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ABSTRACT

Activated red mud (ARM) samples were tested for carbon monoxide (CO) oxidation in the temperature
range of 100-500°C. Conversion of >90% was obtained for temperatures above 400°C for all samples.
In order to study the effect of hydroxylated phases of iron oxide in red mud on the removal of CO, ‘as-
received’ red mud (RM) and acid digested and re-precipitated red mud (TRM) were also tested under
similar conditions. It was found that TRM was more effective in removal of CO with the 50% conversion
temperature (T50) 80°C lower than the ARM samples. The samples before and after reaction were char-
acterized by inductively coupled plasma-optical emission spectroscopy (ICP-OES), BET N, adsorption,
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), electron microscopy (SEM and
TEM) and temperature programmed reduction (TPR). It was observed that TRM had iron in an amorphous
form which then converted to iron oxide after heating. The higher activity of TRM was due to its higher
surface area and presence of hydroxylated phase of iron oxide.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

CO is a highly toxic gas and its removal from the exhaust
gases is essential. Catalytic oxidation is a commonly used method
for CO removal. Precious metals (e.g., Au, Pt and Pd) have been
found to be quite effective for this purpose [1-3]. However their
price, low stability against poisons like Cl~ and availability is a
limiting factor. Transition metals and metal oxides on various sup-
ports like TiO,, Al,03, ZnO, Co304, MnO,, MgO, Fe,03, Zr,03 are
also quite well known for CO oxidation [4-7]. They are cheaper
and readily available; however they are less active than the pre-
cious metals. The activity and stability of the metal oxides can be
increased by dispersing them on a catalyst support [8]. The ease
with which a metal oxide (MO) loses its oxygen atom, affects its
catalytic activity towards carbon monoxide oxidation to a large
extent. The CO oxidation activity for different metal oxides as
reported by Shelef et al. [9] was in the following order: Co304,
CuCry04 > Cuy0>Fe;03 > MnO > NiO > Cry03 >V,0s5.

Iron oxide is one of the readily available catalysts for CO oxida-
tion. It shows dual function as a catalyst, in being able to carry out
oxidation both in the presence and absence of oxygen. In absence
of oxygen it can lose the oxygen bound to its lattice thereby caus-
ing direct oxidation and simultaneous reduction of iron oxide. The
reduced forms of iron oxide and iron catalyze the disproportiona-
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tion reaction of carbon monoxide leading to the formation of C and
CO, [10].

Mondal et al. [11] found that the temperature range of
725-900°C is favorable for the oxidation of CO to CO, over iron
oxide in the absence of oxygen. Imai et al. [12] synthesized a-Fe; 03
(hematite) by dehydration of goethite at 330°C, without sinter-
ing agents and with low amounts of phosphorous and silica. They
observed 99% CO conversion at 300 °C in absence of oxygen.

Red mud, an aluminum industry waste, contains a mixture of
many metal oxides, 30-60% of which constitutes Fe;O3; in addition,
other constituents like TiO,, Al; 03, SiO, and traces of V,05 are also
present [13,14]. It possesses high surface area, sintering resistance,
resistance to poisoning and is available at practically no cost. Given
the high volume of red mud generation, many management options
and utilization options have been examined which are summarized
in recent reviews [15,16]. Few studies have been carried out for
using red mud as catalyst for decomposition of methane [17,18],
methane combustion [19], VOC (volatile organic compounds) oxi-
dation [20], sulphur dioxide reduction [21], nitric oxide reduction
[22], etc.

