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This study is devoted to the reduction of Fe;O3 supported on silica gel in Hy in the temperature range of 290-600
°C. A continuous magnetization measurement method was used to obtain the temperature programmed reduc-
tion (TPR) profile. The influence of the external magnetic field on the dynamics of the process is investigated. It
was shown that the TPR profile depends both on the magnitude of the applied field and on the particle size of

1. Introduction

The reduction of Fe;O3 with hydrogen was a subject of numerous
studies [1-7], but there still have been differing opinions concerning the
reaction route, even for unsupported samples.

Thus, there are TPR studies, which point to the two-step mechanism,
i.e. FepO3—Fe304—Fe [1-4], and there are reports indicating the
three-step mechanism, i.e. Fe;03—Fe304—~FeO—Fe [1-7]. Kock [2]
et al. emphasize that stabilization of an FeO phase during reduction is
indicative of a considerable metal(oxide)-support interaction. Moreover,
the formation of the phase is observed at a temperature below the
boundary of the thermodynamic stability of wiistite. The studies [8-10]
also showed the stability of the phase at temperatures below 570 °C. The
stabilization of the FeO phase upon reduction occurs due to the inter-
action of the oxide with the support.

The aim of this examination is to clarify mechanism of FeyOg3
reduction. This knowledge is of great importance when TPR method is
applied to characterization of iron supported catalysts. TPR method is a
relatively simple technique, but analysis of the experimental results is
often difficult. The problem of Hy depletion in the course of TPR tests has
been revealed and extensively discussed by Monti and Baiker [11]. As a
result, they proposed that the experimental parameter of TPR test should
be selected so as to get only a small decline of H, concentration.

Water is the inevitable product in TPR experiment and its concen-
tration generally changes in the course of TPR test from a negligibly
small value to a significant value, i.e. a few orders of magnitude, and
may radically change position and shape of the recorded TPR profile.

The traditional TPR method involves the use of a hydrogen — argon

mixture in which the hydrogen concentration does not exceed 10 % as a
reducing agent. Using the method of continuous in situ magnetization
measurement [12-15], pure hydrogen can be used, and the change in
the magnetization during the reaction can be recorded as a response.
The high sensitivity of the method allows one to obtain TPR profiles with
relatively small masses of the test substance 10—20 mg. At a hydrogen
flow rate of about 30 mL / min and an analyte volume of 0.04 cm?, the
space velocity is &~ 45-10% 1 / h, which makes it possible to exclude the
influence of diffusion processes on the shape of TPR profiles.

2. Material and experimental procedure
2.1. Materials

The following substances were used as test substances: hematite
(Fe203 - Sigma-Aldrich) powder < 5 pm, > 96 % and iron on silica gel.
Iron nitrate was used as a precursor (Fe(NO3)3-9H20) Iron(IIl) nitrate
nonahydrate Sigma-Aldrich. CARIACT silica gel grade Q-30 (30 nm the
average pore size in silica gel) manufactured by Fuji Silysia Chemical,
Ltd was used as a support. Here the number means the average pore size
in silica gel. The preassigned content of iron was of 5, 10 and 15 mass%.
These samples are denoted as for example 5/Q where the first digit re-
flects the iron content.

Catalysts were prepared by incipient wetness impregnation of the
support with aqueous solutions of hydrous iron nitrate. After the
impregnation, the catalysts were dried overnight in an oven at 100 °C.
Then they were calcined in air at 400 °C for 6 h with 1 °C/min tem-
perature ramping.
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Below is a block diagram of the Fe / SiO2 synthesis process:
Solution Fe(NO3)3-9H20 + SiO5 —(dried overnight in an oven at 100
°C)—(calcined in air at 400 °C for 6 h)

2.2. Temperature-programmed reduction

Magnetic studies of the samples were carried out on a vibration
magnetometer in situ regime. The test sample (10 mg) was placed in a
measuring cell of the vibrating magnetometer, [15] which is a
flow-through microreactor with the internal volume of 0.3 cm®. The test
sample was

clamped between two membranes of porous quartz. In a non-
isothermal experiment, the sample was heated to a predetermined
temperature in Hy with a flow rate of 30 mL min~'. The heating rate
ranged from 0.1 °C/s to 0.8 °C/s to a predetermined temperature, while
a change in magnetization was recorded continuously at a frequency of 1
Hz. The low inertia micro-furnace allows rapid cooling of the test sample
and interrupts the reduction process at a given temperature.

