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In this work, the decolorization of Acid Red 1 (AR1) dye was conducted using Fe(III) oxide immobilized on
Montmorillonite K10 (Fe–MK10) catalyst in the presence of hydrogen peroxide (H2O2) in batch process.
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The effects of different parameters such as iron loading (Fe3+) on Montmorillonite K10 (MK10), catalyst
dosage, solution pH, initial concentration of H2O2 and AR1 and reaction temperature on the decolorization
efficiency of the process were studied. The results indicated that by using 5.0 g L−1 catalyst dosage of
0.14 wt.% Fe–MK10 at pH 2.5 and 16 mM of H2O2, 99% of the 50 mg L−1 of AR1 was decolorized within
150 min. Leaching test indicated that the leached iron from the catalyst was less than 5 mg L−1.
cid Red 1
e–Montmorillonite K10

. Introduction

Water pollution is a major problem in the global context. Chem-
cal process industries, such as oil refineries, petrochemical units,
ye and dye intermediate manufacturing industries, textile units,
mong others, are typical industries that dump toxic organic com-
ounds to the nearer water courses, thus causing sever pollution
1]. Amongst them, the dye and dye intermediate manufacturing
nd textile industries stand out as they produce a large amount of
ffluents which can cause serious environmental problems as they
ontain colored compounds resulting from dyes unfixed to fibers
uring the dyeing process [2].

The effluents discharged from these industries are usually
trongly colored, and the direct release of the wastewater into
eceiving water body will cause damage to both aquatic life and
uman beings due to their toxic, carcinogenic and mutagenic
ffects [3,4]. Actually, the removal of dyes from wastewater is a
hallenge to the related industries, because the synthetic dyes used
re stable compounds and difficult to destroy by common treat-
ents. Physical, chemical, and biological methods are presently

vailable for the treatment of wastewater discharged from vari-
us industries [5]. However, physical methods such as liquid–liquid
xtraction, ion-exchange, adsorption, air or steam stripping, etc.,

re ineffective on pollutants which are not readily adsorbable or
olatile, and have further disadvantages because they simply trans-
er the pollutants to another phase rather than destroying them
6].

∗ Corresponding author. Tel.: +60 45996422; fax: +60 45941013.
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Acid dyes are a type of azo dyes, that are characterized by
the presence of one or more azo groups (–N N–) bound to aro-
matic rings and the largest and most important class of synthetic
organic dyes. It has been estimated that more than 50% of all dyes
in common use are azo dyes because of their chemical stability and
versatility [7,8]. The complex molecular structures of most azo dyes
make them resistant to biological or even chemical degradation.
This also renders the conventional physical, chemical, and biolog-
ical treatment methods insufficient and costly for their removal
from water [9].

Advanced oxidation processes (AOPs) have been widely
proposed, as they operate at temperature near ambient and atmo-
spheric pressure [10]. Hydroxyl radicals (•OH), highly reactive
species generated in sufficient quantities by these systems, have
the ability to oxidize the majority organic constituents in industrial
effluents [11,12]. Common AOPs involve Fenton and photo-Fenton
processes, ozonation, electrochemical oxidation, photolysis with
H2O2 and O3, high-voltage electrical discharge process, TiO2 pho-
tocatalysis, radiolysis, water solution treatment by electronic
beams or � beams and various combinations of these methods
[13–15].

Fenton reaction employed in wastewater treatment processes
are known to be very effective in the removal of many hazardous
organic pollutants from water [16,17]. Fenton’s reagent was dis-
covered about 100 years ago, but its application as an oxidizing
process for destroying toxic organics was not applied until the late

1960s [18]. The key step in the Fenton type reaction is the forma-
tion of hydroxyl radicals (HO•) from H2O2 and Fe(II). It is known
that the systems of Fenton type are responsible for oxidation of
different organic materials, but their usage as catalysts induces an
additional pollution [19–21].

dx.doi.org/10.1016/j.cej.2010.08.072
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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Table 1
Chemical compositions of MK10 and Fe–MK10 determined by EDX.

