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Abstract  Response surface methodology (RSM) 
and Box–Behnken design (BBD) were investigated to 
optimize the coagulation–flocculation process (CF) of 
cardboard industry effluent using polyaluminum chlo-
ride (PAC) and cationic polyacrylamides (c-PAM). 
The aim is to identify the optimum combination of 
coagulant dose, pH, and flocculant dosage for the 
highest removal efficacy of chemical oxygen demand 
(COD) and anionic surfactant removal. According 
to the results, COD reduction was principally con-
trolled by PAC and c-PAM, while anionic surfactant 
was affected by pH and PAC. In addition, COD and 

anionic surfactant removal models fitted well with the 
experimental results (R2 > 0.85). Coagulation/floc-
culation using optimum conditions of pH, PAC, and 
c-PAM led to the total removal of anionic surfactant 
and the reduction of more than 95% of COD.

Keywords  Cardboard industry wastewater · 
Coagulation/flocculation · Response surface 
methodology · Box–Behnken design · Anionic 
surfactants

1  Introduction

The discharge of various pollutants, including heavy 
metals, dyes, surfactants, pharmaceuticals, pesticides, 
and personal care products, from both industrial and 
municipal sources has led to the contamination of 
the world’s water resources (Siyal et al., 2020). This 
pollution is a significant environmental concern, as 
it not only impacts the health of aquatic ecosystems, 
but also poses a risk to human health through the con-
sumption of contaminated water or aquatic organisms 
(Bani-Melhem et  al., 2023). Additionally, the deg-
radation of water quality can have economic conse-
quences, as it can limit the availability of clean water 
for drinking, irrigation, and industrial purposes (Harif 
et  al., 2022a). As such, it is critical to implement 
effective strategies to mitigate the discharge of pollut-
ants into water resources and promote the sustainable 
use of this precious natural resource.
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Surfactants, also known as surface-active agents, 
are widely recognized for their cleaning and solu-
bility properties. They are used in daily life appli-
cation and various industries, and most are dis-
persed in diverse environmental compartments. 
Surfactants consist of amphiphilic molecules that 
have a hydrophilic group and a lipophilic group 
(Yuan et al., 2014). They are compounds that alter 
energy relationships at interfaces, often by chang-
ing either the surface or interfacial tension (Glass-
man, 1948). When used in low concentrations, sur-
factants decrease the interfacial free energy required 
to modify the interfacial or surface area, leading to 
the expansion of one of the interfaces in the sys-
tem (Rosen, 1972). This property enhances the effi-
ciency of various processes (Hoffmann & Ebert, 
1988), and surfactants are commonly employed as 
wetting agents, detergents, and emulsifying agents 
(Glassman, 1948). Some surfactants, such as qua-
ternary ammonium compounds (QACs), can dam-
age the outer membrane of gram-negative bacteria 
and hence are used as disinfectants (Palmer & Hat-
ley, 2018).

The world production of surfactants has increased 
since the 1980s, from 1.7 million tons utilized in 1984 
to 15.93 million tons used in 2014 and the 24.19 mil-
lion tons forecast used in 2022 (Chen et al., 2020). In 
2019, the global market for surfactants was esteemed 
at $41.3 billion, and it is predicted to grow at $58.5 
billion by 2027, with a CAGR of 5.3% from 2020 to 
2027 (Allied Market Research, 2020; Saurabh et al., 
2023). This anticipated growth is now believed to 
be underestimated because of the rising demand for 
products containing surfactants resulting from the 
COVID-19 pandemic (Johnson et al., 2021). A wide 
range of these products are currently employed in 
many fields, including pulp paper, textiles, food, 
polymers, industries, cosmetics, and pharmaceuticals 
(Aboulhassan et al., 2006). Surfactants are important 
categories of pollutants in industrial wastewater. After 
utilization, residual surfactants are discharged directly 
into surface waters or into wastewater and accumu-
late in wastewater treatment plants. One of the main 
challenges in wastewater treatment is the treatment 
of surfactants. This is related to surfactants’ wide use 
and variety, as well as their negative effects on the 
wastewater treatment process and, more significantly, 
on the environment (Boethling, 2019; Mousavi et al., 
2011; Pettersson et al., 2000; Yuan et al., 2014).

