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ABSTRACT

The treatment of industrial wastewater is one of the most important problems to be considered
today. In recent years, advanced oxidation processes based on the production of hydroxyl radicals
with high oxidation potential are preferred in the treatment of wastewaters. In this study, color and
chemical oxygen demand (COD) removal efficiencies of sunflower oil industrial wastewater have
been investigated by applying a heterogeneous Fenton process. Fe(IlI)/MnO, and Fe(IIl)/SnO, cat-
alysts have been prepared by the co-precipitation method and characterized by scanning electron
microscopy and Brunauer—-Emmet-Teller techniques. The effects of the amount of the catalyst, pH,
hydrogen peroxide concentration, temperature, reaction time and mixing speed on the process have
been studied and the optimum conditions have been determined. In the heterogeneous Fenton pro-
cess, 98% color and 89% COD removal efficiency for Fe(IlI)/MnO, catalyst and 92% color and 67%
COD removal efficiency for Fe(III)/SnO, catalyst have been obtained. This result indicates that Fe(III)/
MnO, catalyst is more effective in the treatment of sunflower oil industrial wastewater. The stabil-
ity and reuse of the catalysts have also been tested. These catalysts successfully overcome the two
problems encountered during the heterogeneous Fenton process. They are reusable and there has

been no significant reduction in the efficiency of the catalysts even after four consecutive runs.
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1. Introduction

After the industrial revolution, rapid global economic
growth created such problems as a clean water crisis and
environmental pollution [1]. The demand for clean water has
increased day by day due to the rapid increase in the pop-
ulation and it has become a serious problem that must be
solved first [2]. The contamination of water on earth is caused
by an uncontrolled discharge of untreated and/or partially
treated industrial wastes [3].

Until now, traditional wastewater treatment techniques
such as biological treatment (biodegradation) and physical
and Physico-chemical treatment (flocculation, chlorination,

* Corresponding author.

and ozonation) have been widely used in wastewater
treatment. These methods have been reported as inade-
quate to remove organic pollutants in wastewater [2]. The
presence of non-biodegradable organic compounds in
water poses a serious threat to human health. It has known
that more amounts of these organics are toxic, endocrine-
disrupting, mutagenic and potentially carcinogenic to
humans, animals and aquatic life in general. Many organic
pollutants are also considered as toxic and harmful even at
lower concentrations [3].

Insufficient to bring wastewater pollution to discharge
standards, traditional treatment methods and increasing
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treatment costs have led the industry to seek more effec-
tive water treatment approaches. Many studies show that
advanced treatment technologies are needed for water and
wastewater treatment and recovery [4-11].

Advanced oxidation processes (AOPs), having fewer
operating problems and higher treatment efficiency than
other advanced treatment methods, have come to the fore-
front in recent years as methods for industrial wastewa-
ter treatment [8]. The AOPs offer alternative methods that
provide high yields to reduce or even mineralize organic
pollutants resistant to biological degradation [12].

The AOPs use highly reactive hydroxyl radical as an
oxidizing agent and thus provide effective oxidation pro-
cesses for the complete removal of organic contaminants
from aqueous solutions. Hydrogen peroxide has many out-
standing properties such as being non-selective, rapid reac-
tion kinetics, cheap and safe and having a high potential of
oxidation. The oxidation of organic compounds by hydroxyl
radicals is rapid and results in the oxidation of contaminants
to primarily carbon dioxide and water. Hydrogen peroxide
and iron ion reaction is a classic Fenton process. The Fenton
process uses ferrous ion as the catalyst to generate hydroxyl
radicals from hydrogen peroxide [13,14]. The Fenton reac-
tions are as follows [15]:

Fe* + H,0, —» Fe** + HO* + HO- (1)
Fe** + H,0, —» Fe* + HOO" + H* ()
Fe** + HOO® — Fe* + H*+ O, 3)
HO* + H,0, » HOO" + H,0 )
HO" + Fe* - Fe* + HO" (5)
HO* +HO" - H0, (6)
HO* +HOO* - O,+H,0 7)

The disadvantages of classic Fenton processes such as
sludge formation and iron ion recovery due to high levels of
iron discharge led the studies to heterogeneous Fenton pro-
cesses [16]. The heterogeneous Fenton reaction takes place at
the surface of the catalyst and the rate of production of the
hydroxyl radicals varies depending on the iron oxide surface
area, pore size and hydrogen peroxide concentration [17].

