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Methanol: a “smart” chemical probe molecule
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A novel chemisorption method was employed for the dissociative adsorption of methanol to surface methoxy intermediates in order to
quantitatively determine the number of surface active sites on one-component metal oxide catalysts (MgO, CaO, Sr&DBd@,¥3,
CeQp, TiOg, ZrOy, HfO3, V205, NbpOs, TapOs, CroO3, MoO3, WO3, Mny03, Fe0O3, Co304, RipO3, NiO, PdO, PtO, CuO, AgO,
Aup03, ZnO, Al,O3, Gg 03, Iny03, SIO,, GeQy, SNG, P05, ShO3, BioO3, Se@ and TeQ). The number of surface active sites for
methanol dissociative adsorption corresponds:ﬂmmol/m2 on average for many of the metal oxide catalysts. Furthermore, the methanol
oxidation product distribution at low conversions reflects the nature of the surface active sites on metal oxides since redox sg&yield H
acidic sites yield CHOCHgz and basic sites yield GO The distribution of the different types of surface active sites was found to vary widely
for the different metal oxide catalysts. In addition, the commonality of the surface methoxy intermediate during dissociative chemisorption
of methanol and methanol oxidation on oxide catalysts also allows for the quantitative determination of the turnover frequency (TOF)
values. The TOF values for the various metal oxide catalysts were found to vary over seven orders of magnitite @s—1). An
inverse relationship (for metal oxide catalysts displaying higB5%) selectivity to either redox or acidic products) was found between the
methanol oxidation TOF values and the decomposition temperatures of the surface Mirdaeiediates reflecting that the decomposition
of the surface M—OCHispecies is the rate-determining step during methanol oxidation over the metal oxide catalysts.
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1. Introduction catalysts, these studies possessed several limitations: (1) the
number of surface active sites is determined with a different
The ability to quantitatively determine the number of suprobe molecule than the actual reactant, (2) the oxide cata-
face active sites on metal oxide catalysts remains a gr@gait is pretreated with bland the reduction stoichiometry of
challenge for the establishment of fundamental catalytic rgre catalyst is usually not known, (3) the chemisorption and
lationships for metal oxide catalysts. Knowledge of the agaduction temperatures are usually far removed from the ac-

tive site surface density allows for direct comparison of inya) reaction conditions, and (4) both surface and bulk sites
trinsic activities across different catalysts as expressed Pﬁéy be involved in the measurements.

their turnover frequencies (TOE molecules converted per  The studies of Farnett al. [19-21] on bulk MoQ and

second per active surface metal oxide site) [1]. Se,"e@feightet al. [22] on bulk Fe(MoO4)3 were the first to
approaches have prevpusly been proposed to quantify gest that quantitative methanol chemisorption may be

M th o 11 d@hemi i Te'\;'viable method for determining the surface active den-
any authors [2-11] propose emisorption as a gen'sity of bulk metal oxides. The group performed methanol

eral method. The bulk (or supported) metal oxide Catalygﬁemisor tion at room temperature and temperature-pro-
is reduced only at the surface by ldnd then reoxidized to P P P P

. . . . Brammed desorption (TPD) studies under high vacuum in
determine the number of surface active metal oxide sites yder to elucidate the methanol oxidation mechanism. na-

the amount of oxygen consumed. However, this approach0|s . .
very insensitive to over-reduction beyond the surface lay N 9f surface |ntermed|a'Fes, the number of surface ac-
and is rather indirect [5,12-14]. An alternative method!V€ Sites and peak desorption temperatures of the products
based on a surface reaction between NO and,N¥ds pro- formed. In addition to methanol, the investigations were
posed by Murakami and coworkers to quantify the surfa&Xtended to other probe moIepuIes like ethanol, 2.-pro;_)anol
V=0 species on bulk ¥0s and supported vanadium ox-andtert-butyl alcohol to quantify the number of active sites
ide catalysts [15,16]. The technique involves the reactiéh metal oxide surface and their dependence on the charac-
between NO and Ngion a surface VO site to produce teristics of the specific alcohol molecule. The surface ac-
N,. However, recent studies demonstrated that the redi¥e site densities were very similar when methanol, ethanol
tion mechanism of NO and Ng¢-bn vanadia/titania catalystsand 2-propanol were chemisorbed on the MaQrface but
is more complicated and involves both Brgnsted acid sites3 times higher than the surface active site density obtained
V-OH and =0 redox sites in adsorption and activation ofrom the chemisorption ofert-butyl alcohol. The authors
ammonia [17,18]. also demonstrated that the methanol adsorption stoichiome-
Despite the extensive efforts to develop a reliable methty to surface methoxy species and water must be incorpo-
to quantify the number of surface active sites on metal oxidated into any quantitative chemisorption measurements that
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are obtained gravimetrically since moisture desorbs during In addition, methanol oxidation reactions on oxide sur-
methanol dissociative adsorption. faces are very sensitive to the nature of active catalytic
Subsequent studies were also carried onTjigB] us- sites [27]. The methanol oxidation product distribution at
ing several probe molecules such as methanol, etharloly conversions reflects the nature of the surface active
1-propanol and 2-propanol to quantify the number of asites since redox sites oxidatively-dehydrogenate methanol
tive sites and to study the structure—reactivity relationshipg yield formaldehyde, basic sites yield g@nd Lewis and
of TiO, (anatase) powders. The surface active site densitl&gnsted acid sites lead to dehydration of the oxidized car-
were very similar and independent of the probe molecul@§n species to yield dimethyl ether. Thus, methanol is a
used for chemisorption. “smart” chemical probe molecule that can provide funda-
However, these pioneering studies performed methariBental information about the number of surface active sites,
adsorption at room temperature and previous studies dem#if: hature of surface active sites, the decomposition temper-
strated that methanol chemisorption on Mo& room tem- ature of surface methoxy intermediates and the quantitative
perature results in both molecular and dissociatively ad©F values for methanol oxidation for pure metal oxide cat-
sorbed methanol [24]. The first mechanism can be coRlysts. This approach has generated new insights into the
sidered as a physical adsorption process since the meth&fplytic properties of pure metal oxide catalysts.
molecules adsorb intact on the surface. Dissociative adsorp-
tion is a chemisorption process that involves the formatioéw
of a surface methoxy intermediate and a surface hydroxyl on
an active site. Infrared studies by Groff demonstrated thata§ catalyst synthesis
100°C, undissociated methanol molecules are volatile while
the surface methoxy groups remain intact on the NMe@r- The bulk metal oxide catalysts employed in the present
face [24]. More recently similar conclusions were obtaineidvestigation were either purchased as high purity commer-
by infrared analysis of methanol adsorbed onto supporteidl chemicals or prepared by decomposition of their cor-
molybdenum and vanadium oxide catalyst [25]. responding hydroxides or metal salts, as shown in table 1.
The objective of the present study is to improve th&€he pretreatment conditions of the precursors were obtained
methanol chemisorption approach to quantify the number bm theHandbook of Chemistry and Physics [28].
surface active sites for pure metal oxide catalysts by optimiz-
ing the experimental conditions for dissociative adsorptich2. BET surface area

