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Abstract

Involvement of active sites in the selective oxidation of propane was investigated usingPp@R)catalysts promoted by Sb, Ti, Zr, Hf, Cu,
and Ce. Based on X-ray diffraction patterns, infrared spectra, and Raman spectra, the formation pPa@QyPhase was confirmed for all of the
promoted catalysts; no other phases were detected. After the addition of Sb, Ti, and Zr, the selectivity to acrylic acid increased, whereas Cu-, Ce
and Hf-promoted catalysts showed lower selectivity than pure §P&0)7. The effect of promoters on the activity and selectivity for the propane
oxidation was investigated on the basis of the nature of surface active sites. The sug@cgp¥cies, evaluated by the nitric oxide—ammonia
rectangular pulse technique, decreased with the addition of the promoters. A proportional correlation between the number cEQusiaeei&s
and reaction rate of propane clarified that the surfacg\species is the controlling factor for the catalytic activity of propane oxidation. In the
case of Sb-, Ti-, and Zr-promoted catalysts, the selectivity to acrylic acid increased significantly. The selectivity was compared with the number
and strength of Brgnsted and Lewis acid sites estimated from dimethylpyridine temperature-programmed desorption. A good correlation wa
observed between the selectivity to acrylic acid and the surface concentration of Lewis acid sites. It was experimentally demonstrated that Lewi
acid sites represent the key factor in selective oxidation.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction As for the Mo—-V-based mixed-oxide catalysts, most of the
reports to date have focused on the roles of the various com-
Selective oxidation of lower alkane by molecular oxygenponents and the formation of a specific crystal phase. It is
is of great interest in the catalysis reseafth In particular, generally accepted that the catalytic performance of Mo-V-
the selective oxidation of propane to acrylic acid using mole-Te—-Nb mixed oxide depends strongly on the crystal phase
cular oxygen as an oxidant is currently attracting much in{22-27] Tsuji and Koyasu identified an orthorhombic phase
dustrial and scientific attentiojf2—21]. Various catalysts have (phasei) and hexagonal phase (phaggand noted that the
been reported to be active and selective for propane oxidatiomgrmer demonstrates higher catalytic performance in the se-
these can be classified as (a) Mo-based mixed-oxide catalystgctive oxidation of propanf22]. Katou et al. prepared a new
such as Mo—V-Nb-Te mixed oxid€2-9], Bi—-Mo-based ox-  orthorhombic Mo—V-O catalyst by hydrothermal synthesis and
ides[10,11} and Ag-Mo—P mixed oxid€12]; (b) heteropoly  clarified the role of each element in Mo—V-Te—-Nb oxide cata-
acid-based catalysf$3-16]} and (c) vanadyl phosphate-based lysts[25].
catalystd17-21] Among these series of catalysts, Mo—V-Te— " Although the effect of the bulk structure on catalytic per-
Nb mixed oxide is currently the most widely investigated, and &ormance has been well investigated, few papers have reported
voluminous literature is available in both patents and scientifighe roles of catalyst surface and surface functional species. Al-

papers. though the redox activity of the surface sites and the importance
of Lewis acid sites have been pointed out, the roles of these
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should clarify the essential factors for the design of selectiv.2. Characterizations
oxidation catalysts.

The objective of this study is to clarify the involvements
in the surface functional species on the selective oxidation OIEQI
propane. Promoted (V@07 catalysts were investigated as
model catalysts, because the active bulk phase for the selecti
oxidation of alkane is already known to be (\MB}Oy [28,29]
Furthermore, it has already been proposed that the surfa€e V

species on (VOQP-0y is responsible for oxidation of-butane ) .
[35)0_33] and(that the surfacgaalo species can be measured by (IR) spectra were measured with a JASCO FT/IR-300 equipped
with a diffuse reflectance unit. As for the spectra of catalyst

the nitric oxide ammonia rectangular pulse (NARP) techniqu . .
[32-34] For the measurement of surface acid sites, we preVﬁ_)ulk, the samples were diluted with KBr, and the spectra were

ously reported that dimethylpyridine temperature-programme&}iasur_eld :JRS ng a:ngl;:yw:je sublfa(;e de_:je_ctor with the resolgnon
desorption (DMP-TPD) is applicable for measuring Brgnste cm - Ik Spectra ot adsorbed pyridine were measured us-
and Lewis acid sites on metal oxide cataly8§]. In this report,