Element Concentration (wt.%)

MK10 Fe–MK10

O 40.42 40.46
12 N.K. Daud et al. / Chemical Eng

To overcome the disadvantages of homogeneous Fenton pro-
ess, heterogeneous Fenton and Fenton-like catalysts have recently
eceived much attention [19]. In a previous work [22,23] we
eported the decolorization of Acid Red 1 and reactive black 5 using
ice husk-based catalyst and iron–Montmorillonite K10 catalyst,
espectively. The objective of this work was to investigate the appli-
ability of Fe(III) oxide contained Montmorillonite K10 (MK10) as
eterogeneous Fenton catalyst for decolorization of Acid Red 1
AR1). The effects of different parameters such as different loading
f ferric iron on Montmorillonite K10 (MK10), catalyst dosage, ini-
ial concentration of dye and H2O2 and initial pH and temperature
n the decolorization efficiency of the process were studied.

. Materials and methods

.1. Chemicals and reagents

The azo dye, Acid Red 1 (AR1) was obtained from Sigma–Aldrich
s commercially available dye and used without further purifica-
ion. Hydrogen peroxide (H2O2) (30%, w/w) and Montmorillonite
10 (MK10) were purchased from Sigma–Aldrich (M) Sdn Bhd,
alaysia. Distilled water was used throughout this study.

.2. Preparation of Fe–MK10 catalyst

The Fe–MK10 catalyst was prepared by the impregnation
ethod [24], in which distilled water is used to solubilize the fer-

ic nitrate nonahydrate (Fe(NO3)3·9H2O) (Merck). Then, MK10 was
dded to this aqueous solution and was stirred constantly in the
ater-bath until all water was evaporated. After impregnation,

he sample was dried at 105 ◦C for 12 h, followed by calcination
t 500 ◦C for 4 h in a muffle furnace [23].

.3. Catalyst characterization

Elemental chemical analyses were performed using Energy Dis-
ersive X-ray (EDX) spectroscopy to determine the composition
f the original clay and the exact amount of iron in the final
atalyst. The morphology of the MK10 was studied using scan-
ing electronic microscopy (SEM) (SEM-JEOL-JSM6301-F) with an
xford INCA/ENERGY-350 microanalysis system. Fourier Trans-

orm Infrared (FT-IR) spectra were recorded in the 4000–400 cm−1

egion with a PerkinElmer 1730 FT-IR spectrometer, using a He–Ne
aser source in KBr pellet (1 mg sample with 300 mg KBr) and 15
can per minute to improve the signal-to-noise ratio.

Brunauer–Emmett–Teller (BET) specific surface area was deter-
ined by adsorption of nitrogen at 77 K using a Micromeritics,
SAP 2020 surface area and porosity analyzer. The X-ray diffrac-

ion (XRD) patterns of the catalyst (before and after impregnation)
ere measured with SIEMENS XRD D5000 equipped with Cu K�

adiation.

.4. Experimental procedure

Experimental runs were carried out in batch mode using conical
asks filled with 200 mL of the AR1 solution at a given concentra-
ion (25–100 mg L−1). In a typical run, the reaction suspension was
repared by adding a given amount of catalyst into solution which
as been adjusted to the desired pH value by NaOH or H2SO4. The
eactions commenced when predetermined amounts of H2O2 solu-

ion were added to the flasks. Thereafter, samples were withdrawn
eriodically and analyzed using a UV–vis spectrophotometer. After
ltration through 0.42 �m Millipore membrane filters to remove
uspended particles. At each stage, the samples withdrawn were
eturned into the conical flasks.
Fe 8.26 8.48
Al 11.50 10.57
Si 39.82 40.49

2.5. Analytical methods

The concentration of AR1 was analyzed on UV–vis spectropho-
tometer (Shimadzu, model UV 1601, Japan) with its adsorption
at 532 nm, which is the maximum absorption wavelength of AR1.
Because the reaction continued after sampling, the measurement
of absorbance of reaction solution was done within one min. The
decolorization efficiency of AR1 is defined as follows:

decolorization efficiency (%) =
[

1 −
(

Ct

C0

)]
× 100 (1)

where C0 (mg L−1) is the initial concentration of AR1 and Ct (mg L−1)
is the concentration of AR1 at reaction time, t (min).

