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Abstract

The wet-air oxidation (WAO) process is effective in converting organic pollutants in wastewater to innocuous carbon dioxide. Supported Pt
catalysts, particularly Pt/C, are effective but unstable. A novel catalyst, Pt on TiO,-grafted carbon (Pt/TiO;-C), has been developed for WAO.
This catalyst is characterized by high activity and stability in WAO processes. Using transmission electron microscopy (TEM), extended X-ray
absorption fine structure (EXAFS), and Fourier transform infrared (FTIR) spectroscopy, the fresh and aged Pt/C catalysts were characterized, and
the mechanism of catalyst deactivation was elucidated. The average Pt cluster size increased from about 2 to 10 nm after WAO of methanol in
water at 220 °C for 200 h. These results indicate that Pt/C catalyst was deactivated due to migration and aggregation of the Pt clusters into large
Pt particles. The increase in the content of oxygen-containing groups and carbonate species, as characterized by FTIR spectra in the aged catalyst,
further suggests that the oxidation of carbon surface decreases the affinity between Pt and the carbon support, leading to extensive Pt aggregation.
Thus, TiO, was grafted on to the carbon support to anchor and keep Pt from migrating and agglomerating, thereby obtaining a stable Pt/TiO,-C
catalyst. The efficacy of TiO; grafted on activated carbon in stabilizing the Pt/C catalyst was demonstrated in long-term catalytic performance
tests. The efficacy of TiO, in anchoring and maintaining the Pt clusters in small ensembles were further demonstrated by characterizing the
Pt-TiO, interactions and the morphology of Pt clusters using EXAFS.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Wastewater effluents from chemical or petrochemical plants
are often contaminated with a wide range of organic pollutants.
In general, these pollutants are too toxic for conventional bi-
ological treatments, such as active sludge treatment, and too
dilute to treat by direct incineration. Wet-air oxidation (WAO)
is an effective way to destruct such organic contaminants in
industrial wastewater. WAO has been thoroughly reviewed by
various authors, including Mishra et al. [1], Levec et al. [2],
Luck [3,4], and Imamura [5]. WAO can be either a catalytic or
anoncatalytic operation. A typical noncatalytic WAO process is
operated at elevated temperatures and pressures, making appli-
cation of this technology economically unattractive. However,
WAO can be greatly improved by using catalysts. Catalytic
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WAO can be operated under conditions much milder than those
required by noncatalytic WAO, leading to significant savings in
both equipment and operation costs.

Currently the most commonly used heterogeneous catalysts
in WAO are transition metal oxides or noble metals (Pt, Pd) sup-
ported on nonreducible metal oxides, such as alumina, silica,
and zeolite. However, these inorganic supports can be dissolved
slowly in the hot acidic wastewater streams during extended
operation. Hydrophobic catalysts, such as styrene—divinyl ben-
zene copolymer (SDB)-supported noble metal catalysts, are ac-
tive for WAO, but under the oxidative environment, the metals
can be leached out and the supports can crumble, leading to
rapid catalyst deactivation [6].

Activated carbons have long been used as catalyst supports
in the fine chemical industry because of their high surface
area, rapid adsorption kinetics, and high acidic and basic resis-
tance [7]. In recent years, transition metals on activated carbon
have been demonstrated to be effective for catalytic WAO of
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organic acid-containing wastewater [8—11]. However, the car-
bon support can be catalytically combusted around the metal
sites during the oxidation of organic compounds in wastewater
[12,13]. The carbon combustion causes destruction of the pore
structure and development of surface oxygen-containing groups
of activated carbon [14], leading to catalyst deactivation.

The goal of this study was to develop an activated carbon-
supported Pt catalyst that is active and stable for WAO of
wastewater. The effects of reaction temperature on the struc-
ture and catalytic stability of Pt/C catalysts were investigated,
and the mechanism of its deactivation was elucidated. Based on
the deactivation mechanism, a Pt/C that is stable for WAO was
developed. In catalyst preparation, Pt was anchored on the car-
bon support grafted with TiO,, leading to a Pt/TiO,-C catalyst.
The efficacy of this catalyst was demonstrated based on long-
term catalytic performance data. The mechanism of catalyst
stabilization using grafted TiO; was elucidated using extended
X-ray absorption fine structure (EXAFS) characterization and
Fourier transform infrared (FTIR) techniques.

Tryba et al. reported the preparation of TiO2-mounted ac-
tivated carbon, which was found to be effective in removing
phenol from water under ultraviolet irradiation [15]. Accord-
ing to X-ray diffraction (XRD), the TiO; particles were well-
crystallized anatase with sizes of few pm. Preparation of highly
dispersed TiO, on nonreducible metal oxide supports such as
silica and MCM-41 has been reported by Srinivasan et al. [16]
and Lin et al. [17], respectively. The grafted TiO, on nonre-
ducible metal oxides has been prepared by reaction of surface
hydroxyl groups on the metal oxides with titanium precursors
like titanium alkoxides, followed by drying and calcinations
[16—-19]. Thus, the same approach was used to graft TiO, on
activated carbon to anchor the Pt clusters. Phenolic hydroxyl
groups on activated carbon can react with Ti alkoxides to pro-
duce Ti—O—C linkage with elimination of one alcohol and make
Ti immobile. However, the activated carbon should be dried be-
fore the grafting procedure to remove absorbed water on its
surface such that hydrolysis of metal alkoxides in the latter
grafting step can be avoided. In addition, the grafting reaction
should be carried out under inert environment to avoid the hy-
drolysis of metal alkoxides.

