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ABSTRACT

The heterogeneous Fenton-like oxidation of a cationic triphenylmethane dye, crystal violet
(CV), dissolved in water was investigated using an iron-loaded ZSM-5 zeolite catalyst. The
catalyst was characterized by powder X-ray diffraction patterns, Fourier Transform infrared
spectroscopy (FTIR), scanning electron microscope, analysis, and nitrogen adsorption-Bru-
nauer-Emmet-Teller (N2-BET) studies. The effects of temperature, solution pH, H2O2

amount, catalyst amount, and initial dye concentration were investigated using the
heterogeneous Fenton-like oxidation of an aqueous CV. The increase in the concentration of
H2O2 from 3 to 7.5 mM enhanced the decolorization. Whereas increasing the H2O2 amount
from 7.5 to 10 mM led to a decrease in the color removal from 94.1 to 85.5%. An acidic pH
of 3.5 was favorable for the decolorization of the dye. The decolorization of the dye
decreased with the increase in the initial concentration of CV. Doubling the amount of the
catalyst enhanced the decolorization from 94.1 to 99.6% while the chemical oxygen demand
(COD) removal changed from 50 to 58.8%. The increase in temperature positively affected
the decolorization and the COD reduction of the dye. The stability of the catalyst was main-
tained even after using the catalyst for three cycles, and a small iron leaching was also
proof of the stability of the catalyst. The initial color removal rate of the CV was described
as −rCV,o = 7.3 e−14.7/RT CCV,o

0.7 CH2O2;0 where R = 8.314 J/mol K and CCV,o and CH2O2;0 were
in mol/dm3.

Keywords: Advanced oxidation process; Heterogeneous Fenton-like oxidation; Crystal violet;
Iron-loaded ZSM-5 Zeolite catalyst

1. Introduction

The wastewater from textile, dyeing, printing, and
other related industries has long been a major envi-
ronmental problem all over the world. It is estimated
that over 100,000 synthetic dyes are available in the
world, and almost 7 × 105 tons of dye stuff are pro-

duced annually. Colored wastewater streams could
pose serious detrimental effects to the environment
and thus to human health. Hence, these effluents must
be treated or decolorized prior to discharge [1].

A wide range of methods has been developed for
the removal of synthetic dyes from water. The tech-
niques can be classified with three categories: chemi-
cal, physical, and biological. Biological treatment
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technologies are insufficient for the decolorization of
textile wastewater and the color remains due to the
nonbiodegradable nature of the chromophoric groups.
Physical treatment technologies, such as coagulation/
flocculation, adsorption (mainly on activated carbon),
and membrane processes, can result in successful
removal of color from the effluent, however, the
disadvantage of these methods is the existence of
another form of waste for example solid waste such as
spent carbon or sludge [2,3]. Among all the other
methods, the oxidation processes are found to be very
effective which is dependant on the type of oxidant,
structure of the catalyst, and chemical composition.

This study presents the catalytic behavior of an
iron-loaded ZSM-5 zeolite in the heterogeneous
Fenton-like oxidation of crystal violet which is a catio-
nic triphenylmethane dye. Crystal violet is widely
used in animal and veterinary medicine as a biological
stain and for identifying bloody fingerprints. It is also
extensively used in textile dying and paper coloriza-
tion. Crystal violet is harmful by inhalation, ingestion,
and skin contact and also has been found to cause
cancer and severe eye irritation in human beings. It is
also a mutagen and a mitotic poison [4,5].

Up to now, degradation of crystal violet (CV) was
studied using several advanced oxidation processes
(AOPs) such as: heterogeneous oxidation with H2O2

over copper(II) amine complexes supported on
Amberlyst-15 [6], photocatalytic degradation in the
presence of Ag+ doped TiO2 or nanostructured TiO2

ultrafine powder or silver doped TiO2 catalysts,
homogeneous, and heterogeneous Fenton reaction, in
the presence of bulk CdS, nano-CdS, nano-CdS/zeolite
A, and CdO/zeolite and P25-TiO2 catalyst [1,4,7–13],
electrochemical oxidation using a boron-doped dia-
mond or Ti/RuO2-IrO2 anode [14,15], electrocoagula-
tion using iron or aluminum electrodes [16], wet
peroxide oxidation in the presence of FeGAC/H2O2

[17], degradation with a magnetic CuFe2O4 aqueous
solution coupled with microwave radiation [18], and a
photocatalytic-biological system combination [19]. In
addition, mineralization or chemical oxygen demand
(COD) removal data have been reported in a few stud-
ies for CV degradation. A COD removal of 85, 70, and
46% was obtained for 20, 40, and 60 ppm CV after
105 min of oxidation by photocatalytic degradation on
silver ion doped TiO2 [4]. A 91.9% TOC removal was
obtained in 1 h the by homogeneous Fenton-like
oxidation of CV [10]. A TOC removal of 65% was
achieved in 300 min by the photocatalytic decoloriza-
tion of CV in an aqueous nano-ZnO suspension under
visible light [20].

In recent years, the AOPs have received consider-
able attention for the destructive oxidation of dyes

and textile effluents, since many aromatic compounds
have proven to be degraded effectively to CO2, H2O,
and small molecules [21].

The most widely known AOPs include heteroge-
neous catalytic oxidation, heterogeneous photocatalytic
oxidation, treatment with ozone in basic and acidic
media (often combined with hydrogen peroxide,
ultraviolet (UV) light or both hydrogen peroxide/UV
systems), and the Fenton and photo-Fenton reactions.

