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In a H2/N2 atmosphere, the reduction processes of Mg+Fe+O
and Mg+Fe+Al+O complex oxide catalysts, derived from their
hydrotalcite precursors, were studied by means of temperature-
programmed reduction (TPR). In particular, the reduction pro-
cess of the Mg+Fe+O samples with a Mg/Fe ratio of 1/1 and
Mg+Fe+Al+O with a Mg/Fe/Al ratio of 2/1/1 were investigated
in detail in combination with in situ MoK ssbauer spectroscopy and
X-ray di4raction (XRD). For the Mg+Fe+O sample, two peaks
were observed in the TPR pro5le with peak temperatures at 446
and 6963C, respectively, indicating that the reduction of the
oxide catalyst proceeded via two stages. MoK ssbauer spectroscopy
and XRD showed that the phases in the sample were MgFe2O4

and MgO before TPR. At the 5rst TPR peak (4463C), MgFe2O4

was completely reduced to Mg12xFexO. The MoK ssbauer spec-
trum of Mg12xFexO exhibited a doublet with IS 5 0.83 mm/s and
QS 5 0.87 mm/s. The second TPR peak (6963C) corresponded to
the reduction of Mg12xFexO to Fe0. For the Mg+Fe+Al+O
sample, two peaks were also observed in the TPR pro5le with
temperatures at 506 and 9363C, respectively. MoK ssbauer spec-
troscopy and XRD showed that the phases in the sample were
a-Fe2O3, MgFeAlO4, and MgO before TPR. The MoK ssbauer
spectrum of MgFeAlO4 was a doublet with IS 5 0.33 mm/s and
QS 5 0.76 mm/s. At the 5rst TPR peak (5063C), a-Fe2O3 was
reduced to Fe21 and Fe0, while MgFeAlO4 was transformed into
Mg12xFexO. The second TPR peak (9363C) corresponded to the
reduction of Mg12xFexO to metallic Fe0. E4ects of the presence
of magnesium and aluminum in the solid solutions on the reduc-
tion of iron species were discussed. ( 2001 Academic Press
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INTRODUCTION

Iron-based catalytic materials are commonly used in
ammonia and Fischer}Tropsch synthesis. Promoters are
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usually used for the bulk and supported catalysts. The
advantage of using magnesia as the support is that it can
also act as a promoter (1}6). The Mg}Fe}O catalyst result-
ing from the reduction of hydrotalcite precursors exhibited
much higher ole"n selectivity in the Fischer}Tropsch syn-
thesis than the pure iron catalyst reduced from Fe

2
O

3
(6).

The high ole"n selectivity might result from the basicity of
MgO. Alumina is widely used as a catalyst support. The
important feature of c-alumina is its stability of surface area.
Thus, alumina is often used as a structure promoter. How-
ever, the interactions among iron, magnesium, and alumi-
num in solid solutions are complicated (1}3, 7}10). In the
present work, the e!ects of Mg and Al on the reduction of
iron in the Mg}Fe}O and Mg}Fe}Al}O solid solutions are
studied to probe such interactions.

Temperature-programmed reduction (TPR) is a thermal
method that can be used for the analysis of the reduction of
metal oxides. In fact, the technique has been applied for the
study of catalytic materials and their preparation proced-
ures (11}13). Typically, a sample is subjected to a predeter-
mined linear heating rate and reduction of the sample is
monitored by measuring the consumption of H

2
. The result-

ing TPR pro"le contains information on the nature of the
reducible species present in the sample. For example, it can
provide information about the dispersion of supported
components as well as the metal oxide}support and
oxide}oxide interactions in catalysts. However, the
reduction steps are sometimes so complicated that the re-
duction peaks in a TPR pro"le are not easily explained. In
this regard, MoK ssbauer spectroscopy becomes a powerful
technique that can be used for the determination of
chemical states of some elements after each TPR peak
(14, 15). Recently, we used the in situ TPR-MoK ssbauer
technique and studied some iron-containing catalytic ma-
terials (16}21). The same technique was used to study the
reduction processes of MgO}Fe}O and Mg}Fe}Al}O com-
plex metal oxides in this work. In addition, X-ray di!raction
(XRD) was used besides the MoK ssbauer spectroscopy to



FIG. 1. TPR pro"les of Mg}Fe}O and Mg}Fe}Al}O samples with
di!erent Mg/Fe/Al atomic ratios: (a) 1/1/0, (b) 4/3/1, (c) 2/1/1, and (d) 4/1/3.
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con"rm the phases in the samples at di!erent reduction
stages.