In this study, a continuous fixed-bed reactor working in a
trickle-flow regime was used to characterize the catalytic prop-
erties and performance of the catalyst for WAO. Pure water
containing methanol was used as the model wastewater to de-
couple other effects, such as inorganic compounds on the cat-
alytic performance. Transmission electron microscopy (TEM)
and EXAFS spectroscopy were used to characterize the cata-
lyst structure, and FTIR spectroscopy was used to characterize
functional groups of the carbon supports.

2. Experimental
2.1. Materials and catalyst preparation
Activated carbon (GAC 830, from Norit, in granular form

with surface area, 1050 m? /g; pore volume, 0.85 mL/g; iodine
no. 75 mg/g minimum; diameter 1.5 mm; and apparent den-

sity, 0.54 g/mL) was brought into contact with a solution of
Pt(NH3)4(NO3), (Strem, 99.9%) in doubly distilled deionized
water. The amount of Pt precursor was chosen so that on ad-
sorption of the entire Pt, the catalyst would contain 1.0 wt%
Pt. After impregnation, the resulting material was evacuated at
1072-1073 Torr and 60°C for 2 h. The sample was noted as
[Pt(NH3)4(NO3),J/C.

A total of 10 g of the activated carbon was evacuated at
1072-1073 Torr and 120°C for 24 h to remove the adsorbed
water. The dried activated carbon was then placed in a flask
with side arm under nitrogen. Then 10 g of titanium(I'V) ethox-
ide (Ti(OC,Hs)4 (Acros) was dissolved in 10 mL of absolute
ethanol and then added into the flask. This mixture was stirred
overnight and then evacuated at 107>—103 Torr and about
60 °C for 2 h. The resulting powder was pretreated at 200 °C
for 2 h under air and finally calcined at 600 °C for 4 h un-
der nitrogen. The sample was noted as TiO,-C. Compared with
the original activated carbon, the surface area of TiO;-C de-
creased from 1050 to 720 m? /g and the average pore diameter
decreased from 2.63 to 2.15 nm, whereas no crystalline TiO»
peaks have been detected by powder synchrotron XRD at a
wavelength of 1.070 A.

The preparation procedures and conditions for Pt/C were ap-
plied to prepare TiO-C-supported Pt catalysts. The resulting
catalyst sample was denoted as Pt/TiO,-C.

2.2. Catalytic performance

The catalytic performance tests for Pt/C were conducted in
a continuous-downflow fixed-bed reactor. The reactor was a
stainless-steel tube with an inside diameter of 2.1 cm and vol-
ume of 94.0 mL. It was heated electrically and controlled by a
PID temperature controller with a sensor in the center of the cat-
alyst bed. Then 1 g of the catalyst sample [Pt(NH3)4(NO3)2]/C]
was mixed with inert ceramic of 0.2 cm at a ratio of 1 to 5, and
the top of the reactor bed was filled with 1.6-mm glass balls
to preheat and prevent channeling of the feed. Using this pack-
ing method, the porosity of the catalyst bed was about 0.35.
The samples were converted to Pt/C by predrying in flowing N»
at 200 °C and then reducing in flowing H, at 300 £ 10°C for
2 h before reaction. Pure water containing 0.25 wt% methanol
was used as the model wastewater for the aging test. The re-
action was carried out at an airflow rate so as to maintain an
O;-to-methanol molar ratio of 75. The reduced Pt/C samples
were tested at WHSV of 6 h~! of four different temperature and
pressure conditions: 130 £ 10°C and 5 atm, 160 £ 10°C and
10 atm, 180 £ 10°C and 20 atm, and 220 + 10°C and 40 atm;
the corresponding used catalysts were denoted as T130P5W6,
T160P10W6, T180P20W6, and T220P40W6, respectively. To
keep the reaction in a trickle-flow regime, the pressures were
increased with reaction temperatures. The reaction products
were trapped using a condenser at —5 °C and analyzed using
a gas chromatography (Shimadzu model GC-14A, with a ther-
mal conductivity detector, a DB-WAX capillary column, and a
SP4270 data processor). After the test reactions, the catalysts
were purged with nitrogen to remove adsorbed oxygen and wa-
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ter, then unloaded from the reactor in nitrogen environment for
characterization.

To compare the stability of the Pt/C and Pt/TiO,-C cata-
lysts, the same procedures for catalyst pretreatment, catalyst
packing, and product analysis were applied for these two cat-
alysts, whereas the reaction was carried out at 220 £ 10°C,
40 atm, and a WHSV of 24 h™!. The used catalyst for the
Pt/C and Pt/TiO;-C catalysts were denoted as T220P40W24
and T220P40W24(Pt/TiO,-C), respectively.

2.3. FTIR spectroscopy

Fresh and used Pt/C and Pt/TiO,-C samples were charac-
terized by use of FTIR spectroscopy using a Shimadzu FT-IR
8101M with a spectral resolution of 2 cm™! and equipped
with a SSU-8000 second sampling unit. The wafers (4 wt%
[Pt(NH3)4(NO3),]/C or [Pt(NH3)4(NO3),2]/TiO>-C sample in
KBr) were loaded into an IR cell in an Nj-filled glove box.
The samples were predried and reduced at the same con-
ditions as used for catalytic performance tests. After the
treatments, IR spectra were recorded. For the used catalyst
samples, the samples were purged with N, at room tempera-
ture to remove adsorbed species before IR spectrum measure-
ment.

