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Abstract

The objective of the present study was to determine the number of active surface sites and their nature, redox or acidic, for
bulk metal oxide catalysts using isopropanol as a chemical probe molecule. Isopropanol oxidation activity on the following
metal oxides was investigated: MgO, CaO, SrO, BaglD¥, La,03, CeQ, TiO,, ZrOy, HfO2, V205, Nb,Os, TapOs, Cr,0g3,

MoOQOsz, WO3, Mn,03, F&03, Co304, RhpO3, NiO, PdO, PtO, CuO, A, AupO3, ZnO, Al,O3, Gg 03, 1203, Si0z, SNG,

and BpOs. On average, the number of active surface sites for isopropanol dissociative adsorption on these catalysts was
~2—4pmol/m?. The number of active surface sites enabled quantification of the turnover frequency (TOF) for these catalysts.
The TOF values for the various pure metal oxides were normalized &20the TOFs of catalysts showing redox activity

vary by six-orders of magnitude (16 10~*s~1). For catalyst showing acidic activity, the TOFs varied by over eight-orders

of magnitude (1bto 10-"s™1). The reaction products from isopropanol oxidation at low conversions reflected the nature of

the active surface sites, redox or acidic, on these catalysts. Redox surface sites yield acetone and acidic surface sites yield
propylene. Small amounts of isopropyl ether formation are sometimes also observed via bimolecular recombination of surface
isopropoxide species on acidic surface sites. All catalysts with the exception©f Bad TiG,, exhibited extremely high
selectivity to either redox or acidic products. Except for the sharp decrease in TOFs towards redox products with increasing bulk
M-O heats of formation at low AHs, no correlations were found between the TOFs and bulk metal oxide properties (}PR-H
and—AHs). However, an inverse relation was found between the TOFs (redox) and the surface isopropoxide intermediate
decomposition temperature at low decomposition temperatures. At moderate and high decomposition temperatures, the TOFs
(redox) were almost independent of the surface isopropoxide decomposition temperature. The selectivity of the metal oxide
catalysts was found to be independent of the TOFs.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction per active surface site per secorjtl). To determine

the TOF, it is necessary to quantify the number of ac-

The intrinsic catalytic activity of different metal ox-  tive surface sites on the metal oxide catalyst. Several

ide catalysts can best be compared when expressed byapproaches have been proposed to quantify the active
their turnover frequency (TOE molecules converted  surface sites. One common approach jsc@emisorp-

tion [2-10], which involves reducing the catalyst
"+ Corresponding author. Tek+1-610-758-4274; surface with .I-j and reox_idation to determine the
fax: +1-610-758-6555. number of active surface sites by the amount pB0-
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reduction of the metal oxide surface can usually take content in mixed titania-silica catalysf®1,22] Zaki
place. Other methods involve the adsorption ofCO and coworkers have done in situ IR spectroscopy stud-
and NH;. CO; and NH; do not measure all the surface  ies of isopropanol adsorption on &bz, CeQ, TiO,,
sites. CQ only adsorbs on basic OH groups on the ZrO, and HfQ, [23,24] Other metal oxides that have
surface and Nglonly adsorbs on Lewis and Bronsted been extensively studied are Zrj2b,26] and MoG
acid sites. Furthermore, the above methods are unable[27]. All these investigations adsorbed isopropanol at
to distinguish between surface acidic and redox sites. room temperature and found that isopropanol adsorbs
The adsorption and reaction of alcohols on metal both dissociatively as a surface isopropoxide inter-
oxide catalysts has been used as a chemical probe reacmediate and as physisorbed isopropanol at room tem-
tion for many years. Alcohol reactions have been stud- perature. In some cases, also intact isopropanol was
ied extensively using temperature programmed de- chemisorbed via coordinative bonding to the metal
composition (TPD), steady-state kinetic studies, in situ oxide surface. This coordinatively bonded isopropanol
spectroscopy, microcalorimetry and many ultra-high was also found on ¥O3 at up to 250C [28]. Upon
vacuum surface science studies as cited by Rekoskeevacuation most of the physisorbed isopropanol des-
and Barteali11]. Isopropanol decomposition has long orbed leaving only the surface isopropoxide species
been considered as a chemical probe reaction for sur-and the coordinatively bonded isopropanol. Dehy-
face acid—base propertigk?]. Isopropanol undergoes droxylated surfaces dissociated isopropanol to give
dehydration to give propylene on acidic surface sites isopropoxide species and surface hydroxyls. The hy-
and dehydrogenation via a concerted mechanism ondroxyl species desorbed as water upon heating to
adjacent acidic and basic surface sites to give ace- sufficiently high temperatures. The surface isopropox-
tone. Ai and Suzuki were the first to correlate various ide species underwent further C—H bond scission at
acidic and basic properties of metal oxide catalysts higher temperatures to give acetone. Two kinds of
with their rates of dehydration and dehydrogenation surface isopropoxide species were observed on metal
of isopropanol[12]. Similar to methanol and ethanol, oxide catalysts. One of the surface alkoxides is termi-
isopropanol also undergoes a bimolecular reaction nally bonded to a single cation and the other is bridge
caused by the coupling of two surface isopropoxide bonded to two cations. Hussein and G&2g)] pro-
species to give isopropyl ether on acidic surface sites. pose that the bridge bonded species yield propylene
However, formation of ether is minimized in the pres- and the terminal species give acetone. The surface re-
ence of oxygen according to previous studj&g]. actions to the acetone and propylene are shown below:
The oxidation and decomposition reactions are anal-
ogous, since the only role of oxygen is to prevent the (CHz)2CHOH+ M{g + Ofsj
reduction of the metal oxide surface. The partial ox- — (CHg3),CHO™ - - M?SJ)r + OH(_s) (1)
idation of alcohols on Ti@, CuO and CgO4 follows
a Mars—van Krevelen mechanism, i.e. zerol-order with  (CHz),CHO™ - - M?;)r +OH
respect to oxygen, which suggests that lattice oxygen, B 5. N
rather than gas phase oxygen, is directly involved in — (CH3)2C=0 + Ha + O(s) + M?s) 2
metal oxide catalystd 1,13,14] Decomposition stud- 5 -
ies have indicated that at sufficiently high partial pres- O~ - - - HCH2~(CH3)CH-HO- - - M
sures of isopropanol the reaction rate also becomes  _, CH3CH=CH, + M"*—OH + HO, (3)
pseudo zero-order with respect to isopropajid].
On niobium oxide, Ouquor et al. found the reaction where M'* is the positive metal cation to which the
to be zero-order with respect to isopropanol when the surface isopropoxide species are bonded.
partial pressure of isopropanol exceeded 2 KP3. One of the objectives of the present investigation
The chemisorption and reaction of isopropanol on is to determine the number of active surface sites per
some metal oxides have been extensively studied. m? (Ns) and also the isopropanol oxidation turnover
One of the most commonly studied oxides is 7i0  frequencies on the various metal oxide catalysts. Iso-
[11,16-20] Isopropanol adsorption has also been em- propanol can distinguish between acidic and redox
ployed as a method of measuring the surface titania surface sites as discussed above, unlike most other
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common probe molecules such ag, @O and H. Table 1