X-ray diffraction (XRD) analysis was done with a Rigaku
NT-1200 diffractometer with CK« radiation. Raman spec-
tra were achieved on powders at room temperature using a
S%SCO NRS-100 spectrometer. The exciting line of a semi-
conductor laser source at 532 nm was focused using & 100
objective. The spectral resolution was about 3 éminfrared

ing a JASCO FT/IR-620 equipped with a diffuse reflectance

the involvements of these functional groups in the oxidation otnit connected to a flow systeiB5]. After calcination at 823 K

propane are investigated.based on the measurement of surfe{eéz h in flowing dry He, pyridine was saturated in the flow-

V=0 species, Bransted acid sites, and Lewis acid sites on ing He and adsorbed on the sample at room temperature. After
series of promoted (VQP>07. purging in flowing dry He at room temperature for 4 h, an ab-

sorption spectrum was measured with XO@ccumulation and
resolution of 2 cm! using a mercury cadmium telluride detec-
tor.

Dimethylpyridine temperature-programmed desorption
2.1. Catalyst preparation (DMP-TPD) was performed as reported previoud$]. Both

2,6-dimethylpyridine (2,6-DMP) and 3,5-dimethylpyridine

Pure and promoted (VGIP,O; catalysts were prepared from (3,5-DMP) were used as probe molecules. 100 mg of a sample
an aqueous media as reported previo(88-34] 85% HPQ,  Was placed in a U-shaped tubular cell and preheated at 673 K
(0.24 mol) and NHOH-HCI were dissolved in 200 ml of dis- for 2 h in a dehydrated helium flow of 150 émin—1. After
tilled water and stirred at 353 K. Then,®@s (0.1 mol) was ~ cooling to 523 K, the sample was exposed to a stream of the
slowly added into the solution and evaporated at 423 K. Afteiprobe molecule diluted in helium for 30 min. Then the sample
drying at 403 K for 12 h, the VOHP£0.5H,0 thus obtained Wwas left in flowing helium at 523 K for 120 min to purge any
was boiled in distilled water for 10 min. As for pure (VE0;  excess and/or weakly held probe molecules. Finally, the TPD
(abbreviated as VP hereinafter), the VOHP@®5H,O was measurement was performed from 523 to 1073 K at a heat-
calcined at 823 K in flowing M for 2.5 h. The promoted ing rate of 5 K mirm®. The desorbed probe was detected with a
(VO),P,07 catalysts were prepared by impregnating an aqueflame ionization detector (FID).
ous solution containing additive elements VOHP®5H,0 NARP measurements were carried out as reported previ-
by the incipient wetness method. Sb(&EDO), Ti(C2H50)4, ously [32,33] After oxidation of catalyst (0.1 g) in flowing
ZrOCl,-8H,0, HfOCkL-8H,0, Cu(CHCOO),-H,O, and oxygen at 773 K for 30 min, the sample was cooled to a pre-
Ce(CHCOO0)%-H20 were used as sources of additives. Thedetermined temperature (450-600 K). Then NO-sNhixture
atomic ratio of additive metal wa¥ (additive)/V = 0.05. The  (NO/NH3 = 1/4) gas was injected as a rectangular pulse with
promoted VOHPQ@.0.5H,0 was calcined at 823 K in flowing a width of 60 s. The number of surfaceXD species was deter-
N> for 2.5 h. The catalyst names were abbreviated with VP (fomined according to the analysis of produced nitrogen profile as

2. Experimental

the promoter element), as shownTiable 1 described previousl{32,36]
Table 1
Surface area and amount of active sites on pure and promoted %0, catalysts
Catalyst Surface area Surface =0 species Amount of acid sites

(m?g~1) (10-% molg™1) (1078 molm=2) Total Brgnsted acid Lewis acid

(10~% molm=2) (10-% molm=2) (108 molm~2)

VP 93 595 6.4 0.60 035 025
VP-Sb 121 472 39 0.62 008 054
VP-Ti 176 845 4.8 0.63 028 035
VP-Zr 187 711 38 0.72 034 037
VP-Hf 252 958 38 0.36 015 021
VP—Cu 126 529 4.2 0.34 017 017

VP—-Ce 456 1049 23 0.27 015 013
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Fig. 1. XRD patterns of pure and promoted (\MB8)O7 catalysts. Fig. 2. IR spectra of pure and promoted (\4B)O7 catalysts.

