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The reduction processes of Fe-Mo~0O catalysts with different
Fe/Mo atomic ratios were studied by means of temperature-pro-
grammed reduction (TPR). In particular, the reduction process of
a sample with au Fe/Mo ratio of 0.29 was investigated in detail
in combination with in situ Mossbauer spectroscopy (MBS) and
X-ray diffraction (XRD). Five peaks ar¢ observed in the TPR
profile of this sample with peak temperatures at 853, 910, 952,
1014, and 1233 K, respectively, indicating that the reduction of
the catalyst proceeds via five stages. MBS and XRD showed that
the phases in the sample are Mo(,; and Fe,(MoQ,), before TPR.
At the first TPR peak (853 K), Fe,(MoQ,), was completely trans-
formed into 8-FeMoO, and Mo,0,,, while MoO,; was not affected.
The 8-FeMoO, phase that formed can convert to a-FeMoO, when
the reduced sample is exposed to air at room temperature, The
second TPR peak (910 K) corresponds to the reduction of MoO,
to MoO,. At the third TPR peak (952 K), Mo,0,, was reduced to
MoQ, and most of the §-FeMoQ, was transformed to Fe,Mo;0;
and Fe;(3,. The Massbauer spectrum of FeMo,0; can be fitted with
two doublets (IS = 0.90 mm/sec, QS = 0.58 mm/sec and IS =
1.03 mm/sec, QS = 1.05 mm/sec). It is interesting to note that at
this stage some Fe?* ions were reoxidized to Fe®*, and Fe,0, is
formed, probably due to the reaction between Mo®* and Fe** in
B-FeMoO,. At the fourth TPR peak (1014 K), §-FeMoQ, was
completely converted and the Fe—Mo alloy (a singlet in the Méoss-
bauer spectrum with IS = —0.21 mm/sec) was formed, resulting
from the reduction of MoO, and Fe,;0, or Fe;Mo0,0;. At the Jast
peak (1233 K), all the metal oxides (MoO, and Fe;0, or Fe,;Mo,05)
were reduced to metals. The products detected are Fe;Mo alloy
and mefallic molybdenum. © 1995 Academic Press, lnc.

INTRODUCTION

Iron—molybdenum mixed oxide is the main component
of catalysts for the partial oxidation of alcohols and hydro-
carbons. For example, it has been used for the production
of formaldehyde from methanol on a commercial scale

I To whom correspendence should be addressed.

(1, 2). Boreskov et al. (3) and Okamoto et al. (4) showed
that the excess of MoO; in Fe-Mo-0 catalysts promoted
the formation of stoichiometric ferric molybdate, which
is the active phase for the oxidation of methanol to formal-
dehyde. Germain et al. (5} showed that Fe—-Mo-0 cata-
lysts exhibited good catalytic activity for the oxidation of
toluene to benzaldehyde. In previous papers (6, 7), we
have reported that the composition and structure of
Fe—Mo-0 catalysts strongly influenced the selective oxi-
dation of toluene to benzaldehyde and that the catalyst
with an Fe/Mo atomic ratio of 0.29 exhibited the highest
activity and selectivity. Trifiro et al. (8) studied the reduc-
tion of Fe-Mo-O catalysts in NH,/N, and H,/N, and
found that MoO, and Fe,(Mo00O,), in the catalysts can be
reduced to MoQ, and FeMoOQ,, respectively, and that the
latter was then reoxidized to Fe,(MoQ,), by O,. Carbucic-
chio ez al. (9) observed by Mdssbauer spectroscopy that
Fe,(MoQ,); was reduced to 8-FeMoO, when treated in
CH,0H/N,. We also found (10} that Fe,(Mo0Q,); was con-
verted to 8-FeMoO, when Fe—Mo-0 catalysts were used
for the oxidation of toluene to benzaldehyde and that the
activity of the catalysts was related to the amount of 8-
FeMoO, formed. Gai et al. (11) studied Fe-Mo-0O cata-
lysts using electron microscopy in an atmosphere of meth-
anol, methanol/oxygen, or hydrogen. They declared that
the reduction of the catalysts proceeded via two or possi-
bly three reaction routes simultaneously. Having used in
situ Raman spectroscopy to study supported and unsup-
ported Fe-Mo-0 catalysts, Hill er al. (12) reported that
the band intensities in Raman spectra were related to the
reduction extent of catalysts: fully oxidized catalysts were
stronger Raman scatterers than partially reduced cata-
lysts. In those experiments, the Raman spectra of the
Fe—-Mo-0 catalysts were collected during in siti metha-
nol oxidation to formaldehyde. An XPS study of the
Fe—Mo catalyst {13) during reduction with H, indicated
that Mo®* ions on the sample surface were reduced to
Mo’* and Mo**, and then were reoxidized to Mo®* by
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Fe**. The Fe*' ions were reduced to Fe?*, due to the
interactions with Mo** and Mo** ions, and then were
reduced by H,.