Isopropanol was adsorbed on the metal oxides at Preparation of bulk metal oxide catalysts

an elevated temperature of 190 in order to mini- Oxide
mize the physically adsorbed isopropanol. Methanol catalyst

Method of preparation

chemisorption studies have shown that the ph- ygo
ysisorbed methanol desorbs100°C [29,30] On cao
alumina it was observed that the hydrogen bonded al- BaO
cohol molecules are partially desorbed by $@0and
. . 203

completely desorbed along with the decomposition of LaOs
surface alkoxide species at 200D [23]. TiO,

Another objective of the study was to determine the zro,
isopropanol oxidation activity and selectivity of the HfO2
various metal oxide catalysts as well as their appar- CeQ
ent activation energies towards the different reaction NEZSS
products. The number of active surface sites data 4,0,
along with oxidation reactivity data allows quantita- Cr,03
tive determination of the TOFs of the pure metal oxide MoOs
catalysts, and comparison of their inherent catalytic WO3O
properties. Mn2Os

Temperature programmed decomposition (TPD) fe,0,
was used to determine the decomposition temperatureCo;0,4
of the surface isopropoxide species from the various R0z
metal oxide surfaces. The scission of the C—H bond on NO
thea-carbon atom is known to be the rate-determining 54
step in isopropanol reactions and, consequently, is an
important parameter for fundamentally understanding Pto

the catalytic reaction characteristigdsl,15]
CuO

Ag>0
Auy03
ZnO

Al>,O3
GaO3
The bulk metal oxide catalysts used in the present Isniis
study were purchased as high purity commercial SnO»

oxides or oxides prepared by the decomposition gij,o,

2. Experimental

2.1. Catalyst synthesis

MgCGQ;, calcined at 350C for 3 h, Aldrich
CaCQ, calcined at 350C for 3 h, Aldrich
Ba(ClQ),-3H,0, calcined at 400C for 3h,
Aldrich

Alfa Aesar, 99.999%

Alfa Aesar, 99.999%

Degussa P-25

Degussa

Alfa Aesar, 99.9%

Engelhard

NH4VOg3, calcined at 450C for 3h, Alfa Aesar
Niobium Products Company

H.C. Starck Company

Alfa Aesar, 99.997%

(NH4)M07024-4H,0 at 300°C for 5h, Alfa Aesar
H,WOQO,, calcined at 400C for 48 h, Aldrich
Mn(OOCCH;),, calcined at 250C, overnight,
Alfa Aesar

Alfa Aesar, 99.9%

Aldrich

Rh(NGs)2, calcined at 300C for 4 h, Johnson
Mathey

Ni(OH)2, calcined at 230C, overnight, Alfa Aesar
Pd(NQ@)2, calcined at 300C for 4 h, Johnson
Mathey

Pt(NH)4Cl», calcined at 400C for 4h,
Johnson Mathey

Cu(NQ@),-3H,0, calcined at 200C for 48h,
Alfa Aesar

Alfa Aesar, 99.9%

Au(OH), calcined at 200C for 48 h, Alfa Aesar
Aldrich, 99.97%

Englehard

Alfa Aesar, 99.999%

Alfa Aesar, 99.997%

Cabosil EH-5

Aldrich, 99.97%

Bi2(C204)3 at 300°C for 3h, Aldrich

of their corresponding hydroxides or metal salts
as shown inTable 1 The pre-treatment conditions
were obtained from the Handbook of Chemistry and
Physics[31]. The purity of the commercial metal ox-
ides is mentioned iffable 1and that of the precursors
is mentioned by Briand and Wacli2].

Corporation, Model OS-9) using a 3:7 ratio of:Ne
mixture. Typically, 0.2—0.3 g of sample was used for
the measurement and the sample was outgassed at

250°C prior to N, adsorption.

2.2. Bet surface area

2.3. XPSanalysis

The BET surface area of each sample was deter-
mined by nitrogen adsorption/desorption isotherms on

XPS analysis was performed on active metal oxides

a Quantasorb surface area analyzer (Quantachromeof IB group (Cu, Ag, Au) to determine the presence of
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surface impurities. A Scienta model ESCA-300 X-ray

photoelectron spectrometer was used for the analysis.

2.4. TPRH;

TPR-H studies done on similar samples have been
published previously33]. The Tonset reduction value
is plotted against the TOFs (redox) ig. 2

2.5. Isopropanol chemisorption

The number of active surface sites for isopropanol
chemisorpiton, were determined using a Cahn TGA
microbalance (Model TG-131) coupled with a PC
for temperature control, weight monitoring and data
collection. A flow diagram of the set-up can be found
in a prior publication[30]. The system allowed for
a controlled flow of high purity gases: air during
pre-treatment, a mixture of isopropanol and helium
for adsorption phase and helium for the temperature
programmed desorption phase. The following experi-
mental procedure was employed. A weighed amount
of catalyst was loaded into the TGA. The sample was
initially heated to 350 for 1 h in flowing air (9.5 ml/
min; ultra high purity; air gas) and helium (80 ml/min;
ultra high purity; air gas) in order to remove ad-
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PdO, AgO, AupO3) catalysts was carried out at lower
temperature (50C) due to the fact that the isopropox-
ide species decomposed at temperatures significantly
<110°C and that the precious metal catalysts have
a tendency to reduce. Chemisorption was carried out
on FeO3 and TiQ at 50 and 100C and the number

of active surface sites for the active metal oxides was
corrected to 110C.

