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Abstract

Azo dyes are widely used in textile industry due to their easy production, high stability during washing and variety of colors.
It raises concern over the ecosystem because of its structural features. Some advanced oxidation process that is tertiary treat-
ment is one of the conventional treatment methods. Pollutants that cannot be removed by primary and secondary treatment
are treated by tertiary treatment methods. Primary and secondary treatment methods are not generally sufficient for removal
of azo dyes. For this reason, it has an important place in its treatment with advanced oxidation processes. The aim of this
study is to investigate the effect of different parameters on color and COD removal yields of triple dye mixtures by Fenton
method and to optimize with the Taguchi method. Moreover, the aim is to examine the relationship between these parameters
and ORP by regression analysis, and the change of organic groups by FTIR analysis in the effluent. As a result of the study,
it was observed that the parameters considered had different effects on COD and color removal. There was an increase in
both color and COD removal only with the increase in H,0, concentration. The highest COD and color removal yields were
95.8% and 99.3%, respectively. As a conclusion, Fenton process is a method that can be preferred in the treatment of textile
dyestuffs since the chemicals used are non-toxic, abundant and economical, and therefore, the operation cost of the system

is quite favorable, providing advantages to compete with other advanced oxidation processes.
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Introduction

As a result of the continuous development in ready-made
clothing and home textiles, there are excessive production
and consumption. The textile sector has an important place
for production and environmental pollution, and there are
pollutants in wastewater such as dyestuffs, surface active
agents, toxic and organic compounds, heavy metals, soap,
detergent, salt in bleaching, dyeing and washing processes
in textile sector. Therefore, it is the most polluted waste-
water for parameters such as different pH, dyestuff/color,
temperature and organic, in other words, chemical oxygen
demand (COD). It was stated that 1.6 million m® water
was used in a textile factory for an average production of
8 tons. It is estimated that 7 x 10°~10 x 10> tons of dyestuff
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is produced for use in the textile industry worldwide and
2.8 x 10° tons of textile wastewater is produced annually
(Mahamallik and Pal 2017; Turkes 2019), and 280,000
tons of the dye (10-15%) is discharged with wastewater
(Babaei et al. 2017). Discharge of wastewater produced
by the use of dyes from hazardous substances into the
water system affects photosynthetic and respiratory activ-
ities adversely and causes the degradation of the water
ecosystem, deterioration of aesthetic appearance and the
formation of toxic products by reductive cleavage of azo
bond. These dyes cause also mutagenic and carcinogenic
effects in humans (Khan et al. 2019). There are various
synthetic dyes (cationic, anionic and non-ionic). Basic
dyes (e.g., Astrazon dyes) are the most toxic due to their
cationic structure delocalized along the chromophoric sys-
tem around nitrogen atoms. Basic dyes are widely used in
silk, wool, nylon and acrylic dyeing (Bayrak Tezcan et al.
2019). These dyes should be controlled before they are
released to the environment since even small amounts of
these dyes can cause negative effects on the environment
(Khan et al. 2019). Azo dyes are often used in the tex-
tile industry and other industrial applications due to their
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low energy consumption, easy use and production, high
stability during washing and color diversity. Due to sulfa
and azo groups, azo dyes constitute the largest and most
permanent class. These structures (sulfa and azo groups)
do not occur naturally, in other words, they are synthetic,
xenobiotic, resistant to oxidative-biological decomposi-
tion and toxic (Sennaoui et al. 2018; Eren et al. 2010).
Moreover, azo dyes contain heavy metals. These structural
features increase the concern on the ecosystem (Eren et al.
2010).

Conventional treatment processes are not sufficient for
the removal of azo dyes in wastewater. Because either the
efficiency is low or it results in the formation of secondary
toxic waste products, in other words, they remain in the
effluent or sludge (Sennaoui et al. 2018; Eren et al. 2010).
In the literature, advanced oxidation processes (AOPs)
have been reported to provide effective decomposition of
these dyes. AOPs are chemical, photocatalytic and elec-
trochemical methods that produce hydroxyl radical (OH").
OH ' radical is the strongest oxidant after fluoride and has
an equally high standard oxidation potential (2.8 V) that
can react no selectively with stable organic compounds
until final mineralization (Sennaoui et al. 2018). Fenton
process is one of AOPs processes where OHe occurs dur-
ing the reaction (reaction no. 1). It is an important and
economical advanced oxidation process that is preferred
since only the catalytic properties of Fe*" are used and it
can be removed from the solution easily; H,0, is decom-
posed to non-toxic substances such as H,O and O,; and
hydroxyl radicals have affectivity in mineralizing existing
pollutants (Eren et al. 2010; Erat 2018).