Because of the importance of the reduction behavior
of Fe-Mo-0 catalysts in relation to their catalytic reactiv-
ity for partial oxidation reactions, we used temperature-
programmed reduction (TPR) to study the reduction pro-
cesses of Fe—Mo-0 catalysts. In particular, a sample with
an Fe/Mo ratio of 0.29 was studied in detail in combination
with in situ Mossbauer spectroscopy (MBS) and X-ray
diffraction {(XRD) to monitor the phase changes at differ-
ent reduction stages.

EXPERIMENTAL

The aqueous sclution of ferric nitrate was added into
the aqueous solution of ammonium molybdate at about
313 K under stirring. The pH of the mixture was main-
tained at 4-5 by the addition of NH,OH. The precipitate
formed was dried in a circulating film-evaporator and was
calcined at 773 K for & hr. The sample obtained was then
pelleted, crushed, and sieved.

The TPR apparatus used in this work is similar to that
described in (14). About 20 mg of sample was loaded in
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FIG. 1. TPR profiles of Fe—-Mo-0 catalysts with different Fe/Mo
atomic ratios as indicated.
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FIG. 2. TPR profiles of the Fe—-Mo-0 catalyst with an Fe/Mo atomic
ratio of 0.29 at different reduction stages.

a quartz U-tube. A mixture of N, and H, (7.63% H,)
with purity 99.999% was used, and the flow rate was
maintained at 20 ml/min. The temperature was raised at
a programmed rate of 10 K/min from room temperature
to around 1373 K. The amount of hydrogen consumed for
each peak in the TPR profile was obtained from the peak
areas with a normalization method.

To collect Méssbauer spectra without exposing the
sample to air after each TPR peak, an in situ quartz cell
was adopted as described in Ref. (15). About 100 mg of
the sample was used in order to obtain good Mdssbauer
spectra. For each TPR peak, the temperature was raised
to the peak position and maintained until the peak was
complete. The sample was then cooled to room tempera-
ture in flowing N,—H, and sealed for Mdssbauer determi-
nation. The Mdssbauer spectra were recorded using a
15 mCi “Co (Pd) source on a constant acceleration spec-
trometer. The spectra were computer-fitted to the Lo-
rentzian lines by a least-squares program. The velocity
of the spectrometer was calibrated with respect to a-Fe.
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FIG. 3. In site Mdassbauer spectra for the Fe-Mo-Q catalyst with an Fe/Mo atomic ratic of 0.29 recorded at different reduction stages:
(a) before reduction; {b) after first TPR peak; (b-1) after first TPR peak and then exposed to air; and (c)-(f) after the second to fifth TPR
peaks, respectively.

