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Abstract

The rate of glycerol conversion to H2/CO gas mixtures was measured under kinetically controlled reaction conditions over carbon-supported
platinum and platinum–rhenium catalysts. The reaction is fractional order with respect to glycerol and zero order with respect to hydrogen, with
activation barriers of 60–90 kJ mol−1. The addition of an equimolar amount of Re to Pt/C increases the production rate of CO by a factor of 5
at low conversion (<20%) and while co-feeding H2, both of these factors leading to low pressures of CO in the reactor. At higher conversion
conditions (20% conversion to gas-phase products) and without co-feeding H2, the Pt–Re/C catalyst is an order of magnitude more active than Pt/C.
Accordingly, Re has a greater promotional effect on the rate of glycerol conversion at conditions leading to higher CO pressures, suggesting that
the primary promotional effect of Re is to weaken the interaction of CO with the surface, thereby decreasing the CO coverage and allowing the
catalyst to operate at high rates in the presence of gaseous CO. Temperature-programmed reduction (TPR) studies of carbon-supported Pt and
Re catalysts showed a peak near 460 K for Pt/C and near 650 K for Re/C. The position of the TPR peak for Re shifted to lower temperature on
addition of Pt to Re, suggesting interaction between Pt and Re species, leading to alloy formation.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The development of alternative sources of energy is becom-
ing important in this era of diminishing petroleum reserves
and increased environmental awareness. Biomass is an intrigu-
ing candidate in this respect, because it is renewable and its
consumption is neutral with respect to greenhouse gas emis-
sions [1]. Hydrogen can be produced from oxygenated hydro-
carbons via aqueous-phase reforming [2–8] or from other bio-
mass feedstocks via steam reforming and gasification [9–12].
Steam gasification of biomass can also produce synthesis gas,
which can be used in the Fischer–Tropsch synthesis reaction to
produce liquid fuels [13,14]. Liquid fuels and light alkanes also
can be produced from oxygenated hydrocarbons via aqueous-
phase dehydration/hydrogenation [15,16], and biodiesel is pro-
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duced from the transesterification of plant oils and animal
fats [1].

Recently, we have reported a low-temperature (e.g., 550 K)
catalytic process that converts glycerol (derived as, e.g., a
byproduct of biodiesel production) into H2/CO gas mix-
tures [17]. Because this production of synthesis gas can be ac-
complished in the same temperature range as Fischer–Tropsch
synthesis, the endothermic production of synthesis gas at low
temperatures can be coupled with exothermic Fischer–Tropsch
synthesis, leading to an energy-integrated process for conver-
sion of biomass to liquid transportation fuels. In the present
paper, we report results of reaction kinetics and catalyst char-
acterization measurements for the conversion of glycerol to
synthesis gas over various Pt-based catalysts.

The conversion of glycerol to H2 and CO takes place accord-
ing to the following stoichiometric equation:

C3O3H8 → 3CO + 4H2. (1)
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The H2:CO ratio for the above reaction is equal to 1.33. This
ratio can be increased by the water–gas shift (WGS) reaction:

CO + H2O → CO2 + H2. (2)

The stoichiometry for conversion of glycerol to liquid alkanes,
by the formation of synthesis gas coupled with Fischer–Tropsch
synthesis, is

(3)C3O3H8 → 7
25 C8H18 + 19

25 CO2 + 37
25 H2O.

This overall reaction to produce liquid fuels from glycerol is
slightly exothermic, such that 96% of the energy content of the
glycerol molecule is retained in the liquid alkane product [17].

In previous work, we tested various supported Pt catalysts
for glycerol conversion and found that Pt supported on car-
bon gave the best activity, stability, and selectivity to H2/CO at
temperatures near 620 K. However, the activity of Pt/C is low
at temperatures below 570 K, most likely related to high sur-
face coverage by adsorbed CO [17]. Because Fischer–Tropsch
synthesis is typically carried out in the temperature range of
470–550 K [18], it was necessary to find a catalyst that operates
at these low temperatures so that heat integration is possible be-
tween the synthesis gas production and utilization steps. In this
respect, it was found that a carbon-supported Pt–Re catalyst
with an atomic Pt:Re ratio of 1:1 gave high activity, stability,
and selectivity to H2/CO in the desired temperature range [17].

In the present paper, we report results of experimental stud-
ies to measure the intrinsic rates of synthesis gas production
from glycerol over carbon-supported Pt and Pt–Re catalysts.
We conducted reaction kinetics measurements at various tem-
peratures and different inlet partial pressures of glycerol, H2O,
and H2 over catalysts with varying Pt–Re ratios as well as
monometallic Pt. We also conducted temperature-programmed
reduction (TPR) experiments as well as H2 and CO chemisorp-
tion measurements to investigate the nature of the Pt–Re inter-
action in the bimetallic catalysts. The results of these reaction
kinetics studies show that the reaction is zero order with respect
to H2 and fractional order with respect to glycerol. The activa-
tion energy for synthesis gas production was 60–90 kJ mol−1

for monometallic Pt and Pt–Re bimetallic catalysts. The cata-
lyst with an atomic Pt:Re ratio of 1:1 was 5 times more active
than the monometallic Pt catalyst and the Pt–Re catalyst with a
ratio of 10:1 under low conversion conditions with H2 co-feed.
At higher conversion to gas phase products, the activity of the
Pt–Re/C catalyst was an order of magnitude higher than Pt/C,
suggesting that the addition of Re to Pt decreases the extent to
which CO inhibits the rate of reaction.

