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a b s t r a c t
Treatment of wastewater generated in carpet manufacturing is a problematic issue, mainly because 
of the toxic impact of chemicals used in different processes. Fenton oxidation may be a suitable 
approach for reducing toxicity but the cost of chemicals may be prohibitive to adopt this process 
as the main treatment phase. In this context, this study explored the feasibility of implementing 
either Fenton or Fenton-like oxidation process as a pretreatment stage before the biological treat-
ment of carpet manufacturing effluents. It also included optimization of operation parameters 
using response surface methodology. Optimization was mainly focused on molar ratios of H2O2/
COD and H2O2/Fe along with the reaction time for Fenton and Fenton-like advanced oxidation. 
For the Fenton process, the optimum H2O2/COD and H2O2/Fe2+ molar ratios were determined as 
0.06 and 0.60 mol/mol, respectively. Different optimum values of 0.29 and 4 mol/mol, respectively, 
were applied to the same molar ratios for the Fenton-like oxidation. The Fenton process yielded 81% 
and 68% for COD removal and toxicity reduction, respectively. Similarly, removal yields of 62% for 
COD and 76% for toxicity were achieved by means of the Fenton-like oxidation. This process proved 
to be suitable as a pre-treatment step, where adequate toxicity reduction was achieved to allow 
effective COD removal in the following biological treatment phase. 

Keywords:  Advanced oxidation; Carpet manufacturing wastewaters; Fenton oxidation; Fenton-like 
oxidation; Toxicity

1. Introduction

The textile industry has a heterogeneous structure 
consisting of many sub-sectors such as synthetic fiber pro-
duction, fiber preparation, yarn production, fabric weaving, 
knitting, non-woven fabric production and carpet manufac-
turing. Although numerous studies have been carried out 
to evaluate effective methods for the treatment of textile 
wastewaters, the carpet manufacturing effluents require 
particular evaluation due to the utilization of acid dyes for 
manufacturing carpets from synthetic fibers, which is dif-
ferent from most other textile products [1,2]. As Turkey is 
ranked second in the world in terms of the export of “car-
pets and other textile floor coverings” after China [3], the 

management of carpet manufacturing wastewaters is an 
important issue in Turkey. 

The water consumption can reach up to 162.6 L/kg of 
carpet manufactured [4]. Although the water consump-
tion is high similar to other textile industries, the color and 
turbidity are relatively low in the carpet manufacturing 
effluents due to the high stabilization rates of acid dyes 
on synthetic fibers [5]. However, auxiliary chemicals used 
during manufacturing process and aromatic amines formed 
from acid dyes are toxic and carcinogenic substances with 
high organic content [6]. Therefore, the removal of toxic 
substances and high chemical oxygen demand (COD) is 
more important than color removal during the treatment 
of carpet manufacturing effluents. Investigation of effective 
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treatment methods is one of the most challenging issues in 
all sub-categories of the textile industry, as the majority of 
dyes and chemicals used in manufacturing contain organic 
substances with complex structures such as toxic substances, 
inhibitory compounds and resistant aromatic rings [7].

Many physicochemical and biological processes have 
been researched for the removal of organic matter and 
color from textile wastewaters. The main processes used 
in the treatment of textile wastewaters are adsorption, 
ion exchange, membrane processes, chemical oxidation, 
chemical precipitation and biological treatment methods. 
Although the efficiency of membrane processes in the treat-
ment of carpet manufacturing effluents was established 
[5], biological methods are advantageous in terms of being 
economical and environmentally friendly compared with 
membrane processes. However, the toxic content of carpet 
manufacturing effluents limits the efficiency of biological 
processes. There are many parameters that affect the biolog-
ical treatment efficiency of textile effluents negatively, such 
as heavy metals, sulfide, sulfur, salts and other components 
in addition to dyestuffs [8]. For example, the determination 
of low heterotrophic growth rate for wastewaters generated 
from the carpet finishing process was explained with the 
inhibitory effects of different chemicals in wastewaters [2]. 

High color removal efficiencies have been obtained 
in many studies by using advanced oxidation processes 
(AOPs) to treat organic synthetic dyes that are not biode-
gradable [9–11]. AOPs increase the biodegradability of 
textile wastewater and have the potential to decompose 
the materials contained in textile dyes that are resistant to 
breakdown. Among the AOPs, the Fenton process provides 
the desired water quality with high reaction efficiencies 
compared with traditional applications [12]. The Fenton 
process, which is applied by the use of ferrous ion (Fe2+) 
as a catalyst to increase the conversion efficiency of hydro-
gen peroxide (H2O2) to hydroxyl radicals [13], is suggested 
as a suitable AOP for the oxidation of toxic matters such 
as hexavalent chromium from synthetic or real waste-
waters [14,15]. In a study performed for the treatment of 
carpet manufacturing effluent, COD removal of 93% was 
achieved by Fenton oxidation [16]. However, the appli-
cation of Fenton oxidation as the main treatment step is 
restricted due to the requirement of a high amount of 
chemical reagents in this process.