Fe* + H,0, - Fe(HO,)” + H' @)
Fe(HO,)*? — Fe?* + HO, ©)

Fe* + H,0, —» Fe** + HO* + HO- (10)

Catalysts can both retain the ability to form hydroxyl
radicals from hydrogen peroxide, and the formation of
iron hydroxide precipitates is prevented. In addition to the
limited dissolution of iron ions, the catalysts can be eas-
ily recovered after the reaction and remain active during
subsequent processes [18].

The commonly used catalysts in studies on AOPs are iron
minerals such as hematite [19,20], pyrite [21-25], goethite
[26-28], and zeolite [29,30] which are abundant on earth and
are magnetically separated from the reaction medium [1].
In recent years, semiconductor metal oxides are preferred
as catalysts in AOPs. Metal oxide semiconductors have pos-
itive valence band potentials compared to other semicon-
ductors. Therefore, metal oxide semiconductors form voids
with high oxidation potentials and thus oxidizing almost
all chemical substances [31,32]. Also, semiconductor metal
oxides have such advantages as chemical stability, ease of
production in high amounts, high porosity, reusability,
high affinity for many molecules and water, non-toxic and
non-biologically active [33,34]. Semiconductor metal oxides
such as TiO, (3.2 eV), ZnO (3.4 eV), SnO, (3.6 eV), and WO,
(2.8 eV) have frequently been investigated as catalysts in
AQOPs in wastewater treatment [34—46].

MnQO, is stable at low pH and can react with aque-
ous H,0, solutions. However, it is a strong oxidant with a
high oxidation potential of 1.23 eV. Therefore, the reaction
between H,O, and heterogeneous manganese oxide has
been frequently studied in an application containing AOPs
[4]. MnO, has been used for the removal of many organic
pollutants such as 4-chlorophenol [47], Methylene Blue
[48,49], Rhodamine B, Congo Red, Ethylene Blue [50], tetra-
chloro-methane [51], phenol [52], carbon tetrachloride [53],
Reactive Blue 19 [54] and hexachloro-ethane [55].

In the production of sunflower oil, the wastewater from
the refining section contains considerable amounts of chem-
icals such as oil, soap, sodium hydroxide, sodium carbon-
ate, phosphoric acid, and sulfuric acid. The release of these
wastewaters into the environment leads to major problems.
Particularly in aqueous environments, water cuts in contact
with air, reducing the amount of oxygen in the water and pos-
ing a great danger to living beings [56]. These components
discolor water and give it a nasty smell and taste and also
increase the value of the chemical oxygen demand (COD)
of water. COD value is one of the most important param-
eters used to determine the degree of organic pollution of
industrial wastewater. The COD value is always higher than
the need for biological oxidation since it shows both bio-
logical and chemically oxidizable organic pollution in the
wastewater [57,58]. The biological treatment of sunflower oil
wastewater is quite difficult since the bacteria that are active
in biological treatment are coated with oil and grease and
their activities are prevented [59]. Therefore, AOPs, which
are much more effective than convection oxidizers in color
removal and are capable of oxidizing all organic compounds
without being selective, are preferred for the treatment of
wastewater [60].

In the studies carried out for the treatment of sunflower
oil wastewater, many treatment methods such as biological
treatment [61-63], physicochemical treatment [64], electro-
coagulation [65,66], membrane (ultrafiltration, microfiltra-
tion) [67-71] and sorption using bentonite [72], chitosan [73]
and hydrophobic vermiculite [74] as adsorbents have been
investigated.

In this study, the synthesis of Fe(IlI)/MnO, and Fe(III)/
SnQO, catalysts and the treatment of sunflower oil industrial
wastewater with heterogeneous Fenton process were investi-
gated using these catalysts. The effects of different operating
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conditions such as catalyst amount, hydrogen peroxide con-
centration, initial pH, temperature, reaction time and mixing
speed on color and COD removal efficiencies were investi-
gated. The optimum conditions were determined according
to the experimental results.

2. Materials and methods
2.1. Materials

The sunflower oil industry wastewater was obtained
from an oil plant operating in Eskisehir. This wastewater was
that which is sent to the treatment unit after neutralization in
sunflower oil production. The characteristics of wastewater
are given in Table 1. Hydrogen peroxide (30% w/w) and
Fe(NO,),-9H,0 were supplied by Sigma-Aldrich (Germany)
while SnO, (99%) and MnQO, (99%) used in catalyst synthesis
were purchased from Merck (Germany).

