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Abstract

The temperature-programmed desorption (TPD) of methanol, a widely used solvent contributing to industrial VOC emissions, was
studied on two different series of Pt—-Sn@ catalysts that were prepared by coimpregnation and sequential impregnation with Sn
first. TPD results showed that methanol decomposed primarily to hydrogen and carbon monoxide. Hydrogen desorbed first, followed by
carbon monoxide at higher temperatures. Adding Sn to Pt shifted the desorption peaks of anth®O to higher temperatures. For the
coimpregnated Pt—Sn catalysts, the temperature difference betweendhd BO desorption peak maxima increased systematically with
increasing Sn content; for the sequentially impregnated catalysts, the temperature difference remained nearly constant. An exception was
the catalyst containing 5wt.% Sn, where the peaks shifted upward BYCL30 both catalyst series, the temperature difference between
the hydrogen and the carbon monoxide desorption peak maxima increased with increasing Sn content. This study has demonstrated tha
the adsorption/desorption behavior of methanol on platinum is strongly modified by the presence of tin.

The oxidation of methanol over the monometallic Pt and bimetallic Pt—=Sn on alumina support was studied in the temperature range
35-300°C and initial concentrations of methanol in the range 500—1200 ppm and excess oxygen{2Ihe@xperimental results showed
that the monometallic Pt catalyst were much more active than the bimetallic catalysts. The coimpregnated catalysts were more active than
the sequentially impregnated catalysts. Cihd methyl formate (CEDCHO) were the only carbon-containing products of methanol
oxidation. Methyl formate was the principle product at low temperatures, whilew@® the principle product at high temperatures. The
reaction order of methanol oxidation wa43+4-0.05. The apparent activation energy of the monometallic platinum catalystwas 14.4 kJ/mol.

For the coimpregnated catalysts, addition of tin increased the apparent activation energy while in the sequentially impregnated Pt—Sn the
apparent activation energy remained essentially constant over the range 0.6—1.5wt.% Sn, then shifted to 66.8 kJ/mol for 5wt.% Sn.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction a need for development of a catalyst that can oxidize VOCs
at lower temperatures. Research on heterogeneous catalytic
Emissions of volatile organic compounds (VOCs) are a oxidation of low concentrations of VOCs with air should
concern in solvent-intensive operations in many manufactur- focus on identifying active catalysts that yield environmen-
ing processes. Gaseous effluents and contaminated exhausally benign reaction products at lower temperatures, most
air containing VOCs enter the atmosphere, where they con-desirably HO and CQ. Heterogeneous catalytic oxidation
tribute to environmental pollution. Incineration is an energy of VOCs has been reviewed by Spivy]. The most com-
efficient method to destroy VOCs. This proceeds in the pres- mon catalysts used for VOC abatement are metals or metal
ence of a catalyst and excess oxygen at temperatures highexides such as Pt, Pd, Rh, andQé dispersed on high
than 700°C, depending on the nature of the VOCs. How- surface area supports such as@d, SiO;, TiO,, etc.[2-7].
ever, incineration is energy intensive and requires expensive Methanol has been used widely to represent VOCs in
materials to withstand corrosion and high temperatures. In oxidation studies because of its simple chemical structure.
order to reduce capital investments and fuel costs, there isMethanol oxidation yields various products, e.g., formalde-
hyde and C®, depending on the type of catalysts and
"+ Corresponding author. Tek+66-2-2184139; fax:+66-2-2154459, operating conditions. Davies and.Mario[ﬂ] studied the
E-mail addresses; sumaeth.c@chula.ac.th (S. Chavadej), temperature-programmed desorption (TPD) of methanol on
schwank@engin.umich.edu (J. Schwank). Cu(110) surfaces. They proposed that the reaction pathway
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was sensitive to the local structure of the methoxy/oxygen objective of this work was to investigate the oxidation of
adlayer. They also confirmed the presence of two states ofmethanol on two different series of Pt—-Sn/@®§ catalysts.
methoxy at the Cu(1 1 0)/O(a) surface and assigned them toAdding tin to platinum catalysts has been proven to be ben-
methoxy species with and without stabilization by surface eficial for activity maintenance in applications such as cat-
oxygen. Farneth et a[9] investigated the partial oxida- alytic reforming[16,17] One of the factors that affects the
tion of methanol over Mo@ Their values of the number interaction of tin and platinum is the preparation methods of
of active sites and of the Arrhenius parameters for the the catalysts. Thus, in this study, one series of catalysts was
rate-limiting C—H bond cleavage, determined by TPD un- prepared by coimpregnation and a second series was pre-
der high vacuum with simultaneous microbalance and masspared by sequential impregnation with Sn followed by Pt.
spectrometry detection, were used to predict heterogeneous

reaction rates that were in excellent agreement with the re-

action data. Yao et a[10] studied the kinetics of methanol 2 Experimental methods

oxidation over SiQ in the temperature range 400—-6@to

determine the oxidatic_)q pathw_ay qf methanol. They found 5 1 Catalyst preparation

that methanol was oxidized primarily to formaldehyde and
then CO. CQ was produced mainly from the oxidation
of intermediate species products from dehydrogenation of
formaldehyde on Si@