The total Fe in the solution was determined using Atomic
Absorption Spectrophotometer (AAS) model (Shimadzu AA 6650)
with the maximum absorbance wavelength (�max) of iron ion (III)
of 248.35 nm. After the decolorization of AR1 was completed, the
samples were analyzed to determine the total iron ion leached from
the catalyst [23].

3. Results and discussion

3.1. Catalyst characterization

The chemical composition of the 0.14 wt.% Fe–MK10 and MK10
were measured by EDX and are the results are presented in Table 1.
The results show that the major elements in MK10 and impregnated
MK10 are Si, O, Fe and Al and revealed that the Fe concentration of
the Fe–MK10 catalyst is 8.48 wt.%, while it is only 8.26 wt.% in MK10.
The distinction of percent by weight of Fe in impregnated MK10 is
about 0.22%. Fe was introduced into the clay layers after impreg-
nation method. Slight variations are noticed between the expected
and the determined iron content of the samples, which is due to
the high hydration degree of the solids at the stages of the prepara-
tion procedure, thus making it difficult to obtain the targeted iron
contents. The experimental error of the results was determined
and represents about 2.6% of uncertainty. Whereas for Si, O and
Al, the changes of composition by weight percent occurred about
0.67 wt.%, 0.040 wt.% and 0.93 wt.%, respectively due to the agglom-
eration of components because of the impregnation of MK10. The
reason for using the best loading assayed (0.14 wt.%) was due to
the limitation of the iron ions leaching from the support of catalyst
that followed the Environmental Quality (Sewage and Industrial
Effluents) Regulation 1979 (must below than 5 mg L−1).

Fig. 1 shows the SEM images of MK10 and 0.14 wt.% Fe–MK10.
The card-like pattern of the clay mineral layers is seen and not much
change on the morphology can be visualized although after MK10
was impregnated with Fe.

FT-IR spectra (4000–400 cm−1) of the MK10, 0.14 wt.% Fe–MK10
and 0.14 wt.% Fe–MK10 after decolorization of AR1 are presented in
Fig. 2. Comparing the spectrum of pure MK10 with the spectrum of

−1 −1
Fe–MK10, two peaks were depressed at 3629 cm and 526 cm
and one new peak emerged at 1384 cm−1 [25]. The former was the
NO3

− stretching mode, which showed that there was some redun-
dant positively charged iron aggregates outside the interlayer space
of Fe–MK10 [26], while the latter was the FeOOH bending vibra-
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ig. 1. SEM images of (a) MK10 and (b) 0.14 wt.% of Fe–MK10 (magnification:
000×).

ion, which also suggested that hydrolyzed iron intercalated into
nter layers proceeded by pillaring [27]. Infrared spectra from the

K10 presented peak at 3629 cm−1 corresponding to the stretching
f hydroxyls groups and cations from the octahedral sheet. Strong
ands at 3422–3442 cm−1 are indicative of water adsorbed on the
K10 surface, and its presence was confirmed by the deforma-

ion band at 1637–1635 cm−1. Bands at 1055 cm−1 and 1047 cm−1

an be assigned to stretching vibrations of silica–oxygen tetrahe-

rons as (Si–O–Si). The band at 470 cm−1 can be attributed to the
ending (Si–O) and stretching (M–O) vibrations. The shift of band
t 1047 cm−1 and disappear and/or decrease in the intensities of
ands of deformation of Al2OH at 800–900 cm−1 and 500–700 cm−1
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Fig. 2. FT-IR spectra of the samples.
Fig. 3. XRD diffractograms of the samples.

(Si–O), (M–O) and Si–O–Al (octahedral Al) can be indirect evidence
of the incorporation of Fe3+ into clay [28,29].

BET surface area, pore volume and pore size of 0.14 wt.%
Fe–MK10 are 185.434 m2 g−1, 0.274 cm3 g−1 and 59 Å, respectively.