2.2. Methods
2.2.1. Preparation of catalyst

Fe(IlI)/MnO, and Fe(Il1)/SnO, catalysts containing 4, 8 and
12 wt.% Fe(III) were synthesized using the co-precipitation
method for use in the heterogeneous Fenton process.
Fe(NO,),,9H,0 and MnO,/SnO, were dissolved in 100 ml of
distilled water and mixed in a heated magnetic stirrer. The
pH was adjusted to 9 by dropwise addition of NH,OH (26%)
to the solution. After the addition of ammonium hydroxide
was completed, the solution was stirred at 300 rpm for 2 h
at 65°C constant temperature. The resulting precipitate was
filtered and dried at 105°C for 24 h. The dried precipitate
was left in an ash oven at 600°C for 2 h[75].

2.2.2. Heterogeneous Fenton process

Fe(Ill)/MnO, and Fe(Ill)/SnO, catalysts were used in
experimental studies. First, the pH value of the wastewa-
ter sample was set to the desired value. The catalysts in the
amounts specified were added to the sample and the H,0,
solution was added and shaken in the shaking water bath
at a constant temperature. At the end of the reaction period,
the pH value of the sample was brought to 8. The sample
was centrifuged to separate the catalyst and the solution.
The solution was filtered and the necessary analyzes were
carried out.

Table 1
Parameters of wastewater

2.2.3. Color and COD analysis

In color analysis, the absorbance value and the max-
imum wavelength (359.2 nm) of the wastewater sample
were determined by scanning in the spectrophotometer
(Hach Lange DR 3900, Germany) in the wavelength range
of 320-900 nm. The color analyzes of the samples were car-
ried out at the determined wavelength and the removal
efficiencies were calculated. In the analysis of COD, Hach
Lange LCK 514 brand COD test kits were used. COD
removal efficiencies were calculated by using spectropho-
tometer measurements.

3. Results and discussion
3.1. Catalyst results

Fe(Il)/MnO, and Fe(Ill)/SnO, catalysts containing 4,
8 and 12 wt.% Fe(IIl) ion were synthesized. The color and
COD removal efficiencies of these catalysts on sunflower
oil industrial wastewater were investigated experimentally.
The results are given in Table 2.

Experimental studies were carried out with 8 wt.% iron
ion-containing catalysts since the best color and COD removal
efficiency were provided with these catalysts. Cihanoglu
et al. [14] used zeolite containing 8.5 wt.% iron ions within
their study. Scanning electron microscopy (SEM) and energy
distribution spectrometry (EDS) analyses were performed
at the Central Research Laboratory of Eskisehir Osmangazi
University to determine the surface morphology and elemen-
tal percentages of the Fe(IlI)/MnQO, and Fe(IlI)/SnO, catalysts
containing 8 wt.% iron ion. SEM images are shown in Figs. 1a
and 2a and EDS results are given in Tables 3 and 4. The EDS
spectra of the catalysts are indicated in Figs. 1b and 2b.

When the SEM images of the catalysts were examined,
it was observed that the Fe(IlI)/MnO, catalyst have differ-
ent-sized particles and intergranular voids. Fe (III)/SnO,
catalyst has a spongy structure different from Fe(IlI)/MnO,
catalyst.

Surface area analyzes of the synthesized Fe(IlI)/MnO, and
Fe(III)/SnO, catalysts were carried out in Brunauer-Emmet-—
Teller method at Technology Research and Application
Centre of Afyon Kocatepe University. The surface areas
were determined using nitrogen adsorption isotherms with
7 points (p/p, = 0.01, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30) and the
results are given in Table 5.

Fe(Ill)/MnO, and Fe(llI)/SnO, catalysts are in the range of
mesoporous catalysts with pore sizes between 2 and 50 nm.

Table 2
Removal results of catalysts containing iron ions in different
percentages*

Parameters Values

pH 9.5 Fe(III), wt.% Color removal, % COD removal, %
COD (mg/L) 7,100 MnO, SnO, MnO, SnO,
Color (Abs) 3.00 82.21 69.56 75.64 39.89
Suspended solids (mg/L) 1127 8 94.20 81.41 87.51 55.73
Oil-grease (mg/L) 600 12 84.52 73.54 79.45 42.63
Conductivity (uS/cm) 1,631

Chloride (mg/L) 928 *Experimental condition: pH = 2, catalyst amount 2 g/L, H,O,

concentration 300 ppm, temperature 30°C, reaction time 120 min.
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Fig. 1. (a) SEM image of Fe(Ill)/MnQ, catalyst and (b) EDS spectra of Fe(IlI)/MnO, catalyst.

