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Abstract

The oxidation of ethylacetate present in trace amounts in air has been investigated over supported Pt catalysts. Steady-state
kinetic experiments have shown that Pt dispersed 6h-dbped TiQis the most active catalyst. Acetic acid and acetaldehyde
are the main byproducts atlow and intermediate conversions. Temperature-programmed desorption (TPD) and oxidation (TPO)
of labelled ethylacetate!YCHs'3COOCH,CHs), as well as differential scanning calorimetry (DSC) of ethylacetate, ammonia
and carbon dioxide have been employed to obtain information on the surface processes taking place under heating in inert or
oxidizing atmosphere and on the acidic/basic character of the surface of the supports. The high activity of ta¢WETO
catalyst under steady-state conditions is attributed to the presence of a large number of acidic sites with appropriate strength
on the TiQ (W8+) surface, which lead to the formation of a large pool of reactive intermediates with high mobility. ©1999
Elsevier Science B.V. All rights reserved.
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1. Introduction of strict standards on VOC emissions from stationary
sources. More active catalysts will also permit op-
eration of the incinerator at lower temperatures and,
thus, help in reducing fuel consumption and operating
costs.

Recent work from this laboratory has shown that Pt
and Pd are generally the most active metals in the ox-
idation of a variety of VOCs [6] and, moreover, the
activity of Pt and Pd catalysts in the oxidation of spe-

cific VOCs, such as ethylacetate (EAc), can be signif-

Catalytic oxidation of volatile organic compounds
(VOC) present in low concentrations in industrial
waste streams is an important technique for control
of VOC emissions [1-4]. A review on the field of re-
moval of non-chlorinated VOCs can be found in Ref.
[1]. Pt and Pd are the most efficient among metal cat-
alysts in the oxidation of a variety of VOCs [1,5,6].
Because of this, the majority of commercial VOC

oxidation catalysts consist of either Pt or Pd or both
supported on alumina carriers in pellet or ceramic
monolith forms [1,5]. Development of improved cat-

alysts for VOC removal is necessary for satisfaction
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icantly increased when these metals are supported on
TiO, doped with W cations [7,8]. The observed ac-
tivity enhancement was attributed to the high activity
of the TiO,» (W8+) support for decomposition of EAc.
Steady-state kinetic measurements showed that EAc
decomposes initially to ethanol, acetaldehyde, ethy-
lene and acetic acid on the support and these organic
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intermediates are subsequently oxidized on the metal high temperature calcination of TOWOz mix-
surface. tures. Calcination transforms T3Qo the rutile phase

In the present work, the interaction of EAc with and the surface area drops 4dl0n?/g. A detailed
v-Al203, TiO, and TiO, (W8t) carriers and the corre-  description of the preparation method is given in
sponding supported Pt catalysts has been investigatedRef. [7]. Alumina, silica and titania carriers were
with temperature-programmed desorption (TPD) and calcined at 608C for 5h, prior testing or impreg-
oxidation (TPO) techniques and differential scanning nation with Pt. Corresponding Pt catalysts contained
calorimetry (DSC), employing3C-labelled ethylac- 0.3wt.% Pt and were prepared by impregnation
etate, 13CH33COOCHCHs. The specific isotope  of the supports with KPtCk aqueous solutions.
of EAc contains'3C in the acetate group and, thus, Chloride-free catalysts were prepared usingPH
makes possible the identification of the different reac- (OH)s as precursor compound. Details of catalyst
tion pathways of the acetate and ethoxide fragments preparation can be found elsewhere [6,7]. EAc la-
of the parent molecule. TPD and TPO are useful and belled with 13C, 13CH3COOGHs, was obtained
widely used techniques, because they can provide in-from Sigma—Aldrich and was of 99% isotopic pu-
formation on the processes of adsorption and surfacerity. Anhydrous ethanol and acetic acid were used as
reaction of a variety of adsorbates. DSC has been usedreceived.
in order to measure the heat of adsorption of EAc  The dispersion of the Pt metal was determined by
on the supports and catalysts employed. In addition, equilibrium hydrogen chemisorption at room temper-
DSC has been used to characterize the acidic/basicature in a constant-volume high-vacuum apparatus
nature of the surface of the supports, using ammonia (Micromeritics, Accusorb 2100E). Dispersion was
and carbon dioxide. Ammonia and carbon dioxide expressed as the H/Pt ratio at monolayer coverage
are typical probe molecules for the estimation of the obtained by extrapolation of the linear portions of the
number and strength of acidic and basic sites on a adsorption isotherms to zero pressure. Details of the

catalyst surface [10]. experimental procedure are given elsewhere [6].
This study has been triggered by the aforementioned TPD and TPO experiments were conducted in a
results regarding the behavior of Pt/BQW®) cat- home-built flow system connected to a quadrupole

