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a b s t r a c t

Rapid decolourization of Methyl Orange by Fenton-like mesoporous Fe2O3–SiO2 catalyst has been
reported. The effect of various parameters such as initial pH, initial H2O2 concentration, Fe content in
the catalyst and initial dye concentration on decolourization process were studied. The results show that
20 mg of mesoporous Fe2O3/SiO2 composite (with Si/Fe = 10) was sufficient to decolourize 0.6 mg/ml of
Methyl Orange in presence of 2 ml of H2O2 at an initial pH of 2.93 within 20 min. The pH range for effective
eywords:
zo dye decolourization
ethyl Orange
esoporous Fe2O3/SiO2

dvanced oxidation process
enton-like oxidation

decolourization (≥90%) was found to be 1–3. Leaching tests indicated that the activity of the catalyst was
almost unaffected up to three consecutive cycles although ≤0.2 ppm of Fe ion was leached into treated
water in each run.

© 2010 Elsevier B.V. All rights reserved.
aste water treatment

. Introduction

The contamination of water due to colour effluents coming from
ifferent industries is a current problem all over the world [1–4].
he textile industry is the largest consumer of colourants and uses
hem in conjunction with other auxiliary chemicals. Among sev-
ral dyes, azo dyes are the most important and frequently used for
olourization in textile industries. Studies indicate that the reduc-
ive cleavage of the azo bond (–N N–) by azoreductase enzyme in
he liver produces aromatic amines and can even lead to intesti-
al cancer [5,6]. Thus mineralization of these dyes in the effluent

s essential before being released in to aquatic and terrestrial envi-
onment. The degradation of these dyes in order to reduce visual
olour contaminant to meet increasing environmental demand has
ontinued to attract the interest of several research groups.

Numerous physical, chemical and biological methods are
resently available for decolourization of azo dye effluents from
arious industries [3,4,7]. However, the physical and biological
ethods are not advantageous as they simply transfer the pol-
utants from one phase to another phase. Furthermore, high cost
f equipments involved in these processes limits their practical
arge scale implementation. Alternatively, chemical method like
Advanced Oxidation Processes” (AOPs) result almost complete

∗ Corresponding author. Tel.: +91 661 2462653; fax: +91 661 2462651.
E-mail addresses: npanda@nitrkl.ac.in, niranjanpanda@gmail.com (N. Panda).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.09.042
mineralization of organic pollutants and can be applied over a wide
range of organics. In particular, oxidation with Fenton’s reagent,
based on ferrous ion and H2O2, is a promising one [8–12]. Due
to high efficiency, simple technology and stability to treat a wide
range of organic pollutants, this process has been proven as a
potential alternative to destruct a large range of hazardous organic
pollutants [13]. However, homogeneous Fenton’s process has sig-
nificant disadvantages like (i) tight pH range in which the reaction
proceeds, (ii) need for recovery of the precipitated catalyst after
treatment. Besides, for successful mineralization high concentra-
tion of iron (50–80 ppm) is required, which is well above the
permissible limit (2 ppm) of Fe concentration in the treated water to
be dumped directly to the environment [14–17]. To overcome these
limitations, serious attention has been focused on the develop-
ment of heterogeneous Fenton-like catalysts such as Fe-containing
zeolites and clays [18–20]. Recently, Fe-containing mesoporous
materials have attracted much attention because of their high sur-
face area and uniform pore size distribution. In literature it has been
reported that heterogeneous zeolite-based Fe catalysts, such as FeY
and FeZSM-5, could provide similar catalytic activities as homoge-
neous Fe (II) ions [14,15,21]. The stability of these Fe containing
heterogeneous catalysts and their catalytic activity towards dye

degradation reaction largely depend on synthesis methods, compo-
sition and their framework structure. Apart from this, care should
be taken to minimize the possibility of Fe leakage from hetero-
geneous support which often results new pollution of the treated
water [16].

dx.doi.org/10.1016/j.jhazmat.2010.09.042
http://www.sciencedirect.com/science/journal/03043894
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In this context, we are presenting here the degradation of Methyl
range (MO) using our synthesized novel mesoporous Fe2O3–SiO2
omposites. Composites with different Si/Fe ratios have been syn-
hesized and thoroughly characterized by XRD, SEM, SEM–EDX, BET
nd UV–vis spectroscopy. In this study MO has been chosen as a
odel representative azo dye owing to its wide application in var-

ous industries. The kinetics of the degradation process, effects of
nitial pH and initial H2O2 concentration on decolourization, have
een extensively studied. The detail investigation on COD removal
o examine the extent of mineralization and leakage of iron to the
reated water has also been undertaken in this work.

