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In this study, we report removal of Diclofenac (DCF) through heterogeneous Fenton process using Fe-ZSM-5 catalyst. The parent

catalyst was prepared by hydrothermal technique. Fe species were introduced by wet impregnation. Characterization of the catalysts was
carried out using XRD, FT-IR, FE-SEM, N, adsorption-desorption, NH3-TPD, and acidimetric-alkalimetric titration. The bimetallic

catalyst had the high crystallinity (81.2%), specific surface area (291.8 m’ g') and uniform spherical morphology. Effect of pH,

temperature, catalyst concentration, and H,O, concentration on DCF removal efficiency was investigated. The results showed that the

optimum conditions were reaction temperature of 25 °C, H,O, concentration of 10 mM, pH level of 3, and catalyst concentration of 2 g I

which resulted in the highest DCF removal (97%). No significant change was observed in the catalytic performance when it was applied in

the sequence cycles at the optimum reaction conditions. The prepared catalyst showed the high potential for the treatment of the

pharmaceutical wastewater due to the high efficiency and stability.
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INTRODUCTION

Complicated and non-biodegradable compounds
available in municipal and industrial wastewaters have
turned them  very

Pharmaceutical industry is one of the main sources of the

critical ~ environmental  issues.
environment pollution owing to the expired drugs as well as
drug discharge from factory [1]. Pharmaceuticals are
consumed by humans and animals which are usually
metabolic resistance and part of them are excreted through
urine. Among the different pharmaceuticals, non-steroidal
drugs (NSAIDs) are
environmental issues owing to their extensive availability.
Diclofenac  (2-(2,6-dichlorophenylamino) phenyl acetic

anti-inflammatory critically

*Corresponding authors. E-mail: Rostamizadeh.m@gmail.
com

acid, DCF) is a common NSAID with annual sale of more
than 100 tons [2]. DCF 1is consumed as analgesic,
antiarthritic and antirheumatic agent. DCF is relatively
stable and resists to biodegradation so ubiquitously exists in
the environment. Very low concentration of DCF in the
range of ug 1" causes serious adverse effects on the aquatic
living life and human life [3-5]. Although, large quantities
of DCF are degraded through solar radiation at surface
water or through unit operations in wastewater treatment
plants, the remaining quantities are considerable.

The current wastewater treatments include membrane
separation [6,7], evaporation [8] and precipitation [9] which
cannot remove total amount of resistive pollutions [10].
Therefore, efforts on the field of water purification focus on
conventional and advanced oxidation processes (AOPs).
AOPs include Fenton [11,12], Fenton like reactions [13],
Electro-Fenton [14-16], degradation by Os [17], O3/H,0,
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[18], UV irradiation [19], sonolysis [20] and hybrid systems
[21]. AOPs are continuous production of reactive hydroxyl
oxidant (hydroxyl radical OH®:E(:2.76V). In classical
Fenton reaction, hydroxyl generation is carried out through
activation of H,0, by ferrous (Fe*") ions (i.e. Egs. (1)-(2))
[22].

Fe’" + H,0, —» Fe*' + OH*+ OH"

(k=63-76 M s™) 1))
Fe*' + H,0,—» Fe*' + OH%,+ H'
(k=0.001-0.01 M s )

Hydroxyl radicals then react with organic substrate and
oxidize it (i.e. Eq. (3)) [23].

Organic + OH® — Products + CO,+ H,O 3)
Side reactions can be enhanced by inappropriate operational
pH
concentration of homogenous ferrous ion (i.e. Egs. (4)-(6))

conditions including neutral level or excess

resulting in lower oxidizing power or production of ferric
hydroxide [24,25].