Fe™ + H,0, - OH +Fe®™ + OH". 1)

This system should be operated under optimum conditions.
Optimization of Fe** and H,0, ratios as well as other param-
eters such as pH is very important for the effective operation
of the system. Otherwise, hydroxyl radicals may be retained
and their tendency to react may be reduced. Moreover, if
Fe”* ions are more than H,O, ions, the mechanism of treat-
ment can vary from oxidation to chemical coagulation.
There are some studies on Fenton removal of the most
toxic azo dyestuffs, Astrazon dyes (Rahman et al. 2010;
Rodrigues et al. 2012; Esteves et al. 2016; Erat 2018), and
there are also limited studies on different dye mixtures
(Hamoud et al. 2017). Esteves et al. (2016) carried out the
treatment of Astrazon Blue FGGL 300% with heterogene-
ous Fenton under main operating conditions (H,0,-Fe™?
concentrations, temperature and contact time). Under
best conditions, 62.7% color and 39.9% TOC removal
were achieved. In the study conducted by Erat (2018),
Astrazon Yellow 5GL dye was removed by Fenton pro-
cess under main operation conditions (pH, H,0,, Fet?,
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dye concentration). The highest color and COD removal
percentages were 98.7% and 80.4%, respectively. Moreo-
ver, a limited study (Wu and Wang 2012; Yu et al. 2014)
was conducted with the observation of pH and ORP in the
Fenton process.

The aim of this study is to investigate the removal yield
of triple dye mixture by Fenton method. For this purpose,
operation parameters (pH, H,0, and Fe*? concentrations,
reaction time, pollutant concentration) as well as parameters
(temperature, salt, different dye mixtures, high dye concen-
trations) that consider the properties of real textile waste-
water were taken into consideration. In many studies in the
literature, color removal was mostly taken into considera-
tion. COD removal should also be considered, as complete
decolorization of the wastewater does not mean that the dye
is completely decomposed. Therefore, the efficiency of the
system under different operation conditions was determined
by both color and COD, and oxidation—reduction potential
(ORP) and FTIR parameters. Moreover, it was optimized
with Taguchi method and regression analysis was performed.

Materials and methods
Materials

Astrazon Yellow 7 GLL 200% (AY), Astrazon Brilliant Red
4G 200% (AR) and Astrazon Black MBL 300% (AB) textile
dyes used in the study were obtained from DyStar Inc. 1 g/LL
stock solutions were prepared. Spectrum scanning and COD
analyses were performed to determine wavelength for each
dye and organic content. The wavelengths and COD values
of AY, AR and AB are 417 nm and 674 mg/L, 514 nm and
583 mg/L; and 613 nm and 3340 mg/L, respectively. The
mixture of triple dye was prepared by taking equal volume
of each dye solution. The wavelength, COD, pH, ORP and
ion product of the triple dye mixture were determined as
430 nm, 1613 mg/L, 3.79, 199.1 mV and 4.13e™* mol/L,
respectively. Studies were carried out by diluting 2, 4 and
8 times. That is, COD concentrations are 806.5, 403.3 and
201.6 mg/L, respectively.

0.1 N NaOH and 0.1 N H,SO, chemicals (Carlo Erba,
99% purity) were used for pH adjustment; H,0, (30%) and
Fe,SO,7H,0 (> 99.5%) supplied by Riedel-de Haén was
used for Fenton process, and NaCl (Sigma Aldrich, 99.5%)
was used to study the salt effect. All chemicals used in the
study are laboratory quality (> 99% purity), and distilled
water is used to prepare the required solutions.