Table 3
EDS elemental analysis of Fe(III)/MnO, catalyst

Component Mole concentration Concentration
Fe 8.44 8.89
O 5.00 151
Mn 86.56 89.60
Total 100.00 100.00
Table 4
EDS elemental analysis of Fe(III)/SnO, catalyst
Component Mole concentration Concentration
Fe 11.65 8.45
o 33.46 6.95
Sn 54.89 84.60
Total 100.00 100.00

Due to the small pore sizes (<2 nm) of the microporous
catalysts, their use as sorbents and catalytic materials for
large molecular-weight organic compounds is limited [76].
Meso-porous catalysts have the greatest pore openings
and are the least stressed of the mass transfer problems of
compounds [77].

The size of the surface area depends largely on the size
of the pores rather than the pore volume. As the pore size
decreases, the surface area increases with the increasing
number of walls. However, this does not result in the small
pore volume of the small surface area [78].

The pore sizes of the catalysts we prepared were very
close to each other. However, the surface area of Fe (III)/
MnO, catalyst was determined to be approximately three
times larger than the surface area of Fe(Ill)/SnO, catalyst. The
reason of the surface area of Fe(Ill)/SnO, catalyst being low
is that the Fe(III) cation reached to the inner surface of SnO,
metal oxide and the nitrogen gas was only adsorbed on the
outer surface.

3.2. Effect of the catalyst amount on the heterogeneous
Fenton process

In the heterogeneous Fenton process experiments, the
optimum catalyst amount was determined using Fe(III)/
MnO, and Fe(Ill)/SnO, catalysts. When the effect of cata-
lyst amount on color and COD removal was examined, the
amount of catalyst was changed between 0.5 and 6.0 g/L.
The other conditions such as pH, H,O, concentration, tem-
perature and reaction time were constant.

One of the important parameters in the heterogeneous
Fenton process is the amount of catalyst. The effects of
Fe(Ill)/MnO, and Fe(Ill)/SnO, catalysts were investigated
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Fig. 2. (a) SEM image of Fe(III)/SnO, catalyst and (b) EDS spectra of Fe(III)/SnO, catalyst.

Table 5
BET analysis results

Fe(III)/MnO, Fe(III)/SnO,
Surface area (m*/g) 30.91 9.30
Pore size (nm) 2.011 2.013

in different quantities in the sunflower oil industry waste-
water removal studies. As the amount of catalyst increases,
the active sites present on the catalyst surface increase and
react with hydrogen peroxide to form more hydroxyl rad-
icals [79]. After the optimum number of catalyst is added,
a reversed tendency is observed, and as the number of
catalyst increases, the iron ions form a sweeping effect on
the hydroxyl radicals as given in the following equation [80].
HO" + Fe** - OH + Fe* (11)

As shown in Figs. 3 and 4, the color and COD removal
efficiency in both catalysts increased with an increas-
ing amount of catalyst and remained constant afterward.
Experimental results show that Fe(Ill)/MnQO, catalyst gives
better results in color and COD removal. 1.5 g/L of Fe(IIl)/
MnOQO, catalyst yielded 97.67% color and 88.66% COD while
with 2.0 g/L of Fe(IlI)/SnO, catalyst 83.40% color and 66.55%

COD removal were obtained. In similar heterogeneous
Fenton process studies, the optimum amount of catalyst
was determined by Khataee et al. [81] as 3 g/L, Xu et al. [82]
as 2 g/L, Zhao et al. [83] as 1 g/L and Muthukumari et al. [84]
as1g/L.

3.3. Effect of the pH on the heterogeneous Fenton process

The pH affects the activity of the oxidant and the sta-
bility of the hydrogen peroxide [85]. Therefore, the effect of
pH on color and COD removal efficiency was investigated.
Experimental studies have been carried out with constant
H,O,, temperature and reaction time in the quantities of
catalysts. Studies were carried out at pH 1.5; 2; 3; 4; 5 and
the results obtained are given in Figs. 5 and 6.

