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Abstract
In this study, a heterogeneous catalyst was prepared to enhance photo-Fenton like oxidation of Direct Black-22 (DB-22). 
Zeolite modified with zinc ferrite was used as a catalyst. The prepared catalyst was characterized using FTIR, SEM, EDS 
and XRD. The effect of various parameters like catalyst modification with HCl, H2O2 amount, catalyst amount, CaCl2 
amount, initial pH, initial concentration and temperature on the decolorization of DB-22 was studied under UV light. 
Kinetic and thermodynamic properties were investigated. The highest decolorization of DB-22 was found to be 93.3% 
under the following conditions: initial concentration: 0.070 g/L, initial temperature: 25 °C, original pH, H2O2 amount: 
2.78 g/L, m-ZZF amount: 3 g/L, CaCl2 amount: 3.75 g/L, reaction time: 60 min and UV light. The activation energy was 
found to be –14.76 kJ/mol under the studied conditions. The decolorization reaction was an exothermic reaction, and the 
calculated reaction enthalpy was –17.31 kJ/mol. The activation entropy was calculated to be –0.326 kJ/mol. The standard 
Gibbs free energy change of the activation had a positive value, and it increased with increasing temperature.
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1. Introduction
Textile dyes account for more than half of the total 

dye production in the world. The dyes used in the dyeing 
process cause the formation of textile wastewater. This 
wastewater causes coloration in natural water resources, as 
well as damaging living organisms and preventing the pas-
sage of sunlight. In addition, when mixed with drinking 
water, it harms human life due to its carcinogenic nature. 
Removing these dyes from water is important to prevent 
environmental damage.1

Conventional treatment methods such as biologi-
cal treatment, coagulation, adsorption, chemical precipi-
tation, solvent extraction, filtration, and electrochemical 
treatment are ineffective for decolorization of dyes.2,3 They 
also have some disadvantages such as incomplete destruc-
tion of dye, high energy consumption, high operating 
cost, poor selectivity, incomplete ion removal, and gen-
eration of toxic sludge and waste product. Advanced ox-
idation methods are preferred for dye removal because of 
their simplicity and effectiveness.2,4,5 Advanced oxidation 
methods are based on the production of the OH• radicals. 

The homogeneous Fenton process is a Fenton reaction 
in which iron salts are used as catalysts. In this process, 
hydrogen peroxide, which is used as an oxidant, and iron 
ions, which are used as a catalyst, react to produce OH• 
radicals.6 The use of H2O2 and Fenton reagents with UV 
light has been known as photo-Fenton oxidation system. 
UV light irradiation and Fenton reagents cause an increase 
in the OH• formation rate. Additional OH• radicals are 
formed by either photoreduction of ferric ions (Fe3+) to 
ferrous ions (Fe2+) or hydrogen peroxide photolysis.2,3,6

Fenton oxidation systems based on the homoge-
neous Fenton reagent (Fe2+/Fe3+/H2O2) have some dis-
advantages such as narrow pH range, removal of sludge 
containing iron ions, and requirement of large amount of 
chemicals.2–4,6 Therefore, heterogeneous Fenton reactions 
are preferred to eliminate the negative effects of homoge-
neous Fenton reactions.

In the heterogeneous catalyst, the iron is stabilized 
into the catalyst interlayer space. Hydroxyl radicals are 
produced by oxidation of hydrogen peroxide with neither 
pH control nor precipitation of iron hydroxide.6
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In heterogeneous Fenton-like processes, spinel fer-
rites (MFe2O4) can be used as a heterogeneous catalyst. 
The term M in spinel ferrite structure refers to the divalent 
metal ions such as Ni2+, Mn2+, Co2+, Mg2+, Cu2+, Zn2+ etc. 
Spinel ferrites such as ZnFe2O4, CoFe2O4, and NiFe2O4 are 
used in medicines, sensors, and catalyst carriers thanks 
to their high mechanical strength, magnetic properties, 
unique structure, and catalytic performance.7,8

The use of zeolites modified with semiconductors 
can be an alternative catalyst for a variety of important 
reactions.1,2 Zeolites are crystalline aluminosilicates with 
cavities, unique structures and chemical compositions, 
uniform pores and channels, high surface area, thermal 
stability, and an excellent adsorption ability. Convention-
al zeolites are constructed by tetrahedral SiO4 and AlO4 
units.1,9,10 There are at least 41 known types of natural 
zeolite.1 Some of the most known and abundant types of 
natural zeolite are clinoptilolite, phillipsite, heulandite, 
mordenite, chabazite, and ferrierite.11

Azo dyes are the most important synthetic dyes 
with –N=N– bonds in their molecular structure. They can 
be classified according to number of azo groups, such as 
monoazo, diazo, triazo, polyazo, and azoic.12