Methods

Spectrum scannings, COD and color analyses were per-
formed with Spectroquant Prove 300 Spectrophotometer
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(Merck). pH, ORP and ion product were measured with
Mettler Toledo Seven Compact pH meter. COD analyses
were performed (Merck Spectroquant TR320) by a closed
reflux colorimetric method (5220-D) according to Stand-
ard Methods for the Examination of Water and Wastewater
(APHA 2012). COD analyses were performed at 420 nm and
600 nm at concentrations less than 100 mg/L and concentra-
tions above 100 mg/L, respectively.

Moreover, Fourier transform infrared spectrometer—atten-
uated total reflectance (FTIR-ATR) analysis was performed
to determine the change in functional groups of dyes both in
triple mixture dye and effluent sample formed as a result of
optimum conditions.

Batch scale system

As a result of the literature review, the most effective levels
of the operation parameters were selected. The experimental
conditions established with Taguchi are given in Table 1.
The reason for operation at two different temperatures is that
the temperature in textile dyeing processes is about 50°C
(Eren et al. 2010). For this reason, it was studied at both
room temperature 25 °C and 50 °C. High color concentra-
tion, different dye mixtures and salt content were considered
to represent the real textile wastewater.

Fifty milliliters of the dye mixture diluted in the appro-
priate ratio was taken into a 100-mL beaker, and pH was
adjusted. Following FeSO,7H,0, H,0, and NaCl addition
to the beaker, 5 min of rapid mixing (200 rpm) and slow
mixing (50 rpm) for the remaining time were applied in the

mixing apparatus. After rapid and slow mixing, pH was
adjusted to 7-8 and the samples in the beakers were allowed
to sediment for 60 min.

The main mechanism of Fenton is chemical oxidation
and chemical coagulation (Giines and Cihan 2015). The sys-
tem was operated under acidic conditions, in other words,
between pH 2 and 4. After adding Fe?* ion (iron sulfate hep-
tahydrate), hydroxyl radicals are formed by adding hydrogen
peroxide. In the meantime, high-molecular organic mate-
rials are converted to smaller molecules by oxidation and
Fe”" is oxidized to Fe*™ ion. After the oxidation reaction is
completed, neutralization process is carried out by sodium
hydroxide and it is brought to the best sedimentation range
of Fe** ions as pH 7 and 8. At the end of the waiting period
determined for sedimentation of Fe** ions after neutraliza-
tion, the upper phase of the sample is separated from the
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Fig. 1 The system used in the study

Table 1 Experimental

" Sample Tempera-  Concentra- Salt (mg/L) Fe*? (mM) H,0, (mM) pH Time (min)
conditions ture °C)  tion (mg/L)
1 25 375 0 2 40 2.5 30
2 25 375 500 4 80 3 45
3 25 375 1000 8 160 35 60
4 25 750 0 2 80 3 60
5 25 750 500 4 160 35 30
6 25 750 1000 8 40 2.5 45
7 25 1500 0 4 40 35 45
8 25 1500 500 8 80 2.5 60
9 25 1500 1000 2 160 3 30
10 50 375 0 8 160 3 45
11 50 375 500 2 40 35 60
12 50 375 1000 4 80 2.5 30
13 50 750 0 4 160 2.5 60
14 50 750 500 8 40 3 30
15 50 750 1000 2 80 35 45
16 50 1500 0 8 80 35 30
17 50 1500 500 2 160 2.5 45
18 50 1500 1000 4 40 3 60
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bottom sludge. The amount of sludge formed after sedimen-
tation was recorded. The system used in the study is given
in Fig. 1.

Optimization and statistical (regression) analyses with
Taguchi method were performed by using Minitab 18 pro-
gram. Taguchi method is an experimental design that uses
orthogonal sequences. In this study, the L18 (271 and 3/6)
orthogonal sequence consists of 2 levels of one (tempera-
ture) and 3 levels of others (pH, reaction time, salt, Fe*2,
H,0, and color concentration).