The classical Fenton’s reagent allows higher oxida-
tion efficiencies (up to 95%) under mild conditions
(T < 50˚C, 0.1–0.3 MPa), using hydrogen peroxide and
a homogeneous Fe2+ catalyst.

The Fenton reaction based on ferrous ion is as
follows:

Fe2þ þH2O2 ! Fe3þ þ �OHþOH� ðk ¼ 63 M�1 s�1Þ
(1)

Iron (III) can then react with hydrogen peroxide in the
so-called Fenton-like reaction (Eqs. (2)–(4))

Fe3þ +H2O2�FeOOH2þ +Hþ ðk¼ 10�3�10�2 M�1 s�1Þ
(2)

FeOOH2þ ! HO�
2 þ Fe2þ (3)

Fe3þ + HO�
2 ! Fe2þ + O2 + Hþ ðk ¼ 1x104 M�1 s�1Þ

(4)

Fenton’s process may not be applicable to alkaline
solutions or sludges with strong buffering capacities.
Another disadvantage of Fenton’s treatment is the
production of iron sludge, which must be disposed of
[22–24]. Under these circumstances, there is a need for
heterogeneous catalytic procedures where the catalyst
is in a different phase and, in particular, zeolites,
whose recovery from water and regeneration, are not
too difficult [25,26]. Fe-loaded zeolites show redox
properties because iron can change its oxidation state
in the presence of H2O2, Eq. (2). While the rate of Eq.
(2) is much smaller than that of Eq. (1) with which
hydroxyl radicals are formed, to enhance the reduc-
tion of Fe3+ to Fe2+ on the surface of the catalyst,
reducing agents such as ascorbic acid, and hydroxy-
lamine, humic acid, or UV-light can be used [27–30].
These materials are effective catalysts for the oxidative
breakdown of phenol [31,32], a number of carboxylic
acids [33], and ethanol [34] in water. In addition to
these, Fe-loaded ZSM-5 zeolite catalysts were used
efficiently for decolorization of different kinds of dyes
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such as Orange II [35–37], anthraquinone dye Reactive
Brilliant Blue KN-R [38], Rhodamine 6G [39–42], and
Reactive Red 141 [43]. The use of hydrogen peroxide
as an oxidant is also helpful, since no additional pres-
sure is required, as in the case of gaseous oxidants,
such as O2 or O3. The use of heterogeneous catalysts
is a very promising way to treat wastewater streams
as it permits treatment under mild temperature and
pressure conditions without the necessity of catalyst
recovery as required with homogeneous catalysis [44].

In light of this literature survey, heterogeneous
Fenton-like oxidation was chosen as the AOP to
degrade crystal violet. On the other hand, to the best
of our knowledge, no study has been reported in
literature on the heterogeneous Fenton-like degrada-
tion of CV in the presence of a FeZSM-5 zeolite cata-
lyst. In this study, the aim was to investigate the
influence of several parameters such as temperature,
solution pH, the H2O2 amount, catalyst amount, and
initial dye concentration on the heterogeneous Fenton-
like degradation of CV using an iron-loaded ZSM-5
zeolite catalyst.

2. Experimental study

2.1. Materials

The crystal violet (CV) dye was purchased from
Merck (Germany) and used without any purification.
The absorption spectra of CV are characterized by two
main bands, one in the visible region (λmax = 590 nm)
which is responsible for the chromophoric components
and the other in the UV region (λmax = 300 nm). In this
study, the decay in the band at 590 nm was investi-
gated as a function of time as a measure of the
decolorization degree.

The hydrogen peroxide solution (35% in mass) of
analytical grade was also obtained from Merck. All
aqueous solutions were prepared with water obtained

from a Millipore Direct Q purification unit. The
chemical structure of CV is given in Fig. 1.

2.2. Catalyst preparation

In this study, a FeZSM-5 (42) catalyst was prepared
by the ion exchange method used by Schwidder et al.
[45]. The method was applied with small differences.
For this purpose, 5 g of the parent ZSM-5 zeolite (Si/
Al = 42), 1.825 g of Fe powder (Riedel-de Haen AG),
and 500 cm3 of deionized water were charged into a
double-necked flask equipped with a gas inlet tube
and a magnetic stirrer. After the flask was flushed
with nitrogen (in the study of Schwidder et al. [45]
argon was used) for 3 min, 4.14 cm3 of concentrated
hydrochloric acid (37% in mass, J.T. Baker) was slowly
added to the mixture. The liquid was stirred under
nitrogen atmosphere for 5 d. Ferrous ions are easily
oxidized to corresponding ferric ions by oxygen in air;
the presence of nitrogen prevents this oxidation. So, a
pure Fe2+ solution could be obtained by reaction
between the iron powder and hydrochloric acid solu-
tion under the atmosphere of inert N2 gas. After 5 d,
it was filtered, and the obtained FeZSM-5 (42) sample
was washed with deionized water until no Cl− was
detected in the washing water. The catalyst was dried
at room temperature and calcined.

For calcination, the catalyst was first heated to
423 K at a rate of 80 K/min and kept at 423 K for
15 min and then heated to 873 K at a rate of 47 K/min
under air and remained at this temperature for 2 h. It
was observed that after the calcination step, the color
of the catalyst (light brown) did not change.

2.3. Catalyst characterization

The prepared FeZSM-5 catalyst was characterized
by nitrogen adsorption, XRD, scanning electron micro-
scope (SEM), FTIR, and inductively coupled plasma
atomic emission spectrometer (ICP-AES) measure-
ments.