2.4. X-ray absorption spectroscopy

The X-ray absorption measurements were performed on the
wiggler beamline BL17C at National Synchrotron Radiation
Research Center (NSRRC), Taiwan. The electron storage ring
was operated at an energy level of 1.5 GeV and a beam cur-
rent of 120-200 mA. A Si(111) double-crystal monochroma-
tor was used for energy selection, and mirrors rejected higher
harmonic radiation. The transmission geometry was arranged
using gas-filled ionization chambers to monitor the intensities
of the incident and transmitted X-ray beams. A full spectrum
for Pt Ly absorption edge (11564 eV) was obtained over the
energy level of 11364-12764 eV. Similarly, a full spectrum
for Ti K edge (4966 eV) was obtained at 4766-5966 eV. The
fresh and used catalyst samples were loaded into an EXAFS
cell in an N»-filled glove bag. For the used catalyst samples,
the EXAFS measurements were performed after an N, purge
at room temperature. For the fresh catalyst samples, the sam-
ples were reduced in an EXAFS cell using the same operating
conditions as used in the catalytic performance tests. A stan-
dard Pt foil at room temperature was simultaneously measured
as a reference so that energy calibration could be done between
scans.

Appropriate reference data are necessary for detailed analy-
sis of EXAFS data characterizing the catalyst samples. The
EXAFS contributions for Pt—Pt, Pt—O, and Ti—Ti were analyzed
with phase shifts and backscattering amplitudes obtained from
EXAFS data for Pt foil, NapPt(OH)g, and Ti foil, respectively.
The Ti—O, Ti—Pt, and Pt-Ti were analyzed with phase shifts and
backscattering amplitudes calculated from FEFF.

2.5. TEM

The fresh and used Pt/C and Pt/TiO;,-C samples were care-
fully pulverized, dispersed in ethanol, fetched on Cu grids, and
then dried for later TEM analysis. The TEM (Philips, TECNAI
20) is typically operated at 200 keV.

2.6. CO chemisorption

A quartz tube was packed with catalyst sample of about
0.2 g. After pretreatments and hydrogen reduction, consecutive
0.1-mL pulses of CO were injected into catalyst bed with He
as the carrier gas until no more CO uptake was detected. The
amount of chemisorption was then calculated by summing up
the proportions of all pulses consumed.

3. Results and discussion

3.1. Catalytic performance of Pt/C and Pt/TiO»-C in WAO of
methanol

In the WAO process, essentially, the entire methanol is con-
verted to CO; as shown in the following equation:

CH30H + (3/2)02 — CO; + 2H,0.

Because of the high conversion levels, methanol oxidation in
WAO can be considered a total oxidation.

For Pt/C catalyst, the activity is high but the stability be-
comes poor at higher temperatures. The conversion of methanol
in the model wastewater as a function of time on stream at a
temperature range of 130-220 °C is shown in Fig. 1. The Fig. 1
shows that the initial catalyst activity was high and total oxi-
dation of methanol was achieved, consistent with the work of
Cheng et al. [20]. However, in the aging test for an extended
operational period, the catalyst activity was maintained only at
reaction temperatures below 160 °C and decreased gradually at
reaction temperatures above 180 °C. These results indicate that
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Fig. 1. Methanol conversion at WHSV = 6 h~! as a function of time on stream
in aging test: (O) 130°C and 5 atm; (A) 160 °C and 10 atm; (V) 180 °C and
20 atm; (<) 220 °C and 40 atm.
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Fig. 2. Comparison of methanol conversion for different catalysts at 220 °C, 40 atm, and WHSV = 24 h~! as a function of time on stream in aging test: (O) Pt/C;

(V) PY/TiO,-C.

Pt/C catalysts are stable at lower reaction temperatures (say, be-
low 160 °C), but deactivated at 180 °C or higher.

Methanol conversion is shown as a function of time on
stream in the flow reactor at WHSV of 24 h—1, 220°C, and
40 atm for Pt/C and Pt/TiO,-C catalysts (Fig. 2). The initial
conversion of methanol for the Pt/TiO,-C catalyst sample was
higher than that for the Pt/C catalyst, with a conversion of 97
and 92%, respectively. Whereas the conversion for Pt/TiO,-C
remained rather constant, that for Pt/C fell sharply with time on
stream.

The external mass transfer limitation was examined by the
methanol conversion over the Pt/C catalysts, carried out at a
constant WHSV (24 h~!) with variable superficial mass flow
velocities, us, ranging from 2 to 40 g/(cm”h); where u; =
(mass flow rate, g/h)/(inside cross-section of the reactor, cm?)
(porosity of catalyst bed). The experimental results indicated
that methanol conversion increased with increasing superficial
velocity; the methanol conversions were 0.46, 0.76, 0.92, 0.94,
and 0.95 for superficial mass velocities of 4, 10, 20, 40, and
80 g/(cm? h), respectively. In addition, when the catalyst was
pulverized from 1.5 mm to about 0.1 mm, the conversion in-
creased from 0.92 to 0.96 for the superficial mass velocity of
20 g/(cm? h). These results suggested that the tests for compar-
ing the stability of the Pt/C and Pt/TiO,-C catalysts operated in
the regimes of combined chemical reaction and mass transfer
control.

Because the purpose of this paper is to investigate the role
of the grafted TiO, in improving the catalytic properties of
Pt/C catalysts, rigorous kinetic analysis was not attempted. As
shown below, an empirical power law rate equation and over-
all effectiveness factor are adequate to explain qualitatively that
the improvement in catalytic properties was attributable to the
use of grafted TiO; in this study.