2.3. Propane oxidation observed. The addition of promoters resulted in a decrease in
line intensity and line broadening of the (200) diffraction. The

Selective oxidation of propane was carried out in a packedbroadening of the (200) line of VP-Ti and VP—Zr was signif-
bed reactor (Pyrex glass tube, 10 mm i.d., 12 mm o.d.). Théant. Actually, the ratio off (200//(204) was originally 1.4
reactor was heated in a fluidized sand bed. The catalyst weigh@r pure VP, compared with 1.4 for VP—Sb; 1.2-1.0 for VP-Hf,
was 2.0 g, and the same weight of quartz powder was addedcu, and —Ce; and 0.8 for VP-Zr and —Ti. Only in the case of
as a diluent. The flow rates of each component wegtlgC ~ VP—Cu was a small shift (0.005 nm) of the (200) diffraction
2 cnPmin~1; N, 36.5 cn¥min~1; Oy, 9.8 cn? min—1; and line observed, indicating the formation of a solid solution of
steam, 14.1 cfmin~1. Gaseous products (propane, propene(VO)2P.07 with Cu.

CO, and CQ) were analyzed by on-line gas chromatogra- Fig. 2 shows IR spectra of pure and promoted VP cata-
phy. The products were separated with a Porapak Q columbysts. The absorption bands at 743, 799, and 968 ‘coan

(2 m) and a MS-13X column (4 m) and analyzed by a therbe assigned to stretching band of P-O-P, ¥\0Oand V=0,
mal conductivity detector. Liquid products were trapped byrespectively[39-41] The bands attributable to BGtretch-
ethanol at 273 K, separated with a Porapak QS (4 m) aning mode were observed at 1081, 1142, 1218, and 1244 cm
PEG/celite (2.3 m), and detected by a FID. The catalytic activi39—41} Band intensity decreased slightly with the addition of
ity on propane oxidation was measured after the confirmatioRromoters. The decreased intensity of tif¢—O=V) band was

of steady-state activity by treating in the reaction feed at 713 Kparticularly significant in the case of VP—Zr and VP-Ti, corre-
for >8 h. A good carbon balance was observed (96-104%) fosponding to the broadening of the (200) line in XRD patterns.
all of the experiments. Products included propene, acrylic acidn Raman spectra (figure not shown), only the bands charac-
acetic acid, and COx (C@ COy). teristic of the (VO)P,O; phase (i.e.p(P-O-P) at 923 cm'

Selective oxidation of propene was carried out by using thénd v(V—O—P) at 1136 and 1182 cth [42]) were observed.
same apparatus and a catalyst spent in the oxidation of propange bands of other phases, such as V@R@re not observed.
The reaction conditions were as follows: 2.0 g of catalyst di-A decreased intensity of these bands after the addition of pro-
luted with 2.0 g of quartz powder, flow rate of each componenimoters was also observed, corresponding with the line broad-
propengN»/O,/steam= 2/36.5/9.8/14.1 cnPmin~1, and re-  ening in the XRD patterns and the weakening of the IR bands.
action temperature 573—693 K. Acrylic acid, acetic acid, and

COx (CO and CQ) were detected as products. 3.2. Characterization of surface sites

3. Results As shown inTable 1, promoted VP catalysts had higher sur-
face areas than pure VP catalyst. The number of surfac® V

