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ABSTRACT

Leachate is one of the major problems of municipal waste landfills. Landfills produce a dark black col-
ored liquid with high levels of chemical oxygen demand (COD) and heavy metals and low biochemical
oxygen demand (BOD)/COD ratio. The objectives of this study were to evaluate the effectiveness of
an electrochemical process using graphite and platinum electrodes and photocatalytic properties of
titanium dioxide nanoparticles stabilized on bentonite at different reaction times for removal of chro-
mium and organic materials from leachate. Equipment used in the electrochemical reactor included
an anode electrode plate, a commercial platinum electrode and a graphite cathode. We also evaluated
the impact of electrical current density (1-4 A/m?), reaction time (1-8 h), concentration of catalyst
(1-4 g/L) and UV radiation intensity (3-8 UV lamps). The results showed that the removal efficiency
increased with increasing reaction time, current density, intensity of UV radiation and dose of cata-
lyst. Moreover, biodegradability (BOD/COD ratio) was improved. Based on the results, this electro-
chemical pretreatment process can remove organics materials, heavy metals, reduce organic load and
increase wastewater biodegradability. Thus, it can be used as an efficient option for treating sewage

and preventing environment pollution.
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1. Introduction

Sanitary landfill is the main method used for disposal and
management of industrial and municipal solid waste (MSW)
[1]. Up to 95% of total MSW collected worldwide is disposed
of in landfills [2]. Decomposition of organic waste and rain-
fall generate leachate at the bottom of landfills [1], which is a
major problem for municipal waste landfills [3]. The highly
contaminated landfill leachate may cause groundwater con-
tamination in addition to several other environmental effects
such as surface water pollution, change in aquifer, hydraulic

* Corresponding author.

conductivity values and mineral resources pollution. These
adverse outcomes may affect human health and aquatic envi-
ronment [2,4].

Leachates in classical and conventional wastewater treat-
ment plants are rarely treated due to its nature and the pres-
ence of high levels of pollutants such as organic matter, heavy
metals, pathogens and hazardous materials [4]. Therefore,
advanced and special facilities are required before leachate
is discharged to the environment or to the wastewater collec-
tion system [4].

High chemical oxygen demand (COD) and the presence
of toxic matter (include heavy metals, organic materials, per-
sistent pollutants, etc.) in the landfill leachates, are the most
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important problems in leachate management. The high COD
levels could be due to high concentration of biodegradable
and non-biodegradable materials [5]. Heavy metals are also
important pollutants in leachates. Among heavy metals, chro-
mium(VI) is a toxic and carcinogenic contaminant of leachates
that can be released into the environment through electroplat-
ing, metal finishing, tannery and fertilizer industries [6].

Leachate’s quality and characteristics affect operating
and capital costs, regulations and discharge limits. Various
advanced treatment techniques can be used for the treatment
of leachate such as advanced oxidation processes, membrane
methods, coagulation, flocculation, electrochemical pro-
cesses, biological processes, combination of advanced oxida-
tion and biological processes, leachate recirculation through
the landfill, etc. [4,7,8]. Karimi et al. [9] used three advanced
oxidation processes based on wet air oxidation for leachate
treatment and found that wet air oxidation with granular
activated carbon and wet peroxide oxidation is much more
efficient for removing resistant organic matter. Zazouli et al.
[10] used Fenton, photo-Fenton and Fenton-like processes
for leachate treatment and reported that the efficiency of
the Fenton-like process was less than that of Fenton and
photo-Fenton processes. Meanwhile the Fenton-like process
was carried out at higher pH and did not show any problems.

In recent years, various biological, physical and chemi-
cal processes have been used for the treatment of landfill
leachate. Electrochemical process is one of the methods used
for water purification and wastewater treatment, which has
recently received much attention for the treatment of envi-
ronmental pollutants, specially leachate and wastewater.
These methods have been successfully applied for purifica-
tion of refractory organic pollutants, toxic compounds, phe-
nolic substances and other pollutants [7].

Electrocoagulation is a simple and efficient electrochem-
ical method for water and wastewater treatment [11]. It
requires less coagulation, simple equipment, easy operation,
less amount of sludge, less number of wastewater treatment
plants and less land area for treatment plant [11].

