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Abstract

An effective Mq V 3Tep 23Nbg 1,0, catalysts for the selective oxidation of propane to acrylic acid was successfully prepared by using rotavap
method. The catalyst was characterized by XRD and shown to contgifiM@o.93)5014, (Nbp.00M00 91)O2.8, 3M0O,-Nb,Os, Mos TeO,¢ and/or
TeMo,;O13, TeyNb,O;3 and a new TeMO (TeVMoO or TeVNbMoO; M Mo, V and Nb) crystalline phase as the major phase. Regardless of
the intrinsic catalytic characteristics of the catalyst, the external reaction conditions would have strong effects on the catalytic peidormance f
propane oxidation. So in this paper, the effects of reaction conditions were investigated and discussed, including temperature, space velocity,
V(air)V(CsHg) ratio andV(steam)¥/(CsHg) ratio. A stability test was also carried out on M& 3 Tey 23Nbg 1,0, catalyst. The experimental
run was performed during 100 h under the optimized reaction conditions. During the 100 h of operation, propane conversion and acrylic acid
selectivity remained at about 59 and 64%, respectively.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The excellent performance of Mg 3Tep 23Nbg 120,
catalyst for propane oxidation is mainly due to its the intrin-
The direct oxidation of propane to acrylic acid using sic characteristics. Each of the constituent elements Mo, V,
molecular oxygen as an oxidant has recently attracted Te and Nb was shown to be necessary for both high conver-
great attention in both academia and industry. By now, sjon of propane and high selectivity to acrylic afld—13]
three classes of catalyst systems, VPO-type catalysts|n addition, the morphology or the grain size of the cata-
[1,2], heteropoly compounds catalysts (HP{34] and lyst and the oxidation state of the metals also greatly affect
multi-component metal oxides catalysts (MM@§-10], their catalytic performance, these factors can be controlled
have been studied for the selective oxidation of propane by the grinding or the pretreatment conditidig]. Based
to acrylic acid. MMO catalysts are commonly consid- on these latest results, one can conclude that not only the
ered to have a possibility to substitute the traditional composition of the catalysts, but also some specific struc-
catalysts in the existing industrial two-step process via tures of the resulting catalysts are closely related to their
propylene. Among those catalyst systems, Mo—V-Te-Nb catalytic performance.
oxide catalyst is the most promising ofie-10] An ap- Besides the intrinsic characteristics of the catalysts, the
propriate MoVTeNb metal ratio is critical to the formation  reaction conditions are the important factors influencing the
of catalyst active phase, according to the two patents of catalytic performance of propane oxidation.[A] has ever
Ushikubo and Lin[7,8], the catalysts with metal ratio of  reported that on Te-modified VPO catalyst higher concentra-
Mo1Vo 3Tep 23Nbp 120, have excellent catalytic perfor-  tions of oxygen and steam, a lower concentration of propane,
mance for selective oxidation of propane to acrylic acid. In and a lower reaction temperature are favorable for propane
this paper, M@V 3Tep 23Nbg 120, was used as the catalyst  selective oxidation to acrylic acid.

for propane oxidation to acrylic acid. The relationship between the intrinsic characteristics of
the catalysts and the catalytic performance for propane ox-
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reaction conditions on the catalytic performance and the cat-densed and the liquid phase separated from the gas phase in

alyst stability under the optimized reaction conditions. a cold trap. Both the gas and liquid phases of the product
streams were analyzed with GC to determine the values of
propane conversion, AA yield and the distribution of other

