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Abstract
Azo dyes commonly used in various industries have a stable and toxic structure. Wastewater containing AY17 dye as a model 
contaminant was investigated in terms of color and COD removal by both adsorption and persulfate oxidation activated 
with the PAC. In this study, the effects of temperature (25–50 °C), pH (3–10), persulfate concentration (1000–4000 mg/L), 
adsorbent dosage (0.1–0.5 g), reaction time (5–60 min), dye concentration (300–1000 mg/L) and NaCI concentration 
(0–1000 mg/L) on both color and COD removals from wastewater containing AY17 dye were examined. As a result of the 
study, it was seen that the dosage of adsorbent, pH and reaction time are important parameters in both systems. The use of 
the PAC as an adsorbent caused to shortening of the reaction time in the HPS system. It also showed that acidic and neu-
tral pH values are more suitable for the removal of AY17 with both systems. Color and COD removal were determined as 
100–88.4% and 100–96.6%, respectively, at optimum values obtained for the adsorption and HPS system. An experimental 
design was applied for various operating parameters in order to analyze experimental data. Models have been proposed for 
both color removal and COD removal estimates for both systems.
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Introduction

The continuous and rapid development of the industry with 
the population growth in the world leads to many problems, 
especially environmental pollution. One of the specific 
contaminants that cause environmental pollution today is 
synthetic dyes. Dyestuffs are commonly used in various 
industries (detergent, soap, silk, etc.), especially in the textile 
industry, and even their low use generates colored wastewa-
ter (Imecik et al. 2014). Wastewater from the textile and dye 
production industries is among the wastewater group that is 
difficult to treat. The reason for this is that the dyes generally 
have a synthetic and complex aromatic molecular structure 
and these structures make the dyes more stable and more 
resistant to biodegradation. More than one hundred thousand 

synthetic dye types are used commercially worldwide, and it 
is estimated that approximately 700,000 tons are produced 
annually. Azo dyes, which are characterized by nitrogen-
nitrogen double bonds (N=N), constitute the largest and 
most important commercial dye class that constitutes 50% 
of all commercial dyes (Yang et al. 2011). It is reported that 
approximately 10–15% of these dyes are discharged with 
industrial wastewater. Even in low concentrations, they 
cause undesired aesthetic problems when discharged to 
the receiving environment (Deniz and Sengul 2015). Color 
reduces the luminous transmittance in the receiving environ-
ment, negatively affects photosynthetic activity and reduces 
the dissolved oxygen concentration in the environment. Acid 
yellow 17 (AY17), an azo dye, is a bisulfonated dichloro ani-
onic. Its water solubility is 70 g/L (Teli and Nadathur 2018). 
It has a wide range of usage areas and is mainly used in the 
food, textile, paper, personal care and cleaning materials 
industries (Jedynak et al. 2019).

Traditional applications used in color removal from 
industrial wastewater may be listed as ion change, adsorp-
tion, membrane technologies, filtration, precipitation, coagu-
lation, oxidation (Ziba et al. 2016). Among these methods, 
adsorption is one of the most effective methods of advanced 
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wastewater treatment used to reduce dangerous inorganic/
organic contaminants contained in wastewater due to its high 
efficiency, simplicity of design, ease of use and suitability 
for the removal of various dyes (Koklu and Ozer 2018). 
With adsorption, pollutants are attracted at the molecular 
level, and soluble and/or gaseous chemicals are bound to the 
adsorbent surface (Khan et al., 2020a). Adsorption process 
has attracted attention in recent years due to the efficiency 
in removing contaminants (for example, endocrine disrup-
tors) (Khan et al. 2020a) that are very stable for conventional 
methods. The adsorption process is an economical method 
and provides high-quality product formation. The adsorp-
tion process is under the influence of many physicochemical 
factors such as dye/sorbent interaction, surface area of the 
adsorbent, particle size, temperature, pH and contact time. 
The most commonly used adsorbent in color removal with 
adsorption is active carbon. Activate carbon, which is coal-
based-carbon, is effective due to its large pore volume (Khan 
et al. 2020a). However, activate carbon is an expensive mate-
rial and regeneration of spent powder activate carbon (PAC) 
is difficult (Khan et al. 2020a). It is known that one of the 
most important factors determining the effectiveness of 
adsorption process is the adsorbent used (Ertugay 2018). 
Moreover, adsorption is a method in which degradation and 
mineralization do not occur completely (Yang et al. 2011). 
Hybrid systems can be used to minimize or eliminate dis-
advantages such as lack of mineralization in the adsorption 
system or the formation of by-products in another system. 
For example, good efficiency has been obtained by using 
PAC and ultraviolet rays together in the treatment of phar-
maceutical wastewater (Khan et al. 2020b). Sharifi et al. 
(2019) investigated chromium removal with extractant-
impregnated resins using the properties of solvent extrac-
tion and ion exchange systems. It was stated by Sharifi et al. 
(2019) that using the two methods together has a positive 
effect on the removal of pollutants in the aquatic environ-
ment. One of the methods in which degradation and min-
eralization occur is advanced oxidation processes (AOPs). 
Persulfate (PS) oxidation process is an AOP used for the 
removal of organic contaminants. Persulfate having O–O 
bond has 140 kJ/mol energy and may independently oxidize 
organic matter. Persulfate may be activated by temperature, 
UV/light or transition metals. Many researchers generally 
have used temperature (Gozmen et al. 2013; Kordkandi and 
Forouzesh 2014) and/or cheap and non-toxic iron (Wu et al. 
2012; Li et al. 2016; Liu et al. 2018; Weng and Tao 2018) 
to degrade organic contaminants in the PS process. Sulfate 
radical (SO4

•−) which of 2.5–3.1 V oxidation–reduction 
potential may be produced by activating persulfate. Activate 
carbon (AC) is commonly used as an adsorbent in the purifi-
cation of gases and liquids. Besides being a good adsorbent, 
it is a catalyst carrier and a catalyst. AC is also involved in 
advanced oxidation studies (especially with oxidants such 

as H2O2, O3) as a catalyst. AC acts as the catalyst of the 
electron transfer medium, similar to the iron (II) ion in Fen-
ton reactive. It can be said that PS enables this because it is 
similar to H2O2 in structure. The predicted reactions (1–2) 
between PS and AC are as follows (Yang et al. 2011):

Few researchers have used activate carbon to activate PS. 
Generally, granular activate carbon (GAC) has been pre-
ferred (Yang et al. 2011; Li et al. 2017). Yang et al. (2011) 
performed the degradation of acid orange 7 by activating 
persulfate with GAC at 25 °C. Li et al. (2017) studied the 
degradation of acid orange 7 by the electrochemistry com-
bined with GAC catalysis of peroxymonosulfate (PMS) at 
25 °C. The mechanism of AC/PS is not completely clear 
due to the fact that little work has been done on this subject. 
PAC is more active than GAC and is even added to an indus-
trial sludge system to remove toxic compounds (Khan et al. 
2020a). It was aimed to fulfill two purposes by using PAC 
for PS activation. With the use of PAC in the heterogeneous 
persulfate (HPS) oxidation system, it was aimed to create 
SO4

−• by activating PS, and to benefit from the adsorbent 
property of PAC. Degradation/mineralization of acid yellow 
17 as a model contaminant with PAC catalyzed PS oxidation 
(a hybrid system) was investigated. The objectives of this 
study are given as follows:

1.	 To determine whether there is a synergic effect in PAC/
PS combination system,

2.	 To observe whether PS may be catalyzed by PAC,
3.	 To investigate which reactive species are involved in 

oxidation,
4.	 To observe the difference between the adsorption pro-

cess with only PAC and the PAC/PS combined system,
5.	 To examine the effect of different operating parameters 

(temperature, adsorbent dosage, dye concentration, pH, 
salt concentration, reaction time and PS concentration) 
and to optimize/model with Taguchi method,

6.	 To examine color and chemical oxygen demand (COD) 
removals, oxidation–reduction potential (ORP) and 
change of organic bond group properties.