. Experimental

.1. Materials

All chemicals used here are of reagent grade and used
ithout further purification. Methyl Orange (MO) was pur-

hased from Merck, Germany. Tetraethyl orthosilicate (TEOS)
nd cetyltrimethyl ammonium bromide (CTAB) were procured
rom Sigma–Aldrich. Ferric nitrate Fe(NO3)3·9H2O and ammonium
ydroxide (25%, w/v) were supplied by Merck specialities, India.
ydrogen peroxide (30%, w/v) was obtained from Rankem, India.
he pH of the solution was adjusted to desired value using dilute
olutions of H2SO4 or NaOH. The required concentration of the MO
olution was made using deionized water.

NN
H3C

H3C N S
O

O
O Na

MW       327.33 g/mol
max      463, 273 nmλ

C.I.       13025

Chemical structure of MO

.2. Catalyst synthesis

Mesoporous Fe2O3–SiO2 composite was synthesized using TEOS
nd ferric nitrate Fe(NO3)3·9H2O as silicon and iron sources respec-
ively. CTAB was used as the structure-directing agent. Mesoporous
iO2 and three mesoporous Fe2O3–SiO2 composites with different
i/Fe ratios (10, 20 and 50) were synthesized and their catalytic
ctivity towards decolourization of MO was studied. For the syn-
hesis of mesoporous Fe2O3–SiO2 composite, 2.5 g of CTAB was
issolved in 60 ml of deionized water and then mixed with 76 ml
f absolute ethanol and stirred for 15 min. To the resulting solution
.7 g of TEOS (98%) was added and vigorously stirred for 30 min.
hen, to the above clear solution 0.18, 0.46, 0.92 g of Fe(NO3)3·9H2O
Si/Fe = 50, Si/Fe = 20, Si/Fe = 10 respectively) was added at once and
tirred for 30 min during which colour of the solution changes to
ight yellow. For gel precipitation, 23 ml of ammonium hydroxide

as added and the precipitate so formed was stirred for another
0 min and aged for 24 h at room temperature. Template was
emoved by calcining the samples at 550 ◦C for 4 h. Then, it was
ooled to room temperature and stored in a stoppered bottle for
atalytic use.

.3. Instrumentation
The phase formation and crystallographic state of all the sam-
les were studied by X-ray diffraction (XRD) analysis using Philips
W 1830 X-ray diffractometer with Cu K� source. The coordination
nvironment of Fe in the synthesized composites was examined by
Materials 185 (2011) 359–365

diffuse reflectance UV–vis spectroscopy. The spectra were recorded
in Shimadzu (UV–vis spectrophotometer model 2450) in the wave-
length range of 200–800 nm under atmospheric conditions using
BaSO4 as reference. Nitrogen adsorption–desorption isotherms
were obtained at 77 K on a Quantachrome Autosorb 3-B appa-
ratus. The specific surface area and pore size distribution were
obtained by following BET equation and DR method respectively.
The morphology of the catalyst was studied by scanning electron
microscopy (HITACHI COM-S-4200). The Si/Fe ratio of different
samples was also determined by Energy dispersive X-ray (EDX)
spectroscopy which is connected with SEM. FTIR spectra were
recorded on a Perkin Elmer (BX 12) spectrophotometer using KBr
pellets.

2.4. Dye decolourization

For decolourization experiments, stock solution was prepared
by dissolving 600 mg (1.83 mmol) of MO in l l of water. For each
decolourization experiment, 1 ml of stock solution was treated
with 2 ml of H2O2 (30%, w/v) and 20 mg of catalyst. The volume
of the mixture was adjusted to 10 ml with distilled water and
heated at 100 ◦C for 20 min. The decrease in absorbance of the
supernatant solution was observed in a double diffused UV–vis
spectrophotometer (Shimadzu, Model No. 2450). In decolour-
ization experiment the residual concentration of the dye was
calculated by Beer–Lambert’s law, i.e., A = εCl, where A is the
absorbance, ε represents the extinction co-efficient at characteris-
tic wave length (�max = 463 nm), C is the concentration and l is the
path length. The degree of decolourization; i.e., the removal degree
of colour at �max (463 nm) of the sample was calculated using the
relation