2. Experimental products. They are defined as below:
2.1. Catalyst preparation Conversion®) — 5 2 niNi 8
propane fed
6.4g ammonium paramolybdate (Aldrich), 1.3g am- o
monium metavanadate (Aldrich) and 1.9g telluric acid Selectivity(%) = niNi _ % 100
(Aldrich) were dissolved in 105 mL of water at 353K in a niNi
flask to obtain a uniform aqueous solution. 0.5h later, the 1hiNi
solution was cooled to 303K, and then 41.1 mL of an aque- Yijeld (%) = —2— x 100
ous solution of niobium oxalate having niobium concentra- propane fed

tion of 9.8 mg/mL was mixed thereto to obtain a slurry. The
nominal metal ratio of the Mo—V—Te—Nb—-O catalyst formed
from such a solution should be Mg 3Teg23Nbg 120,.
Rotated continuously for 2 h, the water of this slurry was
removed via a rotary evaporator at a bath temperature of
about 313—-333 K and at a reduced pressure of 10-40 mmHg3_ Results and discussion

to obtain 11 g of precursor solid. Five grams of the catalyst

precursor solid was calcined in a covered small quartz tube .

pre-purged with nitrogen, non-flow environment at 873K gajt'a];/rge crystalline structure of Mo1Vo3Teo 2sNbo.120x
for 2h. The oven had previously been heated to 473K at a

rate of 3°C/min and held at that temperature for 1h, then |\ o< poen know[7,8] that the effective Mo-V—Te—Nb—O

ramped t? 8723hK St a ratiof"stll ”.”i” {:Ind hfld at thatdtem— catalyst for the selective oxidation of propane to acrylic acid
pebrature olr d . urlr;gt € ca cmatlgn, t. E covere quf?rtz should have X-ray diffraction peaks at diffraction angles
tube was placed in a large quartz tube with a nitrogen flow ¢ 55 _ 55 1 28 2 36.2, 45, and 50.0. Fig. 1 shows

rate ((j)'fdl thgmn. BecatlrL:se of the cover;ad tuk;)e,t the mgc;- the XRD pattern of M@V 3Tep 23Nbp 120, catalyst. Ap-
gen did ot Tow OVer the Precursor suriace, but Served 10 parently, all the five characteristic peaks exit in the pattern,

ensure that the atmosphe're 'out5|de the covered tube.wa hich indicates that an effective catalyst is formed in our
nitrogen. The atmosphere inside the covered tube remaine xperiment

nitrogen and off gasses from the catalyst. Then the material By using PCPDFWin software, the peak at 2 22.1°

was ground, pressed and sieved to 20-30-mesh granules.,"he rejated to the presence of several Mo-containing

Before reaction, the granules was activated by a series of h :
) . . ) ases, i.e., Mo o eaksat? = 16.5, 22.3,
chemical and physical methods. The detailed process will P (¥o7M00.93)5014 (P

be discussed in another paper. After activation, the final
Mo,V .3Ten 23Nbg 120, catalyst was thus obtained. 22.1

where Ni represents the moles of carbon-containing
products andni represents the number of C atoms in
carbon-containing products.

2.2. Catalyst characterization

28.2°
The crystalline structure of M 3Tep 23Nbg 120, cat- N
alyst was characterized by XRD technique, which was per- 1
formed under ambient temperature and pressure using a s #
Rigaku D/MAX-RB diffractometer with a Cu anticathode in .
the @ range of 10-80 0

36.2° 452 500°
2.3. Catalyst evaluation W * DR

The catalytic performance of M¥ g 3Tep 23Nbg 120, cat- L L \ ) ! ! ! L |
alyst was evaluated for the selective oxidation of propaneto 1 20 25 30 35 40 45 50 55
acrylic acid in a continuous-flow fixed-bed microreactor at 20 /()
atmospheric pressure. The reactor was mgde of quartz tubeFig_ 1. XRD pattems of the MoV_Te-Nb-O catalystO
4Q cm long an'd 0.8cm i.d,, mpunted vertically anq heated (v, ;Mo e5)s014, (®) (NboooMooe1)Os5, (A) 3MoOyNbyOs, (M)
with an electric furnace. A mixture of propane—air-steam MosTeOys and/or TeM@Ous, (A), TesNbO13 (%) TeMO (TeVMoO
was fed in from the top of the reactor. The off-gas was con- and/or TeVNbMoO) crystalline.
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23.3, 24.9, 28.2, 31.5 and 33.7) (JCPDS: 31-1437), strong effects on the products distribution. As the tempera-
(Nbp0sM00p.91)O28 (peaks at 2 = 16.5, 22.1°, 23.3, ture is elevated from 643 to 703 K, the conversion of propane
24.9 26.7, 27.6, 28.7, 31.3, 31.5, 32.4 and 33.5) increases from 39 to 74%, and the selectivity to acrylic acid
(JCPDS: 27-1310), 3Mo£Nb,Os (peaks at 2 = 16.3, decreases from 74 to 42% at the expense of a relative in-
22.2, 23.r, 24.¢, 31.2, 33.4 and 38.6) (JCPDS: crease of the selectivity to GOrom 13 to 55%. The selec-
18-0840), M@TeOy6 (JCPDS: 31-0874) and/or TeMO13 tivities to propylene, acetic acid and the trace products also
(JCPDS: 34-0622) (peaks &t 2 21.8, 24.7, 26.2, 26.7 decrease slightly.

