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Abstract— Reduction of iron oxide is one of the most studied topics owing to the importance of iron/steel industry and also has been
used as a precursor and active component in a number of important chemical processes. The interaction between iron oxide and other
metal additive have gained interest in the past two decades due to the ability on enhancing the reduction performance of the iron
oxide. Therefore, this study was undertaken to investigate the influence of cerium on the reduction behaviours of iron oxide by (10%,
v/v) carbon monoxide in nitrogen. The cerium doped (Ce-Fe2:03) and non-doped iron oxide reduction behaviour and the kinetic
studies have been studied by temperature programmed reduction (TPR) and the phases formed of partially and completely reduced
samples were characterized by X-ray diffraction spectroscopy (XRD) while the activation energy values were calculated from
Arrhenius equation using Wimmer’s method. TPR results indicate that the reduction of doped and undoped iron oxide proceeds in
three steps reduction (Fe2Oz — Fe3Os — FeO — Fe), while doped iron oxide showed a large shifted towards lower temperature
especially in the transition steps of FeO — Fe. Furthermore, TPR results also suggested that by adding Ce metal into iron oxide the
reduction of metal iron completed at lower temperature (700 °C) compared to non-doped iron oxide (900 °C). Meanwhile, XRD
analysis indicated that doped iron oxide composed of Fe2O3 and a small amount of FeCe20a4. The increase in the rates of iron oxide
reduction may relate to the presence of cerium species in the formed of FeCe20O4 and was confirmed by the decrease in the activation
energy regarding to all transition phases (Fe203 — Fe3Os — FeO — Fe) during the reduction process.
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I. INTRODUCTION (Fe203—Fe) [2][4]]5]. The mechanism of the reaction for

Iron oxide was chosen as a potential material in the reduction of iron oxide depends on reduction temperature is
catalysis field as a regard to their easy handling, low cost, as follows [4]: .
non-toxic, endure physical stress and thermal cycling and Fe:03—Fes0s—Fe for T<450°C .
environmentally benign [1][2]. Some of the major Fe;05—Fes04—Fe,O + Fe—Fe  for 450 C<T<570°C
applications of iron metal as an active component for many Fe:0s—Fes0s—>FeO—Fe for T>570°C
catalytic reactions, including hydrogen storage by a redox In this work, the non-isothermal temperature programmed
process, removal of hydrogen sulphide from reducing gas reduction was used to observe the reduction performance
mixtures, ammonia synthesis and Fischere Tropsch synthesis and intrinsic kinetics of doped and undoped iron oxide
[3]. As a result, reduction properties and the degree of iron reduction by carbon monoxide. Reduction by carbon
oxide reduction were greatly important in the field of monoxide gfenerally involves a two-step reduction, which
catalysis. The reduction process of Fe;Os is somehow a can be described as follows:
complicated process and include different mechanisms that N
rely on several factors such as concentration of reducing gas, 3Fez03 + CO — 2Fes04 + COz, AH=-47.2 kimol™ (1)
the temperature used and additives to the Fe,Os. The N
reduction process of the Fe,Os could adopt a two-step Fes04 +4CO — Fe +4CO, AH=-13.6 kimol (2

mechanism (Fe,Os;—Fe30s—Fe), a three-step mechanism
(Fe203—Fe304—FeO—Fe) and also direct formation to Fe
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Besides, a three-step reduction is additional of another two
subsequent steps of the final process of Fes3Os directly
reduced to metallic iron (equation 2) as described below:

FesOs+ CO — 3FeO +CO;  AH=19.4kimol'  (3)

FeO + CO— Fe + CO; AH=-11.5 kJmol* (4)

Briefly, equations (1) and (2) are responsible for the two-
step reduction and whereas a sequence of equations (1), (3)
and (4) represents the three-step reduction. Furthermore, the
thermodynamic calculations based on the Gibbs free energy
change due to reaction and the equilibrium composition of
the oxides for the equations above indicate that equations (1),
(3) and (4) are spontaneous with AG between -102.3 to
+9.61 kJmol* at temperature 300 °C to 900 °C. While, the
reduction process for equation (2) is thermodynamically
more favourable at rather lower temperatures (below 500 °C,
AG<+20).

Currently, cerium oxide and CeO»-based materials are
described to have the capability to enhance the redox
properties of the transitional metals by improving the noble
metal dispersion, improve the activity of CO oxidation and
water—gas shift reaction, and possess the oxygen storage and
releasing properties [6][7]. Hence, the used of cerium oxide
has been studied widely as structural and electronic
promoters for catalyst and sorbents used for catalysts or
sorbents. The used of ceria (CeO;) as a promoter and an
oxidation catalyst is related to its unique redox properties
with high oxygen storage capacity and good at stabilizing
metal dispersion [8].