Fe*' + OH®* —» Fe*" + Ol

(k=32x10M"s™ )
H202 + OH. —> Ho.z + H20

(k=33x10"M"s™ 5)
OH®+ OH® — H,0,

(k=6x10"M"'s™) (6)

Thus, the control of the reaction conditions has a significant
impact on the oxidation efficiency. Fe*™ ion is catalyst of
Fenton reaction which is either homogenous (i.e. dissolution
of iron salts like FeSO, in aqueous solution resulting
aqueous Fe’") [26,27] (through
immobilizing Fe into porous support materials) [14].

or heterogeneous
Pillared clays, zeolites, silica, iron oxide, and natural iron
minerals have been investigated in the heterogeneous
Fenton reaction [28]. The structural matrix of the supported
catalysts provides several advantages such as high specific
surface area [29], effective controlling of iron leaching, less
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generation of iron sludge, low catalyst cost, and high
stability of catalyst [28,30]. Bae er al [3] investigated
oxidation of DCF using pyrite as catalyst. They reported
that continuous dissolution of aqueous Fe*" from pyrite
catalyst led to the complete degradation of DCF in the
appropriate range of pH level (3-4). Epold er al [31]
investigated heterogeneous and homogenous degradation of
DCF by photolysis. Heterogeneous reaction was catalyzed
using goethite, and homogenous reaction was catalyzed by
Fe*" ions. The results showed that nearly complete
degradation efficiency was obtained by heterogeneous
Photo-Fenton reaction (3.8 mM H,0,, pH = 7) after 120
min, while, at the same reaction conditions, homogenous
reaction had 95% degradation efficiency. Perisic et al. [2]
the of DCF wusing UV-

A/FeZSMS5/H,0, process. Their proposed system resulted in

investigated removal
98% DCEF removal after 120 min of photo-Fenton reaction
at pH =4, [H,0,] = 50 mM, and [Fe]r.zsm.s = 2 mM. Salach
et al [32] investigated DCF removal by Photo-Fenton
reaction catalyzed by TiO,/Fe-ZSM-5. They concluded that
DCF degradation
heterogeneous catalyst surface and consequent degradation.

pathway included adsorption on
They reported nearly complete DCF removal in 180 min of
reaction at pH = 4 and [H,O,] = 3.88 mM. As the best of
our knowledge, there is no report on the application of Fe-
ZSM-5 catalyst for DCF removal through Fenton reaction.
The main objective of this study is to synthesize and
characterize the Fe-ZSM-5 catalyst and their application in
heterogeneous Fenton reaction for DCF removal. The
effects of pH level of wastewater, temperature, catalyst

concentration, and H,O, concentration are also studied.

EXPERIMENTAL

Materials

The chemicals utilized in this study are silicic acid
(Si0,.xH,0, >99 wt.%), sodium aluminate (NaAlO,, Al,O;
wt.% 55), iron nitrate (Fe(NOs3),.9H,O, 99 wt.%),
tetrapropyl ammonium bromide (TPABr, Cj,H,sBrN, >99
wt.%), ammonium nitrate (NH4NO;, 99 wt.%), sodium
hydroxide (NaOH, 99.6 wt.%), sulfuric acid (H,SO,4, 98
wt.%), and hydrogen peroxide (H,O,, 35 wt.%) which were

supplied from Merck company (Germany). Diclofenac
sodium salt (C;4H;¢CpNNaO,) was kindly denoted by
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Table 1. General Information of DCF

Molar mass Maximum absorbance
Structure Formula ¥
(g gmol”) (nm)
Cl
¥ T C1aH,,CLNO 296.148 275
Cl OH 14111112 2 .
O
Zahravi  pharmaceutical Company (Iran). General Ni-filtered Cu Ka radiation (A = 0.15418 nm). 26 variations

information and specifications of DCF are shown in Table
1.

Catalyst Preparation

Parent HZSM-5 catalyst synthesized using
hydrothermal method [33,34]. A solution with molar
composition of  20Si0,:0.05A1,05:3TPABr:1.5Na,0:
200H,O was stirred mechanically for 3 h. The pH level of
solution (10.5) was adjusted by addition of sulfuric acid.
Na-ZSM-5 crystals were prepared through crystallization in
static stainless-steel Teflon-lined autoclave at 180 °C and

was

autogenous pressure for 48 h. The recovered powder was
dried at 105 °C overnight. Then, the powder was calcined in
muffle furnace at 530 °C for 12 h with heating rate of 3 °C
min™". In order to obtain the H-form of the catalyst, Na-
ZSM-5 was ion-exchanged four times using NHsNO;
solution (1 M) at 90 °C and continuous agitation for 10 h.
The powder was then dried at 105 °C for 12 h followed by
calcination at 530 °C for 12 including heating rate of 3 °C
min”'. Wet impregnation of parent catalyst resulted in the
bimetallic catalyst (Fel.0-ZSM-5) including iron promoter
(1%wt.). The multi-step impregnation was in a rotating
evaporator as follow [35]:

(1) 65 °C and 300 mmHg for 60 min, (ii) 70 °C and 250
mmHg for 30 min, (iii) 70 °C and 200 mmHg for 30 min,
(iv) 75 °C and 200 mmHg for 30 min, (v) 75 °C and 180
mmHg for 30 min. After impregnation, the catalyst was
dried overnight at 105 °C which followed by calcination at
530 °C (3 °C min™") for 12 h.