Fumed alumina (Degussa; BET surface are80 nt/g)
with a chlorine content of about 0.35wt.% was used as
the catalyst support. The primary alumina phase was the

Mefthanhol °X'd";‘]“°’.‘ 1S falso ut|I||zed to pro<_ju|ce |r(1jtermed|— hy-phase. Most commercial aluminas tend to give undesirable
ates for the synthesis of several commercial products SUChy, ot effects in high-resolution microscopy due to the

as formaldehyde, methyl formate and as an alternative hy- 44,5 overlaying crystalline planes of alumina. This partic-

drocarbo_n fuel. _C_henng] found that on Mo@, methanol ular Degussa support has been proved to be more conducive
was partially oxidized to formaldehyde because water and to characterization by electron microscopy as it can mini-

mgthapol blocked the catalytic adsorption sites for further mize the contrast effects that might obscure the observation
oxgja'uon. IR resultz ?howed that fc()jrmald_e hyd.e, methanol, of small metal particles. A comparison with Pt—Sn catalysts
and water competed for the same a sorptlo_n S|te§ ongioQ supported on high surface area, porgtelumina (BET sur-
Busca et al|12] conducted flow reactpr studies using F_T'IR face area= 250 nt/g) did not show significant differences
spectroscopy to reveal the mechanism ?f the selective ox-j, particle size distribution and elemental composition.
|dat|(_)n of_ methanol to formaldehyde, d|met_hoxym_ethane, The first series of Pt-Sn/AD; catalysts was prepared by
fprm_lc aC|d_, and methyl formate over _vanad|um_ox|de and coimpregnation with acetone solution ofPtChL (Aldrich)
“‘a”'.“T“ c_)X'de c_atalysts, prepargd by |mpregnat|on and co- and SnC} (Aldrich). The nominal platinum loading was
pr?g'p'ta.gon' N'W& andl Ig;rgtcf{&i%] Stut_dledhthe :ole' of maintained constant at 1 wt.% for all catalysts and the nom-
solid acids over Mo@ loaded on Sn@in the selective inal tin loading was varied from 0.1 to 1.0 wt.%. This coim-

oxidrz]ationl of me(tjhangl (;O formaldelzyde. 'Ir']hey fgupd thﬁt pregnated catalyst series has been the subject of extensive
methanol was adsorbed more wea y on t. € acid sites t ancharac’[erizatiorﬁlS—Zl} A second series was prepared by
on the exposed surface of Sp@esulting in the forma-

s : sequential impregnation with Sn first, followed by Pt, using
tion of formaldehyde. Elmi et af14] concluded that the the same precursors and solvent as described previously

ability of coprecipitated vanadium—titanium oxides to cat- [18]. For the sequentially impregnated series, the nominal

alyl/ze ;he .Or)]('dr?t'on.()f metha?(()jl_ to methri/llformate was co_rr-] platinum loading was kept constant at 1 wt.% and the nomi-
related with the existence of dioxymethylene species with . i loading was varied from 0.6 to 5wt.%. Following the

gn mterm_edlqte stab|l|tyd_notl_l;ognd in rea%tlon_s cat';alyzed impregnation step, the catalysts were dried at “D@nd
y pure fitania or vanadia. Hydrogen production by par- o, caicined in air at 500C for 2 h. Portions of these cal-

tial oxidation of mgthanol on Zr)O and Z;@upported Pd cined catalysts were reduced overnight in flowing hydrogen
catalysts was studied by Cubeiro and Fieit6]. The re- at 400°C. Neutron activation analysis was performed after
sults shoyved that the Pd catalysts can comp(_ate with thethe calcination and reduction steps to verify the actual metal
commercial low-temperature-methanol-synthesis Cat.e.llySts’compositions and to determine the chlorine content of the
Cu/ZnO(ARGs), when used under the specific conditions catalyst samples. The prepared catalysts were characterized

for tEe. par}ial gxidatioln .Of m%hgnol. ¢ , by hydrogen and oxygen chemisorption, XPS, HREM, and
Obviously, the catalytic oxidation of trace concentrations +pp 45 reported in a related stuphg].