Powder X-ray diffraction patterns (XRD) of the cata-
lyst were recorded in the range of 5–70˚ using a Shi-
madzu 6000 XRD with Cu-Kα radiation to determine
the crystalline structure of the sample, and the morpho-
logical properties were analyzed with a SEM (FEI
Quanta 250 FEG SEM). Nitrogen adsorption isotherms
at 77 K were measured using nitrogen adsorption
(Micromeritics ASAP 2010) equipment. The FT-Infrared
spectra were recorded in the 4,000–650 cm−1 with a Per-
kin–Elmer Spectrum 100 FTIR. The iron content of the
catalyst was determined with the Varian-96 ICP-AES
using the fusion dissolution method.Fig. 1. Chemical structures of CV.
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2.4. Experimental procedure

The oxidative degradation of CV was performed
under isothermal conditions (323 K) in a shaded tem-
perature-controlled glass batch reactor equipped with a
mechanical stirrer at about 280 rpm (Heidolph) and a
pH electrode (Mettler Toledo). The experimental set-up
used for the catalytic activity tests is illustrated in
Fig. 2. In a typical run, 0.15 dm3 of aqueous dye solu-
tion with a known concentration was placed into the
reactor and the temperature was adjusted to 323 K.
When the temperature reached 323 K, the pH of the
solution was measured and 0.15 g of catalyst (1 g/dm3)
was added to the solution with continuous stirring.
After stirring for 10 min, the pH of the solution was
again measured. Then, a solution of 35% H2O2 with a
known concentration was added to the solution. After
stirring for 3 min, the pH of the solution was again
measured and this time was recorded as the starting
time of the reaction. All the runs (except the run for the
effect of solution pH on the dye degradation) were
started at the dye initial pH of 7. No attempt was made
to change the solution pH during the runs. The samples
taken periodically at every 15 min were placed in an ice
bath to quench the reaction and then centrifugated for
30 min to remove the catalyst. After that, the samples
diluted with water at a 1:5 ratio were analyzed with a
UV spectrophotometer (Jasco 7800 UV/Vis) at 590 nm.
The decrease of the intensity of the band at 590 nm was
used as a measure of decolorization degree. One run
took 2 h. The extent of the decolorization of the aque-
ous solution of CV was calculated as a function of time
using the initial absorbance and absorbance for the
corresponding time.

In addition to these measurements, the reduction
in the COD of the dye solution was determined by
measuring the initial COD and final COD (after

oxidation for 2 h) of the aqueous dye solution with a
Lovibond Checkit Direct COD Vario device.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. XRD studies

The XRD patterns of the catalyst and parent ZSM-5
zeolite are given together for comparison in Fig. 3. All
samples exhibited the typical diffractograms of the
ZSM-5 zeolite (MFI framework) (2θ = 7–9˚ and 23–25˚)
given in literature [25,32,34,46–53]. It emphasized that
the high dispersion of Fe ions in the compensating
positions inside the zeolites did not damage the crys-
tallinity of the zeolite. The observed decrease in the
peak intensities of the FeZSM-5 (42) catalyst may arise
from the enhanced absorption of X-rays due to iron
cations and to the reduction in the crystal size of the
zeolite as a result of the acid treatment step. The
course of the baseline indicates that no impurity phase
was observed.

3.1.2. SEM studies

Fig. 4 indicates the morphology of the prepared
FeZSM-5 (42) zeolite sample and parent ZSM-5 zeolite
with the scale of ×25,000 (Fig. 4(a) and (c)) or ×50,000
(Fig. 4(b) and (d)). The SEM images of ZSM-5 zeolite
(Si/Al = 42) depicted that the crystallites were in
spherical form with a diameter of around 500 nm
which is in agreement with literature [54]. However,
the SEM images of the FeZSM-5 (42) catalyst showed
that the crystallites were nonuniform in shape and the
incorporation of the iron cations into the zeolite struc-
ture could not be clearly seen. The presence of iron
cations in the structure of the prepared catalyst was
confirmed by ICP-AES analysis, see Table 1.

Fig. 2. Experimental set-up used in the heterogeneous
Fenton-like oxidation of crystal violet.

Fig. 3. XRD patterns of prepared FeZSM-5 and parent
ZSM-5 zeolite.
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3.1.3. FTIR studies

The FTIR spectra of the parent ZSM-5 zeolite and
the corresponding Fe-loaded one are depicted in Fig. 5
in the range of 650–4,000 cm−1 and 2,500–4,000 cm−1 as
inset for FeZSM-5 (42). The broad band in the range of
3,000–3,500 cm−1 shows the Fe-OH vibration. The
bands at 800, 1,100, and 1,225 cm−1 are assigned to

different vibrations of the tetrahedral and framework
structure of the ZSM-5 zeolite [52,53]. Similar peaks at
805, 1,090, and 1,290 cm−1 were observed in a study
by Nezamzadeh-Ejhieh and Karimi-Shamsabadi [55]
The band at about 1,100 cm−1 is due to the internal
vibrations of the (Si, Al) O4 tetrahedral of the ZSM-5,
whereas the bands at 1,225 and 800 are due to

(a)

(c)

(b) 

(d)

Fig. 4. SEM images of the catalyst prepared by ion exchange and the parent ZSM-5 zeolite (a,b) ZSM-5 (42) and (c,d)
FeZSM-5 (42).

