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a b s t r a c t
In this study, coagulation–flocculation method with poly-aluminum-chloride-sulfate (PACS) was 
used to pre-treat paint industry wastewater (PIWW). The pH, centrifugation time, revolutions per 
minute and PACS dose were selected as independent parameters for an experimental design employ-
ing Taguchi orthogonal arrays. These independent parameters were varied at four different levels 
(pH: 5, 6, 7 and 8; centrifugation time: 1, 2, 3 and 4 min; revolutions per minute: 1,000; 2,000; 3,000 
and 4,000 rpm; and PACS doses: 1, 2, 3, and 4 mg/L) to determine their effects on the removal effi-
ciencies of selected dependent parameters. Chemical oxygen demand (COD) and color were selected 
as the dependent parameters and analyzed at the beginning and end of each batch experiment. 
The maximum removal efficiencies of COD and color were found to be 37% (for 3-3-1-2 levels) and 
89% (for 4-1-4-2 levels), respectively. According to the Taguchi method, the contributions to COD 
removal performance of PACS dose, pH, revolution per minute and centrifugation time to be 33.09%, 
37.39%, 3.76% and 13.42%, respectively. On the other hand, the contributions to color removal per-
formance of PACS dose, pH, revolution per minute and centrifugation time to be 3.75%, 86.97%, 
3.75% and 4.25%, respectively. According to obtaining results, PACS can be used as a pre-treatment 
process for PIWW treatment.
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1. Introduction

Paint industry wastewater (PIWW) contains many 
organic and inorganic pollutants and it is difficult to pro-
vide a treatment that will meet the discharge standards. 
PIWW may contain excessive concentrations of many 
organic or inorganic pollutants such as chemical oxygen 
demand (COD), BOD, suspended and dissolved solids, oil 
and grease, and heavy metals. Today, many methods [1] 
such as physical–chemical [2], chemical–biological [3–5], 
coagulation–flocculation [6–8], coagulation–electrochemical 
[9–12], advanced oxidation processes (AOPs) [13–15], and 
membrane processes [16] are applied for the treatment of 

PIWW. Coagulation–flocculation is an important unit opera-
tion in wastewater treatment for solid/liquid separation [17]. 
Inorganic coagulant such as aluminum and iron-based sub-
stances plays a major role in neutralizing the surface charge 
of suspended particles or colloidal systems and facilitating 
particle aggregation and settling under gravity as a result 
of electrical double-layer compression [18]. The floccula-
tion process involves the addition of flock-forming chemical 
reagent usually after coagulation to agglomerate non-set-
table and slow-settling colloidal solids and it plays a major 
role in the fate and transport of contaminants in aquatic 
environments by bridging the aggregated flocks to form 
larger agglomerates in the presence of polymeric materials 
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[19]. Various materials have been developed in recent years 
for coagulation and flocculation purposes. Among them 
are inorganic-based coagulants, organic-based flocculants 
as well as hybrid materials [20]. Although many materials 
have been developed for wastewater treatment, it can be said 
that there is still much to be done to increase treatment effi-
ciency. Increasing market demand in wastewater treatment 
has made it necessary to develop hybrid materials to increase 
treatment efficiency. Hybrid materials come to the fore in 
wastewater treatment due to their high treatment efficiency 
and lower cost compared to conventional coagulants and 
flocculants. [21]. Hybrid materials used in the coagulation/
flocculation of wastewater are materials obtained from the 
addition of effective components into the original material to 
enhance the aggregating power. It is logical to introduce func-
tional chemical groups or components into the initial chemi-
cal which can strengthen the aggregating power [22]. Due to 
the synergetic effect of hybrid components in one material, 
hybrid materials hence pose a superior performance than 
that of individual components [23]. Hybrid materials retain 
functional components in a single structure. For this reason, 
the whole process can be performed in a single tank with-
out the need for separate coagulation and flocculation tanks 
traditionally used in treatment plants. The shortening of the 
waiting time as a result of the application of these hybrid 
materials in a single tank is advantageous for industries that 
discharge large volumes of wastewater. Therefore, it is clear 
that they are seen as an alternative material for plants when 
compared to traditional coagulants and flocculants [24]. The 
superior performance of pre-polymerized coagulants is man-
ifested in their wider working pH range, lower sensitivity 
to low water temperatures, lower dose required to achieve 
equivalent treatment efficiency, and lower residual metal-ion 
concentrations. This has been attributed to the presence of 
a range of polymeric species with high molecular weights 
and high cationic charge, which enhance the rate of colloid 
charge neutralization and flock development and settlement 
[25]. Hybrid material preparation methods can be given 
as hydroxylation-pre-polymerization, physical blending, 
high-temperature blending, copolymerization, and chem-
ical grafting/crosslinking, depending on the type of hybrid 
materials. The hydroxylation-pre-polymerization method is 
widely used to prepare chemically bonded hybridized mate-
rials in which a new chemical group is incorporated into the 
composition of materials, and poly-aluminum-chloride-sul-
fate (PACS) is also produced by this method. Hybrid materi-
als which have been developed are indicated with black line, 
for example, inorganic–inorganic hybrid, inorganic–organic 
hybrid, inorganic–natural polymer hybrid, inorganic–bio-
polymer hybrid, organic–organic hybrid, organic–natu-
ral polymer hybrid and natural polymer–natural polymer 
hybrid [24]. PACS used in this study is one of the inorganic–
inorganic hybrid materials. PACS is prepared using AlCl3, 
Al2 (SO4)3 and Na2CO3 as raw materials. The total aluminum 
concentration and specific gravity of PACS products are 
3.64–3.71% as Al and 1.182–1.184 g/L, respectively. Previous 
study about PACS was showed that the particle size distribu-
tion of coagulant PACS was found to be highly dependent on 
SO2–