DD% = Ai − At

Ai
× 100

where Ai, is the initial absorbance of the sample and At is the
absorbance at time t. The heating experiments were carried out in
regular intervals of time to study the kinetics of the decolourization
process. The COD of the treated samples were obtained by following
the standard protocol cited elsewhere. The possibility for leakage
of Fe ions to the treated water was examined by atomic absorption
spectroscopy (Perkin Elmer A Analyst 200). The reusability of the
catalyst was evaluated by washing and drying the catalyst in air
oven at 120 ◦C for overnight and using it for dye degradation under
similar experimental conditions.

3. Results and discussion

3.1. Catalyst characterization

The wide angle X-ray diffraction pattern of three samples
with various Si/Fe ratios has been shown in Fig. 1. For sample
with Si/Fe = 50 two small and broad diffractions peaks appear at
2� = 33.11 and 35.62◦ indicating the presence of ultra-small oxide
domains of poor crystallinity. In samples with Si/Fe = 20 and 10,
the crystallites corresponding to �-Fe2O3 (JCPDS card no. 85-
0987) are evident. This is due to larger crystallite size (about
14.2 nm for Si/Fe = 10, 10.2 nm for Si/Fe = 20) as estimated using
Debye–Scherer’s equation. With increase in Si content there is
increase in disorderness in the Fe2O3 crystal and hence broadening
of diffraction peak is observed. Fig. 2 shows SEM images of as syn-
thesized SiO2 and Fe2O3–SiO2 (Si/Fe = 10). The silica samples appear

to be irregular polyhedra with in size range 0.4–0.5 �m. There was
no change in surface morphology of SiO2 even after iron loading
(Fig. 2b). This implies that there is no unusual deposition of Fe2O3
on the surface rather uniformly distributed throughout which is
further supported by UV–visible spectra. The surface Si/Fe atomic
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Fig. 1. XRD pattern of Fe2O3–SiO2 composite.
atios for samples having Si/Fe = 10, 20 and 50 were found to be
0.5, 22 and 55 respectively from SEM–EDX analysis.

The UV–visible absorption spectra of mesoporous SiO2 as well
s Fe2O3–SiO2 composite materials have been shown in Fig. 3. All
ynthesized iron rich samples (Fig. 3b–d) show a strong absorption

ig. 2. (a) SEM image of as synthesized mesoporous SiO2 and (b) SEM image of
e2O3–SiO2 (Si/Fe = 10).
Fig. 3. UV–vis absorption spectra of mesoporous SiO2 and Fe2O3–SiO2 composites.

band at high energy region in 210–330 nm. This band is possibly due
to electronic transition of the anion (O2−) to the t2g and eg orbitals of
Fe3+ with in [FeO4]− tetrahedra [22]. A similar high energy absorp-
tion band associated with ligand-to-metal charge transfer has also
been observed in case of mesoporous FeS-I [23] and Fe-HMS [24].
Bulk �-Fe2O3 exhibits a broad absorption band at 320–700 nm with
absorption maximum at 560 nm. Absence of any peak above 320 nm
indicates that there is no agglomerated Fe2O3 rather it is uniformly
dispersed in the silica matrix. In FTIR appearance of a small peak
at 965 cm−1 corresponds to Fe–O–Si bond distinguishes iron rich
samples from as synthesized iron free silica samples.

N2 adsorption and desorption isotherm for Fe containing meso-
porous are of type IV and the surface area as well as pore volume
was found to decrease with increasing Fe content as expected from
increase in unit cell mass of the composites. The pore walls were
relatively thicker (1.6–2.2 nm) than those of siliceous mesoporous
materials (1–1.5 nm) [25,26]. The same trend was observed in case
Fe-MCM-41 as reported by Samanta et al. [27]. The data obtained
from BET surface area analysis have been presented in Table 1.