2.3. X-Ray diffraction

Diffraction patterns were recorded on a PANalytical Empyrean
diffractometer in Bragg-Brentano geometry (8 mode - 29 scans, 40 mA,
40 kV) in increments of 0.026 degrees, in the range of angles from 5 to
100 degrees using a Pixel3D detector. The anode material is Cu.
Diffraction patterns were analyzed using HighScore Plus PANalytical
software with full-profile analysis. After cooling in hydrogen, the sam-
ples were passivated in a stream of technical Ar, and then transferred to
a diffractometer.

2.4. Transmission electron microscopy

Transmission electron microscopy (TEM) analyses were carried out
on a JEOL JEM-2100 F microscope at a resolution of 0.1-0.2 nm and
accelerating voltage of 200 kV. Prior to the analysis, the sample was
thoroughly ground in an agate mortar in ethanol and left for few hours.
Then a drop of supernatant liquid was deposited onto a polymer film
located on a copper grid. The particle size distribution was obtained by
visual analysis of micrographs using “Image-Pro Plus 6.0” software. To
build a histogram, 600-1000 particles were taken into account.

3. Results

Fig. 1 (a and b) shows the TPR profiles of the samples 15/Q, 10/Q
and 5/Q obtained in a magnetic field of 60 Oe (a) and in a field of 5 kOe
(b).

The increase in magnetization in the temperature range from 250 to
350 °C is due to the reduction of Fe;O3 to magnetite (ferrimagnet). The
subsequent decrease in magnetization, in our opinion, is caused by the
formation of antiferromagnetic wiistite (Fig. 1 a). The subsequent in-
crease in magnetization is due to the reduction of wiistite to metallic
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iron. The results of X-ray diffraction of samples obtained by cooling from
points A, B, and C (Fig. 1. a) are shown in Fig. 2.

The results of the X-ray phase study show that the increase in
magnetization at point A (Fig. la) corresponds to the formation of
magnetite. The decrease in magnetization at point C is due to the for-
mation of wiistite (Fig. 1b), and the subsequent increase in magnetiza-
tion is caused by the formation of iron. In this way, X-ray diffraction data
confirm the above interpretation of the change in magnetization during
the TPR.

Fig. 3 shows the TPR profiles for 5/Q at field strengths of 60 Oe and 5
kOe. It is characteristic that an increase in the magnetic field strength
does not qualitatively affect the TPR profile of the sample 5/Q.

The TPR profiles obtained in a field of 5 kOe demonstrate significant
differences in the temperature range above 350 °C (Fig. 1. b). In this
case, a sharp decrease in the magnetization is not observed for the
samples 10/Q and 15/Q. Fig. 4 shows the temperature dependences of
magnetization for various values of applied magnetic field in the process
redaction of 15/Q.

It can be seen that an increase in the magnetic field strength leads to
a sequential change in the nature of the TPR profiles. In Fig. 5 (a) and (b)
show the TPR profile and XRD spectra for 15/Q at points A, B, and C at 5
kOe.

Judging by the data of the XRD, magnetite is present at points A, B
and C, but at the point C, there is also the presence of wiistite. Upon
reaching a temperature of 440 °C, the process magnetite reduction to
iron begins to prevail.

An analysis of the TEM image shows that the average particle sizes of
hematite in samples 5/Q, 10/Q, 15/Q are 3, 9, and 13 nm, respectively.
The particle size distribution is well described by the lognormal distri-
bution. In Figs. 6, 7 and 8 show microphotographs and size distributions
for 5/Q, 10/Q and 15/Q. The average particle size grows linearly with
an increase in the concentration of iron supported on the silica gel.