The results of the removal efficiency (%) obtained from
the experiments have been converted to signal/noise ratio
(S/N) and evaluated. S and N in the S/N ratio represent the
signal factor and noise factor, respectively. The signal fac-
tor refers to the real value received from the system, and
the noise factor refers to the factors that cannot participate
in the design of the experiment but affect the result of the
experiment. Noise sources are all variables that cause the
performance characteristics to be obtained to deviate from
the target value. Thus, the smaller the N value expressing
the noise factors in the S/N ratio, the closer the desired target
value is. So the purpose of this analysis is to maximize the
S/N ratio. There are many S/N ratios in the literature. How-
ever, in this study, the “biggest best” (2) criterion was used
for Nusselt (Serencam and Ucurum 2019).

g 1
S/N=-10 1 - ) =
/ « log "]ny? @)

where y; denotes the performance characteristic value (Nus-
selt number), and n denotes the number of Y values.

Results and discussion
Results
Effects of operation parameters on COD removal

S/N ratios of the obtained data to investigate the effects of
different parameters on COD removal yield are given in
Fig. 2.

The highest values in Fig. 2 are optimum values since
the largest is the best approach used for COD removal yield.

Since textile wastewater has high temperature, the effect
of different temperatures was also studied. However, the high
temperature decreased COD yield. Therefore, the optimum
temperature for COD removal was determined as 25 °C. At
temperatures above 40 °C, some OH' radicals cannot have
sufficient time to react/meet with pollutants, since rapid of
radical reach and increase with increasing temperature via
Arrhenius equation, resulting in decreasing of treatment effi-
ciency. Furthermore, H,O, may be decomposed into water
and oxygen (in other words, radical formation decreases)
(Dindar 2019), thus adversely affecting COD yield. It can be
said that the high temperature is not suitable for these opera-
tion conditions since the main purpose of the Fenton process
is the production of hydroxyl radicals, which are stronger
oxidants. Salt content may also have a negative effect on
the temperature. With the increase in temperature, the salt
may have reduced the radicals in the environment. Thus, low
yields can be obtained with increasing temperature.

In many studies, low dye concentrations were gener-
ally studied. But, low dye concentrations mean low COD.

Fig.2 S/N ratios of different 40 40
p.arameters on COD removal 35 15
yield o °
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Perhaps this is why COD removal has not been considered
in many studies. However, in fact, dye and COD concentra-
tions of textile wastewaters are higher. In this study, three
different concentration ranges were studied. There was no
linear decrease or increase with the increase in concentra-
tion. A slightly higher S/N ratio was obtained at 1500 mg/L
dye concentration compared to 375 mg/L dye concentration.
But, no big difference has observed. Actually, as the dye
concentration increases, COD removal efficiency is expected
to decrease. The reasons for the absence of such a change
are thought to be due to the triple dye mixture and other
operation conditions.

Textile wastewater includes chloride (CI™), sulfate, etc.
salts. For this, NaCl salt was added and its effect on COD
yield was studied. S/N ratio decreased as salt concentra-
tion increased. In other words, the presence of salt had a
negative effect on COD removal in the Fenton process. The
presence of CI™ reduces the yield by causing the hydroxyl
radical to be swept and forms stable complexes with Fet?/
Fe*3, which assume a reducing role in the environment
(Khan et al. 2019). The use of Fe*?/Fe*? with the exception
of hydroxyl radical formation is not desirable in the Fenton
process, since reaction of Fe™ with H,0, (hydroxyl radical
formation) is reduced.

A reverse change was observed in Fe*? and H,0, con-
centrations. Fe™? have a high S/N ratio at low concentration
(2 mM), while H,O, has a high S/N ratio at high concentra-
tion (160 mM). The increase in COD removal with increase
in H,0, shows that H,0, concentration causes both more
OH' formation and oxidation. The decrease in yield with
increasing Fe*? may be due to depletion of hydroxyl radicals
by excess of Fe*? (reaction 3) (Ertugay and Acar 2017).

Fe*? + OH — Fe™ + OH™. 3)

Ideal H,0,/Fe*? ratios are recommended in 10-40 ranges
(Giines and Cihan 2015). In this study, the range of 5-80
was studied. The highest COD removal was obtained at a
rate of 20.