EXPERIMENTAL

Hydrotalcite-like compounds with Mg/Fe/Al ratios of
1/1/0, 4/3/1, 2/1/1, and 4/1/3 were prepared by the co-
precipitation method (6). Speci"cally, Mg(NO

3
)
2
)6H

2
O

(AR), Fe(NO
3
)
3
) 9H

2
O (AR), and Al(NO

3
)
3
) 9H

2
O (AR)

with desired ratios were mixed to obtain 230 ml of aqueous
solution with the total cation concentration of 1 mol/dm3.
NH

4
OH (AR) and (NH

4
)
2
CO

3
(AR) were dissolved in de-

ionized water to form another aqueous solution of 350 ml
with appropriate amounts calculated according to the rela-
tions of [NH

4
OH]"2.2[Mg2`]#3.2([Fe3`]#[Al3`]),

and [CO2~
3

]"0.5([Fe3`]#[Al3`]). Then, the two solu-
tions were added dropwise into 250 ml of deionized water at
403C in a 1000-ml beaker over an interval of 30 min, during
which time a brown precipitate was formed. The pH of the
slurry was controlled in the range of 8 to 9 by adding the
two solutions alternately. After the two solutions were com-
pletely added, the precipitate formed was "ltered, washed
with deionized water, and dried at 1203C. The samples were
calcined at 4003C for 4 h. The speci"c surface areas of the
calcined samples with Mg/Fe/Al ratios of 1/1/0, 4/3/1, 2/1/1,
and 4/1/3 were measured to be 69, 82, 82, and 80 m2/g,
respectively.

The TPR apparatus used in this work is similar to that
described elsewhere (22). About 20 mg of sample was loaded
in a quartz U-tube. A mixture of N

2
and H

2
(5% H

2
) with

purity of 99.999% was used, and the #ow rate was main-
tained at 20 ml/min. The temperature was raised at a pro-
grammed rate of 103C/min from room temperature to
around 12003C. The amount of hydrogen consumed for
each peak in the TPR pro"le was obtained from the peak
area with a normalization method.

To collect MoK ssbauer spectra without exposing the
sample to air after each TPR peak, an in situ quartz cell was
adopted as described elsewhere (15). About 100 mg of the
sample was used to obtain good MoK ssbauer spectra. For
each TPR peak, the temperature was raised to the peak
position and then maintained until the peak was complete.
The sample was then cooled down to room temperature in
#owing H

2
/N

2
and sealed for a MoK ssbauer measurement.

The MoK ssbauer spectra were recorded using a 15 mC
i

57Co(Pd) source on a constant acceleration spectrometer.
The spectra were computer-"tted to the Lorentzian lines by
a least-squares program. The velocity of the spectrometer
was calibrated with respect to a-Fe.

XRD measurements were performed in an ambient atmo-
sphere after the collection of MoK ssbauer spectra using the
Rigaku D/Max-RA X-ray di!ractometer equipped with
a Cu target and graphite monochromator. The voltage and
current employed were 40 kV and 120 mA, respectively.
RESULTS AND DISCUSSION

1. The Temperature-Programmed Reduction Proxles of
Mg}Fe}O and Mg}Fe}Al}O Complex Oxides

Two main reduction peaks at 380 and 6843C in the TPR
pro"le of a a-Fe

2
O

3
sample were observed (17). The two

TPR peaks corresponded to the hydrogen consumption of
11.2 and 88.8%. The area ratio is approximately 1:8, which
can be attributed to the two sequential reductions

3Fe
2
O

3
#H

2
"2Fe

3
O

4
#H

2
O [1]

2Fe
3
O

4
#8H

2
"6Fe#8H

2
O. [2]

Thus, the reduction of Fe
2
O

3
proceeds via two steps from

Fe
2
O

3
to Fe

3
O

4
and then to Fe. Bulk-phase wustite (FeO)

is thermodynamically metastable and can hardly be detec-
ted during the reduction of Fe

2
O

3
to Fe (23, 24).

As shown in Fig. 1a, the Mg}Fe}O complex oxide with
the Mg/Fe atomic ratio of 1/1 exhibited the TPR pro"le



FIG. 2. In situ MoK ssbauer spectra for the Mg}Fe}O sample with the
Mg/Fe ratio of 1/1 collected (a) before the reduction, (b) after the "rst TPR
peak, and (c) after the second TPR peak.