The combination of biological treatment with other 
technologies has been suggested as a good solution for the 
treatment of textile wastewaters [17,18]. The combined pro-
cess consisting of biological and chemical stages can be a 
cost effective and sustainable solution for the treatment of 
textile wastewater. In the combined process, the efficiency 
depends on toxicity removal performance, whereas the cost 
of the process depends on the chemical consumption in the 
Fenton stage. It has been reported that chemical reagent was 
required five times less to achieve the same dye removal 
efficiency with the combined Fenton and biological pro-
cess compared with the application of Fenton oxidation 
alone [19]. In the combined process, the removal efficiency 
largely depends on the operating conditions applied at 
the Fenton oxidation stage. The most important operating 
parameters for the Fenton process are determined as the 
H2O2/COD molar ratio, H2O2/Fe2+ molar ratio and pH [20]. 

In Fenton oxidation, the dominant removal mechanism 
may be oxidation or coagulation depending on the selected 
H2O2/Fe2+ molar ratios. Moreover, if the Fe2+ concentration 
is more than the H2O2 concentration, then the coagulation 
process may be the only process responsible for pollutant 
removal. Kang et al. [21] reported that COD removal was 
accomplished by coagulation reactions while color removal 
resulted from oxidation reactions. The application of the 
Fenton process leads to a high cost of reagent (hydrogen 
peroxide and iron) especially at high dye concentrations 
[22]. Although Fenton oxidation is theoretically initiated 
by Fe2+, the utilization of ferric ion (Fe3+) instead of Fe2+ has 
been suggested in order to decrease the cost of the iron 
source [23]. The oxidation process catalyzed by different 
iron sources instead of Fe2+ is considered as “Fenton-like 
oxidation”, where other metal sources including Fe3+ and 
zero valent iron, replace Fe2+ [15]. Since Fe2+ and Fe3+ act as 
catalysts in Fenton reactions and these reactions occur as a 
cycle, the efficiency of these two processes is theoretically 
the same [24]. However, Fenton-like oxidation has been 
determined to be more efficient in the treatment of some 
industrial wastewaters [14,23,25]. 

The effect of the Fenton process on toxicity removal has 
been generally evaluated by acute toxicity tests using spe-
cific microorganisms such as Daphnia magna, Vibrio fischeri 
[26], Pseudomonas [27] and Escherichia coli [28]. Activated 
sludge respiratory inhibition tests are more direct meth-
ods to evaluate the activity of microorganisms that perform 
biological treatment compared with toxicity tests conducted 
with different microorganisms [29,30]. Different activated 
sludge respirometric techniques have been developed. 
The purpose of the activated sludge inhibition test pro-
posed by the International Organization for Standardization 
(ISO) is to determine the concentrations that do not have an 
inhibitory effect that can be used in biological removal tests 
and to quickly identify substances that will adversely affect 
aerobic treatment [31]. In this method, the effect of differ-
ent substances on the respiration rate of micro organisms 
is measured under certain conditions. 

In this framework, the aim of this study is to optimize 
the operating parameters of Fenton and Fenton-like oxida-
tion processes for decreasing the toxicity of carpet manu-
facturing effluents. In order to optimize the effect of H2O2/
COD molar ratio, Fe concentration and reaction time on the 
treatment of carpet manufacturing effluents by Fenton and 
Fenton-like oxidations, the response surface methodology 
(RSM) based on central composite design (CCD) was used. 
In the last stage of the study, active sludge inhibition tests 
were carried out in order to evaluate the performance of the 
Fenton and Fenton-like oxidation processes in decreasing 
the toxic effects of carpet manufacturing effluents.

2. Materials and methods

2.1. Characterization of carpet manufacturing effluents

The carpet manufacturing effluents were obtained from 
a carpet manufacturing factory located in Gaziantep, Turkey. 
In the factory, all wastewaters were collected without sep-
aration of the dyeing effluents. The color from the dyes 
dilute with other wastewaters while the COD concentration 
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is very high because of no differentiation in wastewater 
streams. As a result, the COD and color of the carpet manu-
facturing effluents were measured as 9,409.91 ± 17 mg COD/L 
and 7,879.60 ± 11 Pt-Co, respectively. Although the COD 
and color of the wastewater were very high, total sus-
pended solids (TSS) and volatile suspended solids (VSS) 
concentrations were relatively low with 155 ± 5 mg TSS/L 
and 115 ± 15 mg VSS/L, respectively. After characteriza-
tion, wastewaters were kept at +4°C until the experiments. 
COD concentrations were measured as described in the 
ISO6060 method [32]. The color, TSS and VSS concentrations 
were measured according to standard methods [33]. 

2.2. Design of experiments

The operating conditions for the treatment of carpet 
manufacturing effluents with Fenton and Fenton-like oxi-
dation processes were optimized using RSM provided by 
Design-Expert software version 8.7.0.1 (Stat-Ease, USA). 
RSM is a widely accepted tool for investigating the effects 
of several independent variables on the process responses 
for the optimization of a process [34]. RSM enables a numer-
ical relationship to be established between the operating 
parameters and the process response by the optimization 
model [35]. CCD is one of the design types used in evalu-
ating the functions of RSM. CCD is designed to examine 
two factorial points, two level points and the central point. 
The level points consist of the highest and lowest levels 
of the process operating parameters (independent vari-
ables). The central point corresponds to the average level 
of all independent variables. Since CCD includes central 
points, it allows the estimation of second-order equations. 