The effect of pH in the Fenton process has been investi-
gated in many studies, and it has been observed that the Fen-
ton process is more efficient under acidic conditions. For this
reason, 2.5, 3 and 3.5 values were studied in this study. It
was observed that high S/N ratio was not obtained when pH
was 2.5 and close S/N ratios were at pH 3 and 3.5. In many
studies, pH 3 was determined as the optimum value (Kavitha
and Palanivelu 2005; Eren et al. 2010; Ertugay and Acar
2017). pH is an important parameter affecting the oxidation
mechanism of the dye. pH change is a parameter that affects
Fe™ concentration and thus the production rate of the OH’
radical. Fenton oxidation reaction speed is faster in acidic
conditions. This is because the released OH™ ion is neutral-
ized by proton (H*) (reaction 4), so recycling is prevented

and efficiency increases (Erat 2018). The low removal effi-
ciency at pH <2.5 is due to the formation of iron complex
[Fe(II) (H,0)4]™ or the sweeping of hydroxyl radicals (reac-
tion 6) as a result of H;0," formation (reaction 5).

OH +H' +e¢” — H,0 )
H,0, + H" - H;05 (5)
2H,0, — O, + 2H,0. (6)

The reasons of low yield at high pH (> 4) are also Fe(OH);
formation with low catalytic feature, degradation of H,O,
and difficult formation of OH" as a result of low oxidation
activity and formation of iron hydroxyl complexes (7-10
reactions), which has low activity after converting Fe*? into
Fe*? and which do not react with H,O, (Khan et al. 2019;
Turkes 2019).

2H,0, = O, + H,0 )
Fe*? + H,0, — Fet> + OH + OH™ (8)
Fe™ + H,0, — Fe - OOH™ + H* ©)
Fe - OOH" — HO, + Fe*. (10)

At different reaction times, S/N ratio increased with increas-
ing time. This has a positive effect on COD removal since
the length of time is mainly maintained by oxidation and
coagulation. It also shows that the oxidation of the inter-
mediate products formed by decomposition is difficult and
requires longer time for complete oxidation.

Effects of operation parameters on color removal

S/N ratios of the obtained data to investigate the effects of
different parameters on color removal yield are given in
Fig. 3.

Wastewater temperature had a positive effect on color
removal yield, and S/N ratio increased as temperature
increased. It can be said that the radical formation reduces
since H,0, decomposes into water and oxygen at tempera-
tures above 40 °C (Dindar 2019), and the formed oxygen is
sufficient for color removal, but not for COD removal. The
easy removal of the color does not mean that the dye mol-
ecules completely decompose. COD and FTIR results also
show that complete mineralization of azo dyes with stable
structure by Fenton may not be achieved.

There was a linear decrease in color removal yield with
the increase in dye concentration. The highest S/N ratio was
obtained at 375 mg/L dye concentration. It can be said that
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the color removal decreases as dye concentration increases
due to the lack of sufficient hydroxyl radical in the environ-
ment. In the study conducted by Ertugay and Acar (2017), it
was stated that color removal yield increases as dye concen-
tration increases. In this study, there may not have increased
in color removal since the treatment of high dye concentra-
tions and different dye mixtures were performed instead of
removal of low dye concentration and a single-type dye. In
other words, high dye concentration may require a higher
hydroxyl radical, i.e., oxidant. In some studies, it was stated
that the higher the concentration, the higher the solubility
of the dye is because of increase in the interaction between
dye and OH (Wu et al. 2010; Ertugay and Acar 2017). This
can be true for the low dye concentration range, but no such
relationship was observed at high dye concentration.

There was no linear decrease or increase with the increase
in salt concentration. A positive effect of the salt concen-
tration of 500 mg/L on color removal was observed, and
the highest S/N ratio was obtained at 500 mg/L. The high
concentration of salt may have led to the reduction of the
hydroxyl radical. Salt is a free radical scavenger, and it may
have negatively affected the presence of sufficient OH in the
environment for high concentration.

Fe*? concentration did not show a linear change, whereas
H,0, concentration showed a linear change. The highest
S/N ratio in Fe*? concentrations was obtained at 8§ mM. The
highest S/N ratio in H,0, concentration was obtained at
160 mM. The increase in color removal with the increase in
H,0, can be attributed to the formation of excess OH radical
(Eren et al. 2010) and/or the presence of oxygen (oxidation).
It indicates that the excess of H,0, was not used. Because if

* @ Springer
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it were excessive, HO, radical would be formed (reaction 11)
and removal yield would decrease due to its less activity
(Schrank et al. 2007).