Direct black 22 (DB-22) is one of the tetra azo dyes 
used in textile industry for dyeing cellulosic fibers such as 
cotton, wool, viscose, rayon, and paper. The high concentra-
tion of DB-22 in wastewater harms the environment with its 
carcinogenic properties, toxicity, organic matter content, and 
strong color.13 For this reason, wastewater containing DB-22 
should be released to the environment after being treated. 
There are few studies in the literature on DB-22 removal. In 
their study, Hien et al.13 investigated the catalytic ozonation 
of DB-22 using different metal slags. Carvalho et al.14 exam-
ined the removal of DB-22 using microaerated upflow an-
aerobic sludge blanket (UASB) reactors. Gomes et al.15 inves-
tigated the degradation of DB-22 using homogeneous and 
heterogeneous photo-Fenton advanced oxidation process. 
They used LED light as a source of radiation, and ferrous sul-
fate and iron residue as catalysts. In another study, Menezes 
et al.16 investigated the effect of the combination of anaerobic 
process and micro-aeration (continuous and intermittent) 
on DB-22 removal. Shu et al.17 examined the decoloriza-
tion of DB-22 using the UV/H2O2 process, ozonation, and 
pre-ozonation coupled with UV/H2O2. Moreover, some oth-
er studies focused on the photoelectrochemical oxidation of 
DB-22 under elevated oxygen pressure and the adsorption of 
DB-22 using polymeric adsorbent.18,19

The aim of this study is to investigate photo-Fenton 
like oxidation of DB-22 using zeolite modified zinc fer-
rite. Kinetic and thermodynamic properties of the DB-22 
decolorization and the effects of the reaction parameters 
such as catalyst modification with HCl, catalyst amount, 
H2O2 amount, salt addition, pH, initial dye concentration, 
temperature were also investigated. The zeolite and syn-
thesized catalysts were characterized using FTIR, SEM, 
EDS and XRD.

2. Materials and Methods
2. 1. Materials and Equipments

The zeolite with a particle size of 23 µ was procured 
from a company in Balıkesir, Turkey. It was a commercial 
product and used without purification. HCl and NaOH 
were procured from Tekkim, DB-22 (commercial name 
Direct Black 22 VSF 1600) from a company named “HNY” 
in Turkey, H2O2 (34.5–36.5 w/w %, Cas no: 7722-84-1) 
from Sigma, CaCl2 from Emir Kimya, FeSO47H2O (Cas 
no: 7782-63-0) from Merck and ZnSO47H2O (Art no: 
8881) from Merck.

A magnetic stirrer (HSD-180), pH meter (C561, 
Consort), digital scale (Ohaus), centrifuge (Nuve, NF 200), 
and incubator (Ecocell) were used in the study. UV- spec-
trophotometer (Hach, DR-2400) was used to measure the 
absorbance of the sample. A COD reactor (Hach DRB 200) 
was used to heat the samples before measuring the COD 
value. A UV lamp (Light Tech GPH212T5L/4, 10 W) with 
a wavelength of 254 nm was used in the photocatalytic de-
colorization of DB-22.

2. 2. Preparation of the Catalyst
The catalyst, zeolite/Zn/Fe was prepared by chem-

ical coprecipitation method. First, iron II sulphate 
heptahydrate (FeSO4.7H2O) and zinc sulphate heptahy-
drate (ZnSO4.7H2O) with a molar ratio of 2:1 were dis-
solved in 200 ml distilled water. Then, zeolite was added 
to the solution and heated to 65–70 °C while stirring with 
a magnetic stirrer. The mixture was stirred for 30 min 
using a magnetic stirrer. 3 M NaOH solution was add-
ed dropwise to the solution, and pH of the solution was 
adjusted to 12. After addition of NaOH solution, stirring 
was continued for one hour at 100 °C. The prepared cat-
alyst was left for one day at room conditions, and then 
placed in water bath for 4 h at 95 °C. After that, it was 
dried at 95 °C for 90 h. The dried composite was soaked 
in 0.1 N HCl solution at room temperature for 24 hour, 
and then filtered and washed using distilled water. Final-
ly, it was dried at 95 °C for 60 hours. The catalysts treated 
with and without HCl were coded as m-ZZF and ZZF, 
respectively.

2. 3. Characterization
The catalyts used in the study were characterized by 

XRD, FTIR, SEM and EDS. The crystalline structure of 
the samples was determined by XRD analysis using Rig-
aku Smart Lab with Cu-Kα radiation at 40kV and 30mA. 
The samples were scanned from 5°– 90° at a rate of 2°/min, 
and with a step size of 0.01. FTIR (PerkinElmer, Spectrum 
Two) was used to identify the functional groups of the ad-
sorbents before and after adsorption in the range of 400–
4000 cm–1. SEM and EDS analysis were performed using 
Tescan, MAIA3 XMU.
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increase of 15 °C was observed at the end of 60 minutes. 
No temperature control was done to constitute a natural 
environment and to save on cooling water cost.

3. Results and Discussion
3.1. Catalyst Characterization

The XRD pattern of the zeolite (Z) and m-ZZF are 
shown in Fig.1. As can be seen in the Fig.1, all diffraction 
peaks were apparent and strong. This indicates that the Z 
and m-ZZF samples were in crystalline form.

According to XRD data, zeolite (Z) was identified 
by its characteristic X-ray diffraction peaks at 2θ: 11.15°, 
16.87°, 20.84°, 22.34°, 22.73°, 26.02°, 26.6°, 29.85°. These 
XRD peaks of the Z coded sample are compatible with the 
clinoptilolite with PDF card no 00-013-0304. This result 
shows that the zeolite was composed of clinoptilolite. As 
shown in Fig.1-b, all peaks of natural zeolite accept 26.74° 
disappeared after the preparation of m-ZZF. According to 
the PDF card, peaks appear at 34.96°, 52.74° and 61.97° 
matchwell with PDF card 00-010-0467 (Franklinite, Zn-
Fe2O4). Spinel ferrite ZnFe2O4 coats the surface of zeolite. 
This improves the photocatalytic activity of m-ZZF.