According to the literature, anionic surfactants 
are the most common type found in wastewater (Al-
Qodah et  al., 2020a; Johnson et  al., 2021; Rashid 
et al., 2020). Surfactants, both cationic and non-ionic, 
were also regularly discovered, but at lower concen-
trations (AGRICE, 2001; Palmer & Hatley, 2018; 
Rashid et al., 2020). Nevertheless, there is a relative 
deficiency of wastewater characterizations that draw 
attention to the presence of various surfactant classes 
(Palmer & Hatley, 2018). Removal methods of sur-
factants require processes such as electrochemical 
and chemical oxidation, biological systems, mem-
brane technology, chemical precipitation, adsorption, 
and photocatalytic degradation (Abd El-Lateef et al., 
2018; Aboulhassan et al., 2006; Adesina et al., 2019; 
Al-Qodah et al., 2020b; Bankole et al., 2017; Bolong 
et  al., 2009; Fernández et  al., 2005; Khosravanipour 
Mostafazadeh et al., 2019; Kong et al., 2006; Kowal-
ska et al., 2005; Lin et al., 1999; Lissens et al., 2003; 
Ono et al., 2012; Park et al., 2021; Pham et al., 2016; 
Wei et al., 2015). The method used to treat wastewater 
differs depending on the type of surfactant. Accord-
ing to previous works, surfactants are not efficiently 
eliminated by traditional biological degradation pro-
cesses, requiring additional chemical treatment, par-
ticularly with industrial effluent (Arslan-Alaton et al., 
2007; Ikehata & El-Din, 2004; Renault et al., 2009). 
Hence, coagulation–flocculation process has received 
significant regard because of its high pollution 
removal efficacy (Mahvi & Maleki, 2004; Aboulhas-
san et al., 2006; Adesina et al., 2019; Beltrán-Heredia 
et al., 2009; Çırak & Hoşten, 2017; Park et al., 2021). 
This process involves the neutralization of cationic 
hydrolysis products by negatively charged colloids, 
which then leads to the amalgamation of contamina-
tion in amorphous hydroxide precipitation (Azimi & 
Shirini, 2020).

Coagulation is mostly performed using inorganic 
metal salts, such as ferric and aluminum chlorides 
and sulfates. Polyelectrolytes of different structures, 
such as polyacrylamides, polysaccharides, polyvi-
nyl, and chitosan, are generally employed as floccu-
lants to rise the floc density aiming to enhance the 
sedimentation rate. As mentioned by Nandy et  al. 
(Nandy et  al., 2002), adding cationic polyelectrolyte 
to polyaluminium chloride (PAC) improved sepa-
ration efficiency and made the flocs stronger than 
those created by simple salts. In the previous studies, 
polyacrylamide has been found to be efficient for the 



Water Air Soil Pollut (2023) 234:477	

1 3

Page 3 of 16  477

Vol.: (0123456789)

coagulation-flocculation of cardboard industry efflu-
ent (Ahmad et al., 2008; Gao et al., 2005; Harif et al., 
2022b). PAC is generally used, in surface water and 
wastewater treatment, as coagulant. The action mech-
anism is mostly explained by the bridge formation 
mechanism and the charge neutralization of nega-
tively charges colloids via cationic hydrolysates (Gao 
et al., 2005; Hennecke et al., 2018). Many parameters, 
such as coagulant dose and pH, influence the relative 
importance of these mechanisms.

Box–Behnken design (BBD), central compos-
ite design, and three-level factorial design are the 
most general designs used by the researchers. In the 
ensuing optimization studies, the BBD was utilized 
to characterize the effects of the factors on their 
responses (Garg & Prasad, 2016). The aim of this 
work is (a) the performance of coagulation–floccu-
lation process with the application of polyaluminum 
chloride (PAC) as coagulant and cationic polyacryla-
mides (c-PAM) as flocculant, (b) optimize CF pro-
cess by using the response surface methodology 
(RSM) and Box–Behnken design (BBD), and (c) 
study the effectiveness of parameters PAC concentra-
tion, c-PAM dosage, and pH in CF process for COD 
and surfactant removal and cardboard wastewater 
treatment.

A response surface methodology is a valuable sta-
tistical tool that allows for the efficient and cost-effec-
tive assessment of the interactive effects of various 
factors (Dehghani et  al., 2020; Harif et  al., 2022a). 
To our knowledge, this study is the first of its kind 
to investigate the improvement of anionic surfactant 
removal from cardboard industry wastewater using 
coagulation/flocculation.

