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Abstract

A method to prepare iron oxide material which has a higher surface area and nanosized particle was
developed. It was used as a catalyst for CO oxidation at low temperature. Iron oxide materials were
prepared by precipitation under constant pH value. The effects of preparation parameters, such as iron salt
(FeCls, Fe(NO3); and FeCl,), pH value (between 8 and 12), drying temperature (between 120°C and
300°C), and feeding rate of the aqueous solution of the iron salt, on the characteristics of iron oxide have
been investigated. The materials were characterized by N, sorption, powder X-ray diffraction (XRD),
transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). The surface area of
iron oxide was greater than 400 m?/g using FeCl; as the starting material with very low feeding rate of
10 ml/min, the pH value of 11, and drying at 120°C. The XRD patterns indicated that the iron oxide
samples heated at a temperature below 180°C was either amorphous or of a particle size too small (<4 nm)
for the samples prepared with FeCl;. Depending on the preparation conditions, the iron oxide samples
showed a phase transition from amorphous to various crystalline phases. Large amount of hydroxyl groups
were preserved if the drying temperature was below 200°C. TEM images showed that the particle diameters
were less than 4 nm for the samples prepared with FeCl; at pH value of 11 with a low feeding rate of 10 ml/
min, and heated below 200°C. XPS Fe 2ps, spectra showed the phase transition of iron oxide from Fe;O4
to FeO. The feeding rate of starting material and pH value during precipitation played the important roles
to obtain iron oxide with high surface area. The nanosized iron oxide demonstrated high activity for CO
oxidation even at ambient condition. The higher activity of Fe, O, nanoparticles in CO oxidation was
attributed to a small particle size, high surface area, high concentration of hydroxyl groups, and more
densely populated surface coordination unsaturated sites.

Introduction to the precious metals-based catalysts for carbon

monoxide oxidation. Nanophase transition metal

The oxidation of CO is one of the simplest reactions.
It covers a wide range of applications from gas
masks, rescue equipment, gas sensors, regenerative
CO, lasers, indoor air quality control to hydrogen
purification for polymer electrolyte fuel cells.
Transition metal oxides are less costly alternatives

oxides, with small particle size, high surface area,
and perhaps, more densely populated surface
coordination unsaturated sites, could potentially
improve catalytic activity over non-nano oxide
catalysts. Iron oxide has been reported to be a good
support for gold catalysts in CO oxidation at low
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temperature (Bond & Thompson, 1999; Kozlova
et al., 1999; Tabakova et al., 2000; Avgouropoulos
et al., 2002; Cameron et al., 2003; Haruta, 2004;
Wu et al., 2004). However, gold is very expensive.
Nanosized iron oxide itself has also been reported to
be a good catalyst for CO oxidation (Liet al., 2003)
and direct coal liquefaction (Feng et al., 1993;
Huffman et al., 1993; Zhao et al., 1993). However,
it was used at high temperature (> 250°C), instead
of room temperature. Li et al. (2003) reported the
higher activity of Fe,O3; nanoparticles over non-
nano Fe,O; powders for CO oxidation only at
temperature avove 210°C. It was attributed to a
small size (3 nm) and the presence of a hydroxylated
phase of iron oxide (FeOOH). However, iron oxide
nanoparticles are only active at 300°C. Kozlova
et al. (1998) used Fe(INO3); and Na,CO; to prepare
the iron oxide samples. Fe(NO3); was added drop-
wisely (8 ml/min) to an aqueous solution of
Na,COj3 under vigorous stirring. Final pH of the
mixture was ca. 9.1. The iron oxide was active for
CO oxidation only at temperature higher than
190°C. Neri et al. (1999) prepared iron oxide sam-
ples by addition of a solution of Fe(NOs); to an
aqueous solution of Na,CO; 1 M (pH 11.9) or
NaOH 1M (pH 14) under vigorous stirring
(500 rpm) at 7.5 ml/min rate and at temperature at
273 and 348 K. The highest surface area they got
was 195 m?/g. Venugopal and Scurrell used
Fe(NOs3); and NH4OH to prepare iron hydroxide.
The highest surface area they obtained was 54 m?/g.
The literature did not show any iron oxide which
was active at temperature below 200°C for CO
oxidation (Venugopal & Scurrell, 2004).