alysts in EAc oxidation and aims at obtaining fun- mass spectrometer (Sensorlab 200D). The TPD cell
damental information on surface processes. To our was a quartz tube of 6 mm OD, enlarged to 10 mm
knowledge, this is the first study of the adsorption of at the middle, where the catalyst bed was contained.
EAc on oxidic carriers and supported Pt catalysts by A 0.5mm type K thermocouple inserted in a 3mm
TPD and TPO techniques. Sawyer and Abraham [9] quartz thermowell was placed in the center of the cat-
have investigated the reaction of EAc oxidation over alyst bed for measurement and control of temperature.
Al,03 and Pt/ApOs catalysts. They found that par- 0.1-0.2g of catalyst or blank support with particle
tial oxidation products are produced over the alumina size of 63—12%m were used. Prior to each TPD and
support, while Pt produces complete oxidation prod- TPO run, the catalyst sample was treated under 3%
ucts. They proposed that the total product distribution Oy/He at 773 K for 0.5 h followed by pireduction at
can be obtained by assuming no interaction between573K for 1 h and subsequent cooling to room tem-
alumina and platinum. perature under He. This procedure was found to give
reproducible results. EAc was introduced into the
system by injecting liquid EAc (1-gl) into the He
2. Experimental flow upstream of the catalyst bed. The EAc uptake
measured in DSC experiments served as a guide to
The supports employed in the present study were determine the required size of EAc injection in TPD
SiO, (400nt/g, Alfa Products),y-Al,0O3 (90 n?/g, and TPO experiments. The effect of the amount of
Alfa Products), TiQ (80% anatase, 45%fy, De- injected EAc on the surface coverage obtained was
gussa P25) and Ti®doped with varying amounts examined by varying the injected amount in the range
of W8t in the range of 0.22-0.67 at.% %. Doped of 1-10ul. It was found that the quantity of adsorbed
TiOy supports were prepared at the laboratory with EAc did not depend on the injected amount, when
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Table 1

Catalytic activity of Pt catalysts for EAc combustion under differential conditions at@80

Catalyst H/Pt TOF (sh) Catalyst H/Pt TOF (31
PtAy-Al,03 1.0 6x 106 PUTIO, (0.22 at.% W) 0.8 1.5x 1073
PUSIO 0.9 1.4x 1074 PUTIO, (0.45 at.% W) 0.7 2.4%x 1078
PUTIO; (80% anatase) 1.0 22104 PUTIO; (0.67 at.% V§+) 1.0 1.3x 1073
PYTIO;, (rutile) 0.8 1.5x 104

this was at least il in the case of TiQ and TiQ Measurements of heat of adsorption were performed

(W8t) and 2ul in the case of AlOs. This implies in a DSC apparatus (Setaram DSC 111). The outlet of
that TPD and TPO experiments have been carried outthe DSC cell was connected on-line to a mass spec-
at a near saturation coverage of EAc on all catalysts. trometer for continuous monitoring of the gas phase
After evaporation and adsorption of the compound composition. The pretreatment procedure was identi-
on the catalyst, temperature programming was com- cal to the one employed during TPD experiments. Ad-
menced with a heating rate of 20 K/min. Helium was sorption was carried out at 40 using a mixture of
used as the carrier gas for TPD and a 3%H2 mix- 380 ppm EAc in He. Mixtures of 0.5% NHor CO,

ture for TPO, with a flow rate of 45 cimin in both in He were used for the measurement of the heat of
cases. Preliminary TPD and TPO experiments were adsorption of ammonia and carbon dioxide. A flow
conducted on all catalysts, in order to identify the rate of 45cm/min of the corresponding gas mixtures
compounds appearing in the gas phase during TPDwas used in all experiments. The amounts of EAc,
or TPO. This was accomplished by scanning contin- NH3 and CQ, which adsorbed on the catalyst during
uously mass numbersn(e) from 1 to 100 during the  a DSC experiment, were determined by measurement
TPD/TPO run. The following products were iden- of the area between the blank response curve of the
tified during TPD experiments:*CH33COOGH:, corresponding mass spectrometer signal (using quartz
ethanol, acetaldehyde, ethylene, £H3CH,, CO, pieces in place of the catalyst sample) and the actual
13Co, CO, 13CO, and Hb. In TPO experiments, the  response curve in each case.

products werel3CH3;13COOGHs, ethanol, acetalde-

hyde, ethylene, C®and3C0O,. Response factors for

CO, CO, CHa, CoHs and EAc were determined us- 3. Results

ing calibrated mixtures of these compounds in helium,

while the response factors of isotopé3q0, 13CO,, 3.1. Steady-state rate measurements