Figure 2 shows the SEM images and EDS results of 
zeolite (Z) and m-ZZF. As can be seen in SEM image of 
Z, particles had an irregular shape and porous surface. In 
m-ZZF image, zinc ferrite agglomerated on the surface of 
the zeolite. According to EDS results, zeolite was mainly 
composed of O, Si, and Al, in addition to small amounts of 
K, Mg, Ca and Fe. The percentage of iron and zinc consid-
erably increased in m-ZZF. 

Figure 3 shows the FTIR spectra of zeolite, ZZF, 
m-ZZF, and m-ZZF after being used in DB-22 decoloriza-
tion. As can be seen in Fig. 3, the zeolite had bands around 
800, 1030, and 1630 cm–1. The band between 450 and 
1100 cm–1 was related to the active zeolite lattice bands.20 
The band at 800 cm–1 corresponds to the stretching vibra-
tion of Si-O-Si. The absorption bands around 1030 cm–1 

2. 4. Experimental
In the study, a cylindrical glass reactor with a volume 

of 250 ml, a height of 20 cm, and a diameter of 5 cm was 
used. The reactor was filled with 200 ml of DB-22 solution 
with a known concentration, and the catalyst was added, 
then magnetically stirred for 30 min in the dark to ensure a 
complete equilibration of adsorption/desorption of DB-22 
on the catalyst surface. In order to find the amount of dye 
adsorbed on the catalyst surface in the dark, a sample was 
taken from the dye solution and its absorbance was meas-
ured. Then, a UV lamp with a quartz tube was placed in the 
center of the reactor at a distance of 2 cm from the bottom. 
The surface of the reactor was covered with aluminum foil 
to prevent light penetration. While the DB 22 solution was 
stirred continuously, the UV lamp was switched on and 
the reaction time was started immediately. Stirring rate 
was kept constant at 800 rpm in all experiments. The ex-
periments were carried out at the original pH of the dye 
solution, except for the experiments in which the pH effect 
was examined. The samples taken from the reactor at reg-
ular intervals were centrifuged at 5000 rpm for 10 minutes. 
Then, the absorbance of the dye solution was recorded at 
481 nm using UV-spectrophotometer to calculate decolor-
ization. Decolorization of DB-22 dye was calculated using 
the Eq. 1

Decolorization, % =                                                  (1)

where, C0 and C represent the concentration of the DB-
22 at the beginning of the reaction and at corresponding 
time, respectively.

COD was measured using Hach DR 2400 spectro-
photometer, Hach COD reactor and test kits in the range 
0–1500 ppm. Instructions for the Hach higher range test 
followed.

The DB-22 solution temperature was not controlled 
in the experiments. The reaction was started at a room 
temperature of 25 °C, except for the experiments in which 
the effect of temperature was examined, and a temperature 

Fig. 1. XRD analysis of (a) Z and (b) m-ZZF
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were due to asymmetric stretching vibrations of Al and/or 
Si bonding with oxygen. The peak at 1030 cm–1 is the proof 
that the zeolite was composed of alumina silicate. The peak 
at 1030 cm–1 is sensitive to the change in Si and Al content. 
The band at 1630 cm–1 is related to the O-H stretching vi-
brations and the adsorbed H2O molecules.20–23 As seen in 
Fig. 3, there were a few differences between Z, ZZF, and 
m-ZZF spectrum. In ZZF and m-ZZF, the peaks at 800 

cm–1 and 1630 cm–1 disappeared. The peak at 1000 cm–1 
in m-ZZF was the result of the shift of the peak at 1030 
cm–1 in Z, and the transmittance at 1000 cm–1 increased. 
With the addition of zinc ferrite to the structure of the ze-
olite, the ratio of Al and Si changed. Maybe that is why, the 
transmittance increased. The FTIR spectrum of m-ZZF 
after it was used in DB-22 decolorization was similar to 
that before it was used and only the transmittance at 1000 
cm–1 decreased.

3.2. �The effect of HCl Modification of Catalyst 
on Photocatalytic Decolorization  
of DB-22
In order to determine the effective catalyst in the 

photocatalytic degradation of DB-22, the experiments 
were performed under the following reaction conditions: 
initial dye concentration: 0.04 g/L, catalyst loading: 4 g/L, 
original pH, and UV lamp. As seen in Fig. 4-a, in the pres-
ence of ZZF and m-ZZF, the decolorization rate was high-
er with using UV lamp than without UV lamp. The catalyst 
modified with HCl (m-ZZF) gave better results than ZZF. 
Mesopores formed as a result of acid treatment of zeolite 

Fig. 2. SEM image and EDS results of zeolit and m-ZZF

Fig. 3. FTIR analysis of the Z, ZZF, m-ZZF and m-ZZF after being 
used in DB-22 decolorization
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are active surfaces for the adsorption and catalysis of rel-
atively large molecules.22 The decolorization of DB-22 us-
ing UV light and 4 g/L m-ZZF was 10.9% and 14.6% at 
the end of 30 min and 60 min, respectively. On the other 
hand, a decolorization of 6.4% and 12.8% was observed in 
the experimental set up with UV light and 4 g/L ZZF at 
the reaction times of 30 min and 60 min respectively. So, 
the decolorization rate increased in the system using UV 
light and m-ZZF. Considering the individual m-ZZF and 
UV processes, it is seen that the photocatalytic activity of 
m-ZZF is very poor.