OH™ + H,0, — H,0 + HO;,. (11)

The excess Fe*? increase the amount of sludge (amount of
suspended solid matter), and non-precipitating iron causes
color depending on its solubility (Matavos-Aramyan and
Moussavi 2017). Therefore, a good adjustment of H,O, and
Fe™? doses is of great importance. Adding too little leads to
low efficiency, adding too much increases the cost (chemical
cost, sludge amount and disposal) and possibly decreases
removal yield (ilhan et al. 2017).

In the Fenton process, it was determined that pH had
an effect on color removal yield and the highest S/N ratio
was obtained at the lowest pH value (2.5). Since H,0, and
hydroxyl radical are oxidizing products under acidic condi-
tions (illes et al. 2019), pH 2.5 is determined as optimum
for color removal. Optimum pH value is consistent with the
results in the literature.

It was observed that color removal can occur in 30 min,
and removal yield decreases as reaction time increases. The
highest S/N ratio was achieved in 30 min. Unlike oxida-
tion of organic intermediates (COD removal) that require
longer time, color removal requires shorter time. Due to the
homogeneous catalytic structure of the method, there is no
mass transfer limit. This ensures that short reaction time is
sufficient for color removal (Tunc et al. 2012).

It has been observed that the operation param-
eters of basic (cationic) dye mixtures representing a
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textile wastewater have different effects on COD and color
removal. Low temperature (25 °C), high dye concentration
(1500 mg/L), low salt concentration (0 mg/L-no), low Fe*?
(2 mM) and high H,0, concentration (160 mM), high pH
value (3.5) and longer time (60 min) optimum for COD
removal, while high temperature (50 °C), low dye concen-
tration (375 mg/L), medium salt concentration (500 mg/L),
high Fe*? (8 mM) and high H,0, concentration (160 mM),
low pH value (2.5) and shorter time (30 min) optimum for
color removal. In other words, other parameters except for
high H,O, concentration had different effects. Therefore,
if a Fenton process will be used for the treatment of tex-
tile wastewater, the effect of the parameters considered for
color removal and/or COD removal should be optimized by
separate studies. If the removal of two parameters will be
considered, the optimal conditions of the process parameters
should be determined according to the mineralization (COD
removal yield), because it is much easier to obtain a high
level of decolorization than the high level of mineralization
(Papic et al. 2009).

Rank of parameters affecting COD, color and
COD + color removal yield is given in Table 2. Tempera-
ture was last in terms of effect and in the same rank for all
yields, while other parameters were generally in different
ranks. The most important parameters affecting COD, color
and COD + color removal were determined as salt content,
dye concentration and H,0O, concentration, respectively. Salt
content is a priority parameter in COD removal because
the presence of chloride may cause COD interference and
reduce radicals. Dye concentration is a priority parameter in
decolorization because the mass transfer limitation is low/
no in low concentration and requires more radicals in high
concentration. And the concentration of H,0, is the primary
parameter in COD + decolorization because it is oxidizing
by itself. In other words, it contributes to both COD and
color removal.

Changes of the ORP and FTIR and removal yields

In this study conducted with the mixture of three different
azo dyes, color removals after Fenton oxidation were meas-
ured using determined wavelengths. The yield of the mixture
varies between 6.7 and 99.7%; the removal of AY, AR and
AB dyes varied between 4-99.2%, 60-99.6% and 90-99.9%,

respectively. COD removal was measured in the range from
2.8t0 95.8% (Table 3).

At the end of Fenton oxidation, sludge volumes of the
samples were measured in the range of 1.5-8 mL. Excess
sludge shows that there is excess Fe? in the environment.
Fe*? tend to precipitate by oxidizing to Fe*3. After precipi-
tation, ORP and ion product were measured in the upper
phase. ORP is oxidation-reduction potential, and it was
measured between 16.7 and 135.9 mV (Table 3). Measure-
ment of different values is due to different pH, Fe™ and
H,0,. H,0, is the oxidizing agent and provides ORP to be
high, while Fe*? is the reducing agent and causes pH of the
environment to increase by consuming H* ions and ORP
decreases (Yu et al. 2014).