Table 1
Some surface characteristics of the prepared catalyst and parent ZSM-5 zeolite

Samples
SBET,
(m2/g)

Vp,
(cm3/g)

Vμ,
(cm3/g)

Sμ,
(m2/g)

Vmax,
(cm3/g)

dave, *
(nm)

Iron content,
wt.%

Iron content,
mol/gzeolite

ZSM-5 (42) 378.5 0.1507 0.0796 134.7 193.92 0.98 − −
FeZSM-5 (42) 368.9 0.1256 0.0898 163.7 201.09 0.59 7 12.5 × 10−4

*Horvath kawazoe method.
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vibrations related to the external linkages between the
tetrahedral and hence sensitive to the framework
structure [30,47,48].

3.1.4. N2-BET studies

The surface characteristics of the prepared FeZSM-
5 (42) catalyst and the parent ZSM-5 zeolite including
the BET surface area (SBET), total pore volume (Vp),
micropore volume (Vμ), micropore area (Sμ), maxi-
mum adsorbed volume (Vmax), and average pore
diameter (dave) are given in Table 1.

Iron loading to the ZSM-5 (42) zeolite by the ion
exchange method leads to a reduction in the BET sur-
face area and in the total pore volume. This may be
related to the blockage of some zeolite pores due to
the formation of some iron species in the pores
[55,56]. However, the decrease in total pore volume is
more significant than that in BET area. The nitrogen
adsorption isotherms are of type II for the FeZSM-5
(42) and ZSM-5(42) samples according to the IUPAC
classification.

The Fe content of the catalyst was measured by the
ICP-AES method and found to be 7% (in wt.%). As
mentioned in Part “2.2 Catalyst Preparation,” during
the preparation of the catalyst, a pure Fe2+ solution
could be obtained by the reaction between the iron
powder and hydrochloric acid solution under the
atmosphere of inert N2 gas. However, Fe2+ can be oxi-
dized to Fe3+ ions during the calcination process of
the catalyst in air. The Fe3+ ions formed are reduced
to Fe2+ ions through Eqs. (2)–(4). These ions are used
in the formation of OH� radicals (Eq. (1)), which are

necessary for the degradation of dye by heterogeneous
Fenton-like oxidation.

3.2. Catalytic activity tests

3.2.1. The influence of H2O2 concentration on the
degradation of CV

The initial concentration of H2O2 plays an impor-
tant role in the Fenton process. The oxidation of dyes
by the Fenton process is carried out by the OH� radi-
cals that are directly produced from the reaction of
the H2O2 and Fe2+ (Eq. (1)).

In this study, the influence of the H2O2 concentra-
tion on the oxidation of CV was investigated at an ini-
tial pH around 7.0 (which is the initial pH of dye) for
the FeZSM-5 (42) catalyst. Fig. 6 displays the obtained
results as a function of time for FeZSM-5 (42). The
runs were accomplished using H2O2 in the range of
3–10 mM for 0.15 dm3 of 0.025 g/dm3 dye solution at
323 K for a catalyst amount of 0.15 g/0.15 dm3 of
solution.

A blank experiment was accomplished to deter-
mine the adsorption of the CV dye on the zeolite sur-
face. For this purpose, only a catalyst amount of 0.15 g
was added to the 0.15 dm3 of dye solution under con-
tinuous stirring. A decolorization of 11.4% was
observed due to the adsorption by the catalyst after a
reaction time of 2 h in the absence of H2O2. As seen in
Fig. 6(a), in the presence of H2O2 (7.5 mM) only, a
color removal of 38.9% was achieved. However, a
color removal of 76.2% was achieved after 2 h of
oxidation with the combined use of H2O2 (3 mM) and

Fig. 5. FTIR spectra of the parent ZSM-5 zeolite and prepared FeZSM-5 catalyst.
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the catalyst. This result indicates the efficiency of the
heterogeneous Fenton-like process in CV degradation.
The increase in H2O2 concentration from 3 mM to
5 mM did not significantly affect the color removal
after 2 h of oxidation. A slight increase in the initial
rate of color removal was observed from
1.36 × 10−6 mol/dm3 min to 1.63 × 10−6 mol/dm3 min.
When the H2O2 concentration was enhanced to
7.5 mM, a drastic increase in color removal of 94.1%
was obtained. This result is expected because more
OH radicals are produced with the increasing amount

of H2O2. The increase in H2O2 concentration from 7.5
to 10 mM negatively affected the color removal. An
excess of H2O2 will react with the OH� radicals com-
peting with the organic pollutants and consequently
reduce the efficiency of the treatment, namely, the
H2O2 itself contributes to the OH radical scavenging
capacity, Eq. (5).

H2O2 + OH� ! HO�
2 + H2O (5)

The oxidation potential of the HO�
2 radicals is much

smaller than that of the OH� species. On the other
hand, oxygen and water may be formed by the
decomposition of H2O2, Eq. (6) [57]:

2H2O2 ! 2H2O + O2 (6)

However, other side reactions relating to the regenera-
tion of H2O2 may also occur:

2 HO�
2 ! H2O2 + O2 (7)

2 HO� ! H2O2 (8)

The regeneration of H2O2, as shown in Eqs. (7) and (8)
helps the scavenging effect of H2O2 to become domi-
nant, as well.

Similar results were reported in literature by Jana
et al. [1], by Zhang et al. [15], and by Alshamsi et al.
[9] in the oxidation of CV using several advanced
oxidation techniques.

During the runs, as the reaction proceeds, organic
acids may be formed which lead to a drop of the
solution pH (Fig. 6(b)) [40].

The highest COD reduction reached was 76.1% in
the presence of 3 mM H2O2, but the highest decol-
orization degree of 94.1% was achieved in the
presence of 7.5 mM H2O2, Fig. 6(c).