To enhance the reduction performance of iron oxide the
addition of other metal additives was considered. In this
study, we report the preferable effects of the addition of
cerium species into iron oxide catalysts. The temperature
programmed reduction (TPR) was performed to explore the
isothermal reduction behaviour of Ce doped iron oxide by
comparing it to none doped species. Moreover, the kinetics
were also carried out using different heating rate.

Il. EXPERIMENTAL

A. Materials

Iron (I1I) oxide with 99% purity was purchased from
Sigma Aldrich and ammonium cerium (V) nitrate (99%)
was obtained from Merck. Gas mixture CO/N; (10% CO)
was obtained from MOX.

B. Catalyst Preparation

Ce as an additive to iron oxide was prepared by
impregnating Fe,Os with cerium cation (3 mol %) in
aqueous solution. Fe;O3 in 50 mL of distilled water with
corresponding metal cation was added and stirred vigorously
at room temperature for about 2 hours. The impregnated
sample was then dried at 120 °C overnight and calcined for 3
hours at temperature 600 °C. The Fe,O3 sample with cerium

and without are denoted as Ce-Fe,O3 and Fe,Os, respectively.

C. Characterization

Micromeritic Autochem 2920 Chemisorption Analyzer
apparatus was used to measure the temperature programmed
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reduction (TPR). The reducing gas (10% CO) in N, was fed
at a flow rate of 20 mL min* (STP). The 50 mg of samples
were then heated up to 900 °C, at a rate of 10 °C min™. For
the kinetic study, various heating rates (10, 13, 15 °C min)
were applied to the samples. The carbon monoxide
consumption was monitored using a thermal conductivity
detector (TCD). For the characterization of the reduced iron
oxide, X-ray diffraction (XRD) Bruker AXS D8 Advance
type with an X-ray radiation source of Cu Ka (40 kV, 40
mA) was used to record the 20 diffraction angle from 10-80
degree at wavelength (A = 0.154 nm) to detect the lattice of
the structures. The crystalline phase of the samples obtained
were matched with standard diffraction (JCPDS) files.

111, RESULTS AND DISCUSSION

A. Catalyst Characterization by TPR

Fig. 1 shows the TPR profiles of prepared Ce-Fe;O3 and
non-doped Fe;Os in isothermal reduction under 10% CO in
nitrogen. The TPR profile of Fe,03; and Ce-Fe,Os3 signified 3
reduction events (represented I, Il and I11). Event | is owing
to peak displayed at lower temperature showing the
reduction of Fe;O3 — Fe30a, while event 1l and event 111 are
subsequent to reduction steps of FesOs — FeO and FeO —
metallic Fe, respectively.

TCD Signal (a.u.)
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] T=807°C
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Fig. 1 TPR profile of Fe20s and Ce-Fe203

From the results, three reduction events of Fe,Oz were
represented by three peaks around 361 °C (I), 509 °C (II)
and 807 °C (Il1), showing a stepwise of Fe;Os to Fe through
Fes04 and FeO as an intermediate. While referring to the
TPR pattern of Ce-Fe;Os, it should be noted that there were
shifted for all events toward the low temperature region as
compared to Fe;Os. The temperature for the peak obtained
for event | was 351 °C and for further higher temperature,
peaks for event 11 and 11 were found to be overlapping with
one another with event 1l was observed as a shoulder at
temperature 528 °C and event Il give peak at 589 °C. This
also in agreement with studies by Khan & Smirniotis [9] as
promoting iron oxide with ceria (CeOz) reduction in
hydrogen atmosphere give the reduction peaks of event Il
and 11 shifted to lower temperature.

Moreover, the reduction process of Ce-Fe2O3; shows that
the event 111 which the formation of Fe has accomplished at
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700 °C which display a temperature lower than non-doped
Fe,0O3 (900 °C) as it has been confirmed by XRD analysis.
Better reducibility of Fe-Os after introduction of Ce was also
in agreement with Zhu et al. (2013) as Ce doping heightened
the reducibility of lattice oxygen of Fe species [10]. The
residual obtained after each of the selected reduction
temperature will confirm the phase formation by recording
the XRD patterns.

B. Catalyst Characterization by XRD

Fig.2 depicts the XRD diffractogram of prepared Ce-
Fe,O3 and fresh Fe O3 before and after reduction with carbon
monoxide. For single oxide, the pure iron oxide correlates
with Fe;O3 phase (hematite, JCPDS 74-6271). From XRD
pattern shown in Fig. 2, the 260 Fe,O3 main peaks reveal the
presence of contribution at about 24.2, 33.2, 35.7, 40.9, 49.5,
53.5,57.2,62.4, 64.2, 72.4 and 75.7. With the addition of Ce
the peaks described above have slightly shifted toward the
higher angles. This phenomenon is mainly because the
lattice constant has changed with the interference of Ce
element present. This can be attributed to the small atom
radius of Fe (0.126 nm) compared to the atomic radius of Ce
(0.181 nm) giving the lattice parameters and lattice spacing
changed. The crystallinity of Ce loaded Fe,O3was improved
as shown by the diffraction peaks of fresh prepared Ce-
Fe;0s. Furthermore, a mix phase corresponding FeCe;O4
was also observed.
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Fig. 2 XRD pattern of (a) fresh Fe203 calcined at 600 °C, (b) Ce-
Fe20s calcined at 600 °C, (c) Fe2Os after reduction by CO at
700 °C and (b) Ce-Fe20s after reduction by CO at 200 °C. ( j
Fe20s3, () Fes0s,40) FeO, () metallig Fe and () FeCe204