The equations calculated for color removal, COD removal
and ORP change as a result of regression analysis and
obtained R? values are given in Table 4. The minus (=) sign
in the equation indicates that yield/ORP value decreases
with increasing of that parameter, and the plus (+) sign indi-
cates that yield/ORP value increases with increasing of that
parameter. R” values were obtained above 71%.

ORP had higher R?. This shows that the relationship
between operation parameters and ORP is higher. pH and
Fe™? are the parameters that significantly affect ORP value.
It was observed that pH, H,0, and Fe*? concentrations had
a significant effect on initial ORP value in the treatment
of actual printing and dyeing wastewater with Fenton (Wu
and Wang 2012). ORP depends on many parameters and is
a flexible and easy parameter to be used in the control of
chemical wastewater treatment processes.

FTIR analysis was performed in the influent (triple mix-
ture) and in sample numbered 3 with the highest removal
yield (COD and color) (Fig. 4). Two main peaks were formed
as aresult of FTIR analysis. Only the density of these peaks
in the influent and effluent has changed. The determination
of the peaks in the influent and effluent shows the stability
of these groups. Peaks were formed at 3604-3012 cm™" and
1629 cm™!. These peaks can be attributed to N—H elongation
vibration in amines and amides or O-H elongation vibra-
tion in phenols; and C=C elongation vibration in the alkene
group or N—H bending vibration in amides, respectively.

T?fble.z Rank of parameters Rank Tempera- Concentra-  Salt (mg/L) Fe*? (mM) H,0,(mM) pH Time (min)
affecting COD and color ture (°C)  tion (mg/L)
removal yield

COD 7 4 1 6 3 5

Color 7 6 3 2

COD+color 7 6 2 3 4

* @ Springer



4438 International Journal of Environmental Science and Technology (2020) 17:4431-4440

Table 3 Color and COD removal yields, sludge volumes and changes of the ORP and ion product in different conditions

Sample Mixture AY yield (%) AR yield (%) AB yield (%) COD yield (%) Sludge vol-  ORP (mV) Ton
yield (%) ume (mL) product
(mol/L)
1 84.0 87.2 96.8 99.2 69.0 3 334 2.72¢!
2 97.3 97.6 99.2 99.8 89.2 4 53.7 1.23¢7!
3 99.3 99.2 99.6 99.9 95.8 7 108.7 1.44¢72
4 81.3 85.6 96.8 99.2 94.3 5 37.6 2.31e”!
5 98.0 97.6 99.2 99.8 60.7 8 36.6 2.39¢"!
6 84.0 83.6 97.2 99.3 2.8 4 135.9 4.97¢73
7 6.7 4.0 60.0 90.0 65.5 3 30.2 3.08¢™"
8 76.0 76.0 98.0 99.5 80.1 4.5 94.5 2.50e72
9 80.0 80.8 92.0 98.0 85.5 2.5 16.7 5.21e7!
10 99.7 99.2 99.6 99.9 72.2 4 73.8 5.61e”2
11 81.3 85.6 96.8 99.2 72.2 3 20.7 4.45¢7!
12 95.5 96.0 98.4 99.6 4.2 3.5 124.5 7.77¢73
13 97.3 96.8 99.2 99.8 41.1 4 79.5 4.49¢72
14 85.0 85.6 97.2 99.3 17.7 2 137.3 4.71e73
15 73.3 79.2 96.8 99.2 23.9 1.5 53.3 1.25¢7!
16 80.0 80.0 91.6 97.9 45.0 6 54.1 1.21e7!
17 81.3 80.8 93.6 98.4 50.1 2.5 56.4 1.10e7!
18 10.0 4.0 70.4 92.6 28.5 2.5 53.6 1.24¢7!
Table 4 Regression analysis equations and correlation coefficients
Parameter Equation R?
Color yield 136.2 — 0.014*Temperature — 0.03421*Concentration — 0.0012%#Salt + 1.73%Fe*2 4 0.2592H,0, — 13.3%*pH — 73.14
0.429*Time
COD yield 17.3 — 1.280*Temperature — 0.0025*Concentration — 0.0244*Salt — 1.79*Fe+2+0.198*H202+ 19.3*pH +0.722*Time 71.17
ORP 119.540.471*Temperature — 0.01943*Concentration +0.0307*Salt + 10.54%Fe*? — 0.0606¥H,0, — 36.8*pH — 84.86
0.044*Time
© 25 environmentally friendly products (H,O and O,). The opera-
g , tion and maintenance of the system are easy and simple.
g s x Mostly high yield is obtained (Khan et al. 2019). A wide
§ range of pollutants (color, COD, etc. in wastewater, sludge
£ ! w M and soil) can be removed by this method (GilPavas et al.
% 0.5 W—\ 2019). It provides fast color removal (Rosales et al. 2018;
L ——MF3 Turkes 2019), because there is no mass transfer limit due to
% g % § § g % g g § % % % g g § § § 83 homogeneous catalytic structure (Tunc et al. 2012). Fe™? and
Wavenumbers, cm H,0,, which are abundant and less toxic, are cost-effective.

