i.e., to the
metal dispersion). Consequently, the reaction rate, expressed
in µmol of benzene transformed into hexane per second and
per catalyst unit mass (support included), is proportional to the
amount of CO chemisorbed per catalyst unit mass provided that
the chemisorption stoichiometry does not change with the metal
dispersion. Fig. 4a shows that for the three carbon xerogel-
supported catalysts with varying dispersion values, the relation-
ship between the reaction rate and the amount of chemisorbed
CO is linear. This suggests that the CO chemisorption stoi-
chiometry can be considered identical in the three samples. Be-
cause the intermediary stoichiometry (XPt–CO = 1.61) seems
the most likely for X-560-Pt, this value was finally selected
for the three catalysts. The results are thus in agreement with
those of Rodríguez-Reinoso et al. [38]. Fig. 4b shows that the
relationship between the catalytic activity at 120 ◦C, expressed
in µmol of benzene transformed into hexane per unit mass of Pt
and per second, and the Pt dispersion, DPt, is almost linear. The
straight line passes through the axis origin. The gap between
the experimental data and the linear regression can be due to
slight differences between the actual adsorption stoichiometries
of the three catalysts. More probably, the fact that the reactor is
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Fig. 4. (a) Relationship between the apparent reaction rate, ra, and the amount of chemisorbed CO, ns,m, both expressed by unit mass of catalyst; (b) relationship
between the apparent reaction rate, ra, expressed by unit mass of metal, and the platinum dispersion, DPt, considering XPt–CO = 1.61. N.B.: The apparent reaction
rate values, ra, are those obtained at 120 ◦C, i.e., when the reactor can reasonably be considered as differential.
not differential induces errors in the catalyst activity measure-
ments.

5. Conclusion

Highly dispersed Pt/C catalysts were obtained by simple
immersion of carbon xerogels in hexachloroplatinic acid solu-
tions, followed by drying and reduction. Three supports with
various maximal pore sizes (10, 40, and 70 nm) were used as
supports. After the removal of excess solvent by filtration, fol-
lowed by drying and reduction, the metal particles were very
small; the TEM and XRD detection limits were reached, and the
metal particle size was probably at most 1.5 nm in each xerogel-
supported catalyst. Here, the term “metal particle” likely is not
appropriate for such small objects; platinum is dispersed on the
carbon supports as aggregates composed of a few atoms (prob-
ably up to a dozen).

The accessible metal surface depends on the xerogel texture.
The metal dispersion was found to be maximal for the support
containing large mesopores (40 nm); indeed, almost all of the Pt
atoms were accessible, and the benzene hydrogenation reaction
rate per Pt unit mass was maximal. For the two other sup-
ports, blocking of the microporosity was detected. Therefore,
it can be suggested that some particles were probably accessi-
ble only from one side or were completely enclosed in blocked
micropores. The metal was not fully accessible because of its
insertion in micropores. For the support containing small meso-
pores, the decreased dispersion value (from 99 to 66%) was also
probably due to a slight increase in metal cluster size (as shown
by TEM and XRD). The benzene hydrogenation rate was 4 to
10 times higher than that obtained with Pt/active charcoal cata-
lysts prepared similarly, depending on the metal dispersion.

The very high dispersion of Pt can be attributed to two para-
meters: the texture and surface composition of the carbon xero-
gel. In active charcoals, oxygenated groups are usually needed
to render the support hydrophilic; otherwise, the impregnation
solution has difficulty entering the micropores. This is why this
kind of support is often pretreated with nitric acid, hydrogen
peroxide, oxygen, or other oxidants. Nevertheless, these oxy-
genated groups tend to favour metal sintering when they resist
the reduction treatment. Although the carbon xerogels con-
tain very low amounts of oxygenated groups, the presence of
large mesopore or macropore volume facilitates entry of the
impregnation solution into the pore network. The amount of
oxygenated groups that resist reduction at 350 ◦C (i.e., lactone,
quinone, phenol, carbonyl, and carboxylic anhydride) is about
10 times lower in carbon xerogels than in preoxidized active
charcoals. Consequently, when dispersed on carbon xerogel,
the metal remains extremely well dispersed, and the catalytic
performance is better than that of active charcoal-supported
catalysts prepared by impregnation. Moreover, the preparation
method is very simple and can be used at a larger scale.

These results obtained with carbon xerogels as metal sup-
ports are very encouraging, demonstrating the usefulness of this
kind of support for heterogeneous catalysis. Research perspec-
tives are numerous. In particular, the influence of the surface
composition should be studied to gain more insight into the
mechanisms leading to very well-dispersed catalysts supported
on carbon materials.
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