4 /Al3+ molar ratio and OH–/Al3+ molar ratio. Moreover, at 
a fixed OH–/Al3+ molar ratio value of 2.0, the average size of 
PACS increased with the increase of SO2–

4 /Al3+ molar ratio 

[25]. The removal efficiency of the pollutants is vital param-
eters of PIWW treatment systems and, in turn, depends on 
operational independent factors such as pH, centrifugation 
time, revolutions per minute and PACS dosages. Hence, 
independent factors need to be optimized to increase the 
treatment efficiency. In addition, in classical optimization, all 
factors are optimized one by one while changing the level of 
one factor, keeping the other factor levels constant. For this 
reason, the number of experimental studies and workload 
required in the classical optimization method can cause time 
losses [26]. There are many statistical experimental design 
techniques the widely used, such as response surface meth-
odology and full or partial factorial designs. One of these 
techniques is the Taguchi method [27–34] and involves the 
design of an experimental process using orthogonal arrays 
(OA) to allow independent evaluation of factors in the least 
number of trials. This technique involves data conversion to a 
signal-to-noise (S/N) ratio, which is a measure of the changes 
presented [35]. The Taguchi method has the feature of being 
able to examine the parameters affecting an experiment in 
a controlled and uncontrolled manner and can be applied 
to an experimental design that includes a large number of  
design factors [36].

In this study, raw PIWW was taken from the equalization 
basin of the dye production factory located on the European 
side of Marmara Region of Turkey, was subjected to coag-
ulation/flocculation process with poly-aluminum-chlo-
ride-sulfate (PACS) for batch studies in the laboratory. The 
PACS used in the study was purchased, not produced in this 
study. The main objective of the study was to evaluate the 
treatability of PIWW and optimize pollutant removal effi-
ciencies by using the Taguchi method. Hence, a batch studies 
matrix was planned using Minitab 21.0 software for opti-
mized the studies using the Taguchi method. During batch 
studies, removal efficiencies of selected dependent variables 
(COD and color) were analyzed both at the beginning and 
at the end of each batch study based on independent vari-
ables (pH, PACS dose, centrifugation time and revolution 
per minute). This study is important because it is the first 
study using the Taguchi optimization method and the L16 
orthogonal arrays in investigating PIWW treatment.

2. Materials and method

2.1. Experimental set-up

In the study, PIWW was used taken from the dye pro-
duction factory at located on the European side of Marmara 
Region of Turkey. 0.5 L plexiglas reactors were used for each 
batch experiment in the laboratory. Batch tests were con-
ducted using 0.05 L of raw PIWW for each experimental set. 
For pH adjustment, 6 M of NaOH and/or H2SO4 of analyt-
ical grade were used. The pH and conductivity were mea-
sured by a WTW pH/Cond 340i SET 2. COD were measured 
by a closed reflux method and color was measured by the 
platinum–cobalt (Pt-Co) scale [37]. All analyses were car-
ried out in triplicate (deviations were lower than 5% in all  
cases).

