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Abstract

Keggin-type molybdophosphoric heteropolyacid catalysts with iron cation partially substituted for proton and arsenic for phosphorus in
a bulk form have been synthesized for the selective oxidation of isobutane into methacrylic acid (MAA). It was found that the addition of
iron can obviously improve both the conversion of isobutane and selectivity to MAA, while arsenic substitution was mainly in favor of the
selectivity to MAA. The best conversion and yield of MAA were 23.9% and 16.7%, respectively, which was obtained@wa#0a space
velocity of 420 it over H.Fe» 12.PVAs, 3M01:0, heteropoly compound catalyst. The catalysts were characterized by XRD, SEM, FT-IR, and
TPR.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction An alterative choice is the direct selective oxidation of isobu-
tane that is abundant in the oil producing processes.
Methyl methacrylate (MMA) is an important monomer, Recently the reports on the selective oxidation of isobu-

which is widely used for producing acrylic plastics or produc- tane to produce MAA can be found in many pate#s7]
ing polymer dispersions for paints and codfis methacrylic and literature§2,8—16] among which HPMo;2040-based
acid (MAA) is the precursor of MMA which have been devel- heteropoly compounds were mostly studied and exhibited
oped by many commercialized processes until now, but mostbetter activity and selectivity than other systefiig,18]
manufacturers in the world adopted the acetone cyanohydrineThe substitution or modification of transition metals was
(ACH) process first industrially produced by Rohm & Haas found an efficient way to improve the catalytic performance
Co. in 1933 which have many problems such as high-price and selectivity to MAA. Unfortunately the MAA yields re-
feedstock and environmentally unfriendliness. As a substitute ported in the previous patents and literatures are all lower
method, two-step oxidation of isobutylene has been appliedthan 11.2942-17]. It was found difficult for selective oxi-
industrially by several Japanese companies (Japan MethacryHation of lower alkanes to attain high yield because of the
Monomer, Mitsubishi Rayon, Kyodo Monomdg)] for the low activity of reactant and multiple-steps of the reaction
synthesis of MAA; however, the additional steps as well as mechanism.
the high cost of isobutylene are also industrially undesirable.  This paper introduced a simple preparative route of
H4PMo11VO40-based heteropoly compound catalysts mod-
ified with As and Fe. The catalysts were evaluated by the
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the conversion of 23.9% and MAA yield of 16.7% were Kq radiation ¢.=1.540564). The 2 angles were scanned

achieved. from 5° to 70° at a rate of 2min~1.
2. Experimental 3. Results and discussion
2.1. Catalysts preparation 3.1. Characterization of the catalysts

The catalysts of heteropoly compounds with Kegginstruc-  The catalysts were characterized by FT-IR spectra,
ture were prepared according to our previous meffiSd. TG-DTA curves, TPR, SEM and XRD patterns and their
The typical preparation procedure of the catalysts is as fol- resuylts are shown ifigs. 1-5 Fig. 1 shows the IR spectra
lows: a certain amount ofd®s, AsOs, MoOs, V205 were  of the catalysts, where all the catalysts but (c4) have four
mixed in distilled water and the resultant mixture was refluxed strong absorption peaks between 1065 and 790tarhich
at 80—90°C for 48-96 h to form a homogeneous yellow so- can be attributed to heteropoly anion of the Keggin structure.
lution. Then certain amount of 0.065 mol dfFe(NGs)s The vibration of \-O bond is marked by the very strong
solution was added under stirring. The compositions were gpsorption of Me-O bond[20]. Compared with those of (a)
(8) HFeép.12Mo11PVOy, (b) HMo11VPAS30y, and (C)  H,Fey1,M011PVOQ,, all the four characteristic absorption

HxFen.12M011V PAsp 30y. Proper amount of 0.08 mol drd peaks of (c3) KFey.12Mo11VPAS 30y shift by the addition
KNO3 or CsNQ solution was dripped into the (c) so-

lution to produce (d) KKFep.12M011VPAsy 30y and (e)
HxCsFe.1o0M011VP Asg 30y. The final solutions were dried a
in a water bath at 98C. It is necessary to continue grind to

avoid the catalyst agglomerating. (c) who uncalcined, cal-
cined at 350, 400 or 45 under air atmosphere for 2.5h cl
to give (cl), (c2), (c3) and (c4), respectively; while (c5) was

. %T 2
attained after (c3) reacted for 24 h. The catalysts (a), (b), (d) C3
and (e) were calcined at 40Q for 2.5 h before reaction or :
characterization.
2.2. Catalytic reaction €5
4000 3000 2000 1500 1000 450.0 cm’!