(1)
ACsurface − OOH + S2O

2−
8

→ SO−∙
4

+ ACsurface − OO∙ + HSO−
4

(2)
ACsurface − OOH + S2O

2−
8

→ SO−∙
4

+ ACsurface − O∙ + HSO−
4
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Material and Methods

Chemicals

Acid yellow 17 is a synthetic organic dye used in the 
textile industry. The molecular structure of AY17 is 
C16H10Cl2N4Na2O7S2. AY17 (CAS number 6359-98-4) 
was obtained from Sigma Aldrich. 1 g/L stock solution was 
prepared. Firstly, wavelength by doing spectral scanning 
and COD value of AY17 dye were determined. The wave-
length and COD of AY17 dye are 404 nm and 585 mg/L, 
respectively. Moreover, pH, ORP and ion number of AY17 
were determined as 5.82, 79.6 mV and 4.41 * e−2 mol/L, 
respectively.

0.1 N NaOH and 0.1 N H2SO4 (Carlo Erba, 99% purity) 
were used for pH adjustment, and NaCI (Sigma Aldrich, 
99.5% purity) was used to study the salt effect. The reason 
for choosing NaCI for salt effect studies is that it is an elec-
trolyte used in the textile industry to increase the adsorption 
of dye to fibers (Pervez et al. 2020).

Potassium peroxodisulfate (K2S2O8, > 99% purity, Sigma-
Aldrich) was preferred as persulfate chemical. K2S2O8 is 
also an effective disinfectant and/or oxidant for Norwalk 
virus, foot and mouth disease, and coronavirus (Salari et al. 
2009). All chemicals used in the study are of laboratory 
quality and distilled water was used in the preparation of the 
necessary solutions.

The adsorbent used in the study is powder activate car-
bon (DARCO, Sigma Aldrich, particle size 100 mesh). The 
pH, ORP and ions number of adsorbent were measured as 
10.29, − 177.5 mV and 1.03 * e+3, respectively.

Methods and Systems

Spectral screening, COD and color analysis of dye solu-
tions were carried out with Spectroquant Prove 300 Spec-
trophotometer (Merck). pH, ORP and ion number measure-
ments were measured with Mettler Toledo Seven Compact 
brand pH meter. Edmund Buhler Incubator HoodTH15 
brand heated mixer was used. COD analysis was performed 
according to the APHA (2012) 5220-D method. COD analy-
sis was carried out at 420 nm wavelength for concentrations 
less than 100 mg/L, and at 600 nm wavelength for concen-
trations higher than 100 mg/L. Spectroquant TR 320 brand 
digestion device (Merck) was used for COD analysis.

Brunauer, Emmett and Teller (BET) analysis were per-
formed to determine the physical properties of PAC such 
as pore size and surface area. Moreover, Fourier transform 
infrared spectrometer-attenuated total reflectance (FTIR-
ATR) analysis was performed to determine the change in 
functional groups in both AY17 dye solution and effluents 
resulting from optimum conditions. FTIR-ATR analysis was 

performed with Perkin Elmer Spectrum 100 device in the 
range of 4000–650 cm−1 and Brunauer, Emmett and Teller 
(BET) analysis were performed with Micromeritics ASAP 
2020 device.

The surface area of PAC was measured as 652.5287 m2/g, 
pore volume as 0.5490  cm3/g, micropore volume as 
0.1538 cm3/g, adsorption and desorption pore volumes in 
the range of pore at 1.7–300 nm (0.17–30 Å) as 0.3280 g/
cm3–0.3916 g/cm3, and the average pore width as 3.3655 nm 
(0.34 Å) with nitrogen adsorption–desorption isotherms 
BET analysis. For an ideal activate carbon, the pore vol-
ume should be 0.2–1 cm3/g, the surface area should be 
400–1000 m2/g and the pore size should be less than 0.3 nm. 
It can be said that the PAC used in this study is an ideal 
activate carbon.

According to the BET classification, it is determined that 
the adsorption isotherm of PAC is compatible with Type II 
isotherm type. Type II represents strong contaminant adsor-
bent interaction and unlimited monolayer/multilayer adsorp-
tion (Teli and Nadathur 2018). Type II adsorption isotherm 
deviates greatly from the Langmuir adsorption model. The 
intermediate flat region in the isotherm corresponds to the 
entire single layer (Fig. 1). Type II is very common in the 
case of physical adsorption and undoubtedly corresponds to 
the multilayer formation.

Adsorption and Persulfate Oxidation Processes

The most effective levels of operating parameters as a result 
of the literature review were selected. The experiment 
designs created with Taguchi for adsorption and persulfate 
oxidation are given in Table 1. The reason why it is oper-
ated at two different temperatures is that the temperature 
is approximately 50 °C during the dyeing processes in the 
textile industry (Eren et al. 2010). For this reason, it was 
studied both at 25 °C room temperature and 50 °C. High dye 
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486	 International Journal of Environmental Science and Technology (2021) 18:483–498

1 3

concentration and high salt content were taken into account 
in order to represent the real textile wastewater.

A total of 50 mL from the dye mixture diluted in appro-
priate proportion was taken to a flask of 250 mL for adsorp-
tion. The pH adjustment was made. After adding the appro-
priate dosage of adsorbent, it was mixed at 120 rpm. As soon 
as the mixing is over, it was filtered through a 0.45 μm filter 
and related experiments were carried out.

The same processes were carried out for persulfate oxi-
dation, and the appropriate dosage of K2S2O8 chemical 
was added. PAC in the PS process was added less than 

those added in the adsorption system. The reason for this 
is to ensure highly active PAC to activate PS, to make the 
oxidation more dominant compared to adsorption, and to 
prevent an increase in the cost by using less PAC. The 
adsorption/ heterogeneous persulfate system used in the 
study is given in Fig. 2.

