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The reduction/reoxidation mechanism of a multicomponent molybdate catalyst for propylene ammox-
idation was studied by using X-ray powder diffraction (XRD), Laser Raman spectroscopy (LRS) and
thermogravimetric analysis methods. XRD and LRS results of the catalysts with various reduced degrees
show that catalyst reduction happens in the order: (2) - (3) —

(4)— (5), and the lattice oxygen migra-

tion range is extended from iron molybdates to cobalt/nickel molybdate. The thermogravimetric analysis
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to be around 440°C.

results show that the reoxidation of the catalyst is attributed to the replenishment of the bulk lattice oxy-
gen in the lower temperature which is respectively combined with Bi, Fe and Mo, and the replenishment
of the surface lattice oxygen in the higher temperature. The favorable reoxidation temperature is found

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Acrylonitrile (AN) is a versatile intermediate for chemical syn-
thesis, and propylene ammoxidation is widely used to produce AN
in industry [1,2]:

CH, = CHCH3 + NH; + %oz(air)““ili’“CH2 —CHCN+3H,0 (1)

Turbulent fluidized bed (TFB) technique is widely adopted,
with the advantages of effective heat/mass transfer and easy
temperature control. Propylene ammoxidation obeys a redox
mechanism [3-5], i.e., the lattice oxygen in catalyst reacts with
propylene/ammonia to generate AN, and the reduced catalyst is
continuously reoxidized in situ by gaseous oxygen in TFB reactor.
However, due to severe axial gas/solid backmixing and insufficient
gas/solids contact in such TFBs, AN generally suffers from an overox-
idation and some byproducts such as CO, are produced [6], which
was also found by our modeling studies [7,8]. Obviously, propylene
ammoxidation in such TFBs is against the green chemistry concept
of high selectivity and low yields of byproducts such as CO; [9].

With regard this, circulating fluidized bed (CFB) has been
attempted to perform propylene ammoxidation [6,10-16], where
lattice oxygen, propylene and ammonia react in a riser with
excluding gaseous oxygen, and catalyst reoxidation is performed
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in another separate regenerator. In fact CFB is used now for the
production of maleic anhydride and ethylene which obey redox
mechanism [17-19]. There are many advantages in such CFBs, (a) AN
overoxidation and CO, yield are substantially suppressed because
of no or little amount of gaseous oxygen in riser; (b) due to no trou-
ble with explosion limit, a highly concentrated propylene/ammonia
feed can be used, i.e., higher throughput; (c) the succeeding separa-
tion processes are simplified from a less production of byproducts.

In such CFB processes, the study on the separate reduction
and reoxidation of catalysts is important for optimizing the cat-
alyst design or the CFB process. Bismuth molybdates are the
most popular catalysts and have been the emphasis of wide
studies. Some studies were focused on the co-feed of propy-
lene/ammonia/air(oxygen) in TFB [20-22], where the oxidation
state of catalyst keeps almost no change because of the reoxi-
dation in situ of catalyst by gaseous oxygen. Anion vacancy and
lattice oxygen diffusion were investigated in different bismuth
molybdate catalysts including Bi;(Mo0Oy )3, Bi;Mo,0g, and Bi; MoOg
[23,24], where H; as reductant. The reduction of Bi,(MoQO4)3 by
propylene/ammonia in absence of gaseous oxygen showed that
Biy(Mo0QOy)3 is first transformed into Bi;MoOg, and the latter
finally is reduced into MoO, and Bi [25]. The reoxidation study
of partial reduced Biy(Mo0Oy)3, Bi,M0,0g, Bi;MoOg, BizFeMo0,01,
and M,2*Mp3*BixMoyO, showed that there exist two reoxidation
regimes, i.e., the separate reoxidation of surface and bulk lattice
oxygen [26]. The multicomponent molybdate catalysts are contin-
uously developed. Some studies on reduction of it in absence of
gaseous oxygen were carried out, in order to investigate the effect of
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Fig. 1. Experimental schematic of catalyst reduction, MFC;-MFC,4: mass flow controller, V;-V4: constant pressure valve.

lattice oxygen mobility onits activity and selectivity [27], its reactiv-
ity of surface oxygen species [28], and its reduction kinetics [26,29].
Some studies on reoxidation of the partial reduced catalyst were
carried out, in order to investigate its regeneration performance
[30] and its reoxidation kinetics [26]. Some studies on the kinetics
of reduction/reoxidation were investigated under co-feed situation,
showing that the main reaction was controlled by the reduction
step of the catalyst at high temperature and by the reoxidation step
at low temperature [31,32].