Many researchers have investigated the electrochemical
oxidation of leachate and different wastewaters containing
various types of pollutants including paint, textile and tan-
nery wastewater [12-14]. Electrochemical processes have
also been used for the treatment of landfill leachate in vari-
ous studies. These studies have used a flow electrochemical
reactor using titanium dioxide (TiO,) and RuO, anode and
Ti cathode [1]. Various electrodes such as iron, aluminum,
titanium dioxide and graphite have been used in the electro-
chemical processes [1,5,15]. This study focuses on the photo-
catalytic (UV/TiO,) and electrochemical treatment of leachate
generated from Kahrizak landfill site in Tehran, Iran. The
objectives of this study were as follows:

e To develop a relationship between current density, reac-
tion time and influent COD and biochemical oxygen
demand (BOD) in the electrochemical reactor with pala-
tine (Pt, anode) and graphite (cathode) electrodes. Pt was
chosen as the working electrode in this study because of
its relatively high over potential [16]. Cathode materials
should have high overvoltages for hydrogen evolution,
while anode materials should have overvoltages for oxy-
gen evolution [17].

e To develop a relationship between reaction time, catalyst
dosage, number of UV lamps and influent COD, BOD
and chromium(VI) in the photocatalytic reactor.

e To evaluate application of both reactors and removal effi-
ciency of COD and chromium.

e To determine optimum operational conditions (influent
COD, current density, reaction time, catalyst dosage and
number of UV lamps) for leachate treatment.

2. Materials and methods

Experiments on electrochemical and photocatalytic deg-
radation of landfill leachate were conducted at the labora-
tory or pilot plant scale. In this study, use of photocatalytic
properties of titanium dioxide nanoparticles stabilized on
bentonite and electrochemical methods using platinum and
graphite electrodes were used to remove the chromium and
COD from leachate.

2.1. Leachate sampling

Leachate samples (1,000 cc) were collected from the
Kahrizak landfill site in Tehran, Iran. This 55-year-old landfill
produces a dark black colored liquid with high levels of COD
and heavy metals with low BOD/COD ratio. The Kahrizak
landfill site has an area of 1,400 ha that receives 7,000 tons of
MSW daily. The samples were injected into the reactor under
different retention times, electrical density, UV radiation
intensity and concentration of catalyst. The characteristics of
raw leachate samples are shown in Table 1.

2.2. Pilot system and used apparatus

In this study, a direct power supply was prepared with an
output current of 5 A. Positive pole and negative pole were
connected to a platinum and graphite electrode, respectively.
To use ultraviolet light (UV), eight 6-watt lamps were placed
in a quartz cylindrical chamber. The reactor was made with
a working volume of 2 L, and a water circulation system was
exploited to adjust the reactor temperature. Supernatant
(1,000 mL) was collected and subjected to electrochemical deg-
radation. During the examination of different variables, 5 mL

Table 1

The characteristics of raw leachate
Parameter Unit Value
COD mg/L 49,610
BOD mg/L 5,500
TSS mg/L 30,249
pH - 7.8
BOD/COD - 0.11
Temperature °C 22.4
Chromium mg/L 0.05
Landfill age Year 55
Phosphate mg/L 92.6
Ammonia nitrogen mg/L 2,700
Sulfate mg/L 1,800
Chloride mg/L 4,100
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of the reaction suspension was transferred into a conical cen-
trifuge tubes every 10 min and centrifuged (4,000 rpm for 10
min) to remove nanoparticles. The supernatant was then taken
using a sampler. In this study, 0.05 M sodium sulfate was used
as the electrolyte in the catalytic oxidation reactor. It has been
reported that the use of alkaline electrolyte will increase the
production efficiency of hydroxyl radicals through hydrox-
ide ions. The reactor was also equipped with a pH meter
and the solution pH was maintained at about 7.2 throughout
the study. The impact of factors including electrical density
(1-4 A/m?), reaction time (1-8 h), catalyst concentration
(1-4 g/L) and the intensity of UV radiation (3-8) were inves-
tigated. It is worth noting here that 6 W UV lamps were used
in our study. The solution was continuously mixed in order to
ensure the correct homogenization of suspension and the suf-
ficient contact between leachate with catalysts and electrodes.

The electrochemical reactor included an anode electrode
plate (dimensions of 3 x 6 cm?), a commercial platinum elec-
trode and a graphite cathode (dimensions of 3 x 8 cm?). The
electrical current was directly supplied by a digital power
supply (Central Stores PS-305D model). Fig. 1 shows the
schematic diagram of the reactor.