If the nanosized iron hydroxide is prepared,
providing large active surface area, and whole bulk
material is in hydroxide structure, i.e., large
amount of hydroxyl groups are present, instead of
only surface FeOOH species, this material will be
very active in CO oxidation. The aim of this
research was to develop a nanosized iron hydro-
xide catalyst which is active even at ambient con-
dition. A method to prepare iron oxide material
which has a higher surface area and nanosized
particle was developed in this study. It was test as
a catalyst for CO oxidation at ambient tempera-
ture. The material was prepared by precipitation
method. The effects of preparation parameters,
such as iron salt (FeClz, Fe(NO3); and FeCl,), pH
value (from 8 to 12), drying temperature (from
120°C to 300°C), and feeding rate of iron precur-

sor on the properties of iron oxide materials have
been investigated. The iron oxide was character-
ized by N, sorption, powder X-ray diffraction
(XRD), transmission electron microscopy (TEM)
and X-ray photoelectron spectroscopy (XPS). The
CO oxidation reaction was carried out in the
presence of moisture at room temperature.

Experimental
Chemical

Reagents used were analytical grade without fur-
ther pretreatment. Fe(NO;3);9H,0, FeCl,4H,0,
FeCl;:6H,O and NH4OH (Showa, Japan) were
used as the starting materials for preparation of
the Fe,O, support.

Catalyst preparation

Iron oxide was prepared by precipitation method.
In typical procedure, an aqueous solution of iron
salt (0.1 mol in 200 ml H,O) was added dropwisely
(10 ml/min) to an aqueous solution of NH4OH
(15%) under vigorous stirring. These two solutions
were slowly added to a container. The flow rates of
these two solutions were regulated to have constant
pH value in the mixed solution. Various flow rates
of the iron salt solution and various pH values in the
mixed solution were tested in this study. The pH of
the mixture was maintained at a fixed value in the
range between 7 and 12. After aging at room tem-
perature for 2 h, the brown precipitate was filtered
and washed several times with distilled water until
disappearance of chloride. The resulting iron
hydroxide was dried at various temperatures
between 110 and 300°C for 4 h. For the Fe,O,
materials, Fe,O,-A stands for the samples prepared
with Fe(NOs)s;, Fe,O,-B stands for the samples
prepared with FeCl,, and Fe,O,-C stands for the
samples prepared with FeCls.

Characterization

The catalysts were characterized by N,-sorption,
powder X-ray diffraction (XRD), transmission
electron microscopy (TEM) and X-ray photoelec-
tron spectroscopy (XPS).



N,-sorption

N,-sorption isotherms were measured at —197°C
using a Micromeritics ASAP 2010. Prior to the
experiments, the samples were dehydrated at
100°C until the vacuum pressure was below 5 um
Hg. The measurement of the surface areas of the
samples was achieved by Brunauerr-Emmett-
Teller (BET) method for relative pressures in the
range P/Py=0.05 — 0.2.

XRD

The XRD experiments were performed using a
Siemens D500 powder diffractometer. The XRD
patterns were collected using CuKo; radiation
(0.15405 nm) at a voltage and current of 40 kV
and 30 mA, respectively. The sample was scanned
over the range 20-80° 26 at a rate of 0.05°/min to
identify the crystalline structure. Sample for XRD
were prepared as thin layers on a sample holder.

TEM

The morphologies and particle sizes of the samples
were determined by TEM on a JEM-1200 EX II
operated at 160 kV. Initially, a small amount of
sample was put into the sample tube filled with a
95% ethanol solution. After agitating under
ultrasonic environment for 10 min, one drop of
the dispersed slurry was dipped onto a carbon
coated copper mesh (300#) (Ted Pella Inc., CA,
USA), and dried in an oven at 100°C for 1 h.
Images were recorded digitally with a Gatan slow
scan camera (GIF).