of VOCs in air is more economical when the reaction is
carried out at lower temperatures. To do this, high activity,
high selectivity, low activation energies and high durabil- 2.2. TPD of methanol

ity of VOC oxidation catalysts are required. The present

study provides information about methanol oxidation on  The TPD experiments were conducted in two parts: first,
Pt and Pt-Sn catalysts to lead to a better understanding otthe quantitative determination of the amount of gas des-
the mechanistic aspects of VOC oxidation catalysis. The orption by thermal conductivity detection of effluent gas;
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second, mass spectrometric identification of the molecular split using a packless two-way valve (Nupro, SS-BNVCR4).

species contributing to each TPD peak. A small portion of the effluent was sent into a UHV system,
operating at a base pressur&0~° Torr, through a variable
2.2.1. Quantitative TPD experiments leak valve (Varian, 1000). Both valves were heated &t@0

A fresh catalyst sample of 50 mg was placed into a quartz to avoid condensation of methyl alcohol. A Micromass PC
tube reactor, which was externally heated by a tube furnace.Residual Gas Analyzer (RGA), from VG Quadrupoles, was
Prior to TPD, all samples were reduced for 2h at 400 used for analyzing the gases desorbing from the surface of
with a stream of ultra-high purity hydrogen at a flow rate of the catalysts. The RGA was placed in the ultra-high vac-
25 cn?/min. After completing the reduction step, the cata- uum system, which was pumped by a turbomolecular pump
lysts were cooled down to room temperature by introducing (Balzers, TPU 420). The pressure was detected by an ion-
a stream of ultra-high purity nitrogen. TPD was performed ization gauge tube (Varian). During TPD experiments, the
using a TPD/TPR unit (Micromeritics, 2900). The tempera- pressure in the UHV chamber was kept at 70 Torr.
tures of the thermal conductivity detector (TCD), valve and
injection loop were maintained at 100, 100, and®@5re- 2.3. Methanol oxidation experiments
spectively. Ultra-high purity nitrogen was selected as car-
rier gas at a 50 cAimin flow rate. The detector current was The oxidation of methanol was carried out in a Pyrex ver-
55mA. The experimental setup contained three gas lines.tical tube reactor. Catalyst powder (50-100 mg) was placed
The first line served as a pretreatment line, the second pro-between layers of glass wool. Prior to oxidation, the cata-
vided carrier and reference gases, while the third was usedlyst sample was pretreated in flowing hydrogen at 4D0
for carrying the solvent vapor to the injection loop. Once for 2h and purged in a helium stream at 4@for 30 min.
the adsorption step was complete, the temperature controllerThen the catalyst sample was cooled down to the desired
was set to ramp the furnace temperature up to°80at a reaction temperature, that was varied from room tempera-
linear ramp rate of 10C/min. As the temperature increased, ture to 100°C. Methanol was vaporized by passing helium
the surface species began to desorb and the signal of thehrough a bubbler containing liquid methanol &G The
desorbed species from the TCD was displayed as a func-methanol-laden helium was then mixed with the oxygen and
tion of temperature. Typically, the TPD/TPR data are repre- the second helium lines to give gas mixtures having 1200,
sented as peaks in signal vs. time plots and temperature vs1000, 770, and 500 ppm of methanol with 21% @nd
time plots. The location of peaks on the temperature axis de-balance with He. The flow rates of gases were controlled
picts the strength of adsorption. For simple adsorbates thatby mass flow controllers (Sierra series 840 Side-Trak). The
do not undergo decomposition during TPD, the number of feed mixture gas was passed upward through the reactor.
peaks can indicate the number of energetically distinct sur- The total flow rate through the reactor was 26F4mnin
face sites. The area under each peak represents the quantityiving a space velocity of 20,000h. The catalytic reaction
of adsorbed species on a given type of surface site. The adwas performed using a continuous flow method at atmo-
sorbate used in this study, however, is likely to undergo de- spheric pressure. The compositions of the feed gas and the
composition at elevated temperatures, and this can lead tooutlet gas were principally analyzed by a gas chromatograph

additional peaks in the TPD spectrum. (Perkin-Elmer, Autosystem XL) equipped with a flame
ionization detector (FID) and a Carbopack B/3% SP-1500
2.2.2. Qualitative TPD experiments column, and with a TCD with a 60/80 Carboxen-1000 col-