Fig. 3 shows the XRD diffractograms of MK10 and impregnated
MK10. It can be seen that the impregnated MK10 maintains the
layered structure in crystalline form with sodium and quartz-rich
elements, but with a remarkable loss of ordering if compared to
the MK10 itself. This catalyst, once calcined at 500 ◦C, show a weak
diffraction peaks at 2� = 9◦, 18◦ and 50◦. On the other hand, it may
be underlined that no peaks due to iron phases are observed in the
diffractograms [30]. However, small peaks of anhydrous (Fe2O3)
oxides were formed after calcinations of the impregnated MK10
by the removal of the organic moieties [31]. This component is
indicative of the presence of iron in the impregnated catalyst.

3.2. Role of catalyst support

Before the study on parameters that influence the decoloriza-
tion process, it is important to evaluate the AR1 decolorization
process, i.e., if decolorization occurs through adsorption, through
a catalytic reaction or through both processes. The first run was
a blank, carried out to evaluate the ability of H2O2 or iron ion to
decolorize AR1 in aqueous solutions without the addition of any
heterogeneous catalyst. Fig. 4 shows the efficiency of AR1 decol-
orization due to hydrogen peroxide or iron ion is almost negligible
(<4% within 150 min), and could be attributed to its low oxidation
potential as compared to hydroxyl or perhydroxyl radicals [32]. To
determine the influence of the adsorption processes, experiments
without H2O2 were also carried out. Fig. 4 shows that MK10 as a

catalyst support has a low adsorption capacity (6.2% decolorization
of dye within 150 min of reaction).

Fig. 4. Un-catalyzed AR1 dye solutions removal by H2O2 (4 mM), iron ion (0.05 mM)
and adsorption on MK10 (2.0 g L−1).



114 N.K. Daud et al. / Chemical Engineering Journal 165 (2010) 111–116

0

20

40

60

80

100

120

0 30 60 90 120 150
Time (min)

D
ec

ol
or

iz
at

io
n 

ef
fic

ie
nc

y 
(%

)

0.03wt%

0.06wt%

0.08wt%

0.11wt%

0.14wt%

F
d
h
a

3

d
o
l
e
F
r
o
i

a
w
t
c
t
t

F
t
a
t
s
d
p
s

c

F
i
p
t

Fig. 7. Effect of pH on the decolorization of AR1. Reaction conditions: initial con-
centration of AR1, [AR1]0 = 50 mg L−1; initial concentration of hydrogen peroxide,
[H2O2]0 = 4 mM; dosage of catalyst = 5.0 g L−1 with 0.14 wt.% of iron ions in catalyst;
temperature = 30 ◦C; and agitation speed = 130 rpm.
ig. 5. Effect of iron loading on MK10 on the decolorization of AR1. Reaction con-
itions: initial concentration of AR1, [AR1]0 = 50 mg L−1; initial concentration of
ydrogen peroxide, [H2O2]0 = 4 mM; pH 2.5; dosage of catalyst = 2.0 g L−1; temper-
ture = 30 ◦C; and agitation speed = 130 rpm.

.3. Effects of different parameters

Fig. 5 shows the effect of iron loading on MK10. The most fast
ecolorization efficiency was 0.14 wt.% of Fe3+ loading with a value
f 99% observed within 150 min reaction. Hence, 0.14 wt.% of Fe3+

oading was selected to be the best loading assayed for maximum
fficiency. It is important to remark that all decolorization curves in
ig. 5 show a sigmoidal profile, which is typical for autocatalytic or
adical reactions. Basically two regions can be identified, the initial
ne representing the induction period, and the second one after the
nflection point representing the steady state [31].

The influence of the catalyst dosage on decolorization efficiency
gainst time is presented in Fig. 6. The efficiency of decolorization
ithin 150 min was 99% with a dosage of 2 g L−1 until 5 g L−1 but

he kinetics of decolorization was better with high concentration of
atalyst. An increase of the concentration of catalyst will increase
he amount of Fe ions involved in the process, which in turn increase
he number of hydroxyl radical significantly.