XPS

The XPS spectra were recorded with a Thermo VG
Scientific Sigma Prob spectrometer. The XPS
patterns were collected using AlKa radiation at a
voltage and current of 20 kV and 30 mA, respec-
tively. The base pressure in the analyzing chamber
was maintained on the order of 107 torr. The
spectrometer was operated 23.5 eV pass energy.
The binding energy of XPS were corrected by
contaminant carbon (C;;,= 285.0 ¢V) in order to
facilitate the comparisons of the values among the
catalysts and the standard compounds.

CO oxidation reaction
Catalytic activity was measured using a fixed bed

continuous-flow reactor. A sample was placed in a
pyrex glass tube, No treatment was applied before
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the measurements of catalytic activity. Catalyst
sample was loaded into the reactor. The reactant
gas (1 vol. % CO and 0.603 vol.% H,O in air) was
admitted with various flow rates through the
reactor. Moisture was added to the reactant gas by
using wet molecular sieves and a water bubbler.
The moisture concentration was monitored by
electric capacitance dew-point hygrometers. The
flow rates were controlled by mass flow control-
lers. The carbon monoxide concentrations were
monitored in the effluent gas while the reaction
temperature was increased linearly from ambient
to 160°C at the rate of 2°C /min. No treatment was
applied before the measurements of catalytic
activity. The temperature of catalyst bed was
measured by a thermocouple placed inside the
catalysts bed. Quantitative analysis of CO and
CO, was performed by a gas chromatography with
TCD using argon as the carrier gas. A CO ana-
lyzer (Industrial Scientific Corp., model T82) was
used to analyze the CO concentration in the
effluent down to 1 ppm.

The CO conversion was calculated based on the
CO consumption as follows:

[CO]i[nC;)[]F:O}out % 100
(1)

% of conversion of CO =

Results and discussion
Surface area

The samples all showed brown colored, free flow-
ing powder. The surface areas of the Fe,O,
materials prepared in this study are summarized in
Table 1. In this study, the effects of preparation
parameters, such as the precursor of iron, feeding
rate of aqueous solution of iron salt, pH value,
drying temperature, and drying time, on the
properties of Fe, O, materials have been investi-
gated. Table 1 shows that the surface areas of
these materials are in the wide range between 20
and 406 m?/g. The surface area increased from 20
to 406 m*/g upon using FeCl; as the starting
material. The results show clearly that only FeCls
allowed one to obtain the Fe, O, with high surface
area. The surface area decreased in the order of
Fe,O,-C > Fe,O,-A > Fe,O,-B. Besides, as the
drying time for the Fe, O, support was more than
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Table 1. Effect of preparation parameters on the surface areas of iron oxide

Iron salt pH Calcination temperature (°C) Calcination time (h) Surface area (m?/g)
Fe(NO3);3 8 250 12 41
Fe(NO;); 9 200 12 71
Fe(NO;)3 9 250 12 47
Fe(NO3);3 10 300 12 49
Fe(NOs); 10 190 4 30
FeCl, 9 110 1 20
FeCl, 9 150 4 20
FeCl, 9 180 4 22
FeCl, 9 190 4 21
FeCl, 10 110 1 24
FeCl, 10 110 8 25
FeCl, 10 130 4 20
FeCl, 10 150 4 21
FeCl, 10 180 4 25
FeCl, 10 180 4 34
FeCl, 10 110 1 49
FeCl, 11 110 4 89
FeCl, 11 110 8 90
FeCl, 9 120 12 326
FeCl; 9 180 4 312
FeCl; 10 120 12 333
FeCl; 10 180 4 276
FeCl, 11 120 12 406
FeCl; 11 180 4 336
FeCl, 12 120 12 365
FeCls 12 180 4 346

4 h, the surface area did not change with increas-
ing drying time, indicating that 4 h calcination
time is long enough.