These experiments were performed on 100-250 mg of cat-umn. The temperatures of the FID and TCD were 120 and
alyst. The catalyst was placed ina 1.2 cm o.d. tubular quartz200°C, respectively. The gas chromatographic separations
reactor. Prior to TPD, the catalyst sample was again reducedwere carried out isothermally at 6C.
at 400°C for 2 h in flowing purified hydrogen. After reduc-
tion, the catalyst was flushed with ultra-high purity helium at
400°C for 30 min and then cooled down to room temperature 3. Results and discussion
(25°C) in a flow of helium. After that, 20 cAimin of he-
lium was switched and sent to a Pyrex glass saturator, which Table 1shows the actual loadings of Pt and Sn as well
contained methyl alcohol at room temperature. The helium as chlorine content of two series of Pt—Sn catalysts in the
stream containing methyl alcohol vapor then passed throughstudy. The TPD profiles of methanol on the monometallic
the catalyst bed for 30 min. The catalyst bed was purged with Pt/Al,O3 and the coimpregnated Pt—Sng@®% catalyst series
pure helium until there was no longer any trace of methyl are shown inFig. 1L The TPD profiles for the sequentially
alcohol observed by mass spectrometry. Then the reactorimpregnated catalysts are summarizedrig. 2
was heated with a linear temperature rise of@Mmin to Blank experiments were carried out using the,@d
600°C in a He flow of 100 crmin. The temperature of the  support alone, which had been subjected to the same pre-
furnace was controlled by an OMEGA CN8500 controller treatment as the experimental catalysts. After exposing the
and recorded using a computer data acquisition system withblank Al,O3 to methanol at 25C, no desorption peak fea-
LabVIEW software. The effluent gas from the reactor was ture was observed over the entire temperature range up to



164

Table 1

P. Chantaravitoon et al./Chemical Engineering Journal 97 (2004) 161-171

adsorption of hydrogen and small amount of oxygen ad-

The metal loading of series of Pt—Sn catalysts as determined by ”e“tm”sorption (0.026 CI%ISTP/g cat.). This is in marked contrast

activation analysis

Catalyst (nominal, wt.%) Impregnation Component (wt.%)
method Pt sn
1.0 Pt/ALO3 0.99 0 0.72
1.0 Pt—0.1 Sn/AlO3 Coimpregnation 0.96 0.14 0.97
1.0 Pt-0.5 Sn/AlO3 Coimpregnation 1.00 0.53 1.00
1.0 Pt—1.0 Sn/AlO3 Coimpregnation 0.89 0.99 0.97
1.0 Pt-0.6 Sn/AlOs Sequential 1.04 0.85 1.09
1.0 Pt—0.9 Sn/AlO3 Sequential 1.03 0.96 1.05
1.0 Pt=1.5 Sn/AlO3 Sequential 1.03 1.52 1.24
1.0 Pt-5.0 Sn/AlO3 Sequential 1.12 4.18 1.01
1%PYAI203
_ / 1%Pt-0.1%Sn/AI203
P 19%Pt-0.5%Sn/Al203
'% / 1%Pt-1%Sn/Al203
a
o
0 200 400 600 800
Temperature (°C)

Fig. 1. TPD profiles of coimpregnated Pt—Sn catalyst series.

to the observations made by Cordi and Falcd@ej, who
found substantial activity of blank alumina for decompo-
sition and dehydration of methanol. They reported that a
small amount of methanol desorbed over a broad tempera-
ture range, while most of the methanol decomposed during
TPD between 330 and 63C, giving primarily CO and H,
with CO, as a minor reaction product. In addition, less than
40% of the methanol dehydrated, giving dimethyl ether be-
tween 270 and 620C. They carried out their experiments
on Kaiser A-201 A$O3, which had been pretreated inp O
at 600°C to dehydrate it before each experiment. Kaiser
Al,0O3 has a pore volume of 0.46 &g, an average pore
radius of 41 A, and a surface area of 200g[22]. Our
investigation was carried out on non-porous fumed alumina
(Degussa) which has a surface area of 8fiyand is mainly
in the gamma phase with some in thghase. The chlorine
content of the alumina is less than 0.5wt.%. Furthermore,
the catalysts used in this study were pretreated withat
400°C, followed by cooling in nitrogen. Thus, the resulting
alumina surface was not dehydrated.

As seenirFigs. 1 and 2the TPD profiles detected by TCD
on all Pt—Sn catalyst samples had only one major peak. For
the coimpregnated catalyst series, the maximum temperature
peak increased with increasing tin content from 22Cor
the monometallic Ptto 27%C for the sample with 1 wt.% Sn.
This indicates that the bond strength between the adsorbed
species and the Pt sites is the weakest for the monometallic
1.0wt.% Pt/AbO3 and increases with addition of tin. For
the sequentially impregnated catalyst series, the maximum
temperature peak shifted significantly from 230 to 280
when tin was added, but did not change much with further

700°C, suggesting that the support did not adsorb methanolincrease of the tin content from 0.6 to 1.5wt.%. However
to any significant extent. Moreover, the hydrogen and oxy- at a tin content of 5wt.%, the maximum peak temperature
gen adsorption behavior of 2wt.% Snj@lz also did in the

previous work[18]. The results showed that there was no

TCDsignal

1%Pt/AI203
1%Pt-0.6%Sn/AI203
1%Pt-0.9%Sn/AI203
1%Pt-1.5%Sn/AI203
1%Pt-5%Sn/Al203

400
Temperature (°C)

800

increased dramatically to 37€.

