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Abstract

The catalytic behavior of the cesium salts of heteropolyacids with vanadium species substituted at the primary and/or secondary structure ¢
Keggin oxoanions was systematically studied for propane partial oxidation. The physicochemical properties of the samples were explored b
FTIR, UV-visible diffuse reflectance spectroscopy, XRD, and TPR techniques. The introduction of vanadium species to the primary structure
of heteropoly compounds (HPCs) resulted in enhanced catalytic activity; with time on stream, a small fraction of vanadium species could be
segregated from the oxoanion. When vanadium species was introduced to the secondary structure of HPCs, activity and selectivity to acryli
acid (AA) were notably enhanced. It is deduced that a small amount of vanadium species at the secondary structure of Keggin-type HPCs coul

interact synergistically with the oxoanion and cesium entities, inducing a positive effect on propane oxidation to AA as a result. The highest AA
yield was observed over thegHCs 5(VO)g 2PMo12040 catalyst. The effect of operation variables on catalyst performance was also investigated,
and it was found that the §1Cs 5(VO)g.2PMo1,04g catalyst was efficient in both oxygen-rich and hydrocarbon-rich atmospheres, and that the
presence of steam can considerably suppress the formation of carbon oxides.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction dation ofn-butane to maleic anhydrid®,10], and partial oxi-
dation of propylene/propane to acrylic acid (AR1—-17]

Due to the unique acidic and redox properties of heteropoly Three types of catalysts have been studied for the produc-
compounds (HPCs), these materials with Keggin structure havéon of AA via one-step propane oxidation: HPCs, vanadyl py-
been intensively studied as oxidation catalysts for both heteraophosphates (VPOs), and mixed metal oxides (MMOs). The
geneous and homogeneous proce$$e8]. In heterogeneous common features of an active catalyst are the presence of
applications, HPCs have been widely used to catalyze the oxranadium as well as appropriate redox and acidic characteris-
idative dehydrogenation of alkanes, such as propane to propyics [18]. As for HPCs used in heterogeneous oxidation, vana-
lene and ethane to ethylef®5]. Recently, HPCs have drawn dium is usually introduced into the oxoanions by replacing one
increased attention as catalysts for one-step conversion of lost more of the molybdenum atoms. Centi et[aB] reported
alkanes into value-added oxygenated products, for exampleqhat the substituted framework osAMo;0V 2049 showed rea-
oxidation ofiso-butane to methacrylic acid (MAA)B-8], oxi-  sonable initial activity and selectivity, but the catalyst deacti-

vated quickly within 1.5 h due to decomposition of the oxoan-
 Correspondi ion Keggin structure. In heteropolyacids (HPAS), substitution
orresponding authors. . . L
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(C.-T. Au). improved activity and thermal stability. Mizuno et §0] re-
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ported that 13% AA yield was obtained over an iron-containing?2.2. Catalyst characterization

H1.26CS sF&y.0sPM011VO4 catalyst at 380C, and segrega-

tion of vanadium entities from the oxoanion structure was ob- The freshly prepared samples, as well as a number of se-

served at 500C. In another study, the +4Cs sPM011VO40 lected used catalysts, were characterized by various techniques.

catalyst produced only trace amounts of f4]. An AA yield For the used samples, they were subject to reactions of con-

of 10.2% was reportedly achieved over molybdophosphori¢inuous running in the temperature range of 350-43Gor

acid supported on a polyoxometallate salt with certain amount-10 h at a feed composition ofzD,/He (v/v/v)= 10/20/70.

of vanadium located in the secondary structi®2]. The pres- FTIR spectra of the catalysts were obtained using a NEXUS-

ence of vanadium species also showed a notable impact on tB&0 FTIR spectrometer at RT by the KBr method. Surface areas

partial oxidation ofz-butane. It has been generally recognizedof the samples were measured by the BET methosl gb-

that HPCs lacking a vanadium component are rather inactivgorption) with an ASAP2000 instrument. Phase composition

for n-butane oxidatiofi10]. of the samples were identified by powder X-ray diffraction
It seems that it is important to clarify the role of vana- (Philips X' Pert Pro, Cu-i radiation) in the 2 range of 5-60.

dium species located in the primary and secondary structurdgV-visible diffuse reflectance spectra were recorded at RT us-

in alkane oxidation. Casarini et g9] studied the effect of ing a Shimadzu UV-2401PC UV-vis spectrometer with barium

vanadium in the primary and secondary structures of HPAs ofulfate as the reference sample. Temperature-programmed re-

n-butane oxidation. However, to date there has been no rdluction (TPR) was carried out in the temperature range of

port on the vanadium species existing in the primary and/oRT-1000°C. The sample (50 mg) was reduced in a feed of 5%

secondary structure for propane oxidation, and no clear dodd2/N2 (40 mL min?) at a heating rate of 8C min~*.