3.2.2. Influence of pH on the degradation of CV

The aqueous pH has a major effect on the effi-
ciency of Fenton’s treatment. It is well known that
Fenton and Fenton-like reactions have a maximum
catalytic activity at a pH of about 3–4 [49,50]. In highly
acidic conditions, H2O2 is stabilized and this inhibits
the production of the intermediate ion HO2−, which
reacts with Fe3+ to produce Fe-OOH2+. The latter
decomposes to produce Fe2+, which is necessary for
the reaction in Eq. (1) in order to generate hydroxyl
radicals [58]. At a high alkali pH, H2O2 loses its oxi-
dizing potential. The formation of ferrous and ferric
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Fig. 6. The effect of the H2O2 concentration on the oxida-
tion of CV. (a) Percentage of decolorization as a function
of time, (b) pH change as a function of time, and (c) per-
centage of color removal and COD reduction after 2 h
(0.025 g/dm3 and 0.15 dm3 CV solution, with 0.15 g
catalyst at 323 K, and at a initial pH 7).
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oxyhydroxides with pH values of more than 4.0 inhi-
bits the reaction between the Fe2+ and H2O2. There-
fore, the low amount of OH. radical generation can be
the reason for low degradation. Also, at a high pH,
H2O2 decomposes to oxygen [59].

In this study, the effect of pH on the heteroge-
neous Fenton-like oxidation of CV was investigated at
an initial pH of 7 and 3.5. In the run at initial pH of
dye (pH = 7), experiment was started at dye pH and
no attempt was made to change the solution pH dur-
ing the run. In the run at pH = 3.5, the catalyst was
added to the solution and then pH dropped to 3.5 by
the addition of 0.1 N H2SO4 to the dye solution and
lastly H2O2 was added. After that, no attempt was
made to change the solution pH during the run. The
runs were performed at 323 K using 0.15 dm3 of
0.025 g/dm3 dye solution, 7.5 mM H2O2, and 0.15 g of
catalyst.

As seen in Fig. 7(a), the reduction of the pH to
around 3.5 positively affected the color removal. The
color removal increased slightly from 94.1 to 99.4%
with the decrease of the pH from 7.0 to 3.5; as a result,
the low pH accelerated a bit the oxidation of CV due
to the formation of more Fe2+ from Fe3+ present in the
structure of zeolite through Eqs. (2)–(4) [39,60].

As seen in Fig. 7(b), when a catalyst was added
into the aqueous dye solution, the pH decreased from
7 to about 5 because of the acidity of the catalyst.
During the progress of the reaction, pH continued to
decrease likely due to the formation of acidic
intermediates.

The observed COD reduction for a pH around 3.5
was measured as 53.8% while it was 50% at a pH
around 7 (Fig. 7(c)). As seen, no drastic change in
color and COD removal was obtained with decreasing
pH. This result indicates clearly that the applied pH
can be expanded to neutral pH in the heterogeneous
Fenton-like oxidation of CV. The slight decrease in
discolorization and COD removal observed at dye ini-
tial pH of 7 may be likely due to the accelerated
formation of less reactive HO�

2 radicals rather than
OH� radicals. In addition to this, when the pH of the
solution under treatment is much higher than the pKa,
pH influences the degradation insignificantly. The pKa

values of CV are 1.2 and 1.8 [61] which are well below
the studied pH values of 3.5 or 7.0. A similar result
was also obtained in the catalytic wet peroxide
oxidation of Rhodamine G dye in the presence of
Fe-exchanged zeolites [42].

Different results are presented in literature on the
effect of pH on the decolorization of CV; Alshamsi et al.
[9] reported that dye decolorization was not affected in
an acidic media in the photocatalytic degradation of
CV. In contrast to this result, Nezamzadeh-Ejhieh and

Banan [11] found that the maximum decolorization effi-
ciency was obtained in an alkaline pH of 9 in the pho-
todecolorization of CV catalyzed by CdS nano particles.
Chen et al. [17] revealed that granular activated carbon
(FeGAC)/H2O2 had better removal efficiency at a pH of
3 than at a pH of 6. Sahoo et al. [4] showed that the dye
degradation varied only by 2% with a pH change
between 3 and 11 in the photocatalytic degradation of
CV on silver ion doped TiO2. In another study, the
removal of CV by adsorption on a surfactant (sodium
dodecyl sulfate, SDS)-modified alumina increased with
the increase of the pH to 8, and then, it gradually
decreased [62]. The CV removal extent increased by
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tion after 2 h (0.025 g/dm3 and 0.15 dm3 CV solution with
0.15 g catalyst, and 7.5 mM H2O2 addition at 323 K).
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adsorption on palm kernel fiber from 79.1% at a pH of
2.4–87.5% at a pH of 7.0 [63].

3.2.3. Influence of initial concentration of CV on
degradation

The effect of the initial concentration of dye was
studied by varying the initial concentration of dye
between 0.005 and 0.035 g/dm3 with a constant H2O2

concentration of 7.5 mM, a constant catalyst amount of
0.15 g/0.15 dm3 solution (1 g/dm3), at 323 K for 2 h of
oxidation. Fig. 8 presents the percentages of decoloriza-
tion as a function of time. The initial decolorization rate
increased slightly with decreasing initial concentration
of CV except for 0.005 g/dm3. A drastic increase in the
initial rate of color removal was observed when
0.005 g/dm3 dye was used. Color removal decreased
from 98.4 to 90.8% after 2 h of oxidation with the
increase in the initial concentration of dye from 0.005 to
0.035 g/dm3. The decrease in color removal with
increasing dye concentration can be attributed to the
hydroxyl radicals formed less than the required
amount for high dye concentration. A similar trend
was observed by Sahoo et al. [4] in the photocatalytic
degradation of CV on silver ion doped TiO2.