As shown in the figure, after the pH 3, the color and COD
removal efficiencies were decreased for both catalysts. This
is due to the formation of ferric hydroxide complexes at high
pH values [86]. The resulting ferric hydroxide decomposes
hydrogen peroxide into oxygen and water, resulting in a
reduction of hydroxyl radicals and a lower oxidation poten-
tial of the hydroxyl radical [87]. Also, at high pH values, the
reaction of the iron ion with hydrogen peroxide is slow and
less amount of hydroxyl radical is produced [88]. Under
acidic conditions, a high concentration of hydrogen ions can
inhibit oxidation reaction by sweeping hydroxyl radicals in
the medium [89,90]. Also, excess hydrogen ions can react
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Fig. 3. Effect of the catalyst amount on color removal efficiency
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Fig. 4. Effect of the catalyst amount on COD removal efficiency
(pH =2, H,0, =200 ppm, temperature 30°C, reaction time 2 h).

directly with H,0,and consequently reduce the concentra-
tion of hydrogen peroxide in the environment [91].

HO* +H*+e —» H,0 (12)

H,O,+2H"+2e-— 2H,0 (13)

Fe(IlT)/MnO, catalyst and Fe(IIl)/SnO, catalyst gave the
highest results with 97.63% color, 88.70% COD and 83.33%
color, 66.37% COD removal efficiency at pH 2, respectively.
Based on this, the optimum pH value was set at 2. A similar
result has been reported by Daud and Hameed [92] as the
optimum pH value is 2.

3.4. Effect of the hydrogen peroxide concentration
on the heterogeneous Fenton process

When examining the effect of hydrogen peroxide concen-
tration on color and COD removal, the hydrogen peroxide
concentration was changed from 100 to 400 ppm and the
other experimental conditions were kept constant. The result
of the experiment is given in Figs. 7 and 8.
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Fig. 5. Effect of the pH on color removal efficiency (Fe(III)/
MnO, = 1.5 g/L - Fe(Ill)/SnO, = 2.0 g/L, H,0, = 200 ppm,
temperature 30°C, reaction time 2 h).
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Fig. 6. Effect of the pH on COD removal efficiency (Fe(III)/
MnO, = 1.5 g/L - Fe(Illl)/Sn0O, = 2.0 g/L, H,O, = 200 ppm,
temperature 30°C, reaction time 2 h).

When the experiment results obtained with Fe(IlI)/MnO,
and Fe(Il)/SnO, catalysts were examined, it was concluded
that both catalysts show a similar tendency with hydrogen
peroxide increase. Color and COD removal were increased
by up to the most appropriate value (200 ppm) with increas-
ing hydrogen peroxide concentration and then remained
stable. The Fe(Ill)/MnQ, catalyst gave better results with
97.77% color and 89.01% COD removal.

By increasing the concentration of hydrogen peroxide,
more hydrogen peroxide molecules can reach the catalyst
surface and react more with iron ions. Thus, the produc-
tion of hydroxyl radicals increases and the color and COD
removal efficiency of the wastewater increase accordingly.
When the concentration of hydrogen peroxide is low, a suffi-
cient number of hydroxyl radicals are not produced, result-
ing in a low oxidation rate [93,94]. But working with high
concentrations of hydrogen peroxide, hydrogen peroxide
reacts with hydroxyl radicals, causing the hydroxyl radicals
in the environment to decrease. The resulting hydroperoxyl
radicals also react with the hydroxyl radical to form H,0O
and O, [95]. For this reason, it is very important to determine
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Fig. 8. Effect of the hydrogen peroxide concentration on COD
removal efficiency (Fe(IIT)/MnO, = 1.5 g/L - Fe(Ill)/SnO, = 2.0 g/L,
pH =2, temperature 30°C, reaction time 2 h).

the optimum amount of hydrogen peroxide in experimental
studies.

H,0, + HO* - H,0 + HO, (14)

HO*+HO; - H,0+0O, (15)

ElShafei et al. [96] determined the optimum H,O, concen-
tration of 333 ppm in their heterogeneous Fenton study. Wu
etal. [97] and Liu et al. [98] studied at 250 and 323 ppm H,O,
concentrations as the optimum, respectively.