2. Experimental

2.1. Catalyst preparation

Carbon-supported Pt and Re catalysts were prepared by in-
cipient wetness impregnation of carbon black (Vulcan XC-72)
with aqueous solutions of H2PtCl6·6H2O and HReO4 (Strem
Chemicals). The carbon-supported Pt–Re catalysts were pre-
pared by impregnating the support with an aqueous solution of
both H2PtCl6·6H2O and HReO4. The support was dried in air
for 12 h at 373 K before impregnation, and 1.7 g of solution
was used for every gram of support. The catalyst was dried at
403 K for 12 h in air after impregnation.

Before reaction kinetics or gas adsorption measurements
(i.e., CO and H2 chemisorption), the catalysts were reduced in
H2 (180 cm3(STP) min−1, corresponding to gas hourly space
velocities (GHSVs) between 2.0 × 103 and 5.0 × 104 h−1).
The GHSV was calculated using the total volumetric flowrate
of gas (at standard conditions) into the reactor and a bed den-
sity of 0.29 g cm−3 for undiluted catalyst (chemisorption and
TPR experiments) and 0.15 g cm−3 for catalyst diluted with an
equal volume of crushed SiO2 granules (reaction kinetics ex-
periments). The reactor was heated to 723 K (0.5 K min−1) for
Pt–Re/C or 533 K (0.5 K min−1) for Pt/C and held at this tem-
perature for 2 h. The adsorption uptakes of carbon monoxide
and H2 at 300 K were measured on a standard gas adsorption
apparatus described elsewhere [19]. The number of catalytic
sites was taken to be equal to the irreversible CO uptake.

2.2. TPR

TPR experiments were carried out in an apparatus consisting
of a mass flow controller (Teledyne-Hastings) and tube furnace
connected to a variable power-supply and PID temperature con-
troller (Love Controls) with a K-type thermocouple (Omega).
Dried, unreduced catalyst samples (0.3 g) were loaded into a
12.6-mm (0.5-inch)-o.d. fritted quartz tube reactor. A mixture
of 5.18% H2 in N2 (Linde) was fed to the reactor at a flow rate of
50 cm3(STP) min−1 (GHSV = 3.0×103 h−1). The sample was
heated from room temperature to 973 K at a rate of 10 K min−1.
Before heating, the sample was exposed to the gas mixture for
30 min at room temperature. The effluent was monitored by
a mass spectrometer system consisting of a quadruple residual
gas analyzer (Stanford Instruments RGA 200) inside a vacuum
chamber. Vacuum was provided by a diffusion pump connected
in series to a rotary pump. The effluent was introduced into the
vacuum chamber via a constricted quartz capillary, resulting in
a pressure of 5 × 10−5 Torr inside the chamber.

2.3. Reaction kinetics measurements

Fig. 1 shows a schematic diagram of the apparatus used
to conduct the reaction kinetics studies of the conversion of
glycerol to synthesis gas. The reactor used for studies of glyc-
erol conversion with H2 co-feed was a 6.3-mm (0.25-inch)-o.d.
stainless steel tube with a wall thickness of 0.71 mm (0.028
inch). Reaction kinetics studies using a glycerol/water feed but
without gas co-feed were carried out using a stainless steel
tubular reactor with a 12.6 mm (0.5 inch) o.d. and a wall thick-
ness of 0.71 mm (0.028 inch). A bed consisting of fresh powder
catalyst (30–50 mg for the 6.3-mm reactor; 90–760 mg for the
12.6-mm reactor) mixed with an equal volume of crushed fused
SiO2 granules (to decrease pressure drop across the bed) was
loaded between a quartz wool plug and fused SiO2 granules
(−4 + 16 mesh; Sigma Aldrich). The reactor was heated with
a furnace consisting of a close-fitting aluminum block heated
externally by a well-insulated furnace (1450 W/115 V, Applied
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Fig. 1. Schematic diagram of reaction kinetics apparatus.

Test Systems Series 3210). A K-type thermocouple (Omega)
was attached to the outside of the reactor to measure tempera-
ture, which was controlled with a 1600 series type temperature
controller (Dwyer Instruments). Tests were conducted with an
internal thermocouple to confirm that the temperature reading
at the outside reactor wall was the same as inside the cata-
lyst bed. Solutions of glycerol (99.5+%; Sigma Aldrich) and
deionized water were introduced into the reactor, with or with-
out gas co-feed, in a down-flow configuration. The liquid feed
flowrate was controlled with an HPLC pump (Alltech Model
301) and entered a syringe needle (Hamilton; point 5 tip) to in-
troduce droplets of the feed into the reactor where vaporization
occurs. The flow of carrier gas was controlled with a Brooks
Model 5850 mass-flow controller. The glycerol feed concentra-
tion, liquid feed flowrate, and H2 flowrate were adjusted to vary
the inlet partial pressure of either glycerol or water while main-
taining the inlet partial pressure of the other reactant constant.
The partial pressure of hydrogen varies for each reaction con-
dition, because the reaction was found to be zero order with
respect to hydrogen (as discussed later). The effluent liquid was
condensed in a gas–liquid separator and drained periodically
for gas chromatography (GC) analysis with an Agilent 6890
gas chromatograph equipped with a flame-ionization detector
Fig. 2. Temperature-programmed reduction profiles for 5 wt% Pt/C, 5 wt%
Re/C, and bimetallic Pt–Re/C catalysts described in Table 1.