umentation on the catalytic behavior of the related materials. In

this study, we purposely introduced vanadium species into thé.3. Reaction study

primary (Keggin anion) and/or the secondary structure of the

cesium salts of HPAs to investigate their behaviors in propane Propane oxidation was carried out under atmospheric pres-
partial oxidation. sure in a conventional fixed-bed Pyrex tubular reactbr={

6 mm) in a temperature range of 360—480 The feed compo-
sition was G/Oz/He (v/viv)= 17/30/53 or G/Oz/He (vIviv)=
10/20/70, and the gas hourly space velocity was 900 Be-
fore the reaction, 1 g of as-prepared catalyst was diluted with
1 g of quartz chips to prevent the generation of hot spots dur-
ing the reaction, then pretreated in Biream (60 mL min?) at

The HPAs (AR grade) with or without vanadium substitution 300°C for 1 h, to remove adsorbed water. The reactant was
at the primary structure were purchased from Inorganic Coloufed through a mass flow controller. The products were ana-
and Chemical, Japan, which verified the chemical compositioqyzed with an on-line gas chromatograph system using a HP
and StOiChiometl’y Of the Samp|eS. The received HPAs were fUrFFAP Capi”ary column for propane and Oxygenate Separation;
ther purified via ether extraction and water recrystallization g packed Hayesep D HP column fop(@0), CQ, C3, and
The CryStalS were filtered out and dried at°5D0vernight and Cs Separation; and a packed 5A molecular sieve column ﬁor O
then left at 120C for 8-10 h. The dried solids were stored and CO separation. The data were collected after the reaction

in a desiccator for later use. The cesium salts of HPAs Wertad been stabilized at a desired temperature; the carbon bal-
prepared via the reaction of purified HPAs with an appropriateance usually exceeded 92%.

amount of cesium carbonate in aqueous solution.

To introduce vanadium into the secondary structure of HPCS3. Results and discussion
an aqueous solution of VOgWwas first prepared by reacting
V205 with an appropriate amount of hydrochloric acid aP@  3.1. Characterization
for 6 h. Then the resulting dark-blue solution was cooled to
room temperature (RT) and diluted to 0.1 mofiLfor use. Al 3.1.1. FTIR spectroscopy
HPC samples containing vanadium at the secondary structure The HPC samples (free acids and cesium salts) exhib-
[(VO)%* as the counter ions] were prepared by the precipitaited four characteristic IR bands at 1054-1064, 954-961,
tion method. For example, the typical procedure for prepar860—880, and 740—790 crh, attributable tovas p_oi Vs Mo—Ot,
ing Ho.1Cs 5(VO)0.2PM012040 was as follows: First, 3.0 g of vgmo_ob-mo and vsmo_oc_mo respectively[9,21,23] With a
H3zPMo012,040 was dissolved in 28 mL of distilled waterat 0V atom substituting for Mo in the primary structure of oxoan-
under stirring. Then 3.28 mL of aqueous solution of V@CI ion, the P-O and MeO bands shifted toward lower wavenum-
(0.1 mol L~1) was added slowly, followed by 21.8 mL of aque- bers and shoulders appeared at 1080 and 996'ctue to a
ous solution of CSCO;z (0.15 mol L) added dropwise atarate reduced structure symmetj§,21].
of 1-2 mL mirrL. The resulting suspension was evaporated to Fig. 1 shows the IR spectra of the used catalysts. The IR
dryness at 50C, then kept at 120C in air for 810 h. The bands characteristic of Keggin oxoanions were essentially re-
resulting yellow powder was pressed, crushed, and sieved tained for all of the samples, indicating that they were rather sta-
20-40 mesh for use. ble under those reaction conditions. Note that a minor band at

2. Experimental

2.1. Catalyst preparation
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~1033 cn! is observed over the HCs sPM0;11VOao, H1 1 The foregoing observations suggest that the vanadium
C2.5(V0)0.2PM011VO40, and hhs5_2,C 5(VO),PM012040 species can partially segregate from the structure of the cesium
(x > 0.2) catalysts. Moreover, the bands (atl033 cnt?) salts of HPCs during the reactions, and that the segregation
of H1 5C2 5PM011VO40 and H 1Cs 5(VO)p.2.PM011VO40 are  originates mainly from the primary structure. Similar phenom-
more intense than the band of K ».Cs 5(VO),PM012O49  €non has been observed over other Keggin-type HPCs during
(x > 0.2). This minor band can be ascribed to the band oforopane oxidatiofil6,17,19,21]It was found that the stability
vy—o in free LOs, indicating that a small fraction of V of vanadium species in the oxoanion increased with increas-
species has segregated from the structure of the V-containirigg Cs" substitution to protons in the secondary struc{ag.
HPCs [20]. Also note the changed IR spectra of the usedAccompanying the partial disintegration of oxoanion structure,
H15C$.5sPM011VOa0 and H 1CS 5(VO)o.2PMo11VO4o cata-  Some free molybdenum oxide species could have been formed.
lysts. Thevp_oandvmo—o bands shifted slightly te-1062 and  However, because of the heavy overlapping of the IR band of
964 cntl, close to the band of §_2,Cs5(VO),PM01,04  free molybdenum oxide with that of Mo species in oxoanion,
(x = 0-025), and the shoulders at 1080 and 996 ¢ralmost the former could have hardly been observed in IR investiga-
disappeared, signifying the segregation of vanadium specid¥ns.