Experimental Design

One of the methods based on the principle of least experi-
mentation to keep the costs to a minimum level is the 

Table 1   Experimental design for adsorption and heterogeneous persulfate systems

Temperature,
°C

Reaction 
Time,
min

pH Dye Conc.,
mg/L

Salt Conc. for 
Ads., mg/L

PAC Dosage 
for Ads., g

PS Conc.,
mg/L

Salt Conc. for 
HPS, mg/L

PAC Dosage 
for HPS, g

1 25 5 3 300 0 0.1 1000 0 0.1
2 25 25 7 650 500 0.1 2000 500 0.1
3 25 60 10 1000 1000 0.1 4000 1000 0.1
4 25 5 3 650 500 0.3 1000 1000 0.15
5 25 25 7 1000 1000 0.3 2000 0 0.15
6 25 60 10 300 0 0.3 4000 500 0.15
7 25 5 7 1000 0 0.5 1000 500 0.2
8 25 25 10 300 500 0.5 2000 1000 0.2
9 25 60 3 650 1000 0.5 4000 0 0.2
10 50 5 10 650 1000 0.1 1000 500 0.1
11 50 25 3 1000 0 0.1 2000 1000 0.1
12 50 60 7 300 500 0.1 4000 0 0.1
13 50 5 7 300 1000 0.3 1000 1000 0.15
14 50 25 10 650 0 0.3 2000 0 0.15
15 50 60 3 1000 500 0.3 4000 500 0.15
16 50 5 10 1000 500 0.5 1000 0 0.2
17 50 25 3 300 1000 0.5 2000 500 0.2
18 50 60 7 650 0 0.5 4000 1000 0.2

Fig. 2   The system used in the 
study
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“Taguchi method” developed by the Japanese scientist Gen-
ichi Taguchi (Erat 2018).

Removal efficiencies (%) were converted to a 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 
factor refers to the actual value received from the system, 
and the noise factor refers to factors that cannot participate 
in the design of the experiment but affect the result of the 
experiment. Noise sources are the variables that cause the 
obtained performance characteristics to deviate from the 
target value. Therefore, the smaller N value that refers to 
the noise factors in the S/N ratio is, the closer to the desired 
target value is. There are many the S/N ratios in the litera-
ture. However, the “best” (1) criterion was used for Nusselt 
in this study (Serencam and Ucurum 2019). In other words, 
the aim of this analysis is to maximize S/N ratio.

Here, yi indicates the performance characteristic value 
(Nusselt number), and n indicates the number of Y values.

Optimization and statistical analysis in the Taguchi 
method were carried out by the Minitab 18 program. The 
Taguchi method is an experimental design using orthog-
onal arrays. In this study, 6 parameters (temperature is 
2 levels, others are 3 levels) were created for adsorption 

(3)S∕N = −10 ∗ log

[

1

n

n
∑

f=1

1

y2
i

]

and 7 parameters (temperature is 2 levels, others are 3 lev-
els) were created for heterogeneous persulfate oxidation. 
L18 (Adsorption: 2^1 3^5 and HPS: 2^1 3^6) orthogonal 
array and “the larger is better approach” were used for 
both systems. Temperature was chosen as 25–50 °C, pH 
as 3–7–10, reaction time as 5–25–60 min, dye concentra-
tion as 300–650–1000  mg/L, and salt concentration as 
0–500–1000 mg/L for adsorption and HPS process. PS con-
centration was selected as 1000–2000–4000 mg/L. Adsor-
bent dosages as 0.1–0.3–0.5 g in adsorption studies and 
0.1–0.15–0.2 g in HPS oxidation studies were used.

Results and Discussion

AY17 Removal with Adsorption

Effects of Operating Parameters on COD Removal

Acid yellow 17 dye used in different industries was chosen 
as a model contaminant. Acid yellow 17 dye is a yellow dye 
and even if it highly mineralizes with advanced oxidation 
methods such as Fenton, color removal is mostly achieved 
at low rates. Color is an aesthetically undesirable situation. 
Moreover, attention should be paid to the complete removal 
of color in wastewater containing dye since small amounts 
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of dyes will cause a colorful appearance. For this reason, the 
removal of AY17 dye with the adsorption method was inves-
tigated at different reaction time, different adsorbent dosage, 
high temperature, different pH, high salt concentration and 
high dye concentration to represent real textile wastewater. 
The results that were obtained for COD removal are given 
in Fig. 3 as S/N ratios. The highest values are optimum val-
ues because “the larger is better approach” is used for COD 
removal efficiency.

COD removal efficiencies were obtained in the range 
of 33.7–85%. COD removal efficiencies under the condi-
tions of sample 17 and sample 1 were obtained as 33.7% 
and 85%, respectively. The increase in temperature and salt 
concentration on COD removal efficiency had a negative 
effect, and other parameters had a nonlinear effect. The high-
est S/N ratios were observed at 25 °C, 5 min (considering 
cost), 0.3 g adsorbent, 650 mg/L dye concentration, pH 7 
and 0 mg/L salt content. Under optimum conditions, 88.4% 
COD removal efficiency was obtained.

COD removal efficiency decreased with increasing tem-
perature. The adsorption may be less with an increase in the 
diffusion rate of dye molecules and Brownian movement 
due to increasing temperature. Moreover, an increase in the 
solubility of the dyes may cause low COD removal (Dincer 
et al. 2019). The temperature may not have been able to 
create active regions on PAC surface since PAC is already 
activated at high temperatures.

PAC used is very active, and it was achieved high effi-
ciency even with small amounts. As the dosage of adsorbent 
increased, COD yield increased to a certain level and then 
decreased. The highest COD removal was obtained by add-
ing 0.3 g PAC. The oxidation mechanism needs to be more 
dominant for COD removal. Particle interaction (aggrega-
tion) may be the reason why COD removal does not have a 
linear increase with the increasing adsorbent dosage. Aggre-
gation may have decreased surface area and increased diffu-
sion path length (Tony et al. 2019).

It is expected that the adsorption efficiency will increase 
with increasing time. However, such a linear change was not 
observed in COD removal. Approximately, the same effi-
ciency was obtained in 5 min and 60 min. Low efficiency in 
25 min shows that the adsorbent and contaminant interaction 
is low. Aggregation may have possibly occurred.

pH, a parameter that controls the magnitude of electro-
static charges given by ionized dye molecules, affects the 
adsorption mechanism. In other words, it may change the 
surface charge of the adsorbent and the degree of ioniza-
tion of functional groups. The highest COD removal was 
obtained at pH 7. Acidic conditions also provided higher 
COD removal compared to alkali conditions. The structure 
of the dye is also an important factor. For example, Salleh 
et al. (2011) have stated that high removal efficiency at high 
pH was obtained in the study of cationic dye removal by 

adsorption. The dye used in this study is anionic and pro-
vided better COD removal efficiency at neutral or weakly 
acidic pH. It was concluded that the adsorption process is 
significantly affected by pH. The active regions of the adsor-
bent may be negatively charged as a result of the degradation 
by pH increase. Since the anionic dye is negatively charged, 
in this case, the effect of the adsorption event (chemical reac-
tion) may be reduced by creating a driving force between the 
organic molecules and the adsorbent.