2.6. Isopropanol oxidation

Isopropanol oxidation was used to determine cat-
alytic reactivity and selectivity of the various metal
oxides. The reaction was carried out in an isothermal
fixed-bed differential reactor made of pyrex glass. The
glass tube reactor had an inner diameter of 3.8 mm.
Approximately 40 mg of the catalyst was tested for its
isopropanol activity and selectivity at varying temper-
atures and at about atmospheric pressures (1.3 bar).
The flow of oxygen and helium was controlled with
two Brooks mass flow controllers (Brooks Model
No. 5890 D). The gases were then passed through
a saturator with isopropanol maintained at 86
The ratio of the gases were found to be:13:85
for CH3CH,CHOH:Ox:He, respectively. The reaction
products and isopropanol conversion were determined

sorbed moisture and possible carbonaceous residuesby using an online gas chromatograph (HP 5890 Se-

The samples were then cooled to 2Din flowing
helium (80 ml/min). Isopropanol was adsorbed on
the catalyst from a stream of flowing (gHHCHOH
(2000 ppm)/He. The decomposition temperature of

ries Il) equipped with TCD and FID detectors. A

CP-sil 5CB column was connected to the FID and
a Carboxene 1000 45/60 was connected in parallel
to the TCD. Each catalyst was pretreated by heat-

the surface decomposition species was determineding in a mixture of He and @ at 350°C for half

by ramping up the temperature after isopropox-
ide adsorption at a constant rate of “@min until
500°C and monitoring the derivative of the weight
loss.

Adsorption at temperature110°C results in co-ad-
sorption of physically adsorbed molecular isopropanol
along with surface isopropoxide species. At temper-
atures significantly >110C, the surface isopropox-
ide species decomposed yielding reaction products.
Therefore, 110C was chosen as the adsorption tem-
perature since it minimized physisorption and opti-
mized the dissociative chemisorption of isopropanol.
A low isopropanol partial pressure (2000 ppm) was
used in order to minimize the physically adsorbed
isopropanol due to its condensation on catalyst pores.
Adsorption on some very active metal oxides (PtO,

an hour and then cooled in HefOnixture to room
temperature.

The reaction temperature was increased gradu-
ally in the range of 80C after initial activity was
seen from a catalyst. The rate of formation of the
different products was expressed as the catalytic ac-
tivity (mmol/m?s). The selectivity was expressed in
terms of mole fractions of product and was the ratio
of the yield of specific product to that of the total
isopropanol converted. The GC was calibrated with
specific gas composition of 0.5% isopropanol, 0.1%
each of acetone, isopropyl ether and propylene, with
the balance helium (air gas). The relative molar re-
sponses were found to be 1.098 for acetone, 0.979
for propylene and 0.434 for isopropyl ether with the
response to isopropyl alcohol taken as 1.
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3. Results

3.1. BET surface area measurements
and XPS analysis

125

Metal oxides of the IB group (CuO, A®, Au03)
exhibited high activity. An XPS analysis was carried
out to determine surface impurities. The XPS analysis
of CuO revealed the surface to be primarily CuO with
traces of C and N. The surface of AQ was mostly

The surface areas of the pure metal oxide catalysts Ag20 with traces of C and Na. XPS analysis of the

are given inTable 2 The catalysts commonly used as
supports show high surface areasy@g, CeQ, SiOp,
TiO2, ZrO2, NbyOs). The commercially purchased
catalysts had a low surface area with the exception
of Fe0O3, Gg0Os and Y»03, which had compara-
tively high areas. Most of the active metal oxides
(PtO, CuO, AgO, Au0s3, V,205) had low surface
areas.

Table 2
BET surface area and AH; for metal oxide formation per oxygen
atom

Oxide Surface area —AHs (298K,
catalyst (m?/g) kcal/mol)
MgO 23 143.8
CaO 20 151.7
BaO 2 133
Y203 17 152
Lay,O3 5 179.7
TiOy 50 107
ZrOz 39 128.3
HfO; 2 135.5
CeQ 33 130
V7,05 4 74.6
Nb2Os 55 100
TapOs 4 97.2
Cr,0O3 21 89.7
MoOs 3 60.1
WO3 15 65.2
Mn,03 9 76.5
Fe03 21 66.1
C0o304 3 49
Rh,O3 11 22.7
NiO 43 58.4
PdO 17 20.4
PtO 2 10
CuO 1 38.5
Ag20 1 6.95
Au03 2 —3.66
ZnO 9 83.36
Al,03 180 133.3
Ga0Os3 18 86.6
In203 3 74
SiO 300 101.5
SnO; 8 69
Bi»O3 4 45.7

Au,03 revealed the surface to be mostly &g with
trace amounts of Au metal, Na, Cl and C. No traces
of any other active metals like Pt or Pd were found
in any of the oxides investigated. The high activity
for isopropanol partial oxidation seen from IB metal
oxides is entirely due to the metal oxide surface.

3.2. Isopropanol chemisorption and
decomposition temperatures

On a dehyroxylated surface at 140, the disso-
ciative adsorption of isopropanol is the predominant
process and results in the formation of surface iso-
propoxide species and surface hydroxyl species. The
various metal oxide catalysts studied and the corre-
sponding number of active surface sites are given in
Table 3 The active surface site density for surface iso-
propoxide species on metal oxidess) is expressed
in wmol/m?. This is calculated from the weight gain
of the sample after adsorption of isopropanol for 1 h
at 110°C, which showed saturation of the weight
gain. For every two molecules of isopropanol disso-
ciatively adsorbed, one molecule of water leaves the
surface[27]. Therefore, to calculate themol of iso-
propoxide species adsorbed, the weight gaip.gnis
divided by 51.