The major products identified by mass spectrometry in
the TPD of methanol were hydrogen, and carbon monox-
ide. Only a small amount of weakly adsorbed methanol was
found to desorb intact at the beginning of temperature ramp-
ing, along with small amounts of formaldehyde and water.
The results indicate that the dehydrogenation of methanol
on Pt sites appears to be the dominant pathway of methanol
decomposition.

The peak maximum temperatures of hydrogen and car-
bon monoxide on the two series of catalysts are presented in
Figs. 3 and 4For all catalysts, the peaks observed by mass
spectrometry were in agreement with the TPD spectra ob-
tained by TCD. From the mass spectra, the®D peak area
ratios of the monometallic catalysts were consistently larger
than 1.5, and for most of the bimetallic catalysts, the ratio
exceeded a value of 2. This indicates that carbon monoxide
is more strongly bonded on the surface of the bimetallic
catalysts than on the monometallic platinum catalysts. This

Fig. 2. TPD profiles of sequential impregnated Pt-Sn catalyst series (with CONclusion is consistent with the significant differences

Sn first).

seen in the desorption peak maxima for the hydrogen and
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Fig. 3. The maximum peak temperature from TCD and MS versus Sn/Pt
atomic ratio for coimpregnated Pt—Sn catalysts.

carbon monoxide peaks, as shown in Figs. 5 and 6. Af-
ter the decomposition of methanol on the catalyst surface,
hydrogen is released before the release of carbon monox-
ide, indicating that carbon monoxide is adsorbed more
strongly than hydrogen. Moreover, the difference between
the hydrogen and carbon monoxide peak maxima tempera-
ture increased with increasing tin content in both series of
catalysts. It appears that the presence of tin enhances the
differences in adsorption strength of hydrogen and carbon
monoxide.

In a previous chemisorption study [18], it was found
that CO adsorption on monometalic Sn/Al,O3 catalysts
was completely reversible, with 100% of the adsorbed CO
weakly held and removabl e by evacuation. On monometallic
Pt/Al>0O3, on the other hand, 32% of the adsorbed CO was
weakly held. One would expect that adding Sn to Pt would

9
T
5
®
(o}
o
g 150 -
|_
100 1 —e—TCD
50 4 —=— MS(Hydrogen)
—a&— MS(CO)

0 T T T T T T
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

Sn/Pt (atomicratio, overall)

Fig. 4. The maximum peak temperature from TCD and MS versus Sn/Pt
atomic ratio for sequentially impregnated Pt—Sn catalysts.
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Fig. 5. The difference of hydrogen and carbon monoxide maximum
peak temperatures versus Sn/Pt atomic ratio for coimpregnated Pt—Sn
catalysts.

lead to a percentage of weakly held CO somewhere between
32 and 100. However, this was not the case in the present
experiments. Adding Sn to Pt actually decreased the amount
of weakly held CO to 16-17%. From the earlier chemisorp-
tion results [18], it appears that Pt particles in contact with
tin—aluminate complexes exhibit a stronger CO bonding than
that of CO on Pt/Al»,0O3. This trend towards a stronger CO
bonding on Pt—Sn/Al,O3 catalysts with increasing tin con-
tent also manifests itself in the shift of the methanol decom-
position to H> and CO to higher temperatures.

The bimetallic catalysts are predominantly made up of
platinum particles|ocated in tin containing regions. On these
bimetallic catalysts, methanol decomposition, as evidenced
by the evolution of hydrogen and CO, requires higher

50

40 -

30

20

10 4

Temperaturedifference (°C)

0.00 2.00 4.00 6.00 8.00
Sn/Pt (atomicr atio)
Fig. 6. The difference of hydrogen and carbon monoxide maximum peak

temperatures versus Sn/Pt atomic ratio for sequential impregnated Pt—Sn
catalysts.
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Monometallic Pt/Al,O5

Coimpregnated bimetallic Pt-Sn

Sequentially impregnated bimetallic Pt-Sn

® p

@ tin-aluminate complex

PtSn alloy

Fig. 7. The schematic describing the microstructural properties of studied catalysts.