of methanol. The primary reason for choosing methanol as i
the probe molecule to quantitatively determine the number 1he BET surface area of each sample was determined by

of surface active sites on pure metal oxides is due to the coRfir09en adsorption—desorption isotherms on a Quantasorb
monality of the surface methoxy intermediate formed durirgf/lféce area analyzer (Quantachrome Corporation, model

dissociative chemisorption of methanol and methanol oxide?>™9) usin? a 3:|7 ratio of a;?(Hehmixture. Typically, N
tion on oxide catalysts. This overcomes a major limitation (9‘2_0'3 g of sample was used or the measurer_nent and the
mple was outgassed at 28Dprior to N> adsorption.

the previously proposed techniques to quantify the numb&t
of surface active sites on metal oxides. The secondary réa% Methanol chemi i
son for choosing methanol as the probe molecule is becas anol cnemisorption

of its high reactivity towards metal oxides (unlike CO2H 1 4 experimental conditions required to quantify the

and ). _humber of surface active sites via methanol chemisorp-
Furthermore, knowledge of the number of surface actiyg), \vere determined over a wide range of temperature

sites enables the calculation of the catalytic turnover frgi,q methanol partial pressure in a Cahn TGA microbal-
quency during methanol oxidation. The TOF is the trugnce (model TG-131) coupled with a PC for temperature and
catalytic parameter for oxidation reactions since it is NOfgeight monitoring. A detailed flow diagram can be found in
malized per surface active site. These calculations will, f%rprior publication [29]. The system allowed for a controlled
the first time, allow for direct comparison of the intrinsigiow of high purity gases: air for pretreatment, a mixture of
methanol oxidation activities over a wide range of pure metgiethanol in helium for adsorption experiments and helium
oxide catalysts, and will hopefully provide new insight intqor temperature-programmed desorption experiments.
the fundamental catalytic properties of pure metal oxides.  The following experimental procedure was employed.
The methanol chemisorption method can be also exfter being weighed and loaded into the TGA, the sam-
tended to obtain the decomposition temperatures of the sples were heatedn situ to 350°C for 1 h in flowing
face methoxy species on various pure metal oxide catalysig (9.5 ml/min; ultra high purity; Air Gas) and helium
by temperature-programmed desorption (TPD) experiment80 mi/min; ultrahigh purity; Air Gas) in order to remove
The decomposition temperature of the surface methoagsorbed moisture and possible carbonaceous residues. The
species is a very important catalytic parameter since kinefiretreated catalysts were then cooled to KD0n flowing
isotopic studies have shown that this surface reaction stefnaium. Methanol was quantitatively adsorbed from a flow-
the rate-limiting step during methanol oxidation [26]. ing CH3OH/He stream (2000 ppm GH) onto the catalyst

Experimental
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Table 1

Bulk metal oxide catalysts. Rh,O3 and AgO) required lower adsorption temperatures

because of catalyst reduction at 2@

Catalyst Source
MgO MgCQs, calcined at 350C for 3 h, Aldrich 2.4. Methanol oxidation reaction
CaO CaCQ, calcined at 350C for 3 h, Aldrich
Sro Alfa Aesar, 99.5% Methanol oxidation was used to examine the catalytic re-
BaO Ba(ClQy)2-3H>0, calcined at 400C for 3 h, Aldrich activity and product selectivity of the metal oxide samples.
0, . . . . . .
Y203 Alfa Aesar, 99.999% The reaction was carried out in an isothermal fixed-bed dif-
LayO3 Alfa Aesar, 99.999% . . .
TiO, Degussa P-25 ferential reactor, which was held vertically and made out of
zr0, Degussa pyrex glass with 6.2 mm outer di_amgter. AbOL_Jt 40 mg cat-
HfO, Alfa Aesar, 99.9% alyst was tested for methanol oxidation at various tempera-
CeQ Engelhard tures at atmospheric pressure. The reactant gas mixture of
V205 NH4VO3, calcined at 456C for 3 h, Alfa Aesar CH3OH/Oy/He, molar ratio~6/13/81, was used with a to-
Nb>Og Niobium Products Company tal fl te of 100 mi/mi Th feed trolled
TapOs H.C. Starck Company al flow rate o ml/min. e gas feed was controlle
Cry03 Cr(OH)s, calcined at 450C for 1 h by mass flow controllers (Brooks moc_iel 5850). _Analy3|s of
MoOs (NH4)M07024-4H,0 at 300°C for 5 h, Alfa Aesar the reactor effluent was performed using an on-line gas chro-
WOs H2WOy, calcined at 400C for 48 h, Aldrich matograph (HP 5890 series Il) equipped with FID and TCD
'“:":22003 m;‘;‘igga‘r}ggi;a'c'md at250C, overnight, Alfa Aesar - getectors. A carboxene-1000 packed column and a CP-sil
3 s 0 . .
C0s04 Aldrich 5CB caplllar_y column were u'sed in .parallel for TQD and
RhpO3 Rh(NO3)3, calcined at 300C for 4 h, Johnson Mathey FID, re;pectlvely. The catalytic activities were obtained by
NiO Ni(OH),, calcined at 230C, overnight, Alfa Aesar integrating the peak areas of the products and calculated ac-
PdO Pd(NQ)2, calcined at 300C for 4 h, Johnson Mathey  cording to mole products per hour pef of catalyst used.
Pto PL(NF)4Cly, calcined at 400C for 4 h, Johnson Mathey  The selectivities are expressed in mole percent for each prod-
cuo CuN@)2-3H,0, calcined at 200C for 48 h, Alfa Aesar uct and defined as the ratio between the yield of this product
Ag,0 Alfa Aesar, 99% y P
Zno Aldrich, 99.97% and that of the total methanol reacted.
Al,03 Engelhard
Ga03 Alfa Aesar, 99.999% 2.5. Temperature-programmed reduction (TPR)
In,03 Alfa Aesar, 99.997%
g'n%z iﬁ?ﬁﬂ' 5;);5 TPR was carried out with an AMI-100 system (Zeton
, 0 .
P,05 Alfa Aesar, 99.998% AItam|r§1 Instruments). The catalyst sampte50 mg) was
Sh,O3 Aldrich, 99.99% Ioad_ed ina U_—type quartz tube and pretreated a}t"SDm
Bi»O3 Bin(Cy04)3 at 300°C for 3 h, Aldrich flowing dry air for 1 h to remove adsorbed moisture and
TeQ, HeTeGs, calcined at 406C, overnight, Alfa Aesar any surface residues. After cooling down in flowing Ar to