and 30.5). As a saturated hydrocarbon, propane has low reactivity
The peak at 2 = 28.2 can be related to ()o7M00.93)s under lower reaction temperatures. Higher temperatures are

O14, (NbgogM0g91)O28 and TaNbyO13 (peaks at 2 benefit to propane activation, so the conversion of propane

=23.9,24.9,27.2,28.0,28.4,31.6 and 37.2) (JCPDS: increases with the temperature increasing.

36-1175). While according to Lin’s results on Mo—V-Te—Nb-O cat-

However, by using PCPDFWin software, none of the com- alyst[17], the order of relative reactivity of reactants was
pounds formed by two or three metal elements among Mo, propane« acetic acid= acrylic acid < propylene< ace-
V, Te and Nb could correspond to the other three peaks attone < acrolein= isopropanol. That is, acrylic acid is more
20 = 36.2°, 45.2 and 50.0. In a recent published literature reactive than propane. So, increasing temperatures would
[15], the five characteristic peaks @2 22.1°, 28.2, 36.2, accelerate the overoxidation of acrylic acid and other inter-
45.7° and 50.0 were assigned to a new TeMO (TeVMoO or mediate to CQ, which leads to a decrease in the selectivities
TeVNbMoO; M= Mo, V and Nb) crystalline phase. Aouine to them and a rapid increase in the selectivity to,CO
et al.[16] considered that the new TeMO crystalline phase  Due to the opposite contribution of reaction temperatures
could correspond to the phasegkeMO3 (M = Mo, V, and to acrylic acid selectivity and propane conversion, the yield
Nb). While Baca et al[12] considered that the new TeMO of acrylic acid reaches at a maximum at 683 K. Considering
crystalline phase could be related to two major phases M1the selectivity to acrylic acid, the suitable reaction temper-
[(Te2O)M20056] and M2 [(TeO)MsOg] (M = Mo, V) hav- ature is in the range 663—-683 K.
ing orthorhombic and hexagonal structure, respectively, and
the orthorhombic Ml.phE}se is the mo_st active and selectiye 3.3. Effect of space velocity on catalytic performance
phase for propane oxidation, a synergism due to cooperation

between M1 and M2 phases improves the catalyst perfor-  Thg effect of various space velocities was studied at a re-

mance. action temperature of 673 K. The results are showFign 3.

. ) The results had been obtained by changing the amount of
3.2. Effect of reaction temperature on catalytic catalysts used from 1.73 to 2.88g. As the space velocity
performance is elevated from 600 to 1000 mL#gh), the conversion of

_ o propane decreases from 68 to 49%. Meanwhile, the selec-
The effect of reaction temperatures was studied in a rangetjvity to acrylic acid increases from 57 to 66% and the

643-703 K. The results are shownfifg. 2 In the reaction,  selectivity to CQ decreases from 36 to 25%. And the selec-
acrylic acid and CQ are major products; acetic acid and jjties to other intermediate also increase slightly with the
propylene are by-products in a small amount. Meanwhile, space velocity increasing.