3.3. Effect of Hydrogen Peroxide Amount
The effect of hydrogen peroxide amount on the de-

colorization of DB-22 was studied with the H2O2 amounts 
of 2.78 g/L, 5.55 g/L, and 11.1 g/L while keeping all oth-
er parameters constant (initial DB-22 concentration: 0.04 
g/L, m-ZZF amount: 4 g/L, UV light, and original pH). 
The results are presented in Fig. 4-b. As seen in Fig. 4-b, 
the decolorization of DB-22 without the addition of H2O2 
was less than that with the addition of H2O2. The photo-
catalytic decolorization of the DB-22 enhanced when the 
H2O2 amount was introduced to the Fenton system due 
to the accelerated generation of hydroxyl radicals (OH•).24 
According to our results, the decolorization rate decreased 
with increasing H2O2 concentration. In 60 min, the decol-
orization rate increased from 69.5% to 76.4% when the 
H2O2 concentration decreased from 5.55 g/L to 2.78g/L.

At high H2O2 concentrations, excess hydrogen per-
oxide reacts with the produced OH• radicals and causes 
the formation of less reactive radicals like hydrogen diox-
ide.21,25 The reactions between OH• radicals and excess 
hydrogen peroxide are given by the equations below26:

OH• + H2O2→HO2• + H2O                                                        (2)

HO2 • + OH• →O2 + H2O                                                          (3)

OH +OH• →H2O2                                                               (4)

A similar result was reported by Abharya et al.24 They 
reported that photocatalytic degradation decreased after the 

H2O2 concentration of 0.0389 M and when the amount of 
H2O2 was above the critical value, the reaction between ex-
cess H2O2 and the generated OH• radicals caused a decrease 
in photocatalytic activity over time. In another study, Badvi 
and Javanbakht21 reported similar results for the photocata-
lytic degradation of methylene blue. They found that the dye 
degradation decreased when the H2O2 concentration was in-
creased from 250 to 750 mg/L. Moreover, they asserted that 
when H2O2 concentration exceeded a certain level, hydrogen 
peroxide acted as a scavenger of the photo produced holes 
and caused a decrease in the efficiency of dye degradation.

3. 4. Effect of Catalyst Amount
In order to examine the effect of the amount of 

catalyst and to find the optimum amount of catalyst, ex-
periments were carried out by changing the amount of 
catalyst between 1 g/L and 6 g/L while keeping the other 
parameters constant (H2O2 amount: 2.78g/L, initial DB-22 
concentration: 0.04 g/L, UV light, original pH and initial 
temperature: 25 °C). The results are presented in Fig. 5-a.

As can be seen in Fig. 5-a, as the catalyst amount was 
increased from 1g/L to 3 g/L, the decolorization rate of 
DB-22 increased from 78.0% to 80.8%. After the catalyst 
loading of 3 g/L, the decolorization rate decreased. Under 
the studied conditions, the optimum catalyst amount was 
found to be 3 g/L. This means that, the catalyst amounts 
higher than the optimum value may decrease the light 
transmittance. Abharya et al.24 investigated the photocat-
alytic treatment of methylene blue and obtained similar 
results. They reported that the number of reactive sites 
increased with increasing catalyst loading and after the 
optimum catalyst amount, the catalyst particles tended 
to agglomerate, causing a decrease in the number of re-
active sites and an increase in light scattering. In anoth-
er study, Gan and Li27 investigated the decolorization of 
Rhodamine B using catalyst by Fenton like process. They 
reported that the decolorization of Rhodamine B increased 
with increasing the catalyst amount from 0.5g/dm3 to 1g/
dm3, but after 1g/dm3, it started to decrease. They also re-
ported that, after the optimum catalyst amount (1 g/dm3), 
the catalyst surface area decreased due to the aggregation 
between particles, and as a result, color removal decreased. 

Fig. 4. Effect of (a) HCl modification of catalyst (initial dye concentration: 0.04 g/L, initial temperature: 25 °C, catalyst amount: 4 g/L, original pH) 
and (b) H2O2 concentration (initial dye concentration: 0.04 g/L, initial temperature: 25 °C, m-ZZF amount: 4 g/L, original pH, UV light) on the 
decolorization of DB-22
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Ejhieh and Khorsandi1 investigated the photocatalytic de-
colorization of Eriochrome Black T using NiS-P zeolite. 
They reported that the decolorization of Erichrome Black 
T increased with increasing the catalyst amount from 0.1 
g/L to 0.8 g/L, but after 0.8 g/L, it started to decrease. They 
asserted that as the amount of catalyst increased, the sol-
id particles blocked the photon penetration. In another 
study, Ji et al.28 investigated the decolorization of methyl-
ene blue using catalyst and heterogeneous photo Fenton 
system and reported that the decolorization of methylene 
blue increased with increasing the catalyst from 0.25 to 1.5 
g/L. As the amount of catalyst increases, the number of 
active sites increases. In the catalyst amounts higher than 
1.5 g/L, the catalyst particles prevented the transmission of 
UV light into the solution. Therefore, with the increase of 
the amount of catalyst from 1.5 to 2 g/L, the rate of decol-
orization decreased.