In the present study, as-received red mud and modified red mud
have been investigated for the removal of CO. Studies such as Lin
et al. [23] and Li et al.,[10] have investigated the removal of CO
on iron oxide and have reported that the presence of hydroxylated
group of iron oxide leads to a higher activity. Lin et al. [23] used iron
oxide prepared from precipitation method using different solutions
of aqueous iron salts while Li et al. [10] used a commercial free
flowing power NANOCAT® from Mach, FeOOH and a-Fe,0s. Since
iron oxide is the main catalytic component in red mud and since
in activated red mud (ARM) all or most of the iron is expected to
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Fig. 1. (a) XRD pattern of ARM: 1, hematite (Fe,03); 2, quartz (SiO,); 3, anatase (TiO;). (b) XRD pattern of acid treated red mud: 1, gibbsite (Al(OH);); 2, quartz (SiO,); 3,
anatase (TiO;); 4, boehmite (AIO(OH)); 5, titania (TiO,); 6, bayerite (Al(OH)3); 7, aluminum silicate (Al,Si,O;).

be present in the oxide form, we attempted to see the effect of
presence of hydroxylated phases in the as-received (RM) and acid
treated red mud (TRM) for CO removal and compared it to ARM. The
results obtained for red mud samples here were compared with the
results obtained for commercial iron oxide.

2. Experimental
2.1. Materials

Red mud (RM) samples were collected from aluminum plants
located at different sites in India. RM4 and RM7 were collected from
a site in Tamil Nadu with a separation of two years while RM6
tailings were collected from a site in Jharkhand. The samples were
dried, ground and sieved to a size of <150 wm. These samples were
then characterized using various techniques. The reaction studies
were carried out without any pretreatments.

For red mud activation, 10 g of dried and sieved red mud was
taken and 190 ml distilled water was added to it. After stirring for

5min on a magnetic stirrer, 20ml of 37% HCI (Fluka) was added.
The sample was kept for digestion at 80°C till the time only white
residue most likely from undissolved silica and titania was left at
the bottom of the digester. The digested sample was then precip-
itated by adding aqueous ammonia drop-wise and simultaneous
stirring till a pH of 8 was reached. The resulting precipitate was cen-
trifuged and washed with warm distilled water to remove residual
chlorine. The removal of CI~ was confirmed by the AgNOs test. A
small amount of Cl~ ion was detected even after several washings.
The separated precipitate was kept for drying at 110°C in the oven
for 12h and was later calcined in static air at 500°C for 2h in a
muffle furnace. The prepared samples were termed as ARM.

In case of simple acid treatment the procedure was identical to
the activation method up to the digestion and precipitation of the
sample. From this point the treatment of the sample was different.
The precipitate after washing was dried at 120°C for 24 h in order
to preserve the FeOOH group. The prepared samples were termed
as TRM.

Commercial Fe; O3 was purchased from Qualigens (purity 90%),
India and was used without further treatment.
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Fig. 2. SEM image for (a) RM7 1000x magnification, (b) ARM7 6000 x magnification
and (c) TRM7 6000 x magnification (inset picture shows enlarged view of a portion
of the image).

2.2. Catalyst characterization

The composition of as-received RM was analyzed using ICP-OES.
ICP-OES was performed using a Varian ICP Vista MPX model ICPAES
radial. Samples were investigated as known masses of fine powders
dissolved in mixed acids. Any insoluble portions were given fusion
treatment with suitable fluxes and the melt from the fusion treat-
ment was dissolved in dilute acid and mixed with main solution
for analysis. Simultaneous analysis against known standards was
performed.

BET surface area and total pore volume was measured with
SMART Instrument model 92/93 using N, adsorption at liquid nitro-
gen temperature (—196°C).

The phases present in the samples were determined by X-ray
diffraction on X'Pert MPD diffractometer with monochromatic Cu
Ka radiations (45 kV, 40 mA). The diffraction angle was swept from
5°t080° with astep size 0of 0.02° and step time of 1.0 s. Identification
of phases was accomplished by comparison with internationally
recognized JCPDS reference patterns.

SEM analysis was conducted on Leo 1430 VP. For preparation of
the specimens a small amount of red mud was placed on a two-
sided sticky tape resting on an aluminum holder and observed at
different magnifications. TEM analysis was done using JEOL, JEM
2100.