For the Pt/C catalyst, at the start of runs, the methanol con-
versions were 0.76, 0.86, 0.92, and 0.95 for WHSYV of 48, 32,
24, and 16 h™!, respectively. These data could be roughly fit-
ted by first-order kinetics with an observed rate constant of
36 h™l. Thus, the reaction rate can be formulated as rops =
NokyCh = koCp, Where rqps is the observed reaction rate, k, is
the observed rate constant, k, is the intrinsic rate constant,
Cy, is the concentration of methanol, and 7, is the global effec-
tiveness factor. Because both internal and external mass resis-
tance are involved in the reaction system, overall mass transfer
resistance is formulated as 1/n, = ¢/tanh@ + ky/ke(V,/Sx)
and ¢ = R(kV/De)O'S, where k. is the external mass trans-
fer coefficient, V,, is the volume of a catalyst pellet, Sx is
the external surface area of a catalyst pellet, D, is the effec-
tive diffusivity, and R is the radius of a catalyst pellet [21].
In testing Pt/C and Pt/TiO,-C catalysts, the geometry of the
catalyst pellets and the operating conditions are the same for
these two catalysts, whereas the pore radius of Pt/TiO;,-C is
slightly smaller than that of Pt/C. Thus, the external mass trans-
fer coefficients for Pt/TiO,-C and Pt/C are the same, whereas
the D, for Pt/TiO;-C is slightly smaller than that of Pt/C. In
relating conversion to intrinsic rate constant, if the two cata-
lysts have the same intrinsic activity (ky), then the conversion
for the Pt/TiO;-C catalysts with smaller D, will be lower than
that for Pt/C. Because the Pt/TiO,-C catalysts presented higher
methanol conversion (Fig. 2), we can conclude that ky(pyTio,-C)
is greater than ky(pyc). Moreover, the activity improvement as-
sessed by use of kopyTio,-c)/kopyc)y Will be underestimated,
because kypyTio,-c)/ kv(pyc) is higher than kopyio,-c)/ ko(prc)
due to the lower effective diffusivity of Pt/TiO;-C, and also
because the masking of the reaction by diffusion and mass
transfer would make the difference in observed catalytic activ-
ity smaller.
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Fig. 4. Normalized Pt Lyj1 absorption data for fresh Pt/C catalyst (—), T130P5W6 (- - -), TI60P10W6 (- --), T180P20W6 (- - - -), and T220P40W6 (- -- - --).

3.2. Structural characterization of Pt/C before and after
reactions

A cubic spline background subtraction procedure was used
to extract EXAFS oscillations from the experimental X-ray ab-
sorption data [22-24]. The resulting spectrum was divided by
the edge jump step to obtain the final normalized EXAFS func-
tions (Fig. 3) and the normalized Pt Ly absorption data (Fig. 4).
For these raw EXAFS data, the signal-to-noise ratio was >30.
(The noise amplitude was determined at k & 14 A=, and the
signal amplitude was determined at k ~ 4 A=1))

Before the detailed EXAFS analysis, Fourier transforms
were done to investigate the mechanism of catalyst deactiva-

tion based on the changes in morphology of the Pt clusters.
A k3-weighted Pt—Pt phase and an amplitude-corrected Fourier-
transformed EXAFS function [23,24] over the range 4.0 < k <
14.0 A= for the fresh and used catalyst samples are shown in
Fig. 5. The results demonstrate that the peaks corresponding to
the first metal-metal shell (at about 2.8 A) and higher shells (at
about 3.9, 4.9, and 5.6 A) are at the same positions and con-
sistent with the nearest four neighbors in bulk face-centered
cubic (fcc) Pt. The amplitude of peak at R = 2.8 A for the
used catalyst samples, TI80P20W6 and T220P40W6, is larger
than that for the fresh catalyst sample. Because the amplitude
of the Fourier-transformed EXAFS function peaking at about
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2.8 A reflects the metal particle size [22,25,26], the results in-
dicate that Pt particles were agglomerated during the reaction
at temperatures above 160 °C. Furthermore, the Pt particle size
increased with elevating reaction temperatures. Because signifi-
cant catalyst deactivation was also observed at reaction temper-
atures above 160 °C, the results suggest that metal aggregation
is one factor in catalyst deactivation.

The X-ray absorption near-edge structure (XANES) results
suggest that Pt was partially oxidized and existed in a high oxi-
dation state. XANES intensity should decrease with increasing
Pt particle size, as shown by Bazin et al. [27]. In contrast to
this expectation, however, the experimental results showed that
the metal-aggregated samples (T180P20W6 and T220P40W6)
had a higher XANES intensity than the fresh catalyst (Figs. 4
and 5). These findings can be rationalized by the fact that the
higher the oxidation state of the metal, the greater the probabil-
ity of the transition and the higher the intensity of XANES [23].
Thus, we are tempted to conclude that Pt is partially oxidized
in the WAO reaction.

The formation of platinum oxides during the reaction was
further confirmed by detailed EXAFS analysis. A k>-weighted
Fourier transformation was performed on the EXAFS function
over the range 3.0 < k < 14.5 A~!. The major contributions
were isolated by inverse Fourier transformation of the data in
the range 1.15 < r < 3.25 A. At the beginning, the structural
parameters characteristic of the Pt—Pt contribution were roughly
determined by fitting the k3-weighted Fourier-isolated EXAFS
function in the range 6.0 < k < 14.0 A‘l, to deemphasize
the low-Z contribution, Pt—-O. An EXAFS function calculated
from these parameters was then subtracted from the raw data
(Fourier-isolated EXAFS function). The residual spectra were
expected to represent the contributions from platinum—support
interactions and/or platinum oxides. For the fresh Pt/C sam-
ple, the Pt—O phase-corrected Fourier transform of the residual