The aim of the present work is to study the separate reduc-
tion/reoxidation of a selected multicomponent molybdate catalyst
(Ma%*/M},3*BixMo,0;) by using XRD, LRS and thermogravimetric
analysis methods (including thermogravimetry, TG and differential
thermogravimetry, DTG). The crystal and surface structures of fresh,
reduced and reoxidized catalysts, and the TG/DTG curves for the
reoxidation catalysts are given; following these characterization,
the reduction/reoxidation mechanism is discussed.

2. Experimental

The catalyst is from Shanghai Research Institute of Petrochemi-
cal Technology (SRIPT), China. In order to ensure the full oxidation
of catalysts, they are calcined first in air at 450 °C for 4 h. Ammonia,
hydrogen, nitrogen and oxygen used in the reaction are 99.999%
(made in Beijing ZG Gases Science & Technology Co., Ltd.), and
propylene is 99.99% (made in Sinopec Qilu Co., Ltd.).

2.1. Reduction

The experimental schematic is shown in Fig. 1. The experiments
are carried out in a fixed bed reactor, which is a stainless steel tube
of 8 mm i.d. and 200 mm of height. The reaction section is packed
with around 0.7 g catalyst, above which is quartz sand and below is
quartz wool. The reaction temperature is about 450 °C, which is con-
trolled by electrical heater; the operation pressure is atmospheric.
During the reduction process, a mixed gaseous feed of propylene,
ammonia and nitrogen with a molar ratio of 1:1.3:9, or hydrogen
and nitrogen with a molar ratio of 1:4, is introduced into the reac-
tor with a flow rate of 62 ml/min, which is controlled by mass flow
controller. The reduced time by propylene/ammonia includes 15s
(catalyst A), 30 s (catalyst B), 45 s (catalyst C), and 60 s (catalyst D).

The reduced time by hydrogen includes 10s (catalyst E), 25 s (cata-
lyst F), 40 s (catalyst G), and 55 s (catalyst H). The reaction products
were analyzed online by East & West 4000A gas chromatograph
with a thermal conductivity detector, when the reduced time by
propylene/ammonia is 15, 30, 45 and 60 s, respectively. The H, flow
through the columns consisting of molecular sieve 5A and Porapak
Q was held constant 25 ml/min.

2.2. Reoxidation

The reoxidation of the reduced catalyst is monitored by Netzsch
STA 449C thermo-analyzer. The oxidation gases consist of oxygen
and argon with a molar ratio of 1:1, and the flow rate is 60 ml/min.
The catalyst loading is around 20 mg. The temperature increasing
rate is 5°C/min.

2.3. Characterization

XRD is performed on Rigaku D/Max2500 VB2 +PC with Cu Ko
radiation at room temperature. Scans are performed over the 260
range from 15° to 65° recorded with a position sensitive detector.

LRS is performed on a Jobin Yvon HR800 confocal spectrometer
equipped with a semiconductor laser supplying the excitation line
at 532 nm with a power of 2mW. Measurements were carried out
with a resolution of 0.5 cm~1.

3. Results and discussion
3.1. Reduction

3.1.1. Reduction by propylene/ammonia in absence of gaseous
oxygen

The XRD patterns for the fresh and reduced catalysts are shown
in Fig. 2, and the crystal structures are presented in Table 1. In
the fresh catalyst (Fig. 2 and Table 1), Bi,(M00,)3, Bi,MoOg, M00O3,
Fe;(MoOyg)3, FeM00g4, CoM00O,4 and NiMoOQy are present. From fresh
catalyst to A, the crystal diffraction signal of Bi;(MoQOy)3 is sub-
stantially weakened while that of Bi,MoOg is strengthened (Fig. 2).
This indicates that reaction (2) happens where [O] represents lattice
oxygen, as indicated by Aykan [25] for Bi,(Mo00O,4); catalyst. How-
ever, MoO, is not found in A, further, Fe;(MoQ4)3 also disappears



22

X. Wu et al. / Thermochimica Acta 486 (2009) 20-26

R
.
9
. b 3§ i + %
5 s flaare L s T 2HY 52 3 2 5 § b Fresh
1 I 1 L 1 1 1 L 1
20 30 40 50 60
0
2-Theta(?)