The FTIR analysis was done on Spectrum GX from PerkinElmer.
The sample pellets were prepared using KBr crystals. The spectra
were recorded in the range of 400-4000 cm~! with an instrument
resolution of 4cm~1.

The TPR measurements were carried out on Micromeritics
instrument, ChemiSoft TPx V1.02. Prior to the TPR, 100 mg of sam-
ple was pretreated at 185°C in high purity helium gas at the rate
of 25mlmin~! for 1h. The sample was cooled to room temper-
ature before reducing the sample with 5% H,/Ar at the rate of
25mlmin~!. The TPR was carried out from room temperature to
800°C at the rate of 10°Cmin~1.

2.3. Reaction studies

The catalytic activity of the samples was determined in an elec-
trically heated quartz tube-fixed bed reactor having an internal
diameter of 1.8 cm. The catalyst was placed centrally in the reac-
tor supported between quartz wool plug and a porous quartz disc.
The temperatures were measured at two points, one just outside
the reactor and the second directly in the catalyst bed. A K-type
thermocouple was employed for the purpose.

A feed gas mixture of 1% CO, 6% O, and balance N, was used
for the analysis. A flow rate of 50mlmin~! was employed giving
a GHSV of 6000h~!. The product gas mixture was analyzed in a
Nucon 5700 GC fitted with an FID with methanizer and carbosphere
column of 30 m length and 0.32 mm O.D.

CO oxidation was performed while heating the reactor in tem-
perature ramp from 100 to 500°C at 30°Cmin~!. The conversion
was recorded as a function of temperature. The conversion was
calculated as follows:

CO conversion [%] = {(C"C—_C)} x 100

o
where C, =CO concentration in inlet gas C=CO concentration in
outlet gas.

The samples of the outlet gas were taken and analyzed every
10 min. Background experiments were performed using an empty
reactor tube containing quartz wool plug only. It was observed
that below 600°C there was negligible contribution of the reac-
tor/temperature on CO oxidation.

3. Results and discussions
3.1. Materials characterization

The compositions of the various as-received RM samples have
been reported [17]. Fe;03 is the major constituent in all red
mud samples along with SiO,, Al,03 and TiO,. Fe,03 content in
the range 36-42 wt% was obtained in the as-received red mud.
Activation increased the content by 20-30%. Oxides of sodium and
calcium are also present in small amounts. RM7 has the highest
amount of Na,O while RM6 has the highest amount of TiO,. The



S. Sushil, V.S. Batra / Journal of Hazardous Materials 203-204 (2012) 264-273 267

Table 1 ( a)
Surface area of pre-reaction samples.

S. no. Sample code Pre reaction surface area (m2g-1)

1 RM4 12.37

2 RM6 10.12

3 RM7 11.55

4 Fe; 03 5.97

5 TRM4 64.51

6 TRM6 159.75

7 TRM7 219.45

8 ARM4 144.48

9 ARM6 121.68

10 ARM7 151.86

loss on ignition (LOI) of RM6 is low indicating the presence of
lower amount of carbonates and oxy/hydroxides compared to RM4
and RM7. CHN analysis of the starting red mud samples showed
carbon content of 0.7-1.7 wt% [18].

The specific surface area of the samples of ARM, TRM, RM and
Fe, 05 is provided in Table 1. The initial surface area of the red mud
samples is found to be similar. Fe;03 was found to have a low sur-
face area of 5.97 m? g~ 1.The surface area of both ARM and TRM was
found to be higher than the as-received RM. The acid treatment
leads to removal of sodium ions and compounds [24,25]. Further
it causes dispersion of dissolved metal oxides as hydroxides which
leads to formation of pores thereby increasing the surface area [24].
In the activated samples, dehydration during heat treatment also
contributes to formation of pores.