2 � Material and Methods

2.1 � Samples Handling and Characterization

The cardboard wastewater was collected from a card-
board industry situated in Agadir City, Morocco. The 
samples were stored until analysis according to the 
Standard Methods for the Examination of Water and 
Wastewater (APHA, 1930). The characterization of 
the cardboard wastewater is summarized in Table 1.

The closed reflux colorimetric method (Method 
5220 C) was used to evaluate the COD analysis, the 
WTW InoLab pH 7110 was used to test pH, and the 

concentration of anionic surfactant (AS) was per-
formed via solvent extraction-spectrophotometric 
with ethyl violet method (Motomlzu et al., 1982).

A spectrophotometer was used to obtain Fourier-
transform infrared (FTIR) spectroscopy of the prod-
ucts in KBr pellets (2 mg/200 mg). At a resolution of 
4 cm−1,128 scans were evaluated.

2.2 � Coagulant and Flocculants Used

Coagulation–flocculation process was performed by a 
commercial-grade polyaluminum chloride (PAC) and 
cationic polyacrylamides (c-PAM). Polyaluminum 
chloride (PAC) has grown to be the most widely used 
coagulant because of the benefits over traditional 
aluminum or ferric-based coagulants, such as less 
aluminum residuals, better performance at low tem-
perature, less effect on the pH value of water, rapid 
flocculation, and less sludge volume (Wei et  al., 
2015). Cationic polyacrylamides (c-PAM) used as 
flocculants are characterized as a high molecular 
product (pH: 3–4, density: approx. 1.2 g/m3, viscosity 
in tap water: < 600 cp, and cationicity: 35%).

The structure of c-PAM was studied using infrared 
spectroscopy (Fig. 1). The stretching vibration of the 
-NH2 group refers to the absorption peak shown at 
wave-length 3450 cm1, and the one at 2900 cm1 indi-
cates the existence of -CH2- group. The presence of 
the -C = O bond, NH2 group, C-N bond, and -C–C- 
group was also demonstrated by peaks at 1650 cm1, 
1600 cm−1, 1450 cm−1, and 1100 cm−1, respectively.

2.3 � Procedure in the Jar Tests

A jar test method comprising six beakers was 
installed at room temperature for each test. The sam-
ples were removed into 1-L beakers for each run. The 
beakers were put in the jar test setup after the pH was 

Table 1   Cardboard industry wastewater characteristics

Parameter Unit Mean value

pH 7.45
Turbidity NTU 11,000
TSS mg/l 12,825
COD mg O2/l 11,983
BOD5 mg O2/l 880
Anionic surfactant mg/l 0.72
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adjusted by applying 1 mol/l NaOH or 1 mol/l HCl, 
and various coagulant dosages were added.

After being agitated at 200 rpm for 5 min, the mix-
ture was then slowly agitated for 15 min at 30 rpm. After 
1 h settling period, anionic surfactant and COD determi-
nations were performed by taking samples around 2 cm 
below the water level. The anionic surfactant and COD 
removal can be determined as in Eq. (1).

where Ci and Cf represent, respectively, the initial and 
final concentrations.

2.4 � Experimental Design

2.4.1 � Box Behnken Design

With a limited number of experiments, RSM was 
analyzed to identify the interaction between factors 
and responses. In this study, the model coefficients 
are evaluated using a Box–Behnken design (BBD) 
with 14 experiments (Table  2). The experimental 
points are located in the center of the cube’s ridges 
(12 experiments) and in the cube’s center (2 exper-
iments). Replicates are performed at the center 

(1)Removal(%) =
Ci − Cf

Ci

× 100

Fig. 1   FTIR of c-PAM

Table 2   Selected values for the process independent variables’ 
coded and actual values

Factors Variables Unit Range of actual and 
coded variables

 − 1 0  + 1

X1 PAC mg/l 200 300 400
X2 pH - 5 6 7
X3 c-PAM mg/l 2.5 3.5 4.5

point to establish a nearly orthogonal design and 
evaluate the pure error variance(Box et  al., 2005; 
Mazerolles et al., 1989; Pereira et al., 2007; Singh 
& Ahuja, 1999). Coagulant concentration (X1), ini-
tial pH (X2), and flocculant concentration (X3) were 
the variables. The coding method of the variables 
has been reported by Gunst et al. (Gunst & Mason, 
2009). Table 2 presents the range and the level of 
variables.