Fig. 2. XRD patterns of the fresh catalyst and the reduced catalyst: (¢) FeMoOy; (O) CoMoO4; (¥ ) NiMoOy; (% ) Feo,(MoO,)s; (a) Biz(M0O4)3; (¥) Bi;MoOs; (kK ) MoO3; (®)
MoO;; (%) Bi; (M) Fe;Mos0s; () Co,Mo30s; (€ ) NizMo30g; (™) BisNi; (® ) FeNis; (® ) Fe,C.

(Fig. 2 and Table 1), thus, reaction (3) is expected to happen.
(2)
(3)

Comparing A and B (Table 1), Bi and MoO, are found in B, thus
reaction (4) can be expected.

Bi;(M004)3; — Bi;M0Og + 2Mo0, + 2[0]
Fe;(Mo00Og4); + MoO, — 2FeM004 + 2Mo003

Bi,MoOg — 2Bi + M0O, + 4[0] (4)

Reactions (2)-(4) are possibly the main reason that gives rise to
the loss of elements Mo and Bi in practical industrial production
[33,34]. When comparing B and C (Table 1), Fe;Mo30g, Co;Mo30g
and Ni;Mo30g appear in C, thus, reaction (5) happens.

2(Fe/Co/Ni)Mo00O4 + MoO, — (Fe/Co/Ni),Mo30g + 2[0] (5)

For D, Table 1 indicates that it has lost activity.

The Raman spectrum for the fresh catalyst is presented in Fig. 3.
As reported in literatures, the intense peak at 940 cm~! is mainly
attributed to characteristic band for NiMoO4 [35] and CoMoQ4 [36],
the peak at 879 cm~! is mainly attributed to characteristic band for
Bi»(M00,)s [37] and CoMoOy [36], the peak at 820 cm~! is mainly
attributed to characteristic band for Bi;MoOg [38] and Fe;(Mo0Oy4)3
[39], the peak at 700cm~! is mainly attributed to characteristic

Table 1

band for Bi»(MoQy4)3 [37] and Bi;MoOg [38]. The clear characteristic
peaks for MoO3 [40] and FeMoOQy4 [41] are not observed, suggesting
that most of MoO3 and FeMoO, are possibly in the bulk of the fresh
catalyst. The Raman spectra for the reduced catalysts are presented
in Fig. 3. From fresh catalyst to A, the peaks at 879cm~! of A is
weaker than that of the fresh one, suggesting that the quantity of
Bi;(MoQy)3 in A is less than that in the fresh one. According to the
literature [25], Biz(MoOy)s is reduced to Bi;MoOg. So the intensity
of the peak at 820cm~! in A should be stronger than that of the
fresh one. However, the peak intensity at 820 cm~! in A has almost
no change, suggesting that the peak intensity of Fe;(MoQ4)3 in A
should be less than that of the fresh one, i.e., Fe;(M004, )3 is reduced.
From A to B, the peak intensity at 820cm~! in B is less than that in
A and the peak intensity at 700 cm~! in B is very weak, suggesting
the quantity of Bi;MoOg declines. From B to C, the new peaks at
around 675 and 570 cm~! are found, which are possibly attributed
to Fe;Mo30g, Co,Mo30g and Ni;Mo30g, and attributed to lattice
oxygen vacancies [42], respectively. From C to D, the Raman peaks
change a lot. The clear characteristic peak for MoO, at 992 cm™! is
observed. The catalyst D has lost its activity. The results of LRS are
in agreement with that of XRD.

Combined with the fact that the lattice oxygen of bismuth
molybdate participates the propylene ammoxidation reaction

Crystal structures of fresh, reduced and reoxidized catalysts, along with their treatment description.?.