Catalyst Characterization
X-ray diffraction (XRD) experiments were carried out
with a D8 Advance Bruker AXS X-ray diffractometer with
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were recorded in the range of 4-50° at 40 kV. Filed-
emission scanning electron microscopy (FESEM) images
were taken by A KYKY (Model, EM3200) equipment at a
potential difference of 26 kV. Transmission electron
microscopy (TEM) was performed on keV80 (Model,
EM900) instrument. Acidity of catalysts were measured by
temperature programmed desorption of ammonia (NH3-
TPD, micromeritics, USA, equipped with an on-line TCD
detector) method. In this method, 53.6 mg of each catalyst
sample was pretreated at 550 °C for 4 h. The powders were
saturated with NH; for 1 h in the micro reactor and helium
flow passed over the sample with a heating rate of
10 °C min™. The range of desorption temperature was 100-
700 °C.

The textural properties were measured using the N2
-196.2  °C
(Quantachrome, USA). Prior to Brunauer-Emmet-Teller

adsorption-desorption technique at
(BET) specific surface area measurements, the powders
were degassed at 300 °C for 3 h. The total specific surface
area (SBET) and total volume (Vtotal) were calculated
according to the BET isothermal equation and the nitrogen
adsorbed volume at P/P0 = 0.99, respectively. The t-plot
method calculates the micropore volume (Vmicro). The
mesopore volume (Vmeso) is the difference between the
calculated total data and the corresponding micropore data.
Fourier transform infra-red (FT-IR) analysis was conducted
using a Nexus Model Infrared Spectrophotometer (Nicolet
Co, USA) at the resolution of 4 cm”. We prepared self-
supported wafer containing 1 wt.% of the powder in KBr.
Acidimetric-alkalimetric titration method was used to
determine the point of zero charge (pHpzc) for the
catalyst. HCI, NaOH and NaCL were used as acid, base,
and electrolyte, respectively [36]. Different vials were filled
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Fig. 1. Schematic of the heterogeneous Fenton process.

with 50 ml of 0.01 M NaCl aqueous solution and pH was
adjusted separately using either with 0.01 M HCl or 0.01 M
NaOH aqueous solutions. Afterwards, 100 mg of the
catalyst was added to each vial and after 24 h of shaking,
final pH value was measured [37]. Spectrophotometric
measurements of DCF concentration were determined using
a UNICO model UV-2100 spectrophotometer (USA).

Fenton Process

Figure 1 represents schematic of the heterogeneous
Fenton process. Reaction medium was 50 ml of the
synthetic wastewater (30 ppm of DCF in deionized water)
and pH level of the solution was adjusted to 3, 5 and 7 by
0.1 M H,SO,4 and 0.01 M NaOH solution for investigating
the effect of operational solution pH. Fel.0-ZSM-5 catalyst
was added to the solution without any stirring and H,O, was
injected just after addition of catalyst to prevent any error
due to adsorption of DCF on Fel.0-ZSM-5 particles.
Different concentrations of Fel.0-ZSM-5 catalyst (0, 2, 4,
and 6 g 1) and H,0, (10, 50, and 100 mM) was added in
order to investigate the effect of operational parameters.
Rapidly, after H,O, injection, magnetic stirrer was turned on
in order to homogenize the reaction medium. This point
was considered as a starting point for the reaction [11,14].
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Samples were taken every 15 min and DCF concentration
was determined by UV-Vis spectrophotometer at 275 nm.
Removal efficiency was calculated using Eq. (7) [14]:

%DCF removal = Cog ¢

0

7

L x100

where C, and C,; are the DCF concentration in initial
wastewater and sample, respectively.