COD removal efficiency decreased as salt content 
increased. The highest S/N ratios were obtained under con-
ditions without salt. Salt content, one of the substances that 
interfere with COD, can be said to interfere in the operating 
conditions studied. One of the most important reasons for 
the salt content to affect negatively may be the properties 
of the dye and adsorbent used. In the study conducted with 
a different adsorbent and cationic dye, it was observed that 
the salt content did not negatively affect the COD removal 
efficiency (unpublished study).

As the dye concentration increased, there was no linear 
change in COD removal efficiency. The highest removal 
efficiency was obtained at 650 mg/L dye concentration. 
With the increasing dye concentration, it will compete with 
the dye molecules and formed intermediates to contact/
adsorb the adsorbent surface. This will lead to a decrease 
in efficiency.

As a result of the regression analysis, the Eq. (4) obtained 
for COD removal is given below. R2 value was determined 
as 53.35. Considering the coefficients in the equation, the 
most important parameters for COD removal efficiency are 
the adsorbent dosage, pH and temperature, respectively. The 
least effective parameter is the dye concentration. The reason 
for the low effect of dye concentration may be that it has 
already been studied at high concentrations.

Effects of Operating Parameters on Color Removal

The effect of various parameters that represent the real tex-
tile wastewater on color removal efficiency using AY17 dye 
is examined and S/N ratios of these parameters are given in 
Fig. 4. The highest values are the optimum values since high 
color removal efficiency is desired.

Color removal efficiency was obtained in the range of 
39–100%. Color removal efficiencies under the condi-
tions of sample 11 and sample 8 were obtained as 39% and 
100%, respectively. It has been observed that the dosage of 

(4)

COD Removal (%) = 102.3 − 0.842 ∗ Temperature

+ 41.7 ∗ AdsorbentD. − 0.007 ∗ R.Time

− 2.29 ∗ pH − 0.0116 ∗ SaltC.

− 0.0047 ∗ DyeC.
(

R2 = 53.35
)
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adsorbent has a positive effect, temperature and dye concen-
trations have a negative effect, and other parameters have 
no linear effect on color removal. The highest S/N ratios for 
color removal were obtained at 25 °C, 5 min, 0.5 g adsor-
bent, 300 mg/L dye concentration, pH 7 and 500 mg/L salt 
concentration. Color removal was achieved as 100% at the 
highest S/N ratios obtained.

The color removal efficiency decreased as the temperature 
increased. The temperature affects the adsorption capacity 
and the diffusion rate of the molecules, and changes the time 
of the adsorption balance (Liu et al. 2018). The decrease in 
color removal efficiency with increasing temperature indi-
cates that the binding regions on the adsorbent surface do 
not increase. It shows that the activity of adsorbent is low 
with temperature. The reason for this may be using an adsor-
bent commercially prepared and activated at high tempera-
tures. Dincer et al. (2019) have stated that H2 bond between 
adsorbent and dye molecules may be broken as temperature 
increases (Dincer et al. 2019).

High color removal efficiency achieved as the dosage of 
increasing adsorbent increased active sites. In other words, 
the surface area and the binding area of functional groups 
increase (Khamparia and Jaspal 2016). As with COD 
removal efficiency, the highest color removal efficiency was 
obtained in 5 min. Oxidation and adsorption occurring in 
a short time may be attributed to the adsorbent being very 
active.

It was determined that the most suitable pH value for 
color removal is 7. It is seen in Fig. 4 that near-neutral pH 
values are suitable. Ertugay (2018) explained that the most 
effective pH conditions in dye removal are near-neutral 
and alkali conditions rather than acidic conditions. In the 
present study, it was observed that near-neutral values are 
suitable for the removal of AY17 dye. The optimum pH 
value in dye removal is highly dependent on pH values of 
the adsorbent and the dye. The fact that pH value of PAC 
used as an adsorbent is 10.29, in other words, it is alkali, 
may have made acidic conditions more favorable for color 
removal. Because it is stated that electrostatic attraction 
forces increase for adsorption of dyes under acidic or near-
neutral conditions (Dincer et al. 2019). pH of AY17 dye is 
5.82, and it is near-neutral value. The electrostatic driving 
forces between the adsorbent and the dye molecules may 
be increased as a result of the increase in the number of 
the same charged groups on the adsorbent under alkali 
conditions. Hydroxyl (OH−) ions may be also prevented 
the adsorption of dye ions under alkali conditions (Dincer 
et al. 2019). One reason for low efficiency in alkali condi-
tions may be that basic dyes could not be dissolved com-
pletely (Pimol et al. 2008).

Salt content had no linear effect. No negative effects 
on the color removal were observed as in COD removal. 
Teli and Nadathur (2018) investigated color removal with 
two different adsorbents in different salt types and contents 
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(without salt, NaCI, Na2SO4 and NaNO3) using acid yellow 
17. The best color removal is achieved in the presence of 
NaCI when silica nanofiber is used as adsorbent and the best 
color removal was achieved without salt addition when mod-
ified silica nanofiber was used as adsorbent. The conclusion 
made from this study is that the salt type also has an effect 
according to the adsorbent used. PAC used in the present 
study has been adversely affected by NaCI salt content, espe-
cially in terms of COD removal, and high color and COD 
removals have not been achieved at high salt concentrations.

As the dye concentration increased, color removal 
decreased. It is not a surprising result that as the dye concen-
tration increases, the functional groups that need to adhere/
adsorb to the surface will increase. However, there are also 
inconsistent studies. In these studies, it was stated that the 
increase in the driving force of the concentration gradient 
provides this (Gao et al. 2010). Of course, there is the driv-
ing force of concentration gradient. However, there may be 
a low driving force of concentration gradient at high dye 
concentrations (> 100 mg/L). It can be said that the proper-
ties of the adsorbent used are a factor that most affects this 
situation.

As a result of the regression analysis, the Eq. (5) obtained 
for COD removal is given below. R2 value was determined 
as 83.91. Considering the coefficients in the equation, the 
most important parameters for COD removal efficiency were 

the adsorbent dosage, pH and temperature, respectively. The 
least effective parameter was the salt concentration.

AY17 Removal with Heterogeneous Persulfate 
Oxidation

Effects of Operating Parameters on COD Removal

The effect of various parameters that represent the real tex-
tile wastewater using AY17 dye was examined for heteroge-
neous persulfate oxidation, and S/N ratios of these param-
eters for COD removal are given in Fig. 5.

Considering S/N ratios of the parameters for COD 
removal, the increase in temperature, PS concentration and 
pH had no positive effect. The increase in other param-
eters had a positive effect on COD removal. The highest 
S/N ratios for COD removal were obtained at 25 °C, 0.20 g 
PAC, 1000 mg/L PS, pH 3, 1000 mg/L dye, 60 min reaction 

(5)

ColorRemoval (%) = 107.6 − 0.412 ∗ Temperature

+ 87.6 ∗ Adsorbent D. − 0.017 ∗ R.Time

− 1.1966 ∗ pH − 0.00242 ∗ SaltC.