From the XRD analysis reported previously [17], as-received
RM is found to be a complex mixture of phases mainly comprised
of hematite (Fe,03), goethite (FeOOH), gibbsite (Al(OH)3), quartz
(SiO, ) and mixed silicates. Ti is present in the form of anatase (TiO,)
in RMB6. Fig. 1 (a and b) shows the XRD pattern of ARM and TRM
samples. The main phases in ARM are hematite (Fe;03) and quartz
(Si0y) while in TRM the main phases are gibbsite (Al(OH)3), quartz
(Si05), anatase (TiO; ), boehmite (AIO(OH)), titania (TiO,), bayerite
(Al(OH)3) and aluminum silicate (Al¢SiyO;). The iron hydroxide is
converted to hematite during the heating step of the ARM samples.
Fe compound peaks are not observed in TRM and are presumed
to be in amorphous form. Lin et al. [23] also obtained amorphous
iron oxide under certain preparation conditions; the one with high
surface area was very active for CO oxidation.

The SEM images of ARM and TRM when compared to the images
of RM, show a smoother surface and the removal of small particles
on the surface of red mud can be observed [24] (Fig. 2). TEM images
show that ARM and RM have a mixture of crystalline and amor-
phous phases while TRM is mostly amorphous as also observed in
XRD analysis (Fig. 3).

The FTIR spectra of red mud (RM7) activated red mud (ARM7)
and acid treated red mud (TRM7) are shown in Fig. 4. Due to the
complexity of the sample the peaks were clear only at a higher res-
olution. The peaks at 3158cm!,3417.4cm~! and 3524.9cm! in
RM7, ARM7 and TRM7 respectively correspond to the OH stretch-
ing vibration in the samples [26]. The intensity of the OH vibration
band was found to be lower in TRM7 and ARM7 as compared to
RM?7. Vibrations relating to goethite were observed in TRM7 at
970.4cm~! and close to 800 cm~!, these were not seen in case of
ARM?7. The intensity of the goethite peaks in TRM was low due to
its low crystallinity. The other RM, ARM and TRM samples showed
a similar trend.

Stretching vibrations of Fe—O bands of hematite structure could Fig. 3. TEM images of (a) ARM7, (b) TRM7 and (c) RM7.
be seeninthe RM7 sample at 579 cm~! and 1642 cm~! [27].In addi-
tion vibrations relating to goethite could be observed at 808 cm™!
and 989 cm~! [28]. The Fe-0 bands could also be observed in AMR7
at 569.4cm~! and 1633.1cm~! and in TRM7 at 595.9cm~! and

i
SN
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Fig. 4. FTIR spectra of RM7, ARM7 and TRM7.

1632.9cm™! [27]. A prominent band corresponding to Si—O was
detected in RM7 at 989 cm~! and of lower intensities in ARM7 and
TRM7 at 1010cm~! and 970.4 cm~! respectively [27,29].

A typical TPR profile of red mud and «-Fe,O3 is similar
[30]. It generally consists of two reduction peaks. The first
peak represents the conversion of Fe,03 to Fe304 which occurs
around 400 °C, while the second broader peak represents the con-
version from Fe304 — FeO — Fe. The second band may appear
around 450-850°C [30]. The thermal decomposition of goethite to
hematite takes place at temperatures >200°C [12]. However since
there is no hydrogen consumption in this step, it is not detected on
the TPR profile [31]. In the present study the Trax of the first peak
for TRM7, ARM7 and RM7 occurred at 418°C, 449°C and 462°C
respectively (Fig. 5). The shift to a lower temperature in the Tpax
of the first peak in TRM7 and ARM7 suggests that the reduction of
Fe, 03 to Fe30y4 is easier. The Trhax of the second peak for ARM7 and
TRM?7 is observed at 698 °C and 677 °C respectively. In case of RM7
itis around 800 °C. The shift in the peak to a higher temperature in
case of RM7 could be due to the decrease in surface area [19] as a
result of sintering. In case of TRM7 and ARM?7 the sintering agents
like Na have been removed by acid treatment consequently result-
ing in a higher surface area (Table 1). In addition, the presence of
hydroxyl group in TRM7 contributes to the shifting of the peak to
lower temperature by decreasing the activation energy required for
the reduction of hematite to magnetite [32].