RESULTS AND DISCUSSION

Catalyst Characterization

The catalysts include MFI-structure of ZSM-5 in
consistent with standard ZSM-5 (JCP:42-23) (Fig. 2) [38].
The relative crystallinity of the catalyst is the ratio of the
peak area located at 20 = 22.5-24.5° compared to the parent
catalyst (Fig. 3). The Fel.0-ZSM-5 catalyst has the low
relative crystallinity compared to that in the parent catalyst
which is in agreement with an amorphous peak located at 20
= 25.5-27°. This can be explained by slight framework
defects owing to dealumination through the impregnation
process which supports the shifted peak positions (Fig. 2).
Rebrov et al. [39] reported that dealumination changed peak
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Fig. 2. XRD pattern of the catalysts.

position toward the high 20 values as the result of slight
framework damage. Lack of any peaks related to Fe species
indicates the uniform dispersion of the promoter in the
catalyst structure. The surface morphology of the catalysts
is microspherical aggregation (Fig. 4). It is noticeable that
the similar surface morphology and particle size distribution
of the bimetallic and parent catalysts show no significant
morphology change through the impregnation which agreed
with the XRD results. FE-SEM images of the individual
microspheres revealed that the microspheres were formed
by the aggregation of the nanocrystals (Fig. 4) [35,40].
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N, adsorption-desorption of the catalysts are a
combination of isotherm types I and IV (Fig. 5a). The
rectangular type H4 hysteresis loops at the high relative
pressure (P/Py = 0.5-0.95) reveals the mesoporous structure
as a result of the capillary condensation [41]. This can be
attributed to nitrogen sorption or adsorption by mesoporous
structure of interparticle spaces due to the crystalline
agglomerates [42]. The high adsorption volume at the very
low relative pressure (P/Py= 0.1) indicates the microporous
structures [43]. The pore size distribution of the catalysts
shows the formation of the mesoporous structure (Fig. 5b).
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Fig. 3. Textural properties of the catalysts.

The catalysts have the major pore diameter of 1.70 nm. The
calculated textural data show the high specific surface area
and total pore volume (Fig. 5). The reduction of BET
specific surface area and pore volume for the bimetallic
catalyst are attributed to the slightly micropore damage or
pore blockages. Carbal de Menezes et al. [44] reported
the
impregnation of ZSM-5. The results are in consistent with
the XRD results.

Figure 6 shows FT-IR spectra of the catalysts which

dealumination and mesopore generation through

were recorded in the range of 400-4000 cm™. The bands
near 450 cm? is assigned to internal SiO, and AlO,
tetrahedral. ZSM-5 zeolite with five membered rings is
detected by the band around 550 cm™. FT-IR spectra in the
range of 3500-3800 cm™ represent the surface hydroxyl
groups. FT-IR bands at ca. 3610 cm™ and 3680 cm™ are
attributed to the vibration of bridging Si-OH-Al [45]. Extra-
framework aluminum species (Al-OH) in the catalysts lead
to the band at 3680 cm™' [46,47].

The NH;-TPD measurements result in the similar

42

patterns for the catalysts including different strength and
amount of the acid sites (Fig. 7a). The weak and strong acid
sites in the catalysts are characterized by the two desorption
peaks at temperature ranges of 130-280 °C and 300-500 °C,
respectively. The peak area determines the concentration of
acid sites (Fig. 7b). The parent catalyst has the equal
amount of strong and weak acid sites (0.53 mmol NH; g).
The impregnation reduces the acidity of the catalysts owing
to the interaction of Fe species with zeolite framework. This
phenomenon can be explained by the pore blocking and
neutralization of the surface acid sites with the promoter
[48]. The smaller effective ionic radii of Fe ion (around 0.77
A [49]) permits the diffusion of the promoter species inside
of ZSM-5 channels (diameter of 5.5 A) and interaction with
internal acid sites. Acidimetric-alkalimetric titration method
for the both parent and bimetallic catalyst determines pHy,.
equal to 3.6 and 4, respectively. The pHy,. increase for the
Fel.0-ZSM-5 catalyst is in consistent with the results of
NH;-TPD which shows the acidity reduction through the
impregnation. In fact, Fe promoter through the impregnation
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Fig. 4. FE-SEM image of the catalysts a) parent b) Fel.0-ZSM-5.

hides some Al sites (acid sites) from accessible surface [50].
The surface hydroxyl groups (OH), either as Bronsted acid
site or basic site [51], attain positive charge (excess of
protons) at pH < pH,,. and negative charge (lack of protons)
at pH > pH,,. which influences adsorption capacity of the
catalyst at different pH levels.