150°C, the Ar gas was switched to a 10%/Ar gas mix-
ture. The temperature was then ramped from 150 ta®@00

at 100°C for 1h to Obtain the We|ght gain_ The decompoWith a constant heating rate in 10‘%2#” with a flow rate
sition temperature of the surface methoxy intermediates w@ls30 mi/min. An on-line TCD detector was used to record
obtained by ramping up the temperature after methanol 48€ Hz consumption.
sorption at a constant rate of 10/min and monitoring the
derivative of the weight loss.

Adsorption temperatures below 190 resulted in the
_coadsorption of surface methoxy intermediates and_ ph)ffl BET surface area measurements
ically adsorbed molecular methanol, and adsorption at

temperatures significantly higher than T resulted N The surface areas of the pure metal oxide catalysts are
the decomposition of the surface methoxy 'mermed'at?ﬁesented in table 2. The results reveal that the highest
Thus, 100C was chosen as the adsorption temperature #@irface areas are of metal oxides that are typically used as
methanol since it was above the desorption temperaturesgfpports for supported metal oxide catalysts;@, TiO2,
physically adsorbed mole.cula}r me_thgnol, at the tempergro,, Sio,, CeQ® and NBOs). Purchased commercial cat-
ture where methanol readily dissociatively adsorbed as syfysts were generally of low surface area with the exception
face methoxy intermediates and below the decompositighFe,05(21 m?lg), Ga03(18 n#lg), Y203(27 n/g), and

temperature of the surface methoxy intermediates. TP8O5(15 n?/g), which showed a comparatively high surface
methanol partial pressure also influenced the amount gg.

physically adsorbed molecular methanol that condensed on

the catalyst pores, and 2000 ppm of methanol in helium wg®. Methanol chemisorption

found to essentially eliminate the condensation of molecular

methanol in the pores of the oxide catalysts at AWD0Some The selective oxidation of methanol involves the disso-
of the pure metal oxide catalysts (CuO,>68h, PtO, PdO, ciative chemisorption of methanol to form reactive surface

3. Resaults
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Table 2

BET surface areas. Number of surface active sites at 100.
Catalyst Surface area @nhy) Catalyst Ns (Mmollmz)
MgO 23 MgO 225
CaO 20 CaO 54
SrO 6 SrO 43
BaO 2 BaO 38
Y203 17 Y203 4.9
LapO3 5 LapO3 341
TiOy 50 TiO, 37
ZrOy 39 ZrOy 11
HfO, 2 HfO, 26
CeO, 33 Ce®, 4.2
V205 4 V205 0.7
NbyO5 55 Nb,Osg 2.6
TapOsg 4 TapOs 4.6
Cro0g3 21 CrpO3 124
MoO3 3 MoO3 0.8
WO3 15 WO3 23
Mn,03 9 Mny03 1.6
FeO3 21 FeO3 37
Co304 3 C0o304 28
RhyO3 11 RhyO3 8.13(3.5)
NiO 43 NiO 6.5
PdO 17 PdO 99%(4.3)
PtO 2 PtO 7233.1)
CuO 1 CuO 84%(3.6)
Ago0O 1 Ago0 120%(5.2)
ZnO 9 ZnO 03
Al,O3 180 Al,O3 5.6
GaO3 18 Sio, 0.2
In203 3 GapO3 41
Si(e) 300 In,O3 2.7
SnG 8 SnG 16
P205 15 P>O5 3.6
SbyO3 0.7 ShyO3 11.33(4.9)
Bio O3 4 Bio O3 21
TeQ, 1 TeO, 41

aMethanol adsorption at 5. Parentheses indicate val-
CH; ues corrected for adsorption at 1U0.
CH,0H,,, (:) H

| calculated from the weight gain of the catalysts after adsorp-
tion of methanol at 100C, subtracting the contribution of

~ _ the water molecules that are formed and desorbed during the
methanol chemisorption process.

The adsorption of methanol mostly corresponds 8-4
CH30ags umol/m? on average. The highe¥s value for
CuO, Sh0O3, Rhp0O3, PdO, PtO and AgO is due to the
lower adsorption temperature required for these samples,

Figure 1. Dissociative adsorption of methanol on oxide surface. = 50°C. CuO required a lower adsorption temperature be-

cause it was reduced at the typical adsorption temperature

intermediates as shown in figure 1. A surface hydroxglf 100°C while SkOs exhibited a very low surface area.
group is also produced upon dissociative adsorption, whitkethanol chemisorption on precious metal group oxides,
desorbs by forming bD. Therefore, the knowledge of thePtO, PdO, RpOs and AgO, was also performed at 5C
amount of surface methoxy species formed during methar@cause of the extremely reactive nature of these metal oxide
chemisorption is the key for the determination of the numbeurfaces at the typical adsorption temperature. A correction
of surface active sites available for selective methanol oxactor of 0.43 is obtained for metal oxides which required a
dation. A series of pure metal oxides were examined witbwer adsorption temperature by comparing the surface ac-
methanol chemisorption and the results are presented intfae site density for Fg03 at 100 and 50C since methanol
ble 3. The surface methoxy concentration is expresseddamemisorption at 50C results in both molecular and disso-
the number of accessible surface active sites per unit saiatively adsorbed methanol. The corrected valueSgfor
face areaf/s). The number of surface methoxy species wasuO, ShO3, PtO, PdO, RpO3 and AgO are also presented