COD and anionic surfactant removals were cho-
sen as responses in the experiment (Y). As given in 
Eq.  (2), a second-order polynomial equation repre-
sents the model (Box et  al., 2005; Douahem et  al., 
2016; Huzir et al., 2019; Mason et al., 2003; Sridhar 
et al., 2015):

(2)Y = b
0
+ b

1
X
1
+ b

2
X
2
+ b

3
X
3
+ b

11
X2

1
+ b

22
X2

2
+ b

33
X2

3
+ b

12
X
1
X
2
+ b

13
X
1
X
3
+ b

23
X
2
X
3
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where Y is the theoretical response function; Xj is 
coded variables of the system; and b0, bj, bjk, and bjj 
are model coefficients.

The regression coefficients and their effects were 
investigated using analysis of variance (ANOVA) 
(Akhnazarova & Kafarov, 1984). The efficiency of 
the fit polynomial model was indicated by the coef-
ficient of determination, R2.

The statistically significant experimental design 
and analysis were carried out using the NEMRODW 
software (Mathieu et al., 2000). The optimum values 
of chosen variables were determined by applying the 
desirability function available in NEMRODW and 
evaluating the response surface contour plots.

3 � Results and Discussion

3.1 � Physicochemical Characteristics of the 
Cardboard Effluent

The cardboard industry generates a huge volume 
of wastewater; the average flow rate of wastewater 
is about 6000 m3/day. The cardboard wastewater 
characteristics are presented in Table  1. It should 
be noted that values do not conform to Moroccan 
environmental regulations. In fact, the cardboard 

wastewater presents the dark gray color due to the 
mixture of several inks as well as other residual 
products used during the cardboard processing. 
Low BOD5 (880  g O2/l) and high COD concen-
tration (11,983  g O2/l) conclude the presence of 
huge amounts of non-biodegradable organic mat-
ter. Indeed, the BOD5/COD ratio was 0.073 (< 0.4) 
(Soloman et  al., 2009), indicating that the waste-
water is not easily biodegradable. The cardboard 
wastewater is characterized by including a high 
number of suspended solids, and the TSS content 
was about 12,825  mg/l. The average anionic sur-
factant content was about 0.72 mg/l. Therefore, the 
persistent foams may appear in the water and may 
create an insulating layer leading to the weakness of 
the exchange between the gas atmosphere and water 
body, then leading to the reduction of dissolved 
oxygen.

3.2 � Box–Behnken Design

Experiments were performed to analyze the effect of 
PAC (X1), pH (X2), and c-PAM (X3) on the responses 
Y1 (COD removal) and Y2 (anionic surfactant 
removal) by the design matrix. The results (Table 3) 
indicate that the highest COD removal of 95.69% 

Table 3   Independent variables and their Box–Behnken design levels

Experiment Coded levels Actual levels Responses

X1 X2 X3 PAC (mg/l−1) pH c-PAM (mg/l−1) COD removal % AS removal %

1  − 1  − 1 0 200 5 3.50 91.52 100.00
2  + 1  − 1 0 400 5 3.50 90.40 93.21
3  − 1  + 1 0 200 7 3.50 85.67 0.00
4  + 1  + 1 0 400 7 3.50 94.02 14.18
5  − 1 0  − 1 200 6 2.50 85.40 7.09
6  + 1 0  − 1 400 6 2.50 88.18 63.83
7  − 1 0  + 1 200 6 4.50 92.35 0.00
8  + 1 0  + 1 400 6 4.50 94.30 82.00
9 0  − 1  − 1 300 5 2.50 93.18 98.00
10 0  + 1  − 1 300 7 2.50 93.74 0.00
11 0  − 1  + 1 300 5 4.50 93.18 100.00
12 0  + 1  + 1 300 7 4.50 95.69 0.00
13 0 0 0 300 6 3.50 93.18 93.59
14 0 0 0 300 6 3.50 93.19 92.47
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was achieved using 300  mg/l of PAC, pH = 7, and 
4.5  mg/l of c-PAM (experiment 12). However, 1 
and 11 experiments with 200 and 300 mg/l of PAC, 
pH = 5, and 3.5 and 4.5 mg/l of c-PAM, respectively, 
demonstrated the total anionic surfactant removal.