3.1. Bulk structure species increased with the addition of promoters, except for Sb

and Cu. But the promoted VP catalysts exhibited lower sur-
Fig. 1shows XRD patterns of pure and promoted VP cataface concentrations of %O species (i.e., the number of surface
lysts. For all of the catalysts, only the patterns of the W®D; V=0 species per surface area) than pure VP. Thus the increased
phasg30,37-40)were observed; no other diffraction lines were number of surface ¥0O species is due to the increased surface
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700 K. The difference in these TPD profiles indicates that the
Lewis acid sites are distributed mainly in weaker regions. But
the 2,6-DMP-TPD profile of VP-Sb was significantly smaller,
representing an abundance of Lewis acid sites on the VP-Sb
catalyst. As for VP-Ti, TPD profiles also showed more Lewis
acid sites than Brgnsted acid sites. The amounts of Brgnsted
and Lewis acid sites were almost equivalent on the VP—Ce cat-
alyst.

The numbers of Brgnsted and Lewis acid sites thus mea-
sured are summarizedfrable 1 The number of total acid sites
for pure VP catalyst was.6 x 10~% molm~2, whereas that for
promoted catalysts wasZV-Q72 x 10-% molm~2. These val-
ues are far lower than the theoretical surface concentration of
cationic sites; for example, the theoretical surface concentra-
tion of V and P is 18 x 10~% molm~2 on the (100) basal
plane[37]. This is because of the high purging temperature
(573 K) in the TPD experiment for removal of physically ad-

600 700 800 900 sorbed DMPs and for the selective adsorption of 2,6-DMP on
Temperature / K Brgnsted acid sitef35]. The addition of Sb, Ti, and Zr in-
creased the number of Lewis acid sites, whereas the addition
Fig. 3. Profiles of 3,5-DMP-TPD (solid line), 2,6-DMP-TPD (broken line), and of Cu, Ce, and Hf decreased the number of Lewis acid sites.
difference profile of 3,5-DMP- and 2,6-DMP-TPD (dotted line) of pure and The amount of Brensted acid sites decreased with the addition
promoted (VO)P,O7 catalysts.
of these promoters.

. ) Fig. 4 shows IR spectra of adsorbed pyridine on VP and
area, and the addition of promoters essentially decreased tRg>_gy, catalysts. In the case of VIPid. 4a), the bands of ad-
surface concentration of/O species on (VQP,0r. ) sorbed pyridine were observed at 1448, 1488, 1539, 1608, and

The amount and strength of surface Brgnsted and Lewis aciglg37 cnrl. The band of 1539 ot is assignable to 8b mode
sites were estimated using DMP-TPD by comparing the desorgst pyridinium ion adsorbed on Brensted acid sites. Further-

tion profiles of 2,6-DMP and 3,5-DMPB5]. Fig. 3shows exam-  more, a negative band was seen at 3660 tmssignable to
ples of DMP-TPD profiles of pure and promoted VP catalystSstretching vibration of surface OH group, although the signal-
Because of steric hindrance of methyl groups adjacent to Lewigy_nojse ratio was very low in this region (data not shown).
base of 2,6-DMP, 2,6-DMP selectively adsorbs on Brenstedhijs finding indicates that pyridine adsorbed on the acidic-
acid sites. Thus, the profile of 2,6-DMP-TPD gives the strengtisurface OH group. The band of 1448 this assignable to
distribution of Brgnsted acid sites. In contrast, 3,5-DMP nonsthe 19b mode of coordinately held pyridifé3]. Because the
electively adsorbs on both Brgnsted and Lewis acid sites, angand at 1448 cm! remained after the evacuation at 423 K, this
the difference profile denotes the distribution and amount oband can be assigned to coordinately held pyridine adsorbed on
Lewis acid sites. As shown iRig. 3, the 3,5-DMP-TPD profile Lewis acid sites. Other absorption bands can be assigned as fol-
of pure VP showed a broad single peak terminated at ca. 800 Hows: 1637 cm! to the 8a mode of pyridine on Brensted acid
whereas the profile of 2,6-DMP-TPD was weighted aroundsites, 1608 cm? to the 8b mode of pyridine on Lewis acid sites,