3.2. Dye decolourization

MO shows two absorption bands at 463 nm and 273 nm. The
peak at 463 nm is attributed to the azo (–N N–) chromophore
whereas the other peak at 273 nm is associated with the aro-
matic ring. At the first step of decolourization process, hydroxyl
(•OH) and perhydroxy (•OOH) radicals are generated by Fenton-
like mechanism [28] and added to the azo double bond. As a result
chromophoric characteristic of the dye is lost by producing other
intermediates which do not absorb in the visible region. This fact is
supported from the observation of Panajkar et al. [29] who showed
that •OH addition to the azo double bond is the main process (60%)
in the radiolysis of this type of compound, while addition to aro-
matic rings accounts for the rest of the observed products. In this
line, Hoffmann et al. [30] reported the fragmentation patterns of
MO by the reaction of •OH with the azo bond by mass spectrometry.
They observed that cleavage of the azo group yielded two nitroso or
nitro aromatic compounds, which undergo further decomposition

to NO2. Oxidation of the so formed intermediate yields nitrate ion
(NO3

−). Indeed, we observed NO3
− as intermediate, which forms

brown ring in presence of FeSO4 solution. In addition, they also
characterized acetic acid (m/z = 60), succinic acid (m/z = 118), ben-
zoquinone (m/z = 108), nitrobenzene (m/z = 123), dinitrobenzene
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Table 1
XRD, SEM–EDX and surface area data of Fe2O3–SiO2 composite.

Sample (Si/Fe ratio) Crystallite size Si/Fe atomic ratio
(SEM–EDX)

BET analysis

Specific surface
area (m2/g)

Pore diameter
(nm)

Pore volume
(cc/g)

Pore width
(nm)

1485 3.86 0.753 19.28
1313 3.86 0.466 19.25

984 3.86 0.379 14.02
917 3.86 0.032 18.64
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Fig. 4. Effect of Fe loading in catalyst on degree of decolourization.

Fe+3 + H2O2 [Fe(III) OOH]2+ + H+

[Fe(III) OOH] 2+ Fe 2+ +   OOH

[Fe(III) OOH]2+ [FeIV O]2+ +  OH

to degrade MO [35,36].

3.2.3. Effect of initial dye concentration
It may be noted that the concentrations of the dye in textile

effluents ranges between 50 and 250 mg/l. Our decolourization
Si/Fe = ∞ – –
Si/Fe = 50 8.4 55
Si/Fe = 20 10.2 22
Si/Fe = 10 14.2 10.5

m/z = 168), nitrophenol (m/z = 140), nitrocatechol (m/z = 155), dini-
rophenol (m/z = 183), nitroso-N,N-dimethylaniline (m/z = 150) and
igher molecular weight dicarboxylic acids substituted with nitro
roups (m/z = 232) as organic byproducts. The presence of sulfonate
roup (SO3

−) in MO also determines the existence of sulfonate
ntermediates, such as hydroxybenzenesulfonate (m/z = 173) and
itrohydroxybenzenesulfonate (m/z = 218).

In order to evaluate the degradability of MO in presence of H2O2,
n absence of heterogeneous catalyst, 1 ml of the stock solution was
eated with 2 ml of H2O2 and analyzed by UV–vis spectrophotome-
er. The results indicate that the degradation by H2O2 is negligible
<5%) and this is due to the poor oxidation potential of H2O2 as com-
ared to hydroxyl or perhydroxyl radicals generated in-situ for the
ecolourization of azo dye in presence of catalyst [28].

.2.1. Kinetics of decolourization
The decolourization experiment was carried out by heating 1 ml

f stock solution and 2 ml (19.4 mmol/l) of H2O2 in presence of
0 mg of catalyst at pH 2.93. It is found that the concentration of
he dye rapidly decreases (�max at 463 nm) in the first few minutes
nd subsequently slows down (Table 2). The rate of degradation of
he dye is represented by

dC

dt
= k Cn

here C, concentration, k, rate constant, n, order of reaction and
, time. For first order reaction the semi-log of residual colour at
63 nm (ln A0/At) versus reaction time (Table 2) was plotted. Sim-

larly, the 1/At versus t was plotted for second order reaction. A
omparison of two kinetic models indicates that the first order
inetics fits well with the data (R = 0.94) than the second order
inetics (R = 0.66). The corresponding rate constant (k) for the first
rder reaction was found to be 3.36 × 10−2 min−1. This result agrees
ith the kinetics of Fenton-like reaction recently reported by Wang

31].