− 0.03704 ∗ DyeC.
(

R2 = 83.91
)
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time, 1000 mg/L NaCI. Under these conditions determined 
as optimum, 96.6% COD efficiency was obtained.

COD removal efficiency was negatively affected as the 
temperature increased. PS reactions usually progress slowly 
under room conditions. Different agents (high temperature, 
ultraviolet rays and transition metals) are used to activate 
S2O8

2− (Salari et al. 2009). Sulfonamide antibiotics were 
better removed with increasing temperature when the Mate-
rials Institute Lavoisier-101 (Cr) as an adsorbent was used 
in the study conducted by Peng et al. (2019a). In this study, 
high efficiency was achieved for both mineralization and 
adsorption mechanisms at 25 °C. The reason for this may be 
the use of PAC in the PS system. PAC was an active adsor-
bent and had a positive effect on both systems (adsorption 
and heterogeneous PS oxidation).

As the dosage of adsorbent increased, COD removal effi-
ciency increased. Because the wider surface area increases 
the number of active sites for adsorption and activation (oxi-
dation) mechanisms of PS. This situation was also observed 
in the study of Yang et al. (2011) about the oxidation of 
acid orange 7 dye with GAC at 25 °C. It was found that phe-
nol removal was not achieved well with only peroxymono-
sulfate (PMS), GAC, PMS/GAC and 85% phenol removal 
was achieved in 90 min in PAC/PMS process (Saputra et al. 
2013). The result of present study shows that the properties 
of the adsorbent used in the mineralization of organics have 
an important effect. The use of adsorbent in the PS oxida-
tion system provides deep treatment of organic pollutants 
because the continuous adsorption and oxidation take place 
in the system (Peng et al. 2019a). Having enough oxidants 
can completely decompose organic contaminants (even 
intermediate products) in the water. The use of adsorbents in 
the PS system reduces the use of excess oxidants. Peng et al. 
(2019a) explained that collecting pollutants with adsorbents 
and then oxidizing them with PS is an economical way (Peng 
et al. 2019a). Pollutants are not degraded by the adsorption 
method. PS oxidation is not as economical as the adsorp-
tion method in the removal of low concentration organics. 
If the adsorbent itself, like PAC, is a catalyst that can rapidly 
degrade pollutants, contaminants in the adsorption sites can 
decompose and be released, re-adsorb residual pollutants 
and quickly re-decompose. In short, the use of adsorbents 
such as PAC provides a synergistic effect in the PS oxidation 
system (Peng et al. 2019b).

The highest S/N ratio was obtained under conditions in 
which 1000 mg/L PS concentration. Increased PS concen-
tration means that there is more sulfate in the environment. 
The increased sulfate radical reacts with each other and may 
turn into S2O8

−2 (Reaction 6) (Yang et al. 2010). This may 
result in less COD removal (oxidation mechanism) at high 
PS concentrations. The excess sulfate is undesirable due 
to the salt effect. The excess amount may be determined 
by appropriate analysis methods (Wang and Wang 2018). 

Regardless of the ratio of peroxide to contaminant, PS was 
reported to provide better efficiency compared to other per-
oxides (peroxymonosulfate and hydrogen peroxide) (Yang 
et al. 2010). SO4

•− is less affected by impurities in water. 
Increasing PS dosage means increasing the supply of active 
species (Peng et al. 2019a).

A decrease in mineralization with increasing PS was also 
seen in the study on the activation of PS with Fe2+ (Gozmen 
et al. 2013). Hori et al. (2005) and Chu et al. (2006) also 
concluded that the increase in organic degradation slows 
down when PS over a certain value is used. It was reported 
that SO4•− produced as a result of activation of PS per-
forms reaction with PS to form SO4

2− (Yang et al. 2011). 
The composition of the treated water matrix affects degrada-
tion (Waclawek et al. 2017). In short, in the literature, it was 
stated that an increase in PS concentration up to a certain 
point positively affects efficiency, and after one point, its 
increase slows or decreases efficiency. The reasons for this 
are; firstly, it is suitable for the production of reactive spe-
cies with the increase in PS, which provides the appropriate 
amount of reactive for the oxidation of contaminants, and it 
enables easy reaction with the catalyst. Secondly, excessive 
use of PS decreases the formation of both economic and sul-
fate radicals (Pervez et al. 2020). In other words, the sulfate 
radical may react with each other and turn into S2O8

2−, this 
may lead to a decrease in efficiency.

The higher COD removal efficiency was obtained under 
acidic conditions (pH 3). This result indicates the need for 
optimization of pH in the PS oxidation system (Peng et al. 
2019b). If the solution pH value is > 8.5, SO4•− starts to 
degrade and rapidly turns into OH•. In other words, OH• will 
be more dominant at high pH (Yang et al. 2010). For this 
reason, COD removal is negatively affected by increasing 
pH. pH value also changes the effect of anions (carbonate, 
bicarbonate, chloride and hydrogen phosphate) in the envi-
ronment. Some anions were reported to be radical scaven-
gers in the pH range of 8–8.6 (Yang et al. 2010). The most 
important parameter affecting pH is considered to be the 
properties of the adsorbent. Because the pH of the adsorbent 
was measured above 10. Acidic or near-neutral values are 
required for adsorption of contaminant to an alkali adsorbent 
surface. In the HPS oxidation system, suitable pH value for 
both mineralization and color removal was determined as 3. 
Under acidic conditions, more adsorption to the adsorbent 
surface may provide more reaction formation on the surface 
and there may be an increase in both color and COD removal 
as a result of the formation of more sulfate radicals (or other 
radicals). For more accurate results, it is necessary to know 
both pH value of the adsorbent at zero charge potential and 
which radical species predominate with different radical 

(6)SO∙−
4
+ SO∙−

4
→ S2O

2−
8
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scavengers (phenol, methanol etc.). The fact that there is 
more organic degradation at pH 3 rather than pH 7 as in 
color removal may be explained by the effect of pH on the 
life of the formed radicals. If the hydroxyl radical is more 
dominant in the environment than the sulfate radical, this 
idea becomes important. Because the life span of sulfate 
and hydroxyl radicals is 4 s and 20 ns, respectively (Yang 
et al. 2011). The short life span also shows that they cannot 
diffuse into the bulk phase to react with a contaminant. The 
pH provides H+ production (Reaction 7) or OH− depletion 
(Reaction 8) (Lin et al. 2016).

HSO4
−• will be formed both as a result of the reaction 

of the hydroxyl radical and sulfate radical, as a result of the 
degradation of PS or the hydrolysis of PS with water (Reac-
tion 9–10). HSO4

− releases H+ ions into the environment 
(Reaction 11) and causes the decreasing of the environment 
pH (Lin et al. 2016).