from the primary structure of oxoanions, possibly as a result of

partial reduction/decomposition of Keggin structure during the3.1.2. UV-visible diffuse reflectance spectroscopy
reaction. Fig. 2 shows the UV-visible diffuse reflectance spectra of

the samples before (A) and after (B) reaction. In the fresh
samples, the ligand-metal charge transfer (LMCT) bands of
Mo®t—0%~ (in octahedral coordination) were observed at ca.
f 280-370 nm. The band in the 700-900 nm range can be as-
e cribed to an intervalence charge-transfer transition (e.g%Mo
Mo®t) and indicates the presence of octahedraPMorigi-
nating from the dehydrogenation and partial reduction of het-
eropoly anions during heat treatme@]. In used samples

b the spectrum profiles basically remained unchanged, except
for an increased intensity of the band in the 700-900 nm re-
W gion as a result of further oxoanion reduction, as is consis-

1033 cmi’

Transmittance
o

tent with the color changes before and after reaction (see Sec-
tion 3.2.7).
It should be noted that additional unresolved bands centered
Mo=Ot Mo-Oc-Mo at around 480-520 nm were observed ovarsEls sPMoi
11'00 s 1(;00 ‘ 960 s a'm : 7[')0 e VOyo and_ H.1C 5(VO).2PM011VO40 before_ reac_tlon, these
§ were attributed to the presence of vanadium in the oxoan-
Wave number (cm’) ions [9]. After reaction, the related bands almost disappeared,

Fig. 1. Infrared spectra of the samples after reactions (feed compositione.)‘nd the spectra became similar to those 956 sPM012040

C3/Oy/He (viviv) = 10/20/70; reaction temperature: 350480 time on  and H.1C 5(VO)o.2PM012040, providing more evidence sup-
stream: >10 h). (a—e) k5_2,C% 5(VO),PM012049 (x = 0-025); (f) porting the partial segregation of vanadium from the primary

H1.5Cs2.5PM011VO40; (9) H1.1C 5(VO)0.2PM011VO40. structure of oxoanion.
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Fig. 2. UV-~visible diffuse reflectance spectra of the samples (A) before and (B) after reactiong £€85PM012040; (b) Ho.1(VO)0.2CS 5PM012040;
(€) H1.5Cs 5PM011VO40 and (d) H . 1Csp 5(VO)o.2PM011VO40.
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Fig. 3. X-Ray diffraction patterns of the samples (A) before and (B) after reaction. (g£)4HCs 5(VO), PM012040 (x = 0-0.25); (f) H1.5Cs 5PM011VO49
and (g) H.1Cs.5(V0)0.2PM0;11VO40. * «-MoOg3 phase.

lected over the fresh and the used samples; the results are
shown inFig. 3 For all of the samples, the main XRD lines

were at 2 = 10.5°, 183°, 237°, 26.1°, 30.2°, 356°, and
38.8°, which are commonly assigned to cubic alkaline salts

tensity of diffraction patterns for the serial samples @fsHo, c /\/\J

TCD signal (mV)

3.1.3. XRD
To investigate the phase composition as well as the struc-
tural stability of the HPC catalysts, XRD data were col- 9
f
e
d

of HPA (in our case the Cssubstituted HPCs|25]. The in-

Cs 5(VO),PM012040 strengthened gradually with increasing b

vanadium content; a similar phenomenon was also observed

over H 1C 5(VO)o.2PM011VO40 and H sCs sPM0;1VO40. _: S~
Therefore, the VB species at the secondary structure of HPCs 350 400 450 500 550 600 650 700 750 800
exhibited function similar to that of alkaline metals, and, con- Temperature (°C)

sequently, the salt feature of the catalysts was enhanced.
Fig. 3B shows the XRD patterns of the used samples. An
other phase with & diffraction lines at 128°, 235°, 25.6°,
27.3°, and 339° was detected in thed3_2,Cs 5(VO),PMo12
Oso sample seriesx(= 0-015); this can be assigned to the \ ;i the temperature range of 650—730 Because the Gg

a'MOQ3 phase. Th|s m@gates that the Keggin structure Ofsalt of molybdophosphoric acid decomposes above°840
oxoanion can partially disintegrate, as revealed by the resul