3.3 � Model Equations

Results of the BBD experiments are applied to evalu-
ate the model coefficients. Equations (3) and (4) rep-
resent the fitted models expressed in coded variables:

Table 4   Variance analysis 
of Box–Behnken design 
responses

Source de variation Sum of square Df Mean Ratio Significance

(a) COD removal
  Regression 1.11849 × 102 9 1.24277 × 101 248,554.2063 0.619**
  Residual 1.97493 × 101 4 4.93734
  Lack of fit 1.97493 × 101 3 6.58310 0.657**
  Pur error 5.00000 × 10−5 1 5.00000 × 10−5

  Total 1.31599 × 102 13
(b) Anionic surfactant removal

  Regression 2.48614 × 104 9 2.76237 × 103 4404.2947 1.46*
  Residual 2.21252 × 103 4 5.53130 × 102

  Lack of fit 2.21189 × 103 3 7.37297 × 102 1175.5374 2.30*
  Pur error 6.27200 × 10−1 1 6.27200 × 101

  Total 2.70739 × 104 13

Table 5   Estimates of 
the model regression and 
statistics on the coefficients

***Significant at the level 99.9%; **significant at the level 99%; *significant at the level 95%

Name Coefficient F. inflation Standard 
deviation

t.exp Significance (%)

COD removal
  b0 93.185 0.005 18,637 0.441**
  b1 1.495 1.00 0.002 598.00 0.559**
  b2 0.105 1.00 0.002 42.00 1.65*
  b3 1.877 1.00 0.002 751.00 0.539**
  b11  − 3.336 1.07 0.004  − 844.01 0.530**
  b22 0.554 1.07 0.004 140.09 0.832**
  b33 0.209 1.07 0.004 52.81 1.40*
  b12 2.367 1.00 0.004 669.63 0.548**
  b13  − 0.207 1.00 0.004  − 58.69 1.31*
  b23 0.488 1.00 0.004 137.89 0.837**

Anionic surfactant removal
  b0 93.020 0.560 166.12 0.778**
  b1 18.266 1.00 0.280 65.24 1.22*
  b2  − 47.129 1.00 0.280  − 168.32 0.775**
  b3 1.635 1.00 0.280 5.84 11.2
  b11  − 26.226 1.07 0.443  − 59.24 1.30*
  b22  − 14.956 1.07 0.443  − 33.78 1.95*
  b33  − 28.574 1.07 0.443  − 64.54 1.23*
  b12 5.243 1.00 0.396 13.24 4.73*
  b13 6.315 1.00 0.396 15.95 3.90 *
  b23  − 0.500 1.00 0.396  − 1.26 42.8
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•	 COD removal:

•	 Anionic surfactant removal:

3.4 � Model Validation and Statistical Analysis

The variance analysis results for the fitted models are 
summarized in Tables 4 and 5. The regression sum of 

(3)

Y
1
= 93.185 + 1.495X

1

+ 0.105X
2
+ 1.877X

3

− 3.356X
2

1
+ 0.554X

2

2

+ 0.209X
2

3
+ 2.367X

1
X
2

− 0.207X
1
X
3
+ 0.488X

2
X
3

(4)

Y
2
= 93.03 + 18.266X

1

− 47.129X
2
+ 1.635X

3

− 26.226X
2

1
− 14.956X

2

2

− 28.574X
2

3
+ 5.243X

1
X
2

+ 6.315X
1
X
3
− 0.5X

2
X
3

squares for Y1 and Y2 reaches statistical significance at 
levels of 99 and 95%, respectively. The models were 
found to be significant at more than 95% confidence 
level as illustrated in Table  4, with all p-values of 
regression less than 0.05. It can be concluded that all 
three variables were significant for the Y1 response, 
but X3 was not significant for Y2 response (Table 5). 
In addition, all factor interactions were significant for 
Y1, but the interaction between X2 and X3 was not sig-
nificant for Y2.