XRD measurements were performed in ambient atmo- RESULTS AND DISCUSSION
sphere after the collection of Mdssbauer spectra using the
Rigaku D/Max-RA X-ray diffractometer equipped with a Figure 1 shows the TPR profiles of a series of Fe-Mo-0O
Cu target and graphite monochromator. The voltage and  catalysts with different Fe/Mo atomic ratios. Two main
current employed were 30 kV and 50 mA, respectively. reduction peaks at 968 and 1269 K can be observed in the



130 ZHANG, SHEN, AND GE

W
|

Illlillljlglalallllllll]_'lﬁ
aH
I
X
p-1

ﬁ‘

[ ETEEE ENEE EAranrel e of B4

YT T T TR T
I

Ox

llilllllTTllllllll'lIl

b3 I’&O)&'t)

ﬂ

LILIN LI M I I LB O I N B B B

35

30
26(°)

20 25

15



131

REDUCTION BEHAVIOR OF Fe—-Mo-0O CATALYSTS

‘608 O (A PU2 “1p9—1€ 'O (#) 976-9¢ POFOW™S (++) '629-61 O (+) {1£9-T¢ ‘TOOI (9) '1£6~5 I OPOW
(11D tSTLI-TT “POOW3L-» (11} *829~2C “*OOWad-¢ (1) '695—17 “TOCI (P) ‘805~ TOOW (O) *(2¥9—1€) £81~SE *F(FOOIW)TA (x) 218 SPIed §AADS
81 Jo sraquinu U3 pue saseyd 3y Io] S[0qUuAs S, *A[2an0adsal ‘syead HAL Yy 0} 154 2y; e (3)—(q) pue vonpdnpar 10gaq (e) :Adossonsads
13NBQSSOIY JO UONBUTULISISP SY1 SULMOTIC] ITe UT PAINSEIW 67°() JO OIIE IWOLE O/ UR Ilm ISA[RIED Q-0 —2 o) Jo surayed QX RV

(c)oz
¥
SL_ 0 G909 g5 0S Gy OF (Joz
3 3 St Ov SE 06 G2 0z &L oL

#* T T 7 LML B L g .-_._|.._J

At

0

A
#

NN E ST SUNEE NN TN NE T | NN

<«
[
&



132

ZHANG, SHEN, AND GE

TABLE 1
Méassbaner Parameters of the Fe—-Mo—-( Catalyst with an Fe/Mo Atomic Ratio of 0.29 at Different TPR Stages

Mossbauer results

Peak Peak
temperature IS Qs HF FWHM area
Peak in TPR {K) {mm/sec) {(mm/sec}  (kQOe) {mm/sec) (%%} Assigmment
Before reduction RT 0.39 — — 0.43 100 Fe,(MoOy),
First peak 853 1.12 0.82 — 0.25 50 B-FeMoO,
1.14 2.52 — 0.25 5¢
First peak after XRD determination 853 1.12 0.81 — 0.27 37 B-FeMoO,
1.13 2.51 — 0.27 37
1.04 1.47 — 0.25 26 a-FeMoO,
Second peak 910 1.12 0.80 — 0.29 51 B-FeMoO,
1.14 2.53 — 0.29 49
Third peak 952 0.27 — 476 0.62 n Fe;04T)
0.62 — 433 0.62 38 Fe,040)
1.12 0.80 — 0.29 11 8-FeMoO,
1.14 2.53 _ 0.29 11
0.90 0.58 — 0.35 9 Fe,Mo,0;
1.03 1.05 — 0.35 9
Fourth peak 1014 0.29 — 472 0.74 27 Fe, 0T .
0.52 — 434 0.74 41 Fe;0,(0)
0.90 0.58 — 0.35 11 Fe,Mo:,0;
1.03 1.05 — 0.35 11
-0.21 — — 0.45 10 Fe-Mo alloy
Fifth peak 1233 -0.21 — — 0.45 100 Fe~Mo alloy

TPR profile of MoQ; (Fig. 1a). According to the hydrogen
consumption, the two TPR peaks are 33.8 and 66.2%;
thus the area ratio for them is approximately 1:2, consis-
tent with the two sequential reductions

Mo0O, + H, - Mo0O, + H,0
MoO, + 2H, — Mo + 2H,0.