The surface areas of the Fe,O,C materials
synthesized at various pH values and dried at
various temperatures are shown in Figure 1. The
maximum surface area was obtained at pH 11.
The surface area of Fe,O,-C decreased with an
increase of drying temperature. It demonstrates
that careful selection of pH value and drying
temperature are the key points to have high sur-
face area of Fe, O, materials. It also demonstrates
that the surface area of Fe,O,-C was greater than
400 m?/g with careful control the preparation
parameters. The Fe,O,-C obte})ined by precipita-
tion at pH 11 and dried at 120 C gave the largest
surface area (406 m” g™'). In our knowledge, this
is the highest surface area of iron oxide reported in
the literature. Kozlova et al. (1998) used Fe(NO3)3
and Na,COj to prepare the iron oxide samples.
Fe(NO;3); was added dropwise (8 ml/min) to an
aqueous solution of Na,COj; under vigorous stir-
ring. Final pH of the mixture was ca. 9.1. They

showed that specially prepared iron oxide pos-
sesses about 10 times larger surface area. However,
the highest surface area was only 195 m?/g. Neri
et al. (1998) reported iron oxide samples by addi-
tion of a solution of Fe(INO3); to an aqueous
solution of Na,CO3 1 M (pH 11.9) or NaOH 1 M
(pH 14) under vigorous stirring (500 rpm) at
7.5 ml/min rate and at temperature at 0 and 75°C.
The surface area was in the range of 1-195 m?/g.
Venugopal and Scurrell (2004) used Fe(NO3); and
NH4OH to prepare iron hydroxide. The highest
surface area they obtained was only 54 m?/g.

XRD

XRD of the Fe,0,-A

The XRD patterns of the Fe,O,-A synthesized at
various pH values and heated at 190°C are show in
Figure 2. The XRD patterns of the Fe,O,-A
samples exposed only wide, without any definite
XRD peaks, suggesting that the material was
either amorphous or of a particle size too small
(<40 nm). Li etal. (2003) reported that the
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Figure 1. The surface areas of the Fe,O,-C synthesized at various pH values and dried at (a) 120°C and (b) 180°C.

powder XRD patterns of Fe,O3 nanoparticle (2— XRD of the Fe,O,-B
5 nm) catalysts revealed only broad, indistinct The XRD patterns of the Fe,O,-B synthesized at
reflections, suggesting that the material was either pH value of 10 and dried at various temperatures
amorphous or of a particle size too small for this are shown in Figure 3. Diffraction peaks of crys-
method to resolve, in accordance with the results talline phase were compared with those of stan-
in this study. dard compounds reported in the JCPDS data file.
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Figure 2. Effect of pH value of synthesis mixture on the crystalline phase of Fe,O,-A (a) pH 7 and (b) pH 10. The Fe,O,-A
was prepared by precipitation method using NH4OH and Fe(NOs3); and dried at 190°C.
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Figure 3. Effect of drying temperature on the crystalline phase of Fe,O,-B (a) 110°C, (b) 130°C, and (c) 150°C. The Fe,O,-B
was prepared by precipitation method using NH4,OH and FeCl, and synthesized at pH 10.

According to this file, the XRD patterns in Fig-
ure 3 are similar to the prevailing crystallographic
phase of magnetite (FeFe,O,4). These patterns also
show that magnetite (FeFe,O;) — maghemite
(v-Fe,03) transition occurs at a temperature above
150°C because the intensities of the peaks

(26=30.335° and 43.4228°) increased with an
increase in the calcination temperature.

XRD patterns of the Fe,O, -C
The XRD patterns of the Fe,O,-C catalysts
synthesized at various pH values and heated at
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Figure 4. Effect of pH value on the crystalline phase of Fe,O,-C(a) pH 9, (b) pH 10, (c) pH 11 and (d) pH 12. The Fe,0,-C
was prepared by precipitation method using NH4OH and FeCl; and heated at 120°C.
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Figure 5. Effect of pH value on the crystalline phase of Fe,O,-C (a) pH 9, (b) pH 10, (c) pH 11 and (d) pH 12. The Fe,O,-C
was prepared by precipitation method using NH4OH and FeCl; and heated at 180°C.