.2.2. Effect of Fe loading on MO decolourization
In order to verify the effect of Fe loading on silica surface for

ecolourization, 1 ml of the stock solution was kept over 20 mg
f catalyst {SiO2 and Fe2O3–SiO2 (Si/Fe = 10)}. It was observed
hat concentration of MO decreased by 6% over SiO2 catalyst after
h whereas concentration decreased by 10% over Fe2O3–SiO2

Si/Fe = 10). This may be due to adsorption of more MO on
e2O3–SiO2 (Si/Fe = 10) catalyst via the sulfonic group through the
ormation of bridged bidentate complex with Fe on catalyst surface
32]. Similar experiment was also carried out in presence of H2O2.
lthough the DD was relatively more (70% after 24 h) but complete
ecolourization did not occur without heating.

The change in UV–vis absorption spectra of MO in presence of

atalyst with different Si/Fe ratio is shown in Fig. 4. It was observed
hat decolourization efficiency increases with increase in Fe load-
ng. This behaviour can be attributed to the fact that higher loading
f Fe on the silica surface increases the active sites on the catalyst
urface for generation of hydroxyl (•OH) and perhydroxy (•OOH)
[Fe(III) OOH]2+ [FeV O]3+ +  OH

Scheme 1.

radicals. Following reaction mechanism (Scheme 1) can be pro-
posed for Fe (III) active species in the frame work of porous silica
[33,34].

Above mechanism shows that Fe+3 species which is on the sur-
face of the catalyst reacts with hydrogen peroxide and leads to the
formation of various active intermediates such as [Fe(III) OOH]2+,
[Fe(IV) O]2+ and [Fe(V) O]3+ to produce hydroxyl and perhydroxyl
radicals to decompose the azo dye. However, Fe+2 species formed
in the reaction process (Scheme 2) also reacts with H2O2 to gener-
ate Fe+3 species, [Fe(IV) O]2+ and hydroxyl radical which are capable
Fe 2+ +  H2O2 Fe 3+ OH + OH

Fe 2+ +  H2O2 [Fe IVO]2+ + H2O

+

Scheme 2.



N. Panda et al. / Journal of Hazardous Materials 185 (2011) 359–365 363

Table 2
Time course decolourization and mineralization (COD removal) of MO.

Time 2 min 4 min 6 min 8 min 10 min 12 min 14 min 16 min 18 min 20 min

72.2
5
1.29
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DD % 46.14 56.11 58.86 67.51
% COD removal <1 <1 <1 2
ln A0/A 0.62 0.84 0.89 1.11

xperiment was performed at different MO concentrations rang-
ng from 300 mg/l to 800 mg/l at pH of 2.93. It was observed that
0 mg of catalyst was able to decolourize (≥98%) up to 0.6 mg of
ye within a period of 20 min in presence of 2 ml of H2O2. The
ercentage degradation of MO for an initial dye concentration of
.7 mg/ml and 0.8 mg/ml was 70% and 58% respectively even after
rolonged heating. This decrease in efficiency of the catalyst for
omplete decolourization of MO at higher concentration may be
ue to lack of availability of active sites. With increase of MO ini-
ial concentration, the percentage of MO molecules which could be
bsorbed on silica surface decreased. In addition, the intermediate
roducts formed during dye-oxidation probably compete with the
ye molecules for the available Fe (III) active sites. Thus, dosage of
eterogeneous catalysts is an important factor for decolourization
xperiment [15].

.2.4. Effect of initial pH
The decolourization of MO was carried out at different initial pH

f the solution ranging from 1 to 10.2. The initial pH of the stock
olution was 7.3 and after treatment with required amount of H2O2
nd catalyst pH of the solution changes to 2.93. The decrease of pH is
ue to the formation of HNO3 and other organic acids such as oxalic
cid, acetic acid, succinic acid and phenol as by products. Neamtu et
l. also reported about the formation of similar byproducts during
he degradation of azo dyes at optimal conditions [37]. The effect of
H on degree of decolourization is presented in Fig. 5. It was found
hat with increase in pH the degree of decolourization decreases
nd no significant decolourization occurs (<45%) above pH 6. This
ay be due to the fact that H2O2 decomposes in basic medium to
olecular oxygen and H2O and hence, loses its oxidizing ability.

n addition, at higher pH, the catalyst surface becomes negatively
−
harged and adsorption rate of MO (having SO3 group) is very slow

n the catalyst surface for successive decolourization [38]. For our
atalytic system the optimum pH was found to be 1–3 for maximum
ecolourization (≥90%) of MO within a period of 20 min whereas
ther authors [39,40] reported the requirement of a tight range