3. 5. Effect of Initial pH
The effect of pH on the decolorization of DB-22 was 

studied at the initial pHs of 4, ≈7.1, and 10. ≈7.1 is the 
original pH of the dye solution. The pH of the DB-22 solu-
tion was adjusted at the beginning of the experiment. pH 
control was not done during the reaction. Fig. 5-b shows 
the results.

The decolorization of DB-22 increased when the pH 
was increased from 4 to 10. The decolorization of DB-22 
was found to be 70.8%, 80.2%, and 83.3% at the pH values 
of 4, 7.1, and 10 respectively. Karimi-Shamsabadi et al.29 
obtained similar results for the photocatalytic degradation 
of Erichrome black T using NiO-ZnO doped nanozeolite 
X. They reported that at the basic pH, due to higher con-
centration of hydroxyl ions, the concentration of hydrox-
yl radicals increased, which enhanced the photocatalytic 
degradation rate. In another study by Ejhieh and Khor-
sandi1, it was asserted that the degradation of Erichrome 
Black T increased with increasing the initial pH. Under the 
acidic conditions, Cl- ions and hydroxyl radicals combine 
to form inorganic radical ions (ClO−•). They reported that 
the reactivity of ClO−• anions was less than that of hydrox-

yl radicals, therefore, these radicals did not involve in the 
decolorization reactions. Under basic conditions, due to 
the increase in the number hydroxyl radicals, the decolor-
ization rate increased.

3. 6. Effect of Salt Addition
The effect of salt on the decolorization of DB-22 was 

investigated using CaCl2. The results obtained for different 
CaCl2 amounts are given in Fig. 6. As can be seen in Fig. 
6, the decolorization rate of DB-22 increased with the ad-
dition of CaCl2. When the CaCl2 amount was increased 
from 2.5 to 5 g/L, no significant change was observed in 
the decolorization rate at the reaction time of 60 min. In 
the reaction time of 30 min, while the decolorization of 
DB-22 was found to be 83.2% in the case of the addition 
of 2.5 g/L CaCl2, it was 90.1% in the case of the addition 
of 3.75 g/L CaCl2. 3.75 g/L CaCl2 was chosen due to the 
higher decolorization rate at 30 min. The results show that 
m-ZZF is effective in the presence of CaCl2.

Fig. 6. Effect of CaCl2 amount on the decolorization of DB-22 (ini-
tial dye concentration: 0.040 g/L, initial temperature: 25 °C, original 
pH, H2O2 amount: 2.78 g/L, m-ZZF amount: 3 g/L, UV light)

Gan et al.27 reported similar results in their study in-
vestigating the effect of ionic strength using different con-
centrations of NaCl. According to their results, increasing 
NaCl from 0.05 M to 0.1M did not change the degrada-
tion rate. The ionic strength for the adsorption of dye on 
oxide surface can influence the electrostatic interactions 

Fig. 5. Effect of (a) m-ZZF amount (initial dye concentration: 0.04 g/L, initial temperature: 25 °C, original pH, H2O2 amount 2.78 g/L, UV light) (b) 
pH (initial dye concentration: 0.04 g/L, initial temperature: 25 °C, H2O2 amount 2.78 g/L, m-ZZF amount: 3 g/L, UV light) on the decolorization of 
DB-22
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between the oxide surface and the dye species. In heter-
ogeneous catalytic systems, the presence of excess anions 
may affect the equilibria between the dye molecules and 
the catalyst surface.27

When low concentrations of salt are used, Cl• rad-
icals with high oxidizing potential are formed and they 
oxidize organic materials. Cl• radicals have a high affinity 
for a hole and they can also prevent electron-hole recom-
bination, thus enhancing the efficiency of reactive species 
formation. If the salt amount is more than the optimum 
value, the dye removal efficiency decreases. This is because 
the Cl– competes with the dye molecules for the limited 
catalyst surface and the surface is deactivated.30

3. 7. �Effect of Initial Dye Concentration and 
Reaction Time
In the study, the effects of initial dye concentration 

and reaction time on DB-22 decolorization were also in-
vestigated. The experiments were done within the initial 
concentration range of 0.025–0.070 g/L with a m-ZZF 
amount of 3 g/L, H2O2 amount of 2.78 g/L, and CaCl2 
amount of 3.75 g/L, at original pH, at an initial tempera-
ture of 25 °C and under UV light. Fig. 7 shows the effect of 
initial dye concentration and reaction time on the decol-
orization of DB-22.

The experimental results showed that the decolori-
zation rate of DB-22 was faster in the first 10 min. After 
10min, decolorization rate slowed down and remained al-
most constant after the reaction time of 30 min. As seen 
in Fig. 7, the decolorization of DB-22 increased with the 
increasing initial concentrations. The decolorization of 
DB-22 for the reaction time of 60 min was found to be 
81.3%, 90.2%, 90.5%, 91%, and 93.3% at the initial dye 
concentrations of 0.025, 0.040, 0.050, 0.060, and 0.070 g/L, 
respectively. In the literature, Ejhieh and Khorsandi1 re-
ported similar results for the photocatalytic decolorization 
of Eriochrome Black T using NiS-P zeolite. They found 
that the decolorization of Erichrome Black T increased 
with increasing the initial concentration from 10 mg/L 
to 40 mg/L. Having a lifetime as short as a few nanosec-
onds, hydroxyl radicals react immediately after formation. 