On the other hand, almost the same COD removal,
33.3 and 32.0%, was obtained for 0.005 and 0.015 g/dm3

of CV concentration, respectively. But an increase in the
COD to 50.0% was observed when 0.025 g/dm3 dye
was used. The decolorizaton rate of the dye is directly
proportional to the possibility of the formation of
hydroxyl radicals on the zeolite surface, Eq. (1), and
then probability of the reaction of these hydroxyl radi-
cals with the dye molecules. The lifetime of hydroxyl
radicals is about a few nanoseconds, and thus, they can
only react with the dye molecules where they are
formed. Increasing the dye concentration per unit vol-
ume may enhance the possibility of collision between
dye molecules and the hydroxyl radicals, causing the
increase in the mineralization efficiency [64–67]. How-
ever, in a rather high concentration of dye, the OH�

radical concentration would not be high enough to
react with the dye molecules, resulting in the decrease
of COD removal, as obtained with dye concentration of
0.035 g/dm3.

Alshamsi et al. [9] showed that the apparent rate
constant for the first order decolorization decreased as
the dye concentration increased. A similar trend in the
rate constant with an increasing initial concentration
of dye was observed in our study, as seen in Fig. 8(c).
The first order rate constant decreased drastically
when the concentration of dye increased from 0.005 to
0.015 g/dm3, whereas at concentrations higher than

0.015 g/dm3, a slight decrease in the rate constants
was observed.

3.2.4. Effect of catalyst amount on the degradation of
CV

The influence of the catalyst concentration on CV
removal was studied using catalyst amounts of 0.15
and 0.3 g for 0.15 dm3 dye solution under the follow-
ing reaction conditions: initial CV concentration of
0.025 g/dm3, temperature of 323 K, 7.5 mM H2O2,
and an initial pH 7.0. The results are presented in
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Fig. 9. A doubled amount of catalyst increased the
initial decolorization rate from 2.5 × 10−3 to 3.9 ×
10−3 mmol/dm3 min while the color removal changed
from 94.1 to 99.6% (almost complete color removal)
after a reaction time of 2 h (Fig. 9(a)).

For both cases, the initial pH of the aqueous dye
solution decreased from 7 to about 3.9 in the reaction
duration due to the formation of acidic intermediates
(Fig. 9(b)).

The COD reduction increased with the increasing
amount of catalyst from 50 to 58.8%, which may arise

from the increase in the active sites of the catalyst,
Fig. 9(c).

The increase in the degradation of CV with the
increase in catalyst dose was reported by Sahoo et al.
[4] in the photocatalytic degradation of CV on Ag+

doped TiO2, and by Nezamzadeh-Ejhieh and Banan
[11] in the sunlight assisted photodecolorization of CV
catalyzed by CdS nano particles.

3.2.5. Effect of temperature on catalytic activity

Experiments were conducted to investigate the
effect of temperature on the degradation of aqueous
CV dye solution at four different temperatures, 303,
313, 323, and 333 K under the following conditions; a
CV initial concentration of 0.025 g/dm3, a catalyst
amount of 0.15 g/0.15 dm3 dye solution, at an initial
dye pH, and an H2O2 amount of 7.5 mM. The results
are shown in Fig. 10. The results show clearly that the
color removal and initial color removal rate increased
with increasing the temperature from 303 K through
323 to 333 K. It was expected due to the exponential
dependency of the rate constant with the reaction tem-
perature. A complete color removal was achieved at
333 K after 1 h of reaction.

The solution pH decreased with increasing tem-
perature, as well. It indicated that the formation of
acidic intermediates was enhanced with the
temperature (Fig. 10(b)).

The lowest decolorization degree was measured at
303 K to be 69.6% after 2 h of oxidation. The reduction
of COD increased with temperature resulting in 25.4%
at 303 K and at 313 K, 50% at 323 K, and 71.2% at
333 K (Fig. 10(c)).

The enhancement in decolorization efficiency by
increasing the temperature was also reported in
literature [6,11].

However, high temperature causes significant
evaporation of the solution during the experiments,
accelerates the decomposition of H2O2 into oxygen
and water, and decreases the solubility of the O2

formed. O2 is also an oxidant, but it is less reactive
than OH radicals. Thus, temperatures higher than
333 K are not recommended.

When the results obtained in this study were com-
pared with other Fenton reaction studies in literature
for CV, it was seen that almost complete color removal
was achieved in the degradation of CV at 298 K for an
initial dye concentration of 100 mg/dm3 in the presence
of 1,000 mg/dm3 H2O2 and 100 mg/dm3 FeSO4.7H2O
after an oxidation time of 90 min by homogeneous
Fenton reaction followed by microfiltration [1].

Heterogeneous Fenton-like oxidation of CV in the
presence of FeGAC/H2O2 [17] was studied, and the
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Fig. 9. Catalytic oxidation runs with different catalyst
amounts at an initial pH around 7.0. (a) Percentage of
decolorization as a function of time, (b) pH change as a
function of time, and (c) percentage of color removal and
COD reduction after 2 h (0.025 g/dm3 and 0.15 dm3 CV
solution, 7.5 mM H2O2 addition at 323 K).
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results indicated that the presence of iron oxide-coated
granular activated carbon (FeGAC) greatly improved
the oxidative ability of H2O2 for the removal of CV.
The removal efficiencies of H2O2, GAC, FeGAC,
GAC/H2O2, and FeGAC/H2O2 processes were 10, 44,
40, 43, and 71%, respectively, at room temperature.