Catalysts Treatment Crystal structures

Fresh From SRIPT, China MoOs, Fe;(Mo0Oy4 )3, FeMo00y4, Biz(M004 )3, BiM0Og, CoM004, NiMoO4

A Reduced by propylene/ammonia for 15s at 450°C Mo03, FeMo00y4, Bi;(Mo004)s, Bi;MoOg, CoM004, NiM004

B Reduced by propylene/ammonia for 30s at 450°C MoOs3, FeMoOy4, Biz(Mo0O4, )3, Bi;Mo0Og, CoM00Q4, NiMo0Qy4, Bi, MoO,

C Reduced by propylene/ammonia for 45 s at 450°C MoOs3, FeMo00Oy4, Biz(Mo004)s3, Bi;MoOg, CoM004, NiMoOQy4, Bi, M0oO-,
Fe;Mo30g, Co,Mo30g, Ni;Mo3Og

D Reduced by propylene/ammonia for 60 s at 450 °C Bi, MoO,, Fe;Mo30g, Co,Mo30g, Ni Mo3Og, FeNis, BizNi, Fe,C

E Reduced by hydrogen for 10s at 450 °C MoOs3, FeM004, Biz(M004)s3, Bi;MoOg, CoM004, NiMoO4

F Reduced by hydrogen for 25 s at 450 °C MoOs3, FeM00Oy4, Biz(M004 )3, Bi;Mo0Og, CoM004, NiM00Oy4, Bi, MoO,

G Reduced by hydrogen for 40's at 450 °C Mo03, FeMo0y4, Bi;(M004)s, Bi;M00Og, CoM004, NiM00Oy4, Bi, MoO,,
F82M030g, C02M030g, NizMOgOg

H Reduced by hydrogen for 55s at 450°C Bi, MoO,, Fe;Mo30g, Co,Mo30g, Ni;Mo3Og, FeNis, BizNi

Reoxidized A-C;
reoxidized E-G

Reoxidized by oxygen from 200 to 600 °C

M003, Fez(M004)3, F8M004, Biz(MOO4)3, BizMOOG, COM004, NiM004

4 Catalysts D and H are inactive, and their reoxidation are not performed.
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Fig. 3. Raman spectra of fresh, reduced and reoxidized catalysts.

[43,44], reactions from (2)-(5) indicate that during the propy-
lene ammoxidation the lattice oxygen migration happens from
Fe;(MoOy)s3, (Fe/Co/Ni)MoO4 to bismuth molybdate by bulk phase
diffusion. Such a lattice oxygen migration is different from the co-
feed situation like Cherry-like Model [45] where lattice oxygen
migration only happens between Fe;(Mo00O4)3/FeMo0O4 and bis-
muth molybdate and (Co/Ni)MoOy as the core is only providing the
host structure for Fe2*. Thus, for such a multicomponent molyb-
date catalyst used in this work, (a) the oxygen storage capacity of
catalyst is not only related to the content of bismuth molybdate,
but also to the content of Fe;(M00O4)3 and (Fe/Co/Ni)MoOy; b) the
lattice oxygen migration range is extended from iron molybdates to
cobalt/nickel molybdate, and Fe3*/Fe2* enhances the lattice oxygen
migration [26,43], thus the content of Fe is supposed to increase for
the catalyst used in CFB.

In order to compare the activity of the fresh and reduced cata-
lysts, the propylene conversion and AN selectivity for fresh catalyst
reduced by propylene/ammonia with increasing reduction time are
shown in Fig. 4. Both of them showed a monotonic increase with
increasing reduction degree at the beginning. However, they sharp
decrease after reduction time reaches 45 s. According to the above
XRD and LRS results, the structures of the bulk and surface of the
catalyst D have been changed when the fresh catalyst was reduced
for 60s. It indicates that a small quantity of air should be injected
into riser of CFB in order to prevent the catalyst being over reduced.