(FID) and HP-Innowax column. Each effluent was tested for the
presence of glycerol and trace amounts of other liquid byprod-
ucts. The effluent gas stream passed through a back-pressure
regulator (GO Regulator, Model BP-60) to maintain the system
pressure, and the gas was analyzed for CO, CO2, and light alka-
nes (C1–C3) using an HP-5890 GC with thermal conductivity
detector (TCD) and a Haysep DB 100/120 column (Alltech).
A Carle GC 8700 with TCD was used to analyze H2 in the
effluent gas. Reaction kinetics data were collected for 2–5 h
on stream for each set of reaction conditions to ensure that the
catalyst system reached steady state. Replicate runs gave a stan-
dard deviation in the CO turnover frequency (TOF) of 4 min−1

at 548 K and 1 bar total pressure (inlet pressures of 0.06 bar
glycerol, 0.72 bar water, balance H2).

2.4. X-ray diffraction

X-ray diffraction (XRD) was used to investigate alloy for-
mation for the 10 wt% Pt–Re (atomic Pt:Re = 1:1)/C cata-
lyst. A Scintag PAD V X-ray diffractometer with monochro-
mated CuKα X-rays was used in the diffraction studies. The
tube voltage and current were 45 kV and 40 mA, respectively.
Diffraction patterns were collected in the 2θ range from 30◦
to 90◦, with 0.02◦ intervals and a dwell time of 2 s. Be-
fore diffraction studies, the catalyst samples were reduced in
180 cm3(STP) min−1 H2 (GHSV = 1.0 × 104 h−1) at 723 or
973 K and passivated in 180 cm3(STP) min−1of 2% O2/He
mixture (GHSV = 1.0 × 104 h−1).

3. Results

3.1. TPR

Fig. 2 shows TPR profiles of 5 wt% Pt/C, 5 wt% Re/C,
10 wt% Pt–Re (atomic Pt:Re = 1:1)/C, 5.6 wt% Pt–Re (10:1)/C,
and 10 wt% Pt–Re (1:2)/C, and Table 1 gives the properties
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Table 1
Properties of catalysts

Catalyst Pt
loading
(wt%)

Re
loading
(wt%)

Bulk atomic
Pt:Re ratio

Irreversible
CO uptake
(µmol g−1)

Irreversible
H uptake
(µmol g−1)

CO:(total metal)
atomic ratio

CO:H
uptake
ratio

Re/C – 5.0 – 30 − 0.10 –
Pt/C 5.0 – – 130 130 0.53 1.0
Pt/Ca 5.0 – – 90 − 0.36 –

Pt–Re/C 5.1 4.9 1:1 150 64 0.29 2.3
Pt–Re/C 5.1 0.5 10:1 120 90 0.40 1.3
Pt–Re/C 3.4 6.6 1:2 64 48 0.12 1.3

a Sintered in H2 at 773 K.
of these catalysts. The reduction profile of Pt/C shows a uni-
form reduction peak at 460 K, which is accompanied by HCl
emission, indicating the decomposition of H2PtCl6. The Re/C
reduction profile consists of a broader peak with a maximum
at 640 K. Hydrogen consumption measurements indicate the
complete reduction of the Pt4+ and Re7+ precursors into Pt0

and Re0, respectively. The addition of small amounts of Re to
Pt/C (5.6 wt% Pt–Re (10:1)/C) caused the Pt reduction peak to
broaden without affecting the position of the maximum. The
addition of larger amounts of Re resulted in a change in peak
shape and a shift of the reduction maximum to 431 K for the
10 wt% Pt–Re (1:1) and 417 K for the Pt–Re (1:2) catalysts.
The reduction profiles of the bimetallic catalysts do not con-
tain peaks in the same region as 5 wt% Re/C, and these Pt–Re
catalysts have hydrogen consumption corresponding to com-
plete reduction of the Pt4+ and Re7+ precursors. This behavior
demonstrates that the presence of Pt significantly lowers the re-
duction temperature of the Re precursor. All of the reduction
profiles contain a broad hydrogen consumption peak centered
at 840–850 K. This peak is accompanied by methane emission
and results from hydrogenation of surface functional groups on
the carbon support. This gasification of the support is in agree-
ment with the observations of other investigators [20–24].