FIG. 3. The XRD patterns for the Mg}Fe}O sample with the Mg/Fe
ratio of 1/1 collected (a) before the reduction, (b) after the "rst TPR peak,
and (c) after the second TPR peak. The symbols for the phases are (n)
MgFe

2
O

4
, (#) MgO, (O) Mg

1~x
Fe

x
O, and (*) a-Fe.
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with two peaks around 446 and 6963C, respectively, which
are signi"cantly higher than those for pure a-Fe

2
O

3
. The

ratio of the two peaks is about 1:1, indicating the di!erent
reduction process for the Mg}Fe}O sample as compared to
that of the pure a-Fe

2
O

3
. Upon the addition of Al, the

resulted Mg}Fe}Al}O samples exhibited even higher peak
temperatures, indicating the stronger interactions among
di!erent components. For example, the Mg}Fe}Al}O
sample with the Mg/Fe/Al ratio of 4/3/1 displayed the two
TPR peaks at 522 and 9043C, respectively. To understand
these interactions, it should be desirable to understand what
has happened during the TPR. Thus, the Mg}Fe}O sample
and the Mg}Fe}Al}O with the Mg/Fe/Al atomic ratio of
2/1/1 were further examined in detail with in situ MoK ssbauer
spectra and XRD after each TPR peak.

2. The Reduction Process of Mg}Fe}O Binary Oxide

Figures 2 and 3 show the MoK ssbauer spectra and XRD
patterns, respectively, collected for the Mg}Fe}O sample
after calcination and after each TPR peak as represented in
Fig. 1a. The MoK ssbauer parameters and assignments of
corresponding iron species and the di!erent phases detected
by XRD are given in Table 1.

As shown in Fig. 2a, the Mg}Fe}O sample before the
reduction displayed a doublet with the isomer shift (IS) of
0.30 mm/s and quadrupole splitting (QS) of 0.76 mm/s,
which is typical of superparamagnetic Fe3` species. This
spectrum may be assigned to MgFe

2
O

4
(1, 6, 25, 26) and was

con"rmed by XRD (27). In addition, the presence of MgO in
the sample was also detected by XRD (28).

After the "rst TPR peak at 4463C, the reduction of the
sample led to the formation of Fe2`, as revealed by the
doublet with IS"0.83 mm/s and QS"0.87 mm/s in the
MoK ssbauer spectrum shown in Fig. 2b. This doublet can be
assigned to Mg

1~x
Fe

x
O according to Connell and Dumesic

(26) and Tu et al. (29). The XRD pattern shown in Fig. 3b
con"rmed the formation of Mg

1~x
Fe

x
O, which exhibits the



TABLE 1
MoK ssbauer Parameters and Assignments of Iron Species and Phases Detected by XRD for the Fe+Mg+O Sample (Mg/Fe 5 1/1)

before the Reduction and after Each TPR Peak

MoK ssbauer results

Peak in TPR
Peak temperature

(3C)
IS

(mms~1)
QS

(mms~1)
HF

(kOe)
FWHM
(mms~1)

Relative peak
area

Iron species
assignment Phases by XRD

Before reduction 0.30 0.76 * 0.54 100 Fe3` MgFe
2
O

4
MgO

First peak 446 0.83 0.87 * 0.57 100 Fe2` Mg
1~x

Fe
x
O

MgO

Second peak 696 0.02 * 327 * 71 Fe0 Fe
1.02 0.82 * 0.49 29 Fe2` Mg

1~x
Fe

x
O

MgO
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characteristic di!raction peaks at d"3.05, 2.04, and 1.17
(30). However, it should be noted that the MgO displays the
exact same peak positions as Mg

1~x
Fe

x
O. Thus, the pres-

ence of MgO in the sample after the "rst TPR peak cannot
be excluded. Both MoK ssbauer and XRD demonstrated the
disappearance of the MgFe

2
O

4
phase after the "rst TPR

peak. Therefore, we may describe the process for the "rst
TPR peak at 4463C as the reduction of MgFe

2
O

4
to

Mg
1~x

FeII
x
O:

MgFeIII
2
O

4
#H

2
"Mg

1~x
FeII

x
O#H

2
O. [3]

Figure 2c presents the MoK ssbauer spectrum collected after
the second TPR peak for the Mg}Fe}O sample. This spec-
trum displays a sextuplet plus a doublet in the center. The
sextuplet has the inner hyper"ne "eld of 327 kOe, character-
istic of a-Fe. The doublet belongs to the unreduced
Mg