3.2. Catalyst activity

Background experiments on the empty reactor showed
that below 600°C there was negligible contribution of the
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Fig. 5. TPR profile of RM7, ARM7 and TRM7.

reactor/temperature on CO oxidation. Fig. 6(a) shows the con-
version of CO over ARM. Of the three samples, ARM6 shows the
best performance while ARM4 shows the lowest conversion. The
50% conversion temperature (T50) for ARM6 is 280 °C. The conver-
sion reaches ~90% at 380°C and complete oxidation is achieved at
420°C. An isothermal run was also carried out for the ARM samples
at 500 °C and the conversion was found to remain >90% throughout
the run of 350 min time on stream (Fig. 6(b)).

The performance of TRM was found to be the better than the
ARM samples (Fig. 7(a)). The T50 temperature for all the samples
showed adecrease. The T50 temperature for TRM4, TRM6 and TRM7
was 265 °C,225°Cand 250 °Crespectively. TRM6 reached complete
oxidation at 340 °C, while both TRM4 and TRM7 reached complete
oxidation at 400°C. The temperature required for TRM4 to reach
conversion >90% was 100 °C lower than the ARM.

After the first run for TRM7, the inlet gas flow was stopped and
the reactor was allowed to cool in situ. A second cycle was run for
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Fig. 6. CO conversion over ARM (1% CO, 6% O, GHSV 6000h~", 0.5cm? catalyst):
(a) temperature programmed run, (b) isothermal run.
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the same catalyst. A difference of approximately 50 °C was noticed
between the T50 temperature in cycles 1 and 2. However, at 500 °C
TRM?7 was able to achieve 94% conversion even in cycle 2 (Fig. 7(b)).
The reason for this shift in T50 temperature can be attributed to
the transformation of the more active hydroxide phases such as
goethite (FeO(OH)) into lesser active oxide phases such as hematite
(Fe»03) induced by the heating of the sample. According to Reddy
et al. [33], CO oxidation takes place following an adsorption mech-
anism where in the reactants adsorb on the metal oxide surface
breaking the O—O bond. The dissociated O atom is picked up by CO
forming CO,. In the two step oxidation mechanism suggested by
Mars and Van Krevelen [34], firstly CO is oxidized by the surface
oxygen bound to the metal oxide lattice. This creates an oxygen
vacancy, and the neighboring metal ion gets reduced to a lower
oxidation state. The dioxygen of the gaseous phase then reoxidizes
the surface metal atom in the second step. Therefore the ease with
which the oxygen atom is released from the metal oxide catalyst
is an important factor in determining the activity of the catalyst
for CO oxidation. Since the bond length of Fe—O in case of FeO(OH)
is longer than in a-Fe,03, it is easier for it to loose the oxygen
atom [10]. TGA (thermogravimetry analysis) and ETA (emanation
thermal analysis) studies on goethite have shown that there is an
increase in micropores in the temperature range 70-310°C due to
loss of water [35]. Above 350°C the micropores are reduced lead-
ing to lowering of surface area. A similar lowering of surface area
during the first cycle could also contribute to reduction in activity
in the second cycle.

Fig. 8(a) shows the conversion of CO over as-received red mud
as a function of temperature in a temperature programmed run.
It was found that the T50 temperature for all the red mud sam-
ples lies within 310-320°C. The conversion reaches ~90% at 400 °C
and complete oxidation is achieved at 500 °C. Similar to the TRM

(a) 100+
90
80 -
70 A
60 -
50 -
40 -
30 -
20
10

——RM4 —=—RM6

—+—RM7 —¢—Fe203

CO conversion [%]

0 50 100 150 200 250 300 350 400 450 500

Temperature [°C]

100 1
90 -
80
70
60
50
40 A
30
20
10 1

0 T - \g T T T T T T 1

150 200 250 300 350 400 450 500

—~
=3
~

Conversion [%]

—e— RM7 cycle 1

—a&— RM7 cycle 2

Temperature [°C]

Fig. 8. CO conversion (1% CO, 6% O,, GHSV 6000 h~", 0.5cm? catalyst) over (a) RM
and Fe,03 powder (b) RM7 cycles 1 and 2.

samples the activity of the as-received red mud samples was lower
in the second cycle (Fig. 8(b)).