As the number of dye molecules per unit volume increas-
es, so does the probability of collisions between organic 
matter and oxidizing species. As a result, decolorization 
rate increases. In their study, Gan and Li27 found that the 
decolorization of Rhodamine B increased with increasing 
the initial concentration from 2.5 to 50 mg/L using rice-
hull based silica supported catalyst by Fenton like process. 
The probability of collision between dye molecules and 
near-surface activating species increases with the increase 
of dye concentration per volume.

3. 8. Effect of Temperature
The effect of temperature on the decolorization of 

DB-22 was investigated at 25 °C, 35 °C, and 45 °C while 
keeping other parameters constant (initial concentration 
of dye: 0.040 g/L, initial pH: original, H2O2 amount: 2.78 
g/L, m-ZZF amount: 3 g/L, CaCl2 amount: 3.75 g/L, UV 
light). As mentioned in the experimental section, the ex-
periments were performed without cooling, and a tem-
perature increase was observed. Initial decolorization 
rate was calculated for the reaction time of 10 min. An 
increase of 2 °C from the initial temperature was observed 
in 10 min.

Figure 8 shows the effect of temperature on the ini-
tial decolorization rate. As can be seen in Fig. 8, the initial 
decolorization of DB-22 in 10 min decreased with increas-
ing temperatures. The decrease in the decolorization rate 
with the increasing temperatures shows that the reaction 
occurred under exothermic conditions. An increase in 
the reaction temperature causes a decrease in the oxygen 
solubility in the solution. The rate of electron withdrawal 
from the surface of the photocatalyst decreases due to the 
decrease in dissolved oxygen concentration.31 Andreozzi 
et al.3 investigated the effect of temperature on the photo-
catalytic degradation of 4-nitrophenol and reported that 
temperature had a negative effect on the degradation at pH 
3. The presence of oxygen is important to keep high the 
concentration of photogenerated OH• radicals on the sur-
face of the catalyst. The concentration of the photogenerat-
ed holes decreases due to the decrease in oxygen solubility 
at high reaction temperatures.

Fig. 8. Effect of temperature on the initial decolorization rate of DB-
22 (initial pH: original, H2O2 amount: 2.78 g/L, m-ZZF amount: 3 
g/L, CaCl2 amount: 3.75 g/L, UV light)

Fig. 7. Effect of initial dye concentration on the decolorization of 
DB-22 (pH: original, initial temperature: 25 °C, H2O2 amount: 2.78 
g/L, m-ZZF amount: 3 g/L, CaCl2 amount: 3.75 g/L, UV light)
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3. 9. �Decolorization of DB-22 using Different 
Processes

Decolorization of DB-22 was investigated at 0.040g/L 
initial dye concentration and 25 °C initial temperature us-
ing different processes. The results are given in Fig. 9. De-
colorization rate using 3 g/L m-ZZF and (3 g/L m-ZZF + 
2.78 g/L H2O2) processes were 2.4% and 5.7% respectively. 
The effect of UV light was studied using processes such 
as, 3g/L m-ZZF, 2.5g/L CaCl2 and (3 g/L m-ZZF + 2.5 g/L 
CaCl2). Decolorization of (UV + 3 g/L m-ZZF + 2.5 g/L 
CaCl2) process was greater than that of the individual pro-
cesses such as UV, (UV + 3g/L m-ZZF) and (UV + 2.5g/L 
CaCl2). Decolorization rate was 76.1 % at 30 min and 82.3 
% at 60 min using (UV + 3 g/L m-ZZF + 2.5 g/L CaCl2) 
process. To identify the effect of the H2O2, experiments 
were also done using (UV + 2.78 g/L H2O2), (UV + 2.78 
g/L H2O2 + 2.5 g/L CaCl2), (UV + 2.78 g/L H2O2 + 3 g/L 
m-ZZF) and (UV + 2.78 g/L H2O2 + 3 g/L m-ZZF + 2.5 g/L 
CaCl2). (UV + 2.78 g/L H2O2) and (UV + 2.78 g/L H2O2 + 
3 g/L m-ZZF) processes provided nearly the same decolol-
orization rate as 82% at 60 min. Decolorization rate at 60 
min using (UV + 2.78 g/L H2O2 + 3 g/L m-ZZF + 2.5 g/L 
CaCl2) process was found to be 91.5%.

The decolorization of DB-22 for the reaction time of 
30 min was found to be 76.1% at (UV+ 3 g/L m-ZZF + 2.5 
g/L CaCl2) process. Addition of H2O2 increased the color 
removal and decolorization of DB-22 at 30 min was found 
to be 83.2% at (UV + 2.78 g/L H2O2 + 3 g/L m-ZZF + 2.5 
g/L CaCl2) process. With increasing CaCl2 amount from 

2.5 to 3.75 g/L, decolorization rate increased from 83.2% to 
90.1% in 30 min reaction time. With the synergetic effect 
of UV, m-ZZF, H2O2 and CaCl2, the highest color removal 
was achieved in 30 minutes. Ionic strength effects the elec-
trostatic interaction between the catalyst surface and dye 
molecules. Addition of anions might allow the neutraliza-
tion of the positive sites on catalyst surface. Nonelectro-
static interaction between dye molecules and neutral sites 
could occur due to van del Walls forces or low energetic 
H-bonds.27 According to Sudrajat and Babel30, the Cl• radi-
cals formed as a result of the surface chain transfer reaction 
of the chlorine ion oxidizes the organic compounds.