of IR investigation. The free vanadium oxide phase can hardl 0,21} the reduction peaks in the 650-73D range may be

be detected from the XRD patterns, probably due to the |Ov\z/slscr|bed to the reduction of free metal oxides originating from

content and/or small dimensions of the entities. (IR is more sent—he decomposition of Keggin oxoanion, whereas the reduction

sitive in detecting the segregated vanadium oxide species, sB_S_akS below 54_0C cr_:m be ascribed to the reduction of tran-
the spectra ofig. 1) In addition, the intensity of diffraction sition metal cations in the framework structure of HPCs. In
patterns ofw-MoOs phase diminished with increasing vana- (6rms Of peak temperature,oHCs sPM012040 is more sta-

dium substitution at the secondary structure, ancotiidoO;  ble than H.sCs sPMoy1VO40. With the addition of (VOj*
phase was not detected at higher vanadium contept@2). © the secondary structure of HPCs, a small peak appeared in
On the other hand, both HCs 5(VO)o2PMo1VO4o and  the temperature range of 630630, attributable to the re-

H1 5Cs sPMo11VO40 showed identical diffraction patterns as duction of segregated vanadium oxide entities. Note that the
well as spectroscopic features after reaction, suggesting that tifieain reduction peaks of serialgld2,Cs 5(VO), PM012040
introduction of vanadium and cesium to the secondary struckx = 0-0.25) samples shifted gradually toward higher temper-
ture of HPCs would notably increase the structure stability ofatures with increasing extent of (V&) addition, indicating

Fig. 4. Temperature-programmed reduction (TPR) profiles of the as-
prepared catalysts. (a—e) gb2,Cs 5(VO),PM012049 (x = 0-025);
(f) H1.5Cs.5PM011VO40; (9) H1.1Cs2 5(VO)0.2PM011VO40.

the Keggin unit. improved thermal stability of the Keggin oxoanion. A simi-
lar phenomenon was observed overgd@s sPMoy1VO40 and
3.1.4. TPR H1.1C9 5(VO)o.2PM011VO40. As already revealed in the XRD

Fig. 4 shows the H-TPR results of the as-prepared sam-examination, the V&' species at the secondary structure could
ples. All of the samples showed one main reduction pealenhance the salt feature of HPCs and, consequently, increase
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Fig. 5. Infrared spectra of pyridine adsorption on the sample surfaces. (A) Pyridine adsorption at RT (1 h) followed by 1 h evacuation at RT, and {8)L.66a€C
and maintaining at 162C for 1 h. (a) k.5Cs2 5PM012040; (b) Ho.1Csp 5(VO)0.2PM012040; (€) Hi 5Cs2 sPM011VO40; and (d) H 1Csp 5(VO)g 2PM011VO40.

Table 1
Relative areas of the IR bands of pyridine adsorption on different acid sites
Sample Evacuated at RT Evacuated at 160

1533 cnrl 1484 cnrl 1444 cnyl 1533 cnt 1484 cnl 1444 cnl
Ho.5Cs 5PM012049 148 124 22 46 48 -
Ho.1Cs 5(VO)g.2PM012040 95 87 13 33 36 -
H1.5Cs 5PM011VO49 123 125 6 54 53 -
H1.1C% 5(V0)o.2PM011VO 40 116 113 - 89 74 -

the thermal stability of the Keggin oxoanion. In terms of thewould cause an obvious reduction in the number of Lewis acid
onset reduction temperature, the lattice oxygen of HPC sansites. A previous study of $#PMo;2,04¢ catalyst pretreated with
ples with vanadium in the primary/secondary structure is morgyridine indicated that the presence of an appropriate amount
reactive than that with no vanadium and should be responsiblef Lewis acid sites was beneficial for AA formatigh3]. On

for the higher activity in propane oxidation (s€éable Slaterin  the other hand, although substituting Mo with V at the primary

the paper). structure of HPCs apparently increased the number of protons,
pyridine adsorption measurement indicated that the acidity of
3.1.5. Pyridine adsorption proton could vary (samples ¢ and d). After evacuation at G50