The maximum conversion rate per gram of ARM was calculated
for the samples and is summarized in Table 2. The maximum was
obtained at 500 °C. The higher rate of reaction in case of ARM and
TRM may be attributed to their higher surface area [36]. The rate of
reaction calculated by Xu et al. [37], for unsupported nanoporous
gold catalyst at room temperature was found to be in the range
2.5x1073molg~1h 1-514.8 x 103 molg~! h~! varying with dif-
ferent space velocity.

Fe, 03 was also tested under similar conditions for comparison
with red mud. It was found that under similar conditions Fe;03
activity remained low and the highest conversion achieved was
9% at 400 °C. This could be attributed to its very low surface area.
Moving to higher temperature the activity of Fe; 03 dropped further
indicating deactivation which may be due to sintering. Similar poor
performance has been observed with Fe;03 of 5 wm particle size
while iron oxide in the nano form has shown complete conversion
at 350°C [10]. In case of red mud, the activity of iron oxide could

Table 2
Maximum conversion rates.

S. no. Sample code Maximum conversion rate (molg'h-')
1 RM4 2.7x1073
2 RM6 22x1073
3 RM7 33x10°3
5 TRM4 33x1073
6 TRM6 29x1073
7 TRM7 3.6x10°3
8 ARM4 3.5x 1073
9 ARM6 33x1073
10 ARM7 29x1073
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Fig. 9. XRD pattern for post reaction (a) RM, (b) ARM and (¢) TRM in an isothermal run. 1: hematite (Fe;03); 2: quartz (SiO,); 3: anatase (TiO,); 4: rutile (TiO;).

have been influenced by the presence of TiO,, Al,03 and SiO». For
instance, TiO, has been shown to enhance activity of Au catalyst
when used as a support for CO oxidation [38].

The higher level of conversion at a lower temperature observed
in TRM compared to ARM and RM, corresponds with the TPR data,
where TRM showed greater reducibility due to hydroxyl presence.
Many studies have investigated influence of iron oxy hydroxides

and hydroxide phases in iron oxide based catalysts and supports.
TPR studies on iron oxides and hydroxides have shown that pres-
ence of OH group facilitates reduction of hematite to magnetite
[39-42]. CO oxidation studies on iron oxide/hydroxide catalysts
and supports have also observed the same trends [43,44]. Li et al.
have observed higher activity of commercial catalyst Nanocat in
the first cycle due to the presence of FeOOH phase [10]. Centomo
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etal. found that supports with goethite were more active than those
with only hematite; however, size of the support also influenced the
properties with nanoparticles showing higher activity [45]. Smit
et al. attributed the higher activity of OH containing iron catalyst to
the formation of HCOO which is then oxidized to CO, with lattice
oxygen [46].

Fig. 9(a-c) shows the XRD for the post run samples for ARM,
TRM and RM respectively from the isothermal run. The patterns for
the post reaction samples from the temperature programmed run
were similar. It was observed than in all the cases the main phases
were hematite and quartz. In case of RM6 anatase could also be
seen which was also observed in the pre-reaction sample. The XRD
pattern for the post reaction sample showed the transformation
of the hydroxide phases into oxide phases due to heating during
the reaction in case of RM and TRM. The presence of hematite in
the post reaction samples of TRM confirmed the presence of iron
hydroxide in the pre-reaction sample in amorphous form.