1~x
Fe

x
O. The formation of a-Fe at the second TPR peak

was con"rmed by XRD. The XRD pattern for the sample
after the second TPR peak is shown in Fig. 3c, which exhibits
the characteristic di!raction peaks at d"2.03 and 1.43 for
a-Fe (31). Furthermore, the XRD pattern also showed the
di!raction peaks for unreduced Mg

1~x
Fe

x
O and MgO phase

after the second TPR peak. The phases Mg
1~x

Fe
x
O and

MgO cannot be clearly resolved in the XRD pattern. The
second TPR peak may correspond to the following reaction:

Mg
1~x

FeII
x
O#H

2
"a-Fe#MgO#H

2
O [4]

These results indicate that the reduction of Fe2` to Fe is
signi"cantly retarded by the formation of solid solution
Mg

1~x
FeII

x
O.

3. The Reduction Process of Mg}Fe}Al}O Trinary Oxide

Figures 4 and 5 show the MoK ssbauer spectra and XRD
patterns, respectively, collected for the Mg}Fe}Al}O
sample (Mg/Fe/Al"2/1/1) before the TPR and after each
TPR peak as represented in Fig. 1c. The MoK ssbauer para-
meters and assignments of corresponding iron species and
the di!erent phases detected by XRD are given in Table 2.

As shown in Fig. 4a, the sample before reduction dis-
played the MoK ssbauer spectrum with a sextuplet and
a doublet in the center. The sextuplet has the inner hyper"ne
"elds of 510 kOe and the isomer shift of 0.32 mm/s, charac-
teristic of a-Fe

2
O

3
. The doublet with IS"0.33 mm/s and

QS"0.76 mm/s can be attributed to MgFeAlO
4

following
Putanov et al. (32). The linewidth of the sextuplet was
substantially broadened, indicating the high dispersion of
a-Fe

2
O

3
throughout the sample. In addition, the peaks of

the doublet were also broadened as compared to the corre-
sponding doublet of Mg}Fe}O. This may be caused by the
occurrence of a random distribution of constituent Fe3`
cations, owing to the presence of Mg2` and Al3` (33). The
XRD pattern shown in Fig. 5a con"rmed the existence of
MgFeAlO

4
(34), a-Fe

2
O

3
(35), and MgO (28).

The MoK ssbauer spectrum collected for the Mg}Fe}Al}O
sample after the "rst TPR peak showed a sextuplet and two
doublets in the center. The sextuplet has the inner hyper"ne
"eld of 327 kOe, characteristic of a-Fe. One doublet with
IS"0.14 mm/s and QS"0.69 mm/s can be assigned to
MgFeAlO

4
and the other with IS"0.76 mm/s and

QS"1.10 mm/s may correspond to Mg
1~x

Fe
x
O. These

species were con"rmed by the XRD determination as pre-
sented in Fig. 5b. The disappearance of the sextuplet with
the hyper"ne "eld of 510 kOe in the MoK ssbauer spectrum
revealed the reduction of a-Fe

2
O

3
. The reduction of a-

Fe
2
O

3
in Mg}Fe}Al}O might lead to the formation of

Mg
1~x

Fe
x
O and a-Fe. Table 2 shows that the spectral area

of the MgFeAlO
4

was signi"cantly decreased in the sample
after the "rst TPR peak, indicating the reduction of this
species at the "rst TPR peak. MgFeAlO

4
might also be

reduced to Mg
1~x

Fe
x
O and a-Fe. However, based on the

previous argument that the presence of other cations such as



FIG. 4. In situ MoK ssbauer spectra for the Mg}Fe}Al}O sample with the
Mg/Fe/Al ratio of 2/1/1 collected (a) before reduction, (b) after the "rst
TPR peak, and (c) after the second TPR peak.

FIG. 5. The XRD patterns for the Mg}Fe}Al}O sample with the
Mg/Fe/Al ratio of 2/1/1 collected (a) before the reduction, (b) after the "rst
TPR peak, and (c) after the second TPR peak. The symbols for the phases
are (d) Fe

2
O

3
, (m) MgFeAlO

4
, (#) MgO, (s) Mg

1~x
Fe

x
O, and (*) Fe.

42 GE, LI, AND SHEN
Mg2` would retard the reduction of iron species, we sup-
pose that a-Fe

2
O

3
is easier to be reduced than MgFeAlO

4
.