3.1.2. Reduction by hydrogen

XRD patterns and the Raman spectrum of E, F, G and H are shown
in Figs. 2 and 3 respectively, along with the results of catalysts A,
B, C and D for comparison. As shown in Figs. 2 and 3, the crys-
tal and surface structures of E, F and G are similar to that of A, B
and C, respectively. The results indicate that the catalyst partially
reduced by hydrogen has the similar lattice and surface structure
as the catalyst partially reduced by mixed gas of propylene and
ammonia under the similar conditions. The reoxidation process of
the reduced catalyst by hydrogen is the replenishment of lattice
oxygen in the catalyst, not affected by carbon deposition during
propylene ammoxidation in the absence of gaseous oxygen. There-
fore, the catalyst after reduced by hydrogen can be used to study
reoxidation of catalyst.

3.2. Reoxidation of catalyst

The XRD results of the reoxidized catalysts are similar to that
of the fresh one (Table 1). Reoxidation is therefore able to effec-
tively restore crystal structures of the catalyst. The Raman spectra
of the reoxidized catalysts are similar, taking an example for reox-
idized C shown in Fig. 3. Comparing with the fresh one, no new
peak is observed on the Raman spectra of reoxidized catalyst,
but the intensity of these peaks is weaker, suggesting that the
quantity of molybdates in the reoxidized catalyst surface is lower
than that in the fresh one. The propylene conversion and AN
selectivity for the fresh and reoxidized catalysts reduced by propy-
lene/ammonia for 30s are shown in Fig. 5. Comparing with that
of the fresh, the propylene conversion and the AN selectivity for
reoxidized catalysts are lower. According to the literature [34], the
loss of the element Mo happens when the reoxidation tempera-
ture is close to 600°C, resulting in low activity of the catalyst. It
is likely that the activity of the reoxidized catalyst declines due to
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Fig. 4. Propylene conversion and AN selectivity of the fresh catalyst with increasing
reduction time.
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over high reoxidation temperature (high to 600 °C) in this experi-
ment.

Since the catalyst reacts with propylene/ammonia and is finally
reduced to C in the absence of gaseous oxygen which is demon-
strated above, the reoxidation mechanism of C in regenerator is
needed. Due to that propylene ammoxidation in the absence of
gaseous oxygen results into the carbon deposition on catalyst [25],
the reoxidation process of C includes the replenishment of lattice
oxygen and the combustion of deposited carbon. The former can is
investigated through the reoxidation of the catalyst G reduced by
hydrogen.

3.2.1. Replenishment of lattice oxygen

The TG/DTG curves of the reoxidation of G are shown in Fig. 6.
As shown in Fig. 6, there is a mass loss from 200 to 320 °C, and this
loss is ascribed to the release of adsorbed water in the interlayer of
catalyst; there is a slight mass loss from 590 to 600 °C, which is prob-
ably from the sublimation of MoOs [45,46]; there is a mass increase
from 320 to 590 °C, which is attributed to the replenishment of lat-
tice oxygen. The sublimation of MoO3 can explain why the quantity
of the molybdates in the reoxidized catalyst surface declines. There
are four peaks on DTG curve at 280°C (peak 1), 340°C (peak 2),
440°C (peak 3) and 510°C (peak 4) respectively, which indicates
that there exist four reaction regions. Following the above crystal
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Fig. 6. TG/DTG curves of G after reoxidation.
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structures (Table 1) of G, the following three reoxidation reactions
can be expected

Fe2+ 2% Fe3+ (6)
Bi® %2 Bi3+ )
Mo* 22 MoS+ (8)

An additional reaction happens besides reaction (6)-(8).

Metal Bi can combust to Bi;O3 up to melt temperature of
270°C, thus, the peak 1 at around 280°C can be ascribed to
reaction (7), i.e., the replenishment of lattice oxygen combined
with Bi.

In order to further investigate the other three peaks of G, the
TG curve of reoxidation of E reduced slightly is also analyzed
(Fig. 7). As shown in Fig. 7, there is two regions of mass increase,
i.e.,, 320-410 and 440-590°C. From the XRD results of E (Fig. 2
and Table 1), the reaction (6) can be expected in reoxidation of
E. Because the practical operation temperature range of propy-
lene ammoxidation is 430-450°C, when Fe?* transforms dioxygen
to lattice oxygen [26,38,43], reaction (6) should happen before
450 °C; however, mass increase does not happen from 410 to 440°C
(Fig. 7). So, the first region of mass increase from 320 to 410°C can
be ascribed to reaction (6), i.e., the replenishment of lattice oxy-
gen that is combined with Fe. For G, peak 2 takes place between
320 and 410°C (Fig. 6), and thus peak 2 at around 340°C can be
ascribed to the replenishment of lattice oxygen that is combined
with Fe.