various temperatures are shown in Figures 4, 5 and
6. Figure 4 shows that the samples dried at 120°C
presents a XRD pattern without distinct peaks,
indicating a completely amorphous structure.
Heating the Fe,O,-C sample at 180°C did not cause
any modifications in the XRD pattern as shown in
Fig. 5. Both Figures 4 and 5 appear amorphous

structures, due to their low heating temperature. On
the contrary, when the samples were heated at
300°C, the XRD patterns (Figure 6) started to show
multiple peaks with low intensities. The peak
intensities of the XRD peaks of the Fe,O,-C
samples were strongly dependent on the heating
temperature, the intensity increased with increasing

Intensity (Arb.Units)
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Figure 6. Effect of pH value on the crystalline phase of Fe,O,-C (a) pH 9, (b) pH 10, (c) pH 11 and (d) pH 12. The Fe,O,-C
was prepared by precipitation method using NH4OH and FeCl; and heated at 300°C.
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the heating temperature, as expected. Nevertheless,
the material was amorphous as long as the pre-
treatment temperature was less than 200°C.

The crystalline phases were different for the
Fe,0,-C samples treated with various heating
temperatures. According to the JCPDS data file,
Figure 6 shows that the Fe,O,-C heated at 300°C
gave the diffraction peaks of hematite (a-Fe,03).
This is in agreement with the results of Liaw et al.
(1989) who have reported that peaks of minor
intensity, related to crystalline hematite, were
found after the thermal treatment and attributed
to the transition goethite — hematite which is
known to occur at above 250°C. Neri et al. (1999)
also showed that hematite (a-Fe,O3) is the pre-
vailing crystallographic phase of Fe,Os, in accor-
dance with the results of this study.

XRD patterns of iron oxides prepared with various
precursors

For the iron oxide samples, the XRD analysis
showed the presence of different crystalline iron
oxide (hydroxides) phases. According to the above
results, one can conclude that Fe,O,-A and Fe,O,-
C showed amorphous pattern for low-temperature
treated samples (<200°C). It also demonstrated
that FeCl; is more preferable than FeCl, to have the
Fe,O, with high surface area and amorphous
structure. The Fe O,-C showed a surface area
(>300 m”> g~') with an amorphous structure (see
Table 2) by appropriate preparation conditions.

TEM

TEM of the Fe.O,-B

Figure 7 shows the particle size of the Fe,O,-B as
a function of pH value (9, 10 and 11) after heating
at 120°C. For the sample synthesized at pH 9, as
shown in Figure 7a, the particle size of Fe,O,-B

Table 2. Characteristics of the Fe,O,-C samples

was very large, having diameter of greater than
30 nm. Controlling the pH values at 10 during the
synthesis of Fe,O,-B samples gave a smaller par-
ticle size with a diameter of 10 nm as shown in
Figure 7b. These results demonstrate that the
material synthesized at pH 10 gave the smallest
particle size for the sample Fe,O,-B. The pH value
during precipitation plays an important role.

Figure 8 shows the particle size of the Fe,O,-B
samples synthesized at pH 9 and 10 and dried at
180°C, respectively. The feeding rates were varied
from 20 to 80 ml/min. From these photos, one can
see that the particle size of the Fe,O,-B sample is
strongly dependent on the feeding rate of the
starting materials. The particle size of the Fe,O,-B
decreased with decreasing the feeding rate of the
starting material. This is in agreement with the
results of Cunningham et al. (1998) who have
reported that to control the size distribution a
saturated solution of magnesium citrate was added
slowly to the aqueous dispersion over a period of
between 10 min to 1 h. The fast addition over 10-
min periods typically gives rise to larger final size
distributions upon calcinations. Kozlova et al.
(1998) and Neri et al. (1999) also used very low
feeding rates to prepare the nanosized iron oxide.
However, they did not report the effect of feeding
rate on the size of iron oxide.