The TiO, nanoparticles were fixed on bentonite using a
standard method [18]. Fig. 2 shows the fixed nanoparticles.

2.3. Experimental procedures and analytical methods

The samples were digested with concentrated nitric acid.
Chromium content of the samples was measured by atomic
absorption [19,20]. Chromium and organic matter (BOD and
COD) were determined according to standard methods for
examination of water and wastewater [21]. Results were ana-
lyzed using Microsoft Excel and SPSS (version 20).

> - —
[

2. Anode
4. Nagnat
6. Magnefic stirrer

1. Direct current supply
3. Cathode
3. Electrochemical cell

Fig. 1. Schematic diagram of the electrochemical reactor.

Fig. 2. TiO, nanoparticles fixed on bentonite.

3. Results and discussion

This study investigated the effectiveness of the electro-
chemical process using graphite and platinum electrodes
and photocatalytic properties of TiO, nanoparticles stabi-
lized on bentonite at different reaction times for removal of
chromium and organic materials from leachate. The pH of
leachate samples in all tests was adjusted within the neutral
range. The concentration of COD was extremely high in this
type of leachate, which can be classified as severe pollution.
The removal efficiency of organic matter and chromium from
leachate flow at the optimum current density and different
reaction times are presented in Table 2. Maximum removal of
BOD and COD was observed after 8 h. Maximum removal of
Cr(VI) was observed after 4 h.

The removal efficiency of studied parameters at the
various electrical current densities is presented in Table 3.
Maximum removal of BOD, COD and Cr was observed with
4A/m? of electrical current density. The removal efficiency of
the studied parameters with different number of UV lamps
is presented in Table 4. Maximum removal of BOD, COD and
Cr(VI) was observed with eight UV lamps.

Based on the results, maximum removal of BOD, COD
and Cr(VI) was observed when using 4 g/L of the catalyst
(Table 5).

Fig. 3 shows the removal efficiency of BOD, COD and
Cr(VI) in the electrocoagulation and nanophotocatalytic pro-
cesses with respect to the reaction time. Maximum removal of
BOD and COD was observed after 8 h. Maximum removal of
Cr(VI) was observed after 4 h. Figs. 4 and 5 show the removal
efficiency of BOD, COD and Cr(VI) in the electrochemical
and nanophotocatalytic processes with respect to the inten-
sity of UV radiation and concentration of the catalyst.

3.1. Effect of reaction time

As shown in Table 2 and Fig. 3, rate of decomposition
increased with increasing the reaction time. In the elec-
trochemical and UV/TiO, process, significant amounts of
Cr(VI) were removed after 4 h. Ku and Jung studied the
photocatalytic reduction of Cr(VI) in aqueous solutions
by UV irradiation in the presence of TiO, and found that
the removal of Cr(VI) increased with increasing the reac-
tion time [22]. Maximum removal of BOD and COD was
observed after 8 h. The increase in reaction time increases
removal of COD and BOD and Cr(VI) and the degradation
efficiency [23,24].

During the electrochemical process, two active oxygen
species can be electrochemically generated on oxide anode
(MO,). One species is the chemisorbed (oxygen in oxide
lattice, MO _,,) responsible for electrochemical conversion
through Eq. (1), the other is physisorbed (absorbed hydroxyl
radicals, °OH) responsible for electrochemical combustion
through Eq. (2) [17].

R+MO,_,, -»RO+MO, 1)
R+MO,_(°OH), - CO, +zH" + ze + MO, @)

where R is the organic compounds and z is the number of
absorbed °OH on anode.
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The removal efficiency of studied parameters at the various reaction time (catalyst dose = 4 g/L, number of UV lamps = §, electrical

current density =4 A/m?)

Parameter

Time (h) 1 2 3 4 5 6 7 8

BOD 5,700 6,100 6,300 6,500 6,800 6,900 5,800 4,600

COD 39,800 36,500 32,250 28,200 26,700 25,800 21,900 20,500

BOD/COD  0.14 0.17 0.2 0.23 0.25 0.27 0.26 0.22

Cr 0.017 0.019 0.012 0.006 0.015 0.012 0.011 0.009
Table 3 100

The removal efficiency of studied parameters at the various
electrical current densities (catalyst dose = 4 g/L, number of UV
lamps = 8, reaction time = 8 h)