PIWW was kept in the refrigerator at 4 degrees cen-
tigrade in the Environmental Engineering laboratory of 
Yildiz Technical University. Before each experimental study, 
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PIWW was removed from the refrigerator and the test was 
not started until its temperature had reached the ambient 
temperature in the laboratory. The characteristics of PIWW 
are given in Table 1. After each batch work, all wastewater 
analyses were performed in accordance with The Standard 
Methods for Examination of Water and Wastewater [37].

2.2. Experimental design based on the Taguchi method

The Taguchi method was used to create a set of exper-
iments designed using Minitab software (Minitab 21.0 trial 
version). The Taguchi method includes the design of an 
experimental process that uses orthogonal arrays (OAs) 
to reduce the number of experiments required. OA refers 
to an experimental matrix designed with Li stages, where 
i is the number of trials in the experimental matrix or the 
total degrees of freedom and includes a set of experiments 
where the settings of process parameters are varied. OAs 
allows evaluation of the effects of several process parame-
ters to be determined efficiently. The selection of a suitable 
OA depends on the number of control factors and their 
levels [31,38]. In the study, the Taguchi method was used 
to decide the ideal conditions for the process. For this pur-
pose; pH, PACS dose, revolution per minute and centrifu-
gation time were selected as independent variables during 
this Taguchi experimental design. Each factor, which con-
sisted of four levels and L16 orthogonal arrays, was taken 
to establish the ideal conditions for PIWW treatment with 
the least number of trials. The factors and their levels in the 
batch studies are presented in Table 2.

3. Results and discussion

In the study, Minitab software was used to analyze the 
collected data and to determine the effect of each parameter 
on the optimization criteria. The Taguchi design experiment 
(L16) was carried out to optimize the effective parameters 

to efficiently remove PIWW pollutants using PACS. The larg-
er-the-better S/N ratio was used to analyze the results of the 
batch experimental studies. Analysis of variance (ANOVA) 
was performed to examine the effective parameters and 
their confidence levels on the COD and color removal effi-
ciencies. ANOVA is used to explore which process parame-
ters significantly affect the process responses. Moreover, all 
levels of variables in Table 1 were used. During this work, 
COD and color results were expressed by percentage of 
removal through Eq. (1):

Pollutant removal efficiency %� � � ��

�
�

�

�
� �
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100  (1)

where Ci is the initial concentration and Ce is the final con-
centration of the pollutant (mg/L). The numerical value 
of the maximum point in each graph make clear the best 
value of that particular parameter, shown in Table 3, and 
indicates the optimum conditions within the range of exper-
imental conditions. Results related to the removal effi-
ciency of COD and color for 16 experimental batch studies 
are given in Table 3.

The results of the experimental studies obtained by using 
the most significant independent variables performed in 
the study are summarized in the following sub sections for 
independent factors based on Figs. 1 & 2 and Tables 3–6.

The effects of performance criteria based on Taguchi 
method on COD removal efficiency for PIWW pre-treatment 
are illustrated in Fig. 1. It is seen from Fig. 1 that the pH val-
ues at which the highest and lowest COD removal efficiency 
occur are 7 and 6, respectively. It is seen that the PACS doses 
with the highest and lowest COD removal efficiency are 3 

Table 1
PIWW characteristics

PIWW characteristics Values

pH (20°C) 5.5–5.9
Conductivity, mS/cm (20°C) 13.5–13.8
COD, mg/L 5,200–5,300
Color, Pt-Co, units 27,000–28,000

Table 2
Factors and their values corresponding to the levels to be 
carried out in the study

Independent factors Levels of independent factors

1 2 3 4

A: pH 5 6 7 8
B: PACS, mg/L 1 2 3 4
C: Revolution per minute 1,000 2,000 3,000 4,000
D: Centrifugation time, min 1 2 3 4

Table 3
Experimental variables, their levels, and results of conducted 
experiments corresponding to the L16 experimental plan

Batch 
experiment 
no (or Runs)

Independent variables 
and their levels

Removals of 
pollutants

A B C D % COD %Color

1 1 1 1 1 27 76
2 1 2 2 2 33 80
3 1 3 3 3 33 81
4 1 4 4 4 31 82
5 2 1 2 3 25 77
6 2 2 1 4 31 80
7 2 3 4 1 31 79
8 2 4 3 2 32 82
9 3 1 3 4 33 87
10 3 2 4 3 30 87
11 3 3 1 2 37 88
12 3 4 2 1 36 87
13 4 1 4 2 33 89
14 4 2 3 1 33 88
15 4 3 2 4 34 87
16 4 4 1 3 35 87



Ö. Apaydin et al. / Desalination and Water Treatment 286 (2023) 81–8984

and 1 mg/L, respectively. It is seen that the revolution per 
minute values, where the highest and lowest COD removal 
efficiency occur, are 3,000 and 4,000 rpm, respectively. It is 
seen that the centrifugation time values at which the highest 
and lowest COD removal efficiency occur are 2 and 3 min, 
respectively.