The influence of initial pH of the dye solution on the
e–MK10/H2O2 process efficiency was studied using seven solu-
ions with initial pH of 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 5.0 and without
ny modifications or control of pH during the process. Fig. 7 shows
he decolorization of dye as a function of the initial pH of the
olution at various reaction times. The results indicate that the
ecolorization of AR1 was significantly influenced by the solution

H and the best solution of pH assayed was observed at 2.5. A
imilar result was reported in literature [22].

Fig. 8 shows the decolorization of dye as a function of the H2O2
oncentration of the solution at various reaction times and the

ig. 6. Effect of dosage of catalyst on the decolorization of AR1. Reaction condition:
nitial concentration of AR1, [AR1]0 = 50 mg L−1; initial concentration of hydrogen
eroxide, [H2O2]0 = 4 mM; pH 2.5; 0.14 wt.% of iron ions in catalyst; tempera-
ure = 30 ◦C; and agitation speed = 130.
Fig. 8. Effect of initial concentration of H2O2 on the decolorization of AR1.
Reaction conditions: initial concentration of AR1, [AR1]0 = 50 mg L−1; dosage of cata-
lyst = 5.0 g L−1 with 0.14 wt.% of iron ions in catalyst; temperature = 30 ◦C; agitation
speed = 130 rpm; and pH 2.5.

results showed that 8 mM was the best concentration of H2O2
assayed when the initial concentration of AR1 was 50 mg L−1 and
the initial pH 2.50. The reaction went more slowly when the
concentration was lower (4 mM) or higher (32 mM). At low con-
centration, H2O2 cannot generate enough HO• radicals and the
oxidation rate is logically slow. The increase of the oxidant concen-
tration from 4 to 8 mM leads to an increase in the reaction rate, as

expected, because more radicals will be formed. Nevertheless, for a
very high H2O2 concentration (32 mM), the performance decreases.

Fig. 9 shows the effect of initial concentration of AR1 on the
decolorization efficiency of AR1. It was observed that the higher

Fig. 9. Effect of AR1initial concentration on the decolorization of AR1. Reaction
conditions: initial concentration of hydrogen peroxide, [H2O2]0 = 16 mM; dosage of
catalyst = 5.0 g L−1 with 0.14 wt.% of iron ions in catalyst; temperature = 30 ◦C; agi-
tation speed = 130 rpm; and pH 2.5.
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Fig. 10. Effect of temperature on the decolorization of AR1. Reaction conditions:
initial concentration of AR1, [AR1]0 = 50 mg L−1; initial concentration of hydrogen
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iron loss, AR1 decolorization decreases from 99 to 64% in fourth
cycles, i.e., 12 h of operation. Other authors reported similar results,
but they attributed the loss of activity to poisoning of the active
catalytic sites due to adsorbed organic species [30]. Leaching tests

Fig. 12. Reusability test of the Fe–MK10. Reaction conditions: initial concen-
eroxide, [H2O2]0 = 16 mM; dosage of catalyst = 5.0 g L with 0.14 wt.% of iron ions
n catalyst; agitation speed = 130 rpm; and pH 2.5.

he concentration of dye, the shorter is the reaction period needed
o decolorize AR1 completely. As the lifetime of hydroxyl radicals
s very short (only a few nanoseconds), they can only react where
hey are formed. Increasing the quantity of AR1 molecules per vol-
me unit logically enhances the probability of collision between
rganic matter and oxidizing species, leading to an increase in the
egradation efficiency [32].

The results obtained for the AR1 decolorization at three differ-
nt temperatures (30 ◦C, 40 ◦C and 50 ◦C) are shown in Fig. 10. The
esults show clearly that the reaction rate increases with increase
n temperature. This is because higher temperature increased the
eaction rate between H2O2 and any form of ferrous/ferric ion,
hus increasing the rate of generation of oxidizing species such as
OH radical or high-valence iron species. Similar results have been
eported [33] where similar performances were achieved at higher
emperatures due to the accelerated decomposition of H2O2 into
xygen and water.