The surface acidity of representative HPCs was examined bpr 1 h, the bands at ca. 1444 chessentially disappeared,
FTIR using pyridine as a prob€ig. 5 presents the IR spectra whereas the weakened bands at around 1533 and 1484rem
of pyridine adsorbed on the sample surfaces. The adsorption ofiained. This finding suggests that Bransted acidity is stronger
pyridine was performed at room temperature; then the systedfian Lewis acidity on these catalyst surfaces.
was evacuated for 1 h (case A), heated to B0and evac-
uated at this temperature for 1 h (case B). In case A, the IR.2. Reaction study
absorption band at 1444 crhis characteristic of chemisorbed
pyridine on Lewis acid sites, the band at 1533¢ns attribut- ~ 3.2.1. Effect of C5-substitution
able to pyridine cations on Bransted acid sites, and the band at The Cs -substituted molybdophosphates were previously
1484 cnml is due to the pyridine adsorption on both acid sites.reported to be somewhat effective for the partial oxidation of
Hence the results demonstrate the presence of both Lewis amsb-butane, and a maximum 3.8% MAA yield was obtained
Brgnsted acid sites on the catalyst surfaces. The acidity charaat 340°C over a Css-substituted samplf26]. In the present
teristics derived on the basis of the area of IR bands are givework, the effect of C§-substitution in H_,Cs,PM0;12,040 on
in Table 1 These data enable a rough comparison between thgropane oxidation was investigated. As showTable 2 the
relative acidity of different samples. One can see that introducsurface area increased monotonously with the extent of Cs
ing VO?* species to the secondary structure of HPCs (in thesubstitution, suggesting that the texture/morphology of samples
b and d cases) can diminish the intensity of IR bands at 1538an be significantly altered. Under the adopted reaction con-
and 1444 cm? (especially the latter), corresponding to a re-ditions, the catalysts with different Cs content=£ 0.0, 1.0,
duction in surface Lewis acidity as well as Brgnsted acidity. 1t2.0, 2.5, and 3.0) demonstrated propane conversion of 2.0, 7.2,
is clear that V-substitution at the primary structure of oxoanionl0.1, 32.5, and 0%, respectively, and AA selectivity and yield
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Table 2 Table 3
Partial oxidation of propane oversH, Cs, PMo; 50,49 at 400°C? Propane oxidation overdgt_», Cs 5(VO), PM0;5049 at 420°C2
x S (BET) Conver- Selectivity (%) AAvyield x Conver-  Selectivity (%) AAvyield
(m?g~1) sion(%) aAn"ACT ACR AcOH C; co, (%) sion(%) AA ACR AcOH c3 co )
0.0 10 20 06 00 04 06 6.3 921 Trace 0.00 24.2 B 1.8 4.2 116 74.6 1.9
10 21 7.2 72 00 46 66 324 492 05 0.10 36.1 1% 1.0 4.5 3 715 7.0
20 89 101 96 00 25 74 155 649 10 0.15 36.6 219 1.0 4.7 36 68.8 8.0
25 719 325 73 02 13 85 285 542 24 0.20 40.6 2B 09 45 3% 708 8.2
30 - 00 00 00 00 OO0 00 00 None 0.25 39.5 174 0.9 4.4 34 73.8 6.9
& Catalyst: 1.0 g; flow rate: 15 ml mirt; feed composition: g/O/He (v/v/v) @ Catalyst: 1.0 g; flow rate: 15 ml mirt; feed composition: g/Oy/He (v/v/v)
= 17/30/53. = 10/20/70.

ACT: acetone; ACR: acrolein; AcOH: acetic acidz Cpropylene.

Table 4
of0.6,7.2,9.6,7.3,and 0% and 0, 0.5, 1.0, 2.4, and 0%, respeeartial oxidation of propane over heteropolyacids with different vanadium lo-

tively. A maximum 2.4% AA yield was obtained at Cs content cations at 400C*

x = 2.5. It follows that there is a certain amount of cesium Catalyst Conver- Selectivity (%) AA yield

substitution that corresponds to optimal tuning of the physic- sion(%) AA ACR AcOH C; co, (%)

ochemical properties of catalyst for AA formation. H3PMo12040 20 06 04 06 & 921 Trace
As shown inTable 2 Cs" substitution can change the H(VO)PMo,04 527 49 02 79 9 851 26

product distribution dramatically. Introducing Cs componentH4PMoy1VOs0 133 29 22 37 59 323 04
into the catalysts can result in a significantly reduced se-a catalyst: 1.0 g; flow rate: 15 mi mirt; feed composition: §/Oz/He (v/v/v)
lectivity to carbon oxides and increased selectivity to oxy-=17/30/53.
genates and propylene, plausibly as a result of altered re-
dox character and decreased surface acidity. The color of thgromotion of propane oxidation to AA is feasible via %O
used H_,Cs,PMo012040 catalysts varied from dark green to substitution at the secondary structure. It has been suggested
yellowish-green, corresponding to the extent of"Gaibstitu-  that the possible reaction route from propane to AA follows
tion (from O to 2.5), suggesting that lesser amounts of the Mg@ropane— propylene— acrolein— AA [18], and that the
component was reduced with gradualGaibstitution. In fact, (VO)?*-modified HPCs can effectively promote the conversion
the color of CsPMo;2040 remained unchanged after the reac-of propylene (in lesser amounts among the final products) to
tion. Note that there is no proton and thus no Brgnsted aciditgcrolein and further to AA, which are the rate-determining steps
in the sample of C#PMo012040; as can be seen froifable 2 for the overall reaction. As discussed above, the outcomes of
this catalyst is completely inactive. It follows that substituting XRD and TPR investigations revealed that an appropriate ex-
H* with Cs™ would result in the tuning of surface acidity of the tent of VO** substitution ¢ > 0.2) at the secondary structure
catalyst, with appropriate Bragnsted sites present on the catalysf HPC could stabilize the oxoanions as well as the whole struc-
surface for the target reaction. ture of HPC. No free Mo@and V»>Os phases were detected by
XRD after the reaction.