Chemisorption on a few metal oxides was carried
out at a lower temperature, 5G, due to their higher
reactivity, since these catalysts exhibited reactivity
<110°C (Au203, Ag20, PtO, PdO, RjDs3). Also
Ag20, Auy03, PtO and CuO could become reduced
at 110°C. To ensure the accurabtd; measurements
on these oxides the temperature has to be lowered.
In order to account for the additional weight gained
by the catalyst due to increase in physisorption at a
lower temperature, a correction factor of 0.9 was ob-
tained by comparing the adsorption of the.Be and
TiO2 at 110 and 50C, respectively. The corrected
values are also shown fable 3 It was observed that
for chemisorption at temperatures slightly >T10)
the amount of isopropanol adsorption did not vary
significantly.
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Table 3 Table 4
Number of active surface sites on oxide catalyst Surface isopropoxide decomposition temperatdig (
Oxide catalyst No. of active sites Oxide catalyst Surface isopropoxide decompostion
(nmol/m?) temperature °C)
MgO 8.9 MgO 230
CaO 2.7 CaO 238
BaO 0.7 BaO 225
Y203 3.1 Y203 240
LayO3 5.3 Lay,O3 328
TiO, 3.2 TiO; 265
ZrOoy 2.6 ZrOo, 280
HfO, 3.1 HfO,» 295
CeQ 25 CeQ 190
V205 1.6 V705 170
Nb2Osg 2.0 NbyOs 225
TapOs 3.6 TapOs 272
Cr03 0.7 Cr03 190
MoO3 1.2 MoO3 170
WO3 0.7 WO3 200
Mn2O3 2.6 Mn,O3 195
FeOs3 7.9 FeOs3 231
C0304 3.9 C0o304 203
Rhy,O3 2.7 (2.4% RhpO3 140
NiO 2.8 NiO 187
PdO 8.3 (7.5 PdO 64
PtO 21 (1.9 PtO 47
CuO 4.3 (3.9 CuO 262
Ag,0 5.8 (5.2% Ag20 83
Auy03 36.5 (33} Auy03 49
ZnO 1.7 ZnO 250
Al»,03 2.8 Al»,0O3 222
Ga03 34 GaO03 210
In2O3 2.0 In,O3 255
SiO, 0.5 SiO, 356
SnG 2.1 SnG 219
BioO3 2.0 Bi,O3 230

aValues corrected for adsorption at 1°XD.

experiment was also conducted after the isopropanol

The average active surface site density for iso- chemisorption experiment in the TGA apparatus. The
propanol adsorption on metal oxide surface was found surface isopropoxide decomposition temperatures on
to be~2—4pumol/m?. Some of the active metal oxides the various metal oxides are listedTable 4
possessed a higher active site density. Many of the ba- Most of the catalysts showed an extremely high
sic metal oxides exhibited a lower value than would be selectivity towards acetone or propylene. Conse-
expected from methanol chemisorption studig3], guently, it was possible to determine the decomposi-
since their surfaces have been dehydroxylated duringtion temperature of the surface species that is most
the pre-treatment. SK) Cr,0O3, WO3 and BaO show active. The decomposition temperatures of the surface
a somewhat lower active surface site density. ;SiO isopropoxide intermediates are givenTable 4 PtO
is extremely unreactive and has a IdV in spite of has the lowest isopropoxide decompostion tempera-
having a high surface area. The density of the active ture,~50°C among pure redox catalysts compared to
surface sites was reproducible within Q.&ol/m?. LapO3, whose decompostion temperature is in excess

In order to determine the decomposition temper- of 300°C. In general the precious metal oxides had a
ature of the surface isopropoxide species, a TPD low decomposition temperature $0-120°C). On the
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other hand, most of the acidic catalysts had their de- Table 6
ComDOSItlon temperature in the range of 150-300 ISOprOpanol oxidation turnover fl’equencies (TOFS) at Z2D0
Most of the metal oxide catalysts had desorption peaks catalyst oxide TOF ()

showing a normal distribution skewed slightly towards

. . . Redox Acidic
higher temperature. The peak width at half height was
in the range of 25—-4€C for most catalysts. The peak 2:"98 %%%‘; . -
widths at half height could not be determined for the BZO 0.28 B
very active precious metal oxides (PtO, Z03). Y,05 0.0098 _
LayO3 0.0097 -
3.3. Seady-state isopropanol oxidation ;'%2 0.00029 605%02207
.. {0)] —_ . =
selectivity and TOF HIO, _ 0.00027
CeQ 0.01 -
The temperature range in which each of the metal v,0s 0.018 18
oxides was tested for isopropanol oxidation is pre- Nb2Os - 0.001
sented inTable 5 The selectivity to acetone, propylene %% - 0.0008
Cr,03 0.054 -
MoO3 - 3.6
Table 5 WO3 - 0.21
Temperature range in which the catalysts were tested for iso- Mn,O3 0.12 -
propanol oxidation Fe03 0.023 0.011
; C0304 0.031 -
Catalyst oxide Temperature rangeC] Rh,Os 0.089 _
MgO 175-255 NiO 0.063 -
Ca0 200-255 PdO 0.26 -
BaO 185-270 PtO 110 -
Y203 205-250 Cuo 0.13 -
LapO3 260-300 Ag,0 0.75 -
TiO2 235-300 Auz03 29 -
Zr0; 260-305 Zno 0.15 -
HfO, 265-310 Al203 - 0.022
CeQ 200 Gg03 - 0.031
V05 135-190 In203 0.2 0.00044
Nb,Os 200-245 S0, - 0.0011
TapOs 230-290 Slile} 0.028 5.30E-05
Cr,03 190-260 Bi2O3 0.083 -
MoO3 135-175
WO3 175-210
Mn,03 125-200 ) _ o
Fe03 160-245 and diisopropy! ether production during isopropanol
C0304 200-240 oxidation over the various metal oxide catalysts are
R0y 125-200 presented inTable 6 The activities of the metal ox-
NiO 135-200 ; -
PO 20-70 ides to the acidic and redox products are extrapolated
PtO 40-80 to 200°C. The apparent activation energies for iso-
Cuo 200-280 propanol oxidation over the metal oxide catalysts are
Ag20 100-125 presented ifable 7 It is observed that the apparent
Au20s 40-60 activation energy is not affected by variations in tem-
Zno 240-290 o
Al,Os 190-220 perature and that the limitations due to mass and heat
Ga0;3 190-217 transfer are absent. With the help of these tables it is
IOz 200-230 possible to calculate the activities of the catalysts to
SiC, 300-400 propylene and acetone under differential conversion
SnQ 195-245 conditions &10%). Almost all the catalysts showed
Bi»O3 195-285