The effects of performance criteria based on Taguchi 
method on color removal efficiency for PIWW pre-treat-
ment are illustrated in Fig. 2. It is seen from Fig. 2 that the 
pH values at which the highest and lowest color removal 
efficiency occur are 8 and 6, respectively. It is seen that the 
PACS doses with the highest and lowest color removal 

 

Fig. 1. Effect of the parameters on COD removal efficiency. On the left-hand side, it shows different initial pH (5, 6, 7 and 8) based 
on levels (1 to 4). Second on the left-hand side, it shows PACS doses (1, 2, 3 and to 4 mg/L) based on levels (1 to 4). Third on the left-
hand side, it shows revolutions per minute (1,000; 2,000; 3,000 and 4,000 rev/min) based on levels (1 to 4). On the right-hand side, 
it shows reaction time (1, 2, 3 and 4 h).

 

Fig. 2. Effect of each parameter on color removal efficiency. On the left-hand side, it shows different initial pH (5, 6, 7 and 8) based 
on levels (1 to 4). Second on the left-hand side, it shows PACS doses (1, 2, 3 and to 4 mg/L) based on levels (1 to 4). Third on the left-
hand side, it shows revolutions per minute (1,000; 2,000; 3,000 and 4,000 rev/min) based on levels (1 to 4). On the right-hand side, 
it shows reaction time (1, 2, 3 and 4 h).
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efficiency are 4 and 1 mg/L, respectively. It is seen that the 
revolution per minute values, where the highest and low-
est color removal efficiency occur, are 3,000 and 1,000 rpm, 
respectively. It is seen that the centrifugation time values 
at which the highest and lowest color removal efficiency 
occur are 2 and 1 min, respectively.

The resulting ANOVA values for COD and color removal 
performance for the independent factors are given in 
Tables 4 and 5, respectively.

Table 4 shows the result of the ANOVA test for COD 
removal performance. According to the ANOVA analysis, 
the factors in the tables are in accordance with their signif-
icance. According to Table 4, the first important indepen-
dent parameter for efficient removal of COD was pH with 
a contribution value of 37.39%. The second important inde-
pendent parameter for COD was the PACS with a contri-
bution value of 33.09%. The third important independent 
parameter for COD was revolution per minute with a con-
tribution value of 13.19%. The fourth important independent 
parameter for COD was centrifugation time with a contri-
bution value of 3.76%. The sequence related to the impor-
tance of color removal efficiency was found to be pH > PACS 
dose > centrifugation time > revolution per minute.

Table 5 shows the result of the ANOVA test for color 
removal performance. According to the ANOVA analy-
sis, the factors in the tables are in accordance with their 

significance. According to Table 5, the first important 
independent parameter for efficient removal of color was 
the pH with a contribution value of 86.97%. The second 
important independent parameter for color was centrif-
ugation time with a contribution value of 4.25%. The third 
important independent parameter for color was PACS dose 
with a contribution value of 3.75%. The fourth important 
independent parameter for color was revolution per min-
ute with a contribution value of 3.74. The sequence related 
to the importance of color removal efficiency was found to 
be pH > centrifugation time > PACS dose > revolution per 
minute. Moreover, predicted pollutant removal efficiency 
values for optimum experimental conditions are given  
Table 6.