acetone, acrolein and propionic acid are also formed in a | jterature results[17,18] suggest that propane oxida-
trace amount. It is clear that the reaction temperatures havejye dehydrogenation to propylene is the first step of the
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Fig. 2. Effect of reaction temperatures on catalytic performance

V(C3Hg)/V(air)M(steam) = 1/15/12, GHSV = 800 mL/(gath), catalyst Fig. 3. Effect of space velocity on catalytic performance flow rate of
loading = 2.14g. propane:1.0 mL/miny/(CgHg)/V(air)V/(steam)= 1/15/12,T = 673 K.
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Fig. 4. Effect of V(air)M(CzHg) ratio on catalytic performance flow rate of propane: 1.0 mL/miCsHg)/V(air)/V/(steam)= 1/10-25/12, GHSV
= 800 mL/(gath), T = 673 K.

reaction. From the results ifig. 3, the concentrations then levels off whenV(air)V/(CgHg) ratio is more than
of the primary product propylene in tail gases are rela- 15. The selectivity to acrylic acid decreases steadily from
tively low during the whole range, approximately 3-5%, 69 to 53% withV/(air)N(C3Hg) ratio increasing while the
which suggests the M¥3Tep23Nbp 120, catalyst has  selectivity to CQ increase from 23 to 42%. And the se-
high reactivity to propylene oxidation, propylene is quickly lectivities to propylene and acetic acid, etc. also decrease
consumed in the next steps of the reaction as soon as it isslightly.
produced. With the space velocity increasing, the contact In the reaction of propane selective oxidation to acrylic
time of propane and propylene with the catalyst becomes acid, the theoreticaV/(02)/V(C3Hg) ratio equals to 2, so
short, part of them leave the catalyst surface without re- the theoreticalV(air)V/(CsHg) ratio should equal to 10.
acting. So propane conversion decreases and the concenfhat means higher oxygen concentration is favourable for
tration of propylene in tail gases increases with the spacepropane activation. So propane conversion increases with
velocity increasing. At the same time, the contact time the V(air)NM(CsHg) ratio increasing. When the oxygen con-
of acrylic acid and other intermediate with the catalyst centration gets to a certain degree, propane conversion does
also becomes short, which prevents them from staying not increase any longer. While acrylic acid and other inter-
longer on the catalyst surface, thus decrease the chancenediates, including propylene and acetic acid, are prone to
of being further oxidized to CQO So the selectivities to  be overoxidized to CQunder higher oxygen concentration.
acrylic and acetic acid increase with increasing space So, with theV(air)/\V(C3Hg) ratio increasing, the selectiv-
velocity. ities to acrylic acid, propylene and acetic acid decrease
The observed yield of acrylic acid is a product of propane while the selectivity to CQincreases.
conversion and acrylic acid selectivity, while the effect of  The higher yield of acrylic acid (>37%) is obtained when
space velocity on them is opposite. So the higher acrylic acid the V(air)V(CsHsg) ratio is in the range 10-15.
yield could be obtained in the range 600—-800 mL4(l).

3.5. Effect of steam ratio in the feed on catalytic
3.4. Effect of V(air)/V(CzHg) ratio on catalytic performance
performance
The reaction was conducted by fixing propane flow rate

The reaction was conducted by fixing propane flow at 1.0 mL/min, and changing the steam ratio in the feed gas
rate at 1.0 mL/min, and changing air flow rate from 10 to V(CgHg)/V(air)/V(steam)=1/15/0-24. The space velocity
25mL/min. Then the corresponding(air)/\V(CzHg) ratio was maintained at 800 mLigh) by changing the amount
varied from 10 to 25. The space velocity was maintained of the catalyst used in the reactidfig. 5shows the catalyst
at 800 mL/(gath) by changing the amount of the catalyst performance at 673 K under different steam ratios, with the
used in the reactiorkig. 4 shows the catalytic performance steam-free reaction as reference.
at 673 K under differenY(air)/V(C3Hg) ratios. It is evident that propane conversion increases from 51 to