Moreover, R2 must be at least 0.80 for the good fit 
of a model (Guan & Yao, 2008). The R2 results were 
0.852 and 0.918 for Y1 and Y2, respectively, and dem-
onstrate that the second-order polynomial model fit-
ted well with the experimental results (Table  6). In 
fact, Figs.  2 and 3 demonstrated that the measured 
versus anticipated plot values were evenly distributed 
near the straight line.

This showed the high effectiveness and correct 
fitting of the obtained model for COD removal and 
surfactant removal. However, as shown in Table 4, 
the variance associated with lack of fit and pure 
error were compared, highlighting the signifi-
cance of lack of fit. Applying the obtained model, 
iso-response lines and response surfaces are con-
structed, and the response value in the research 
region is predicted.

3.5 � Effect of Variables on Responses

Figures  3 and 4 describe the surface design for the 
coagulation–flocculation process of cardboard waste-
water using PAC and c-PAM. The flexure of the 

Table 6   Regression analysis

(a) COD removal
Standard deviation of the response 0.007
R2 0.850
R2A 0.512
(b) Surfactant removal
Standard deviation of the response 0.792
R2 0.918
R2A 0.734

Fig. 2   Correlation of calculated and experimental a COD removal (%) and b anionic surfactant removal (%)
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figures illustrates how the variables and reactions 
interact.

3.5.1 � Effects of PAC Dosage and Initial pH

At a constant c-PAM concentration of 3.5  mg/l, 
Figs. 3a and 4a illustrate the effects of increasing the 
PAC dosage (X1) and initial pH (X2) on COD and 
anionic surfactant removal, respectively. The p-value 
for PAC dosage (0.559) compared to pH (1.65) in 
ANOVA (Table  5) showed that PAC dosage had a 
more significant impact on COD removal. How-
ever, for anionic surfactant removal, the effect of pH 
(p = 0.775) was more significant than the effect of 
PAC dosage (p = 1.22).

Figure  3a shows a moderate interaction between 
pH and COD removal, because any variation in its 
value along its axis will not result in any significant 
change in COD removal. Figure  3a also reveals a 
significant interaction between the PAC dosage and 
COD removal as any change in PAC dosage affects 
the COD removal. The two-dimensional contour plot 
in Fig.  4a shows that the PAC dosage has minimal 
effect on the anionic surfactant removal. The anionic 
surfactant is affected mostly by pH, which suggested 
that anionic surfactant was more easily coagulated in 
acidic medium.

Figure 4a also demonstrated that the optimal con-
ditions for surfactant removal were achieved at a PAC 
concentration between 200 and 350 mg/l and a pH of 
less than 6. These conditions resulted in remarkable 
performance in terms of anionic surfactant removal, 
with average removal efficiencies of 99%. Simi-
lar conditions were also effective in removing more 
than 93% of COD, as shown in Fig. 4a. PAC works 
by neutralizing the negative charges on the anionic 
surfactants and the organic particles contributing 
to COD levels, forming larger particles that can be 
removed by settling.

Deng et al. (Deng et al., 2011) previously demon-
strated that the use of PAC in the coagulation pro-
cess can increase the efficiency of anionic surfactant 
removal. The authors hypothesized that the anionic 

surfactant molecules interacted primarily with the 
surface of the PAC particles through hydrophobic 
interactions, leading to a progressive increase in the 
hydrophilicity of the surface. To achieve an increase 
in adsorption through this approach, a contact 
between the hydroxyl group and the polarized group 
of the anionic surfactant was necessary.

3.5.2 � Effect of PAC Dosage and c‑PAM Dosage

At a constant pH of 6, Figs.  3b and 4b demonstrate 
the effects of PAC dosage (X1) and c-PAM dosage 
(X3), respectively, and their reciprocal interactions 
on COD and anionic surfactant removal. The p-value 
of PAC dosage (0.559) was higher than the p-value 
for c-PAM dosage (0.539) demonstrates that c-PAM 
could explain why c-PAM was the significant variable 
for achieving high COD removal on CF process. Fur-
thermore, the p-value for PAC dose of 1.22 was sig-
nificantly lower than the p-value for c-PAM dosage of 
11.2 for anionic surfactant removal. This result con-
cluded that c-PAM dosage wielded the most impor-
tant effect on COD removal. However, PAC dosage 
had a more significant effect on anionic surfactant 
removal than c-PAM dosage.

