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A B S T R A C T

In this work, we investigated waste red mud (WRM) generated from industrial processes as a potential
catalyst support for the complete oxidation of toxic organic compounds. Two different types of red mud
based catalysts were prepared using calcination (CRM) and hydrochloric acid aqueous solution (HRM)
pretreatments. In addition, HRMs loaded with different amounts of palladium were prepared and
examined for their catalytic behaviors. For comparison, aluminas (g-Al2O3) loaded with different
amounts of palladium were also used. The catalyst samples prepared were characterized by using
nitrogen adsorption, ICP-AES, TPR, XRD, FT-IR, and FE-TEM to examine their textural and chemical
characteristics. The catalytic activity of the samples used depended on the pretreatment techniques
applied, lattice oxygen mobility, the type of supports, and the loading amount of palladium. It was also
interesting to note that water vapor in the feed stream inhibits catalytic activity for the complete
oxidation of benzene.
© 2017 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

Waste red mud (WRM), which is commonly generated by the
alumina-related industries, such as the Bayer process, is a solid
waste residue containing a diverse mixture of metal oxides,
including Fe, Al, Ti, Na, Ca, and Si, as well as some trace elements,
including Ga, Cr, Mn, Ni, S, Zr, K, and Co, even though the actual
composition of red mud greatly depends on the plants applied and
the country [1–6]. According to previous reports, the generated
amount and inventory of WRM have continuously increased over
the past few decades and the WRM annually generated all over the
world is more than 120 million tons per year [1].

On the other hand, WRM has been classified as hazardous waste
because of its high alkalinity. This kind of solid waste has generally
been disposed of (or stored) in landfill or directly discharged into a
sea, thus leading to severe environmental problems as well as the
economic burden of disposal cost, which is about 2% of alumina
price, about US$9 per ton of alumina production in China [6].

Therefore, developing reliable methods for treating WRM would
have great economic and environmental benefits.

The principal methods currently used to treat WRM, which have
different advantages and limitations, are (1) marine disposal, (2)
lagooning, (3) dry stacking, and (4) dry cake disposal [1]. However,
these methods are less effective as ways to solve the critical issues
arising from the actual applications. Thus much effort has been
directed toward developing practical and environmentally friendly
applications, such as using it as (1) an adsorbent, (2) a catalyst, (3) a
coagulant, or (4) building and structural materials [2–6]. None-
theless, the possibility that WRM might have economic and
environmental applications has not been sufficiently evaluated. On
the other hand, it has been widely accepted that catalytic oxidation
is a very attractive method for treating volatile organic compounds
(VOCs), which cause severe environmental problems. In particular,
the noble and transition metals have been extensively used to
remove VOCs, but with different limitations. [7–16].

The metal oxides in WRM have also been considered as
alternative catalysts for replacing the commercial noble metal and
transition metal oxides, because they can play a core role in
catalytic-related applications. The previous work in our group [17]
successfully demonstrated that the WRM pretreated with thermal
air and WRM catalysts loaded with platinum (Pt) were very
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efficient at completely removing the VOCs, revealing that this type
of waste material could be reapplied in environmental areas by the
proper pretreatment procedures.

However, the significance of WRM as a potential catalyst for this
purpose has not been as well recognized as other applications.
Thus in this study, we have turned our efforts to other
pretreatment methods and noble catalysts to evaluate their
possibility as cost-effective materials for VOCs abatement.
Moreover, palladium is cheaper than platinum; so efforts are
underway to replace Pt-based catalysts with Pd-based catalysts. In
particular, two different pretreatment methods, calcination and
hydrochloric acid aqueous solution, are used to change the
alkalinity of WRM, which has had undesirable effects in real
applications. In order to properly characterize the WRM and the
pretreated WRMs, we used X-ray diffraction (XRD), inductively
coupled plasma-atomic emission spectroscopy (ICP-AES), nitrogen
adsorption analysis, hydrogen temperature programmed reduc-
tion (H2-TPR), Fourier transform infrared spectrophotometry (FT-
IR), and field emission transmission electron microscopy (FE-TEM).
In addition, light-off curve analysis for benzene oxidation was used
to compare the catalytic activities of the WRM-based materials.

Experimental setup

Materials

We used the waste red mud (WRM) as a model catalyst. This
WRM that had been disposed of as solid waste, was obtained from
the KC alumina production industry (Korea). To prepare the RM
catalyst, WRM (10 g) was first added to 190 g of deionized water.
The mixture was stirred until it formed a slurry, and 18 g of HCl
(35 wt%) was then added [17,18].

This mixed solution was boiled for about 25 min, cooled, and
further diluted with 800 mL of deionized water. An ammonia
solution (code name, specific gravity 0.880) was added slowly
dropwise to the resulting mixture until the pH of the solution
reached 8, 9, and 10. The reaction mixture containing the
precipitate was then heated to 50 �C for 10 min, filtered, and
washed with deionized water three times at room temperature.
The final precipitate was dried in air at 110 �C overnight [17,18]. The
waste and HCl-treated RMs were further calcined in air at 400 �C
for 4 h. These samples were denoted as CRM, HRM(8), HRM(9), and
HRM(10), respectively. Here the prefixes C and H denote the
calcination and HCl treatments, respectively. In addition, the
number in parenthesis indicates the pH of the solution. Table 1 lists
the detailed composition of the four samples.