-12
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Fig. 4. IR spectra of adsorbed pyridine on (a) VP and (b) VP-Sb evacuated at various temperatures.
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(CO+ COy, open triangle) over pure VP catalyst as a function of reaction tem-
erature. .
P rate). Propene selectivity monotonously decreased Witl#',
. , suggesting consecutive reaction of propene to more oxidized
1 . . . s
and 1488hcm tr? thg 1gaBmode C:jf pyr(;dll_ne on bo_tdh sites. The o4 cts. Acrylic acid and acetic acid increased With F,
spectra show that bot rgnsted an ewlis acid sites are %ached a maximum at CaV/F = 560—750 ghmGIl, and

pure VP surfaces. then decreased with further increasedMiiF. The selectivity
In the case of VP-SIH(g. 4b), the band around 1540 crh

, then to acrylic acid or acetic acid, and
) i X . E’ﬁnally to COx. Because the induction period for the forma-
flection of the sample. Although the signal-to-noise ratio WaSion of COX is not clear, the contribution of direct pathway

Laesi Gtom propane to COx cannot be neglected. So far, several re-
shown). On the other hand, the band at 1447 cassigned 10 iy schemes of propane oxidation have been proposed, as
coordinately held pyridine on Lewis acid sites was clearly ob-qia\ved by Lin[6]. Over Mo—V-Te—Nb and Mo—-V-Sb—-Nb

served. These IR spectra were in a good accordance with ey s, direct oxidation from propane to 2-propanol, acetone,
DMP-TPD profiles; that is, both Brrzms'ted apd 'LeW|s acid siteg), 1-propanal has been proposed as a minor patH@a,
present on pure VP catalyst, with Lewis acid sites abundant 025], whereas Ai reported that only the oxidative dehydrogena-
VP-Sb. tion of propane to propene is the first step ovelOy—P,Os-
based catalystl7]. Propane oxidation goes through propane
to propene, followed by parallel reactions to acrylic acid via
acrolein and acetic acid via 2-propanol and acetone over Te-

Fig. 5 shows the temperature dependence of propane comromoted \LOs—P,O5 catalyst. Our present result, shown in
version and selectivity over VP catalyst. Conversion of propan&ig. 6, agrees well with Ai’'s report, although the formation of
monotonously increased with increasing reaction temperaturecrolein, 2-propanol, and acetone was not observed. Therefore,
The selectivity to acrylic acid first increased with temperaturefrom the present results, the reaction pathways of propane oxi-
achieved the maximum (37%) at 693 K, and then decreasediation over (VO}P,O; can be depicted as shown$theme 1
with increasing reaction temperature. The selectivity to propen&he contributions of active sites are discussed in Sectohs
decreased, whereas that of COx increased with increasing reaand 4.3
tion temperature. The maximum yield of acrylic acid was 6.2% Activity and selectivity in propane oxidation over pure and
at 693 K. promoted VP catalysts were comparé&ij. 7 shows the tem-

Fig. 6 shows product selectivities over pure VP catalystperature dependence of propane conversion over promoted and
as a function ofW/F, that is, (catalyst weightjtotal flow  pure VP catalysts. Propane conversion was in the following or-