Catalytic Performance

Effect of pH level. It is well known that the optimum
pH level for Fenton and Fenton like processes is in the
range of 2-5 [52]. This can be related to the reduced
reactivity of H,O, with Fe ion as result of its stabilization
through the formation of oxonimum ion (H;O,"). The low
pH level favors the high DCF removal efficiency (Fig. 8).
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The highest efficiency (92%) is obtained at pH = 3. This
phenomenon can be explained by the only pK, value of
DCF which is equal to 4.15 [53]. At any pH level above this
value, DCF molecules are dissociated into anionic forms in
aqueous solutions [54]. However, at pH = 3, DCF molecules
have neutral form and the catalyst surface attains a positive
charge (pH < pH,,). Therefore, electrostatic interactions do
not occur and the removal is mainly occurred by
degradation which is predominant over adsorption [55].
This mechanism includes formation of OH® through Fenton
reaction between H,O, and iron ions inside the catalyst
structure and diffusion of the formed OH® into the bulk of
the reaction medium where they react with DCF molecules.

According to Fig. 8, the DCF removal has decreased from
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Fig. 5. (2) N, adsorption-desorption isotherm and (b) pore size distribution of the catalysts.

92% at pH = 3 to 83% at pH = 5. However, this reduction in
DCF removal is more significant at pH = 7. Contrary to the
previous case, DCF molecules have anionic form at pH
levels above pK, of DCF. Hence, the negative charged
surface of the catalyst (pH > pH,,) and anionic DCF
molecules are subjected to electrostatic repulsion. It is
reported that van der Waals and cationic exchange effects
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overcome the electrostatic repulsion which lead to
adsorption of DCF molecules on the catalyst [36]. These
results are in consistent with the results of Perisic et al. [2]
who reported the negligible adsorption of DCF on Fe-ZSM-
5 zeolite at pH level higher than pK, of DCF and pH,,..
Furthermore, H,O, decomposition to O, and H,O at the

higher pH (i.e. Eq. (8)) [56] and lower oxidation ability of
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Fig. 6. FT-IR spectra of the catalysts in the range of 400-4000 cm™.

OH* are considered responsible for the reduction of the
removal efficiency in Fenton reaction in near neutral and
alkaline pH levels [57] .

H,0, —» H,0+ 0, ®)

Effect of catalyst concentration. The low catalyst
concentration favors DCF removal efficiency (Fig. 9). This
result can be explained by appropriate availability of the
active sites for OH® production through Eq. (1) [58-60]. The
high catalyst concentration (>2 g 1') decreases DCF
removal which results from the increasing rate of H,O,
decomposition (i.e. Eq. (8)) owing to mass transfer and
thermodynamic limitation [61]. Furthermore, the reaction of
the produced hydroxyls with Fe is a side reaction in the
Fenton system [62] and OH® radicals can be subjected to
quenching in the presence of the excessive amounts of Fe
[59]. These results are in accordance with results of Zhang
et al. [63] for studying CuFeO, as a heterogeneous Fenton
catalyst for degradation of bisphenol. They reported that in
their proposed system, any increase of CuFeO, more than
1.5 g I"" leads to decrease in efficiency of system. In this
study, DCF removal experiment by using no amount of the
catalyst has only 12% efficiency which clearly highlights
the key role of the catalyst in DCF removal. This partial
removal is attributed to oxidation of DCF by H,O..
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Effect of H,0, concentration. Effect of H,0,
concentration in reaction medium as Fenton reagent is a key
parameter. Figure 10 shows the removal efficiency using
different of Hy0.,. the H,0,

concentration reduces DCF removal. Bae et al [3] found that

amounts Increasing
addition of H,O, in Fenton degradation of DCF over pyrite
led to the saturation pattern in DCF degradation. This
phenomenon can be explained by the enhancement of OH®
formation by the addition of H,O, up to the certain level and
after that, the excessive amounts of H,O, in the reaction
medium act as scavenger and react with generated OH® (i.e.
Eq. (5)). It is reported that the formed OH®, is less reactive
compared with OH® [64,65]. It is obvious from Fig. 10 that
the removal rate is considerably fast in the first 15 min of
reaction over the Fel.0-ZSM-5 catalyst and afterwards it
decreases and reaches a steady state. This trend is attributed
to formation of the highly stable complexes of Fe’* with by-
products of initial degradation or deprotonated ethanoic
functional groups:

Fe*'[C,HCl, - H,COO™ 1§

[2,65]. These highly stable iron complexes inhibit iron
regeneration cycle (i.e. Egs. (1)-(2)) [3] and consequently
results in the less production of OH® radicals.
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Fig. 7. Acidity properties of the catalysts.

Catalyst Reusability

By applying heterogeneous catalysts in Fenton process,
it is possible to separate the used catalyst in further runs.
From economical point of view, the applied catalyst would
have the high stability and efficiency through the
consecutive runs. Figure 11 shows DCF removal efficiency
over the catalyst in 4 cycles. After each run, the catalyst is
recovered from the final effluent by centrifugation. The
regeneration of the catalyst is at 550 °C for 6 h to remove
the adsorbed organic species from the catalyst active sites.
Catalyst performance for DCF removal drops around 15%
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after first cycle, which could be due to leaching of not fully
immobilized iron species from zeolite particles. However,
DCF removal drops slowly after the second run and changes
are in reasonable range for considering the synthesized
Fel.0-ZSM-5 catalyst as reusable Fenton catalyst. The
catalyst recovers the active sites through the regeneration
process which results in an acceptable efficiency of the
catalyst in the second and third cycles (>80%). This
phenomenon can be explained by the high specific surface
area and total pore volume of the catalyst which enhance
the exit of pollutant from the pores and reactivation of the
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H,0,=50 mM, pH=3,T=25°C.

active sites. The slightly reduction of the removal efficiency
over the regenerated catalyst can be attributed to the
poisoning of the active sites owing to the adsorbed organic
species, formation of the complexes as well as oxidation of
Fe’* to Fe’. The results confirms the stable performance
and the high reusability capacity of the developed catalyst.
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CONCLUSIONS

In the present study, heterogonous zeolite catalyst
was synthesized by hydrothermal method and impregnated
with Fe promoter. The prepared catalyst had the high
crystallinity, surface area, and total pore volume. The



Rostamizadeh et al./Phys. Chem. Res., Vol. 7, No. 1, 37-52, March 2019.

100 '
9 9 ®
] 4
01 8 =
o 1
= v 0
- ] B m
> 60 4
o -
E -
o
14 40 -
=y ]
g e 10mM
20 - v 50mM
] @ 100 mM
0 é T T T T T T T
0 15 30 45 60 75 90 105
Time, min

Fig. 10. DCF removal efficiency at different H,O, concentrations. Reaction conditions: 2 g 1", pH =3,

T =25°C.
100 -
1®
] . ° 0
80 B
= 13 g 8 g
= 1 04
> 60 -
<)
E o
& 40
I-cl’- _: . 1 st
a . w g™
20 = D 3 rd
] ¢ 4"
0 i} T T T T T T T
0 15 30 45 60 75 90 105
Time, min

Fig. 11. Reusability of the Fel.0-ZSM-5 catalyst in DCF removal. Reaction conditions: 2 g 1",

H,0,=10 mM, pH =3, T =25°C.

catalytic performance was investigated under different
reaction conditions (pH, temperature, catalyst concentration,
and H,0, concentration) for DCF removal through
heterogeneous Fenton process. The results showed that the
optimum reaction conditions were reaction temperature of
25 °C, H,0, concentration of 10 mM, pH level of 3, and
catalyst concentration of 2 g I which resulted in the highest

48

DCF removal efficiency (97%) after less than 15 min. The
Fel.0-ZSM-5 catalyst had the high and stable performance
as well as reusability capacity for the several consecutive
runs. In compare with literature, the prepared catalyst were
fast and highly efficient which did not require any addition
treatment. The results showed the high potential of the Fe-
ZSM-5 catalyst for wastewater treatment.
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