2000 ppm, 100°C
CH,OH + 2§ =—————> CH,0---S + H---S
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Table 4

in table 3. MgO and LgO3 are basic in nature and react with Surface methoxy decomposition temperattig)(

methanol to form carbonates and, thus, exhibit higlval-

ues. Pure GIO3 exhibited a somewhat higher than expecte@atalyst Decomposition temperatufec]
value ofNs. Intable 3 it should be noted thag values could (a) Redox catalysts
have a large error for low surface area material3 (?/g).  cao 355
The transition metal oxide catalysts MgOV20s and ZrO; 326
ZnO exhibit much lower values d¥s as compared to the av-HfO2 278
erage value of-3—4mol/m? suggesting that methanol doe§cleg2 ggg
not utilize the entire exposed surface area for adsorption 9%053 270
these oxide catalysts. Low value & for SiO; reflects the mn,04 165
somewhat unreactive nature of this oxide surface. £Sg&s NiO 240
also investigated, but did not adsorb methanol reflecting tRe© 138
extremely low surface area of the sample. ngo 122255
In addition to quantifying the number of surface activg, 250
sites, methanol chemisorption can be extended to perfosmos 375
temperature-programmed desorption (TPD) studies in deo; 366
der to determine the decomposition temperature of the sur- (b) Acidic catalysts
face methoxy species. The maximum peaks in the dge, 380
composition temperatureg}) are obtained by plotting the Nb2Os 308
derivative of the weight losss. temperature in the desorp-120s 269
tion region. The decomposition temperatures of the SL%OS igg
face methoxy species on the various metal oxide catalygéoe'3 171
are presented in table 4. Only those bulk metal oxide catgos 250
lysts Whigh_exhibited close to 100% §electivity towards re- (c) Average temperatures for catalysts exhibiting multiple products
dox or acidic products are presented in table 4. The decogjpo 362
position temperatures of high selectivity redox catalysts vaggo 400
over a range of 24%C with Ag>O exhibiting the lowest sur- Cr,03 216
face methoxy decomposition temperature (125and TeQ  F&0s 280
exhibiting the highest surface methoxy decomposition te %‘284 i?g
perature (366C). The oxides of precious metals (PdO and,q s 60
Ag20) exhibit relatively low methoxy decomposition tem<zno 232
peratures. Among the transition metal oxides,Kg ex- SiO; 560
hibited low decomposition temperatures. @k (180°C) Bi203 260

and GaOg3 (171°C) exhibited low decomposition tempera-

tures and TiQ (380°C) exhibited high decomposition tem- o o
perature among catalysts exhibiting high selectivity to acid®/Os, Al20s, G&0s, and ROs exhibit 100% selectivity to
products. The majority of the bulk metal oxides posse§émethyl ether. ¥Os3 and IOz are 100% selective to GO

surface decomposition temperatures that fall in the rangeMgO. SrO, BaO, Zr@, Cr203, Mn203, C0304, RhpOs,
220-320C. NiO, PtO, ZnO and BiOs yielded both redox and basic

products. Among them MgO, SrO, BaO, ZrOMn,0s3,
3.3. Methanol oxidation selectivity and turnover frequency ~ C0304 and NiO were more selective to redox products,
(TOF) while Cr,O3, RhpO3, PtO and ZnO were more selective to
COy. TiO2 and SiQ were selective to both dimethyl ether
Surface methoxy groups are the intermediate speci@’d CQ, with TiO2 being highly selective to dimethyl ether
in the production of partially oxygenated reaction prodand SiQ being highly selective to CO SiO; selectivity
ucts (formaldehyde, methyl formate, dimethoxymethanegflects its unreactive nature, since high temperatures are
dimethyl ether, etc.) during oxidation of methanol [26,27needed to achieve differential conversions, which leads to
The catalytic selectivity data, obtained by on line GC analylecomposition of the surface methoxy intermediate and over
sis, are presented in figure 2. The figure shows the prodggidation of the intermediate products. The transition metal
distribution (redox, acidic and basic) for selective methanokide catalysts Mo@and V>Os primarily yielded formalde-
oxidation over various metal oxides under differential corbyde along with a minimal production of dimethyl ether.
versions £10%). The primary redox reaction products aréeO3 exhibited almost equal selectivity to redox and acidic
formaldehyde and methyl formate with dimethoxymethan®oducts. RpOz and Se@ were also investigated and were
produced in minimal quantities. Dimethyl ether is the aciditound to completely volatilize before showing any measur-
product and CQis the basic product. CaO, k@3, HfO,, able catalytic conversion of methanol. The temperatures at
CeQ, PdO, CuO, AgO, Aux03, SNQ, SOz and TeQ@ which these samples began to volatalize are also presented
exhibit 100% selectivity to redox products. M5, TapOs, in figure 2. GeQ was also investigated, but it did not show
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[[{] Redox i ] Acidic Basic

Figure 2. Methanol oxidation selectivity over pure metal oxide catalysts.

Not examined D Volatile

any conversion in the temperature range investigated (1Q@ptying the overall TOF with the selectivity to redox, acidic
500°C) due to the extremely low surface area of this sanand basic products, respectively. For comparative purposes,
ple. data from table 5 is plotted on a log scale and presented
The commonality of the surface methoxy intermediat@ figure 3. The results reveal that the methanol oxidation
during dissociative chemisorption of methanol and methanbOF values vary over seven orders of magnitude from310
oxidation on metal oxide catalysts allowed for the quantte 10* s~1. PtO exhibits the highest turnover frequency
tative determination of the turnover frequency (TOF) val3.3 x 10* s 1) and SiQ (1.2 x 10~3 s1) exhibits the low-
ues by normalizing the activities at 300 to the num- est turnover frequency. The very low activity of Si@as
ber of surface active sites. The well known activation efseen previously reported in the literature [30,31]. The pre-
ergy of this reaction of~20 kcal/mol [27,30] was used to cious metal oxides, PtO 3x 10*s™1), PdO (15x 10% s 1),
calculate the activity values at a common temperature BhyOs (5.8 x 10' s~ 1) and AgO (3.6 x 10? s~ 1) possess the
300°C. highest turnover frequencies. Several transition metal oxide
As recently reviewed by Tatibouét [27], methanol oxeatalysts, GiOs (8.3 x 10! s 1), Coz04 (7.7 x 10t s71)
idation can lead to the formation of various products and MrpOs (3.9 x 10t s1) also exhibit comparatively high
methanol reactions on oxide surfaces are very sensitive to thenover frequencies.
nature of surface active sites. Methanol oxidation reactions
can be divided into two principal pathways: (1) reactions &.4. Temperature-programmed reduction
oxidation that need oxygen and (2) reactions of dehydration
that do not need oxygen. Except for dimethyl ether the for- The TPR technique was used to probe the reducibility or
mation for all products needs at least one oxidation step. Theygen availability of different metal oxide catalysts. Di-
selectivity to dimethyl ether is attributed to the dehydratioluted hydrogen was used to reduce the catalysts. Similar to
ability of the catalyst which in turn is related to its acidianethanol chemisorption, hydrogen reduction of a metal ox-
character. Thus the term “methanol oxidation” refers to thide proceeds through dissociative adsorption ef tthich
network of oxidation/dehydration reactions as described iracts with lattice oxygen to form surface hydroxyl species.
the review by Tatibouét [27] and the apparent activation eBubsequently, bD leaves the surface by eliminating the sur-
ergy is always close to 20 kcal/mol for methanol oxidatioriace hydroxyl species. The TPR onset (threshold) tempera-
whatever the catalyst. ture of the pure metal oxide catalysts, which reflects the re-
The turnover frequencies are shown in table 5. Thaucibility of the sample, are shown in table 6. The initial
TORedox TOFacidic and TORgasic were calculated by mul- reduction temperatureddnse) vary over 5042C with PdO
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Table 5 Table 6
Methanol oxidation turnover frequencies (TOFs) at 300 Temperature-programmed reduction (TPR) onset tempera-
tures of bulk metal oxides.