3.2.2. Effect of V&' -substitution

It was reported previouslil2] that the Keggin-type HPCs 3.2.3. Effect of vanadium location
prepared with HPQ4, M0O3, and W05 as starting materials To gain a better understanding of the effect of vanadium sub-
via the evaporation method were active for propane partial oxistitution in HPC on propane oxidation, the effect of introducing
dation. It was presumed that some &Cas well as free YOs  vanadium into the primary or the secondary structure of pure
could be present in the catalysts. To enhance the catalytic actit4PAs on catalytic activity was studied. The results, given in
ity and to suppress deep oxidation, further tuning of the catalystable 4 demonstrate that propane conversion was very low on
properties by adding vanadium component at the secondamtzPM0;12040 and only a trace amount of AA was produced.
structure of HPC was investigated for propane oxidation. Introducing vanadium (one vanadium atom per oxoanion) into

The effect of VG&* substitution in Hs5-2¢Co5(VO),P  the secondary structure of HPA caused an abrupt increase in
Mo12040 on propane oxidation is depicted ifable 3 The propane conversion with certain enhancement in AA selectiv-
conversion was 24.2, 36.1, 36.6, 40.6, and 39.5% &t0.0, ity. With vanadium added in the primary structure, there was
0.10, 0.15, 0.20, and 0.25, respectively, and the selectivity andnly a slight increase in propane conversion and AA selectivity,
yield of AA were 7.8, 19.5, 21.9, 20.3, and 17.4% and 1.9,but a significant increase in propylene selectivity (up to 58.9%).
7.0, 8.0, 8.2, and 6.9%, respectively. The highest AA yield ofThe results demonstrate that introducing vanadium species to
8.2% was obtained at = 0.20. The substitution of V& at  the secondary structure of HPA is beneficial for AA formation.
the secondary structure notably enhanced the overall propane To further clarify the role of vanadium component in het-
conversion and also considerably increased the AA selectiveropoly compounds for propane oxidation, the effect of adding
ity, as shown inTable 3 It also noticeably suppressed propy- vanadium species at the primary (Keggin anion) and/or the sec-
lene formation, but did not significantly alter the selectivity to ondary structure of the cesium salts of HPAs on catalytic ac-
acetic acid (AcOH) and carbon oxides (©QIt seems that the tivity was studied. The results are provided Table 5 The
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Table 5

Partial oxidation of propane over the cesium salts of heteropolyacids with different vanadium location8@& 420

Catalyst Conversion Selectivity (%) AAvyield
(%) AA ACR AcOH 5 CO, (%)

Ho.5CS2 sPM0;2040 24.2 78 1.8 4.2 116 74.6 1.9

H0_1C82‘5(VO)0.2PMO_|_2040 40.6 203 0.9 4.5 36 70.8 8.2

H1 5Cs 5PM011VO40 46.2 20 0.5 1.8 28 93.0 0.9

H1.1C 5(VO)g.2PM011VO40 43.6 53 0.6 3.1 2 86.8 2.3

a Catalyst: 1.0 g; flow rate: 15 ml min'; feed composition: 6/0Oo/He (viviv)= 10/20/70.

50

H15C9 5sPM011VO4 catalyst with one vanadium atom at the —A— Sel. AA
primary structure exhibited notably enhanced activity but sig- —4— Sel. AcOH
nificantly diminished selectivity to oxygenates and propylene. a0 | :3:22:: 28R+ACT .
Further addition of vanadium species=£ 0.2) to the secondary —a— Sel. COx —
structure caused a slight decrease in activity and an increase in S &GS Convs — _ oa
30

AA selectivity. It follows that coexistence of (V&Y and Cs

at the secondary structure with the oxoanion unit would result
in a synergetic effect that is beneficial for enhanced AA selec-
tivity. The substitution of M&" with V>t in the Cs salts of
HPAs would result in the generation of more reactive lattice
oxygen associated to the Mo—O-V species, consistent with the
trend observed over the non-Cs-substituted HPAs (data shown

Conversion and selectivity (%)

10 -

in Table 4. L T
The reaction data of the present study demonstrate that 350 360 370 380 390 400 410 420 430 440
an appropriate amount of (V&) at the secondary structure Temperature, °C

of HPC is critical for propane activation and AA formation. 6 T e denend . . . |c
H H H : 1g. ©. mper r naen I on rorman