.4. Spectral changes of AR1 during decolorization process

The changes in the absorption spectra of AR1 solution during
he decolorization process at different reaction times are shown in
ig. 11. As can be seen from the spectra, before the treatment, the
V–vis spectrum of AR1 was characterized by one main band in

he visible region, with its maximum absorption at 532 nm, and by
wo bands in the ultraviolet region located at 322 nm and 354 nm.
ifferent structural units and groups in the dye molecules have dif-

erent absorbance peaks, the main conjugates of AR1 include azo
inkage (–N N–), benzene and naphthalene ring. The chromophore
ontaining azo linkage has absorption in the visible region, while
enzene and naphthalene ring have it in the ultraviolet region, and
aphthalene ring’s absorption wavelength is higher than that of the
enzene ring [33]. It was clearly observed that the absorption peak
t 532 nm diminished very fast and almost completely disappeared
nder 150 min of reaction. This indicated a rapid decolorization of
R1, a complete decolorization of 50 mg L−1 AR1 can be achieved

n 150 min in the presence of 16 mM H2O2 and 5.0 g L−1 of catalyst.
he ultraviolet band at 322 nm and 354 nm was also observed to
radually diminish but at a lower rate than that of visible band,
hich indicated the destruction of the benzene and naphthalene

•
ings. Therefore, OH radical first attacks azo groups and opens
N N– bonds, destructing the long conjugated � systems and con-
equently causing decolorization [34].
Fig. 11. Absorbance spectra. Reaction conditions: initial concentration of AR1,
[AR1]0 = 50 mg L−1; initial concentration of hydrogen peroxide, [H2O2]0 = 16 mM,
dosage of catalyst = 5.0 g L−1 with 0.14 wt.% of iron ions in catalyst, agitation
speed = 130 rpm; temperature = 30 ◦C; and pH 2.5.

3.5. Catalyst stability and leaching test

Fig. 12 shows the performance reached in terms of AR1 decol-
orization in four consecutive cycles. To recover the catalyst, the final
effluent was filtered. After the first cycle, and in order to check if the
leached iron was responsible for the catalytic activity, both AR1 and
H2O2 were added to the solution in the same concentrations at the
beginning of the experiment. Fig. 12 shows that in these conditions
AR1 decolorization is only a very small fraction of that recorded in
the presence of the Fe–MK10. Although a homogeneous catalytic
contribution also exists, as a consequence of the iron leaching, the
process is essentially heterogeneous. For subsequent cycles, the fil-
tered catalyst was dried overnight between consecutive runs. Even
though slight activity decay was observed, this might be due to the
tration of AR1, [AR1]0 = 50 mg L−1; initial concentration of hydrogen peroxide,
[H2O2]0 = 16 mM; dosage of catalyst = 5.0 g L−1 with 0.14 wt.% of iron ions in catalyst;
agitation speed = 130 rpm; temperature = 30 ◦C; and pH 2.5.
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ere carried out to check the potential of leaching of iron ions from
K10. In all of the experiments, concentration of the Fe ion was

elow 5 mg L−1 and this conforms to the standard of Environmental
uality (Sewage and Industrial Effluents) Regulation 1979.

. Conclusion

In this study it was demonstrated that the Fe–MK10 obtained
hrough impregnation method served as a reactive Fenton-like
eterogeneous catalyst for the decolorization of AR1. Under the
est conditions (0.14 wt.% Fe–MK10, 5.0 g L−1 dosage of catalyst,
H 2.5, 16 mM of H2O2), 99% decolorization of solution containing
0 mg L−1 AR1 could be removed within 150 min in a batch pro-
ess. The Fe–MK10 catalyst exhibit not only good catalytic activity
ut also reasonable small iron leaching (below the Environmental
uality (Sewage and Industrial Effluents) Regulation 1979 values),

ndicating that the active phases are strongly fixed to the support
possibly iron strongly bonded to the surface of MK10 or engaged
n small oxide clusters dispersed in the solid, inside or outside the
orosity). Consecutive reaction cycles carried out with this sample
howed a minor deactivation, which is possibly due to some iron
eaching, thus evidencing the possibility of being used in continu-
us processes.
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