TEM images show that the TPR profile substantially depends on the
particle size of hematite. Moreover, for particles of 3 nm, the TPR profile
is qualitatively independent of the magnitude of the applied field. With
an increase in particle size to 9 nm, a qualitative change in the shape of
the TPR profile is observed (Fig. 1b).

4. Discussion

To explain the above results, the following circumstances must be
taken into account. The observed change in the magnetization with
increasing temperature is due to at least two factors. Firstly, this is a
change in the magnetization with increasing temperature. Secondly, this
is a change in the magnetization associated with chemical reactions. An
increase in magnetization with increasing temperature indicates a
chemical reaction. In the case considered above, this is the reduction of
oxide (Fe2O3) located in the pores of silica gel. A decrease in magneti-
zation can be caused both by the transition of a ferromagnetic to a
nonmagnetic state due to a chemical reaction and by the dependence of
magnetization on temperature. The results of the XRD indicate the
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Fig. 1. TPR profiles of the samples 15/Q-30, 10/Q and 5/Q obtained in a magnetic field of Oe (a) and in a field of 5 kOe (b).
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Fig. 2. X-ray diffraction patterns of samples 5/Q obtained at points A, B (a) and C (b).
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chemical nature (formation of wiistite) of the decrease in magnetization
in the case of reduction in a low magnetic field (Fig. 1a).

It should be noted that the sequence of reduction reactions sub-
stantially depends not only on the magnitude of the applied magnetic
field, but also on the size of the oxide particles. The TEM results show
that for relatively small oxide particle sizes (average size 3 nm), the
applied field does not affect the quality of the process (Fig. 3). In this
case, both in the 60 Oe field and in the 5 kOe field, the hematite is
gradually reduced to iron in accordance with the following equation:

3F6203 + H2 = 2FC304 + Hzo (1)
2Fe304 + 2H, = 6FeO + 2H,O 2)
6FeO + 6H, = 6Fe + 6H,0 3)

With an increase in the average particle size to 9-13 nm, a change in
the magnetization with increasing temperature in a magnetic field of
more than 500 Oe undergoes qualitative changes (Fig. 4). A more
complex picture is observed when reduction in a relatively strong
magnetic field (Fig. 5). The sequence of transformations accompanying
a change in magnetization includes all the reactions of reduction and
disproportionation:

Fe;04 + Hy = 3FeO + H,O ()]
FeO + H, = Fe + H,0 (5)
4FeO = Fe304 + Fe (6)

We have previously shown that the reduction of magnetite to iron in
a magnetic field of 5 kOe proceeds bypassing the stage of wiistite for-
mation, while wiistite is formed in a relatively weak field of 60 Oe [16].
The influence of an external magnetic field on topochemical reactions
currently has no strict physically justified explanation. Since the re-
covery process involves the formation of nucleation centers [17,18], it
can be assumed that an external magnetic field affects the spin state of
surface centers.

Fig. 5. a) TPR profiles the samples 15/Q and b) XRD for points A, B and C at 5 kOe.
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Fig. 8. TEM image and particle size distribution for 15/Q.

5. Conclusion

The use of the continuous measurement of magnetization method to
study topochemical processes made it possible to detect the influence of
an external magnetic field on the qualitative and quantitative features of
the TPR profiles. It turned out that the effect of the magnetic field de-
pends on the size of the magnet particles. The TPR profile for hematite
particles with an average size of 3 nm does not qualitatively depend on
the magnitude of the applied magnetic field. However, an increase in the

average size to 9 nm leads to both quantitative and qualitative changes
in the TPR profile. In relatively small fields, the hematite reduction
proceeds through the formation of wiistite. However, with an increase in
the magnetic field, a decrease in the role of the formation stage of
wiistite is observed. In the field of 3 kOe and more, the recovery pro-
ceeds almost bypassing the stage of formation of wiistite. At present, we
cannot provide a sufficiently reasonable explanation for the observed
effects. We hope that further studies of the magnetic field influence on
topochemical processes will shed light on the mechanism the magnetic
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