Fig. 10(a) shows the FTIR spectra of the post-reaction RM7
sample from the isothermal run (RM7-ISO) and the temperature
programmed run (RM7-TP) and Fig. 10(b) shows the post reaction

RM7, ARM7 and TRM7 from the temperature programmed run. The
intensity of the peak relating to OH vibrations had decreased. This
decrease was higher in case of the isothermal run due to the expo-
sure of the sample to a higher temperature for a longer duration. It
was observed that the peaks relating to goethite near 800 cm~! [28]
were no longer present. The Fe-O vibrations relating to hematite
could be observed at 549 cm~! and 1642 cm~! in RM7-ISO and at
549 cm~! and 1641 cm~! [27] in RM7 TP. The peak corresponding
to the Si-O vibrations was of slightly lower intensity and could be
observed at 990 cm~! [27,29] in both RM7 ISO and RM7 TP samples.
The post reaction samples of the ARM also showed the presence
of hematite and quartz similar to the pre-reaction samples, while
the TRM post reaction samples showed only hematite and quartz
relating peaks and no goethite, an observation also made in the XRD
analysis.

3.3. Apparent activation energy

The apparent activation energy of the reaction was calculated
using the Arrhenius plot. Assuming first order reaction [10,47] and
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Fig. 11. Apparent activation energy for CO conversion over (a) RM 7, (b) ARM7, (¢)
TRM?7.

substituting the equation for k (Eq. (1)) in Arrehenius equation (Eq.
(2)), the following is obtained (Eq. (3)).

k= (g) In (%) (1)

k = Ae~(E/RT) (2)

U) RT

Here, x is the conversion rate of carbon monoxide to carbon diox-
ide x=(Co — C)/Co, U is flow rate (mls~1), V is volume of catalyst
(ml), T is the absolute temperature in Kelvin, R is the gas constant
and E, is the activation energy. In[—In(1 —Xx)] was plotted versus
1/T, and the activation energy was calculated from the slope -E,/R
(Fig. 11(a)).

Under the conditions of the reaction with flow rate 50 ml min~!
and catalyst weight 400 mg, the activation energy for red mud
was calculated to be 13.57 kcalmol~1. The apparent activation
energy calculated for ARM7 and TRM7 was 12.49 kcal mol~!
and 7.99 kcalmol~! respectively (Fig. 11(b and c)). According to
Munteanu et al. [32], the presence of hydroxyl group on the surface
reduced the activation energy of the reduction of a-Fe; 03 to Fe304.
Li et al. [10] reported the apparent activation energy of iron oxide
nanoparticles as 13.5kcal mol~! with flow rate of 1000 ml min~!
and catalyst weight of 50 mg, and for non-nano Fe, O3 powder about
20kcalmol~! [47]. In the present study, low GHSV values were

ln[—ln(l—x)]:lnA+ln<V) _E 3)

employed. Comparison of activation energies mentioned in the lit-
erature must be done with caution since the conditions used in the
experiments may be different affecting the final activation energy.

4. Conclusion

Acid treated red muds (TRM and ARM) were found to be
more active than the as-received red mud (RM) for CO oxidation.
Reducibility at a lower temperature and an increase in surface area
was observed in both cases. However the increase in surface area
alone cannot explain the increase in activity; the reason for the
increase in the activity of the TRM samples was also due to preser-
vation of the hydroxylated iron oxide. Upon drying the precipitated
red mud sample at room temperature, large numbers of hydroxy-
lated groups are preserved. The reason for the higher activity of
FeOOH over Fe;03 is the relative ease with which it looses the
oxygen.

The as-received RM was also shown to be active in CO oxida-
tion. Fe, 05 is the main component affecting the catalyzing property
of red mud. The presence of hydroxylated phases in cycle 1 make
it more active than the subsequent cycles since the breaking of
the 0O—O0 bond is easier in the former case. The apparent activa-
tion energy (E,) for the reaction for RM was higher than for ARM
and TRM. The activity of red mud samples was better than the
commercially available red iron oxide.

The paper demonstrates the feasibility of utilizing the waste
from the aluminum industry for the oxidation of carbon monoxide.
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