temperatures as compared to monometallic platinum cata-
lysts. Furthermore, the increased concentration of ionic tin
species as a function of tin loading causes the desorption
peak for CO to shift progressively to higher temperatures,
thus increasing the temperature gap between Hy and CO
desorption. This could mean that CO interacts more strongly
with the interface where platinum particles are in direct con-
tact with ionic tin species or tin-aluminates. There is a pos-
sibility of a tin-alumina adsorption of methanol molecules
by the C-O bond of methanol may interact with SnO and
C—H bond of methanol contact on Pt crystallites. Therefore,
catalysts may be located at the interface between SnO and
Pt crystallites. Based on the present TPD results and by
comparing with the previous characterization of catalysts
by chemisorption, high-resolution electron microscopy, and
X-ray energy dispersive spectroscopy [18-21], a schematic
describing the microstructure properties of the studied cat-
alysts is sketched in Fig. 7. The monometallic Pt/Al>O3
catalyst structure is quite straightforward as the metal par-
ticles are highly dispersed and the particle size is mostly
smaller than 10A with some proportion of the particles in
the range of 10-20A. The structures of the coimpregnated
bimetalic catalysts and of the sequentialy impregnated
bimetallic catalysts are more complex in terms of parti-
cle size distribution, structure and composition. The size
distribution for the coimpregnated bimetallic catalysts in-
dicates that the largest proportion of particles are smaller
than 10A. These consist of either elemental platinum alone
or both platinum and tin. None of the particles anayzed
were comprised of solely tin. There was no evidence of
alloy formation or zero valent tin in catalysts except in the
high loading of tin catalysts (1wt.% Pt—1wt.% Sn/Al>03).
Most of the platinum particles are associated with tin, so
it can be postulated that tin exists in an alumina stabilized

ionic state and that the platinum particles are located within
or near it. For the sequentialy impregnated catalysts, a
certain proportion of the metal particles were somewhat
larger and there was evidence of the formation of Pt-Sn
aloy.

The conversion of methanol was immeasurable in the
empty reactor in the studied temperature range (room tem-
perature to 200°C). For each run, it took about 15h for
the system to reach steady state. Fig. 8 shows steady-state
methanol conversion as a function of temperature for the
monometallic Pt and bimetallic Pt—Sn catalysts prepared by
the coimpregnation method. The monometallic platinum cat-
alyst was found extremely active. Significant conversion of
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X 20+ — W 19%Pt-0.1%SAI203
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Fig. 8. Effect of temperature on methanol conversion for coimpregnated
catalysts series. The feed contained 1200 ppm of methanol and 21% O
in helium carrier a a volumetric space velocity of 20,000h—1.
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methanol was observed at room temperature for al catalysts
and complete conversion was achieved at 100°C for the
1wt.% Pt/Al>O3 catalyst. The coimpregnated catalysts were
also very active and reached 100% methanol conversion
near 100°C, except for the 1 wt.% Pt—1wt.% Sn/Al,O3 cat-
alyst, which required 150 °C to achieve 100% methanol con-
version. For any given methanol conversion, the reaction
temperature was increased with increasing tin content. The
reaction results agree very well with the hydrogen and oxy-
gen chemisorption data on monometallic and the bimetallic
Pt—Sn catalysts prepared by coimpregnation and sequential
impregnation with Sn first [19]. According to the hydrogen
chemisorption results, the 1 wt.% Pt—0.1 wt.% Sn/Al>Os3 has
better Pt dispersion than the monometallic Pt catalyst. The
Pt dispersion decreases with increasing tin loading in the
bimetallic Pt—Sn catalysts. For the methanol oxidation reac-
tion, the monometallic Pt catalyst was the most active and
the overall conversion shifted to higher temperature with in-
creasing tin content. The increased reaction temperature of
bimetallic Pt—Sn may not be attributed simply to a disper-
sion effect. The oxygen chemisorption results indicated that
increasing Sn content of the Pt catalyst increases the oxy-
gen uptake. Thus, the enhanced oxygen uptake can be at-
tributed to adsorption of oxygen on Sn surface atoms. But
an increasing amount of oxidized tin does not seem to favor
the conversion of methanol. Tin oxide may block Pt sites re-
sponsible for methanol oxidation. The results of the present
study are in good agreement with the study of Haner and
Ross [23], who found that in electrochemical oxidation of
methanol, aloy surfaces of Pt—Sn exhibited lower catalytic
activity than pure platinum surfaces.

The results of methanol oxidation over the sequentially
impregnated catalysts are markedly different from those
over the coimpregnated catalysts as shown in Fig. 9. For a
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Fig. 9. Effect of temperature on methanol conversion for sequentialy
impregnated catalysts series. The feed contained 1200 ppm of methanol
and 21% O, in helium carrier a a volumetric space velocity of
20,000h—1.