In this study, RSM was used for the optimization of 
the Fenton and Fenton-like oxidation processes with the 
experimental design created according to CCD. The H2O2/
COD molar ratio, Fe concentration and reaction time were 
selected as independent variables. Because of the difficulty 
in applying two independent parameters depending of 
the same parameter (H2O2 concentration) for experimental 
design with CCD, the Fe concentration was selected as the 
independent variable instead of the H2O2/Fe molar ratio. 
The lowest and highest levels of the independent variables 
were determined by evaluating previous studies on the 
treatment of textile wastewater by Fenton oxidation. The 
lowest and highest levels of reaction time were selected as 
30 and 90 min in optimization experiments for Fenton oxi-
dation. As 30 min was determined as optimum in the first 
optimization experiments, the levels of reaction time were 
selected as 10 and 30 min in the Fenton-like oxidation 

process experiments. Thus, the levels of the independent 
process variables were determined as indicated in Table 1.

After determination of the levels of parameters, the 
lowest and highest levels of the independent variables 
(Table 1) were transferred to the trial version of the Design-
Expert. According to these three variables, 16 experiments 
were proposed by CCD. All experiments were performed 
in triplicate. For optimization of the independent vari-
ables, COD concentration was considered as the process 
response. The regression models were established for pro-
cess response with the analysis of the experimental data 
obtained from CCD by RSM. The adequacy of the models 
to express the relationship between the independent vari-
ables and process response was statistically determined by 
analysis of variance (ANOVA). ANOVA analysis includes 
testing of the variance coefficient and regression coeffi-
cients. The quality of the established regression models 
and independent variables was expressed by the regres-
sion coefficient (R2) and adjusted regression coefficient 
(adj-R2). The statistical significance of the models was 
checked by the Fisher F (Fisher variation ratio) test by the 
p (probability) > F value with 95% confidence levels [36]. 
This means that the values of p > F less than 0.05 indicate 
that the model terms are significant. 

2.3. Fenton and Fenton-like processes 

After the design of the experiments, the Fenton and 
Fenton-like oxidation experiments were carried out with 
100 mL of carpet manufacturing effluent. The beaker con-
taining carpet manufacturing effluents was continuously 
stirred at 500 rpm by magnetic stirrer at the room tempera-
ture (around 25°C) throughout the oxidation experiments. 
During the experiments, after the addition of calcu-
lated amounts of H2O2 and Fe, the pH of the samples was 
adjusted to 3.5 ± 0.01 using 1 and 6 M sulfuric acid to 
initiate the oxidation reaction. The iron(II) sulfate heptahy-
drate (FeSO4·7H2O) and iron(III) chloride (FeCl3) were used 
as Fe2+ and Fe3+ sources, respectively.

In the experiments where high concentrations of H2O2 
and iron were applied, pH adjustment was not neces-
sary since the pH was between 3.41 and 3.5. At the end of 
the experiments, the pH of the samples was immediately 
adjusted to pH > 12 using 1 M and 6 M sodium hydroxide to 
stop the oxidation reaction. Samples were taken to measure 
the remaining H2O2 concentration in order to determine the 
necessity of COD correction in order to avoid errors during 
COD measurement [37]. Then, the samples were allowed 
to settle down for 1 h. Subsequently, the samples were 

Table 1
Levels of independent process variables used in the RSM

Variable  
no

Independent variable Fenton process Fenton-like process

Lowest  
level (–1)

Highest  
level (+1)

Lowest  
level (–1)

Highest 
level (+1)

A H2O2/COD ratio (mol/mol) 0.06 0.3 0.15 0.45
B Fe concentration (mmol) 0.69 3.44 1.15 3.44
C Reaction time (min) 30 90 10 30
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centrifuged at 4,500 rpm for 15 min and the supernatants 
were filtered through a 0.45 µm diameter membrane filter. 
The samples were then stored in a refrigerator at +4°C until 
the COD analyses. COD concentrations were measured as 
described in the ISO6060 method [32]. The residual hydrogen 
peroxide concentrations were determined by spectrophotom-
eter at 410 nm according to the titanium sulfate method [38].

2.4. Activated sludge inhibition tests 

After the determination of the optimum operating con-
ditions for COD removal in each Fenton oxidation process, 
activated sludge inhibition tests were performed according 
to ISO 8192 [31] in order to determine the effect of the Fenton 
oxidation processes on decreasing the toxic effects of carpet 
manufacturing effluents. In this method, the effect of differ-
ent wastewaters on the respiration rate of microorganisms 
was measured under certain conditions. The toxicity of car-
pet manufacturing effluents was determined by measuring 
the respiration rates of microorganisms when treating raw or 
pretreated carpet manufacturing wastewaters under certain 
conditions at different incubation times ranging between 
30 and 180 min. The oxygen consumption rate of aerobic 
microorganisms is usually expressed in mgO2 (mgO2/L h) 
per hour in milligrams of sludge. 

The same concentration of microorganisms was exposed 
to synthetic wastewater (control) and carpet manufactur-
ing wastewater in all inhibition tests. For calculation of 
percentage inhibition, the decrease in dissolved oxygen 
concentrations was measured at different times in each 
sample. Oxygen consumption rates were calculated from 
the linear part of the dissolved oxygen consumption graphs 
using Eq. (1):

R
t

=
−( )DO DO1 2

∆
 (1)

The oxygen consumption rate expressed by Eq. (1) 
represents oxygen consumption rate (R) as mgO2/L h, the 
dissolved oxygen concentration at the start of the selected 

linear phase (DO1) as mgO2/L, at the end of the selected 
linear phase (DO2) as mgO2/L and time interval between 
measurements of DO1 and DO2 (Δt) as a second.