Comparison the TG curves of E and G, it is observed that the mass
of E has no change from 410 to 440 °C, but that of G is increasing
in this temperature range. So peak 3 at around 440°C of G can be
ascribed to reaction (8), i.e., the replenishment of lattice oxygen
combined with Mo.

In this experiment, the former three peaks are respectively
attributed to that Bi, Fe and Mo are oxidized to high valence states,
apparently these are the replenishment of the bulk lattice oxygen.
Thus, the peak 4 at around 510 °C of G can be ascribed to the replen-
ishment of the additional lattice oxygen, i.e., the replenishment of
the surface lattice oxygen that is the additional reaction besides
reactions (6)-(8), in agreement with the results given by Brazdil
[26]. While the surface lattice oxygen is responsible for deeper oxi-
dation to CO,/CO, and the bulk one is less active than the surface but
more selective for AN [26], this implies that a lower temperature is
desirable for the regeneration of catalyst. The initial temperature of
the surface lattice oxygen replenishment is around 440 °C (Fig. 6).
Over low temperature probably decreases the reoxidation rate of
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Table 2
Comparison of reoxidation of C and G.
C G
Final increasing quantity of mass percent (%) 1.738 1.761
Mass loss between 200 and 320°C (%) 0.177 0.059
Temperature of maximum mass increasing rate (°C) 460 440
Peak temperature of DTG curves (°C) 260 280
337 340
370 -
460 440
520 510

the bulk lattice oxygen (Fig. 6). Thus, it can be concluded that the
favorable temperature of lattice oxygen replenishment is around
440°C.

3.2.2. Effect of carbon deposition

The TG/DTG curves of C are shown in Fig. 8. Although there
are the same crystal structures between C and G (Table 1), C was
reduced deeper than G due to the fact that the signals of Bi and
(Fe/Co/Ni);Mo30g in C were stronger than that of G (Fig. 2). Thus,
after reoxidation, more mass increase from lattice oxygen replen-
ishment was expected for C than for G. However, Table 2 indicates
that the final increasing quantity of mass percent for C and G are
similar; so, in the reoxidation of C, there should be additional mass
loss to compensate the more increase of lattice oxygen than G, to
obtain the similar increase of mass percent. The mass loss can be
ascribed to the oxidation of deposited carbon on C [25], as can be
indicated from the more mass loss of C than that of G between
200 and 320°C (Table 2). Comparing the DTG curves of C and G, (a)
there appears a new peak at around 370°C on C, and this indicates
that a remarkable amount of deposited carbon starts to combust
tempestuously around 370°C; (b) instead of 440 °C for G, the max-
imum increasing rate of mass is observed at 460°C for C, which
implies that the combustion rate of carbon before 440°C is quicker
than that after 440°C and the combustion of deposited carbon is
almost finished before 460 °C. Combined with replenishment of
lattice oxygen above, the favorable reoxidation temperature is still
around 440°C.

4. Conclusions

This paper investigated reduction/reoxidation mechanism of
a multicomponent molybdate catalyst for propylene ammox-
idation by using XRD, LRS and thermogravimetric analysis
methods. The XRD results of the catalyst with various reduced

degrees demonstrate that the reduction proceeds in the order:
(2)— (3)— (4)— (5), which is confirmed by the results of LRS. In
the reduction process, the lattice oxygen migrates from Fe;(MoOyg4 )3
and (Fe/Co/Ni)MoOQO4 to bismuth molybdate. The lattice oxygen
migration range is extended, and thus the content of Fe should
be properly increased in order to enhance the mobility of lattice
oxygen. Thermogravimetric analysis results show that the reoxida-
tion of the catalyst is attributed to the replenishment of the bulk
lattice oxygen in the lower temperature which is respectively com-
bined with Bi, Fe and Mo, and the replenishment of the surface
lattice oxygen in the higher temperature. The favorable reoxidation
temperature is around 440 °C.
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