The effect of dye concentration was not studied in most 
studies. In the studies conducted, concentrations in the range 
of 5–100 mg/L were preferred (Matzek and Carter 2016; 
Ahmadi et al. 2016; Li et al. 2017). In this study, high dye 
concentrations were studied to represent real wastewater. 
COD removal increased as the dye concentration increased. 
As far as investigated in the literature, it was stated that 
increasing dye concentration negatively affects removal effi-
ciency (Salari et al. 2009; Saputra et al. 2013; Pervez et al. 
2020). In this study, the color removal efficiency decreases 
as the dye concentration increases for color removal, while 
the removal efficiency increases with the increase of dye 
concentration for COD removal. This result shows that COD 
removal does not depend on adsorbent dosage as much as 
color removal. In the adsorption study, the highest COD 
removal was obtained in less adsorbent and more dye con-
centration compared to color removal (Fig. 3). These results 
show that environmental conditions have different effects for 
color and COD removal and different mechanisms realized 
for their removal. Moreover, other reactive species formed 
according to the ambient conditions with increasing dye 
concentration may have been sufficient for the oxidation of 
AY17 dye.

(7)SO∙−
4
+ H2O → H+ + SO2−

4
+ OH∙(All pH)

(8)SO∙−
4
+ OH−

→ SO2−
4

+ OH∙(Alkali pH)

(9)SO∙−
4
+ OH∙

→ HSO−
4
+ 1∕2O2

(10)S2O
2−
8

+ H2O → 2HSO−
4
+ 1∕2O2

(11)HSO−
4
→ SO2−

4
+ H+

As the reaction time increased, in other words, the high-
est COD removal efficiency was obtained in 60 min. The 
reason for this may be explained by more radical forma-
tion and greater radical-contaminant interaction. Increased 
reaction time in the oxidation of basic yellow 28 with PS/
Fe2+ also increased the mineralization (Gozmen et  al. 
2013). Generally, PS oxidation systems operate at longer 
reaction times. However, the activator used is an important 
parameter affecting this time. The fact that PAC is very 
active made this period shorter. Determining the optimum 
reaction time as 5 min in the adsorption system is an indi-
cator of the activity of the adsorbent.

Salt content had a linear effect on COD removal. COD 
yield increased as the salt concentration increased. Chlo-
ride content did not inhibit dye mineralization. On the 
contrary, it can be said that it has an activating effect on 
the conditions studied. Yuan et al. (2011) investigated the 
effect of chloride on the removal of acid orange 7 dye by 
cobalt/peroxymonosulfate AOP. As a result of the study, 
it has stated that chloride content inhibits mineralization. 
Peng et al (2019b) investigated the effects of chloride, 
bicarbonate and natural organic substances on the removal 
of enrofloxacin by magnetic montmorillonite adsor-
bent and PS oxidation. Pollutant removal increased with 
increasing chloride dosage (because HCIO formed), and 
decreased with increasing content of bicarbonate (because 
anions are active with increasing pH) and natural organic 
substances (because they are radical scavengers). Chloride 
ions may also be involved in the persulfate reaction. The 
sulfate radical may oxidize chloride ions to active species 
(HOCI/CI2) or chlorine radicals (Reaction 12–17) (Yuan 
et al. 2011).

Chloride, dichloride radical and all types of reactive 
chlorine including free chlorine may bind to the unsatu-
rated bonds of the compounds present during oxidation 
processes and produce chlorinated hydrocarbons and cause 
an undesirable increase in the adsorbable organic halogens 
(AOX) parameter. However, AOX removes by the adsorption 
mechanism by using activate carbon as an activator. Yuan 

(12)2CI− + S2O
2−
8

↔ 2SO2−
4

+ CI∙

(13)CI∙ + CI− ↔ CI∙−
2

(14)CI∙−
2
+ CI∙−

2
→ CI2 + 2CI−

(15)CI∙−
2
+ H2O → CIOH∙− + H+ + CI−

(16)CIOH∙− + H+
↔ CI∙ + H2O

(17)CIOH∙−
↔

∙ OH + CI−
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et al. (2011) conducted AOX analysis in their studies and 
observed that some persistent by-products were formed as 
a result of the analysis. In the present study, AOX analysis 
could not be performed. However, the realization of adsorp-
tion mechanism in a system especially for wastewater with 
salt content (wastewater has usually salt content) may reduce 
the formation of by-products.

Yang et al. (2010) investigated the degradation of acid 
orange 7 with three common peroxides (persulfate, peroxy-
monosulfate and hydrogen peroxide) using temperature, 
UV rays and anions (sulfate, nitrate, carbonate, bicarbo-
nate, chloride and hydrogen phosphate) as activators. PS 
was observed to be activated above 50 °C. The effect of ani-
ons varied depending on the type used. Liang et al. (2006) 
observed that there was interference as the concentration of 
salt increased in the degradation of trichloroethylene con-
taminant when PS is used as an oxidant in the presence of 
salt (CI−). It was stated that CI− interference is dependent 
on SO4

•− production. Shortly, chlorine has an effect as an 
inhibitor or oxidizer depending on the ambient conditions.

As a result of the regression analysis, the Eq.  (18) 
obtained for COD removal is given below. R2 value was 
determined as 92.07. Considering the coefficients in the 
equation, the most important parameters for COD removal 
efficiency were the adsorbent dosage, pH and reaction time, 
respectively.

Effects of Operating Parameters on Color Removal

The effect of various parameters that will represent the real 
textile wastewater on HPS oxidation of the model organic 
contaminant AY17 dye was also examined for color removal, 
and S/N ratios of these parameters are given in Fig. 6.

Considering S/N ratios of the parameters for color 
removal, no positive effect was observed as the tempera-
ture and dye concentration increased and the color removal 
efficiency decreased. As the effect of other parameters was 
increased, it had positive effects on color removal. The high-
est S/N ratios for color removal were obtained at 25 °C, 
0.20 g adsorbent, 4 mg/L PS, pH 3, 300 mg/L dye, 60 min 
reaction time, 0 mg/L salt. In this optimum condition deter-
mined, color removal efficiency was measured as 100%.

As the temperature increased, the color removal effi-
ciency was negatively affected. Although the temperature is 
used as an activator for PS oxidation, it was found to have no 
effect in this study. There are probably two reasons for this. 

(18)

CODRemoval (%) = −9.8 − 0.211 ∗ Temperature

+ 326.3 ∗ AdsorbentD.

− 0.00658 ∗ PSC. − 0.722 ∗ pH

+ 0.02805 ∗ DyeC. + 0.2746 ∗ R. Time

+ 0.00881 ∗ SaltC.
(

R2 = 92.07
)
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The first one is that PAC used is very active, which means 
that it provides high removal in a short time such as 5 min 
in the adsorption study. The second one is that NaCI, which 
is used to represent real wastewater, may have had a positive 
effect on activation.

As the dosage of adsorbent increased, the color removal 
efficiency was positively affected. It is stated that radicals 
are produced on the adsorbent surface and pores (Li et al. 
2017). PS is catalyzed with active sites on the surface of 
activate carbon (AC) and produced sulfate radicals (Reac-
tion 1–2) (Zhang et al. 2013; Li et al. 2017). The removal 
efficiency was positively affected as the dosage of adsor-
bent was increased since it has a large surface area on PAC. 
Since, reactive (mainly sulfate, chlorine, hydroxide radicals, 
etc.) formed on the surface/pores degrades the dye adsorbed 
onto the surface and it may spread into the aqueous solution 
(Li et al. 2017).