3.2. Chemisorption studies

Table 1 shows the irreversible CO uptakes for monometallic
Pt/C and Re/C catalysts along with Pt–Re/C catalysts of vary-
ing Pt:Re atomic ratios. The Pt/C catalyst is the most highly
dispersed (defined as number of irreversibly adsorbed CO mole-
cules divided by the total number of metal atoms), and the
dispersion decreases as the Re content increases. Addition of
a small amount of Re (atomic Pt:Re = 10:1) results in a de-
crease in CO uptake compared with monometallic Pt. However,
the catalyst with equal amounts of Pt and Re shows increased
CO uptake compared with monometallic Pt. When rhenium is
present in excess compared with platinum (Pt–Re (1:2)/ C), the
dispersion approaches that of the monometallic Re/C catalyst.
For both Pt/C and Pt–Re/C, H2 uptake decreases with the ad-
dition of a small amount of Re to Pt (Pt:Re = 10:1). Addition
of an equimolar amount of Re to Pt reduces the H2 uptake by a
factor of 2. This result indicates the formation of an alloy in the
bimetallic catalysts [25]. Table 1 also shows the CO:H adsorp-
tion ratio for each catalyst. This ratio is equal to 1.0 for the Pt/C
catalyst and increases to 2.3 when an equimolar amount of Re
is added to Pt.

3.3. Reaction kinetics measurements

Reaction kinetics measurements carried out at 548 K and
low conversions (i.e., <20%) without a hydrogen co-feed re-
sulted in slow catalyst deactivation (e.g., a first-order deactiva-
tion constant equal to 0.02 h−1). However, the catalytic activity
remained stable with time on stream (for at least 2 days) upon
addition of a hydrogen co-feed. This result suggests that hydro-
gen plays a role in maintaining catalyst stability, possibly by
hydrogenating unsaturated coke precursors [17]. Therefore, hy-
drogen was used as a co-feed, at inlet PH2 :Pglycerol partial pres-
sure ratios of between 1 and 3, for all kinetics experiments. We
note that slow deactivation was observed when the PH2 :Pglycerol
partial pressure ratio was <1. Importantly, the rate of CO pro-
duction was unaffected by the addition of hydrogen, indicating
that the overall rate of glycerol conversion is zero order with
respect to the hydrogen pressure.

Various dimensionless groups have been developed from
theoretical analyses of the influence of heat and mass trans-
port in chemical kinetics measurements [26–34]. These criteria
predict that our system is free from such transport limitations.
Interphase mass transfer can become limiting for larger catalyst
particles; however, maintaining the catalyst particle size below
110 µm should prevent mass transfer limitations for this system.
In addition, the Madon–Boudart method was used to test for the
presence of transport limitations for the vapor-phase conversion
of a 30 wt% glycerol solution to synthesis gas [35]. Two carbon-
supported Pt–Re catalysts with different loadings and the same
total metal dispersion were prepared. An atomic Pt:Re ratio of
1:1 and a dispersion of 0.29 were maintained for both catalysts.
The rate of CO production was measured at 548 K and inlet
partial pressures of 0.06 bar for glycerol, 0.72 bar for H2O, and
0.22 bar for H2, with GHSVs between 2×104 and 1×105 h−1.
The TOFs are the same (within 10%) for both catalysts (170
min−1 for the 2 wt% catalyst and 185 min−1 for the 10 wt%
catalyst at 30% conversion to gas-phase products). This result
indicates that the Madon–Boudart criterion for the absence of
transport limitations is satisfied for catalysts with total metal
loading of 2–10 wt% at 548 K. Thus, 5 wt% Pt/C catalysts with
loadings of Re of 0–5 wt% were chosen for further study of the
intrinsic reaction kinetics for the conversion of glycerol to syn-
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Fig. 3. Turnover frequency as a function of temperature for Pt/C (Q), Pt–Re
(10:1)/C ("), Pt–Re (1:1)/C (2), and Pt–Re (1:2)/C (F) catalysts. Data col-
lected at inlet partial pressures of Pgly = 0.06 bar, PH2O = 0.72 bar, and

PH2 = 0.22 bar over 30–50 mg of catalyst (GHSV between 7 × 104 and 1 ×
105 h−1).

thesis gas. In addition, a catalyst with an atomic Pt:Re ratio of
1:2 (i.e., 6.6 wt% Re and 3.4 wt% Pt) was studied.

To test whether glycerol conversion to synthesis gas is a
structure-sensitive reaction, a Pt/C catalyst was sintered, and
the rate of CO production was measured at 548 K. The cat-
alyst with a dispersion of 0.36 gave a TOF of 102 min−1

at 548 K and 1 bar total pressure (inlet partial pressures of
Pgly = 0.06 bar, PH2O = 0.72 bar, and PH2 = 0.22 bar). This
value is 1.6 times greater than the value for the highly dispersed
catalyst (dispersion = 0.53; TOF = 67 min−1), indicating slight
structure sensitivity of the reaction. The trend was similar for
the same reaction conditions at 498 K (14 and 9 min−1 for the
poorly dispersed catalyst and highly dispersed catalyst, respec-
tively). In addition, the ratio of TOF after reaction at 498 K to
TOF before reaction at 498 K was 1.0 for the Pt–Re/C catalysts
and 1.7 for the Pt/C catalysts (at inlet concentrations the same
as for the Madon–Boudart criterion experiments with GHSV
between 7 × 104 and 1 × 105 h−1). These results suggest that
Re plays a role in stabilizing the catalyst surface.

