
R
f

X
a

b

a

A
R
R
A
A

K
R
R
C
T
M

1

t
i

C

w
t
m
p
c
H
g
i
w
a
o

a
l
e

0
d

Thermochimica Acta 486 (2009) 20–26

Contents lists available at ScienceDirect

Thermochimica Acta

journa l homepage: www.e lsev ier .com/ locate / tca

eduction/reoxidation of a multicomponent molybdate catalyst
or propylene ammoxidation

inying Wua, Guangren Yua, Xiaochun Chena,∗, Yahui Wangb, Changjiang Liua

College of Chemical Engineering, Beijing University of Chemical Technology, Beijing 100029, China
Petrochemical Process Department, Sinopec Engineering Incorporation, Beijing 100101, China

r t i c l e i n f o

rticle history:
eceived 9 July 2008
eceived in revised form 9 November 2008
ccepted 15 December 2008

a b s t r a c t

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-
vailable online 24 December 2008

eywords:
eduction
eoxidation
rystal structure

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

© 2009 Elsevier B.V. All rights reserved.
hermogravimetric analysis
ulticomponent molybdate catalyst

. Introduction

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

H2 = CHCH3 + NH3 + 3
2

O2(air)
catalyst−→ CH2 = CHCN + 3H2O (1)

Turbulent fluidized bed (TFB) technique is widely adopted,
ith the advantages of effective heat/mass transfer and easy

emperature control. Propylene ammoxidation obeys a redox
echanism [3–5], i.e., the lattice oxygen in catalyst reacts with

ropylene/ammonia to generate AN, and the reduced catalyst is
ontinuously reoxidized in situ by gaseous oxygen in TFB reactor.
owever, due to severe axial gas/solid backmixing and insufficient
as/solids contact in such TFBs, AN generally suffers from an overox-
dation and some byproducts such as CO2 are produced [6], which
as also found by our modeling studies [7,8]. Obviously, propylene

mmoxidation in such TFBs is against the green chemistry concept
f high selectivity and low yields of byproducts such as CO2 [9].
With regard this, circulating fluidized bed (CFB) has been
ttempted to perform propylene ammoxidation [6,10–16], where
attice oxygen, propylene and ammonia react in a riser with
xcluding gaseous oxygen, and catalyst reoxidation is performed

∗ Corresponding author. Tel.: +86 10 64421370; fax: +86 10 64421370.
E-mail address: buctchenxc@126.com (X. Chen).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2008.12.018
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 CO2 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 Bi2(MoO4)3, Bi2Mo2O9, and Bi2MoO6
[23,24], where H2 as reductant. The reduction of Bi2(MoO4)3 by
propylene/ammonia in absence of gaseous oxygen showed that
Bi2(MoO4)3 is first transformed into Bi2MoO6, and the latter
finally is reduced into MoO2 and Bi [25]. The reoxidation study
of partial reduced Bi2(MoO4)3, Bi2Mo2O9, Bi2MoO6, Bi3FeMo2O12,

and Ma

2+Mb
3+BixMoyOz 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

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:buctchenxc@126.com
dx.doi.org/10.1016/j.tca.2008.12.018
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Fig. 1. Experimental schematic of catalyst reduction, MFC

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

The aim of the present work is to study the separate reduc-
ion/reoxidation of a selected multicomponent molybdate catalyst
Ma

2+/Mb
3+BixMoyOz) by using XRD, LRS and thermogravimetric

nalysis methods (including thermogravimetry, TG and differential
hermogravimetry, DTG). The crystal and surface structures of fresh,
educed and reoxidized catalysts, and the TG/DTG curves for the
eoxidation catalysts are given; following these characterization,
he reduction/reoxidation mechanism is discussed.

. Experimental

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

.1. Reduction

The experimental schematic is shown in Fig. 1. The experiments
re carried out in a fixed bed reactor, which is a stainless steel tube
f 8 mm i.d. and 200 mm of height. The reaction section is packed
ith around 0.7 g catalyst, above which is quartz sand and below is

uartz wool. The reaction temperature is about 450 ◦C, which is con-
rolled by electrical heater; the operation pressure is atmospheric.
uring the reduction process, a mixed gaseous feed of propylene,

mmonia and nitrogen with a molar ratio of 1:1.3:9, or hydrogen
nd nitrogen with a molar ratio of 1:4, is introduced into the reac-
or with a flow rate of 62 ml/min, which is controlled by mass flow
ontroller. The reduced time by propylene/ammonia includes 15 s
catalyst A), 30 s (catalyst B), 45 s (catalyst C), and 60 s (catalyst D).
C4: mass flow controller, V1–V4: constant pressure valve.