Catalytic reactions were carried out in a stainless steel
tubular fix-bed microreactor and the fixed mass of the cat- g 1. |R spectra of the catalysts. (a) Ho.12Mo1PVO,, (b)
alyst was 1.2g. The products were analyzed online by a H,Mo1;VPAs 30y, (c) HFey12Mo11V PAsy 30y: (c1), (c2), (c3), (c4) is
122G gas chromatograph with a porapak-Q column and (c) no calcined, calcined at 350, 400 and 4&0respectively, (c5): after
a FID detector. The CQwas transformed with a metha- reaction of (c3).
nation transformer. The typical reaction conditions were:
isobutane:@:N,=2:2:3mlmirm! and T=370°C. All the
catalysts were activated at 380 for 1 h under 2ml mint
pure Q atmosphere after calcination and before reaction.

2.3. Catalyst characterization

IR spectra of the catalysts were taken on a Perkin Elmer
2000 IR spectrometer by the KBr tablet method. ThelHPR
and BET measurements were carried out on a Chembet-3000
BET adsorption instrument and the former was under an at-
mosphere of mixed BN, containing 15% H (v/v) with a
temperature increasing rate of A min~—! and the final tem-
perature of 700C. The samples were pretreated at 260
under Ar atmosphere for 30 min. The TG-DTA curve of as-
prepared (c) was obtained on a PCT-IA differential thermal
balance with a heating rate of 1@ min—1. The surface struc- | J | | [ J
ture of the catalysts were studied by SEM on a KYKY-2800 100 200 300 400 500 600 700 T/C
SEM instrument. X-ray diffraction (XRD) patterns were mea-
sured by a BRUKER D8 Advance diffractometer using Cu Fig. 2. TG-DTA curve of HFep 12M011VPASy 30y.

m < decrease

A H < endo thermic
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Fig. 3. TPR spectra of the catalysts. (a)xFeh12M011PVOy, (b)

HxMo11VPAs 30y, (€) HxFep.1oM011VPAS)30y: (c1), (c2), (c3), (c4) 26

is (c) no calcined, calcined at 350, 400 and 460 respectively, (d)

HxKFep.12M011VPAS0 30y, (€) HkCsFe.12M011VPAS) 30y. Fig. 5. X-ray diffraction patterns of the catalyst (c)xfFép12Mo11
VAsq 3PQ,. (c1) as-prepared, (c3) calcined at 400 (c5) after reaction.

of As; v(P-0,) and v(Mo=0y) blue shift 1 and 1.8 cmt; catalyst will lose its activity if the Keggin structure is de-

v(Mo—Op—Mo) and v(Mo—Oc—Mo) red shift 4.9 and stroyed owing to over-temperature calcination.

24.4cntl. The large red shift o (Mo—O—Mo) suggests The TPR results of the catalysts are shownFig. 3,

that As has partly entered the first structure of Keggin anion from which one main reduction peak within the range of
which influences the MO bond. The four characteristic 590-680°C can be observed. It is evident that the addition
absorption peaks of (b) have similar wavenumbers to thoseof As increases the catalytic oxidation ability. Catalyst (c) is
of (c3); the Keggin anion structure is well conserved after easier to be reduced than catalyst (a) probably because As
the catalyst (c) has been calcined at 350 or 4D0while and P have the close electronegativity value but the 4d or-
after calcined at 450C the characteristic absorption peaks bit of As is easier to form As— O feedback bond than the
standing for the Keggin anion structure disappear and 3d orbit of P to form R— O bond, resulting in the increase
at the same time, the catalytic activity disappear, which in counter-polarization to M. Compared with catalyst (b),
shows that the active species of the catalyst is the Kegginthe main reduction peak of catalyst (c) is lower by about@0
structure component. The vibration af(Mo—Op,—Mo) showing that the addition of B& may occupy the counter-
and v(Mo—O¢.—Mo) in (c5) compared with that of (c3) charge position and improves the ability of the catalyst. One
is weak after reaction because fohas been partly  possible reason is that the oxygen-spilling betweett Bad
reduced to M&" [21], but the main Keggin structure is well heteropoly anion can speed up the oxygen transfer usually