The highest S/N ratio was obtained at the highest PS con-
centration (4000 mg/L) contrary to COD removal. Increased 
PS concentration means that there is more sulfate in the 
environment. The increased sulfate radical may react with 
each other and turn into S2O8

−2 (Reaction 6). This may cause 
degradation to decrease. In this study, the opposite effect was 
observed. Increasing PS concentration also enables the for-
mation of different radical species depending on the ambient 
conditions. The hydroxyl radicals formed may have been 
sufficient for color removal.

The higher color removal efficiency was achieved under 
acidic conditions (pH 3). However, the linear change was 
not observed. It was suggested that pH value is an important 
parameter in oxidation systems and it may be studied under 
acidic conditions for homogeneous systems and at a wide pH 
range for heterogeneous systems (Lin et al. 2016).

In this study, it can be said that the high COD and 
color removals under acidic conditions for the HPS oxida-
tion are mainly due to the properties of the activator used, 
namely the adsorbent and other operating conditions. Lin 
et al. (2016) investigated the effect of three different pHs 
(3–7–10) on the removal of orange II in the electrocoagula-
tion, α-FeOOH and peroxydisulfate heterogeneous system. 
The final efficiency was found to be in the range of 89–92% 
at all pHs, and it was stated that pH had no significant effect. 
In the GAC/PS system, the highest efficiency was observed 
at approximately pH 5. It was stated that near-neutral pH 
values are optimum for the degradation of an acidic dye with 
GAC/PS (Yang et al. 2011).

Color removal decreased as the dye concentration 
increased. This is a result consistent with studies in the 
literature. In studies in the literature, it was generally stud-
ied at dye concentrations less than 100 mg/L. The reason 
for the decrease in efficiency with increasing dye concen-
tration is requiring more free radicals for degradation. 

Moreover, as the dye concentration increases, the forma-
tion of relatively less active free species depending on 
the ambient conditions (pH, salt content, etc.) may have 
led to a decrease in color removal efficiency. In other 
words, increased dye concentration may produce more 
free radical scavengers (Ahmadi et al. 2016). Addition-
ally, dye molecules compete with intermediate products 
to react with reactive species on the adsorbent. In this 
study, the decrease in efficiency with increasing contami-
nant concentration also shows that PAC active surfaces 
reach saturation since PAC is used as an activator. Dye 
adsorption reduced the catalytic performance by interfer-
ing with the electron transfer process (Pervez et al. 2020). 
Moreover, competition between carbonaceous substances 
will increase for free radical scavengers and free radicals 
due to the non-selective reactivity of free radicals. In many 
studies, the same effect in dye concentration was observed 
(Salari et al. 2009; Saputra et al. 2013; Frontistis et al. 
2015; Pervez et al. 2020).

As the reaction time increased, in other words, the high-
est COD removal efficiency was obtained in 60 min. It was 
stated that different radicals may be formed except for the 
sulfate radical in PS oxidation systems. In the literature, it 
seems that the life span of sulfate (4 s) and hydroxyl radi-
cals (20 ns) are quite short (Yang et al. 2011). A short life 
span requires more reaction time to interact with the con-
taminant even if the sulfate radical is dominant in the envi-
ronment. Because it may not be possible to interact with 
all contaminants in 4 s. As the reaction time increases, 
it will have more contact with the adsorbent, which acts 
as an activator. Of course, longer reaction time will also 
result in a decreased or slow increase in efficiency due to 
intermediate compounds that are difficult to degrade.

Salt content had no linear effect on color removal. As 
the salt concentration increased, the color removal effi-
ciency decreased. The reason may be that the salt has 
a negative effect on color removal, and the by-products 
formed as a result of the reaction of salt and organics 
caused color formation. In the literature, it was stated that 
chloride has a dual effect (accelerator or inhibitor) on dye 
removal. It is stated that high dye removal may be per-
formed at high chlorine concentrations, as well as reducing 
mineralization and forming more toxic compounds (Salari 
et al. 2009).

As a result of the regression analysis, the Eq.  (19) 
obtained for COD removal is given below. R2 value was 
determined as 89.05. Considering the coefficients in 
the equation, the most important parameters for color 
removal were the adsorbent dosage, pH and reaction time, 
respectively.
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When compared to the equations obtained for both 
COD and color removals, a higher R2 value was obtained 
for COD removal. In the studied conditions, it is seen that 
the operating parameters that affect both parameters (color 
and COD) significantly are the same.

Changes of the ORP and FTIR in Effluents for HPS Systems

In the study on the oxidation of AY17 with heterogeneous 
persulfate, pH, ORP and ion product analysis (Table 2) were 
performed in the influent and effluent waters, in addition to 
color and COD analysis. Moreover, FTIR analysis was car-
ried out in the sample in optimum conditions determined in 
terms of both COD and color removal.

While color removal efficiency was achieved between 
68 and 100%; COD removal was determined in the range 
of 5.2–72.1% (Table 2). Despite studying at different pH 
values, the pH of all samples was measured in the range of 
2.16–4.36 after the reaction. The change in pH is an indica-
tion of a reaction. Decreasing pH values during the reac-
tion may indicate that small molecular carboxylic acids are 
formed (Peng et al. 2019b).

(19)

ColorRemoval(%) = 85.35 − 0.060 ∗ Temperature

+ 167.7 ∗ AdsorbentD. + 0.00171 ∗ PSC.

+ 0.1206 ∗ R.Time

− 0.00195 ∗ SaltC.
(

R2 = 89.25
)

Moreover, the low pH indicates that the discharge of the 
effluent to the receiving environment is not suitable for pH 
(6–9). The final pH value may have decreased due to the 
proton (H+) release of the acid products formed by reacting 
with SO4

−• water. This result is compatible with the litera-
ture information (Yang et al. 2010; Lin et al. 2016; Li et al. 
2017). ORP (oxidation–reduction potential) was measured 
in the range of 165.2–293.1 mV. pH, temperature, etc. of 
the environment affects ORP. The number (product) of ions 
was measured in different ranges. It is stated that the higher 
the pH value is, the lower the ORP value is (Wu and Wang 
2012). High ORP values were measured since pH values of 
effluents in the PS oxidation system are low.