Catalyst ~ TORedox(s™%) TOFacidgic (571) TOFpasic(s™1)

Catalyst Tonset(OC)
MgO 0.02 0 Q01
CaO 0087 0 0 MgO N.R®
Sro Q008 0 0006 CaO 300
BaO Q004 0 0002 Sro 326
Y203 0 0 0007 BaO 330
LayO3 0.003 0 0 Y203 325
TiOo 0 0.003 Q0003 LapO3 468
Zr0y 0.11 0 0018 TiO2 N.R2
HfO, 0.93 0 0 Zr0; N.R2
CeQ 0.14 0 0 HfO, N.R2
V205 2.2 0.26 0 Ce® 594
NbyOs 0 0.02 0 V205 550
TapOs 0 0.09 0 NbyOg N.R2
CryO3 30 0 53 TaxOs 340
MoOs 0.42 007 0 Cr03 219
WO3 0 0.26 0 MoO3 575
Mn,03 31 0 8 WO3 544
FeO3 12 07 0 Mn203 184
Co304 51 0 26 Fe03 200
RhyO3 20 0 38 Co304 288
NiO 43 0 046 RhyO3 100
PdO 151 0 0 NiO 278
PtO 9143 0 23511 PdO 90
Cu0 57 0 0 PtO 345
Ag,0 359 0 o Cuo 268
Zno 2 0 24 Ag,0 200
Al,03 0 1 0 ZnO N.R2
Ga0O3 0 115 0 Al>,03 N.R2
In,O3 0 0 054 Ga03 320
Sio, 0 0.0002 0001 In203 350
SnO 1.9 0 0 Sio, N.R2
P20s 0 0.35 0 SnG 500
S04 0.01 0 0 P20s N.RE
BizO3 1.4 0 45 S0z 563
TeO; 0.02 0 0 Bi203 400
TeOp 355
100000 - TOF eg0x TOFcigic TOFpacic 2N.R.: no reduction detected between 150 and“fD0
PO o
10000 et in table 6, other samples (HEOMgO, ZnO, TiG, Al20s3,
1000 ro0® SiOy, ZrOy, P,0Os and Nl»Os) were also investigated but no
100 cfdéé * «o.. detectable Hconsumptionwas observed for these oxides in
10 S g =o?  the temperature range of 150-7@ Some of these sam-
§“§C’) 30 o, 558 ples (TiQ, Al,0s, ZrO; and NIzOs) probably experienced
Y WS e 0 ggfgaz“‘zoﬁ w:s  slight surface reduction because their color changed after a
0.1 70.§ Hilig e TPR run and the color quickly disappeared when the sample
0.01 4 greo, N,0;0 @’g‘c’?o was exposed to ambient conditions.
Esiel:,%, s TO, & §rd.
0.001 o fa0e .
0. e 3.5 Correlations
0.0001
The extensive information obtained from methanol che-

0.00001 -
misorption (number of surface active sitéés) and the de-

Figure 3. Semi-log plot of methanol oxidation turnover frequencies (TOFgomposition temperature of surface methoxy intermediates),
methanol oxidation (reactivity and product distribution) and
showing the lowest onset temperature and £&idwing the the combination of both of these techniques (TOF values) is
highest onset temperature. Most of the bulk metal oxides evorrelated with other catalytic parameters to elucidate fun-
hibited multiple peaks in their TPR profiles due to their muldamental insights about these catalytic bulk metal oxides.
tiple oxidation states when extensively reduced. Note, hoBpecial emphasis is placed on correlating the Egyk val-
ever, that only the onset reduction temperatures are reporntes because of the commercial importance of such catalysts
in table 6. In addition to the bulk metal oxides presentefdr the selective oxidation of methanol.
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Figure 4. Semi-log plot of TO&gox vs. heat of formation of bulk metal
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Figure 5. Log-log plot of TORgox VS. isotopic dioxygen exchange rate

constant. Figure 7. Semi-log plot of TOEgox Vs. surface methoxy decomposition
temperature.
3.5.1. Turnover frequency correlations

Methanol oxidation turnover frequency is plotted againghown in figure 7. A similar inverse relationship was found
the enthalpies of formation of bulk metal oxides (®)) for TOFacigic vs. surface methoxy decomposition tempera-
normalized per mole of oxygen atom in figure 4, angre. The inverse relationships were obtained by curve fit-
the TORedox does not appear to correlate with the bulling a linear best-fit solution. For the plot of TQEFox Vs.
metal-oxygen bond strength. The T@fox is also plot- syrface methoxy decomposition temperature the regression
ted against the isotopic dioxygen exchange rate congfanterror was less than 2% and for the plot of TQfic Vs. sur-
(molecules/crhs) for various metal oxide catalysts in fig-face methoxy decomposition temperature the regression er-
ure 5 and no correlation appears to be obtained. ESSefrwas less than 5%.
tially the same results are obtained if T@fox is replaced
by methanol oxidation activity (mol/cfs). The isotopic 352, Methanol oxidation selectivity correlations
oxygen exchange rate constants for the various metal 0x-The methanol oxidation selectivity to redox products was
ide catalysts were obtained by Boreskov [32] at a comm@jotted against TOgoxand the isotopic dioxygen exchange
temperature of 308C and were normalized to the surfacgate constantk), but no apparent correlations were obtained
area of the sample. No relationship was found between thgtween these parameters, as shown in figures 8 and 9, re-
TOFedoxand the onset TPR temperature obtained from Hpectively.
temperature-programmed reduction over the bulk metal ox-
ide catalysts, as shown in figure 6. Obviously, only those
bulk metal oxides that exhibited detectablg ¢bnsumption 4. Discussion
can be included in this figure.