(1]
(2]

Thus, the reduction of MoO,; may proceed via two steps
from Mo®* to Mo** and then from Mo** to Mo®. The small
peak at 797 K and the shoulder peak at 918 K in the
TPR profile of MoO; may be due to the formation of

intermediate metastable phases, such as Mo,0,; and
Moz0yy, according to Arnoldy er al. (16).

For the Fe—Mo-0 mixed oxides with an Fe/Mo atomic
ratio of less than 0.67, the phases in the samples are MoO;
and Fe,(MoO,}, (6, 7). From Fig. 1, it can be seen that
with increased iron content (i.e., increased amount of
Fe,(MoQy,), (6)), the temperatures of the two main TPR
peaks decrease gradually, A small peak at 1023 K appears
between the two main peaks, which may be attributed to
the reduction of ferric ions since the peak does not appear
in the TPR profile of MoQ,. In addition, the relative area
of the TPR peak around 1233 K for Fe—Mo—O catalysts
is about 70% of the total area of each profile, which is

TABLE 2
XRD Results of the Fe—-Mo-0 Catalyst with an Fe/Mo Atomic Ratio of 0.29
Obtained at Different TPR Reduction Stages

Peak
temperature
Peak (K) Phases detected by XRD
Before reduction — Fe4{Mo0,);, MoO,
First peak 853 MoO;, e-FeMoO,, g-FeMoO,, Mo,0,;
Second peak 910 MoO;, a-FeMoO,, g-FeMoQ,, Mo,
Third peak 952 MOO:, FE304, FCQM03OB, Q-FCMOO4, ,G'FCMOO4
Fourth peak 1014 MoO-, Fe;04, Fe;M0y0y, FesMo (a little)
Fifth peak 1233 Mo®, Fe;Mo alloy
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TABLE 3
The Possible Reactions that Take Place at Different TPR Peaks for the Fe—Mo—0 Catalyst
Peak
Peak in temperature
TPR K) Reactions
First 853 4Fe,(MoOy); + 5H;, — 88-FeMoO, + Mo,0y, + SH;0
Second 910 MoQ; + H; —» MoO; + H,0
Third 952 Mo,0,, + 3H, — 4MoO, + 3H,0
58-FeMoO# + 4H, — Fe;0, + Fe;Mo;04 + 2Mo0), + 4H;0
Fourth 1014 58-FeMoQ, + 4H, — Fe,0, + Fe;Mo;05 + 2Mo0, + 4H,0
FCZMOJOga + 2H2 — 2Fe + 3M002 + 2H20
MoO,” + 2H, — Mo + 2H,0
Fe,0,° + 4H, — 3Fe + 4H,0
3Fe + Mo -» Fe;Mo alloy
Fifth 1233 Fe;Mo;04 + 2H, — 2Fe + 3IMo0O; + 2H,0

Fe;0, + 4H,; - 3Fe + 4H,0
Mo0Q; + 2H; — Mo + 2H,0
Mo + 3Fe — Fe;Mo alloy

4 Only parts of these oxides participated in the reactions.

larger than 66.2% for MoO,, indicating that some iron
species may undergo reduction at this peak.

The TPR profiles as shown in Fig. 1 revealed that the
reduction of Fe-Mo-0 catalysts proceeds via several
steps. To explain the phase changes at each reduction
step, the sample with an Fe/Mo atomic ratio of 0.29 was
examined in detail with in situ MBS and XRD after each
TPR peak. Figure 2 shows the TPR profiles of the sample
controlled at ditferent reduction stages. Figures 3 and 4
show the Mdssbauer spectra and XRD patterns collected
after each TPR peak. The Mossbauer parameters and
the phases detected by XRD are given in Tables 1 and
2, respectively.

As shown in Fig. 3a, the sample before reduction dis-
played a singlet in its Mdssbauer spectrum (IS = 0.39
mm/sec), which can be assigned to ferric molybdate
Fe,(Mo0O,), (7, 10). The XRD results also revealed the
existence of Fe,(MoQO,); as well as MoO,.