Figures  3b and 4b illustrate that COD and Sur-
factant were influenced either by PAC and c-PAM 
dosages. The results revealed that the high COD 
removal (94%) could be reached at a PAC dosage 
between 250 and 350  mg/l with a c-PAM concen-
tration of over 3.5  mg/l. The highest anionic sur-
factant removal condition is substantially inside the 
design boundary, as seen by the response surface of 
anionic surfactant removal, which illustrates a clear 
peak (Fig.  4b). According to Fig.  4b, the high ani-
onic surfactant removal of more than 82% is reached 
at PAC dosage of 250–350 mg/l and c-PAM dosage 
3–4 mg/l. The removal of anionic surfactant increased 
with a further increase of the PAC and c-PAM dosage 
beyond the optimum conditions.

Recent scientific publications that support the find-
ings of this study include the research by Li et al. (Li 
et  al., 2019) which studied the effects of PAC and 
c-PAM dosages on the removal of heavy metals. They 
reported that increasing PAC and c-PAM dosages led 
to increased heavy metal removal, but excessive dos-
ages resulted in reduced removal efficiency.

In addition to these studies, there are several pos-
sible explanations for the observed effects of PAC 

Fig. 3   Contour plot and three-dimensional response surface 
and contour plots for the effect on COD removal: PAC dosage 
and pH at constant c-PAM dosage = 3.5 mg/l (a), PAC dosage 
and c-PAM dosage at constant pH 6 (b), and pH and c-PAM 
dosage at constant PAC dosage (c)
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and c-PAM dosages on COD and anionic surfactant 
removal. PAC is a coagulant that can neutralize the 
negatively charged particles in wastewater by adsorb-
ing them onto its positively charged surface. This pro-
cess can enhance the removal of organic matter, such 
as COD, by forming larger particles that are easier 
to settle or filter out. However, excessive dosages of 
PAC can result in the destabilization of the flocs and 
reduce the removal efficiency.

On the other hand, c-PAM is a flocculant that can 
bridge the destabilized particles together to form 
larger flocs, which can also enhance the removal of 
organic matter and anionic surfactants. The positive 
charges of c-PAM can neutralize the negative charges 
of the anionic surfactants, thereby reducing their sol-
ubility and facilitating their removal. However, exces-
sive dosages of c-PAM can result in the formation of 
smaller, weaker flocs, which can reduce the removal 
efficiency.

3.5.3 � Effect of Initial pH and c‑PAM Dosage

Figures  3c and 4c demonstrate the effect of vari-
able pH (X2) and c-PAM dosage (X3) on anionic 
surfactant and COD removals at constant conditions 
of 300  mg/l of PAC concentration. The molecu-
lar structure of c-PAM, which did not vary with 
pH, had no effect on its charge neutralization and 
adsorption bridging effect. c-PAM is a polyacryla-
mide cationic that contains NH2 which could yield 
NH3

+ in acid media. It can thus conceivably hypoth-
esize that C-PAM works better in acid medium, 
as shown in the results, especially with anion sur-
factants. As a result, introducing c-PAM increased 
the COD removal but not for surfactant removal. 
From Table  5, it can be seen that the pH (1.65) 
affected significantly COD removal and was less 
significant than the c-PAM dosage (0.539). How-
ever, c-PAM dosage was not significant on anionic 
surfactant removal. This is due to the higher p-value 
obtained for c-PAM in anionic surfactant removal 
(11.2) as compared to initial pH (0.775).

The result showed that total removal of ani-
onic surfactant could be obtained at a low pH using 
3 to 4.5  mg/l of c-PAM dosages. The highest COD 
removal (95%) can be reached at similar conditions. It 
can be concluded that the anionic surfactant and COD 
reduction were favored by the wastewater’s acidic 
condition. According to Yongabi (Garg & Prasad, 
2016), the more efficiently the suspended solids can 
coagulate depends on the pH of the wastewater. This 
can be explained by the charge neutralization mecha-
nism, in which cationic particles are attracted to col-
loidal particles strongly.

3.6 � Optimization

The optimizations of the two individual responses, 
COD and surfactant removals, were reached accord-
ing to different optimal conditions. The optimum 
COD and surfactant removals may have a mutual 
effect. As a result, a compromise between the two 
responses’ optimal conditions is required. The 
desirability of the two responses was established 
by determining the desirable limits of 95% COD 
removal and 100% surfactant removal. Figure  5 
shows the results of the NEMROD-W software’s 
estimate of the global desirability function D as a 
contour graph and a three-dimensional graph. The 
relatively flat zone relating to optimum conditions 
could be noted (D = 1).