After the calculation of oxygen consumption rates of aer-
obic microorganisms, the inhibition percentages for raw and 
pretreated carpet manufacturing effluents were calculated 
by comparing with the respiration rate measured in control 
sample using Eq. (2):

I
R R
R

W=
−( )

×0

0

100  (2)

The percentage inhibition (I) expressed by Eq. (2) 
represents the oxygen consumption rate calculated for the 
control sample (R0) and the oxygen consumption rate cal-
culated for the raw and pretreated carpet manufacturing 
wastewaters (RW).

3. Results and discussion

3.1. Treatment of carpet manufacturing effluents 
by Fenton oxidation

The COD removal efficiencies obtained with the imple-
mentation of Fenton oxidation on carpet manufacturing 
effluents are illustrated in Fig. 1. As seen in the figure, a 
COD removal efficiency of close to zero was obtained at 
the lowest Fe2+ concentration with Fenton oxidation inde-
pendently from H2O2/COD molar ratio and reaction time. 
The COD removal efficiency increased as the Fe2+ concen-
tration increased. Interestingly, the highest COD removal 
efficiency was obtained at the lowest H2O2/COD molar ratio. 
The optimum operating conditions for the Fenton oxidation 
were determined as 0.06 mol H2O2/mol COD, 3.44 mmol 
Fe2+ and a reaction time of 30 min. 

A CCD model was generated for COD removal by 
Fenton oxidation in order to evaluate the effect of each inde-
pendent process parameter and its interactions. The com-
patibility of the process response (COD removal efficiency) 
with linear, two-factor interaction (2FI), quadratic and cubic 
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Fig. 1. COD removal efficiencies obtained with Fenton oxidation of carpet manufacturing effluents.
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polynomial models was evaluated using Design-Expert 
software. The quadratic (second order) model was deter-
mined as the most appropriate model as it had the highest 
regression coefficient (R2: 0.9967) and adjusted R2 (adj-R2: 
0.9917). The adequately close model predictions with actual 
experimental results revealed that the model has reliabil-
ity in terms of prediction accuracy (Fig. 1). The quadratic 
model equation in terms of actual factors was obtained as 
shown in Eq. (3):

COD removal %( ) = − + ×( ) +
×( ) +

21 27285 170 79619

17 73379 0 1567

. .

. .

A

B 44 74 39130

0 032230 0 027448

290 72

×( ) − × ×( ) −
× ×( ) + × ×( ) −

C A B

A C B C

.

. .

. 5516 3 46105 1 94551 102 2 3 2×( ) + ×( ) − × ×( )−A B C. .   (3)

The model expressed by Eq. (3) represents COD removal 
efficiency as a function of H2O2/COD ratio (mol/mol) (A), 
Fe2+ concentration (mmol) (B) and reaction time (min) (C). 
The statistical significance of the model and effects of the 
independent variables on the process response were deter-
mined by ANOVA (Table 2). The small p-values (p < 0.05) 
showed the significance of the model and independent variables. 

As shown in Table 2, the H2O2/COD molar ratio and 
Fe2+ concentration had high significant effects on the COD 
removal efficiency, while the reaction time had no signifi-
cant effect. The interaction effect between the H2O2/COD 
molar ratio and Fe2+ concentration (AB) had a statistically 
significant effect on the COD removal efficiency. The qua-
dratic terms belonging to H2O2/COD molar ratio (A2) and 
Fe2+ concentration (B2) had also determined as significant 
terms for COD removal efficiency with Fenton oxidation.

In numerical process optimization, it is possible to 
define the values of the independent process parameters 
as none, maximum, minimum, target and within range 
in Design-Expert software. The optimum combination of 
independent variables to obtain the highest possible COD 
removal efficiency was determined by defining the H2O2/
COD molar ratio and Fe2+ concentration within range. 
As the reaction time is determined as an insignificant term 

for COD removal efficiency, it was set at 30 min for standard-
ization purposes. 

The optimum COD removal efficiency was predicted 
as 80.17% at the lowest level of H2O2/COD molar ratio 
(0.06 mol/mol) and highest level of Fe2+ concentration 
(3.44 mmol), similar to be determined by the experimental 
results. The determined optimum Fe2+ concentration cor-
responds to a H2O2/Fe2+ molar ratio of 0.6 mol/mol. In the 
only study on the treatment of carpet manufacturing efflu-
ents by Fenton oxidation, the optimum H2O2/COD molar 
ratio was determined to be approximately 5 mol/mol and 
H2O2/Fe2+ molar ratio of 12.32 mol/mol to achieve a COD 
removal efficiency of 93% [16]. 

The optimum H2O2/COD molar ratio determined in this 
study is comparatively lower than the ratio determined in 
the mentioned study. At the optimum conditions, the rela-
tionship between the COD removal efficiency and indepen-
dent variables was visualized by 3D response surface plots, 
as shown in Fig. 2. While the effects of two independent 
variables on the COD removal efficiency were illustrated 
in a response surface plot, the third independent variable 
was kept constant at the determined optimum value. 