With V(air)V(CzHg) ratio increasing from 10 to 15, 57% when steam o¥/(steam¥/(C3Hg) = 6 is introduced,
the conversion of propane increases from 55 to 59%, andbut quickly levels off when more steam is added to the
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Fig. 5. Effect of steam ratio in the feed on catalytic performance flow rate Fig. 6. The longterm test of the Mo-V-Te-Nb-O catalyst

to propane: 1.0 mL/minV(C3Hg)/V(air)/(steam)= 1/15/0-24; GHSV V(CsHe)/V(ainN(steam) = 1/15/12, GHSV = 800 mL/(gsach), catalyst
= 800mL/(gach); T = 673K. loading=2.149.T = 673K.

feed. The major effects appear to be in the formation of )
acrylic acid and CQ. The selectivity to acrylic acid increases 4. Conclusion
rapidly from 41 to 60% when steam ®{steam)¥/(C3Hsg)
= 6 was introduced into the feeds, then increases slightly ~The MoiVo.3Ten.23Nbo.120, catalyst prepared by using
to 66% when more steam is introduced. The variation of fotavap method is an effective catalyst for the selective
selectivity to CQ is just opposite to that of the selectivity ~©Xidation of propane to acrylic acid. XRD results indi-
to acrylic acid. The selectivity to COdecreases rapidly ~ cates that the effective catalyst has five characteristic peaks
from 54 to 33% when steam M(steam)¥/(C3Hg) = 6 was at » =22.1°, 28.2, 36.2, 45.F and 50.0. It contains
introduced into the feeds, then decreases slightly to 28% (V0.07M00.93)5014, (Nb0.09M00.91)O28,  3M0QO,-Nb,Os,
when more steam is introduced. MosTeOy6 and/or TeMQ@Os3, TeaNb2O13 and a newleMO
From the results iffig. 5, it can be seen that acrylic acid  (T€VMoO or TeVNbMoO; M= Mo, V and Nb) crystalline
has already been formed even in steam-free condition, whichPhase as the major phase. On Mg 3Tep23Nbp.120x
indicates that steam is important but not the indispensablecatalyst, the catalytic performance of propane selective ox-
for the formation of acrylic acid. The most possible reason idation to acrylic acid is greatly influenced by the reaction
for the positive effect is that steam enhances the desorptionconditions. The temperature of 663-683K, the space ve-
of the strongly adsorbed acrylic acid on the catalyst surface locity of 600-800 mL/(gath), the V(air)V(C3Hg) ratio of

The higher yield of acrylic acid can be obtained when able for acrylic acid production. The main role of steam is
V(steam){/(CzHg) ratio is in the range 12-24. to enhance the desorption of acrylic acid from the catalyst

surface to prevent it from being overoxidized to COhe
stability of Mo1V o 3Teg 23Nbp 120, catalyst under the opti-
mized reaction conditions was examined. During the 100 h
of operation, propane conversion and acrylic acid selectivity
remained at about 59 and 64%, respectively.

3.6. The stability of Mo1Vp 3Tep 23Nbg 120, catalyst under
optimized reaction conditions

The stability of MaQVo3Tep23Nbg 120, catalyst is
another important point to be considered. It was per-
formed for 100 h under the optimized reaction conditions,
V(CsHg)/V(air)V(steam) ratio of 1/15/12, space velocity
of 800 mL/(gath), catalyst loading of 2.14 g and reaction
temperature of 673K (se€ig. 6).

During the 100 h of operation, the conversion of propane
maintains at 57-59%, the selectivities to acrylic acid and
CO, maintain at 63—65 and 27-30%, respectively. This sug-
gests that the Mg/ 3Teg.23Nbg 120, catalyst not only have
a good performance for the selective oxidation of propane
to acrylic acid, but also have good reaction stability. It is [1] M. Ai, J. Catal. 101 (1986) 389.
worthy of mention that the catalyst reaches a steady state 2] g, kerler, A. Martin, M.M. Pohl, M. Baerns, Catal. Lett. 78 (2002)
just as the reaction start. 259.
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