18CH, and 13CH313COOGHs) were taken equal to

those of the corresponding normal compounds. Re-  Steady-state rate measurements of EAc combustion
sponse factors for ethanol and acetaldehyde wereover various carriers and corresponding Pt catalysts
calculated using data of Ref. [12]. Cracking patterns have been reported previously [7] and they are also
were determined individually for all aforementioned reported in Table 1. Catalytic activity, in the form of
compounds. The following mass numbers were used TOF as it appears in Table 1, refers to combustion
for measurement of the various products: (@), CH, of EAc to CO under differential conditions, and not
(15), 13CHy4 (16), GHa (27), CO (28),13CO (29), partial oxidation or decomposition to other products.
CH3CHO (29), GH50H (31), & (32), CHsCOOH It can be observed that Pt/Si@nd Pt/TiQ catalysts
(43), COx(44), 13C0O;, (45) and 3CH3*COOGHS have comparable activity. The crystallographic form
(45). Multiple linear regression was employed to of TiO, (rutile or anatase) is not an influencing factor,
calculate the gas phase concentration of desorbingas Pt/TiQ (80% anatase) and Pt/TiQrutile) catalysts
species. TPD of ethanol and acetic acid adsorbed also show comparable activity. The much lower activ-
on blank supports was also studied for comparison ity of Pt/y-Al,03 was found to be due to residual chlo-
purposes. The procedure of these experiments wasride inhibition [6]. The activity of Pt catalysts prepared
identical to that employed in the case of EAc. from chloride-free and chloride-containing precursors
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was found to be comparable, when Pt is supported 5004 Tm—eme )

on TiO, or TiO, (W8+) supports. On the other hand, 8- @re

Pt/Al,O3 catalysts prepared from chloride-free precur- 400 | 3~ poetatdenyde

sors are more active than the corresponding B@Al 300 | Ltteetioacid

catalysts prepared fromJRtCl. Doping of the TiQ

support with W cations leads to an increase of ac- 200 " /

tivity by an order of magnitude and the Pt/Hi@.45

at.% WPt) catalyst exhibits the highest activity among 1004 . éﬁ%}i

all Pt catalysts. During preparation of TQN®) sup- 0 . S

ports, TiQ transforms to the rutile phase. The fact that .

the Pt/TiQ (rutile) catalyst has slightly lower activity 500-  Feed: 250 ppm EAc

than Pt/TiQ (80% anatase) (Table 1) implies that the P B

enhanced activity of Pt/Ti©(W®t) catalysts is due

to the effect of W+ cations. The optimal Ti@(0.45

at.% WP+) support and the corresponding Pt catalyst

have been used in TPD, TPO and DSC experiments,

which are described in the following sections. 1004 r
Product distribution when the reaction is carried /14. ¢ \

out over the TiQ and TiQ (W8*) supports and the 0 A—— e

PYTIO, (W8H) catalyst is shown in Fig. 1. When the 5001 4

reaction is carried out over blank supports, EAc is

initially decomposed to acetic acid, ethanol, acetalde-

hyde and ethylene, which are subsequently oxidized to

CO, at higher temperatures (Fig. 1(a) and (b)). Acetic

acid is resistant to oxidation over blank supports, and, N

as a result, the main products of the reaction at tem- * \

peratures around 300-33D are CQ and acetic acid. 1001 \

Doping of TiO, with W8t cations has a significant 0 Qz'\' - .

effect on the catalytic behavior of TOTiO» (W6+) 100 150 200 250 300 350

is more active than Ti@in EAc decomposition, as is Temperature, (°C)

indicated by a significant shift of the porrespondlng Fig. 1. Product distribution during EAc oxidation under steady-

curves towards lower temperatures (Fig. 1(b)). COM- siate conditions as a function of reaction temperature. (a,TiO

plete conversion of EAc on TiD(W®*) takes place (b) TiOz (W), (c) PUTIO, (WEH).

at~250°C, compared te~330°C in the case of TiQ.

Ethylene formation is also higher on TiQW®),

while, in both cases, the amount of acetic acid pro-

duced indicates that part of it is formed by ethanol the case of Pt/Ti@(not shown). Another noteworthy

and acetaldehyde oxidation. According to reaction sto- difference is that at intermediate conversions Pt4TiO

ichiometry, the maximum concentration of acetic acid is very selective towards Gproduction (only traces

should be 250 ppm (equal to the EAc concentration of organic byproducts are formed), while Pt/BiO

on the feed). As the measured concentration of acetic (W8") produces moderate amounts of acetic acid and

acid is~300 ppm, the remaining 50 ppm are produced acetaldehyde (the latter mainly at low conversions).

by oxidation of ethanol and acetaldehyde (a total mass The lower selectivity of the Pt/Ti©(W6") catalyst

balance also confirms that). has no practical significance, as this catalyst is able
In the case of Pt catalysts (Fig. 1(c)), formation of to achieve complete conversion of EAc to £@nd

organic intermediates is greatly reduced and complete H,O at temperatures lower than those required in the

conversion of EAc to C@is obtained at-240°C over case of PY/TiQ or any other Pt catalyst examined in

the Pt/TiQ (W8t) catalyst, compared t6-280°C in the course of this study.

Concentration, (ppm)

(b) TIO,(W®) .
300+ T+

I\

2004

Concentration, (ppm)
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3004

200+ |
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Table 2
Adsorption of EAc, ammonia and carbon dioxide on blank supports and Pt catalysts
Catalyst Ethylacetate Ammonia Carbon dioxide
Amount AH Amount AH Amount AH
(molecules/nrf) (kJ/mol) (molecules/nA) (kJ/mol) (molecules/nA) (kJ/mol)
v-Al2,03 0.8 100 15 109 0.13 92
TiO, 0.5 38 1.9 46 0.09 121
TiO, (W6+)2 2.3 54 6.4 63 0.18 84
Pt/ y-Al 03 0.9 192 nm nm
Pt/TiO, 0.2 134 nm nm
PUTIO, (WBT)2 2.5 96 nm nm

aws+ content is 0.45 at.%.
b Not measured.