The reduced time by hydrogen includes 10 s (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 H2 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 K�
radiation at room temperature. Scans are performed over the 2�
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 2 mW. 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), Bi2(MoO4)3, Bi2MoO6, MoO3,
Fe2(MoO4)3, FeMoO4, CoMoO4 and NiMoO4 are present. From fresh

catalyst to A, the crystal diffraction signal of Bi2(MoO4)3 is sub-
stantially weakened while that of Bi2MoO6 is strengthened (Fig. 2).
This indicates that reaction (2) happens where [O] represents lattice
oxygen, as indicated by Aykan [25] for Bi2(MoO4)3 catalyst. How-
ever, MoO2 is not found in A, further, Fe2(MoO4)3 also disappears



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

F ) CoM
M i3; (

(

B

F

r

B

t
[
a

2

A
a
t
B
a
[

T
C

C

F
A
B
C

D
E
F
G

H
R

ig. 2. XRD patterns of the fresh catalyst and the reduced catalyst: (�) FeMoO4; (©
oO2; ( ) Bi; (�) Fe2Mo3O8; ( ) Co2Mo3O8; ( ) Ni2Mo3O8; ( ) Bi3Ni; ( ) FeN

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

i2(MoO4)3 → Bi2MoO6 + 2MoO2 + 2[O] (2)

e2(MoO4)3 + MoO2 → 2FeMoO4 + 2MoO3 (3)

Comparing A and B (Table 1), Bi and MoO2 are found in B, thus
eaction (4) can be expected.

i2MoO6 → 2Bi + MoO2 + 4[O] (4)

Reactions (2)–(4) are possibly the main reason that gives rise to
he loss of elements Mo and Bi in practical industrial production
33,34]. When comparing B and C (Table 1), Fe2Mo3O8, Co2Mo3O8
nd Ni2Mo3O8 appear in C, thus, reaction (5) happens.

(Fe/Co/Ni)MoO4 + MoO2 → (Fe/Co/Ni)2Mo3O8 + 2[O] (5)

For D, Table 1 indicates that it has lost activity.
The Raman spectrum for the fresh catalyst is presented in Fig. 3.

s reported in literatures, the intense peak at 940 cm−1 is mainly

ttributed to characteristic band for NiMoO4 [35] and CoMoO4 [36],
he peak at 879 cm−1 is mainly attributed to characteristic band for
i2(MoO4)3 [37] and CoMoO4 [36], the peak at 820 cm−1 is mainly
ttributed to characteristic band for Bi2MoO6 [38] and Fe2(MoO4)3
39], the peak at 700 cm−1 is mainly attributed to characteristic

able 1
rystal structures of fresh, reduced and reoxidized catalysts, along with their treatment d

atalysts Treatment

resh From SRIPT, China
Reduced by propylene/ammonia for 15 s at 450 ◦C
Reduced by propylene/ammonia for 30 s at 450 ◦C
Reduced by propylene/ammonia for 45 s at 450 ◦C

Reduced by propylene/ammonia for 60 s at 450 ◦C
Reduced by hydrogen for 10 s at 450 ◦C
Reduced by hydrogen for 25 s at 450 ◦C
Reduced by hydrogen for 40 s at 450 ◦C

Reduced by hydrogen for 55 s at 450 ◦C
eoxidized A–C;
reoxidized E–G

Reoxidized by oxygen from 200 to 600 ◦C

a Catalysts D and H are inactive, and their reoxidation are not performed.
oO4; ( ) NiMoO4; ( ) Fe2(MoO4)3; (�) Bi2(MoO4)3; (�) Bi2MoO6; ( ) MoO3; (�)
) Fe2C.

band for Bi2(MoO4)3 [37] and Bi2MoO6 [38]. The clear characteristic
peaks for MoO3 [40] and FeMoO4 [41] are not observed, suggesting
that most of MoO3 and FeMoO4 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 879 cm−1 of A is
weaker than that of the fresh one, suggesting that the quantity of
Bi2(MoO4)3 in A is less than that in the fresh one. According to the
literature [25], Bi2(MoO4)3 is reduced to Bi2MoO6. So the intensity
of the peak at 820 cm−1 in A should be stronger than that of the
fresh one. However, the peak intensity at 820 cm−1 in A has almost
no change, suggesting that the peak intensity of Fe2(MoO4)3 in A
should be less than that of the fresh one, i.e., Fe2(MoO4)3 is reduced.
From A to B, the peak intensity at 820 cm−1 in B is less than that in
A and the peak intensity at 700 cm−1 in B is very weak, suggesting
the quantity of Bi2MoO6 declines. From B to C, the new peaks at
around 675 and 570 cm−1 are found, which are possibly attributed
to Fe2Mo3O8, Co2Mo3O8 and Ni2Mo3O8, and attributed to lattice
oxygen vacancies [42], respectively. From C to D, the Raman peaks

−1
change a lot. The clear characteristic peak for MoO2 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

escription.a.