After the first TPR peak at 853 K, the recorded Moss-
bauer spectrum showed a pattern with four absorption
lines (Fig. 3b). This spectrum can be fitted with two dou-
blets and can be assigned to 8-FeMoO, following Sleight
et al. (18). They reported two modifications of FeMoO,,
a-FeMoO, and 8-FeMoO,, at low pressure, and showed
that the Mossbauer spectrum of «-FeMoQ, displays one
quadruple splitting transition with IS = 0.86 mm/sec and
QS = 1.52 mm/sec. Bart et al. (17) also reported the
" formation of a-FeMoQ, in Fe—Mo-0 catalysts treated
under N,/CH;OH at temperatures below 553 K. Surpris-
ingly, the a-FeMoO, phase was not detected in our case
by in situ MOssbauner spectroscopy after the first TPR
peak. However, the subsequent XRD determination re-
vealed e-FeMoO, as well as g-FeMoO,, Mo,0,,, and
MoO, in the sample. The a-FeMoO, and B8-FeMoO,

phases detected by XRD exhibited their charagteristic
diffraction peaks at d = 3.164, 6.325, and 3.519 A and at
d = 3.403, 6.807, and 2.269 A, respectively. Since the
XRD measurements were performed after in situ Mdss-
bauer determinations when the sample had been exposed
to air, the o-FeMoO, might result from the phase transi-
tion of 8-FeMoQ, in ambient atmosphere. This was con-
firmed by reexamining the sample with Mdssbauer spec-
troscopy after the XRD measurements. As shown in Fig.
3b-1, adoublet with IS = 1.04 mm/sec and QS = 1.47 mm/
sec (see Table 1) belonging to a-FeMoO, was observed in
addition to the two doublets for 8-FeMoO, in the Moss-
bauer spectrum recorded after the sample was exposed
to air.

Thus, both Massbauer and XRD results revealed that
Fe,(MoQ,); had been completely reduced at the first TPR
peak. XRD results also showed that some Mo,O,, was
produced while the majority of MoO, was not affected.
Furthermore, the reduction of MoO, to MoO, takes place
at temperatures (968 K) much higher than 853 K. Based
on these results, we attribute the first TPR peak at 853
K to the reduction of Fe,(M0Q,), as follows:

4Fe,(MoO,), + SH, — 88-FeMoO, + Mo,0,, + SH,0.
[3]

The second reduction step is characteristic of the peak
temperature at 910 K. The Mdssbauer spectrum of the
sample (Fig. 3¢} recorded after this step is the same as
that after the first TPR peak, indicating that 8-FeMoO,
was not affected. The subsequent XRD measurement re-
vealed the phases of MoQ,, a-FeMoO,, 8-FeMoO,, and
Mo,0,,. MoQO; completely disappeared, while other
phases remained after the second TPR peak. 1t is apparent
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that the second TPR peak corresponds to the only reduc-
tion of MoO, to MoO, as expressed by Eq. [1]. It is
interesting to note that the temperature for the reduction
of Mo0O, to MoQ, was lowered by the incorporation of
iron.

Figure 3d shows the Mossbauer spectrum recorded for
the sample after the third TPR peak at 952 K. This spec-
trum displays two sextuplets plus some doublets in the
center. The sextuplets have the inner hyperfine fields of
476 and 433 kOe, respectively, characteristic of the pa-
rameters of Fe,0;. Two doublets belonging to 8-FeMoQO,
can also be fitted. However, the subspectra of these two
species cannot account for the whole spectrum. By sub-
tracting the subspectra of Fe,0, and 8-FeMoO,, two more
doublets were fitted with parameters shown in Table 1,
which may be assigned to Fe,Mo;05. The two doublets
in the Mdssbauer spectrum indicate two different environ-
ments for Fe?' ions in Fe,Mo,0;. In fact, Mo*® ions are
in octahedral sites and Fe?* ions are in both octahedral
and tetrahedral sites in Fe,M0,0; (19). The formation of
new species, Fe,0, and Fe,M0,0q, at the third TPR peak
was confirmed by XRD results (see Fig. 4d and Table 2).
XRD also showed the disappearance of Mo,0,, after the
third TPR peak. Based on these results, two processes
proceeding at the third TPR peak can be evaluated, i.e.,
the reduction of Mo 0, to MoO, and the transformation
of part of the 8-FeMoQ, to Fe,0, and Fe,Mo,04. These
processes can be expressed as follows:

Mo,0,; + 3H, — 4MoO, + 31,0 [4]

5B-FeMoO, + 4H, — Fe;0, + Fe,Mo,04
+ 2Mo0Q, + 4H,0. [5]

At the first TPR peak, all iron ions have been reduced
to Fe* in the form of 8-FeMoQ,. However, at the third
TPR peak, a great amount of Fe,0, was produced, in
which two-thirds of the iron ions are Fe*t. Apparently,
the reoxidation of Fe?* to Fe’* happened during the de-
composition of 8-FeMoO,. In explaining this, let us con-
sider the electrode potentials of the related iron and
molybdenum species. Since the electrode potential of
@3+ g2+ (0.771 V) (20) is much greater than that of
DYoo, M0, 1% (0.320 V) (21), the reduction from Fe'' to
Fe?' should be easier than that from Mo®" to Mo**. This
explains why only Fe’* was reduced to Fe?* (forming 8-
FeMoQ,) at the first TPR step. For the same reason, since
DYyo0, Moo, 1+ (0-320 V) is greater than Pz 0 (—0.440 V)
(20), Mo®* will begin to reduce to Mo** when Fe’* ions
are completely reduced to Fe**. This is the case for the
second TPR step. Again, since Pyop, Moo+ (0.320 V) is
greater than ®%, o, peop+ (—0.197 V) (21), it is possible
for Mo®* to reoxidize Fe?* to Fe,0,. In fact, with the
reoxidation of Fe?* to Fe;O,, Mo®" ions were reduced to
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Mo*t, as expressed by Eq. [5].

After the fourth TPR peak at 1014 K, the Mdssbauer
and XRD results showed the disappearance of 8-FeMoQ,
and the formation of the Fe—Mo alloy. At this step, 8-
FeMoO, was completely transformed to Fe;O, and
Fe,Mo0,04. The Fe—Mo alloy that formed must result from
the reduction of MoQ, and Fe,0, or Fe,Mo,0;. Hence
the fourth TPR peak corresponds to the reaction of Eq.
{5] and the reductions of MoO, and Fe,0, or Fe,Mo,;04
to metals:

Mo0O, + 2H, — Mo + 2H,0 [6]
Fe,Mo0,0; + 2H, — 2Fe + 3MoO, + 2H,0 [7]
Fe,0, + 4H, — 3Fe + 4H,0. [8]

The last TPR peak at 1233 K is about 7056 of the total
arca of the TPR profile. At this step, all metal oxides
were reduced to metals as expressed by Eqs. [6]-[8]. The
products detected by Mdssbauer spectroscopy and X-ray
diffraction are Fe;Mo alloy and metallic molybdenum.
The Mdssbauer spectrum of the Fe;Mo alloy exhibits a
singlet with an isomer shift of —0.21 mm/sec.

CONCLUSIONS

In summary, we have shown in this work that TPR
combined with in sire MoOssbauer spectroscopy and X-
ray diffraction can provide useful information on the re-
duction process of metal oxides. For the Fe—Mo-0 cata-
lysts, the five TPR peaks corresponding to five different
reduction steps have been clearly explained, and the reac-
tions that take place at each step are summarized in Table
3. In addition, the transformation of ferrous molybdate
from g-FeMoQ, to a-FeMoOQ, under ambient atmosphere
was confirmed. Finally, the Méssbauer spectrum of an
intermediate reduction species, Fe,Mo;0q, is reported.
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