To further explore the role of Ce towards the reduction
behaviour of Fe,Os, the samples were collected and XRD
patterns were measured. The collected samples were chosen
in accordance to the TPR pattern of Ce-Fe,O3is expected to
be completely reduced to metallic Fe at a temperature of
700 °C. For the comparison, Fe,O3 was also collected at
700 °C and XRD patterns were also measured. Ce as a
doped to Fe,Oz; could enhance the low-temperature
reducibility of Fe,Osz as confirmed by the XRD patterns,
which Ce-Fe;O3 gives only metallic Fe diffraction peak,
while Fe,Os still consist of the remaining unreduced Fe304
and FeO at temperature of 700 °C.
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C. Activation energy (Ea)

According to Wimmers’s method [11], the activation
energy can be calculated from TPR data by using equation
(5) below:

In (¥/Trmax) = -Ea/RTmax + In (AR/EQ) + C (5)

The activation energy is achieved from the shift of rate
maximum temperature (Tmax) against the heating rate (V). If
a straight line graph is obtained from the plot of In (¥/Tmax)
versus 1/ (Tmax), the slop is Ea/R which R is the gas constant.
TPR measurements with heating rate of 10 °C/min,
13 °C/min and 15 °C/min were carried out to evaluate the
activation energy. The results showed that by increasing the
heating rate, the maximal temperature shifted to a higher
temperature as shown in Fig. 3.

15°C/min

15 °C/min

; o
13 °C/min 13 °C/min

TCD Signal (a.u.)
TCD Signal (a.u.)

10 °C/min

10 °C/min

150 350 550 750 150 350 550 750

Temperature (°C) Temperature (°C)

Fig. 3 TPR profiles of (a) Fe20z reduction by carbon monoxide
with heating ramp of 10 °C/min, 13 °C/min and 15 °C/min and (b)
Ce-Fe20s3 reduction by carbon monoxide with heating ramp of
10 °C/min, 13 °C/min and 15 °C/min

To briefly describe the process, we considered that during
the TPR analysis, three steps involve when the doped and
undoped iron oxides were reduced by carbon monoxide. The
process was described in equation (6) below with the rate
constant of k1, k2 and k3,

k1 k2 k3
Fe,0O3 — Fes04 — FeO — Fe (6)

The Ea of Fe:O; and Ce-Fe;Os by referring to their
transition phase was shown in Table I. The results suggest
that by adding Ce metal into iron oxide will lower the
reduction temperature owing to the decrease of the E, value
by 3.32% to 10.96%. This also in agreement with previous
work by Ryu et al. [12] and Shafazila et al. [13], they use Ru
as a metal additive to lower the reduction temperature of
iron oxide in H, and CO atmosphere, respectively.

Furthermore, in Table 1, it has been seen that the
activation energy for reduction steps of Fe;O3 — FesOs is
higher compared to the two subsequent reduction steps
FesOs — FeO — Fe. The values were unpredicted but
somehow the pattern is almost similar to the activation
energy obtained by Munteanu et al. [14] for reduction of
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fresh a-Fe,O3 by 10% hydrogen in argon with the reduction
steps of Fe;03 — Fe30,4 give 139.2 kJ mol? and Fes04 —
FeO and FeO — Fe were 77.3 and 85.7 kJ mol?,
respectively [14].

TABLE |
THE E OF FE,O3 AND CE-FE,O; ACCORDING TO THE TRANSITION
PHASE
Sample Fe,0; — Fes0, | Fe;0,— FeO FeO— Fe
E.' (kJ mol?) E." (kJ mol?) E."' (kJ mol?)
Ce-Fe;04 136.5 81.4 89.3
Fe,0; 141.2 825 100.3

IV.CONCLUSIONS

The kinetics and reduction behaviour of Cerium doped
iron oxides and undoped iron oxide were investigated and
compared using temperature programmed reduction (TPR)
techniqgue and characterized by X-ray diffraction
spectroscopy (XRD) leads to the following conclusions:

e Cerium doped iron oxides have shown the
enhancement on the reduction activity as confirmed
by the XRD patterns which only metallic Fe peak
was observed at the reduction temperature of 700
°C.

o  Well dispersed of the Ce, present of a trace amount
of FeCe;O4 and the decrease of the activation
energy concerning to all transition phases (Fe.O3; —
Fes04 — FeO — Fe) were the factors contributing
to low reduction temperature of Ce-Fe;O3 compared
to undoped one.
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