To prepare the supported palladium catalysts, the conventional
impregnation method that employed an incipient wetness

technique was used. In this study, HRM(8) and Al (g-Al2O3: Asian
Catalyst, 155 m2/g) were chosen as model and reference samples.
These samples were first impregnated with four different amounts
of palladium nitrate solution, stirred continuously at 90 �C until the
water had evaporated completely, dried in air at 120 �C overnight,
and finally calcined in air at 400 �C for 4 h. The supported Pd
samples were named xPd/HRM(8) and xPd/Al. Here x represents
the impregnated weight of palladium on the support.

Characterization of samples

All supported Pd samples were characterized by nitrogen
adsorption isotherms measured at 77 K (Quadrasorb SI analyzer,
USA). The BET specific surface area and pore volume were
calculated using the adsorption isotherm data. X-ray diffraction
(XRD), inductively coupled plasma atomic emission spectroscopy
(ICP-AES), Fourier transform infrared (FTIR) spectrophotometer,
field emission transmission electron microscopy (FE-TEM), and
hydrogen temperature programmed reduction (TPR) were per-
formed to characterize catalysts. X-ray diffraction (XRD) was
carried out using a PANAlytical X-Pert PRO MRD Diffractometer
(PANalytical, Holland) equipped with Cu Ka radiation over the 2u
range from 20 to 90� at a scanning speed of 70�/h with a
wavelength of 0.154 nm for the crystalline structure analysis of the
samples. X-Pert HighScore Plus diffraction software was used to
examine the XRD patterns. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) was performed using an OPTIMA
4300DV spectrometer (Perkin Elmer, USA) to investigate the
elemental compositions of the model catalysts. Before the
measurements, a microwave-assisted acid (HCl and HNO3mixture)
digestion method was applied to prepare the samples. To identify
the surface groups of the samples, a Bio-Rad FTS 60A Fourier
transform infrared (FTIR) spectrophotometer (Bio-Rad, USA) was
used in the wave number range 400–4000 cm�1 with a resolution
of 8 cm�1. A Philips TECNAI F20 field emission transmission
electron microscopy (FE-TEM) was operated at an acceleration
voltage of 200 kV to obtain high-resolution images. Hydrogen
temperature programmed reduction (TPR) was carried out on a
Quantrachrome ChemBET 3000 setup using a gaseous mixture of
H2 (10%) and He (90%) at a rate of 60 mL min�1. The sample (0.4 g)
was sealed in a quartz reactor. The temperature was linearly
increased to 600 �C at a heating rate of 10 �C min�1.

Catalytic oxidation of benzene

A quartz fixed-bed flow reactor (quartz tube, 6 mm in diameter
and 350 mm in length) was used to investigate the catalytic activity
of the RM and HRM samples at atmospheric pressure [7,12–14,17].
For each test, 30 mg of the sample were placed in the middle of the
reactor using quartz wool. Benzene (Fischer Scientific) was used as
a model compound without further purification. The concentra-
tion of benzene was 1000 ppm in air, which was adjusted by
changing the temperature of the saturator bath and by mixing with
another air stream. For the comparison, three different concen-
trations of water vapor (0.17, 1.9 and 3.2 vol%) were introduced into
the main flow stream, which was adjusted by passing air through a
bubbler in a water bath at room temperature. The catalytic
reactions were performed at a gas hourly space velocity (GHSV) of
75,000 h�1 and a temperature range of 200–500 �C. The tempera-
ture was measured using a K-type thermocouple placed just below
the catalyst bed in the reactor. All lines were heated constantly at
120 �C during the experiments in order to prevent the adsorption
and condensation of benzene and water vapor on the reactor
surfaces. The conversion data was calculated after reaching a
steady state of catalyst activity. A GC-14A model (Shimadzu, Japan)
gas chromatograph equipped with a thermal conductivity detector

Table 1
Compositions of CRM, HRM(8), HRM(9), and HRM(10).

Element CRM (%) HRM(8) (%) HRM(9) (%) HRM(10) (%)

Al 12.8 14.8 14.5 13.6
Ca 1.57 0.66 1.24 1.39
Co 1.05 �10�2 1.26 � 10�2 1.19 � 10�2 1.26 � 10�2

Cr 5.32 � 10�2 6.58 � 10�2 6.07 � 10�2 6.76 � 10�2

Fe 26.3 31.8 30.4 30.1
Ga 0.37 0.46 0.13 0.46
K 5.23 � 10�2 2.86 � 10�2 2.39 � 10�2 2.92 � 10�2

Mn 3.12 � 10�2 3.81 �10�2 3.58 � 10�2 3.90 � 10�2

Na 5.86 978 � 10�4 0.11 0.12
Ni 0.33 � 10�2 0.37 � 10�2 0.34 �10�2 0.31 �10�2

Si 8.21 �10�2 0.23 0.12 0.17
Ti 4.23 5.01 4.90 5.23
Zr 0.11 0.13 0.12 0.14
S 0.13 – – –
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