Fig. 5. Effect of pH on degree of decolourization.
79 84.01 92.29 93.3 98.5
25 45 58 58 60

1.55 1.82 2.58 2.73 4.20

of acidic environment ranging from pH 2.5 to 3.0 for maximum
decolourization by Fenton-like oxidation over a long period. The
need for lower pH may be due to the formation of more oxidant,
i.e., the hydroxyl radical. At lower pH, the MO prefers the quinoid
structure which undergo degradation by •OH and •OOH radicals
easily than the azo structure [41]. Again also at lower pH the catalyst
surface is positively charged which facilitates the adsorption of the
negatively charged dye and hence enhancing the decolourization
[42].

3.2.5. Effect of H2O2 concentration
The decomposition of MO increases 45–98% (Fig. 6) with increas-

ing initial concentration of H2O2 (4.5–48.5 mmol/l). This is due to
the fact that at higher H2O2 concentration enough hydroxyl radi-
cals are produced leading to almost complete decolourization. The
optimum concentration of H2O2 about 20–30 mmol/l was obtained
for efficient decolourization of MO and this result is consistent
with the observation of Chen et al. [15]. However, increase of
H2O2 (40–60 mmol/l) further results decrease in degradation pro-
cess because surplus H2O2 molecules act as scavenger of hydroxyl
radical to generate perhydroxy radical which has lower oxidation
potential than the former [43].

H2O2 + •OH → H2O + •OOH

3.2.6. Mineralization of MO
During decolourization of MO, reaction intermediates may form

which could be long-lived and even more toxic than their parent
compounds. Therefore, it is necessary to understand the degree of
mineralization of the azo dye during decolourization process. COD

removal signifies the extent of mineralization. The percentage of
COD removal is defined as

% COD removal = COD0 − CODt

COD0
× 100

Fig. 6. Effect of H2O2 concentration on degree of decolourization.
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Table 3
Decolourization, mineralization (COD removal) of MO and Fe leaching by multi-cycle
experiments at optimum conditions.

Cycles DD % (from UV–Vis) % COD removal Fe leakage
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Cycle 1 98.5 60 0.16
Cycle 2 98 59 0.17
Cycle 3 97 58.5 0.09

here COD0 and CODt represent the COD of the solution before
nd after treatment for t min respectively in presence of H2O2 and
atalyst. The % COD removal (Table 2) at regular intervals of time
ndicates that initially the degree of mineralization was less and
radually it increases. The nonuniformity in degradation possibly
rises because of the formation of tolerant intermediate products
hat contribute to the COD of the solution.

.2.7. Leaching and reusability of the catalyst
To study the potential leaching of iron from the silica cage, the

atalyst was filtered in hot condition to minimize readsorption. The
olution was tested for iron content by AAS. The amount of Fe ions
ere found to be <0.2 ppm which is below the permissible level

19]. This indicates that the catalysis is mainly due to Fe present in
he heterogeneous catalyst surface rather than the trace amount of
eached Fe ions. Similar observation was reported by Centi et al. [44]
or catalytic wet peroxide oxidation of carboxylic acids. Kasiri et al.
lso reported the leaching of Fe ions is about 0.3 ppm from hetero-
eneous Fe-ZSM5 during the decolourization of Acid blue 74 [14].

To know the reusability of the catalyst, the catalyst recovered
rom decolourization experiment was treated with the dye solu-
ion under similar condition for another two cycles. The catalytic
ehaviour of mesoporous Fe2O3/SiO2 composite is reproducible
Table 3) in consecutive experiments without a remarkable drop
n the process efficiency, which indicates the absence of significant
eactivation of the catalyst due to small loss of iron.

. Conclusion

In this report, catalytic activity of the Fenton-like mesoporous
e2O3/SiO2 composite towards successful decolourization of MO
ithin a period of 20 min was demonstrated. The decolouriza-

ion reaction follows first order kinetics with a rate constant of
.36 × 10−2 min−1. Among the synthesized composites, the sam-
le having Si/Fe = 10 was found to have highest activity because of
he availability of higher active sites. The process of decolourization
s found to be optimum within an acidic pH range of 1–3. The COD
emoval of the dye was found to be 60% under optimal conditions.
he successive reusability of the catalyst may provide an easy and
ost effective alternative for treatment of waste water.
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