Strong inverse relationship was found between the metha-It has previously been shown Ly situ Raman spec-
nol oxidation TORegox Values and the decomposition temtroscopy that during the oxidation of methanol, the sur-
perature of the surface methoxy intermediate obtained frdaces of Rh, Pd, and Pt metals remain oxidized agd3h
methanol chemisorption/TPD experiments, as shown in figdO, and PtO, respectively [33-35]. A similar finding
ure 7. Only those bulk metal oxide catalysts, which exhilwas reported foin situ Raman spectroscopy studies per-
ited close to 100% selectivity towards redox products, afermed during the oxidation of methanol over polycrys-
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is that TOF values may now be calculated and compared for

@,

) Sb,0, %o Ag,0 different bulk metal oxide catalysts. Comparison of the num-
S &o- Zro, .Mog VO, o ber of active surface sites for bulk metal oxide catalysts gives
B ° MnO very similar adsorption surface site densities for most of the
E. 60 - Nb0’ S *0 catalys'Fs, generally::’_—4 umol CH3Oagdm? on average as
o Fe,0, shown in table 3, which reflects the very similar adsorption
E . stoichiometries for these different bulk metal oxide catalyst
o 40 Zno «*C:0s systems.
> . Rh,0, ®*o0 Qualitatively, methanol chemisorption also provides in-
E 20 - BLO formation about bulk metal oxide catalyst morphology.
9 e Isotropic metal oxides possess3—4 pmol/m? of surface
g 0 ' ' ' ! active sites on average and methanol utilizes the entire ex-

0.001 0.1 10 1000 100000 posed surface area for adsorption. Anisotropic metal oxides

possess-0.6 umol/m? of active sites on average. The low
TOF o g0y (sec'1) Ns value reflects the platlet morphology of these anisotropic

Figure 8. Semi-log plot of selectivity to redox produuss TORegox:

catalysts and the preferential adsorption of methanol on
the edge sites [21]. Bulk Mog) V205, and ZnO exhibit
anisotropic morphology, as shown by their relatively low

HiO, 5102 a0 La,0; Ns values in table 3. The remaining metal oxides exhibit

100 - ShyOe g0 © @ o o . R . . .

90 | oVi0s Ce0; Cuo isotropic morphology, with the exception of Si®ecause
§ ¢ *20 NiO of its low surface reactivity.
g 80 MoO; 2 ®Mn,0y . . . .
£ 7] Methanol oxidation over bulk metal oxide catalysts yield-
5 60 4 Mgo® e ® Co:0, ed redox (formaldehyde, methyl formate and dimethoxy-
E 50 - Fe0s %0 methane), acidic (dimethyl ether) and basic (C@roducts
2 40 o’ oo and the selectivities to different products are illustrated for
£ 3. Bi,0; M each metal oxide in figure 2. The product distribution un-
8 20 ¢ der differential conversions reflects the nature of the sur-
@ 10 - face active sites on oxide catalysts since secondary reactions

0 ; ; ; ; . ; ‘ | are minimized and redox sites oxidatively dehydrogenate to

1.E+00 1.E+02 1.E+04 1.E+06 1.E+08 1.E+10 1.E+12 1.E+14 1.E+16 y|e|d fOfma'dehyde, basic sites y|e|d @@nd Lewis and

Brognsted sites lead to dehydration of the oxidized carbon
species to yield dimethyl ether [27].

The majority of the bulk metal oxide catalysts (MgO,
CaO, SrO, BaO, L#3, CeQ, ZrOy, HfO,, V205, M0Os,
talline Ag [36] and for X-ray absorption spectroscopy oMn203, FeO3z, Co304, NiO, PdO, CuO, AgO, Aup0s3,
methanol oxidation over Cu [37,38]. Analogaimssitu Ra- SnQ, SkpOsz and TeQ) primarily yield redox products.
man observations were also made wifO£ and MoQ dur- Some of the bulk metal oxides such as>Rf, TaOs,
ing methanol oxidation [39]. Based on these observatiol$O3, Al203, Ga0O3, and BOs are known to possess sig-
the results presented above have both qualitative and quaificant Lewis acidity and, thus, yield only dimethyl ether.
titative implications for the development of fundamentdbimilar results have been obtained in previous studies with
structure—reactivity relationships about methanol oxidatigh 203 [30,40,41] and NpOs [42]. Y203 and InpO3 were
over bulk metal oxide catalysts. Quantitatively, methandighly selective to CQreflecting that the surface active sites
chemisorption provides the number of surface active sitesthese oxide catalysts are dominated by basic surface sites.
for bulk metal oxide catalysts. During methanol oxidatio®rO, BaO, C§O3, RhpO3, PtO, Zn0O, and BiO3 also exhibit
not all the exposed surface sites present on the bulk metih selectivity to CQ and agree well with previous studies
oxide can simultaneously participate in the surface reaction Bi;O3 [43,44], MgO [31] and ZnO [45,46]. Group IIA
due to steric interactions. The maximum number of sumetal oxides (MgO, CaO, SrO and BaO), though known to
face sites on which methanol can chemisorb are definedleesbasic in nature, also yield redox products indicating the
the active surface sites and they need to be quantified fege of adsorbed oxygen as surface active sites for methanol
determining the TOF values for methanol oxidation. Umexidation on these metal oxide catalysts. No apparent trend
like the model supported metal oxide catalysts, where tieobserved in the nature of the surface active sites as func-
total number of deposited metal atoms present in the twiden of position in the periodic table (from left to right or top
dimensional metal oxide overlayer are taken as the numtiehbottom).
of surface active sites [14], the number of surface active sitesThe methanol oxidation TOF (TQgox TOFacidic and
for bulk metal oxide catalysts are not known in advanc&@OFyssi) values were calculated by determining the pro-
Thus, the most significant advantage of redefining TOF adtiction rates of redox, acidic and basic products at°800
cording to the methanol chemisorption surface site densiti@sd normalizing the rates to the total number of surface sites

K (molec/cm¥/sec)

Figure 9. Semi-log plot of selectivity to redox produgss isotopic dioxy-
gen exchange rate constant.
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available for adsorption of C#Dags (Ns) at 100°C (see ta- sure [26]. The overall rate of reaction is given as
ble 5). For those metal oxides that possessed more than one

. L N . k
type of surface site (redox, acidic or basic), it was not possi- TOF = rdsKmf}ga”OSSH3OH, (1)
ble to determine the corresponding fractions. However, this Kii,0PH0

correc.:t|ontvr\]/ouldtolnlgl resglt'}[.n a mmog ct:)han?e Itn TOS V""I\'/vherekrds is the rate constant for the rate-determining sur-
ues since e cataiylic activities varied by a facto - face decomposition step of the surface methoxy intermedi-
Comparison of the methanol oxidation TOF values at30D0