a small range of temperaturez80°C) in which the
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Table 7
Apparent activation energies for redox and acidic reactions during isopropanol oxidation
Catalyst oxide Redox Acidic

Eapp (kcal/mol) Ao (uwmol/m? s) Eapp (kcal/mol) Ao (uwmol/m? s)
MgO 11 2.90E-03 - -
CaO 20 6.508-07 - -
BaO 10 8.95E-03 - -
Y03 6 1.45E+01 - -
Lay,0O3 10 2.41E-03 - -
TiO, 29 3.70E+10 37 1.40EB-14
ZrOy - - 60 2.30B-22
HfO, - - 35 1.00E-13
CeQ - - - -
V205 19 2.40E+08 53 1.14E-26
Nb,Osg - - 37 2.508-14
TapOs - - 30 1.40E-11
Cr03 12 1.54E-04 - -
MoOs - - 24 5.10E-11
WO3 - - 29 4.34E-12
Mn2O3 8 2.01E+03 - -
Fe,O3 8 8.50E+02 28 4.50E-11
Coz04 14 2.60E-05 - -
RhpO3 9 2.40E+03 - -
NiO 11 2.77E-04 - -
PdO 9 3.61E-04 - -
PtO - - - -
CuO 11 1.11E-05 - -
Ag20 13 3.30E-06 - -
Au,y03 - - - -
ZnO 17 3.07B-06 - -
Al,O3 - - 22 8.25B-08
Ga03 - - 25 3.3E-10
In203 19 2.43E-07 25 3.00B-08
SiO, - - 11 3.70B-07
SnG 23 3.40E+-09 74 3.3E-30
Bi,Os3 10 4.40E+03 - -
conversion changed from 0 to >10%. PtO, ,Q4, The apparent activation energies vary significantly

Ag20, PdO and R$0O3 are active at temperature across the various metal oxides: 5 kcal/mol fgrOf
<125°C. The alkali metal oxides MgO, CaO, SrO to 25kcal/mol for FeO3 towards redox product for-
and BaO show initial activity in the range of around mation, acetone, and 21 kcal/mol orn®k to 75 kcal/
175-225C. Most of the metal oxides yielding acidic mol on SnQ towards acidic product formation. De-
products, WQ, V205, Gg0Os and MoQG are active termination of activation energies for Ce@as not
in the range of 170-200C. LaO3 and SiQ were possible due to rapid deactivation or, as in the case of
extremely inactive with Si@reacting >300C. SiOy, due to the formation of cracking products. The
Fe03, MoOs, Gg0Os, WO3 and \V,Os produced Eapp was determined from the slope of the oxidation
significant quantities of isopropyl ether along with activity at different temperatures for each of the ox-
propylene. Ether is formed by a bimolecular reaction ides investigated. The curve fit hadR& of >0.9 for
on acidic sites of the metal oxide catalystsyRg and all cases and higher than 0.95 for many of the oxides.
SeQ were previously observed to volatilize and, thus, = The TOFs were calculated by dividing the extrap-
were not investigatefB3]. olated activity data to 200C by the total number
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of active surface sites. Much of the previously pub-
lished work in isopropanol reaction literature is at
200°C[11,17,18,34] The TOFs towards redox prod-
ucts are seen to vary over six-orders of magnitude.
PtO is the most active (2&~1) and TiQ the least
active (104s-1). TOFs of acidic catalysts vary over
eight-orders of magnitude.

3.4. TOF correlations

The isopropanol oxidation TOFs to acetone are
plotted against the bulk heat of formation of the
metal oxide normalized per oxygen atom Hig. 1
The heats of formation were obtained frd856,33]
There is a correlation for the TOF redox withH;.

At low AH; values, the lower the heat of metal oxide
formation, the more active the metal oxide catalyst.
However, for intermediate and highexH; values,
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plot in Fig. 3reveals a weak trend in the case of the
redox TOFs. At lowTy values &150°C) the TOFs
(redox) decreases with increasing decomposition
temperature of the surface isopropoxide intermedi-
ates. However, for moderate (175-219 and high

Tgq values (>300C) the TOFs (redox) is essentially
constant. Redox selectivities are plotted against the
corresponding TOFs, ifrig. 4. The selectivity was
found to be independent of the TOFs for redox sites.
The plot of Infy) versusEgpp for redox as well as
acidic sites is almost a straight linEjgs. 5 and 6
Precious metal oxides, A@®3 and PtO have not been
included in the graphs. The very active and the very
inactive oxides tend to deviate from the straight line.

4. Discussion

the TOFs are essentially constant. The redox TOFs 4.1. In situ Raman studies

versus theTgnset Of TPR—H is plotted inFig. 2 and

there does not appear to be any trend. The TOF versus The above results reveal the qualitative and quanti-
the surface isopropoxide decomposition temperature tative nature of the pure metal oxide surfaces towards
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isopropanol partial oxidation. Metal oxides with low and subsequent breaking of theC—H bond results
values of bulk—AH; (RhpO3, PdO, PtO, AgOs, in the reaction products. Thus, it can be concluded
Ag>0 and CuO), are suspected to undergo bulk reduc- that the other metal oxide surfaces remain essentially
tion. However, previous methanol oxidation studies on oxidized in the present study during isopropanol ox-
Rhy,O3, PdO and PtO with in situ Raman spectroscopy idation. Unlike the present study, where, G5 in
revealed that the surface of these metals remains ox-significant excess (13:2 ratio ofo@@H3CHOHCHg),
idized under reaction conditiorj86—38] Similar re- most of the previous studies were carried out with
sults were obtained from in situ Raman spectroscopy methanol in excess or with stoichometric amounts
studies during methanol oxidation on polycrystalline (1:1 ratio @:CH3OH). This further supports the con-
Ag [39-41]and X-ray absorption spectroscopy during clusion that excess £ensures that the all other metal
methanol oxidation over C{#40,41] where the sur-  oxide surfaces remain completely oxidized under the
faces were found to be A@ and CuO, respectively.  present reaction conditions.