3.3. Oxidation of propane

Lewis acid Lewis acid
N —»(/\CHO> —>/\COOH

Surface

V=0 \

OH O COx
Bronsted — — COOV
acid
\

/

Scheme 1. Reaction scheme of selective oxidation of propane ovesyYOy.
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Ti ~ VP-Hf > VP-Zr > VP-Cu> VP > VP-Sh, which dif-
der: VP—Ce> VP-Hf > VP ~ VP-Ti ~ VP-Zr > VP-Sh> fers slightly from that of propand=ig. 10shows the selectivity
VP—Cu.Fig. 8 shows the selectivity to acrylic acid on various to acrylic acid as a faction of propene conversion. At the con-
VP catalysts as a function of reaction temperature. Clearly, theersion level of 20-30%, the selectivity to acrylic acid was in
selectivity to acrylic acid significantly increased from the addi-the order VP-Sb- VP-Ti > VP-Cu~ VP-Zr ~ VP > VP-
tion of Sb, Ti, and Zr and decreased from the addition of CuHf > VP—Ce, almost the same as that in propane oxidation.
Ce, and Hf. The maximum selectivities were observed at 653Fhe same trend in the selectivity to acrylic acid on oxidation
673 K. The decreased selectivity at higher temperatures may laf propane and propene suggests that the selectivity to acrylic
due to the consecutive oxidation of acrylic acid to CEig. 9  acid in propane oxidation is determined mainly in the propene
plots the selectivity to acrylic acid at various temperatures as axidation step.
function of propane conversion. Although the difference in se-
lectivity to acrylic acid is smaller at the higher conversion level,4. Discussion
a promotion effect on selectivity was clearly found at the lower
conversion level; that is, the addition of Sb, Zr, and Tiimproved4.1. Bulk and surface structure of promoted (VO),P,07
selectivity, whereas the addition of Hf, Cu, and Ce suppressed
it. From the results of XRD patterns, IR spectra, and Raman
spectra, it was confirmed that the catalysts examined in this
study are composed of (V@07 phase with no other de-
tectable phases. A slight modification of bulk structure was sug-
As shown inFig. 6 andScheme 1the oxidation of propane gested for all of the promoted catalysts, that is, decreasing the
proceeds via oxidative dehydrogenation of propane to propenerystallinity of (VO),P,O7 phase by adding promoters, which
followed by the consecutive reaction to acrylic acid or aceticis more significant in VP-Zr and VP-Ti. In the case of VP-
acid and finally to COx. To clarify the role of the initial Cu, formation of solid solution was suggested. Although some
step of oxidative dehydrogenation and consecutive oxidation ahodifications of bulk structure were detected, the catalysts pre-
propene, the oxidation of propene was performed over the sanpared in this study are basically composed of (M&D7 phase.
catalysts. The conversions of propene were higher than those It is suggested that the surface-® species on (VQP.0O7
of propane. The sequence of the activity was VP=-C¢P—  act as active sites for the selective oxidation mebutane

3.4. Oxidation of propene
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[30-33] As shown inTable 1 the surface concentration of

0.15
V=0 species of VP catalyst was46x 10~% molm~2. The - [
measured value was higher than the theoretical concentration o= VP-Ce
of surface \=0 species on the (100) plane of (\MP»O; S 0.1- VP-Hf
(4.2 x 10~ molm~2) [37]. This result indicates that portions g
of V-O-V pair sites, which are originally itrans form, are § p VB-Z
rearranged tais form on the actual real catalyst surface, as = 0.05- ps ® e,
described previously46]. As for the promoted catalysts, the g 3 ’ VP-Cu
surface concentrations of¥O species were lower than those §-
of pure VP, <4.8 x 10~% molm~2. Because there were only &
minor modifications of (VO)P,O7 phase, the decrease of the § 0 50 100
surface =0 species may be due mainly to substitution of &  Number of V=0 species / 10°mol g

vanadium sites with additive elements or poisoning ef®

species by small particles of additive oxides. Fig. 11. Correlation between number of surface® species and reaction rate
The surface concentration of acid sites waé @ 1076  of propane at 653 K.

molm~2 on pure VP catalyst. Because the theoretical surface

concentration of cationic sites is B5x 10-6 molm~2 on the  ditives may stabilize the Lewis acidity on surface unsaturated

(100) plane of (VO3P,07, the actual concentration of acid sites vanadium ions.

was far lower than the theoretical concentration. This may be

due to the high adsorption temperature of DMPs. The DMP4.2. Controlling factor for activity

TPD experiment was carried out above 523 K, because of the

low vapor pressure of DMPs, for the elimination of physically  Higher propane conversion was obtained in the VP cata-

adsorbed DMP and for the selective adsorption of 2,6-DMRysts having higher surface area, such as Ce- and Hf-doped

on Brgnsted acid sites. These DMP-TPD profiles may reflectatalysts Fig. 7, Table ). However, the increase in propane

only the distribution of strong acid sites. Considering that theconversion on VP-Ce was less than twice of pure VP, whereas

stronger acid sites should be more effective for the catalytid®/ P—Ce showed 4.9 times greater surface area, indicating that

reactions, however, the acid sites measured by DMP-TPD cathese promoted catalysts had a lower reaction rate of propane

reflect the acid profiles that are critical of catalytic performanceper surface area. Comparing the propane conversion with the
The presence of Brgnsted and Lewis acid sites was alseumber of surface ¥O species revealed that propane conver-

evaluated by IR spectra of adsorbed pyridine. The presencgon increased in accordance with the number of surfac®V

of both Brgnsted and Lewis acid sites on VP was confirmedspecies per catalyst weighgig. 11shows the reaction rate of

whereas only the bands due to adsorbed pyridine on Lewipropane as a function of the number of surface® species.