temperature up to 100°C, the activity was very low with
conversions of less than 20% for all Pt—Sn catalysts. At
higher temperatures, the activity increased steeply reach-
ing 80-90% conversion at 200°C. It was aso found that
for any given reaction temperature, the methanol conver-
sion dropped markedly in the presence of tin as compared
to the monometallic Pt catalyst. For the bimetallic Pt—Sn
catalysts, an increased Sn content dlightly decreased the
methanol conversion. As stated previously, the TPD re-
sults on the sequentially impregnated catalysts showed a
significant shift to higher desorption temperatures for CO
and Hy formed during thermal decomposition of methanol
compared to both monometallic Pt and the coimpregnated
catalysts. This suggests that Pt particles deposited on Sn
tend to adsorb methanol more strongly than Pt in the coim-
pregnated catalysts. Thus, it is not surprising to see much
lower oxidation activities of the sequentially impregnated
catalysts as compared to the coimpregnated catalysts. It is
noteworthy that there was good correlation between the
maximum desorption peak temperature of methanol and
the methanol oxidation temperature in both of the catalyst
series tested. Moreover, CO, and methyl formate were the
only carbon-containing products of methanol oxidation over
the monometallic Pt catalyst, as shown in Fig. 10. Methyl
formate was the principle product at low temperatures, but
its content decreased sharply with increasing temperature,
with concomitant increase in the production of CO», which
became the principle product at high temperatures. The two
proposed main reactions of methanol oxidation over the
monometallic Pt and bimetallic Pt—Sn catalysts are shown
below:

Pt and Pt—Sn catalyst
%

2CH30H + O2 CH30CHO + 2H,0
low temperature
Ptand Pt—Sn catalyst
2CH30H + 30, — 2C0O; + 4H20
high temperature
100
8
) —*— CH30Hconv
< 87 —+— CH30CHO
"§ —&— CO2
£ 60
%
£
8 40+ 0.1g of catalyst
_— Feed gas composition
g 1200 ppm methanol
< 21% O,
% 20 Hebalance
g Space velocity 20000 h™!
R
0 T T t t
0 50 100 150 200 250

Temperature (°C)

Fig. 10. Percentage of methanol conversion and selectivity of carbon-
containing products as a function of temperature over the monometallic
Pt catalyst.
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]
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Temperature (°C)

Fig. 11. Percentage of methanol conversion and selectivity of carbon-
containing products as a function of temperature over 1wt.% Pt-0.1wt.%
Sn/Al;O3 catalyst.

These results are in good agreement with the previous
work reported by McCabe and Mitchell [24] who studied
methanol oxidation over alumina-supported catalysts con-
taining highly dispersed Rh, Pd, Pt, Ag or Cu-Cr. They aso
found that methyl formate, CO, and HoCO were the only
carbon-containing products of methanol oxidation over the
Pt catalyst. Furthermore, methanol oxidation over the Pd
catalyst was similar to that over the Pt catalyst, but there
was more H>CO formed over Pd than over Pt. The Rh cata-
lyst was much less active than Pt and Pd and dimethy! ether
and H,CO were the principle partial oxidation products
over the Rh catalyst.

For the coimpregnated catalysts, the reaction products
are similar to those using the monometallic Pt catalyst
(Figs. 11-13). Similarly, methyl formate was the principle
product in the low-temperature range, but decreased dramat-
ically with increasing reaction temperature. CO, became
dominant at high temperatures. Addition of tin decreased
the amount of methyl formate.

As shown in Figs. 14 and 15 and Table 2, the reaction
order calculated from the experimental data with respect to
the rate of methanol oxidation over both the monometallic
and bimetallic Pt—Sn catalysts is 1.15 4 0.05, which isin
good agreement with the reported value of a first-order
reaction for methanol oxidation [22]. Arrhenius plots were
established to calculate the activation energy for methanol
oxidation (Figs. 16 and 17). As shown in Table 2, the
apparent activation energy increases significantly with in-
creasing tin content for the coimpregnated catalysts. For the
sequentially impregnated catalysts, the apparent activation
energy was almost unchanged with tin contents in the range
of 0.6-1.5wt.%, but it shifted to 66.8kJmol for 1wt.%
Pt-5wt.% Sn/Al,O3 catalyst. For both catalysts series, the
trend toward higher desorption temperature for CO with

100

—»— CH30H conv
80 4/ —e— CH30CHO
—a— CO2

60

40 0.1g of catalyst

Feed gas composition
1200 ppmmethanol
21% O,
He balance

Space velocity 20000 h™!