Fig. 3 shows Arrhenius plots for the rates of glycerol con-
version for the catalysts listed in Table 1. The Pt–Re catalyst
with an atomic Pt:Re ratio of 1:2 had the highest TOF for
CO production and an activation energy of 70 kJ mol−1. In-
creasing the Pt:Re ratio to 1:1 decreased the TOF by a factor
of 1.5. However, the activity was still 5 times higher than that
of the monometallic Pt/C catalyst and the activation energy (60
kJ mol−1) is similar to the Pt–Re (1:2) catalyst. The Pt–Re/C
catalyst with an atomic Pt:Re ratio of 10:1 shows similar activ-
ity as the monometallic Pt catalyst, suggesting that the surface
of this catalyst is similar to that of the Pt catalyst. The activa-
tion barrier over Pt/C (90 kJ mol−1) is slightly higher than that
over the Pt–Re catalysts. Fig. 4 shows that the reaction order
with respect to glycerol pressure is approximately equal to 0.2
for the Pt–Re catalysts, and this reaction order appears to be
near 0.1 for the monometallic Pt catalyst. By changing the inlet
Fig. 4. Turnover frequency as a function of inlet glycerol partial pressure for
Pt/C (Q), Pt–Re (10:1)/C ("), Pt–Re (1:1)/C (2), and Pt–Re (1:2)/C (F) cat-
alysts. Data collected at 548 K and inlet PH2O = 0.72 bar (balance H2) over

30–50 mg of catalyst (GHSV between 7 × 104 and 1 × 105 h−1).

Table 2
H2 and CO turnover frequencies (TOF) for Pt/C and Pt–Re/C at 498 K and
1 bar total pressure with inlet partial pressures of Pgly = 0.08 bar and PH2O =
0.93 bar over 760 mg Pt/C (GHSV = 900 h−1) and 97 mg Pt–Re/C (GHSV =
7 × 103 h−1)

Catalyst CO TOF
(min−1)

H2 TOF
(min−1)

Conversion to
gas phase (%)

10 wt% Pt–Re (1:1)/C 12 17 24
5 wt% Pt/C 1.3 1.6 20

concentrations of H2 and water in a similar manner to the ex-
periments in Fig. 4, the reaction order with respect to H2 was
determined to be zero for all catalysts, and the order with re-
spect to water was close to 0 (0.1) for the Pt:Re = 1:1 catalyst.
To determine the H2 reaction order, the hydrogen partial pres-
sure was varied from 0.075 to 0.24 bar for a glycerol pressure
of 0.06 bar and a water pressure of 0.7 bar (balance He); and,
to determine the H2O reaction order, the water partial pressure
was varied from 0.13 to 0.72 bar for a glycerol pressure of 0.06
bar (balance H2). The total pressure was equal to atmospheric
pressure for all reaction kinetics experiments.

To probe the extent to which the presence of CO inhibits
the rate of glycerol conversion, the 10 wt% Pt–Re (1:1)/C and
5 wt% Pt/C catalysts were tested at conditions leading to higher
partial pressures of CO. In particular, whereas the above ex-
periments were carried out using a H2 co-feed, which dilutes
the CO that is produced during reaction, additional experiments
were carried out at higher conversions (i.e., 20%) and without
using a H2 co-feed. Table 2 shows the TOF for H2 and CO pro-
duction for these 2 catalysts at 498 K over 24 h time on stream.
The addition of Re to Pt increases the catalytic activity under
these conditions by an order of magnitude. Importantly, under
these conditions leading to high partial pressures of hydrogen,
the catalysts were stable during the entire time on stream.
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Analysis of the liquid effluent for reactions carried out at
low conversions to the gas phase (i.e., <10% conversion, H2
co-feed) over each catalyst showed >90 mol% of the carbon
in the liquid phase was present as unconverted glycerol, with
<5 mol% each of methanol, ethylene glycol, and acetol. For
runs carried out at higher conversions to the gas phase without
H2 co-feed (i.e., �20% conversion to gas phase), the liquid ef-
fluents contained primarily unconverted glycerol, with 0.3–0.5
mol% methanol and 3–5 mol% acetol. The carbon balances for
each set of conditions closed to within 10%.

4. Discussion

4.1. Formation of Pt–Re alloy

The reduction profile of the 5 wt% Pt/C catalyst is similar
to that obtained by Zhang et al. for 2 wt% Pt/C, although they
found a peak maximum near 390 K compared with our value
near 450 K, probably the result of a slower temperature ramp
rate (5 K min−1) used by Zhang et al. [24]. In this respect,
Kanervo and Krause observed a similar shift of the reduction
maximum to lower temperatures with decreasing heating rates
for the TPR of CrOx /Al2O3 and explain this phenomenon us-
ing a kinetic model [36]. Our peak maximum is in agreement
with the value of 465 K obtained by Fraga et al. for reduction
of a carbon-supported Pt catalyst [21].

Arnoldy et al. report a reduction maximum of 540 K for a
catalyst consisting of 5.2 wt% Re (Re2O7) supported on acti-
vated carbon [37]. The discrepancy between this result and the
reduction maximum for the Re/C catalyst studied in our work
(636 K) may stem from different rhenium crystallite sizes for
these samples which may result from differences in preparation
procedures or rhenium salts used in catalyst preparation [37].
Hydrogen consumption measurements made by Arnoldy et al.
are in agreement with our work and show the complete reduc-
tion of the precursor into metallic rhenium [37]. The presence of
metallic rhenium in the reduced Re/C catalyst is further shown
by sizable CO uptake after an isothermal reduction at 723 K.
Arnoldy et al. suggest that reduction of the Re precursor on
various supports proceeds in one step (Re7+ → Re0) and is
catalyzed by the presence of Re0, resulting in sharp reduction
peaks [37]. The wider peak obtained in our reduction profiles
may result from mass transfer limitations or heterogeneity of
the Re surface species undergoing reduction.