) ate, which involves breaking a C—H bon&methanolis the
reveals that they vary over seven orders of magnitude fr%‘ethanol equilibrium adsorption constant akid,o is the
10~3to 10* s, as shown in figure 3. 2

. ) h litativel water equilibrium adsorption constant. A simplification can
Previous studies [47,48] have qualitatively compared t made for single-pass reactors at low methanol conver-

acid and base properties of bulk metal oxide catalysts by pefsns (helow 109%), without significant water in feed stream,
forming oxidation reactions on a wide variety of acid-basg \yhich the water dependence is pseudo zero-order. Under

reactants (olefinic and aromatic hydrocarbons, alcohols, ¢i{ase conditions, the expression for the overall rate of reac-
boxylic acids and phenol) and comparing the relative aggn, reduces to

tivities of various bulk metal oxide catalysts for these re-

actions, but this is the first example in the catalysis liter- TOF = koverallPCH30H: (2)

ature where the TOF values of bulk metal oxide catalyst

have been quantitatively compared. The present data A
. i ; . . . I1on equilibrium constant.

consistent with the studies of Ai [47] with the exception o The valuable information obtained from the combination

SnQ, which demonstrates 100% selectivity to redox prod-,

ucts under differential conversions. Both studies conclud?& the methanol chemisorption and the methanol oxidation

that CpOs, C0304, Mn,Os, Bi»Os, ZnO and NiO exhibit echniquesNs and TOF values, is further analyzed by cor-

L : - relating it with other catalytic parameters that may elucidate
significant basic characteristics anBg, V205, WO3 and 9 yue p y

o . itional f I insigh h Ik | ox-
MoOj3 exhibit significant acidic properties. Even thougr?ddltlona undamental insights about these bulk metal ox

bulk V205 exhibits a low selectivity for acidic products (fig—IOIes for redox reactions. The absence of any apparent rela-

] - . . _ tionship between the TQ&ox and the bulk metal-oxygen
uﬁ/vzc)), Its r-:—.or'?‘.:'d'iggl;e |s|eqtl_1|va:ent t_c(;;he T%E'd'tcvaluf? tbond strength, as shown in figure 4, is not suprising since
0 3 WRICh 1S 0 selective 1o acidic products, re eCTOFredox is a surface catalytic parameter, defined as the

ing the much higher ac.:idi.c activity of bulk s compared number of molecules converted per second per active sur-
to bulk WO;s. The data in figure 3 also reveal that the Magnk, .o metal oxide site [1], whereas the metal—oxygen bond

tude of the TOF values of redox and basic products are Cogffength is 2ulk property. Thus, the random scatter of the

parable and much larger than the TOF values of acidic progli, noints reflects the inappropriateness of attempting to
ucts {.€,, TOFredox™ TOFpasic> TOFacidic) when methanol o re|ate asurface catalytic parameter with bulk catalyst

oxidation is employed as the probe reaction. This sugge?}%perty_
that the redox and basic sites are much more active than ther, probe deeper into the fundamental catalytic proper-
acidic sites present on the surface of various metal oXidgss of pbulk metal oxides, an attempt was made to corre-
even thOl_Jgh they might contain comparable surface acti\ge methanol oxidation TQkox with the isotopic dioxy-
site densitiesKs). _ ~gen exchange rate constakit(molecules/crfis). The ab-
It is generally acknowledged that the catalytic oxidasence of a relationship between Ti@fgxand isotopic dioxy-
tive dehydrogenation of methanol to oxidation products ogen exchange rate constant (see figure 5) is consistent with
cursvia the Mars-van Krevelen mechanism [26,27,49-5khe methanol oxidation reaction mechanism. The isotopic
According to the kinetic pathways reported in the literagioxygen exchange rate constant is a surface catalytic pa-
ture, methanol first dissociatively chemisorbs as a surfaggmeter and is defined as the total number of exchanging
methoxy intermediate and a surface hydroxyl on an activgolecules per unit surface per unit time [32] and is a meas-
site. The surface methoxy intermediate subsequently dfe of the exchange between between gas phase oxygen and
composes into gas phase formaldehyde and another surfgggace oxygen atoms of bulk metal oxide catalysts, whereas
hydroxyl. To complete the catalytic cycle, the surface hythe TOReqox is dependent on the rate-determining surface
droxyls then recombine and desorb as water; this step agcomposition of the surface methoxy intermediate that in-
extracts an oxygen anion from the catalyst that is reoxidizeglves breaking of a C—H bond. Hence, the T&bx and
by a “pool” of bulk or adsorbed oxygen atoms supplied bghe isotopic dioxygen exchange rate constants represent dif-
excess oxygen in gas phase. ferent surface steps in the catalytic oxidation of methanol
Kinetic isotope studies have demonstrated that for methgnd should not be expected to correlate with each other.
nol oxidation, the surface decomposition of the adsorbed Furthermore, previous studies [25] have shown that at
methoxy intermediate is the rate-determining step [52hethanol oxidation reaction temperatures~800°C, the
In addition, Holstein and Michaels have empirically verfractional surface coveragédch,) of adsorbed methoxy in-
ified that the methanol oxidation reaction is first-order itermediates corresponds to about 0.1-0.2. This suggests that
methanol partial pressure and zero-order jnpartial pres- the surface of metal oxide catalyst is not starved of oxygen,