20

% methanol Conv & Product yields

0 T T T *
0 50 100 150 200 250
Temperature (°C)

Fig. 12. Percentage of methanol conversion and selectivity of carbon-
containing products as a function of temperature over 1wt.% Pt—0.5wt.%
Sn/Al;O3 catalyst.

increasing tin content indicates that the presence of tin can
decrease methanol oxidation activity. The effect of tin is
more pronounced in the sequentially impregnated catalysts
since Pt is deposited on top of oxidized Sn. The nature of
the microstructures formed during sequential impregnation
was hot investigated. It does appear that the sequentially
impregnated catalysts have lower platinum dispersion com-
pared to the coimpregnated catalysts. Based on the result
from the coimpregnated series, it is not likely that the
observed trends in CO bond strength and in methanol oxi-
dation activity can be attributed simply to the Pt dispersion
effects. Based on the evidence of the microstructures of
the studied catalysts, it can be concluded that the strength
of the CO bonds on the surface is significantly increased

100

§ —%— CH30H conv
)
r 80 - —e— CH30CHO
3 ——CO02
=
£
A& 60 -
]
z
8 40 0.1g of catalyst
— Feed gas composition
g 1200 ppm methanol
5 21% O,
ﬁ 20 4 He balance
c\é Space velocity 20000 h™'
5§

0 T T + *

0 50 100 150 200 250

Temperature (°C)

Fig. 13. Percentage of methanol conversion and selectivity of carbon-
containing products as a function of temperature over 1wt.% Pt-1wt.%
Sn/Al;O3 catalyst.
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Fig. 14. Relation between rate of reaction and initial methanol concentration for coimpregnated catalysts series.
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Fig. 15. Relation between rate of reaction and initial methanol concentration for sequentially impregnated catalysts series.
Table 2
Calculated values of reaction orders and activation energies
Catalyst (wt.%) Impregnation method Reaction order Ea (kJmol)
0.99 P/Al,O3 — 112 25.9
0.96 Pt-0.14 Sn/Al,03 Coimpregnation 1.12 38.9
1.00 Pt-0.53 Sn/Al,0O3 Coimpregnation 1.13 41.8
0.89 Pt—0.99Sn/Al,03 Coimpregnation 1.16 48.7
1.04 Pt-0.85 Sn/Al»,03 Sequential 115 54.5
1.03 Pt-0.96 Sn/Al;03 Sequential 1.16 55.1
1.03 Pt—1.52 Sn/Al»03 Sequential 113 54.9
1.12 Pt-4.18 Sn/Al;03 Sequential 117 66.8
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Fig. 16. Arrhenius plot for coimpregnated catalysts series.
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Fig. 17. Arrhenius plot for sequentially impregnated catalysts series.

by the interaction between Pt and Sn. Consequently, the
reactivity of these catalystsfor oxidation of methanol, which
might involve adsorbed CO intermediates, is significantly
decreased.

The results of deactivation study (Fig. 18) showed a
small drop in the activity of the monometallic Pt cat-
ayst, but less drop in the activity was found over the
0.96wt.% Pt-0.14wt.% Sn/Al,O3 catayst. The activity

decreased considerably when the tin loading was further
increased. The 0.96wt.% Pt-0.14wt.% Sn/Al,O3 cata-
lyst did not show any signs of deactivation over 2 days,
while 0.99wt.% Pt/Al,03 catalyst lost about 2% activ-
ity per day. Extrapolation of these results indicates that
the 0.99wt.% Pt/Al,O3 catalyst would lose its activity
completely after 39 days on stream. However, the results
indicate that the activity of platinum catalysts can be
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Fig. 18. The long-running experiment for observing the deactivation of the coimpregnated catalysts series.

maintained by the addition of an appropriate amount of
tin.

4. Conclusions

From the TPD results of methanol oxidation on the
bimetallic Pt—-Sn/Al,O3 catalysts, methanol decomposes
primarily into hydrogen and carbon monoxide. Hydrogen
desorbs first followed by desorption of carbon monoxide at
higher temperatures. In the coimpregnated catalyst series,
the desorption pesks of both H, and CO were found to
gradualy shift to higher temperatures with increasing Sn
content. In the sequentially impregnated catalyst series, the
same results were observed for all Sn containing samples,
except for the catalyst containing 5wt.% Sn, where the shift
was significantly larger than for all other samples. The tem-
perature difference between the H, and CO desorption peak
maxima increased significantly with increasing Sn content
in both catalyst series. This study has demonstrated that
the adsorption and decomposition behavior of methanol on
platinum is strongly modified by the presence of tin. Therel-
ative distribution of Sn to particles of different size and na-
ture, such as alloy particles or partially oxidized Sn species
interacting with the alumina support, influences the strength
of adsorption of both Ho and CO. This has been shown by
a schematic describing the microstructure of catalysts.

The aumina-supported monometallic Pt catalyst was
found to be the most active methanol oxidation catalyst.
The trend in oxidation temperature was similar to the max-
imum peak temperature as seen from the TPD results. The
main carbon-containing products of methanol oxidation
over the alumina-supported monometallic Pt and bimetallic
Pt—Sn catalysts were found to be CO, and methyl formate
(CH30CHO). A small amount of tin can counteract the
deactivation of platinum catalyst.
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