Crystal structures

MoO3, Fe2(MoO4)3, FeMoO4, Bi2(MoO4)3, Bi2MoO6, CoMoO4, NiMoO4

MoO3, FeMoO4, Bi2(MoO4)3, Bi2MoO6, CoMoO4, NiMoO4

MoO3, FeMoO4, Bi2(MoO4)3, Bi2MoO6, CoMoO4, NiMoO4, Bi, MoO2

MoO3, FeMoO4, Bi2(MoO4)3, Bi2MoO6, CoMoO4, NiMoO4, Bi, MoO2,
Fe2Mo3O8, Co2Mo3O8, Ni2Mo3O8

Bi, MoO2, Fe2Mo3O8, Co2Mo3O8, Ni2Mo3O8, FeNi3, Bi3Ni, Fe2C
MoO3, FeMoO4, Bi2(MoO4)3, Bi2MoO6, CoMoO4, NiMoO4

MoO3, FeMoO4, Bi2(MoO4)3, Bi2MoO6, CoMoO4, NiMoO4, Bi, MoO2

MoO3, FeMoO4, Bi2(MoO4)3, Bi2MoO6, CoMoO4, NiMoO4, Bi, MoO2,
Fe2Mo3O8, Co2Mo3O8, Ni2Mo3O8

Bi, MoO2, Fe2Mo3O8, Co2Mo3O8, Ni2Mo3O8, FeNi3, Bi3Ni
MoO3, Fe2(MoO4)3, FeMoO4, Bi2(MoO4)3, Bi2MoO6, CoMoO4, NiMoO4
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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
Fig. 3. Raman spectra of fresh

43,44], reactions from (2)–(5) indicate that during the propy-
ene ammoxidation the lattice oxygen migration happens from
e2(MoO4)3, (Fe/Co/Ni)MoO4 to bismuth molybdate by bulk phase
iffusion. Such a lattice oxygen migration is different from the co-
eed situation like Cherry-like Model [45] where lattice oxygen

igration only happens between Fe2(MoO4)3/FeMoO4 and bis-
uth molybdate and (Co/Ni)MoO4 as the core is only providing the

ost structure for Fe2+. Thus, for such a multicomponent molyb-
ate catalyst used in this work, (a) the oxygen storage capacity of
atalyst is not only related to the content of bismuth molybdate,
ut also to the content of Fe2(MoO4)3 and (Fe/Co/Ni)MoO4; b) the

attice oxygen migration range is extended from iron molybdates to
obalt/nickel molybdate, and Fe3+/Fe2+ enhances the lattice oxygen
igration [26,43], thus the content of Fe is supposed to increase for

he catalyst used in CFB.
In order to compare the activity of the fresh and reduced cata-

ysts, the propylene conversion and AN selectivity for fresh catalyst
educed by propylene/ammonia with increasing reduction time are
hown in Fig. 4. Both of them showed a monotonic increase with
ncreasing reduction degree at the beginning. However, they sharp
ecrease after reduction time reaches 45 s. According to the above
RD and LRS results, the structures of the bulk and surface of the
atalyst D have been changed when the fresh catalyst was reduced
or 60 s. It indicates that a small quantity of air should be injected
nto riser of CFB in order to prevent the catalyst being over reduced.

.1.2. Reduction by hydrogen
XRD patterns and the Raman spectrum of E, F, G and H are shown

n Figs. 2 and 3 respectively, along with the results of catalysts A,
, C and D for comparison. As shown in Figs. 2 and 3, the crys-
al and surface structures of E, F and G are similar to that of A, B
nd C, respectively. The results indicate that the catalyst partially
educed by hydrogen has the similar lattice and surface structure
s the catalyst partially reduced by mixed gas of propylene and
mmonia under the similar conditions. The reoxidation process of

he reduced catalyst by hydrogen is the replenishment of lattice
xygen in the catalyst, not affected by carbon deposition during
ropylene ammoxidation in the absence of gaseous oxygen. There-
ore, the catalyst after reduced by hydrogen can be used to study
eoxidation of catalyst.
ced and reoxidized catalysts.