3.2. Heat of adsorption of EAc on blank supports age of carbon dioxide is one order of magnitude lower
and Pt catalysts compared to that of ammonia and EAc.
There is quite a good agreement between the ad-

The heat of adsorption of EAc on blank supports and sorbed amounts measured in this work and those re-
the corresponding Pt catalysts was measured by DSCported in the literature fog-Al,03 and TiG. In the
at 40°C. A mixture of 380 ppm EAc in He was used to case of ammonia, the data of Auroux and Gervasini
dose the samples in a continuous flow mode. The heat[10] are 1x 10 m~2 for y-Al,03 and 2x 10*¥m—2
of adsorption of ammonia and carbon dioxide was also for TiO,, compared to the values of 1:510'8 and
measured, for comparison purposes, employing 0.5% 1.9x 1018 m~2 measured in this work. In the case of
NH3 or CQ;, in He mixtures. In all cases, an integral carbon dioxide, the same authors have reported values
heat of adsorption was determined, i.e. pertaining to of 2 x 1017 and 1.8x 10" m~2 for y-Al,03 and Ti&,
surface coverages between zero and unity. The heatcompared to the values of 1310 and 0.9x 107,
of adsorption and the amounts of EAc, ammonia and respectively, measured in this work. Regarding the
carbon dioxide adsorbed are presented in Table 2.  values of the heat of adsorption, comparison is not

The heats of adsorption of EAc and ammonia follow straightforward, as the heats of adsorption determined
a similar trend among the supports studied. For both in this work correspond to integral values. An estimate
molecules, the largest heat of adsorption is found in of the integral heat of adsorption of Nlén Al,O3 and
the case ofy-Al,O3 and the lowest in the case of TiO; pertaining to the results of Auroux and Gervasini
TiO2. This implies that, overall, the alumina carrier has been made using the data in Fig. 4 of Ref. [10].
has acidic sites of higher strength than titania. The The calculated values are95 kJ/mol fory-Al,03 and
heat of adsorption of ammonia is, in all cases, larger ~105kJ/mol for TiQ. The former value is in good
by 8-9 kJ/mol than that of EAc. On the other hand, agreement with the value of 109 kJ/mol measured in
the heat of adsorption of carbon dioxide varies in a the present work (Table 2). The latter value is signif-
narrower range and the largest heat of adsorption isicantly larger than the value of 46 kJ/mol measured
observed in the case of TO in this work for TiG,. The TiOQ, sample used in Ref.

It can also be observed that the amounts adsorbed on[10] contained considerable amounts of S0%) and
v-Al,03 and TiGyare comparable, while TiXW6*) P>Os (0.4%) impurities. There is a possibility that the
has higher adsorptive capacity per unit surface area.larger value measured in this sample is due to the ef-
This is especially true for EAc and ammonia, where fect of these acidic impurities.
the adsorbed amounts on BQW®t) are 3-4 times Addition of Pt on the blank supports leads to a sig-
higher compared to the other supports. This implies nificant increase of the heat of adsorption of EAc,
that the number of acidic sites is larger on the iO obviously due to the higher heat of adsorption of
(W86+) support. It should also be noted that the cover- EAc on Pt compared to the supports. There is no
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straightforward way, however, to estimate the heat of
adsorption of EAc on the Pt surface because of the
interference of the support.

3.3. TPD of EAc following adsorption on blank
supports and Pt catalysts

3.3.1. Blank supports

TPD profiles following adsorption of13CHs
13COOGHs on y-Al»03, TiO and TiQ (WST)
with the procedure, which was described in Section
2, are presented in Fig. 2(a)—(c), respectively. The

P. Papaefthimiou et al./Catalysis Today 54 (1999) 81-92

selected isotope of EAc makes possible the identifi-
cation of the different surface reaction pathways of
the acetate and ethoxide parts of the EAc molecule.
Non-dissociated EAc desorbs only at low tempera-
tures with a peak at around 1UD. Larger amounts

of EAc desorb from alumina, because of its higher
surface area compared to the other two supports.
The initial surface transformation of EAc appears
to be surface reaction with hydroxyl groups towards
adsorbed ethoxide and acetate species. This can be
readily deduced from the TPD profile opAl,O3
(Fig. 1(a)), in which ethanol appears in the gas phase
at 100C.