As is seen from the Eq. (20) obtained in the regression 
analysis carried out for the ORP value, the parameter that 
affects the ORP significantly is the dosage of adsorbent, 
while the least affecting parameter is the salt content, and 
R2 of the equation is 78.10%. R2 value indicates the degree 
of relationship of the operating parameters with the ORP. 
While pH and dye concentration from operating parameters 
have ensured low ORP value, the other 5 parameters have 
ensured an increase in ORP value. In other words, ORP 
value depends on many parameters and it is a flexible and 
easy-to-analyze parameter used in treatment systems. Oye-
kanmi et al. (2019) investigated the removal of Rhodamine 
B dye in terms of both color and COD removal using raw 
orange peel and modified orange peel as adsorbent. As a 
result of the study, R2 values for color and COD removals of 
raw orange peel and modified orange peel were 73.3–74.55% 

Table 2   The changes of the pH, 
ORP and ion product values in 
the operating conditions

Sample No Initial pH Final pH Color Removal,% COD 
Removal, 
%

ORP, mV Ion Product, mol/L

1 3 3.29 88.7 26.5 226.8 1.46e−4

2 7 3.00 78.5 23.3 243.5 7.68e−5

3 10 2.98 72.0 41.9 244.9 7.33e−5

4 3 2.85 93.1 57.1 252.5 5.45e−5

5 7 2.76 79.0 55.0 257.9 4.45e−5

6 10 3.10 100.0 5.2 238.3 9.51e−5

7 7 2.48 100.0 72.1 274.1 2.37e−5

8 10 3.10 93.7 67.5 238.4 9.52e−5

9 3 2.72 95.6 52.5 260.1 4.08e−5

10 10 4.36 59.0 38.1 165.2 1.64e−3

11 3 2.26 100.0 26.1 287.0 1.44e−5

12 7 2.99 75.4 10.0 244.3 7.54e−5

13 7 3.40 68.0 51.2 220.9 1.87e−4

14 10 2.35 100.0 15.3 281.9 1.75e−5

15 3 2.29 99.8 43.4 285.3 1.54e−5

16 10 2.64 99.8 69.5 264.7 3.42e−5

17 3 2.70 85.0 62.2 261.6 3.85e−5

18 7 2.16 100.0 37.9 293.1 1.14e−5



496	 International Journal of Environmental Science and Technology (2021) 18:483–498

1 3

and 96.92–90.06%, respectively. The difference of the cor-
relation coefficient is the indicator that it is affected by the 
adsorbent property as well as the operating parameters.

FTIR analysis was performed on the samples in the influ-
ent and effluent water with the highest removal efficien-
cies (COD and color) and the results are given in Fig. 7. 
As a result of the FTIR-ATR analysis, 2 peaks occurred 
mainly. No peaks occurred in the fingerprint region. Only 
the intensity of these peaks in the influent and effluent has 
changed. The detection of the peaks in the influent also in 
the effluent shows that these groups are persistent. The peaks 
occurred in the functional group region at the wavenum-
bers of 3000–3600 cm−1 (3323 cm−1) and 1550–1700 cm−1 
(1662 cm−1). These peaks may be attributed to N–H stretch-
ing vibration in amines and amides or O–H stretching vibra-
tion in phenols and may be attributed to C = C stretching 
vibration in the alkene group or C = O stretching vibration, 
respectively (Tezcan et al. 2019; Dincer et al. 2019).

Adsorption is commonly used even in different areas 
for removals of liquid or gas contaminants. The adsorption 
method is simple, easy to operate, toxic contaminants do 
not adversely affect the efficiency of the system and there is 
no excessive chemical consumption (pH adjustment only) 
(Marungrueng and Pavasant 2006; GilPavas et al. 2019). 
Perhaps its biggest advantage is especially for colored waste-
water. It provides color removal instead of causing the same 
or different color pollution compared to some methods (for 
example, Fenton). The reason for this is that chemicals that 
cause color formation are not added (Cakmak et al. 2017). 
Its most important disadvantage is the cost of the used adsor-
bent and the need to be disposed of after spending adsorbent.

(20)

ORP = 212.4 + 0.300 ∗ Temperature

+ 301 ∗ AdsorbentAmount

+ 0.00765 ∗ PSC − 3.24 ∗ pH

− 0.0454 ∗ DyeC + 0.557 ∗ Time

+ 0.0002 ∗ Salt C
(

R2 = 78.10
)

This study was carried out to use the advantages of 
adsorption (decolorization, adsorbing chlorinated spe-
cies, etc.) and because studies related to persulfate activa-
tion using activate carbon in the literature are very limited. 
PAC/PS oxidation system is also easy to operate. It is also a 
system that provides removals of harmful by-products that 
may result from toxic contaminants or their degradation. 
Acids-bases such as NaOH and/or H2SO4 for pH adjustment 
and persulfate are added. pH adjustment is carried out in all 
systems. Persulfate is not a harmful chemical.

There will be sulfate ions in the effluent water with the 
use of the PS especially when used more than optimum 
value. However, S2O8

2− is an inert substance and is not 
considered as a contaminant. It may only cause disruption 
of aesthetics. The United States Environmental Protection 
Agency (USEPA) has imposed an aesthetic limitation (maxi-
mum 250 mg/L; 1.43 mM), especially for drinking water. 
PS is a much cheaper chemical compared to oxidants such 
as H2O2 and O3 (Salari et al. 2009). In this study, optimum 
values were determined for high color and COD removals 
in both the adsorption and HPS oxidation system catalyzed 
with PAC in order to compare the removal of acid yellow 
17 from persistent and toxic azo dyes being a wide range of 
usage area.

Shortly, PAC/PS system is a hybrid system. In other 
words, it is a system where both adsorption and oxidation 
occur. It does not cause the color formation and sludge 
formation as in systems using an iron. The reusability of 
the adsorbent used is possible. In the studies conducted, 
the reusability of granular activate carbon was tested. In 
the third/fourth use, it was seen that low efficiencies were 
achieved (Yang et al. 2011). The most important parameters 
affecting the cost of the system are the dosage of adsor-
bent and persulfate. It is also a great advantage to use fewer 
adsorbents compared to the adsorption system.

For future studies, the effect of different anions may be 
studied, sulfate content may be determined in the effluent 
and the effect of sulfate on the environment may be dis-
cussed in more detail. Studies may be conducted on the 
removal of microorganisms, taking into account the disin-
fecting properties of potassium persulfate. The catalyst effect 
may be studied in the PS oxidation system by producing 
active adsorbents in order to reduce the cost of PAC. Domi-
nant reactive species may be identified by adding different 
radical scavengers.

Conclusion

The removal of acid yellow 17 (AY17) dye was studied by 
using adsorption and heterogeneous persulfate oxidation sys-
tems together in different operating conditions to represent 
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real textile wastewater. System performances were deter-
mined by color, COD, ORP, pH and FTIR analysis.

The adsorbent dosage, pH and reaction time from 
the operating parameters had a significant effect on both 
systems. Using PAC in the PS system (hybrid) increased 
mineralization compared to only adsorption or persulfate 
oxidation systems. The use of adsorbent in the hybrid sys-
tem caused the reaction time to be shortened. It was con-
cluded that acidic and neutral pH values are suitable for both 
adsorption and HPS (PAC/PS) system.

Shortly, toxic compounds such as textile dyestuffs may be 
successfully removed by adsorption and persulfate oxidation 
mechanisms with the use of chemicals (acids/bases for pH 
adjustment, persulfate) not resulting in additional pollution. 
Further, these methods are simple systems and easy to oper-
ate. This study will be a useful reference for future studies.
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