In a study done by Fan et al. [10], the homoge-
neous Fenton reaction of CV was investigated in the
presence of FeSO4.7H2O or Fe(NO3)3.9H2O as an Fe2+

or Fe3+ sources, respectively, and the intermediates of
the process were identified. Almost complete color
removal and 85% TOC removal were obtained after a
reaction time of 30 min at room temperature. A 91.9%

TOC removal was measured in 1 h by the homoge-
neous Fenton-like oxidation of CV.

3.2.6. Effect of catalyst stability on catalytic activity

The stability experiments were carried out under
the following conditions: 150 mL of 0.025 g/dm3 CV
aqueous solution, 0.15 dm3 of FeZSM-5 (42) catalyst,
7.5 mM of H2O2, 323 K of temperature, and an ini-
tial pH of 7.0. The first run was performed with the
fresh catalyst (first cycle). To recover the catalyst,
after 2 h of oxidation, the final effluent was filtrated
and washed with water and then with ethanol. The
catalyst was then calcined at 873 K for 2 h and
tested in the oxidation of CV (second cycle). After
2 h of reaction, the catalyst was recovered as men-
tioned above and it was again tested in the oxida-
tion of CV (third cycle). Their performances reached
in terms of CV decolorization, and COD removals
are presented in Fig. 11. After 2 h of oxidation the
color removal was measured as 94.1, 99.3, and
97.8%, respectively. The significant change in color
removal observed with the used catalyst may arise
from the improvement in surface area and in the
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pore size distribution of the catalyst due to the cal-
cination process applied. However, COD removal
after 2 h of oxidation decreased from 50 to 43.9% in
the second cycle and to 38.2% in the third cycle. No
significant change was observed in the solution pH
with regard to the reaction time during the three
cycles.

The stability of the catalyst was also tested by mea-
suring the iron leaching to the solution. In all the runs,
the iron leaching to the solution remained in the range
of 0.005–1.0 mg/dm3 (0.12–2.37%) which is well below
EU directives (<2 mg/dm3) [41]. This small amount of
iron leaching shows that the catalyst was stable under
the experimental conditions used in this study.

3.2.7. Decolorization kinetics of heterogeneous Fenton-
like oxidation of CV

In the oxidation experiments, the reaction mixture
was stirred vigorously, thus eliminating the external
diffusion resistance between the bulk solution and the
catalyst surface. The internal diffusion resistance was
also negligible due to the small size of the catalyst
particles used in the runs.

The decolorization kinetics of CV was determined
for the initial rate.

The initial rate (−rA0) can be written as shown in
Eq. (7) with an order of m with respect to the initial
dye concentration and with an order of n with respect
to the initial concentration of H2O2.

�rAo ¼ kCm
CV;oC

n
H2O2;0

(9)

When a graph of ln (−rAo) values vs. ln (CCV,o) values
is plotted for the constant initial concentration of H2O2

(7.5 mM) at constant temperature (323 K), the slope of
the straight line obtained gives the reaction order (m)

with respect to the initial concentration of dye. Fig. 12
displays this relationship. As seen, m is equal to 0.7.
From the slope of the straight line obtained from the
plot of ln (−rAo) values vs. ln (CH2O2;0) at a constant
temperature (323 K) for the constant initial concentra-
tion of dye (0.025 g/dm3), reaction order (n) with
respect to the initial concentration of H2O2 is obtained.
Fig. 13 presents this plot. As seen, n is equal to 1.

Using the experimental data at different tempera-
tures (Fig. 10(a)), corresponding k values are
determined.

According to the Arrhenius equation, (k = Ae−E/RT,
where A is frequency and R is universal gas constant
(8.314 J/mol K)), activation energy (E) is calculated.

Fig. 14 shows ln k vs. 1/T dependence. The slope
of the straight line is equal to –E/R and E is calculated
to be 14.7 kJ/mol.

So, the initial decolorization rate of crystal violet
can be written as:

−rCV,o = 7.3 e−14.7/RTCCV,o
0.7 CH2O2;0

where CCV,o and CH2O2;0 are in mol/dm3

Salem [6] determined the activation energy to be
29 kJ/mol in the oxidation of CV with H2O2 catalyzed
by Amberlyst-15 resin supported with Cu2+-complexes.

In literature on dye degradation by several AOPs,
the activation energy of the degradation of Orange II
was found to be 17.3 kJ/mol over MnO2 nanorods at a
pH of 2 [68]. An activation energy of 35.9 kJ/mol was
reported by Fan et al. [10] in the decolorization of
methylorange dissolved in water by nanoscale zerova-
lent iron particles.

Bolova et al. [36] found the apparent activation
energy to be 38.4 kJ/mol for the degradation of
Orange II by catalytic wet peroxide oxidation reaction
over an iron-loaded ZSM-5 zeolite catalyst.

The activation energy obtained in this study for
the degradation of CV is close to the one found by
Sun et al. [68].

Fig. 12. Graph of ln (−rCV,o) values vs. ln (CCV,o) values. Fig. 13. Graph of ln (−rCV,o) values vs. ln (CH2O2;0) values.
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4. Conclusions

In this study, the heterogeneous Fenton-like
oxidation of CV was investigated in the presence of an
iron-loaded ZSM-5 zeolite catalyst. The iron-loaded
ZSM-5 zeolite catalyst acted as an efficient and stable
catalyst for this process. Complete color removal was
obtained in 1 h, and a COD reduction of 71% was
achieved after 2 h of reaction with 7.5 mMH2O2 at 333 K
at dye pH for 0.025 g/dm3 of CV solution. In all the runs,
iron leaching into the solution remained in the range of
0.005–1.0 mg/dm3 which is well below EU directives
(<2 mg/dm3). This small amount of iron leaching
showed that the reaction proceeded under genuine
heterogeneous conditions. It can be said that the
heterogeneous Fenton-like oxidation process in the pres-
ence of iron-loaded ZSM-5 zeolite seems to be an effi-
cient process for dye removal from textile wastewater.
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B.A. Ünnü et al. / Desalination and Water Treatment 57 (2016) 11835–11849 11847



of crystal violet from wastewater, Chemosphere 92
(2013) 695–701.