TPD profiles for all three supports correspond to
the superposition of TPD profiles of adsorbed ethanol
and acetic acid, as it has been found by additional
TPD experiments of ethanol and acetic acid, which
were carried out for comparison purposes. During
TPD of ethanol adsorbed opAl,Og, it was found
that ethanol starts to desorb at the same temperature
region (~100°C) as during TPD of EAc, which im-
plies that, during TPD of EAc, ethanol appearance in
the gas phase is rather desorption than reaction lim-
ited. The ethoxide part of the EAc molecule, which
is composed of2C, undergoes the typical reactions
of adsorbed ethanol, producing mainly ethylene and
smaller amounts of acetaldehyde [11,12]. The acetate
part of EAc, which is'3C-labelled, is quite stable
and mainly3CO, (and traces of3CH,) appear at
high temperatures. Titration of residual carbon with
oxygen at the end of the TPD experiment led to for-
mation of mainly’3CO, and very small amounts of
12C0O,. It may be assumed that the carbon atdacC]
of the methyl group of acetate species remains on
the surface, as it has been also suggested by other
investigators [11]. The relative amount of residual
carbon was slightly higher on Tigand TiQ, (W5+)
compared to AlO3. Although it appears that resid-
ual carbon should be larger on TQW®") (due
to the low amount of desorbetfCOy), there is an
uncertainty because of the very low concentration
of all desorbing species (maximum concentration
of 13CO, is ~50ppm, Fig. 2(c)). It is evident in
Fig. 2 that the support influences considerably the
reactivity of adsorbed EAc. The TiO(W®t) sup-
port is significantly more active in the transforma-
tion of surface species originating from adsorbed
EAc. Formation of ethylene and acetaldehyde takes
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800

place at 230C compared to~400°C in the case of
v-Al,03 and TiQ supports. The Ti@ (W) sup-
port is also more selective for ethylene formation, 600
in other words, it favors dehydration vs. dehydro-
genation of adsorbed ethoxide species. In addition, & 400
formation of 13CO, takes place at lower tempera- &
tures on doped Ti® (W6") compared to the other 200
supports.

(a) PUALO,

400

3.3.2. Pt catalysts

TPD profiles following adsorption of13CHs
13COOGHs on Pth-Al,03, PUTIO, and PUTIQ
(W6*) catalysts are presented in Fig. 3(a)—(c), re-
spectively. In this case, desorption profiles are very
complicated because of decomposition reactions oc-
curring on the Pt surface. It can be observed that Pt 100
promotes decomposition of adsorbed EAc towards
CO, CQ, CHz and H. EAc desorbs unreacted at 0
low temperatures~100°C), as in the case of blank 400
supports. A fraction of EAc, however, dissociates
towards adsorbed ethoxide and acetate species. The 300
reactivity of these two species is different and is influ-
enced by the support employed to disperse Pt. This is £200
more clearly seen in the case of theyPM O3 cata- 2
lyst, where gaseous compounds (CO,8H3CHO,
CoHsOH and H) originating from ethoxide species
are observed in the temperature range of 1502300
while gaseous compounds3CO,, 3CO, 13CH, 0100 200 300 400 500 600
and Hb) originating from acetate species are ob- Temperature, ('C)
served in the temperature range of 300-<%D0In
Fhe case of t.h.e Pt/T'Q(Ws.jL) catalyst, the dlﬁerence . (a) Pth-Al,03, (b) PUTIO,, () PUTIO, (WBT) (note the different
in the reactivity of ethoxide and acetate species iS ;a5 of y-axjs
smaller, as acetate species decompose at a signifi-
cantly lower temperature range (200-38) com-
pared to Pt/AlOs. The TPD profile of the Pt/Ti®
catalyst is the most complicated. Decomposition of molecules can appear simultaneously in the gas phase
ethoxide takes place in a form of multiple peaks of is when they are produced from a common interme-
CO, CH; and H, while CO, is also produced (C9 diate (ethoxide or acetate species) at a temperature
was not observed in the case of V#&I,03 and higher than their desorption temperature. Regarding
PUTIO, (WS") catalysts). Part of ethoxide species the origin of the multiple peaks, it might be proposed
react in the same temperature range as that of acetatehat they correspond to different ethoxide species,
species. The peaks of GHCO and H are similar although no such evidence was obtained from the
in shape and position indicating that appearance of TPD profiles of the blank Ti@ support. The amount
these molecules in the gas phase is reaction and notof residual carbon, which consisted essentially of
desorption limited. This can be explained taking into 13C, is significantly reduced in all cases and note-
account that the binding strength of CO, £&hd H worthy differences do not exist among the catalysts
on Pt is different. Therefore, the only way that these studied.

300

2200 F
oy

100

Fig. 3. TPD profiles following adsorption 8fCHz3COOGHs on
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Table 3
Amounts of compounds detected during TPO afOCGHs (wmol/g)
Catalyst EAc GHs0OH CHzCHO GHy CO, CO, (0} O, consumed
1st peak 2nd peak 1st peak 2nd peak
v-Al,03 50 9 34 - 42 50 170 88 211
TiO2 6 2 13 35 62 115
TiOy (WSH) 19 07 6 11 - 22 17 19
Pthy-Al ;03 71 7 22 - 17 83 150 56 245
PUTIO, 2 - - - 30 31 73
PUTIO, (WET) 12 04 23 - 4 9 15 32
3.4. TPO of EAc following adsorption on blank
supports and Pt catalysts
1800