There are no such studies in literature on the oxidation

state of AygO3 during oxidation reactions. The un- 4.2. Number of active sites (N;)

usually high number of surface sites on2&, along

with its extremely high activity and negative heat of Quantifying the number of active surface sites on
formation suggests that there is some surface reduc-the metal oxide catalysts with isopropanol chemisorp-
tion of Au2Os. Isopropanol and methanol undergo a tion is ideal for isopropanol oxidation since both
very similar surface reaction process, the OH group chemisorption and oxidation proceed via the same
of the alcohol undergoes dissociative chemisorption surface isopropoxide intermediate. Furthermore, the
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Ns values allow for the quantitative determination of
the TOFs for isopropanol oxidation over the metal
oxide catalysts. Cunnigham et L8], assumed an
arbitrary value of one site for every 25(®)but
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in literature. The value for Ti@ from this study
(3.2pmol/n?) is comparable to the one found by
Lusvardi et al[16] (6.1pmol/m?) and Carrizosa and
Munuera[19,20] (4.5umol/n?). However, the num-

pointed out the need for using an independent method ber of surface sites observed on ZnO (dtBol/n?) is

for the determination of active surface site densities
for the chemisorption of isopropanol on metal oxides
than the conventional specific rates expressed per m
Upon converting theNs value obtained in this study

somewhat lower than that reported by Koga e{zi)

(6 wmol/m?). The current active surface site measure-
ment for MoQ (1.2umol/m?) closely matches the
value of Farneth et alj27] (1.4pmol/n?). Farneth

into active sites per unit area, an average value of et al. also take into account the loss of one water

one site per~50 (A)? is obtained. Expressing rates
per n? neglects the intrinsic differences in the ac-
tive surface site density of the catalysts. There is a
variation of an order of magnitude between the ac-
tive surface site densities on MgO (§.&nol/n?) and
SiO, (0.5pumol/m?), which are the extreme values.
Au,03(33umol/m?) has uncommonly high number
of active surface sites which can be attributed to the
partial reduction of the oxide surface. Unless this dif-
ference is taken into consideration, there will be an
error of an order of magnitude when comparing the
TOFs between these two metal oxides.

molecule for every two isopropoxide species formed
on the surfac§27], which was demonstrated by using
a molecular sieve to trap the desorbed water.

For supported metal oxide catalysts, the number
surface metal oxide species are assumed to be the
number of active sites, since they are completely dis-
persed on the surface of the oxide supgddg]. For
pure metal oxides and mixed bulk oxides, however, it
is difficult to determine the number of active surface
sites. On these oxides, it is necessary to determine
the number of active surface sites with a molecule
that can differentiate between the different sites and

Most of the catalysts in the present study possessedpossesses similar stearic interactions upon adsorption

an active surface site density of aroun@—4pumol/
m2. SiO, had a lowNs value due to its extremely low

as the actual reactant molecule. Measurements with
CO, NHz and H/O; are inadequate since they are un-

surface activity. Some of the catalysts have extremely able to distinguish between the nature of the various
low surface areas and errors in their determination surface sites and possess different adsorption char-
can cause a significant error in the determination of acteristics than the reactant molecule. Isopropanol
the active surface site density on these catalysts. Theundergoes surface reactions involving molecules with
unusually lowNs value on BaO could be attributed to  stearic interactions similar to the molecules involved
this factor. The low number of active surface sites on in propane oxidation and could possibly be used as
the CpO3 catalyst may be due to stearic interactions a probe molecule for determining the active surface
on the catalyst surface. There was no periodic trend sites for propane oxidation.

observed across the columns or down the rows. In
general, the precious metal oxides had a higher
value (~5.5umol/m?). TheNs values for isopropanol
adsorption were smaller than thig values previously Isopropanol oxidation yielded acetone, propylene
obtained for methanol adsorption on MgO, 20, and in some cases small amounts of isopropyl ether.
Cr03 [33]. Since similar catalytic samples were used By maintaining conversions<10%, heat and mass

in both studies and the same experimental set-up wastransfer limitations were minimized and the reaction
used for the BET measurements, the decreadgsin  was in the non-diffusional regimg5]. The product
value can be attributed to the larger size of the iso- distribution under these conditions reflects the specific
propanol molecule. In the methanol chemisorption nature of the active surface sites since it minimizes
study, the high number of active surface sites ob- secondary reactions. Low conversions minimize the
served for MgO, were attributed to the formation of complete oxidation of isopropanol on precious metal
surface carbonatg83]. The high value on MgO for  oxides. There has been some dispute in the literature
isopropanol chemisorption could be due to a simi- about the reaction mechanism for propylene forma-
lar phenomenon. Very few values fbls were found tion. Several researchers have proposed the oxidation