According to the response surface plot shown in Fig. 2a, 
the increase in the H2O2/COD molar ratio was ineffective 
on the COD removal efficiency at low Fe2+ concentrations. 
However, the COD removal efficiency decreased with an 
increase in the H2O2/COD molar ratio at Fe2+ concentrations 
higher than 2.06 mmol. The decrease in the COD removal 
efficiency after an optimum H2O2/COD molar ratio was also 
observed in the treatment of carpet dyeing wastewater [16]. 
This may have been caused by the inhibition of oxidation 
because of the reaction of excess H2O2 with hydroxyl radicals 
[39]. The Fe2+ concentration played a more important role in 
the COD removal efficiency at lower H2O2/COD molar ratios 
compared with higher H2O2/COD molar ratios. The effects 
of the H2O2/COD molar ratio and reaction time on COD 
removal are presented in Fig. 2b. With an increase in H2O2/
COD molar ratio, the COD removal efficiency decreased lin-
early, while no changes were observed in the COD removal 
efficiency according to changes in the reaction time. Similarly, 
the COD removal efficiency was not affected by changes in 
the reaction time at different Fe2+ concentrations, as shown 

Table 2
ANOVA results for Fenton oxidation of carpet manufacturing effluents

Source Sum of squares Mean square F-value p-value

Model 10,279.58 1,142.18 199.00 <0.0001
A-H2O2/KOİ 1,151.33 1,151.33 200.59 <0.0001
B-Fe2+ 7,779.10 7,779.10 1,355.31 <0.0001
C-Time 6.01 6.01 1.05 0.3456
AB 1,205.32 1,205.32 210.00 <0.0001
AC 0.11 0.11 0.019 0.8955
BC 10.26 10.26 1.79 0.2298
A2 46.21 46.21 8.05 0.0297
B2 112.88 112.88 19.67 0.0044
C2 8.08 8.08 1.41 0.2802
Lack of fit 34.40 6.88 188.05 0.0553
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Fig. 2. Impacts of independent variables on COD removal efficiency in Fenton oxidation (a) H2O2/COD molar ratio and 
Fe2+ concentration, (b) H2O2/COD molar ratio and reaction time, and (c) Fe2+ concentration and time.
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in Fig. 2c. At the constant mol/mol H2O2/COD molar ratio 
of 0.06, the COD removal efficiency reached a plateau with 
the increase in the Fe2+ concentration. This suggests that the 
application of higher iron concentrations will not increase 
the COD removal efficiency much more.

3.2. Treatment of carpet manufacturing effluents by 
Fenton-like oxidation

The optimization experiments were repeated with Fe3+ 
instead of Fe2+ as catalyst in Fenton-like oxidation process. 
When carpet manufacturing effluents was treated by Fenton-
like oxidation, considerable differences were observed in 
the effects of the process parameters on the COD removal 
efficiencies compared with Fenton oxidation. The obtained 
COD removal efficiencies are illustrated in Fig. 3. The COD 
removal efficiency increased linearly in line with increases 
in the independent process parameters. The optimum 
operating conditions for the Fenton-like oxidation were 
determined as 0.45 mol H2O2/mol COD, 3.44 mmol Fe3+ 
and a reaction time of 30 min. The COD removal efficiency 
obtained under these conditions was 53.08%.

Based on the CCD experimental design of Fenton-
like oxidation, the relationship between the independent 

variables (H2O2/COD ratio, Fe3+ concentration and reaction 
time) and process response (COD removal efficiency) was 
defined using a quadratic model with the R2 of 0.9520 and 
adj-R2 of 0.9040. The quadratic model equation in terms 
of actual factors was obtained as shown in Eq. (4):

COD removal %( ) = + + ×( ) −
×( ) −

5 35896 199 44221

23 80130 0 12559

. .

. .

A

B ××( ) + × ×( ) +
× ×( ) + × ×( ) −

C A B

A C B C

17 15319

0 12166 0 28417 372 90974

.

. . . ××( ) +
×( )

A

B

2

24 98338.  (4)

The model expressed by Eq. (4) represents the COD 
removal efficiency as a function of H2O2/COD ratio (mol/
mol) (A), Fe3+ concentration (mmol) (B) and reaction time 
(min) (C). The ANOVA results for the COD removal model 
are presented in Table 3.

According to the ANOVA analysis, while the Fe3+ con-
centration and reaction time had high significant effects on 
COD removal efficiency, the H2O2/COD molar ratio had a 
statistically less significant effect on COD removal efficiency. 
Among the interaction effects, the interaction between Fe3+ 
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Fig. 3. COD removal efficiencies obtained with Fenton-like oxidation of carpet manufacturing effluents.

Table 3
ANOVA results for Fenton-like oxidation of carpet manufacturing effluents

Source Sum of squares Mean square F-value p-value

Model 2,490.22 311.28 19.82 0.0002
A-H2O2/KOİ 70.10 70.10 4.46 0.0676
B-Fe3+ 1,369.20 1,369.20 87.20 <0.0001
C-Time 337.10 337.10 21.47 0.0017
AB 71.73 71.73 4.57 0.0650
AC 0.27 0.27 0.017 0.8982
BC 92.19 92.19 5.87 0.0416
A2 215.29 215.29 13.71 0.0060
B2 133.29 133.29 8.49 0.0195
Lack of fit 119.87 17.12 2.98 0.4194
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concentration and reaction time (BC) had the most signifi-
cant effect, while the interaction between H2O2/COD molar 
ratio and Fe3+ concentration (AB) had a less significant effect 
on COD removal. The interaction between H2O2/COD molar 
ratio and reaction time (AC) had no significant effect on 
COD removal. The quadratic terms for H2O2/COD molar 
ratio (A2) and Fe3+ concentration (B2) were also determined 
as significant terms for COD removal efficiency.