3.4.1. Blank supports (2) ALO,

TPO profiles following adsorption ofl3CHs 1500
BBCOOGHSs on y-Al,03, TiO, and TiQ, (W) are 1200}
presented in Fig. 4(a)—(c), respectively. It can be seen Acetaldchyde co.
that, in all cases, EAc desorbs unreacted at low tem- . 900% "BAc —
peratures, as during TPD experiments. The following 600 |
observations can be made:

(i) Comparison of reactivity of ethoxide and acetate 00| Fha!
species towards oxidationJnder TPO conditions, 0
ethoxide species formed by EAc are oxidized towards  1800F
CO; and acetaldehyde (in the casefAl,03 and ®)Tio, “co,
TiO, (W8H) small amounts of ethanoly{Al»Oz3) 1500r
and ethylene (Ti@ (W51)) are also formed). Acetate 1200 -

species, on the other hand, are oxidized exclusively g

towards13CO,. Formation of!3CO, takes place at &
higher temperatures compared to formatiod4€0, 600
and acetaldehyde, indicating that the reactivity of 300k
acetate species is considerably lower than that of
ethoxide species. The largest reactivity difference is 508
observed in the case atAl,O3, where twol2CO,

peaks are also observed. The second high temper- 400

ature peak has the same shape and position as the
13CO, peak and it appears that it is due to oxidation

of acetate species, which have been formed by partial g

oxidation of ethoxide ones. This seems to be also
true in the case of the TiOsupport, where the CO
profile consists of two overlapping peaks, and the
second CQ peak is at the same temperature range as
the 13CO, peak.

The amounts of compounds detected, as well as of
oxygen consumed, during TPO of EAc are presented

300

100

900 |

Acetaldehyde

200 |

Ethylene

100

(¢) TIO(W*)

Acetaldehyde

200
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Fig. 4. TPO profiles following adsorption dfCH;O0GHs on

in Table 3. The profile of oxygen concentration during  (ay y-Al,03, (b) TiO,, (c) TiO, (WE*) (note the different scales

TPO followed closely the profile of carbon dioxide,

of y-axig.
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Table 4

89

Comparison of adsorbed amounts of EAc during TPO and DSC experiments (molecé)es/nm

Catalyst Desorbed ethylacetate (1) Reacted ethylacetate (2) Total (1) +(2) Amount adsorbed during DSC
v-Al,03 0.33 0.60 0.93 0.80
TiO; 0.08 0.44 0.52 0.49
TiO, (WE) 1.15 0.78 1.93 2.29
PtHy-Al,03 0.47 0.53 1.00 0.89
PH/TIO, 0.03 0.20 0.23 0.20
PUTIO, (WET) 0.73 0.54 1.27 2.42

showing negative oxygen peaks whenever a carbon
dioxide peak appeared during TPO. The amount of
oxygen consumed during the second high tempera-
ture peak of CQ@ was almost equal (generally within
+15%) to the amount of COproduced, which is in
very good agreement with the stoichiometry of oxi-
dation of acetate species (stoichiometrig@0O», ratio

is 1:1). Oxygen consumption in the low temperature
region is in good agreement with the stoichiometry of
oxidation of ethoxide species to G@stoichiometric
O/CO, ratio is 3:2) and acetate species plus the sto-
ichiometry of acetaldehyde formation (stoichiometric
CH3CHO/Q;, ratio is 2: 1).

Although the oxidation pathway of acetate species
formed from EAc is straightforward (onl{*CQ; is
formed), the oxidation pathway of ethoxide species is
more complicated. A small fraction is not oxidized at
all and desorbs as ethanol, another fraction oxidizes
partially and appears as acetaldehyde, while the re-
maining is oxidized to C@ either directly (low tem-
perature CQ peak) or via intermediate formation of
acetate (high temperature @@eak). In the case of
v-Al203, where all four pathways can be easily ob-
served, the contribution of each path is 10%, 38%,
24% and 28%, respectively.

(i) Comparison of behavior of supporihe type of
the support material influences considerably the oxida-

TiO» tend to oxidize part of ethoxide to acetate, while
TiO, (W8+) does not.

The amounts of EAc, which have desorbed and re-
acted during TPO, are compared to the amounts ad-
sorbed during the DSC experiments in Table 4. It has to
be noted that adsorption in DSC experiments was per-
formed employing a gas flow of 380 ppm non-labelled
EAc in helium until saturation was obtained, while
adsorption in TPO experiments was performed by in-
jecting a small (1-&.l) amount of liquid,*3C-labelled
EAc upstream of the catalyst bed. It can be observed
that the amounts of adsorbed EAc obtained with these
totally different methods are similar (a discrepancy is
found only in the case of PU/TEW®*) for unknown
reasons). As stated in Section 2, the amount of ad-
sorbed EAc did not increase when larger quantities of
EAc (~10pl) were injected for adsorption in the cat-
alyst bed. Based on the above, it can be proposed that
the results of Table 4 correspond to near monolayer
coverages of EAc.