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 30 s are shown in Fig. 5. Comparing with that
of the fresh, the propylene conversion and the AN selectivity for
Fig. 4. Propylene conversion and AN selectivity of the fresh catalyst with increasing
reduction time.
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ig. 5. Propylene conversion and AN selectivity for the fresh and reoxidized catalysts
educed by propylene/ammonia for 30 s.

ver high reoxidation temperature (high to 600 ◦C) in this experi-
ent.
Since the catalyst reacts with propylene/ammonia and is finally

educed to C in the absence of gaseous oxygen which is demon-
trated above, the reoxidation mechanism of C in regenerator is
eeded. Due to that propylene ammoxidation in the absence of
aseous oxygen results into the carbon deposition on catalyst [25],
he reoxidation process of C includes the replenishment of lattice
xygen and the combustion of deposited carbon. The former can is
nvestigated through the reoxidation of the catalyst G reduced by
ydrogen.

.2.1. Replenishment of lattice oxygen
The TG/DTG curves of the reoxidation of G are shown in Fig. 6.

s shown in Fig. 6, there is a mass loss from 200 to 320 ◦C, and this
oss is ascribed to the release of adsorbed water in the interlayer of
atalyst; there is a slight mass loss from 590 to 600 ◦C, which is prob-
bly from the sublimation of MoO3 [45,46]; there is a mass increase
rom 320 to 590 ◦C, which is attributed to the replenishment of lat-
ice oxygen. The sublimation of MoO3 can explain why the quantity

f the molybdates in the reoxidized catalyst surface declines. There
re four peaks on DTG curve at 280 ◦C (peak 1), 340 ◦C (peak 2),
40 ◦C (peak 3) and 510 ◦C (peak 4) respectively, which indicates
hat there exist four reaction regions. Following the above crystal

Fig. 6. TG/DTG curves of G after reoxidation.
Fig. 7. TG curve of E after reoxidation.

structures (Table 1) of G, the following three reoxidation reactions
can be expected

Fe2+ O2−→Fe3+ (6)

Bi0
O2−→Bi3+ (7)

Mo4+ O2−→Mo6+ (8)

An additional reaction happens besides reaction (6)–(8).
Metal Bi can combust to Bi2O3 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 Fe2+ 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 CO2/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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Fig. 8. TG/DTG curves of C after reoxidation.

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
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he bulk lattice oxygen (Fig. 6). Thus, it can be concluded that the
avorable temperature of lattice oxygen replenishment is around
40 ◦C.

.2.2. Effect of carbon deposition
The TG/DTG curves of C are shown in Fig. 8. Although there

re the same crystal structures between C and G (Table 1), C was
educed deeper than G due to the fact that the signals of Bi and
Fe/Co/Ni)2Mo3O8 in C were stronger than that of G (Fig. 2). Thus,
fter reoxidation, more mass increase from lattice oxygen replen-
shment was expected for C than for G. However, Table 2 indicates
hat the final increasing quantity of mass percent for C and G are
imilar; so, in the reoxidation of C, there should be additional mass
oss to compensate the more increase of lattice oxygen than G, to
btain the similar increase of mass percent. The mass loss can be
scribed to the oxidation of deposited carbon on C [25], as can be
ndicated from the more mass loss of C than that of G between
00 and 320 ◦C (Table 2). Comparing the DTG curves of C and G, (a)
here appears a new peak at around 370 ◦C on C, and this indicates
hat a remarkable amount of deposited carbon starts to combust
empestuously around 370 ◦C; (b) instead of 440 ◦C for G, the max-
mum increasing rate of mass is observed at 460 ◦C for C, which
mplies that the combustion rate of carbon before 440 ◦C is quicker
han that after 440 ◦C and the combustion of deposited carbon is
lmost finished before 460 ◦C. Combined with replenishment of
attice oxygen above, the favorable reoxidation temperature is still
round 440 ◦C.

. Conclusions
This paper investigated reduction/reoxidation mechanism of
multicomponent molybdate catalyst for propylene ammox-

dation by using XRD, LRS and thermogravimetric analysis
ethods. The XRD results of the catalyst with various reduced

[
[
[

[
[
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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 Fe2(MoO4)3
and (Fe/Co/Ni)MoO4 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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