Considering these results, the possible decoloriza-
tion mechanism of DB-22 over m-ZZF may consist of the 
following steps: Due to the non-electrostatic interaction 
between the dye molecules and the neutral sites, dye mol-
ecules may be adsorbed on the catalyst surface in the pres-
ence of Cl– ions.27 Electron/hole pairs are generated on 
the m-ZZF surface under UV light. Electrons on m-ZZF 
react with H2O2 to produce both OH– ions and OH• rad-
icals. Photogenerated holes could react with OH– ions or 
adsorbed water to generate OH• radicals.33,34 In the pres-
ence of salt, the Cl• radicals could oxidize dye molecules.30 
The generated radicals react with DB-22 and degradation 
products are formed.

3. 10. COD Removal
The COD value represents the amount of oxygen re-

quired for oxidation of organics into CO2 and water. It is 

Fig. 9. Comparison of different processes
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related with total organic compounds in the wastewater. 
In the study, the variation of COD with time was inves-
tigated under the following reaction conditions: initial 
dye concentration: 0.04 g/L, m-ZZF amount: 3 g/L, H2O2 
amount: 2.78 g/L, CaCl2 amount 3.75 g/L, original pH, and 
UV lamp. As seen from Fig. 10, COD removal increases 
with increasing time. 26.9% COD removal was obtained at 
the end of 60 min reaction time. While the decolorization 
of DB-22 was found to be 79.5% and 90.1% at the 10 min 
and 30 min reaction time respectively, low COD removal 
was achieved under the studied conditions. COD removal 
showed the partial oxidation of the organic pollutants to 
CO2 and H2O. The colorless intermediates were formed as 
a result of DB-22 oxidation. These intermediates cause low 
COD removal.34 According to results, photo-Fenton like 
process is more useful for decolorization of DB-22 than 
COD removal.

The operating cost of the photo-Fenton process in-
cludes cost of chemicals and energy. Electricity is used in 
the UV lamp and mixing the process. According to Çalık35, 
operating cost of the photo-Fenton process changed be-
tween 13.46–20.13 €/m3 for the used chemicals and elec-
trical energy for treatment of textile wastewater.

Fig. 10. Variation of COD with time (initial dye concentration: 
0.04g/L, pH: original, initial temperature: 25 °C, H2O2 amount:2.78 
g/L, m-ZZF amount: 3 g/L, CaCl2 amount: 3.75 g/L, UV light)

3. 11. �Kinetic and Thermodynamic Studies
The initial rate equation for decolorization of dye is 

as follows:

 � (5)

where kapp is the overall observed rate constant for the re-
action, n is the order of the reaction with respect to con-
centration. Eq. 5 is linearized by taking the natural loga-
rithm and Eq. 6 is obtained.

� (6)

If ln(r0) is plotted against C0, the slope of the straight 
line gives the degree of reaction (n) and intercept gives the 

lnkapp value. Fig. 11 shows the plot of  against  for 25 °C, 35 
°C, and 45 °C. The initial decolorization rate of DB-22 was 
calculated for the initial 10 min. The calculated n and kapp 
values were listed in Table 1. A high regression coefficient 
indicates a good compatibility. The values of n were 1.08, 
1.12, and 1.16 at 25 °C, 35 °C and 45 °C respectively. It can 
be said that, the reaction order of the photocatalytic decol-
orization of DB-22 was 1.1 under the studied conditions.

Fig. 11. ln(r0) versus lnC0 (initial pH: original, H2O2 amount: 2.78 
g/L, m-ZZF amount: 3 g/L, CaCl2 amount: 3.75 g/L, UV light)

Table 1. The reaction orders and rate constants 

T (K)	  n	 kapp (mg/L)–0.1/min	  R2

298	 1.08	  0.064	 0.9946
308	 1.12	 0.053	 0.9847
318	 1.16	 0.044	 0.9949

The activation energy of the reaction was calculated 
using Arrhenius equation36.

kapp = A e− Ea /RT                                                                 (7)

where kapp is the apparent reaction rate constant, A is 
the Arrhenius factor, Ea is the activation energy (J/mol), 
R is the ideal gas constant (8.314 J/molK), and T is the 
temperature (K). The logarithmic form of Eq. 7 can be 
written as:

ln kapp = ln A − Ea /RT                                                            (8)

When ln kapp is plotted against 1/T, the slope gives 
–Ea/R. The Arrhenius plot is presented in Fig. 12-a. Acti-
vation energy, Ea was calculated to be –14.76 kJ/mol under 
the studied conditions. This result showed that the decol-
orization rate decreased with increasing temperature, as 
mentioned in the section 3.4. The activation energy is the 
minimum energy required to break the bonds of the spe-
cies participating in the reaction and to form new bonds. 
A low activation energy indicates that less energy is re-
quired to break bonds.37
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The activation enthalpy (ΔH0) and the activation en-
tropy (ΔS0) were calculated by plotting ln(kapp/T) against 
1/T according to the equation below27:

�  (9)

where NA is Avogadro constant (6.022*1023 mol–1) and h is 
Planck constant (6.626*10–34 Js).