4.3. Isopropanol oxidation selectivities
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of bridge bonded surface isopropoxide spediey, (10's™1) when compared to the TOFs of alkaline
while others have suggested coordinatively bonded metal oxides MgO (103s~1). There is also a large
and undissociated surface isopropanol for dehydration variation between acidic TOFs with,®s (10t s™1)
[24,28] In either case, there is an oxygen interaction being the most active compared to ZrQl0~"s™1)
and, hence, there is an oxidation reaction. Most of the which is extremely inactive. There are very few TOF
alkali metal oxides MgO, CaO, SrO and BaO yield values for isopropanol oxidation published in the lit-
pure redox products. 203, LapO3, CeQ, Cr0s3, erature. The TOF values for acetone and propylene
Mn203, Co304, RhpO3, NiO, PdO, PtO, CuO, A0, formation on TiQ obtained in this study,.9 x 10~4
Au203, ZnO and ByOg3 primarily yield redox prod- and 2x 10~*s1, respectively, are in agreement with
ucts. Well-known acidic catalysts like £03, Nb;Os, the values reported in the literature81x 107° to
HfO,, TapOs, WO3 and GaOsz exhibited only acidic 1.5 x 10~2 and 82 x 10~%s1 [11,18,34] The TOF
products. FgO3 and TiQ, exhibit both acidic and re-  values were calculated by dividing the activity of
dox sites, and very small amounts of redox products TiO, at 200°C in the various studies on TiOwith
were found for \AOs, SNG and InpO3. SiO,; showed the Ns obtained by Lusvardi et aJ16] for TiO».
very low reactivity and at high temperatures yielded a  In the present experimental studies, it was not pos-
number of products due to cracking reactions. There sible to quantitatively determine the individual con-
was no trend seen in the nature of the surface sites,tributions of the surface redox sites and acidic sites.
acidic or redox, on the metal oxide catalysts and their However, the effect of the selectivity on the TOFs
position in the periodic table. would be expected to be negligible, since the TOFs
The results of the present study on %i@re slightly vary by four- to five-orders of magnitude and most
different than those reported by Rekoske and Barteau of the selectivities approached 100%. Furthermore,
[11], who observed higher selectivity to acetone most of the metal oxide catalysts studied, were either
(99%) on TiQ (anatase) with the partial pressure of purely acidic or purely redox in nature, and hence,
isopropanol at approximately half the partial pressure did not involve selectivity considerations. It was pre-
used in this study and the conversion kept constant viously mentioned that there are possible errors in

at 1% and 548 K. However, they found the selectivity
to vary drastically with the partial pressure of oxy-
gen. Niobium yielded only propylene, which is in
agreement with observations by Ouqour et[&b].
Cr0O3 and LaOs3 yielded only acetone, which is in

the measurement &5 due to the inaccuracy in mea-
suring the BET values of low surface area oxides.
However, these uncertainties do no affect the calcula-
tion of the TOF values because activities axgare
both expressed perfand the possible corresponding

agreement with the published results of Gervasini and errors in BET value cancel out.

Auroux [34]. Most metal oxides that yielded basic
and redox products with methanol oxidation (BaO,
Cr03, Mn203, Co304 and RBO3) [33]; yielded only

redox products with isopropanol oxidation. The acidic

catalysts were previously found to be 100% selective

for methanol oxidatiorf33] and similar results were
found in the present study. @5 showed~100%
selectivity to acidic products in the present study,
while for methanol oxidation it showed90% redox
activity. Thus, each specific probe molecule pos-

Most of the previous studies focused on decompo-
sition of isopropanol on metal oxide catalysts in the
absence of gas phase.(Rekoske and Bartedd 1]
studied the effect oxygen on the partial oxidation of
isopropanol on titania. According to their investiga-
tion, the major effect of the addition of Qs the pre-
vention of surface reduction. In addition, the presence
of O, completely inhibits H formation, leads to hy-
droxyl as well as HO formation and oxidizes surface
carbonaceous residue. In transient studies of photo-

sesses different sensitivity to acidic and redox surface catalytic oxidation of isopropanol on titania, Larson

sites.

4.4. TOFs for isopropanol oxidation

et al.[13] found that in excess of 1% oxygen the re-
action is zero-order with respect to the oxygen partial
pressure. In FTIR oxidation studies of isopropanol on
Co304 by Finocchio et al[14], it was concluded that

The TOFs on precious metal oxide catalysts are the oxygen involved in the selective and non-selective

order of magnitudes higher PtO @& 1) and AwO3

oxidation of isopropanol is the “nucheophilic” lattice
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oxygen. Thus, the isopropanol oxidation mechanism  The apparent activation energy values and TOFs

follows the Mars—van-Krevelen mechanism. from various groups were compared with the values
The dehydration reaction on MOs studied by obtained in this study. Rekoske and Bartedd]
Ougour et al.[15] was found to follow Langmuir—  obtained a value oEapp of 17 kcal/mol for dehydro-
Hinshelwood kinetics genation and 31 kcal/mol for dehydration over 3iO
rp = kphi Pi/(1+ A P) (4) In this study for TiQ, theEapp values towards acetone

and propylene formation were found to be 29 and
wherery is the reaction ratelk, the rate constant, 37 kcal/mol, respectively. These values compare well
A the isopropanol equilibrium adsorption constant with other values for Ti@ in literature (26 kcal/mol
and P; the partial pressure of isopropanol in the re- to redox products and 35 kcal/mol to acidic products)
actant stream. It was found that the reaction became[17,18] There does not seem to be a strong agreement
zero-order with respect to isopropanol concentration between theEap, values obtained by Gervasini and
>2 kPa. The operating partial pressure in the present Auroux [34] for all the oxides studied. This group
study is a little in excess of 2kPa. They also conclude used similar conditions except for the much higher
that the surface reaction step involviagC—H bond contact times in the reactor.
scission is the rate-determining step. Citing a number
of studies, Gervasini and Auroy84] also make the  4.6. Correlations
assumption that the isopropanol reaction is zero-order
with respect to the isopropanol and oxygen partial  Plotting the TOFs versus various bulk parameters
pressures. This is in disagreement with Rekoske andand surface parameters can provide a better funda-
Barteau[11] who suggested that reaction rate to ace- mental understanding of the intrinsic dependence of
tone and propylene is one-half-order with respect to the reaction. The plot of TOFs (redox) versus the
isopropanol partial pressure until partial pressures of bulk heat of formation of the metal oxides does show
13.3kPa. At sufficiently higher pressures, the surface a weak trend Kig. 1). For low bulk —AHs values,
becomes saturated and the reaction is zero-order withthe TOFs (redox) decrease rapidly and then decreases
respect to the isopropanol partial pressure. However, very slightly at higher—AH¢ values. The lack of
unlike the present study, most of Barteau’'s work is a strong trend for TOFs (redox) versus butaHs
performed under UHV on well-defined dehydroxlated is not unexpected since the rate-determining step is