[20] A. Habib, M. Muslim, T. Shahadat, N. Islam, I.M.I.
Ismail, T.S.A. Islam, A.J. Mahmood, Photocatalytic
decolorization of crystal violet in aqueous nano-ZnO
suspension under visible light irradiation, J. Nanos-
truct. Chem. 3 (2013) 1–10.

[21] Y. Chen, K. Wang, L. Lou, Photodegradation of dye
pollutants on silica gel supported TiO2 particles under
visible light irradiation, J. Photochem. Photobiol. A
163 (2004) 281–287.

[22] K. Dutta, S. Mukhopadhyay, S. Bhattacharjee, B.
Chaudhuri, Chemical oxidation of methylene blue
using a Fenton-like reaction, J. Hazard. Mater. B84
(2001) 57–71.

[23] F. Torrades, J. Garcia-Montano, J.A. Garcia-Hortal, L.
Nunez, X. Domenech, J. Peral, Decolorization and
mineralization of homo- and hetero-bireactive dyes
under Fenton and photo-Fenton conditions, Color.
Technol. 120 (2004) 188–194.

[24] A.M.F.M. Guedes, L.M.P. Madeira, R.A.R. Boaventura,
C.A.V. Costa, Fenton oxidation of cork cooking
wastewater overall kinetic analysis, Water Res. 37
(2003) 3061–3069.

[25] I.V. Stolyarova, I.B. Kovban, R.V. Prikhod’ko, A.O.
Kushko, M.V. Sychev, V.V. Goncharuk, Relationship
between the catalytic behavior of ZSM-5 zeolites in
oxidative degradation of dyes and nature of their active
centers, Russ. J. Appl. Chem. 80(5) (2007) 746–753.

[26] K. Pirkanniemi, M. Sillanpaa, Heterogeneous water
phase catalysis as an environmental application: A
review, Chemosphere 48 (2002) 1047–1060.

[27] S. Fukuchi, R. Nishimoto, M. Fukushima, Q. Zhu, Ef-
fects of reducing agents on the degradation of 2, 4,
6-tribromophenol in a heterogeneous Fenton-like sys-
tem with an iron-loaded natural zeolite, Appl. Catal.
B 147 (2014) 411–419.

[28] R. Gonzalez-Olmos, M.J. Martin, A. Georgi, F.-D.
Kopinke, I. Oller, S. Malato, Fe-zeolites as heteroge-
neous catalysts in solar Fenton-like reactions at neutral
pH, Appl. Catal. B 125 (2012) 51–58.

[29] M. Fukushima, K. Tatsumi, Degradation parthways of
pentachlorophenol by photo-Fenton systems in the
presence of iron (III), humic acid, and hydrogen
peroxide, Environ. Sci. Technol. 35 (2001) 1771–1778.

[30] M. Fukushima, K. Tatsumi, K. Morimoto, The fate of
aniline after a photo-fenton reaction in an aqueous
system containing iron(iii), humic acid, and hydrogen
peroxide, Environ. Sci. Technol. 34 (2000) 2006–2013.

[31] K. Fajerwerg, H. Debellefontaine, Wet oxidation of
phenol by hydrogen peroxide using heterogeneous
catalysis FeZSM-5: A promising catalyst, Appl. Catal.
B 10 (1996) L229–L235.

[32] N.H. Phu, T.T.K. Hoa, N.V. Tan, H.V. Thang, P.L. Ha,
Characterization and activity of Fe-ZSM-5 catalysts for
the total oxidation of phenol in aqueous solutions,
Appl. Catal. B 34 (2001) 267–275.

[33] G. Centi, S. Perathoner, T. Torre, M.G. Verduna, Cat-
alytic wet oxidation with H2O2 of carboxylic acids on
homogeneous and heterogeneous Fenton-type cata-
lysts, Catal. Today 55 (2000) 61–69.

[34] E.V. Kuznetsova, E.N. Savinov, L.A. Vostrikova, V.N.
Parmon, Heterogeneous catalysis in the Fenton-type sys-
tem FeZSM-5/H2O2, Appl. Catal. B 51 (2004) 165–170.
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CI Reactive Red 141 by heterogeneous Fenton-like
process over iron-containing ZSM-5 zeolites, Color.
Technol. 129 (2013) 69–75.

[44] A.N. Nikolopoulos, O. Igglessi-Markopoulou, N.
Papayannakos, Ultrasound assisted catalytic wet
peroxide oxidation of phenol: kinetics and intraparticle
diffusion effects, Ultrason. Sonochem. 13 (2006) 92–97.

[45] M. Schwidder, M.S. Kumar, K. Klementiev, M.M.
Pohl, A. Brückner, W. Grünert, Selective reduction of
NO with Fe-ZSM-5 catalysts of low Fe content I.
Relations between active site structure and catalytic
performance, J. Catal. 231 (2005) 314–330.

[46] F. Heinrich, C. Schmidt, E. Löffler, M. Menzel, W.
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