Table 6 shows the optimum operating conditions and 
estimates the response under these conditions. The best 
COD removal conditions for the process were estimated to 
be 7.0, 3.0 mg/L, 1,000 rpm and 2 min for pH, PACS dose, 
and revolution per minute and centrifugation time, respec-
tively. Under these conditions, the estimated COD removal 
efficiency was 36.75%. According to Table 6, the best color 
removal conditions were estimated to be 8.0, 1.0 mg/L, 
4,000 rpm and 2 min for pH, PACS dose, revolution per min-
ute and centrifugation time, respectively. Under these con-
ditions, the estimated color removal efficiency was 85.13%. 
Moreover, the comparison of predicted and experimental 

Table 4
ANOVA values for COD removal efficiency

Source DF Seq. SS %C Adj. SS Adj. MS F-value p-value

pH 3 52.25 37.39 52.25 17.417 3.03 0.194
PACS (mg/L) 3 46.25 33.09 46.25 15.417 2.68 0.22
Revolution per minute 3 5.25 3.76 5.25 1.75 0.3 0.823
Centrifugation time (min) 3 18.75 13.42 18.75 6.25 1.09 0.473
Residual error 3 17.25 12.34 17.25 5.75
Total 15 139.75 100

Table 5
ANOVA values for color removal efficiency

Source DF Seq. SS %C Adj. SS Adj. MS F-value p-value

pH 3 248.688 86.97 248.688 82.896 67.44 0.003
PACS (mg/L) 3 10.687 3.75 10.687 3.562 2.9 0.203
Revolution per minute 3 10.687 3.74 10.687 3.562 2.9 0.203
Centrifugation time (min) 3 12.187 4.25 12.187 4.062 3.31 0.176
Residual error 3 3.688 1.29 3.688 1.229
Total 15 285.938 100

Table 6
Predicted pollutant removal efficiency values for optimum experimental conditions

Sources pH PACS Revolution per minute Centrifugation time Predicted, % 95% CI

COD 3 3 1 2 36.75 (30.75–44.50)
Color 4 1 4 2 85.13 (83.56–91.49)
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pollutant removal efficiency based on 2 different levels 
of the independent factors are given in Table 7.

According to Table 7, the experimental results obtained 
in the study using the second levels of independent variables 
are seen. According to the results of two repetitive studies 
made considering the second levels of the independent vari-
ables; It is seen that there is a difference of 2.8% and 1.7% 
between the experimental and estimated COD and color 
removal results, respectively. According to the results of 
two repetitive studies made considering the third level of 
the independent variables; it is seen that there is 1.2% and 
1.1% difference between experimental and predicted COD 
and color removal results, respectively.

3.1. Effect of operating parameters on the process

To initiate coagulation/flocculation process of waste-
water, through coagulation or flocculation process, several 
operating factors, such as pH, dosage, stirring speed, stir-
ring time as well as temperature are taken into account to 
optimize the wastewater treatment performance [39]. In the 
study, pH and PACS dose were optimized with the other 
independent factors planned this study concept (revolu-
tion per minute and centrifugation time). Moreover, stirring 
speed and stirring time were applied all batch experiments 
the same in this study. The coagulation or coagulation 

process is usually carried out sequentially in the same reac-
tor with fast and slow mixing processes. Firstly, rapid mix-
ing is applied at 75 to 700 rpm for 0.5–3 min; and then, slow 
mixing is applied at ranges from 30 to 150 rpm for 5–30 min. 
The purpose of rapid mixing is to provide a good disper-
sion of the coagulant or flocculent to destabilize colloidal 
systems and particulate matter, whereas slow mixing is to 
limit the disintegration of aggregates, thereby promoting 
the growth of agglomerates [39]. In the study, in all batch 
experimental sets, rapid mixing is applied at 200 rpm for 
1 min; slow mixing is applied at 30 rpm for 30 min. In the 
study, in all batch experimental sets, firstly PACS added to 
rapid mixing was applied at 200 rpm for 1 min; afterword, 
slow mixing was applied at 30 rpm for 30 min. In previous 
some physico-chemical treatability studies of PIWW, COD 
removal efficiencies of 88% [40], 40% [41] and 85% [42] were 
obtained. In this study, in which PACS hybrid material was 
used as coagulant/flocculent, the COD removal efficiency 
was 37% and the color removal efficiency was 89%. The 
COD removal efficiency is very low compared to the receiv-
ing environment standards. This is due to the fact that the 
PIWW sample, whose treatability study was carried out, 
was heavily polluted. So, PIWW, whose treatability study 
was conducted in this study, includes wastewater from all 
production processes such as water-based paint produc-
tion, oil-based paint production. The aim of this study is to 
provide a pre-treatment with PACS and to determine the 
process independent variable levels that can help reduce 
the load of the biological treatment plant in the facility.