Parameter Electrical current density (A/m?)
1 2 3 4
BOD 7,100 6,150 5,850 4,700
COD 30,450 22,500 20,900 12,500
BOD/COD 0.23 0.27 0.28 0.38
%COD 38.6 54.6 57.8 74.8
Cr 0.012 0.011 0.01 0.004
%Cr 76 78 80 92
Table 4

The removal efficiency of studied parameters at the various
radiation lamps (catalyst dose =4 g/L, electrical current density =
4 A/m?, reaction time = 8 h)

Parameter Number of UV lamps
3 4 5 6 7 8
BOD 6,200 6,380 6,260 6,150 6,050 4,200
COD 23,300 16,300 13,800 12,400 10,800 10,100
BOD/COD 027  0.39 0.4 0.5 0.56 0.42
Cr 0.017 0.013 0.011 0.009 0.006 0.003
Table 5

The removal efficiency of studied parameters at the various dos-
age of catalyst (electrical current density =4 A/m? number of UV
lamps = 8, reaction time = 8 h)

Parameter Catalyst dosage (g/L)

1 2 3 4
BOD 7,000 5,200 4,400 3,800
COD 23,700 10,900 5,400 4,380
BOD/COD 0.3 0.48 0.81 0.87
Cr 0.015 0.007 0.006 0.001

During the electrochemical process, organic com-
pounds are only partially oxidized, so that a subsequent
biological treatment may be required [17]. The results
of this study show that the electrochemical process
increases the biodegradability. Due to their higher cost,
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Fig. 3. Removal efficiency of BOD, COD and Cr(VI) at various
reaction times (catalyst dose = 4 g/L, number of UV lamps = 8,
electrical current density =4 A/m?).
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Fig. 4. Removal efficiency of BOD, COD and Cr(VI) at various
intensity of UV radiation (catalyst dose =4 g/L, electrical current
density =4 A/m? reaction time =8 h).

electrochemical processes can be used as a pretreatment
before the biological process.

According to Faraday’s law for electrochemical pro-
cesses, electrolysis time increases the amount of metal ion
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Fig. 5. Removal efficiency of BOD, COD and Cr(VI) with various
doses of catalyst (electrical current density = 4 A/m? number of
UV lamps = 8, reaction time = 8 h).

release into the system. The hydroxide ions produced by the
electrochemical reaction in the cell are dependent on the cur-
rent density and will follow the Faraday’s law. Electrode con-
sumption rate can be calculated using the following equation:

Am=I1tM/ZF 3)

where [ is the electrical current density, f is the reaction time,
Z is the number of electrons moved in the reaction, F is the
Faraday coefficient 96,486 c/mol and M is the molecular
weight.

Reduction of electrical current density increases the time
required for achieving the same efficiency. According to
Chen et al. [25], this could be due to the effect of loading rate
on the treatment efficiency [26].

Q=Ixt 4)

The ions produced in the higher reaction time needed to
higher load, but this parameter due to the economic costs is
kept low.

3.2. Effect of electrical current density

When applying current density of 4 A/m? BOD,/COD
ratio increased from 0.23 to 0.38, as a result this process
could be considered as a pretreatment for the biological
treatment. Increasing the electrical current reduces the time
required for achieving the same removal efficiency. This is
because the increased electrical current increases ion release
from the electrode, and thus elevates the precipitation and
removal of the contaminants. In addition, it increases the
number of bubbles produced and reduces the bubble sizes
[26,27]. Therefore, it can be concluded that the electrical
current affects the efficiency of the process and breakdown
of organic matter and non-biodegradable materials. In this
study, increasing the electrical current led to the removal
of color and turbidity from the leachate, and increased effi-
ciency. It is, however, worth noting here that corrosion rates

are increased by raising current densities, which may eventu-
ally be profitless. Thus, the electrode exploited in this study
could be affordably used under considerably higher current
densities, which is believed as a positive and innovative idea
of this research.

3.3. Effect of the number of UV lamps

The highest COD removal efficiency (80%) was observed
after 8 h in the presence of eight UV lamps, while the low-
est COD removal efficiency (53%) was observed in the pres-
ence of three UV lamps. Increase in the number of UV lamps
increases BODS/COD ratio from 0.27 to 0.56, which is suitable
for biological treatment.

Increased UV radiation intensity caused increases in the
number of excited electrons, hydroxyl radical production
and COD removal rate. The highest rate of Cr(VI) removal
occurred in the presence of eight tubes (0.003 concentration
in mg/L) and three bulbs (0.017 concentration in mg/L).