metal oxide surfaces. the breaking of thex-C—H bond of the surface iso-
propoxide species to give acetofb]. In the pres-
4.5. Apparent activation energy (E,pp) ence of oxygen there is little surface reduction and,

hence, there are no limitations of oxygen diffusion
The apparent activation energy values for iso- from the bulk lattice. The reaction activity, which is a
propanol oxidation towards acetone are significantly surface dependent phenomenon, is not inherently re-

lower than towards propylene. TH®pp on metal ox- lated to the bulk property of the metal oxide catalytic
ides yielding only redox products was10 kcal/mol material.
and is lower than theEapp to redox products for Temperature programmed reduction (TPR) studies

methanol oxidation {20 kcal/mol) [43] because of  with Hz indicate the ease of oxygen removal from the
the weaker C-H bond in the surface isopropoxide bulk metal oxide catalysts. Plotting the TOFs versus
than in surface methoxide intermediate species. On TPR—H onset temperatures demonstrates that no cor-
oxides which yielded both redox and acidic products, relation exists between these parameters. The onset re-
Eapp redoxWas~8 kcal/mol for FeOz and 29 kcal/mol duction temperature of the metal oxide surface during
for TiO,. The Eapp to acidic products varied over a  TPR—H can be limited by the rate of Hdissociation
wide range from 74 kcal/mol on SpQo 22 kcal/mol or by the rate of surface hydroxyl formation te®,

on Al>Os. SiO; showed an uncommonly I0VEapp which may depend on the nature of the specific metal
value towards propylene formation (11kcal/mol), oxide. Plots of TOFs (redox) versus TPR-bhset re-
which is probably associated with the formation of duction temperatures={g. 2) reveal the unsuitability
multiple cracking products. of correlating a surface property with a bulk property.
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Unlike the reduction process, isopropanol under- 5. Conclusions
goes dissociative adsorption on most catalyst surfaces,
even at room temperature, to give surface isopropox- Isopropanol chemisorption on the surface of vari-
ide and hydroxyl speci€d6,23,24,27] The tempera-  ous pure metal oxides at 11Q resulted in the for-
ture at which these isopropoxide species can undergomation of surface isopropoxide species. The surface
further oxidation to give acetone or propylene de- species either underwent dehydrogenation or loss of
termines the formation of products. It is suggested a hydroxyl group to yield acetone or propylene, re-
that for the dehydration reaction the bridge-bonded spectively. The number of active surface sites on the
isopropoxide species are more stable and, hence,various pure metal oxides was2—4umol/m?. SiOy,
undergo oxidation at higher temperatures to lose a due to the unreactive nature of its surface, showed a
hydrogen atonj28], which leads to the formation of  much lower value for active surface site density and
water along with propylene. MgO exhibited a much higher value for active surface
The plot of isopropanol oxidation TOFs (redox) site density due to the formation of MgGCPrecious
versus the decomposition temperatures of the surfacemetals, had a slightly higher active surface site density.
isopropoxide speciesF{g. 3) shows a reasonable The selectivity of the various oxide catalysts to differ-
trend. A strong inverse trend is seen for very reactive ent products, under differential conversion conditions
surface isopropoxide species, but for less reactive (<10% conversion), reflects the nature of the active
surface isopropoxide species the decomposition tem-surface sites, with redox sites yielding acetone and
perature does not have a significant effect on the TOF acidic sites yielding propylene. Surface isopropoxide
of the oxide catalyst. Plot of isopropanol TOFs ver- species is the common reaction intermediate for iso-
sus surface isopropoxide decomposition temperaturespropanol oxidation and isopropanol chemisorption.
correlate two surface properties since both TOF and Thus, the number of chemisorbed surface isopropox-
isopropoxide decomposition are surface parameters.ide species at 116 was used to determine the TOF
This overcomes the limitations of comparing surface across the various metal oxide catalysts. The TOFs for
properties with bulk properties. acidic catalysts varied by eight-orders of magnitude
There have been few investigations into the re- (10! to 10~"s 1) and TOFs for redox catalysts varied
lationship between reaction selectivity and activity by six-orders of magnitude (£Go 10~4s~1). There
across various metal oxide catalyf3d,17] No trend is a weak inverse correlation between the variation of
is seen inFig. 4 since most of the metal oxide cata- the TOF (redox) and the bulk heats of formation of the
lysts exhibited a 100% selectivity to either acidic or metal oxides per oxygen atom at lowAH;. There is
redox products independent of the TOF, even though no correlation between TOFs and TPR—éduction
the TOFs varied by many orders of magnitude. There onset temperatures. Variations of the TOFs (redox)
is a general belief in literature that extremely active with the surface isopropoxide intermediate decom-
metal oxides will lead to overoxidation. The present position temperatures reveal an inverse trend for the
study shows contrary data. Thus, no correlation exists least stable surface intermediates and there is very
between the redox sites and the rate of reaction (TOF) little variation in TOFs (redox) with the decomposi-
on the surface sites for isopropanol oxidation. tion temperature for the moderately and less reactive
As can be seen frorfrigs. 5 and g partial oxida- surface intermediates. The selectivity of the metal
tion of isopropanol seems to show the compensation oxide catalysts is independent of the TOFs and is an
effect (type C—bothE and A variable) as suggested inherent property of the nature of the active surface
by Boudart[44]. Inactive redox oxides like O3 and site.
extremely active oxides like A® tend to deviate
from the general trend. Similarly acidic oxides like
V205, which is very active and very inactive SiO  Acknowledgements
tend to drift away from the trend. Data from PtO and
Au03 was not included in these figures since they  Support from DOE, Division of Basic Energy
are extremely active and hence have larger errors in Sciences, Grant number DEFGO02-3ER14350, is
determination oEgpp gratefully appreciated.
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