spectra displayed a peak at about 2.2 A (Fig. 6). The interaction
between metal and surface oxygen on many metal oxides, such
as MgO, Al,Os, and SiO», has been characterized with metal—
support oxygen distances of 2.1 £0.1 A (Pt-Oy) [28,29]. Based
on these results, we inferred the peak at about 2.2 A to be the
contribution from Pt—O and/or Pt-C interactions (where O is
the oxygen of carbon-containing functional groups and C is the
carbon atoms of activated carbon) [30]. In contrast, for the used
catalysts, a much shorter peak of about 2.05 A emerged after
Fourier transformation of the residual spectra (Fig. 6). The peak
is consistent with the Pt—O bond distance of PtO, [31], sug-
gesting that some of the Pt atoms were converted to platinum
oxides. The structural parameters of both Pt—Pt and Pt—O were
estimated by a nonlinear least squares multiple-shell fitting rou-
tine [22,32]; the results are given in Table 1. The decrease in av-
erage Pt—O bond distance combined with the increase in Pt—Pt
coordination number indicate the formation of platinum oxides
concomitant with the growth of Pt cluster at reaction tempera-
tures above 160 °C.

3.3. Mechanism of Pt growth

Characteristic FTIR peaks of phenolic OH, carboxylate,
ether, and epoxide appear in the range of 1000-1350 cm~ ! [33].
The peaks at about 1600 and 1700 cm™~! are attributed to C=0
and conjugated C=0 vibrations, respectively [33]. As shown in
Fig. 7a, the magnitude of the band in these regions underwent
no significant changes at reaction temperatures below 160 °C,
whereas it increased abruptly on further temperature elevations.
Comparing the spectrum for catalysts after the WAO reaction
run at 180°C with that run at 160 °C reveals an additional
peak at 3320 cm~! (Fig. 7b). According to Nakanishi [34],
this peak arises from an intermolecular hydrogen bond [33].
We thus suggest that partial oxidation occurs on the carbon
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surface at a reaction temperature of 180 °C. Increasing the reac-
tion temperature to 220 °C produced destruction of the catalyst.
Moreover, the IR peak at 1421 cm™! decreased sharply, the
peaks in the ranges of 1000-1350 cm~! and 2900-3500 cm ™!
broadened, and strong broad peaks with shoulders appeared at
1590 cm~! and 1400 cm™! (Figs. 7b and 7c). Because the char-
acteristic peak of carbonate species on metal oxides appears at
1300-1700 cm™!, whereas that of simple carbonate appears
at 1415 cm~! [35], we suggest that a part of activated car-
bon was concomitantly combusted with the total oxidation of
methanol. The broadened peaks at 1000—1350 cm~! and 2900
3500 cm™~! may have resulted from the interactions between
carbonate species and the functional groups on the carbon sur-
face.

The FTIR results not only confirmed that activated carbon
was oxidized concomitantly with the oxidation of methanol,
but also indicated that the oxidation reaction is very sensitive
to reaction temperature [14]. Combined with the growth of Pt
clusters indicated by EXAFS, this can lead us to speculate the
mechanism of Pt growth from the FTIR results. At a reaction
temperature of 180 °C, the oxygen-containing groups may at-
tract water molecules through H-bonding, which could reduce
the affinity between Pt clusters and activated carbon, leading to
migration of Pt clusters. Collisions between the mobile metal
clusters offer the opportunity for agglomeration of metal clus-
ters. At higher reaction temperatures, the mobility of Pt clus-
ters was enhanced by the reaction of oxygen with carbon to
form CO,, leading to an agglomeration of Pt clusters. The ad-
sorbed gases could lift the migrating Pt clusters, causing them
to float over the carbon surface. This mechanism was proposed
by Baker et al. [36], who found that Pd and Pt crystallites as
large as 100 nm migrated at high temperatures in the presence
of oxygen or hydrogen, leaving deep channels on the carbon
surface.

In a typical oxidation reaction, a significant amount of re-
action heat is generated. Notwithstanding the heat of reaction,
which can be removed rapidly by the trickle-bed reaction sys-
tem, the local heat generated from the exothermic reaction fa-
cilitates the inevitable catalytic combustion of activated carbon.
In the reaction system, the surface properties of the catalysts
will thus be altered by the oxidation of activated carbon itself,
leading to change in metal-support affinities and morphology
of Pt clusters.

3.4. Mechanism of Pt/C catalyst deactivation

It has been reported that oxidation of volatile organics cat-
alyzed by noble metals undergoes the dissociative adsorption
of oxygen first, followed by direct reaction of the dissociated
oxygen with the reactant [37]. The reduced metallic Pt clusters
are considered the active centers for catalytic oxidation [38].
As discussed above, Pt clusters grow under the WAO reaction
conditions, leading to decreased Pt surface area and active cen-
ters. Thus, we are tempted to conclude that the Pt migration and
Pt cluster growth are the main mechanisms of Pt/C catalyst de-
activation. However, the formation of platinum oxides during
the reactions, as evidenced by X-ray absorption spectroscopy,
suggests that the oxidation-reduction mechanism [2,39] cannot
be ruled out as a mechanism of Pt/C deactivation. The possible
steps of this mechanism are as follows: (1) Methanol adsorbs
on platinum and/or platinum oxides; (2) the adsorbed methanol
reduces platinum oxides to platinum concomitantly with the
formation of carbon dioxide and water; (3) platinum oxides are
formed by the reaction of adsorbed oxygen with platinum; and
(4) the adsorption strength of the adsorbed species may increase
with the formation of metal oxides, and the reaction rate may be
retarded by strong adsorption. Nikov and Paev have attributed
the deactivation of Pd/alumina catalysts for glucose WAO to
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Fig. 7. (a) FT-IR spectrum characterizing fresh and used Pt/C catalysts (from bottom to top: fresh catalyst, T130PSW6, T160P10W6, T180P20W6, and T220P40W6);
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the formation of PdO [40]. Our experimental results indicate
that the effects of metal-oxide formation on catalyst deactiva-
tion were less pronounced than those of metal aggregation. As
shown in Fig. 1 and Table 1, the deactivation rate for the reac-
tion carried out at 160 °C was much lower than that run at 180
and 220 °C, whereas the EXAFS characterizing the used cat-
alysts indicated that the used catalyst from the reaction run at
160 °C had the largest fraction of platinum oxide in the plat-
inum clusters.