Titanium dioxide exhibits photocatalytic activity under
ultraviolet irradiation. With increasing intensity of ultra-
violet radiation, the number of electrons is further stim-
ulated. Increasing in the excitation of electrons was due to
the increased intensity of the radiation received on a bed of
titanium oxide nanoparticles stabilized on the bentonite [28].

The photocatalytic oxidation reaction often described for
irradiated titanium dioxide is summarized as follow:

TiO, + hv — TiO,.(e,, + hole;b) (5)

Recombination of electrons and holes on the surface of
the catalyst is a common reaction, reducing the quantum effi-
ciency of the process.

TiO,.(e,, + hole;, }—=" TiO, + heat (6)

Oxidizing species such as oxygen molecules may also
react with electrons. Positives holes can oxidize these spe-
cies, which subsequently result in reducing the possibility of
recombination.

Reactions that yield additional hydroxyl radicals may
also continue along with other reactions. Hydroxyl radicals
are highly reactive and consequently can oxidize organic
pollutants, directly or through their intermediate com-
pounds [28].

The increased removal efficiency was due to increased UV
radiation to catalyst. In addition, the electrons and hydroxyl
radicals increased. The hydroxyl radical production subse-
quently increases the photocatalytic oxidation rate [29,30].

3.4. Effect of concentration of the catalyst

In the photocatalytic UV/TiO, process, pH remained neu-
tral after 8 h. The highest rate of COD removal (86.3%) was
observed in the presence of seven UV lamps when using 4 g/L
of catalyst. However, the lowest percentage of COD removal
(39.3%) was observed when using 1 g/L of catalyst. In other
words, increasing the dose of catalyst from 1 to 4 g/L in the
leachate solution increased the removal of COD and BOD
from 30,100 to 6,780 and from 8,400 to 5,200, respectively.
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Moreover, BOD,/COD ratio increased from 0.27 to 0.76 when
using 4 g/L of catalyst. The highest Cr(VI) removal efficiency
(84%) was observed when using 4 g/L of catalyst, while the
lowest Cr(VI) removal efficiency (72%) was observed when
using 1 g/L of catalyst. In other words, increasing the concen-
tration of the catalyst from 1 to 4 g/L in the leachate solution
increased the removal of chromium from 0.014 to 0.008 mg/L.

Meshram et al. [31] evaluated removal of phenol using
ZnO-bentonite nanocomposite (photocatalyst) with UV irra-
diations under continuous stirred tank reactor. They found
that the degradation efficiency increases by increasing the con-
centration of nanocomposite [31]. Meeroff et al. [32] compared
photochemical iron-mediated aeration and TiO, photocatal-
ysis for the treatment of landfill leachate at laboratory scale.
Bench scale testing of real landfill leachate samples using the
two potential on-site pretreatment technologies showed up to
86% conversion of refractory COD to complete mineralization,
up to 91% removal of lead, up to 71% removal of ammonia
without pH adjustment and up to 90% effective color removal
with detention time of 4-6 h using 4 g/L of catalyst [32].

4, Conclusions

This study was designed to evaluate the use of photo-
catalytic and electrochemical processes for landfill leachate
treatment. Using graphite and platinum electrodes causes no
corrosion in the treatment system. Based on the results of this
study it can be concluded that:

e UV radiation alone in the photocatalytic process is unable
to breakdown resistant pollutants in the leachate. This is
due to high turbidity of leachate and inability of UV radi-
ation to produce enough active hydroxyl radicals.

e Electrical current density affects the efficiency of the pro-
cess and could breakdown organic material with low
biodegradability. Thus, increasing electrical current den-
sity leads to removal of color and turbidity from leachate
and improves the photocatalytic effect and efficiency. At
4 A/m? electrical current, the COD and chromium
removal efficiencies are 74.8% and 95%, respectively. This
current also increases the BOD,/COD ratio and provides
the conditions suitable for biological treatment.

* The number of UV lamps also affects the efficiency of
the process in a way that increasing the number of lamps
increases COD removal rate up to 80% and increases
BOD,/COD ratio to 56%. The highest chromium removal
efficiency (94%) is achieved when using eight UV lamps.

e Concentration of the catalyst also affects the efficiency of
COD removal. Increasing the dose of catalyst increases
COD removal efficiency and BOD,/COD ratio (to 87%),
providing suitable conditions for biological treatment of
leachate.

e The bentonite used in this study is suitable for color
reduction and removal of organic matter.

e The electrochemical pretreatment process can remove
organics matter, heavy metals, reduce organic load and
increase wastewater biodegradability. Thus, it can be
used as an efficient option for treating sewage, preventing
environment pollution and protecting water resources.
However, more studies should be conducted to evaluate
the economic aspect of using this process.