The reduction maxima of the bimetallic catalysts appear to
shift to lower temperatures with higher rhenium content. The
reason for this shift may lie in the chlorine content of the cata-
lysts before reduction. We observed that the amount of HCl re-
leased during TPR decreased with increasing rhenium content,
such that a negligible amount of HCl was emitted during the re-
duction of the Pt–Re (1:2)/C catalyst. We suggest that addition
of HReO4 aids the release of chlorine, possibly as HCl during
drying. Because no change in the oxidation state of either Pt or
Re was detected by hydrogen consumption measurements after
drying, it is possible that Cl ligands in [PtCl6]2− were partially
or completely replaced by oxygen or hydroxyl species from the
air, carbon surface groups, or HReO4, resulting in PtOxCly sur-
face species. Fraga et al. suggested a mechanism whereby the
Cl ligands of H2PtCl6 can be exchanged with hydroxyl groups
of the support, yielding HCl without Pt reduction [21,38]. The
increasing presence of PtOx may result in an earlier onset of re-
duction, because carbon-supported PtO2 is known to reduce to
metallic Pt at low temperatures [38]. This effect is particularly
evident in the reduction profile of the Pt–Re (1:2)/C catalyst,
which displays the earliest onset of reduction of the five cata-
lysts studied.

The reduction profiles of the Pt–Re/C catalysts are all char-
acterized by the simultaneous reduction of platinum and rhe-
nium precursors, and the reduction peak occurs in the same
region as that of the monometallic platinum catalyst (393–
520 K). Various investigators have made similar observations
for Pt–Re/Al2O3 and agree that the shift in reduction tempera-
ture is an indication of Pt–Re alloy formation [39–42]. In other
studies, Pt–Re alloy formation was verified for high-loading Pt–
Re/C samples by X-ray diffraction studies [43] and by X-ray
absorption for low-loading, highly dispersed Pt–Re/Al2O3 cat-
alysts [44]. Isaacs et al. suggested that on sufficiently hydrated
Pt–Re/Al2O3 catalysts, mobile rhenium oxide species can mi-
grate toward reduced Pt particles, where Re reduction takes
place [45]. Carbon is expected to have weaker metal–support
interactions than refractory oxide supports [46], and it is likely
that rhenium oxide species have high mobility on carbon and
can come into intimate contact with reduced Pt centers to form
bimetallic particles. Metallic Re can analogously catalyze the
reduction of mobile Re oxides, and this mechanism may play an
important role in the reduction of catalysts with high Re content
(e.g., atomic Pt:Re = 1:2).

The diffraction pattern of the 10 wt% Pt–Re (1:1)/C catalyst
reduced at 723 K for 2 h did not contain any peaks, indicating
that at this reduction temperature, metal particles were too small
to produce coherent reflections. This observation is in agree-
ment with the metal particle size of 3.8 nm as calculated from
CO-chemisorption measurements and the equation for atomic
density of (111) planes (dp = 1.1/Dispersion, where dp is the
particle diameter in nm). A sintering treatment consisting of re-
duction at 973 K for 12 h yielded a catalyst with diffraction
patterns containing peaks at 2θ = 37.6◦, 40.4◦, 46.2◦, 67.8◦,
and 81.9◦. This pattern closely matched the pattern obtained
by Anderson et al. for 20 wt% Pt–Re (1:1)/C catalyst; those
authors concluded that this pattern suggests the presence of a
mixture of hcp and fcc Pt–Re alloy crystals, with the absence
of unalloyed Pt and Re [43]. The presence of both fcc and hcp
phases is consistent with the Pt–Re phase diagram, which pre-
dicts the coexistence of Pt-rich fcc and Re-rich hcp phases for
overall Pt atomic fractions of 40–63% [47].

The results from our chemisorption measurements also indi-
cate the formation of Pt–Re alloys. Our result of negligible H2
uptake on Re/C is in agreement with similar studies of alumina-
supported Re [25,48–50]; Yao and Shelef attributed this behav-
ior to the inability of dispersed Re to dissociate H2 [50]. The
suppression of H2 uptake by the addition of Re to catalysts
with the same Pt content is in agreement with other studies
of Pt–Re/Al2O3 [25,42,51]. Isaacs and Petersen suggested that
because Re does not chemisorb H2, the H2 uptake of a Pt–Re



304 D.A. Simonetti et al. / Journal of Catalysis 247 (2007) 298–306
catalyst should be the same as that of monometallic Pt if there
is no metal interaction [25]. However, their results showed a
greater than twofold decrease in H2 uptake on the addition of
an equal mass of Re to Pt/Al2O3, which suggests a close in-
teraction between Pt and Re [25]. Furthermore, Prestvik et al.
and Fernández-García et al. reported suppression of H2 uptake
for bimetallic Pt–Re alloy catalysts [42,51]. Our results show a
twofold decrease in H2 uptake with the addition of an equimo-
lar amount of Re to Pt/C, similar to the result of Isaacs and
Petersen [25], again suggesting the formation of an alloy for
our Pt–Re/C catalysts.