3.4.2. Pt catalysts

TPO profiles following adsorption of'3CHz
13COOGHs5 on Pth-Al,03, PUTIO, and PUTIO
(W6*) catalysts are presented in Fig. 5(a—c), respec-
tively. The following observations can be made:

tion reactivity of adsorbed ethoxide and acetate species (i) Comparison of catalysts with the correspond-

originating from the EAc molecule. The largest effect
is found in the oxidation of acetate species, whereas
such species formed oAl .03 exhibit the smallest
reactivity (the peak ot3CO, is at 500C), while ac-
etate species on T¥(W6t) are the most easily ox-
idized (the peak of3CO, is at 330C). The effect

of the support on the reactivity of ethoxide species is
not so pronounced and it mainly refers to whether or
not the support promotes partial oxidation of ethoxide
to acetate species or not. It appears thali O3 and

ing blank supportsComparison of the TPO profiles

of the catalysts and the corresponding blank supports

(Fig. 5(a) and Fig. 4(a), etc.) shows that addition of Pt

has the following effects:

e Peaks of oxidation products are shifted to lower
temperatures, as shown in Table 5. For example, the
13C0, peaks shift to a lower temperature by’80

e The product distribution and the relative magni-
tude of the dual C@peaks changes. In the case of
Pth-Al 203, for example, the ratio of the amount of
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Table 5
Comparison of peak temperatures during TPO of EAC)(
Catalyst CHCHO CO CO, ()
1st peak 2nd peak
v-Al,03 240 240 490 500
Ptty-Al,03 170 180 420 420
TiO2 220-300 270-300 400 400
PH/TIO, - 320 320
TiOy (WE) 240 240 330
PUTIO, (W) 150 170 250 250

CO, produced in the high temperature peak to that
in the low temperature peak is 5:1, compared to a
value of 1.2:1 in the case of blankAl,O3. This
implies that a higher amount of ethoxide species are
initially oxidized to acetate species in the presence
of Pt. In the case of P/Tig) it appears that the to-

tal quantity of ethoxide species is initially oxidized

to acetate species, as the £ahd13CO, peaks are

identical and no other products are formed. In the
case of PYTIQ (W8t), approximately half of the
ethoxide species are oxidized to acetate species.

In addition, lower amounts of acetaldehyde and

ethanol are formed on Pt catalysts (on PtAiO

these disappear altogether), because they are fur-
ther oxidized to CQ@. These observations imply
that the role of Pt is to enhance the rate of oxidation
of organic intermediates to GQeither directly or

via formation of adsorbed acetate species.

(i) Comparison of Pt catalystsThe Pt catalysts,
which were investigated, differ significantly in reac-
tivity under CPO conditions, with Pt/Ti(W®8*) be-
ing the most active and RtAI,O3 the least active.
PUTIiO, has intermediate activity, but, on the other
hand, appears to be the most selective with minimal
formation of organic intermediates. This is not due to
modification of Pt catalytic properties induced by the
support, but is rather related to the adsorption strength
of ethoxide and acetate species on the support surface.
This is further analyzed in Section 4.

4. Discussion

The results of the present study have shown that
v-Al,03, TiO, and TiQ, (W) carriers adsorb EAc
and are active in the transformation of this molecule
towards other organic intermediates. This is in accor-
dance to results of other investigators [9]. Addition
of a small amount of Pt on the support modifies sub-
stantially the transformation pathway. It is understand-
able that the majority of adsorbed EAc is located on
the support surface, as is shown in Table 2, Figs. 2
and 4 and as is also expected by the low loading of
Pt in the catalysts (0.3wt.%). The heat of adsorp-
tion of EAc, however, is 1.9-3.5 times larger on Pt
containing catalysts compared to the corresponding
blank supports, indicating that Pt adsorbs EAc very
strongly. The heat of adsorption of EAc follows the
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sequencey-Al,03>TiO, (W8t)>TiO,. The same By performing separate TPD studies of ethanol and
sequence was also observed in the case of ammoniaacetic acid, it was found that the TPD profiles fol-
adsorption. The surface concentration of EAc, on the lowing EAc adsorption are essentially a superposition
other hand, was found to be 2-4 times lower than of the TPD profiles of ethanol and acetic acid. Thus,
that of ammonia. As EAc is a bulkier molecule com- the molecule of EAc provides a means of coadsorbing
pared to NH, adsorption of two EAc molecules on equimolar amounts of ethoxide and acetate species.
neighboring sites of the support will not be favored The use of partially*3C-labelled ethylacetate in this
due to steric factors. Therefore, it is expected that the work, has, of course, removed the ambiguity in the
saturation coverage of EAc will be smaller than that assignment of the origin of desorbing molecules, es-
of NHs. It can be proposed that EAc adsorbs on the pecially during TPO, where CQs produced both by
same type of support surface sites as ammonia doesethoxide and acetate species.