The TEM images of the Fe.O,-C

The TEM images of the Fe,O,-C synthesized at
various pH values and feeding rates of the
starting materials and heated at various tem-
peratures are shown in Figures 9, 10 and 11.
Both Figures 9 and 11 show that the smaller
Fe O,-C particles with the size less than 5 nm
were prepared at a feeding rate of 10 ml/min.
The large Fe,O,-C particles (shown in Figure 10)
with the size between 20 and 35 nm were pre-

Sample Crystalline phase S.A. (m?/g)
Fe,O,-C synthesized at pH 9 and dried at 120°C Amorphous 326
Fe,Oy-C synthesized at pH 9 and dried at 180°C Amorphous 312
Fe,O,-C synthesized at pH 10 and dried at 120°C Amorphous 333
Fe,O,-C synthesized at pH 10 and dried at 180°C Amorphous 275
Fe,O,-C synthesized at pH 11 and dried at 120°C Amorphous 345
Fe,O,-C synthesized at pH 11 and dried at 180°C Amorphous 345
Fe,O,-C synthesized at pH 12 and dried at 120°C Amorphous 345
Fe,Oy-C synthesized at pH 12 and dried at 180°C Amorphous 345
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Figure 7. Effect of pH value on the TEM images of Fe,O,-B (a) pH 9, (b) pH 10, (c) pH 11. The Fe,O,-B was prepared by
precipitation method using NH4OH and FeCl, and heated at 120°C.

pared at a feeding rate of 30 ml/min. One can
conclude that the feeding rate of the aqueous
solution of the starting material is an important
factor to control particle size of iron oxide.
Under the same pH value and heating tempera-
ture, the particle size of Fe,O,-C decreased with

decreasing feeding rate of iron precursor. In
addition, the size distribution became narrower
upon decreasing the feeding rate. In order to
control the particle size and size distribution, the
solutions of the iron precursor should be fed
slowly to the aqueous medium.



258

50 nm

50 nm

Figure 8. Effect of pH value on the TEM images of Fe O,-
B (a) pH 9, (b) pH 10. The Fe,O,-B was prepared by pre-
cipitation method using NH,OH and FeCl, and heated at
180°C.

The Fe,O,-C materials showed a particle size of
less than 5 nm, in accordance with an amorphous
structure and high surface areas (see Table 3). One
can conclude that the materials prepared with FeCls,

»
.
Figure 9. Effect of drying temperature on the TEM images
of the Fe,O,-C samples, (a) 120°C, (b) 180°C. The Fe,O,-C
was prepared by precipitation method using NH,OH and
FeCl; and at pH 10.
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Figure 10. The TEM images of FexOy-C dried at 180°C.
The Fe,O, was prepared by precipitation method using
FeCly and synthesized at pH 10.

low feeding rate, pH 11, and low heating tempera-
ture (<200°C) gave a high surface area, small par-
ticle size and amorphous structure of iron oxides.

- <d.am =
Figure 11. Effect of drying temperature of Fe,O,-C sam-
ples on the TEM images, (a) 120°C, and (b) 180°C. The

Fe,O,-C was prepared by precipitation method using
NH4OH and FeCl; and synthesized at pH 11.
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Table 3. Characteristics of the Fe,O,-C samples

Sample  pH in the synthesis mixture Drying temperature (°C) Surface area (m?/g) crystalline phase particle diameter
Fe,O,-C 10 120 333 Amorphous <4 nm
Fe,O-C 10 180 275 Amorphous <4 nm
Fe,O,-C 11 120 406 Amorphous <4 nm
Fe,O,-C 11 180 336 Amorphous <4 nm
XPS samples prepared at pH of 9, 10, 11 and 12,