Fig.4 FTIR results in influent (red) and effluent (blue)

Evaluation of Fenton process in terms of benefit, cost
and risk criteria

The advantage of the Fenton process is that the chemi-
cals used (Fe™ and H,0,) are non-toxic. H,0, turns into

o’
’r @ Springer

Fenton method is effective for COD removal in wastewater
with low BOD/COD ratio such as textile wastewater (Ilhan
et al. 2017).

The greatest risk in the Fenton process is the formation of
sludge (even less compared to some methods) and the neces-
sity of disposal of the sludge formed (Khan et al. 2019). But,
as a result of physical, chemical, biological or thermal treat-
ment, a waste (solid/liquid/gas) occurs, which needs to be
treated/controlled. For this reason, it is of great importance
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to reduce sludge formation with the operation under opti-
mum conditions. Another risk is the operation of system at
low and narrow pH levels (2—4) to achieve high yield. It is
not suitable for all paints/dyes (Turkes 2019). For example,
low yield can be provided in reactive dyes (Dindar 2019).
Also, low color removal efficiency is achieved generally
in light-colored paints such as yellow, because Fe™? in the
environment as reducing agent can cause the effluent to be
colored. The presence of salt in the sludge and the formation
of foam in the system are other its disadvantages. If H,O,
remains in the effluent, it may increase system cost due to
excessive use, cause incorrect COD results and damage ben-
eficial microorganisms in the discharged environment (Can-
bolat 2019). Therefore, optimization of H,0O, is important.

It was stated that the investment and operation costs of
a system at a flow rate of 250 m®/day in a 50 m? reactor
(12.5 m*/h, 20 h/day) are approximately 66,000 USD and
approximately 435 USD/day, respectively (Canbolat 2019).
In other words, the operation cost is 1.74 USD per m®. It
is stated that the Fenton process can be selected when the
flow rate is smaller than 50 m’/h, and TOC value is around
1000 mg/L in the method selection graph according to flow
and TOC values (Dindar 2019). Treatment at higher concen-
trations may also realize, but it will result in greater chemi-
cal consumption, longer reaction time, and consequently
increase in reactor volume.

It is a very convenient method in terms of operation cost
due to the economy of the chemicals used. Determination
of the optimization values of H,0, and Fe™? will prevent the
increase in cost as a result of overuse.

Conclusion

In this study, the change of different parameters (COD,
color, ORP) in triple dye mixture has been optimized in
terms of different operating conditions by Fenton oxidation.
It was observed that the parameters considered in the study
had different effects for COD and color removal. Increase
in H,0, concentration only resulted in an increase in both
color and COD removal. Therefore, if the Fenton process
is to be used in textile wastewater treatment, the operation
parameters of the system should be optimized according to
the aim (whether COD or color removal, or both). From
the results of FTIR analysis, it was concluded that Astrazon
dyes were very stable. Considering COD and color removal
yield together, the highest COD removal yield and color
removal yield were 95.8% and 99.3%, respectively, at 25 °C,
375 mg/L dye concentration, 1000 mg/L salt concentration,
8 mM Fe*?, 160 mM H,0,, pH 3.5 and 60 min reaction time.

The operation cost of the system is very favorable, since
the chemicals used in the Fenton process are abundant,

economical and non-toxic. High yields for COD and color
removal were obtained by Fenton process.
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