Thus, the processes for the "rst TPR peak may be described
as the reduction of a-Fe

2
O

3
(with the presence of MgO) to

a-Fe and Mg
1~x

Fe
x
O and the reduction of part of

MgFeAlO
4

to Mg
1~x

Fe
x
O. These processes may be ex-

pressed as follows:

a-Fe
2
O

3
#H

2
"a-Fe#H

2
O [5]

a-Fe
2
O

3
#MgO#H

2
"Mg

1~x
FeII

x
O#H

2
O [6]

MgFeIIIAlO
4
#H

2
"Mg

1~x
FeII

x
O#H

2
O#Mg(Al)O.

[7]

It should be noted that the spinel species MgAl
2
O

4
was

not detected by XRD. The aluminum cations might be
incorporated into the lattice of MgO, as described by
McKenzie et al. (36). They expressed the phase as Mg(Al)O.
Thus, we assume the same species formed during the reduc-
tion of MgFeIIIAlO

4
as expressed by Eq. [7]. Another possi-
bility is that aluminum cations may be incorporated into the
Mg

1~x
FeII

x
O phase. In fact, the Mg

1~x
FeII

x
O phase for the

Mg}Fe}Al}O sample after the reduction exhibited a much
broader peak width and signi"cantly larger QS in the MoK s-
sbauer spectrum. The presence of aluminum cations in the
lattice of Mg

1~x
FeII

x
O and the existence of the MgFeIIIAlO

4
phase may be responsible for the much higher peak temper-
ature of the second TPR peak for the Mg}Fe}Al}O sample.

The MoK ssbauer spectrum shown in Fig. 4c for the sample
recorded after the second TPR peak is similar to the pre-
vious one except that the spectral areas for the species of
MgFeAlO

4
and Mg

1~x
Fe

x
O were signi"cantly decreased



TABLE 2
MoK ssbauer Parameters and Assignments of Iron Species and Phases Detected by XRD for the Fe+Mg+Al+O Sample

(Mg/Fe 5 2/1/1) before the Reduction and after Each TPR Peak

MoK ssbauer results

Peak in TPR
Peak temperature

(3C)
IS

(mms~1)
QS

(mms~1)
HF

(kOe)
FWHM
(mms~1)

Relative peak
area

Iron species
assignment Phases by XRD

Before reduction 0.32 * 510 * 43 a-Fe
2
O

3
a-Fe

2
O

3
0.33 0.76 * 0.99 57 Fe3` MgFeAlO

4
MgO

First peak 506 !0.14 * 333 * 19 Fe0 Fe
0.76 1.10 * 0.77 62 Fe2` Mg

1~x
Fe

x
O

0.14 0.69 333 * 19 Fe3` MgFeAlO
4

MgO

Second peak 936 0.01 * 327 * 69 Fe0 Fe
1.09 0.63 * 0.46 21 Fe2` Mg

1~x
Fe

x
O

0.20 0.54 * 0.56 10 Fe3` MgFeAlO
4

MgO
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while the spectral area for a-Fe was greatly increased. The
XRD pattern shown in Fig. 5c con"rmed the existence of the
phases MgFeAlO

4
, Mg

1~x
Fe

x
O, and a-Fe. According to

the MoK ssbauer data given in Table 2, it may be concluded
that the processes for the second TPR peak of this sample
involve the reactions

MgFeIIIAlO
4
#H

2
"Mg

1~x
FeII

x
O#H

2
O#Mg(Al)O [7]

Mg
1~x

FeII
x
O#H

2
"a-Fe#MgO#H

2
O. [8]

CONCLUSIONS

The reduction processes may re#ect the interactions
among various components in complex metal oxides. The
technique of TPR combined with in situ MoK ssbauer spectro-
scopy is useful in understanding the reduction processes of
iron-containing materials. The Mg}Fe}O binary oxides and
Mg}Fe}Al}O trinary oxides may be prepared through the
synthesis of hydrotalcite-like compounds. The reduction
processes of these complex oxides were greatly a!ected by
the formation of solid solutions. Speci"cally, the spinel
MgFe

2
O

4
in the Mg}Fe}O sample could be exclusively

reduced to Mg
1~x

Fe
x
O, which was further reduced to a-Fe

at the second TPR peak. In the Mg}Fe}Al}O sample, both
a-Fe

2
O

3
and MgFeAlO

4
are present before the reduction.

At the "rst TPR peak, the a-Fe
2
O

3
in the Mg}Fe}Al}O was

converted to a-Fe and Mg
1~x

Fe
x
O while the MgFeAlO

4
might only be converted to Mg

1~x
Fe

x
O. Hence, the reduc-

tion of iron species in the MgFeAlO
4

phase is further
retarded by the presence of aluminum cations.
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