XPS was employed to obtain information of the
surface state of iron oxide. XPS Fe 2p spectra of
the Fe,O,-C sample heated at 120°C and synthe-
sized at various pH values are given in Figure 12.
The binding energies of Fe 2p is tabulated in
Table 4. The binding energies were calibrated
taking, as a reference, the adventitious C Is peak
at 285.0 eV. Table 4 shows the decreasing binding
energy (BE) of Fe 2p,,, with increasing pH value
of the synthesis mixture. The Fe,O,-C synthesized
at pH value of 8 had a higher BE of Fe 2psp
(711.2 V) than the other Fe,O,-C samples
(710 eV) synthesized at pH of 9, 10, 11 and 12,
respectively. According to the standard XPS
binding energy (eV) of Fe 2ps,, the Fe 2p;, and
satellite peaks for Fe,O,-C (pH 8) were observed
at 711.4 and 719.6 eV, which are close to those for
Fe;04. The XPS spectra (Figure 12) of the Fe, O,

XPS Intensity / arb. units

760 740 720 700 680
Binding Energy (eV)

Figure 12. Effect of pH value on the XPS Fe 2p spectra of
Fe,O,-C (a) pH 8, (b) pH 9, (c) pH 10, (d) pH 11, (e)
pH 12. The Fe,O, was prepared by precipitation method
using NH4OH and FeCl;-C and dried at 120°C.

respectively, showed the Fe 2p;, peaks around
710 eV. A shake-satellite peak is between 717 and
719 ¢V for all samples. According to the standard
XPS binding energy of Fe 2ps», XPS Fe 2psp
spectra showed the phase transition of iron from
Fe;O4 to FeO with increasing pH. The Fe 2ps;,
peaks, therefore, corresponds probably to two
kinds of iron oxide species, which can be corre-
lated with small particles as observed in TEM
images. Horvath et al. (2000) reported that the
binding energy of Fe 2p appeared between 710.8
and 710.5 eV, which shows the presence of Fe,O3
and/or FeO(OH) species. Kozlova et al. (1998)
reported that the shift of the XPS Fe 2ps, peak for
Fe(OH); sample to 710.8 eV, which is an indica-
tion of the formation of mixed-valence oxide
Fe;0,4 Various researchers also reached the same
conclusions (Brundle et al., 1977; Kuivila et al.,
1988; Epling et al., 1996).

CO oxidation on Fe,O,Catalysts

The catalytic activities of the Fe O, samples for
CO oxidation are shown in Figure 13. The reac-
tant gas was 0.25 vol.% CO and 6031 ppm mois-
ture in air. The carbon monoxide concentrations
were monitored in the effluent gas while the reac-
tion temperature was increased linearly from
ambient to 160°C at the rate of 2°C/min.

Generally, the CO oxidation over metal oxides
can be broken down into two steps:

MO + CO =M +CO, (2)

1
M +30,= MO (3)

where M is the metal.

The catalytic CO oxidation is exothermic. Li
et al. (2003) reported that the first step of the
catalytic reaction is for MO to lose one oxygen
atom to carbon monoxide to form carbon dioxide.
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Table 4. Effect of pH in the synthesis mixture on the XPS Fe 2p spectra of Fe,O,-C

Sample XPS

2p12(eV) 2p3)2(eV)
Fe,Oy-C synthesized at pH 8 and dried at 120°C 725.3 711.2
Fe,Oy-C synthesized at pH 9 amd dried at 120°C 724.5 710.3
Fe,O,-C synthesized at pH 10 and dried at 120°C 724.0 710.1
Fe,Oy-C synthesized at pH 11 and dried at 120°C 724.5 710.4
Fe,O,-C synthesized at pH 12 and dried at 120°C 723.3 709.9

The Fe,O,-C was prepared by precipitation method using NH,OH and FeCl;

The tendency of MO to lose one oxygen atom to
carbon monoxide should be an important factor in
determining how good a catalyst MO is.

The effectiveness of Fe, O, power as a catalyst
for CO oxidation is obvious, as shown in Fig-
ure 13, the conversion of CO as a function of
reaction temperature for Fe,O,-C with a surface
area of 406 m?/g, exposed to the 0.25 vol.% CO
and 0.603 vol.% H,O in air. The space-velocity
was 30,106 km/h. In the case of Fe,O,-C (surface
area = 406 m?/g), with a steady rise in reaction
temperature, it was observed that 37% conversion
of CO was obtained at room temperature and 60%
conversion was obtained at 100°C. This catalyst
was very active compared to the data reported by
Li et al. (2003). It appeared plausible to suggest
that the Fe,O,-C provided high carbon monoxide

conversion efficiency. It is to be noted that the iron
oxide sample in this study had good catalytic
activity at ambient condition for CO oxidation.
This property is important in many useful appli-
cations. The previous liertaure have shown that
iron oxide was only active at temperature above
180°C.