Actually, vanadium is a basic catalyst component effectlve'(:v%)o.zpl\‘zolgg‘; “CZtaljspf Feee dceco‘?npgggocr’mgz /ge/ :2 ge(v?\?/%/v?j

for propane oxidative dehydrogenation (ODH) to propylene; 47,4930

[27-30] as well as for propane oxidation to AA over VPO

and Mo-V-Te(Sb)-Nb MMO catalys{81-38] We propose Taple s

that small amount of segregated vanadium oxide species outropane partial oxidation overg{Cs 5(VO)g 2PMo; 2040 in different feedd

side the Keggin structure of HPC might have a function similargas compositon7 ~ Conver- Selectivity (%) AA yield

to that Qf _(VO)ZJr att_he secondary struqture ofHPC,_inducing_a(cglolee) (°C) sion (%) AA ACR ACOH c; co. (%)

syngrglsnc effect with the oxoanion ynlt and producing an affir- 0/20/70 200 386 186 08 6 30 710 72

mative outcome for propane oxidation to AA. The presence o 420 40.6 203 09 & 36 708 8.2

segregated vanadium oxide species might somehow modify the

redox properties of HPCs and consequently change the catalyzs

behavior.

10/70 400 24.1 218 1.8 1B 162 489 53
420 26.7 26019 8 122 501 6.9

a Catalyst: 1.0 g; flow rate: 15 ml min'-.
3.2.4. Effect of operation variables o ) _
The effects of operation variables, including reaction temlure dependence of the selectivity of acetic acid and AA was

perature, feed composition, and the presence of steam on cafdsC observed over a Mo-V-Sb-Nb cataly36], probably
lyst behavior, were also studied. due to the different formation kinetics of the aci@$]. Over

the aforementioned MMO catalyst, the apparent activation en-
3.2.4.1. Reaction temperaturéThe temperature dependence €rgy of AA formation (23 kJmol') is much higher than that
of reaction performance over gHCs 5(VO)o.2PM012049 is of acetic acid formation (3 kJ mol); thus high temperature
shown inFig. 6. The propane conversion increased monoto{>683 K) is favorable for better selectivity to AA. On the
nously at elevated temperatures in the 360-43@egion. The Other hand, the reactivity of such products as acetic acid and
selectivity to acetone and acrolein was rather lows%) in  AA could vary over different catalys{81,33] It was reported
the whole temperature range, because these were intermedidfi@t acetic acid was more reactive than AA over the VPO-type
products and were readily oxidized to C(81,33] The se- catalysts[31]. In the present study, the formation of AA is
lectivity to propylene decreased rapidly with temperature risefemperature-dependent and probably kinetically controlled over
indicating that it is a key intermediate quickly consumed in thethe HPC-type catalysts. The highest AA selectivity was usually
“next-step” reaction. The selectivity to AA increased gradu-achieved at ca. 42 over the HPC catalysts. Thus the compar-
ally with increasing temperature, reaching a maximum valugson of reaction performance with respect to feed composition
of 31.5% at 420C. In contrast, the selectivity to acetic acid and water vapor was made in the temperature range 400430
declined notably with increasing temperature. Similar temperafTables 6 and ){
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CH3-CH3-CHs
Table 7
Propane partial oxidation overgHCs 5(VO)g.2PM01204g in the presence of +1/2 02| - H20 +122 02
stean?
+H0 .
Gas compositon T  Conver- Selectivity (%) AAvyield CH2=CH-CH3 CHa-CH(OH)-CHs
(C3/O2/He/HyO(g)) (°C) sion (%)AA ACR AcOH C?T CO; (%) +1/202 ol + 12 00
7/14/49/30 420 26.9 243 1.4 126 .7555.9 6.5
430 29.7 201 1.7 108 .959.6 6.0 CH2=CH-CHO CH3-CO-CHs
14/7/49/30 420 20.3 315 42 128 .3239.2 6.4 +1/202 -H0O | +02
430 225 314 28 129 12404 7.1
CH2=CH-COOH CH3-COOH + COx

& Catalyst: 1.0 g; flow rate: 15 ml mirt.

3.2.4.2. Feed compositionThe catalytic reactions over \ /

COx
Ho.1C2 5(VO)0.2PM012040 Were performed in both oxygen-
rich and hydrocarbon-rich atmospheres; the results are give?f:heme 1. The reaction me_chanism suggested for propane oxidation over
in Table 6 The catalyst was more active but less selective t :ecn'g'stzCi:gagfgémeeﬁgﬂik denotes that the proposed compound has not
AAin an oxygen-rich atmosphere. The oxygen-rich atmosphere

understandably suppressed propylene formation but enhanced . "
deep oxi dationyto cg?bon oxi d%s Py protons can be removed in the form of constitutional water,

The partial oxidation of propane over VPO-type cata-and the Bregnsted acid sites of HPC will be eliminated under

. ..~ reaction conditions, leading to rather low selectivity to acetic
lysts was performed mostly under oxygen-rich conditions.