4.2. Kinetics of glycerol conversion and the effect of Re

In previous work, Cortright et al. showed that H2 can be
produced via aqueous-phase reforming (APR) of oxygenated
hydrocarbons, including glycerol, over Pt-based catalysts, and
proposed a mechanism whereby the oxygenated molecule ad-
sorbs on Pt by dehydrogenation, followed by C–C bond cleav-
age to give H2 and adsorbed CO [2]. Because APR occurs at
high total pressure and high partial pressures of water, the ad-
sorbed CO species then reacts with water via the WGS reaction
to form CO2 and H2 [2]. We suggest that glycerol conversion
under our vapor-phase conditions occurs via a similar mecha-
nism as for APR. However, our reaction occurs at lower total
pressure, resulting in a decreased partial pressure of water in
our system compared with the APR process. Under APR re-
action conditions, the WGS reaction is nearly equilibrated [5],
whereas at the reaction conditions of the present study, the
WGS reaction is far from equilibrium, and the final products
are primarily CO and H2. Catalyst support also plays an im-
portant role with respect to the WGS reaction, and in previous
work we showed that metal-oxide-supported Pt catalysts have
higher WGS activity compared with the carbon-supported cat-
alyst [17]. The Al2O3 support used in the APR studies likely
contributes to the WGS activity.

Shabaker et al. carried out reaction kinetic studies of the
APR of oxygenated hydrocarbons over Pt/Al2O3 and showed
that the reaction to form CO2 and H2 is fractional order with
respect to the oxygenated hydrocarbon feed molecule (0.4) [5],
and the reaction has an apparent activation barrier of 110
kJ mol−1 [6]. These results are similar to those in our study.
The fact that the conversion of glycerol to synthesis gas is frac-
tional order with respect to glycerol (0.1) indicates that the
coverage of glycerol-derived adsorbed species on Pt/C is signif-
icant under our reaction conditions, similar to APR of ethylene
glycol [5]. The activation barrier to produce CO over our Pt/C
catalyst (90 kJ mol−1) is similar to that for APR of ethylene
glycol over Pt/Al2O3 as well. These results suggest that the
conversion of glycerol to synthesis gas has similar kinetics as
the APR of ethylene glycol. Accordingly, both reactions appear
to be kinetically limited by the rate of CO formation, because
the WGS reaction is not significant under the conditions of the
present study and the rate of WGS is reversible under APR re-
action conditions. Shabaker et al. showed that the rate of APR
for ethylene glycol is inhibited by H2 due to blockage of sur-
face sites by adsorption of atomic hydrogen [5]. In contrast, our
results for glycerol conversion indicate that the reaction is zero-
order with respect to H2. This difference is probably caused by
higher surface coverages by adsorbed CO in our case, because
adsorbed CO is removed from the surface (as CO2) by the WGS
reaction during APR conditions, whereas CO must desorb from
the surface under our reaction conditions for glycerol conver-
sion, leading to high concentrations of CO in the gas stream.

In our previous work dealing with glycerol conversion to CO
and H2 [17], we suggested that the low activity of Pt/C at tem-
peratures below 573 K was caused by surface site blocking by
strongly adsorbed CO, and the addition of Re to the Pt/C cat-
alyst was necessary to weaken the binding energy of CO on
Pt, thus increasing the rate at lower temperatures. Therefore,
higher rates could be expected at low conversion conditions
and with the co-feeding of H2, because both of these situa-
tions correspond to lower CO partial pressures (thus favoring
CO desorption from the surface). Under these conditions, the
addition of an equal molar amount of Re to Pt/C increases the
rate of CO production by a factor of 5. However, under condi-
tions where CO blocking of surface sites is expected to be more
severe (i.e., 498 K, 20% conversion to gas phase, and without
H2 co-feeding), this same addition of Re increases the rate by
an order of magnitude. The reaction order with respect to glyc-
erol is unaffected by Re, and the activation barrier decreases
slightly. These results suggest that the primary effect of Re on
the kinetics of the conversion of glycerol to synthesis gas over
Pt is in fact to weaken the interaction of CO with the surface.

Fundamental and theoretical studies of CO adsorption on
Pt–Re alloy surfaces indicate a weakening in the Pt–CO bind-
ing strength with the addition of Re. Temperature-programmed
desorption (CO-TPD) experiments performed by Ramstadt et
al. for a Re-doped Pt(111) surface show a shift of the CO des-
orption peak maximum to lower temperatures with increasing
surface rhenium content [52]. In a DFT study, Ishikawa et al. re-
ported a 35% decrease in the calculated CO binding energy of a
Pt–Re(111) surface compared with Pt(111) [53]. Greeley et al.
reported a similar decrease in CO binding energy for Pt over-
layers on bulk Re [54]. These studies support the suggestion
that the promoting effect of Re on Pt for glycerol conversion to
synthesis gas is related to a weakening of the interaction of CO
with the surface, allowing the catalyst to operate at high rates at
conditions leading to high CO partial pressures, that is, at high
reactant conversions and without a H2 co-feed.