The slopes of this line gives –ΔH0/R and the intercept   
gives . Fig. 12-b shows the plot of 

 
vs  

1/T. The reaction enthalpy was calculated to be –17.31 kJ/
mol. The sign of the enthalpy indicates an exothermic re-
action. The value of activation entropy was calculated as 
–0.326 kJ/molK. The negative value of ΔS0 indicated that 
the photocatalytic decolorization of DB-22 was less ran-
dom and the transition state formed in the degradation 
process had a lower structural freedom compared to the 
reactants, and this also confirms that the process was ir-
reversible.37,38

The lowest absolute values of Ea, ΔH0, and ΔS0 found 
for the catalyst used in the study are indicative of its high-
est catalytic activity. According to the literature, the value 
of the activation energy determines whether the reaction 
is diffusion or reaction rate controlled. If the activation en-
ergy is lower than 29 kJ/mol, this indicates that the reac-
tion is controlled by diffusion process.39,40 In this study, a 
low activation energy was obtained; so it can be said that 
the photocatalytic decolorization of DB-22 using m-ZZF 
was a diffusion controlled process.

The standard Gibbs free energy was calculated using 
Eq. 1036,38

� (10)

Table 2 gives the thermodynamic parameters. As 
can be seen in Table 2, standard Gibbs free energy change 
(ΔG0) had a positive value and it increased with increas-
ing temperatures. This result indicated no spontaneous 
processes and weak adsorption of dye molecules on 
m-ZZF.36

Table 2. Kinetic and thermodynamic parameters of the photocata-
lytic degradation of DB-22

T	  kapp	 Ea	 ΔH0
	 ΔS0	 ΔG0

(K)	(mg/L)–0.1/min	 (kJ/mol)	 (kJ/mol)	 (kJ/molK)	 (kJ/mol)

298	 0.064	 –14.76	 –17.31	  –0.326	 84.02
308	 0.053	 			   87.28
318	 0.044	 			   90.36

4. Conclusions
In this study, decolorization of Direct Black 22 was 

investigated using photo Fenton-like method. UV lamp 
was used as a source of light. Zeolite modified with zinc 
ferrite (m-ZZF) was used as a heterogeneous catalyst. 
m-ZZF was prepared by coprecipitation method. The zeo-
lite and m-ZZF were characterized using XRD, SEM, EDS, 
and FTIR analysis. Zeolite surface was successfully coated 
with zinc ferrite.

The results showed that under UV light, the decolor-
ization of DB-22 was higher with m-ZZF than with ZZF. 
The effect of various parameters (initial pH, initial dye 
concentration, catalyst amount, hydrogen peroxide con-
centration, CaCl2 amount, temperature) on the DB-22 de-
colorization was analysed, kinetic and thermodynamic in-
vestigations were performed as well. The decolorization of 
DB-22 was found to be 93.3% under the following reaction 
conditions: initial concentration: 0.070 g/L, initial temper-
ature: 25 °C, original pH, H2O2 amount: 2.78g/L, m-ZZF 
amount: 3 g/L, CaCl2 amount 3.75 g/L, reaction time: 60 
min, and under UV light. The activation energy was found 
to be –14.76 kJ/mol. The decolorization reaction was exo-
thermic and the calculated reaction enthalpy was –17.31 
kJ/mol. The value of activation entropy was calculated to 
be –0.326 kJ/mol. The standard Gibbs free energy change 
of activation had a positive value, and it increased with 
increasing temperatures. Although high decolorization of 
DB-22 was achieved with the photo Fenton like process, 
low COD removal was observed at the studied conditions.

Fig. 12. (a) Arrhenius plot of lnkapp against 1/T (b) ln(Kapp/T) versus 1/T
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Povzetek
Pripravljen je bil heterogeni katalizator za izboljšanje foto-Fentonove oksidacije barvila DB-22 (Direct Black-22). Kot 
katalizator je bil uporabljen zeolit, modificiran s cinkovim feritom. Pripravljeni katalizator je bil okarakteriziran z up-
orabo FTIR, SEM, EDS in XRD. Pod vplivom UV svetlobe je bil preučevan vpliv različnih parametrov na razbarvanje 
DB-22, kot so modifikacija katalizatorja s HCl, količina H2O2, količina katalizatorja, količina CaCl2, začetni pH, začetna 
koncentracija in temperatura. Raziskane so bile kinetične in termodinamične lastnosti. Najvišje razbarvanje DB-22 je 
bilo 93,3 % pod sledečimi pogoji: začetna koncentracija: 0,070 g/L, začetna temperatura: 25 °C in prvotni pH, količina 
H2O2: 2,78 g/L, količina m-ZZF: 3 g/L, količina CaCl2: 3,75 g/L, reakcijski čas: 60 min in UV svetloba. Aktivacijska en-
ergija določena pri preučevanih pogojih je bila –14,76 kJ/mol, reakcija razbarvanja pa je eksotermna z reakcijsko entalpi-
jo –17,31 kJ/mol. Izračunana vrednost aktivacijske entropije je –0,326 kJ/mol. Standardna Gibbsova sprememba proste 
energije za aktivacijo ima pozitivno vrednost in se z naraščanjem temperature viša.