acid sites were observed on VP-Sb. In the case of VP, the r&learly, a linear correlation was observed between the oxida-

tio of integrated intensity of the bands at 1539 ¢niBrgnsted  tion activity and the =0 species, indicating that the surface

acid) and 1448 cm! (Lewis acid) at 423 K was1539/ 1448 = V=0 species is the determining factor for the oxidation activ-

1.2/1. Taking the relative extinction coefficient of these bandsity of promoted (VO}P,0O5. This finding is very reasonable,

of around 1.0 into accourj3], the ratio of Bransted/Lewis because the surfaceO species is suggested to be the active

acid sites estimated from IR of adsorbed pyridine is close tspecies of (VO)P,O7 for the selective oxidation of-butane

that from DMP-TPD, that is, (Brgnsted acjidl.ewis acid)= [30-33] Fig. 11also shows that the turnover frequency of sur-

0.35/0.25=1.4/1. As for VP-Sb, only the bands attributable face V=0 species is constant despite the addition of promoters

to Lewis acid sites were observed, indicating Lewis acid sitegxamined in this study. Because a substantial amount of en-

are abundant on the surface of VP-Sh. This is also in good a@rgy is required to selectively activate the methylene C—H bond

cordance in DMP-TPD. Only very low numbers of Brgnstedof light alkanes[28,45,49] the oxidative dehydrogenation of

acid sites (013 x 10~® molm~2) were detected in 2,6-DMP- propane to propene is thought to be the rate-determining step in

TPD of VP-Sh. the selective oxidation of propane. Actually, the reaction rates
The effect of the promoters on catalyst structure was obef propane (2.4—6.5 nmolnfs~1 at 653 K) were lower than

served in the surface acid sites of (MB)O;. DMP-TPD pro-  that of propene (5.7-11.5 nmolths 1 at 633 K) for all of the

files showed that the number of Lewis acid sites significantlycatalysts. The strong dependence of propane conversion on the

increased from the addition of Sb, Ti, and Zr. This indicatesnumber of surface ¥O species represents the contribution of

that there is a synergistic effect on the electrostatic state afurface \=0 species to the initial oxidative dehydrogenation

surface sites. Based on the concept proposed by Tanaka of propane to propene.

using the electronegativity of the element defined by Pauling One may wonder whether Lewis acid sites are also possi-

[47,48] the sequence of the electronegativity of additive ionsble factors for selective oxidation. Busca et [@9] proposed

is in the following order: Sh* (17.1)> Ti** (13.5)> zZr**  that the key role of surface Lewis acid sites of (¥B)O;

(12.6) > Hf*t (11.7)> Ce*t (9.9) > CU/?t (9.5). This order on light alkane oxidation is the abstraction of hydrogen from

is in good agreement with the increase in Lewis acid sites omethylene C—H bond. In the present data, the reaction rate

(VO)2P,0y, suggesting that the higher electronegativity of ad-of propane could not be closely correlated with the Lewis
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Fig. 12. Correlation between surface concentration of Lewis acid sites and sgsg 13, Production rate and selectivity to acrylic acid on propene oxidation at
lectivity to acrylic acid on propane oxidation at 653 K. 633 K as a function of surface concentration of Lewis acid sites.

acid sites; the order of the reaction rate of propane was VBelective oxidation of propane to acrylic acid. In contrast, the
(6.5 nmolnT?s~1) > VP—Hf (4.0)~ VP—Cu (4.0)> VP-Sb  selectivity of acetic acid was correlated with the surface con-
(3.6) ~ VP-Ti (3.5)~ VP-Zr (3.5)> VP-Ce (2.4), whereas centration of Brgnsted acid sites. Brgnsted acid sites may play
that of the surface concentration of Lewis acid sites was VP-a role of catalytic cracking of C—C bond of surface intermedi-
Sb > VP-Ti ~ VP-Zr > VP > VP-Hf > VP-Cu> VP-Ce ates derived from 2-propanol or acetone.