‘T]%erekoverau = krgsKadsand Kgs is the methanol adsorp-
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and thus, is not dependent on the exchange with gas phagen TOFReqox iS plotted against the surface methoxy de-
oxygen (kinetics are zero-order in the oxygen partial presemposition temperatures. A similar correlation has been
sure). Note, however, that the dioxygen exchange rate cdound in support of only the right-hand side of the volcano
stant values would be expected to be comparatively high@ot by considering the thermal stability of surface formate
during methanol oxidation than those reported in the literand methoxide intermediates on group IB and group VI
ture in the absence of a reducing component [32] because thetals as represented by the peak temperatures in TPD ex-
number of oxygen vacancies should be greater in the pregriments [55]. According to Barteau, volcano plot behav-
ence of methanol. ior is likely to be exhibited within any family of metals, but
H> temperature-programmed reduction (TPR) is a chamight not hold for jumps across columns of the periodic ta-
acterization technique extensively used for metal oxides ahlg.
reflects the ease of reduction or oxygen removal from the Analogous to the mechanism of methanol oxidation over
catalyst [53]. The absence of any strong correlation (seeetal oxides is the decomposition of formic acid over metals
figure 6) between the TQ&ox and the TPR onset temper-which has long been a common test reaction for examining
atures for the bulk metal oxide catalysts is not too suprithe activity of metal catalysts. In fact, the variation of the
ing since a different probe moleculez Hhan the actual re- activity of transition metals for this reaction forms the basis
actant, CHOH, is employed for K-TPR. In addition, the for perhaps the best-known example of a “Balandin volcano
rate-determining step in HTPR may be either dissociativeplot” illustrating Sabatier’s principle of the optimum insta-
adsorption of molecular $or recombination of surface hy- bility of catalytic intermediates [54]. The conventional in-
droxyls to form BO, and may vary with the specific metalterpretation of Balandin volcano plot suggests that there is
oxide catalyst. Furthermore, the rate-determining step darshift in the rate-determining step as one crosses the peak;
ing methanol oxidation involves breaking the C—H bond dhe rate-determining step on the “left-hand” side is related
the surface methoxy intermediate rather than extracting emthe formation of the surface intermediate and the rate-
oxygen atom from the metal oxide catalyst. determining step on the “right-hand” side is the decompo-
The TORedox Values were also plotted against the sussition of that surface intermediate. While this interpretation
face methoxy decomposition temperatures obtained from tisdikely to be correct for surface reactions where adsorption
TPD studies. This removed the major limitation of-FIPR  of probe molecules on the catalyst surface is an activated
since the same probe molecule as the actual reactant is ysextess, it may not hold for surface reactions where adsorp-
in both methanol oxidation and TPD studies of the decortien is relatively easy and the decomposition of surface in-
position of adsorbed surface methoxy intermediates. In agrmediate is the rate-determining step.
dition, both the methanol oxidation and the TPD studies The methanol oxidation selectivity to redox products is
proceed via the same surface reaction mechanism (surfatso plotted against the TQkgox and the isotopic dioxygen
decomposition of adsorbed methoxy intermediates) and ragxchange rate constant, as shown in figures 8 and 9, respec-
determining step. An inverse correlation is obtained béively. According to literature models [56,57], the selectivity
tween the methanol oxidation TQEox values and the de- in Mars—van Krevelen oxidation reactions should be associ-
composition temperatures of the surface methoxy intermated with oxygen mobility and the intrinsic activity of indi-
diates as shown in figure 7. This suggests that the adsovjual oxygen species. High oxygen mobility should result
tion or formation of the surface methoxy intermediates is abstraction of many hydrogen atoms from the hydrocar-
not rate-determining and only the thermal stability of surfadeon leading to breaking of C—C bonds and, consequently,
methoxy intermediates is kinetically significant. This is alstb over-oxidation and low selectivity. The absence of any
consistent with the kinetic isotope studies that have demapparent correlations between selectivity and oxygen mobil-
strated that surface decomposition of the adsorbed methdtyyfor oxidative dehydrogenation of methanol in figures 8
intermediate is the rate-determining step during metharemhd 9 suggests that the redox selectivity is primarily asso-
oxidation [52]. In addition, previous studies for methanatiated with the nature of the specific surface metal oxide
oxidation over supported vanadium oxide and molybdenuactive sites and is independent of the intrinsic activity and
oxide catalysts [25] have demonstrated that the methanol astygen mobility of that sample. Bulk metal oxide catalysts
sorption equilibrium constank aqs is relatively constant for that exhibit high selectivity to redox products are dominated
significantly different surface methoxy decomposition corby redox surface active sites on these samples. Furthermore,
stants £rgs). Only those bulk metal oxide catalysts that exfigure 9 demonstrates that bulk metal oxides exhibiting high
hibit high selectivities £85%) towards redox products areoxygen mobility can also be highly selective to redox prod-
shown in figure 7. Bulk metal oxides which exhibit bifuncucts.
tional catalytic surfaces.g., a combination of redox, acidic  In the field of partial oxidation catalysis, a variety of
and basic) are not included since it is difficult to differentiatenulti-component oxides, containing a combination of two or
the overlap of surface methoxy decomposition temperatumasre kinds of metal oxides, are typically employed as practi-
towards different reaction products in the current thermadal catalysts. The fundamental information presented above
gravimetric apparatus. employing methanol as a chemical probe molecule should
The data presented in figure 7 demonstrate that only thssist in the design of improved mixed metal oxide catalysts
right-hand side of the classic volcano plot [54] is obtainefr selective oxidation reactions [58].
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5. Conclusions 7
8]
Methanol chemisorption was successfully developed t&!
quantify the number of surface active sites in bulk met&l
oxide catalysts and provide information about the bu
metal oxide catalyst morphology. Isotropic metal oxidegsi]

were found to possess3—4 umol/m? of surface active

0]
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sites on average and anisotropic metal oxides posses@éh M. Faraldos, J.A. Anderson, M.A. Banares, J.L.G. Fierro and

~0.6 umol/m? of surface active sites on average. Most |
the bulk metal oxide catalysts exhibited isotropic morph(j—
ogy except for bulk Mo@, V205 and ZnO, which exhibited
anisotropic morphology. Furthermore, the methanol oxida-
tion product distribution at low conversions reflected the n&4!
ture of the surface active sites on metal oxides since re
sites primarily yield HCO, acidic sites yield CEDCHgz and
basic sites yield C&@ The distribution of the different types
of surface active sites was found to vary widely for the dif17]
ferent metal oxide catalysts. The commonality of the surfafé)
methoxy intermediate during dissociative chemisorption
methanol and methanol oxidation on metal oxide catalysts;
as well as the knowledge of the number of surface active
sites enabled the calculation of catalytic activity per surfacell
active site (TOF) during methanol oxidation. These calcula-
tions, for the first time, allowed for direct comparison of th
intrinsic TOFs over a wide range of bulk metal oxide cata-
lysts. The TOF values for the various metal oxide catalysts
were found to vary over seven orders of magnitude 10

10* s1). The variation in TOF was not related to metal{23!

oxygen bond strength, isotopic dioxygen exchange rate ¢ %ﬁ—]

[16]

stant or the H-TPR onset reduction temperature, but was irjg;
versely related to the decomposition temperature of the s(a7
face methoxy intermediate because the decomposition of tAd
surface methoxy intermediates is the rate-determining steg

. . : . 29]
during these reactions. The fundamental information o o]
tained by employing methanol as a “smart” chemical proley)
molecule will hopefully assist in the design of improveds2]

mixed metal oxide catalysts for selective oxidation reaction[s. ,
33
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