reserved. thought as the rate determining step, leading to decrease in
The TG-DTA curves of as-prepared catalyst (c) the reduction temperature of lattice oxyg@2] as well as

HxFep.1oM011VPASy 30y shown in Fig. 2 exhibit an en- increase in the catalytic activity.

dothermic peak at 98C accompanying great weight loss, Catalyst (c3) has one main reduction peak at8D@nd

which shows the existence of much lattice water. Another two small ones at 496 and 55G. Compared with the reduc-
exothermic peak at 43Z without weight loss indicates that  tion peak of catalyst (c3), the main reduction peak of catalyst
the catalyst begins to decompose at 40@nd is completely  (d) and catalyst (e) modified by K or Cs respectively shift to
decomposed at 45@ which indicates the catalyst can keep high temperature and the two small reduction peaks weaken
the Keggin structure in the course of catalytic reaction. The visibly for Cs-modified catalyst (e), while they are almost

20 KV 1LOOKX  10um KYKY-2800 0+ 2 / LOOKX  [0um KYKY-2500 0O~ 20 RV 1.00KX 10um KYKY-2800 O~

Fig. 4. SEM photographs of the catalyst (G)Fy.12M011VASg 3PQ,. (c1) as-prepared, (c3) calcined at 4@) (c5) after reaction.
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invisible for K-modified catalyst (d), suggesting that the ad- Tablel
dition of alkali can obviously weakens the oxidation ability ~The properties of catalystifie.12Mo11V PAS 30y

of the catalysts. Reaction Isobutane Yield (%)
. i i 0,

The reduction peaks at lower temperature are weak for tme () conversion (%) T ACOH AA MAA  CO,
uncalllcmed catalllyst ((jcl), and thﬁ Iowest'onej are foundkfor 294 071 38 15 17 n
ca_ta yst (c4) calcined at 45C, whose main re uction pea 4 239 098 28 095 167 &7
shifts from 600 to 654C and weakens considerably, mean- g 238 110 26 086 163 .o
ing that proper calcination is in favor of the enhancement 24 23.8 1.04 20 093 156 .28

of oxidation ability of the catalyst and that the calcina- MAL: methacrolein; AcOH: acetic acid; AA: acrylic acid; MAA:
tion at a higher temperature will lead to a great decrease methacrylic acid. Reaction temperature: 320 gas velocityiBu:O2:N2 =
in oxidation ability due to the destruction of the Keggin 2:2:3mimim.

structure.

Fig. 4is the SEM photographs of catalyst (c) treated under
different conditions. The surface of both as-prepared catalyst
(cl) and catalyst (c3) calcined at 40D are smooth, and so
they have low surface area of 10.5 and 6%3yn!, respec-
tively, showing no remarkable effect of appropriate calcina-

zﬁzscltgfezatlar: ycs;nstl;l;fsatci;tt;lfc;t?r(((e:Sb)urteséc;I:;% r}% ?uchﬂnbc;catalytic activity and selectivity to MAA can be obtained af-
' ' y ter 4h. The best results are attained at after 4 h, when the

E:Tzeillgzglilem’ sothe surface area of the CataIyStIrnprovesconversion of isobutane is 23.9% and the yields of MAA,