(Table 1. However, the involvement of both Lewis acid sites  Fig. 13 shows the selectivity and formation rate of acrylic
and the surface ¥O species in the oxidative dehydrogena- acid in the oxidation of propene as a function of the surface
tion can be rationalized as follows. The first step in propane&oncentration of Lewis acid sites. In the oxidation of propene,
oxidation is the abstraction of hydrogen from propane, that isacrylic acid production was also strongly dependent on the sur-
cleavage of the methylene C—H bond by Lewis acid sites. Afface concentration of Lewis acid sites. Therefore, the selectivity
ter the abstraction of hydrogen, the abstracted hydrogen atomys propane oxidation is determined mainly in the oxidation step
are oxidized by lattice oxygen to form28, and the reduced of propene. The possible explanation for the key role of Lewis
active sites are regenerated by gaseop$28,49] The linear  acid sites in propane oxidation is that surface Lewis acid sites
correlation between the number of surface-® species and may stabilize well-known allylic surface complexes, leading to
the reaction rate of propane can be rationalized by assuminge selective formation of acrylic acid via acrolein.

that (1) the surface ¥O species contribute to the formation of

H>O and regeneration of active sites and (2) the regeneratioh, Conclusion

of the surface =0 species is the rate-determining process for

turnover of the active sites. Selective oxidation of propane was performed over (3/O)
P,O7; promoted by various additives (Sb, Ti, Zr, Hf, Cu, and
4.3. Controlling factor for selectivity Ce), and the involvement of active sites was investigated. The

addition of the promoters significantly affected activity and se-

The order of the maximum selectivity to acrylic acid was lectivity. A linear correlation was observed between the reac-
VP-Sb> VP-Ti ~ VP-Zr > VP > VP-Hf > VP-Cu~ VP- tion rate of propane and the number of surface®species of
Ce. Comparing the selectivity with the measured value of activéhe catalysts. The key role of surface=® species in the ini-
sites shown ifMable ] this order was the same as that of surfacetial oxidative dehydrogenation of propane to propene was indi-
concentration of Lewis acid sites. The surface concentratiosated. The addition of Sb, Ti, and Zr to (V&PO7 significantly
of Brgnsted acid showed a quite different trend: ¥R/P—  enhanced the selectivity to acrylic acid, and an increase in the
Zr > VP-Ti > VP—Cu~ VP-Hf ~ VP—Ce> VP-Sh. Actually, surface concentration of Lewis acid sites was also observed. For
as shown irFig. 12, a good correlation was observed betweenall of the catalysts, a good correlation was observed between
the surface concentration of Lewis acid sites and the selectivitthe selectivity to acrylic acid and the surface concentration of
to acrylic acid. One may wonder whether the strength of Lewisurface Lewis acid sites. Comparing the structure—activity re-
acid sites should be taken into account, because-éxés inthe  lationship in propane and propene oxidation indicated the key
figure includes rather weak Lewis acid sites. As showfign 3, role of Lewis acid sites in the selective pathway from propene
however, the distribution of Lewis acid sites is generally moreto acrylic acid.
weighted at higher temperatures than that of Brgnsted acid sites.
The DMP-TPD profiles indicate that VP—Sb and VP-Ti haveAcknowledgments
stronger Lewis acid sites than pure VP. A similar correlation
was also observed between the selectivity to acrylic acid and This work was supported by a Grant-in-Aid from the Min-
the surface concentration of stronger Lewis acid sites, whiclistry of Education, Culture, Sports, Science, and Technology,
was observed above 650 K in DMP-TPD profiles. Therefore Japan, and the New Energy and Industrial Technology Devel-
it is clear that Lewis acid sites are the essential factor for th@pment Organization (NEDO).
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