Mota et al. reported the deactivation of VPO catalyst undef cid [21]. By adding water to the feed gas, the acidic feature

hydrocarbon-rich conditions, as well as the ability of certainaS well as the Keggin structure of HPC can be largely main-

dopants, such as cobalt, to restore catalyst act[@®}. The tained, giving rise to enhanced selectivity of oxygengi8s21,

catalvsis of MMOs was usually performed under o en-r'ch43’44] Water can also promote desorption of the acidic prod-
ysl was usually p u xy9 'Myets (AA and acetic acid) and remove the reaction heat from

condlthn.s, with the reoxidation step considered one of the rateéatalyst bed, preventing the deep oxidation of products. The
determining steppt0].

role of water may vary over different catalyst systems. On the
] . VPO-type catalysts, the effect of water is attributed to the en-
3.2.4.3. Water vapor Itis generally recogmzed that Wate.r Va- hanced crystallinity of the (VQP,07 phase, suppression of the
por (steam) can play an important role in propane partial OXformation of \B*-containing species, and maintenance of an
idation; its presence can cause a significant improvement igppropriate distribution of surface acid sif8g]. Over the Mo—
oxygenate selectivit{l3,15,31-37]In this study, 30% (by vol-  \._sph_Nb mixed-oxide catalysts, water vapor stabilizes certain

ume) of water vapor was introduced into the reaction systeMactive phases and lowers the activation energy of the propane
the reaction data are given able 7 The presence of steam qyigation reactiori35,36]

caused a reduction in propane conversion and an increase in
AA selectivity with a notable drop in COformation under 4. conclusion
both oxygen-rich and hydrocarbon-rich conditions. Note that
acetic acid formation increased notably in the presence of wa- |n this study we have demonstrated that vanadium substitu-
ter under oxygen-rich conditionggbles 6 and )/ suggesting tion at the primary/secondary structures of HPCs can signifi-
a possible shift in the reaction mechanism. The mechanisrantly affect catalyst performance. Introducing vanadium at the
for propane partial oxidation has been widely discussed in thgrimary structure (Keggin anion) of molybdophosphates can
literature[21,31,35,36] The reaction pathway of propane oxi- enhance the catalytic activity, and a small fraction of vana-
dation over the present HPC catalysts is thought to be similagium can be segregated in the form of freeO¢ during the
to that suggested for the £sH1 sPV1W.Mo11 Oy catalysts  reaction. The addition of vanadium species to the secondary
[41]. As seen inScheme lthe reaction route of propane first structure can result in a much more active and selective catalyst
ODH to propylene then to acrolein and eventually to AA is thefor AA production. The highest AA yield was obtained over
well-known pathway for AA formation from propane. Water Hg 1Cs 5(VO)g.2PM012040 at an optimal reaction temperature
presence can favor the route of propylene hydration to isopropydf 420°C. The enhanced catalytic performance with respect
alcohol, then dehydrogenation to acetone and further oxidatiot (VO)?t addition at the HPC secondary structure can be at-
to acetic acid and CO The influence of water on acetic acid tributed to the possible synergism among vanadium species,
formation has been observed over HPC-t{ji215,21,41land  oxoanion, and cesium entities, as well as to the resulting mod-
VPO-type catalystf31,32] as well as over the Mo—-V-Te(Sb)- ified surface acidity, structural stability, and redox properties.
Nb catalyst§34—36] Small amounts of segregated vanadium oxide species outside
The hydration of propylene to isopropyl alcohol is an acid-the Keggin structure may function similarly as (\A)at the
catalyzed reaction, and the formation of acetic acid is closelfHPC secondary structure. An excess amount of oxygen in the
related to the strong Brgnsted acid sites present on the cateeaction system would increase propane conversion, but reduce
lyst surface[21,35,36,42] In a dehydroxylation process, the AA and propylene selectivity. On the other hand, the presence
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of steam noticeably suppressed deep oxidation and enhancgd] M.M. Lin, Appl. Catal. A 207 (2001) 1.

AA and acetic acid formation. [19] G. Centi, F. Trifiro, Selective Oxidation of Light Alkanes: Comparison be-
tween Vanadyl Pyrophosphate and V-Molybdophosphoric Acid, in: Catal.
Sci. Technol., Proc. Tokyo Conf., 1st Meeting, 1991, pp. 225-230.

[20] N. Mizuno, D.J. Sun, W. Han, T. Kudo, J. Mol. Catal. A 114 (1996) 309.

. . L . [21] N. Dimitratos, J.C. Védrine, Appl. Catal. A 256 (2003) 251.
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