Metal leaching has also been identified as a factor in cata-
lyst deactivation in WAO [2]. In the present study, the reaction

products were specifically analyzed for metal using inductively
coupled plasma—atomic emission spectroscopy. No platinum
leaching from catalyst was detected, suggesting that any cat-
alyst deactivation caused by metal leaching is insignificant.

3.5. Stable Pt/C for WAO and structural characterization of
Py/TiOz-C

Pt interacts with Ti, leading to changes in the morphology of
Pt clusters. As shown in Fig. 8, the amplitude of the major peak
(at about 2.8 A) for the Pt/TiO,-C sample is lower than that
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Table 1

Summary of EXAFS analysis results of Pt edge for Pt/C catalysts

Shell N2 R 1000 x Ac2¢  AEyd EXAFS
A) (Az) eV) reference

Fresh Pt/C CO/Pt =0.52

PO 0.7+£0.1 2.16+0.04 4+£2 —-3+4 Pt-O

Pt-Pt 6.4+0.5 2.75+0.01 5+1 —1.0£0.5 Pt-Pt

Variance:® k0-weighted = 0.2, k2-weighted = 0.2

T130P5W6

Pt-O 24401 2.03+£0.01 4+1 3+1 Pt-O

PPt 4.0+0.3 2.76 £0.01 3£1 —1.1£0.5 Pt—Pt

Variance: kO-weighted = 2.1, k?-weighted = 3.9

T160P10W6

Pt-O 3.5+0.1 2.03+£0.01 6+1 3+1 Pt-O

PPt 29403 2.76 £0.01 2+1 0.2+0.7 Pt—Pt

Variance: k0-weighted = 0.3, k?-weighted = 0.5

T180P20W6

Pt-O 2.6+0.1 2.06+£0.01 4+1 —2+1 Pt-O

PPt 6.0+0.3 2.77+0.01 3.0+03 —0.7£03  Pt-Pt

Variance: ko—weighted =1.8, k2-weighted =19

T220P40W6

P-O 09+0.1 2.10£0.01 1+1 —3+1 Pt-O

Pt-Pt 10.8+0.3  2.77+0.01 29+0.2 —1.9+02 Pt-Pt

Variance: ko-weighted =0.9, kz-weighted =15

T220P40W24

PO 05+£0.1 2.144+0.02 —1£2 —8+4 Pt-O

PPt 10.6+£04  2.77+0.01 3.5+03 —0.8+04  Pt-Pt

Variance: ko-weighted =138, kz-weighted =0.6

a
b R, the average absorber—backscattering distance.
C
d
€

AEj, the inner potential correction.

N, the coordination number for the absorber—backscattering pair.

A2, the difference in Debye—Waller factors between sample and standard.

Variance = 100 x (f(kn (Xmodel (k) — Xexp(k))z)/ f(kn (Xexp(k))z))-

for Pt/C, indicating that adding TiO; retarded the growth of Pt
clusters during catalyst preparation, and hence the Pt/TiO;-C
sample has higher initial activity. Furthermore, comparing the
higher shells of the fresh Pt/C and Pt/TiO,-C samples shows
that all of the peak positions differ, indicating that the grafted
TiO; alters the morphologies of the Pt clusters. The altered Pt
morphology and improved stability maintenance during the re-
action may be caused by the interactions between Pt clusters
and TiOy. Comparing the EXAFS spectra of Pt/TiO,-C and
TiO,-C at the Ti edge shows an additional peak appearing at
about 3.2 A in the presence of Pt (Fig. 9a). Based on the model
of the metal-support interaction in noble metal catalysts pro-
posed by Mojet et al. [41], the small metal particles are in
contact only with the oxide ions of the support. We suggest that
the peak results from the interactions between the Pt cluster and
the grafted TiO,.

Fourier transform of the EXAFS characterizing the TiO5-
C sample exhibited a major peak at about 1.8 A and a smaller
peak at about 2.6 A. Based on assignment of the EXAFS spectra
characterizing the structure of TiO; incorporated within porous
zeolite reported by Yamashita and Anpo [42], the major peak
can be assigned to the neighboring atoms of Ti (Ti—-O), and
the smaller peak to the neighboring Ti atoms (Ti-Ti). Detailed
EXAFS analysis showed that the TiO,-C sample has an aver-
age Ti—O bond distance of 1.91 A and an average coordination
number of 4.1, indicating that most of TiO; species is in a tetra-
hedral structurel, whereas the presence of Ti—Ti with an average
bond distance of 2.78 A and a coordination number of 4.4 sug-
gests formation of an aggregated TiO; species on the carbon
surface (Table 2a).