* The photocatalytic process combined with UV/TiO, is
more efficient for removal of organic matter and chro-
mium compared with the electrochemical or photocata-
lytic process alone.

® The hydroxyl radical is a very powerful oxidizing agent
which can oxidize organic pollutants, directly or through
intermediate compounds.

Acknowledgment

This article is derived from a Master’s thesis approved
and supported by the Lorestan University of Medical
Sciences in 2014.

Competing interests

Not applicable.

Authors’ contributions

The article is derived from a Master’s thesis by Elahe
Rezaie. Elahe Rezaie proposed the study design and hypoth-
esis and conducted data collection. Mahdi Sadeghi and
Ghodratollah Shams Khoramabadi were advisers of the the-
sis. Data analysis and manuscript preparation were done
by Mahdi Sadeghi. All authors read and approved the final
manuscript.

References

[1] PB. Moraes, R. Bertazzoli, Electrodegradation of landfill
leachate in a flow electrochemical reactor, Chemosphere, 58
(2005) 41-46.

[2] T.A. Kurniawan, W.H. Lo, G.Y. Chan, Physico-chemical
treatments for removal of recalcitrant contaminants from
landfill leachate, J. Hazard. Mater., 129 (2006) 80-100.

[3] S.P. Cho, S.C. Hong, S.I. Hong, Study of the end point of
photocatalytic degradation of landfill leachate containing
refractory matter, Chem. Eng. J., 98 (2002) 245-253.

[4] C. Tizaoui, L. Bouselmi, L. Mansouri, A. Ghrabi, Landfill
leachate treatment with ozone and ozone/hydrogen peroxide
systems, J. Hazard. Mater., 140 (2007) 316-324.

[5] E Ilhan, U. Kurt, O. Apaydin, M.T. Gonullu, Treatment of
leachate by electrocoagulation using aluminum and iron
electrodes, J. Hazard. Mater., 154 (2008) 381-389.

[6] I Heidmann, W. Calmano, Removal of Cr(VI) from model
wastewaters by electrocoagulation with Fe electrodes, Sep.
Purif. Technol., 61 (2008) 15-21.

[7] A.G. Vlyssides, PK. Karlis, G. Mahnken, Influence of various
parameters on the electrochemical treatment of landfill
leachates, J. Appl. Electrochem., 33 (2003) 155-159.

[8] R.Chemlal, A. Azzouz, R. Kernani, N. Abdi, H. Lounici, H. Grib,
N. Mameri, N. Drouiche, Combination of advanced oxidation
and biological processes for the landfill leachate treatment,
Ecol. Eng., 73 (2014) 281-289.

[9] B. Karimi, M.H. Ehrampoush, A. Ebrahimi, M. Mokhtari, The
study of leachate treatment by using three advanced oxidation
process based wet air oxidation, Iran. J. Environ. Health Sci.
Eng., 10 (2013) 1-7.

[10] M.A. Zazouli, Z. Yousefi, A. Eslami, M.B. Ardebilian, Municipal
solid waste landfill leachate treatment by Fenton, photo-Fenton
and Fenton-like processes: effect of some variables, Iran. J.
Environ. Health Sci. Eng., 9 (2012) 3-9.

[11] X. Li, J. Song, J. Guo, Z. Wang, Q. Feng, Land(fill leachate
treatment using electrocoagulation, Procedia Environ. Sci., 10
(2011) 1159-1164.



270

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

E. Rezaie et al. / Desalination and Water Treatment 85 (2017) 264-270

Y. Xiong, PJ. Strunk, H. Xia, X. Zhu, H. Karlsson, Treatment
of dye wastewater containing acid orange II using a cell with
three-phase three-dimensional electrode, Water Res., 35 (2001)
4226-4230.

L. Szpyrkowicz, S.N. Kaul, R.N. Neti, S. Satyanarayan, Influence
of anode material on electrochemical oxidation for the treatment
of tannery wastewater, Water Res., 39 (2005) 1601-1613.

B.K. Korbahti, N. Aktas, A. Tanyolac, Optimization of
electrochemical treatment of industrial paint wastewater with
response surface methodology, J. Hazard. Mater., 148 (2007)
83-90.