In an effort to describe more quantitatively the effects of CO
on the rate of glycerol conversion over Pt and Pt–Re catalysts,
we developed the simplified mechanism shown below, involv-
ing adsorption of glycerol followed by a surface reaction step in
which adsorbed glycerol undergoes irreversible reaction (e.g.,
cleavage of a C–C bond), eventually leading to gaseous CO and
H2, where * is a vacant site and Glycerol** is adsorbed glyc-
erol:

1. Glycerol + 2* � Glycerol**, (4)

2. Glycerol** → 3CO + 4H2. (5)

The second step is a lumped process involving a series of re-
actions leading to CO and H2. The first of these reactions is
assumed to be irreversible cleavage of the C–C bond, and thus
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Table 3
Model parameters and comparison of predicted conversion and CO TOF to experimental results

Catalyst Experimental
conversion (%)

Predicted
conversion (%)

Experimental CO
TOF (min−1)

Predicted CO
TOF (min−1)

k2 (min−1) KCO (atm−1) α (atm−1)

Pt/C 4.9a 5.5 8.7a 10 7500 55000 800
Pt/C 20b 14 1.3b 1.2 7500 55000 800

Pt–Re/C 7.5a 8.8 46a 58 1000 5000 800
Pt–Re/C 24b 18.6 12b 11 1000 5000 800

The predicted reaction order with respect to glycerol was 0.3. Conversion calculated as (Cout in gaseous products)/(total C fed to reactor as glycerol) × 100.
a Reaction conditions as in Fig. 3.
b Reaction conditions as in Table 2.
all steps following this irreversible cleavage are kinetically in-
significant. In addition, we note that the surface is undoubtedly
covered by adsorbed CO, glycerol, H, and OH species; how-
ever, adsorbed CO and glycerol are assumed to be the dominant
surface species, and the coverages of H and OH are thus as-
sumed to be insignificant (i.e., the site balance contains only
adsorbed CO, glycerol, and vacant sites). This simplified reac-
tion scheme gives the following rate expression, which depends
on three parameters: the rate constant of step 2 (k2), the CO
adsorption equilibrium constant (KCO), and a grouping of the
forward and reverse rate constants of step 1 with the rate con-
stant of step 2 [α = k1/(k−1 + k2)]:

(6)r = k2αPGθ2∗ ,

(7)θ∗ = −(1 + KCOPCO) + √
(1 + KCOPCO)2 + 8αPG

4αPG
,

where PCO and PG are the partial pressures of CO and glycerol,
respectively. Keeping the value of α the same for both Pt/C and
Pt–Re/C, this simple kinetic model describes the changes in rate
at 498 K for both Pt/C and Pt–Re (1:1)/C catalysts caused by
changing from conditions of low conversion using a H2 co-feed
stream to conditions of higher conversion and without using a
H2 co-feed stream (Table 3). According to this simple model,
the value of KCO is 10 times lower for Pt–Re/C compared with
Pt/C, whereas the value of k2 is 8 times higher for Pt/C com-
pared with Pt–Re/C. The parameter values for each catalyst are
listed in Table 3. Importantly, this model can be useful in future
scale-up of the glycerol system to achieve higher conversions
for coupling with subsequent Fischer–Tropsch synthesis.

5. Conclusion

TPR studies for Pt/C, Pt–Re/C, and Re/C catalysts suggest
that the presence of Pt catalyzes the reduction of Re, leading to
the formation of Pt–Re alloys supported on carbon. Chemisorp-
tion and XRD experiments support the result of alloy formation
for Pt–Re/C catalysts. Reaction kinetics measurements at 498–
548 K for the conversion of glycerol to synthesis gas in the
vapor phase over Pt/C and Pt–Re/C catalysts showed that sta-
ble catalyst performance could be achieved at low conversions
by co-feeding H2. The rate of glycerol conversion under these
conditions is controlled by the intrinsic reaction kinetics and is
free from transport limitations, as determined from the Madon–
Boudart criterion. Under these reaction conditions, bimetallic
Pt–Re/C catalysts with atomic Pt:Re � 1 are 5 times more ac-
tive than monometallic Pt/C and Pt–Re with a higher Pt:Re ratio
(10:1). The reaction order with respect to glycerol was frac-
tional over all catalysts, and the activation energy was 60–90
kJ mol−1. The reaction order with respect to the oxygenated
feed molecule and the activation barrier to final products de-
termined in this study for glycerol conversion to synthesis gas
over Pt/C are similar to those for the APR of ethylene glycol to
CO2 and H2 over Pt/Al2O3. However, whereas the APR of eth-
ylene glycol to CO2 and H2 is negative order with respect to the
hydrogen pressure, the rate of glycerol conversion to CO and
H2 in the vapor phase is zero order in hydrogen. In addition,
glycerol conversion to synthesis gas is inhibited by CO, with
lower rates at higher conversions and without a H2 co-feed. Im-
portantly, the rate of glycerol conversion under these conditions
over Pt–Re/C is an order of magnitude higher than the rate over
Pt/C, suggesting that the primary promotional effect of Re is to
weaken the interaction of CO with the surface, thereby lower-
ing the CO coverage and allowing the catalyst to operate at high
rates under conditions leading to high CO pressures.
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