Li et al. (2003) reported the effectiveness of
NANOCAT® over the non-nano Fe,O3; powder
as a catalyst for CO oxidation. An amount of
50 mg of the NANOCAT® can catalyze oxidation
of almost 100% of the carbon monoxide to carbon
dioxide at 350°C in an inlet gas mixture of 3.44%
carbon monoxide and 20.6% oxygen at 1000 ml/
min. Under identical conditions, the same amount
of the a-Fe,O; powder with a particle size of 5 m,
can only catalyze oxidation of less than 5% of the
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Figure 13. CO conversion on Fe,O,-C compared with the literature data.ion method using NH4OH and Fe(NO3); and heated

at 190°C.
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carbon monoxide to carbon dioxide. It should be
noted that CO was not converted at room tem-
perature in their study (Li et al. 2003). However,
the space velocity they used was greater than that
in this study. In a parallel study, we have tested
our catalyst at the same space velocity as Li et al.
(2003), 15% CO conversion was obtained. In the
literature, no one has reported the iron oxide cat-
alyst which had CO conversion at room tempera-
ture. Li et al. (2003) reported the higher activity of
Fe,O; nanoparticles over non-nano Fe>O;
powders for CO oxidation only at temperature
above 210°C. It was attributed to a small size
(3 nm) and the presence of an hydroxylated phase
of iron oxide (FeOOH). However, iron oxide
nanoparticles are only active at 210°C. Kozlova
et al. (1998) used Fe(NO;3); and Na,CO;5 to pre-
pare the iron oxide samples. The iron oxide was
active for CO oxidation only at temperature higher
than 190°C. The high activity of Fe,O, nanopar-
ticles prepared in this study was attributed to a
small particle size, high surface area, more
hydroxyl groups, and more densely populated
surface coordination unsaturated sites.

Conclusion

In this study, we present a method to prepare iron
oxide material which has a higher surface area and
nanosized particle. It was used as a catalyst for CO
oxidation at low temperature. The preparation
conditions had significant effect on the character-
istics of Fe,O,. The iron oxide prepared by the
precipitation at pH 11 using FeCl; with low feed-
ing rate (10 ml/min), followed by washing 20 times
at least with distilled water until disappearance of
chloride, then dried in a flow of air at a tempera-
ture below 180°C gave the smallest particle size
and the highest surface area (>400 m?/g), small
and uniform particle size (3 nm) and amorphous
structure of iron oxide. However, large amount of
hydroxyl groups were preserved if the drying
temperature was below 200°C The XRD patterns
of the iron oxide samples prepared with FeCls,
heated at a temperature below 180°C appeared
only wide, without any definite XRD peaks, sug-
gesting that the material was either amorphous or
of a particle size too small (<4 nm) to be detected.
The broad peak appeared XRD patterns of the
iron oxide samples prepared by different condi-

tions showed the phase transition of the iron oxide
samples from amorphous to various crystalline
phases were depending on the preparation condi-
tions. The XPS Fe 2p;, spectra showed the Fe;04
and FeO mixed oxide phases. The catalysts were
test in the conditions with the reactant gas of 0.25
vol. % CO and 0.603 vol. % H,O in air, space-
velocity of 30,106 km/h and the pretreatment
temperature of 180°C. For the Fe, O, sample with
surface area of 406 m?/g, 37% conversion of CO
was obtained at room temperature. The higher
activity of Fe,O, nanoparticles developed in this
study was attributed to a small particle size, high
surface area, more hydroxyl groups, and more
densely populated surface coordination unsatu-
rated sites.
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