The local structure of TiO, was further characterized by
XANES at the Ti K edge. As shown in Fig. 9b, TiO,-C showed

120
110
100

Fourier Transform

R,0.1nm

Fig. 8. Comparison of the magnitude of Fourier transforms 3 -weighted, Ak =4.0-14.0 A~ L PPt phase and amplitude corrected) of raw EXAFS data at Pt Lyjy
edge between: fresh Pt/C catalyst (—), T220P40W24 (- -- - --), fresh Pt/TiO3-C (- - ), T220P40W24(Pt/TiO5-C) (- - - -), and T220P40W24(Pt/TiO;-C) after 300 °C

hydrogen reduction (- --).
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Fig. 9. (a) Comparison of the magnitude and imaginary of Fourier transforms (k3—weighted, Ak = 4.0-12.0 A~1) of raw EXAFS data at Ti K edge between:
TiO,-C support (- - -), fresh Pt/TiO,-C catalyst (—). (b) Comparison of Ti K edge spectra of anatase (—), TiO,-C support (- - -), fresh Pt/TiO,-C catalyst (- - -).

a clear pre-edge absorption peak at 4971 eV and two rather
small shoulders at 4968 and 4973 eV, respectively. These find-
ings differ from those for anatase, which showed three low-
intensity pre-edge peaks and one shoulder at the edge jump.
It is generally accepted that pre-edge spectrum at Ti K edge
reveals the symmetry of TiO, [43]. Octahedral symmetry of
Ti(IV)-A1g—T2g or Ajg—E, are symmetry (Laporte)-forbidden
and of lower intensity, whereas tetrahedral symmetry of the
A1-T» transition is allowed and intensive. Hence, combining
EXAFS and XANES results, we suggest that most aggregated
TiO, species are monolayer and have a tetrahedral coordina-
tion, whereas a small amount of TiO; is in a structure resem-
bling anatase with an octahedral coordination. Based on the
structure of TiO;, estimated by EXAFS, at least 1.8 g of TiO;

per gram of carbon is needed to completely cover the carbon
surface with a monolayer of TiO,, which is far more than that
used for the preparation of TiO;-C in this study.

Pt clusters were anchored on the polymeric TiO,, as evi-
denced by the Ti—Pt contributions. The EXAFS contribution
from the Pt-TiO, interaction was estimated by the difference
file technique [32]. The structural parameters of Ti—O and Ti-Ti
contributions were first estimated by calculating the EXAFS
functions that agree as closely as possible with the experimen-
tal EXAFS results of Pt/TiO;-C in » space ranging from 1.0
to 3.5 A. EXAFS functions of Ti-O and Ti-Ti were calcu-
lated from the estimated structural parameters, and the resid-
ual spectrum was expected to include the Ti—Pt contribution.
A symmetric peak appeared at about 3.2 A after Ti—Pt phase-



C.-C. Shih, J.-R. Chang / Journal of Catalysis 240 (2006) 137-150 147

1.0

0.5

0.0

Fourier Transform
)
7]

2.5 3.0

3.5 4.0 4.5
R, 0.1nm

Fig. 10. Illustration of the EXAFS contributions characterizing Pt-TiO, interactions for the Pt/TiO,-C catalyst: magnitude and imaginary part of Fourier transform

(k3—weighted, Ti—Pt phase corrected, Ak =4.0-12.0 Al ).

corrected Fourier transform was performed on the residual
spectrum (Fig. 10). For an X-Y absorber-backscattering pair,
peak, which has a positive imaginary part of the phase-corrected
EXAFS function, are due to neighbors of type Y [44]. These re-
sults confirm that Pt is the backscattering atom and indicate that
Pt clusters are anchored on the aggregated TiO».

Detailed EXAFS analysis at the Pt edge for Pt/TiO,-C
yielded findings similar to those for Pt/C except that the Pt-Ti
contribution was considered. Hence, after subtracting Pt-Pt
contributions from the raw data, the residual spectrum was ex-
pected to represent the interactions between Pt clusters and the
aggregated TiO; including Pt—Ogypport and Pt—Ti. The structural
parameters of Pt—Pt, Pt—O, and Pt-Ti were thus estimated by a
nonlinear least squares multiple-shell fitting routine; the results
are summarized in Table 2b.

3.6. EXAFS characterization of structural changes in fresh
and used Pt/C and Pt/TiO>-C catalysts

In the WAO aging test, the Pt clusters on the Pt/C were in-
duced to migrate and aggregate, leading to decreased catalytic
activity (Table 1, Fig. 1). Specifically, the average Pt—Pt bond
distance increased from 2.75 to 2.77 A, and the coordination
number increased from 6.4 to 10.8. In contrast, as shown in
Fig. 8, agglomeration of Pt clusters was less pronounced for the
Pt/TiO,-C sample after the WAO test reaction. Because the Pt
clusters on Pt/TiO,-C might be oxidized partially, estimating
the Pt cluster size of such a partially oxidized sample directly
based on the EXAFS results is rather difficult. Hence, the used
catalyst sample was reduced in flowing Hj at 300 °C, and the
structure was characterized by EXAFS. The Pt-Pt coordina-
tion number of 5.4 is only slightly larger than that of the fresh
Pt/TiO,-C catalyst, indicating that migration of Pt clusters dur-
ing the WAO reaction and reduction was greatly inhibited by
the use of TiO,-C supports.

Table 2

(a) Summary of EXAFS analysis results of Ti edge for TiO,-C support and
Pt/TiO;-C catalysts. (b) Summary of EXAFS analysis results of Pt edge for
Pt/TiO;-C catalysts

EXAFS
reference

Shell N2 RP 1000 x Ac2¢  AEy?
A) (A?) Q%)

(a)

TiO,-C

Ti-O 41404 1.91£0.01 442 08409 Ti-O
Ti-Ti 44409 2.78+0.02 944 542 Ti-Ti
Variance:® k-weighted = 0.4, k2-weighted = 0.6

PYTiO,-C
TiO 44404 1954001 4+2 1+1 Ti-O
Ti-Ti 4.1+1.0 2.77+0.02 5+4 —8+2 Ti-Ti
TiPt 05+02 3.23+0.04 342 342 TiPt