Based on the shaded area of overlain contour 
in Fig.  5, a compromise for 95.02% COD removal 
and 100% anionic surfactant removal can be met 
at 311 mg/l PAC, pH 5, and 4.5 mg/l c-PAM. The 
results were superior to previous studies of sur-
factant removal by coagulation–flocculation pro-
cess: Mohan (Dehghani et  al., 2020) found 96.3% 
anionic surfactant removal from laundry wastewater 
with the naturalized coagulants. Aboulhassan et al. 
(Aboulhassan et  al., 2006) have previously stated 
99% surfactant removal from microelectronic fac-
tory wastewater. It has been also shown in Kaleta 
and Elektorowicz’s (Kaleta & Elektorowicz, 2013) 
work the similar result (100% anionic surfactant 
removal) using powdered activated carbon before 
introducing basic coagulant to the coagulation pro-
cess. The use of PAC and c-PAM in the treatment of 
pulp and paper industry effluents might be deemed 
cost-effective (Wong et al., 2006). In this work, the 

Fig. 4   Contour plot and three-dimensional response surface 
and contour plots for the effect on surfactant removal: PAC 
dosage and pH at constant c-PAM dosage = 3.5 mg/l (a), PAC 
dosage and c-PAM dosage at constant pH 6 (b), and pH and 
c-PAM dosage at constant PAC (c)
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Fig. 5   Contour plot and response surface of the global desirability function
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cost of wastewater treatment using PAC and c-PAM 
is around 791,29 $ per m3.

The biological processes may provide an alterna-
tive for surfactant treatment due to their cheaper cost. 
However, several disadvantages must be considered 
when using these processes (Palmer & Hatley, 2018). 
For instance, the reaction time can be slow, and 
high surfactant concentrations can lead to biomass 
death. Additionally, foam formation and high sewage 
sludge generation can be problematic (Bering et  al., 
2018; Collivignarelli et al., 2019; Jardak et al., 2016; 
Palmer & Hatley, 2018). Nevertheless, operational 
costs of physicochemical and chemical treatments can 
be important due to the requirement on regeneration/
disposing of exhausted adsorbent materials in physic-
ochemical treatments and the oxidant value in chemi-
cal treatments (Bering et  al., 2018; Collivignarelli 
et  al., 2019; Jardak et  al., 2016; Palmer & Hatley, 
2018). The physicochemical processes such as coagu-
lation/flocculation had been attracted considerable 
attention due to its high removal efficacy of surfactant 
(Deng et al., 2011; Park et al., 2021).

4 � Conclusion

This study has studied the efficiency of the coagu-
lation–flocculation process applied to the cardboard 
industry wastewater treatment. Parameters affecting 
coagulation–flocculation process were optimized 
using jar-test methods and RSM, including the dos-
age of coagulant and initial pH flocculant dosage. 
Based on preliminary experiments, polyaluminum 
chloride (PAC) was used as coagulant and cationic 
polyacrylamides (c-PAM) as flocculant. Our work 
has led us to conclude that CF treatment reaches a 
fast and effective removal of surfactant and chemi-
cal oxygen demand.

A response surface methodology-based BBD 
model was employed to investigate the effect of 
coagulant dosage, pH, and flocculant dosage on 
COD and surfactant removals and to determine the 
optimum experimental conditions for these three 
control factors. This RSM has revealed a high inter-
action between experimental and predicted val-
ues. A high coefficient of determination value was 
revealed by variance analysis, demonstrating that 
the model was properly tuned to the experimental 
design. The results indicate that PAC, c-PAM, and 

pH were important factors on the CF of cardboard 
industry wastewater. COD reduction was princi-
pally controlled by PAC and c-PAM and was less 
influenced by pH. However, surfactant was princi-
pally controlled first by pH and secondly by PAC, 
while c-PAM has no significant effect on surfactant 
removal. The treatment of cardboard industry 
wastewater using optimum dosages of PAC and 
C-PAM at acidic conditions allows more than 95% 
of COD reduction and a total removal of surfactant.
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