. methacrolein (MAL), acetic acid (AcOH), crylic acid (AA)
Fig. 5shows the XRD patterns of catalysts (c1), (c3) and o o o o o i
(c5), from which different crystal species and the conver- and CQ are 16.7%, 0.98%, 2.8% and 0.95% and 2.47%, re

sions are observed. For catalyst (c1), the strong characteris—S pectively, which are obviously higher than those reported in

tic peaks of the Keggin structure oAMo;204 are found, previous literatures.
and the characteristic peaks of3fe0)2-(H20)s demon- . .
3.2.2. The influence of the counter-charge cations
trate that the As atoms hav rtly entered the heteropol .
strate that the As atoms have partly entered the heteropoly The effect of the Fe content on the catalytic performance

anion and substituted P atoms, in accordance with the IR : . ; " .
was systemically investigated and summarizediahle 2 It

results above. When catalyst (c1) is calcined at4D@nd is found that the conversion of isobutane and the selectivit
activated under pure oxygen (catalyst c3), the characteristic y

peaks of HPMo0;2040 disappear and the strong characteristic
BN Table 2
peaks Of_HPM011VO40 emerge,_whlch indicates that V has The effect of the content of Fe on catalytic properties ofFél
entered into the heteropoly anion and formed the structure mo,;vPAs 30,
to fit the catalytic oxidation of isobutane during the process |

3.2. Catalytic activity for the isobutane oxidation

3.2.1. The activity test of the catalyst

Selective oxidation of isobutane to MAA over the catalyst
HxFe&y.12M011VPAs 30y was tested and the results are sum-
marized inTable 1 FromTable 1one can finds that steady

. . L . Isobutane Yield (%)
of calcination and activation. Compared with that of catalyst conversion (%)
(c3) before reaction, the crystal structure of the heteropoly MAL ACOH AA MAA COx
compound after the reaction is found greatly changed. The© 16.4 14 0.8 0 3 106
characteristic peaks of E@0y)»-(H20)z emerge again and (1)'2 gg'g (1)-38 ;é g-gg i% ;27
the peaks of HPMo0;1VO40 are a little weaker, demonstrat- 16 193 11 19 0.37 2 67

ing that the active species are mainly compo;ed of Keggin MAL: methacrolein; AcOH: acetic acid; AA: acrylic acid; MAA:
Struc.ture heteropoly compound .and.that the existence of Othermethacrylic acid. Reaction temperature: 370 gas velocityiBu:Op:Np =
species such as g@y)2-(H20)z is highly necessary forthe  2:2:3mimirrL. All the data were collected after reaction for 4 h to reach

improvement of catalytic performance. equilibrium.
Table 3
The effect of the alkili metals on catalytic properties
Catalysts Reaction temperatuf€} Isobutane conversion (%) Yield (%)
MAL AcOH AA MAA CO
HxFep.12M011VPAS 30y 370 23.9 0.98 2.8 0.95 16 247
HxKFep.12M011VPAS) 30y 360 25.7 0.54 1.6 0.47 4 190
370 28.3 0.21 2.0 0.46 3 221
HxCsFe@.12M011VPAsy 30y 350 175 0.96 2.1 0.35 1» 3.89
370 22.1 0.85 3.0 0.61 g 9.7

MAL: methacrolein; AcOH: acetic acid; AA: acrylic acid; MAA: methacrylic acid; gas velodBu:0:N, = 2:2:3 mI mirr L. All the data were collected after
reaction for 4 h to reach equilibrium.
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Table 4 Table 5
The effect of the content of As on catalytic properties ofFkb 12 The effect of calcination temperature on catalytic properties ,dfebli2
MO]_;]_VPASaOy M011V P ASOSOy
a Isobutane Yield (%) Calcination Isobutane Yield (%)
conversion (%) temperature°C) conversion (%)

MAL AcOH AA MAA CO MAL AcOH AA MAA COy
0 31.2 0.50 4.9 1.06 B 180 350 203 0.86 2.9 0.29 15 475
0.2 24.1 1.25 3.2 0.90 12 6.75 400 239 098 28 0.95 16 247
0.3 23.9 0.98 2.8 0.95 1B 247 450 48 0 0 0 0 4.8
0.4 232 1.44 1.8 0.68 8 9.48 MAL: methacrolein; AcOH: acetic acid; AA: acrylic acid; MAA:
MAL: methacrolein; AcOH: acetic acid; AA: acrylic acid; MAA: methacrylic acid. Reaction temperature: 300 gas velocityiBu:Oy:Ny =
methacrylic acid. Reaction temperature: 370 gas velocityiBu:Op:N, = 2:2:3mImirrL. All the data were collected after reaction for 4 h to reach
2:2:3mlmirrL. All the data were collected after reaction for 4 h to reach equilibrium.