For optimization of the treatment of carpet manufactur-
ing effluents by Fenton-like oxidation, the reaction time of 
30 min was set as constant, while the H2O2/COD molar ratio 
and Fe3+ concentration were set as within range. Differently 
from the optimization of Fenton oxidation, the maximum 
level of Fe3+ concentration was set as 4 mmol in order to 
evaluate the effect of higher Fe3+ concentrations on COD 
removal. As a result of numerical optimization, the opti-
mum COD removal efficiency was predicted as 63.33% at a 
H2O2/COD molar ratio of 0.29 mol/mol and Fe3+ concentra-
tion of 3.85 mmol. The COD removal efficiency of 62.28% 
obtained with the validation experiments confirmed the sat-
isfactoriness of the model and optimum process conditions. 
The determined optimum Fe3+ concentration corresponds 
to a H2O2/Fe3+ molar ratio of 4.0 mol/mol.

At the optimum conditions, the relationship between the 
independent variables for COD removal was visualized by 
3D response surface plots, as shown in Fig. 4. At a reaction 
time of 30 min, the COD removal efficiency increased lin-
early with the increase in Fe3+ concentration (Fig. 4a). When 
the H2O2/COD molar ratio increased from 0.15 to 0.30 the 
COD removal efficiency increased, whereas increasing H2O2/
COD molar ratio from 0.30 to 0.45 resulted in a decrease in 
COD removal efficiency. The effect of the H2O2/COD ratio 
was not as high as the effect of Fe3+ concentration. According 
to Fig. 4b, the H2O2/COD molar ratio and the reaction time 
had minimal effects on the COD removal efficiency at a 
Fe3+ concentration of 3.85 mmol. While the COD removal 
efficiency was not affected by the reaction time until the 
Fe3+ concentration was raised to nearly 2.5 mmol, the reac-
tion time significantly affected the COD removal efficiency 
at high Fe3+ concentrations, as shown in Fig. 4c.

3.3. Effect of Fenton and Fenton-like oxidation processes 
on the toxicity of carpet manufacturing effluents 

For evaluating the effect of Fenton and Fenton-like oxi-
dation processes on the toxicity of carpet manufacturing 

effluents, activated sludge inhibition tests were performed 
with raw and pretreated carpet manufacturing effluents. 
The obtained oxygen uptake rates (OURs) in the inhibition 
tests are illustrated in Fig. 5a along with the OURs obtained 
in the control experiment (without OMW). The percent-
age inhibitions calculated from the OURs are illustrated 
in Fig. 5b.

The addition of raw carpet manufacturing effluents 
to activated sludge resulted in an inhibition of 16% at the 
60th min while the inhibition reached 40% at the 180th min. 
While there was little increase in the inhibition between 
the 30th min and 60th min of the test, the inhibition nearly 
tripled between the 60th and 180th min. The huge increase 
in the inhibition may have originated from the slow deg-
radation of the soluble slowly biodegradable COD frac-
tion in carpet manufacturing effluents as suggested by 
Yildiz et al. [40].

When Fenton oxidation was applied to carpet manu-
facturing effluents, inhibition of 13% was observed at the 
180th min. The implementation of Fenton-like oxidation 
on carpet manufacturing effluent resulted in a decrease of 
inhibition to 10% at the end of the 180th min. As a result, 
the treatment of carpet manufacturing effluents with Fenton 
and Fenton-like oxidation processes resulted in 67.9% and 
75.8% decreases in inhibition, respectively. The high toxic-
ity removal efficiency may be attributed to the precipitation 
of heavy metals with Fe3+ [41].

4. Conclusion

This study addressed a major dilemma in wastewater 
management: Assessing the optimal treatment scheme that 
would achieve the maximum possible level of removal. 
A complex wastewater generated in carpet manufacturing 
process was selected for this evaluation. This issue is still 
a significant problem for a single parameter, COD, repre-
senting an intricate mixture of different organics. The prob-
lem tackled in the study involved two parameters, namely 
toxicity and COD with antagonistic nature with respect to 
treatment.

The Fenton oxidation was determined as more effective 
process for COD removal under optimum conditions (H2O2/
COD: 0.06 mol/mol, H2O2/Fe2+: 0.60 mol/mol) with approxi-
mately 80% of COD removal. On the other hand, the Fenton-
like oxidation was determined as more efficient for toxicity 
removal at optimum conditions (H2O2/COD: 0.29 mol/mol, 
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H2O2/Fe2+: 4 mol/mol). At these optimum conditions, inhib-
itory character of the raw carpet manufacturing effluent was 
decreased by 67.8% and 75.8% by Fenton and Fenton-like 
processes, respectively. Pilot and real-scale experiments were 
required for the verification of these results.