Variance: ko—weighted =04, kz—weighted =0.7

(W)
Fresh Pt/TiO,-C CO/Pt = 0.88
P-O 0.8+04 2.194+0.05 5+7 —13+4 Pt-O
Pt-Pt 43408 2.7240.02 5+2 —1+1 Pt-Pt
Pt-Ti 1.5+0.6 3.17+0.06 9+6 8+5 Pt-Ti
Variance: ko—weighted =0.5, kz—weighted =0.6

T220P40W24(Pt/TiO,-C)

P-O 12403 2.16%0.05 1£5 —12+4 Pt-O
PPt 3.7+£09 2.70+0.03 7+9 —2+3 Pt—Pt
Pt-Ti 1.0%+06 3.16%+0.05 —7+3 8+3 Pt-Ti

Variance: ko-weighted =07, k2-weighted =16

Hydrogen regenerated T220P40W24(Pt/TiO,-C) CO/Pt = 0.76

PO 054+03 2.18+0.04 —1+8 —14+8 Pt-O
Pt-Pt 54409 2.73+£0.02 2+3 5+£3 Pt-Pt
Pt-Ti 14406 3.28=+0.06 10£6 —4+4 Pt-Ti

Variance: ko—weighted =03, k2—weighted =0.5

4 N, the coordination number for the absorber—backscattering pair.

b R, the average absorber—backscattering distance.

¢ Ac?, the difference in Debye—Waller factors between sample and standard.
d AE, the inner potential correction.

¢ Variance = 100 x (f (k" (Xmodel (k) — Xexp(k))?)/ [ (K" (Xexp(K))?)).
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(d)

Fig. 11. TEM photographs of (a) fresh Pt/C; (b) T220P40W24; (c) fresh Pt/TiO,-C; (d) T220P40W24(Pt/TiO,-C).

3.7. Mechanisms of stabilization: Pt anchoring

The role of grafted TiO; in inhibiting Pt migration during
Hj reduction and WAO was further confirmed by TEM and
CO chemisorption. Pt clusters from different regions were mea-
sured; the TEM micrographs, representing the cluster size dis-
tribution, are shown in Fig. 11. For the Pt/C catalyst, the average
Pt cluster size increased from about 2 to 10 nm, whereas for
both the fresh and used Pt/TiO;,-C catalyst, the Pt clusters ap-
peared to be <1 nm. Because distinguishing the particle sizes of
Pt and TiO;, is difficult using TEM, Pt dispersion was further de-
termined using CO chemisorption. The results show that using
grafted TiO; increased Pt dispersion by 70% (Tables 1 and 2).
Pt/TiO2—Al, O3 catalyst was prepared and fully characterized
by Resende et al. [18], who reported that the dispersion of Pt
on TiO,-grafted Al,O3 support was higher than that on Al,O3
alone. Our TEM and CO chemisorption results are consistent
with those of Resende et al. [18]. Moreover, EXAFS results fur-

ther indicate that Pt clusters on TiO,-C were anchored on the
polymeric TiO; and exhibited much higher stability than those
on activated carbon. The catalytic performance results, com-
bined with structural information obtained from EXAFS and
TEM spectroscopy, provide a basis for the greatly improved
catalyst stability achieved by modifying the carbon supports
with grafted TiO,. Apparently, the grafted TiO; anchors Pt and
maintains it in small ensembles, thereby maintaining catalyst
activity.

It has been claimed in a patent that the CO tolerance and
stability of carbon-supported Pt or Pt—Ru catalyst used in fuel
cells can be increased by the addition of TiO; [45]. The reason
for this improved catalytic performance is unclear, although we
suspect that anchoring of Pt by grafted TiO, may play an im-
portant role. Moreover, it has been reported in the literature that
strong metal-support interactions induced by high-temperature
reduction may alter the phase of active sites, resulting in a
change in catalytic properties [46,47]. Hence, further studies on
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Fig. 12. FT-IR spectrum characterizing fresh and used Pt/TiO;-C catalysts: fresh catalyst (- - -), T220P40W24(Pt/TiO5-C) (—).

grafted TiO, and the effects of treatment temperature on strong
metal-support interactions could be interesting topics in fuel
cell research.

3.8. Other possible mechanisms

Because Pt clusters were anchored on the grafted TiO,, we
might expect that grafted TiO, acts as an insulator to mini-
mize the catalytic combustion of carbon by keeping Pt clusters
from direct contact with carbon support. However, as shown in
Fig. 12, the peaks characterizing oxygen-containing functional
groups on activated carbon increased after aging test reactions,
indicating that carbon is burned, contrary to our initial expec-
tation. Those results thus suggest that although this mechanism
might not be ruled out, anchoring of Pt on TiO, to maintain it in
small clusters during WAO is the main reason for the improved
catalyst stability.

4. Conclusion

Activated carbon-supported platinum catalysts, Pt/C, have
high activity and selectivity for WAO. However, its stability is
very sensitive to the reaction temperature. At a reaction tem-
perature of 180 °C or higher, the catalyst deactivated rapidly
immediately after the start of the run. Based on characteri-
zation of the fresh and used catalysts by FTIR, EXAFS, CO
chemisorption, and TEM, the rapid catalyst deactivation at high
temperatures was determined to result from Pt migration and
agglomeration, resulting from catalytic combustion of carbon
supports. From an industrial application standpoint, it is most
crucial to develop catalysts that maintain high activity for long-
term operation. Hence the performance of the Pt/C catalyst was
improved by grafting TiO, onto the carbon support. The TiO,
on the carbon was found to be an excellent anchor for the Pt. By
anchoring Pt on TiO», Pt clusters were kept small, and a high

level of catalyst activity was maintained during the extended
reaction period.
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