equilibrium.

the destruction of the Keggin structure testified by the above
to MAA increase greatly from 16.4% and 22.2% to 23.9% IR and TG-DTAresults, the catalyst calcined at 46Ghows
and 69.9%, respectively, with proper Fe modification. The very low activity and no selectivity to MAA, which indicates
improvements of both the activity and the selectivity by Fe that the existence of the Keggin structure is necessary for
modification of molybdophosphotic acid catalyst have been catalytic oxidation of isobutane to synthesize MAA on this
proved by Martin and the reason may be thé'Hee’* re- catalyst.
dox couple intervening in the oxidation—reduction of the bulk
acid by charge transfer between théfead the M3 of the
Keggin anion23]. 4. Conclusions

It can be observed fromable 3that the addition of K or

Cs caused a sharp decrease in the MAA yield even though  H4PMo;1VO40-based heteropoly catalysts modified by
the addition of K can slightly improve the activity of catalyst, transition metals were synthesized by a simple chemical
which is different from the previous studies in the selective process and used for the selective oxidation of isobutane.
oxidation of isobutane over heteropoly compo(@-17] The conversion of isobutane is 23.9% and the selectivity to
The Cs-substitution has a negative effect on the activity of MAA reaches 69.9% under optimal conditions over the cata-
catalyst and increases split products such as AcCOH and AAlyst HyFey 1oMo11VPAsy 30y which are improved obviously
though it increases the surface area from 6.8 to 28.4Th compared with those in previous literatures. The modifying
The addition of K reduces all organic product yields. The iron as Fg(PQy)»-(H20)3 and counter-cation in the Keggin
optimal reaction temperature with Cs or K modified catalyst structure are responsible for the improvement of catalytic

decrease to 350 and 360, respectively. ability of both conversion and selectivity to MAA. In addi-
tion, the modification with As only makes for the enhance-
3.2.3. The influence of As content ment of selectivity to MAA. The addition of K or Cs causes

The influence of the As content on the catalytic activ- & negative effect on the yield of MAA and the addition of K

ity and selectivity to MAA has been tested. The results are improves the isobutane conversion.

summarized irTable 4 It is found that the addition of As

obviously decreases catalytic activity and that the appropri-

ate As modification can efficiently enhance the selectivity to Acknowledgements

MAA by restraining the split products. The optimal yield of
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3.2.4. The influence of the temperature of calcination

The effect of calcination temperature was tested and the re-
sults are listed iTable 5 It is found that the catalytic activity
and selectivity to MAA are greatly affected by the calcina- _ _
tion temperature. An appropriate enhancement of calcination [1] K. Nagai, Appl. Catal. A: Gen. 221 (2001) 367.

p : pp p : [2] G. Schindler, T. Ui, K. Nagai, Appl. Catal. A: Gen. 206 (2001) 183.

temperature makes for the improvement of catalytic perfor- [3] r. mitsubishi, Japanese Patent 23,013 (1975).
mance. The catalyst calcined at 4@ and activated under [4] A. Motoyama, |. Nakamura, European Patent 1092702 A2 (2002).
2 mlmin~! pure @ atmosphere at 38 for 1 h exhibits the [5] I. Matsuura, Y. Aoki, Japanese Patent 05,331,085 (1996).
highest activity of 23.9% and the best selectivity of 69.9%. [6] S Yamamatsu, T. Yamaguchi, US Patent 5,191,116 (1993).
The conversion of isobutane is only 20.3% and the selectiv- [7) 1. Ushikubo, Japanese Patent 08,172,250 (1992).
) ; y £Y. ; [8] W. Li, W. Ueda, Catal. Lett. 46 (1997) 261.
ity to MAA is 56.7% when the catalyst has been calcined at [9] N. Mizuno, M. Tateishi, M. lwamoto, Appl. Catal. A: Gen. 118
350°C and activated under the same conditions. Because of  (1994) 1.
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