The experimental results reflecting meaningful combi-
nations of major operating conditions, such as molar ratios 
of H2O2/COD, H2O2/Fe and reaction time, indicated that 
the Fenton-like reaction catalyzed by Fe3+ was the optimal 
pre-treatment, achieving the maximum toxicity removal and 
ensuring safe operation for the following biological treatment 
that would complete COD removal. The study also showed 
that the response surface methodology based on CCD 
proved to be a reliable modeling tool to identify optimum 
values for the operating parameters in the treatment scheme.

Acknowledgements

This work was supported by the Research Fund of 
Akdeniz University, Turkey (Project Number: FYL-2019– 
4781).

References
[1] IPPC, BREF: Integrated Pollution Prevention and Control 

Reference Document on Best Available Techniques (BAT) for 
the Textile Industry, European Commission, Brussels, Belgium, 
2003.

[2] G. Yıldız, G. Insel, E.U. Cokgor, D. Orhon, Respirometric 
assessment of biodegradation for acrylic fibre-based carpet 
finishing wastewaters, Water Sci. Technol., 55 (2007) 99–106.

[3] ITC International Trade Center, Trade Statistics for International 
Business Development, List of Exporters for the Selected 
Product, Product: 57 Carpets and Other Textile Floor Coverings, 
2009. Available at: https://www.trademap.org/

[4] A. Bertea, A.P. Bertea, Decolorisation and Recycling of 
Textile Wastewater, Performantica Ed, Iasi, Romania, 2008.

[5] G. Capar, U. Yetis, L. Yilmaz, Membrane based strategies for 
the pre-treatment of acid dye bath wastewaters, J. Hazard. 
Mater., B135 (2006) 423–430.

[6] C. Tang, V. Chen, Nanofiltration of textile wastewater for 
water reuse, Desalination, 143 (2002) 11–20.

[7] M. Grekova-Vasileva, Y. Topalova, Enzyme activities and shifts 
in microbial populations associated with activated sludge 
treatment of textile effluents, Biotechnol. Biotechnol. Equip., 
23 (2009) 1136–1142.

[8] K. Sarayu, S. Sandhya, Current technologies for biological 
treatment of textile wastewater–a review, Appl. Biochem. 
Biotechnol., 167 (2011) 645–661.

[9] S. Dogruel, F. Germirli Babuna, I. Kabdaslı, G. Insel, D. Orhon, 
Effect of stream segregation on ozonation for the removal of 
significant COD fractions from textile wastewater, J. Chem. 
Technol. Biotechnol., 78 (2003) 6–14.

[10] M.I. Aydin, B. Yuzer, A. Ongen, H.E. Okten, H. Selcuk, 
Comparison of ozonation and coagulation decolorization 
methods in real textile wastewater, Desal. Water Treat., 
103 (2018) 55–64.

[11] F. Ilhan, K. Ulucan-Altuntas, C. Dogan, U. Kurt, Treatability of 
raw textile wastewater using Fenton process and its comparison 
with chemical coagulation, Desal. Water Treat., 162 (2019) 
142–148.

[12] J.J. Pignatello, Dark and photoassisted Fe3+ catalyzed degra-
dation of chlorophenoxy herbicides by hydrogen peroxide, 
Environ. Sci. Technol., 26 (1992) 944–951.

[13] H.J.H. Fenton, Oxidation of tartaric acid in presence of iron, 
J. Chem. Soc. Trans., 65 (1894) 899–911.

[14] G. Vilardi, J. Rodríguez-Rodríguez, J.M. Ochando-Pulido, L. Di 
Palma, N. Verdone, Fixed-bed reactor scale-up and modelling 

for Cr(VI) removal using nano iron-based coated biomass 
as packing material, Chem. Eng. J., 361 (2019) 990–998.

[15] G. Vilardi, J. Rodríguez-Rodríguez, J.M. Ochando-Pulido, 
N. Verdone, A. Martinez-Ferez, L. Di Palma, Large laboratory-
plant application for the treatment of a tannery wastewater 
by Fenton oxidation: Fe(II) and nZVI catalysts comparison and 
kinetic modelling, Process Saf. Environ., 117 (2018) 629–638.

[16] P. Kumar, T.T. Teng, S. Chand, K.L. Wasewar, Fenton oxidation 
of carpet dyeing wastewater for removal of COD and color, 
Desal. Water Treat., 28 (2011) 260–264.

[17] M. Jonstrup, M. Punzi, B. Mattiasson, Comparison of anaerobic 
pre-treatment and aerobic post-treatment coupled to photo-
Fenton oxidation for degradation of azo dyes, J. Photochem. 
Photobiol. A, 224 (2011) 55–61.

[18] M. Solis, A. Solis, H.I. Perez, N. Manjarrez, M. Flores, Microbial 
decolouration of azo dyes: a review, Process Biochem., 47 (2012) 
1723–1748.

[19] M.S. Lucas, A.A. Dias, A. Sampaio, C. Amaral, J.A. Peres, 
Degradation of a textile reactive azo dye by a combined 
chemical–biological process: Fenton’s reagent-yeast, Water Res., 
41 (2007) 1103–1109.

[20] M. Bressan, L. Liberatore, N. D’alessandro, L. Tonucci, 
C. Belli, G. Ranalli, Improved combined chemical and biological 
treatments of olive oil mill wastewaters, J. Agric. Food Chem., 
52 (2004) 1228–1233.