These sites will be acidic in nature and adsorption will ~ The behavior of Pt-containing catalysts under TPD
take place through the oxygen atom of the carbonyl and TPO conditions can be explained by assuming
group of the EAc molecule, either on a Brgnsted or a that surface-diffusion of organic intermediates from
Lewis acid site. The Ti@ (W®*) support which has  the support to Pt crystallites is the key process. Dur-
the largest number density of acidic sites also adsorbsing TPD, ethoxide and acetate species diffuse to the Pt
the largest amount of EAc on a per unit surface area surface, where cleavage of the C—C bonds takes place
basis. and G molecules are desorbed in the gas phase. Be-

An attempt to correlate the measured heats of cause acetate is more strongly adsorbed than ethoxide,
adsorption with the TPD profiles, however, is not it becomes sufficiently mobile only at higher temper-
straightforward. First of all, despite the large dif- atures and formation of®C-labelled decomposition
ference in heats of adsorption, non-dissociated EAc products is delayed. This is nicely shown in the TPD
desorbs from all supports at around 1G0 Secondly, profile of the P#-Al,O3 catalyst (Fig. 3(a)). During
there is not a certain trend in peak temperatures of TPO, diffusing species are oxidized on Pt. Ethoxide
organic intermediates during TPD, which would cor- species can be oxidized to acetaldehyde; @Dac-
relate with the measured heats of adsorption. This canetate species. Acetate species are oxidized te.CO
be explained by taking into account the fact that the Surface diffusion has been also proposed by Cordi
appearance of organic products is influenced by both and Falconer [11] to explain results obtained during
the kinetics of the corresponding surface reactions TPD and TPO of methanol, ethanol, acetaldehyde and
and the adsorption strength of the starting molecule. acetic acid on AIO3 and Pd/A}O3 catalysts. An al-

A relevant question refers to the temperature at ternative explanation of the observed behavior could
which EAc decomposes to adsorbed ethoxide and ac-be the diffusion of atomic oxygen from the surface of
etate species. The appearance of ethanol in the TPDPt to the organic intermediates adsorbed on the sup-
profiles at around 10@ in the case of-Al,03 and at port surface and their subsequent oxidation. This ex-
around 130C in the case of Ti@and TiQ (W°*), in- planation, however, is not probable for the following
dicates that decomposition has already started at thesereasons:
temperatures. It was found by separate TPD experi- 1. Oxygen is quite strongly adsorbed on Pt (its
ments of ethanol, that ethanol starts to desorb ataround  heat of adsorption is~250-290 kJ/mol [13])

50-70C in the case of Ti@and TiQ (W5t). There- and, therefore, atomic oxygen is not expected to
fore, appearance of ethanol during TPD of EAc is re- have sufficient mobility in the temperature region
action limited in these two catalysts. In the case of where oxidation of organic intermediates takes
v-Al203, ethanol desorption during TPD of ethanol place (100-40TC).

starts at~100°C, i.e., at the same temperature as dur- 2. TPD experiments provide solid evidence that
ing TPD of EAc. Therefore, the temperature, at which ethoxide and acetate species diffuse to the sur-
EAc decomposes to ethoxide species, cannotbe known  face of Pt, where they decompose forming C
(it can only be said that it is<100°C), because ap- compounds and #

pearance of ethanol in the gas phase appears to be Regarding the origin of the higher activity of the
desorption limited. doped Pt/TiQ (W8t) catalyst, it can be said that it
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is mainly due to the higher surface concentration and
mobility of ethoxide and acetate species on the;TiO
(W6+) surface compared to ADs or TiO,. The cause °
for this feature of the Ti@ (W8+) surface is not clear.

An indication, which has been found in this work, is
that TiO, (W) has a larger number density of acidic
sites than AlO3 or TiO, and these sites serve as ad-
sorption centers for the EAc molecule. Based on the
measurements of heat of adsorption, these sites ap-e
pear to be of intermediate strength overall compared
to those on AJO3 or TiOo. It can be then assumed that
these sites are of the right strength to favor adsorp-
tion and decomposition of EAc to acetate and ethoxide
species, which are not too strongly bound on the sup-
port surface and can become sufficiently mobile at low
temperatures to reach the Pt surface. Kinetic studies
of EAc oxidation reported previously, [7], have shown
that the apparent reaction orders with respect to EAc
and oxygen, as well as the activation energy of the re-
action, are the same for Pt supported oa@y, TiO»

and TiQ (W) carriers. This implies that the higher
activity of the Pt/TiQ (W®*) catalyst is not due to a

and TPO correspond to reactive transformations of
these species.

In the case of Pt catalysts, ethoxide and acetate
species formed on the support by decomposition of
adsorbed EAc reach the Pt surface by surface diffu-
sion, where they decompose tqg folecules (CO,
CHg4, CO,) in the absence of oxygen or are oxidized
mainly to CQ in the presence of oxygen.

The high activity of the Pt/Ti@ (W8+) catalyst un-
der steady-state conditions may be attributed to the
higher rate of diffusion of organic intermediates
from the doped support to the Pt surface. This ap-
pears to be a result of the presence of a larger num-
ber of acidic sites with appropriate strength on the
TiO, (W8t) surface, which lead to the formation
of a large pool of reactive intermediates with high
mobility.
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