3.1.1. Effect of pH on the process

The pH is one of the most important parameter for effi-
cient removal of pollutants in the coagulation/flocculation 
process. With the support of OH– group, a variety of hydro-
lysis reactions take place rapidly with the dissolution of any 
aluminum salt in aqueous solution. The coagulation effi-
ciency depends primarily on the formation of Al(OH)3 pre-
cipitates rather than on the charge neutralization mechanism 
favored at pH value in the range of 6.5–7.0. In the case of 
low degree of aluminum polymerization, once pH rises, the 
formation of Al(OH)–

4 species becomes prominent in solution 
and take in radical fall of coagulation efficiency [43]. Sufficient 
amount of effective species (e.g., Al13) at the optimal pH is 
required to supply a maximum coagulation performance. 
During the coagulation process, this effective species can 
efficiently destabilize suspended particles and colloids [44]. 
Hybrid materials can improve the pH resistance (e.g., poly-
aluminum silicate chloride). This material has been proven 

 

Fig. 3. Comparisons of experimental and model predicted 
results for COD removal efficiency.

Table 7
Comparison of predicted and experimental pollutant removal efficiency based on 2 different independent factor levels

pH 
(levels)

PACS, mg/L 
(levels)

Revolution per 
minute (levels)

Centrifugation 
time (levels)

COD 
experimental (%)

COD 
predicted (%)

Color 
experimental (%)

Color 
predicted (%)

6 (2) 2 (2) 2,000 (2) 2 (2) 30.5
30.875

82
80.06

6 (2) 2 (2) 2,000 (2) 2 (2) 31.4 80
7 (3) 3 (3) 3,000(3) 3 (3) 34.5

34.875
88

87.81
7 (3) 3 (3) 3,000(3) 3 (3) 35.1 86
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to have wider optimum coagulation pH range (6.0–8.5) 
compared to that of unmodified polyaluminum-chlo-
ride (6.0–8.0) in removing oil from oil refinery wastewater 
[45]. Consequently, it can be concluded that the hybridiza-
tion of foreign species into the coagulant can increase the 
efficiency of treatment as well as decreases the effect of 
pH which in turn can treat different kinds of wastewater.

In this study, it is obtained that pH is the most import-
ant factor both COD and color removal efficiencies for PIWW 
treatment. As can be seen from Fig. 1, level 3 corresponds to 
the pH with the highest COD removal efficiency (pH = 7.0). 
Also, Table 4 shows that the highest contribution to COD 
removal is from the pH factor (%CI = 37.39). Moreover, from 
Fig. 2, level 4 corresponds to the pH with the highest COD 
removal efficiency (pH = 8.0). Also, Table 5 shows that the 
highest contribution to color removal is from the pH factor 
(%CI = 86.97). The removal efficiencies of COD and color 
based on the changes of pH are summarized in Table 3. The 
highest removal efficiency for COD was obtained at the 
third level (pH = 7) in the PIWW pretreatment batch experi-
ments. On the other hand, the highest removal efficiency for 
color was obtained at the fourth level (pH = 8). According 
to Table 3, COD removal efficiency at pH = 6 was reduced 
by 8% compared with the value at pH = 7. The highest color 
removal efficiency was realized at pH = 8. The color removal 
at pH = 9 was reduced by 10% compared with the value  
at pH = 8.

3.1.2. Effect of PACS dosage on the process

The dose of coagulant/coagulant to be used in the coag-
ulation/flocculation process varies depending on the content 
of colloids or suspended solids in the liquid to be treated. 
It can be assumed that the treatment efficiency increases 
with increasing coagulant/flocculant content, however, 
under certain conditions, the treatment efficiency reaches its 
maximum and then decreases with increasing dosage [17]. 

The reason for this can be explained by the reversal of the 
particle surface charge due to the excess of inorganic coagu-
lant, and consequently a reduction in treatment efficiency is 
expected. This disadvantage can be compensated for by the 
application of hybrid materials with a wider optimum dose 
range than conventional coagulant/flocculating chemicals. 
In a study [45], a comparison was made between polyalu-
minum-chloride (PAC) and polyaluminum-silicate-chloride 
(PASiC) in terms of turbidity reduction. It has been deter-
mined that PASiC coagulant provides a wider effective dos-
age range than PAC. That is, due to the synergistic effect of 
two different components in a single hybrid matrix, it has 
been demonstrated that maximum purification efficiency can 
be achieved by using less coagulant.