[21] S.F. Kang, C.H. Liao, M.C. Chen, Peroxidation and coagulation 
of textile wastewater by the Fenton process, Chemosphere, 
46 (2002) 923–928.

[22] N. Jaafarzadeh, A. Takdastan, S. Jorfi, F. Ghanbari, M. Ahmadi, 
G. Barzega, The performance study on ultrasonic/Fe3O4/
H2O2 for degradation of azodye and real textile wastewater 
treatment, J. Mol. Liq., 256 (2018) 462–470.

[23] B.K. Mert, T. Yonar, M.Y. Kilic, K. Kestioglu, Pre-treatment 
studies on olive oil mill effluent using physicochemical, 
Fenton and Fenton-like oxidations processes, J. Hazard. Mater., 
174 (2010) 122–128.

[24] M. Perez, F. Torrades, J.A. Garcia-Hortal, X. Domenech, J. Perel, 
Removal of organic contaminants in paper pulp treatment 
effluents under Fenton and photo Fenton conditions, Appl. 
Catal. B, 36 (2002) 63–74.

[25] C.C. Kuan, S.Y. Chang, S.L.M. Schroeder, Fenton-like oxidation 
of 4-chlorophenol: homogeneous or heterogeneous?, Ind. Eng. 
Chem. Res., 54 (2015) 8122–8129.

[26] A.R. Fernandez-Alba, D. Hernando, A. Aguera, J. Caceres, 
S. Malato, Toxicity assays: a way for evaluating AOPs 
efficiency, Water Res., 36 (2002) 4255–4262.

[27] F. Lange, S. Cornelissen, D. Kubac, M.M. Sein, J. von Sonntag, 
C.B. Hannich, Degradation of macrolide antibiotics by ozone: 
a mechanistic case study with clarithromycin, Chemosphere, 
65 (2006) 17–23.

[28] A. Chatzitakis, C. Berberidou, I. Paspaltsis, G. Kyriakou, 
T. Skalviadis, I. Poulios, Photocatalytic degradation and drug 
activity reduction of chloramphenicol, Water Res., 42 (2008) 
386–394.

[29] I.A. Alaton, S. Teksoy, Acid dye bath effluent pretreatment 
using Fenton’s reagent: process optimization, reaction kinetics 
and effects on acute toxicity, Dyes Pigm., 73 (2007) 31–39.

[30] D. Huang, C. Hu, G. Zeng, M. Cheng, P. Xu, X. Gong, R. Wang, 
W. Xue, Combination of Fenton processes and biotreatment 
for wastewater treatment and soil remediation, Sci. Total 
Environ., 574 (2017) 1599–1610.

[31] ISO 8192, Water quality -Test for Inhibition of Oxygen 
Consumption by Activated Sludge, International Standards 
Organization, Switzerland, 2007.

[32] ISO 6060, Water Quality-Determination of the Chemical Oxygen 
Demand, International Standards Organization, Switzerland, 
1986.

[33] APHA, AWWA, WPCP, Standard Methods for the Examination 
of Water and Wastewater, 22nd ed., L.S. Clesceri, A.E. Greenberg, 
A.D. Eaton, Eds., American Public Health Association, 
Washington, DC, USA, 2012.

[34] Z. Zhang, J. Peng, C. Srinivasakannan, Z. Zang, L. Zang, 
Y. Fernandez, J.A. Menendez, Leaching zinc from spent catalyst: 



A.S. Ciggin et al. / Desalination and Water Treatment 215 (2021) 268–278278

process optimization using response surface methodology, 
J. Hazard. Mater., 176 (2010) 1113–1117.

[35] D.C. Montgomery, Design and Analysis of Experiments, 8th ed., 
John Wiley and Sons, New York, 2008.

[36] I. Arslan-Alaton, B.H. Gursoy, A. Akyol, M. Kobya, 
M. Bayramoglu, Modeling and optimization of acid dye 
manufacturing wastewater treatment with Fenton’s reagent: 
comparison with electrocoagulation treatment results and 
effects on activated sludge inhibition, Water Sci. Technol., 
62 (2010) 209–216.

[37] G. Vilardi, M. Ochando-Pulido, M. Stoller, N. Verdone, 
L. Di Palma, Fenton oxidation and chromium recovery from 
tannery wastewater by means of iron-based coated biomass as 
heterogeneous catalyst in fixed-bed columns, Chem. Eng. J., 
351 (2018) 1–11.

[38] R.M. Sellers, Spectrophotometric determination of hydrogen 
peroxide using potassium titanium (IV) oxalate, Analyst, 
105 (1990) 950–954.

[39] W.Z. Tang, C.P. Huang, Stoichiometry of Fenton’s reagent 
in the oxidation of chlorinated aliphatic organic pollutants, 
Environ. Technol., 18 (1997) 13–23.

[40] G. Yildiz, G. Insel, E.U. Cokgor, D. Orhon, Biodegradation 
kinetics of slowly biodegradable substrate in polyamide 
carpet finishing wastewater, J. Chem. Technol. Biotechnol., 
83 (2008) 34–40.

[41] F.M. Pang, S.P. Teng, T.T. Teng, A.K.M. Omar, Heavy 
metals removal by hydroxide precipitation and coagulation 
flocculation methods from aqueous solutions, Water Qual. Res. 
J., 44 (2009) 174–182.