M.J.K. Bashir, M.H. Isa, S.R.M. Kutty, Z.B. Awang, H.A. Aziz,
S. Mohajeri, I.H. Farooqi, Landfill leachate treatment by
electrochemical oxidation, Waste Manage., 29 (2009) 2534-2541.
Y. Huang, T. Zhou, X. Wu, J. Mao, Efficient sonoelectrochemical
decomposition of sulfamethoxazole adopting common
Pt/graphite electrodes: the mechanism and favorable pathways,
Ultrason. Sonochem., 38 (2017) 735-743.

Y. Deng, J.D. Englehardt, Electrochemical oxidation for landfill
leachate treatment, Waste Manage., 27 (2007) 380-388.

E. Rossetto, D.I. Petkowicz, J.H. Santos, S.B. Pergher, F.G.
Penha, Bentonites impregnated with TiO, for photodegradation
of methylene blue, Appl. Clay Sci., 48 (2010) 602-606.

Y. Thaeveemaitree, C. Polprasert, L. Seung-Hawan, Application
of electrochemical process for landfill leachate treatment with
emphasis on heavy metal and organic removal, Environ.
Technol., 24 (2003) 1135-1145.

A.G. Lyssldes, PK. Karlis, G. Mahnken, Influence of various
parameters on the electrochemical treatment of landfill
leachates, Chem. Mater. Sci., 33 (2003) 155-159.

A. Eaton, L. Clesceri, E. Rice, A. Greenberg, Standard Methods
for the Examination of Water and Wastewater, American Public
Health Association, Washington, D.C., USA, 2005.

Y. Ku, LL. Jung, Photocatalytic reduction of Cr (VI) in aqueous
solutions by UV irradiation with the presence of titanium
dioxide, Water Research, 35 (2001) 135-42.

D. Mijin, M. Savic, P. Snezana, A. Smiljanic, O. Glavaski,
M. Jovanovic, A study of the photocatalytic degradation of
metamitron in ZnO water suspensions, Desalination, 249 (2009)
286-292.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

A.H. Mahvi, M. Ghanbarian, S. Naseri, A. Khairi, Mineralization
and discoloration of textile wastewater by TiO, nanoparticles,
Desalination, 239 (2009) 309-316.

X. Chen, G. Chen, L. Po, Separation of pollutants from restaurant
wastewater by electrocoagulation, Sep. Purif. Technol., 19 (2000)
65-76.

H. Riyad, A.L. Anbari, J. Albaidani, S.M. Alfatlawi, T.A.
Al-Hamdan, Removal of Heavy Metals from Industrial Water
Using Electrocoagulation Technique, Twelfth International
Water Technology Conference, Alexandria, Egypt IWTC12,
2008, pp. 355-371.

M. Kobya, O.T. Can, M. Bayramoglu, Treatment of textile
wastewaters by electrocoagulation using iron and aluminum
electrodes, J. Hazard. Mater., 100 (2003) 163-178.

M. Heredia, ]. Duffy, Photocatalytic Destruction of Water
Pollutants Using a TiO, Film in Pet Bottles, Proc. Solar
Conference, Vol. 1, American Solar Energy Society, American
Institute of Architects, 2007, p. 277.

M. Malakootian, N. Yousefi, The efficiency of electrocoagulation
process using aluminum electrodes in removal of hardness
from water, Iran. J. Environ. Health Sci. Eng., 6 (2009) 131-136.
M. Kargar, R. Nabizadeh, K. Naddafi, S. Nasseri, A.
Mesdaghinia, A.-H. Mahvi, M. Alimohammadi, S. Nazmara,
Kinetics of degradation of perchloroethylene under ultrasonic
irradiation and photooxidation in aqueous solution, Environ.
Prot. Eng., 39 (2013) 29-38.

S. Meshram, R. Limaye, S. Ghodke, S. Nigam, S. Sonawane, R.
Chikate, Continuous flow photocatalytic reactor using ZnO-
bentonite nanocomposite for degradation of phenol, Chem.
Eng.J., 172 (2011) 1008-1015.

D.E. Meeroff, F. Bloetscher, D.V. Reddy, F. Gasnier, S. Jain, A.
McBarnette, H. Hamaguchi, Application of photochemical
technologies for treatment of landfill leachate, ]. Hazard. Mater.,
209-210 (2012) 299-307.