3.5. Effect of the temperature on the heterogeneous Fenton process

To study the effect of the temperature change, the val-
ues ranging from 20 to 50°C were studied and the obtained
results are given in Figs. 9 and 10. According to the results
obtained, when the temperature value increased from 20°C
to 30°C, the removal efficiency was also increased. As the
temperature increase increases the reaction rate between
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Fig. 9. Effect of temperature on color removal efficiency (Fe(III)/
MnO, = 1.5 g/L - Fe(lll)/SnO, = 2.0 g/L, pH = 2, H,0, = 200 ppm,
reaction time 2 h).

the catalyst and hydrogen peroxide, the production rate of
hydroxyl radicals also increases [99]. This is confirmed by the
law of Arrhenius (reflected on the production rate constant of
radicals or by the effect of the same molecules in the degra-
dation of organic molecules) [100].

However, high temperatures generally cause thermal
decomposition of hydrogen peroxide to O, and H,O. This
prevents the formation of hydroxyl radicals and reduces the
oxidation of organic pollutants [101]. The data obtained from
experiments with Fe(IlI)/MnO, catalyst indicates that the
color and COD removal efficiency decreased with increasing
temperature above 30°C. When the temperature was 30°C,
a maximum 97.70% color and 88.87% COD recovery were
achieved. The optimum temperature for the Fe(IlI)/SnO,
catalyst was determined as 35°C, where 92.07% color and
67.39% COD removal efficiency were obtained.

3.6. Effect of the reaction time on the heterogeneous
Fenton process

The time of the reaction varied between 5 and 120 min
while the previous parameters determined in experimental
runs were kept constant and the effect on color and COD
removal was investigated.

Reaction kinetics in the process of heterogeneous Fenton
are limited to the mass transfer of H,O, to catalytic activity
sites of the catalyst surface. For this reason, heterogeneous
Fenton processes have slower reaction kinetics. The longer
reaction time of heterogeneous Fenton processes than other
AOPs can be explained [12].

The increased reaction time according to Figs. 11 and 12
increased color and COD removal. After 60 min of obtaining
the data for the Fe(IlI)/MnO, catalyst, the color, and COD
removal remained stable and reached a yield of 88.73% COD
and 97.60% color. The optimum reaction time was 120 min
for the Fe(Ill)/SnO, catalyst. As for other studies, the reac-
tion time was reported by Yang et al. [102] as 60 min and
as 70 min by Wang et al. [27] in their heterogeneous Fenton
process using a catalyst. Kakavandi et al. [103] reported
120 min as the optimum reaction time for their study carried
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Fig. 11. Effect of reaction time on color removal efficiency (Fe(III)/
MnO, = 1.5 g/L — Fe(Ill)/SnO, = 2.0 g/L, pH = 2, H,0, = 200 ppm,
temperature for the Fe(IlI)/MnO, catalyst 30°C — temperature for
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Fig. 12. Effect of reaction time on COD removal efficiency (Fe(III)/
MnO, = 1.5 g/L — Fe(Ill)/SnO, = 2.0 g/L, pH = 2, H,O, = 200 ppm,
temperature for the Fe(II)/MnO, catalyst 30°C — temperature for
the Fe(III)/SnO, catalyst 35°C).
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out with activated carbon/magnetite catalyst. Lopez-Lopez
et al. [104]’s reaction time of 120 min reached the removal
efficiency.

3.7. Effect of the mixing speed on the heterogeneous
Fenton process

The effect of the mixing speed on the heterogeneous
Fenton process was determined by keeping the experimen-
tal parameters fixed and the results are given in Figs. 13
and 14. According to the results obtained from the experi-
ments for mixing speed effect, the color and COD removal
efficiency obtained for both catalysts were increased with
increasing mixing speed. When operating at 40 rpm mixing
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Fig. 13. Effect of mixing speed on color removal efficiency
(Fe(Il)/MnO, = 1.5 g/L — Fe(lll)/SnO, = 2.0 g/L, pH = 2,
H,O, =200 ppm, temperature for the Fe(III)/MnO, catalyst 30°C
— temperature for the Fe(IlI)/SnO, catalyst 35°C, reaction time the
Fe(II)/MnO, catalyst 60 min — reaction time for the Fe(III)/SnO,
catalyst 120 min).
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Fig. 14. Effect of mixing speed on COD removal efficiency
(Fe(I/MnO, = 1.5 g/l — Fe(Il)/SnO, = 2.0 g/L, pH = 2,
H,O, = 200 ppm, temperature for the Fe(Il[)/MnO, catalyst
30°C — temperature for the Fe(IlI)/SnO, catalyst 35°C, reaction
time the Fe(Ill)/MnO, catalyst 60 min — reaction time for the
Fe(III)/SnO, catalyst 120 min).
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speed, 74.03% color and 74.61% COD removal for Fe(III)/
MnO, catalyst and 68.43% color and 49.47% COD removal
for Fe(Ill)/SnO, catalyst were obtained. When the mixing
speed was increased to 160 rpm, 97.80% color and 89.05%
COD removal for Fe(Ill)/MnO, catalyst and 92.20% color
and 67.43% COD removal efficiency for Fe(IlI)/SnO, cata-
lyst were attained. This can be explained by the homoge-
neous mixing of the solution and the effective contact of the
catalyst and wastewater at the higher mixing speed [99].
The optimum mixing speed was determined as 160 rpm.