In this study, one of the most important independent fac-
tor for efficient removal of pollutants (COD and color) in the 
process is PACS and used as coagulation/flocculation hybrid 
material for PIWW treatment. It is obtained that PACS dose 
is one of the most important factors both COD and color 
removal efficiencies for PIWW treatment. As can be seen 
from Fig. 1, level 3 corresponds to the PACS dose (3 mg/L) 
with the highest COD removal efficiency. Also, Table 4 
shows that the second highest contribution to COD removal 
is from PACS factor (%C = 33.09). Moreover, from Fig. 2, 
level 4 corresponds to PACS dose (4 mg/L) with the highest 
color removal efficiency. Also, Table 5 shows that the third 
important contribution to color removal is from PACS factor 
(%C = 3.75). The removal efficiencies of COD and color based 
on the changes of PACS dose are summarized in Table 3. 
The highest removal efficiency for COD was obtained at the 
third level (3 mg/L) in the PIWW pre-treatment batch exper-
iments. On the other hand, the highest removal efficiency 
for color was obtained at the first level (1 mg/L).

3.1.3. Effect of revolutions per minute (rpm) on the process

In this study, it is obtained that rpm is the least import-
ant factor both COD and color removal efficiencies for PIWW 
treatment. As can be seen from Fig. 1, level 3 corresponds 
to rpm factor with the highest COD removal efficiency 
(rpm = 3,000 rpm). Also, Table 4 shows that the least con-
tribution to COD removal is from rpm factor (%C = 3.76). 
Moreover, from Fig. 2, level 3 corresponds to rpm with the 
highest COD removal efficiency (rpm = 3,000 rpm). Also, 
Table 5 shows that the least contribution to color removal 
is from rpm factor (%C = 3.74). The removal efficiencies 
of COD and color based on the changes of rpm factor are 
summarized in Table 3. The highest removal efficiency for 
COD was obtained at the first level (rpm = 1,000 rpm) in the 
PIWW pretreatment batch experiments. On the other hand, 
the highest removal efficiency for color was obtained at 
the fourth level (rpm = 4,000 rpm).

3.1.4. Effect of centrifugation time on the process

In this study, it is obtained that centrifugation time (CT) 
is the second or third important factor both COD and color 
removal efficiencies for PIWW treatment. As can be seen 
from Fig. 1, level 2 corresponds to CT factor with the highest 
COD removal efficiency (CT = 2 min). Also, Table 4 shows 
that the third important contribution to COD removal is 

 

Fig. 4. Comparisons of experimental and model predicted 
results for color removal efficiency.
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from CT factor (%C = 13.42). Moreover, from Fig. 2, level 2 
corresponds to CT with the highest COD removal efficiency 
(CT = 2 min). Also, Table 5 shows that the second important 
contribution to color removal is from CT factor (%C = 4.25). 
The removal efficiencies of COD and color based on the 
changes of CT factor are summarized in Table 3. The high-
est removal efficiency for both COD and color obtained at 
the second level (CT = 2 min) in the PIWW pre-treatment 
batch experiments.

3.1.5. Costs analysis

In the process, cost is considered a vital parameter that 
affects the application of any method of wastewater treat-
ment. Inorganic–organic hybrid materials can be considered 
as a more effective material in treating wastewater. They 
are more cost effective compared to inorganic–inorganic 
hybrid [39]. Hence, it can be said that the inorganic–inor-
ganic hybrid chemical PACS used in this study is more costly 
than conventional coagulants.

4. Conclusions

PIWW, whose treatability study was carried out, was 
taken from the paint production factory equalization pool 
and includes wastewater from all production processes in 
the factory. For this reason, PIWW contain both water-based 
and oil-based paint production processes wastewater. It is 
clear that the PIWW, whose treatability study has been car-
ried out here, can be treated at a level that can be given to the 
receiving environment by sequential use of physicochemical 
and biological treatment methods. So, the aim of this study 
is to determine the working conditions that will reduce the 
burden of subsequent treatment processes by performing a 
pre-treatment with PACS. According to the results obtained 
in the studies, the highest COD removal efficiency is obtained 
as 37% at pH = 7.0. Considering COD as the most import-
ant pollutant in the PIWW, the contribution of independent 
variables to the process can be shown pH > PACS dose > cen-
trifugation time > revolution per minute. Moreover, accord-
ing to the results obtained in the studies, the highest color 
removal efficiency is found to be 89% at a pH = 8. The con-
tribution of independent variables to the process can be 
given pH > centrifugation time > PACS dose > revolution  
per minute.
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