3.8. Reuse of catalysts

As the reuse of catalyst at wastewater treatment stud-
ies is important in terms of cost efficiency, it should be
examined in experimental studies. The re-usability of the
synthesized Fe(III)/MnO, and Fe(Ill)/SnO, catalysts were
investigated. Experimental studies were carried out under
optimum conditions. Four consecutive experiments were
performed for both catalysts. After each experiment, the
catalysts were removed from the solution and washed
with deionized water several times. They were dried in
the oven at 105°C for 24 h. The results of the experiment
are given in Table 6. In the fourth experiment, 94.25% color
and 85.12% COD removal efficiency for Fe(III)/MnO, cata-
lyst and 89.12% color and 64.17% COD removal efficiency
for Fe(Ill)/SnO, catalyst were obtained. The results indicate
that the activity of the catalyst has gradually decreased
during four consecutive runs. The reduction in efficiency
is thought to be due to the reduction of this initial activity
due to the small amount of iron leaking from the catalyst
surface [18].

4. Conclusions

In this study, a heterogeneous Fenton process was
applied to sunflower oil industry wastewater to investigate
color and COD removal efficiency. The parameters affecting
the color and COD removal efficiency were examined and
the most suitable experimental conditions were secured.
Experimental work has been carried out with Fe(IlI)/MnO,
and Fe(II)/SnO, catalysts containing 8 wt.% Fe(III) ion and
the efficiency of these catalysts was compared. The pore
sizes of the catalysts we prepared were very close to each
other. However, it has been determined that the surface
area of the Fe(III)/MnO, catalyst is about three times larger
than the surface area of the Fe(Ill)/SnO, catalyst. With the
Fe(III)/MnO, catalyst, 98% color and 89% COD removal was
achieved during the reaction lasting for 60 min (optimum

Table 6
Reuse of catalysts results

Experiment Color removal, % COD removal, %
MnO, SnO, MnQO, SnO,
1 97.80 92.20 89.05 67.43
2 96.42 91.55 88.15 66.23
3 95.23 90.62 86.76 65.20
4 94.25 89.12 85.12 64.11

conditions; catalyst amount 1.5 g/L, pH 2, H,0, = 200 ppm,
T =30°C, 160 rpm). When the Fe(III)/SnO, catalyst was used,
the reaction time increased to 2 times. At the end of the reac-
tion time of 120 min, 92% color and 67% COD removal effi-
ciency were obtained (optimum conditions; catalyst amount
2.0 g/L, pH 2, HO, = 200 ppm, T = 35°C, 160 rpm). The
large surface area of the Fe(III)/MnQO, catalyst compared to
Fe(Ill)/SnO, catalyst, increased the number of active areas,
thus enabling us to achieve higher color and COD removal
efficiency.

Catalysts provide higher iron ion concentration, higher
surface area, and more active sites that break down hydrogen
peroxide. The most important advantages were that the het-
erogeneous Fenton processes did not generate waste sludge,
that the catalysts could be used repeatedly and they could
be easily removed from the environment. The reusability of
both catalysts was examined and the results of the experi-
ment showed that color and COD removal efficiency were
very high. The use of the iron ion in the heterogeneous phase
allows the iron to be readily separated from the solution and
allows the catalyst to be reused without significantly losing
its effectiveness. In this way, the total cost of the process can
be greatly reduced. According to the obtained high yield, the
heterogeneous Fenton process was determined as a suitable
method for the treatment of wastewater of the sunflower oil
industry. The initial investment and operating costs of AOPs
are higher than other treatment methods. However, in AOPs,
less space is needed compared to other treatment methods;
this will allow for more efficient use of the spaces within the
plant and thus the operating cost of the treatment plant site
will be lower. In further studies, the advantages of AOPs in
terms of cost can be examined in detail.
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