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a b s t r a c t
This work aims to optimize coagulation–flocculation operational parameters using chitosan as 
a biocoagulant to reach a satisfying reduction rate of chemical oxygen demand (COD), chloride 
concentration and suspended materials in an alkaline pH. This process is suggested as pretreat-
ment before the biological step and a comparison study with aluminium sulphate is conducted. 
In the first part, nine factors were screened by Plackett–Burman experimental design to identify 
the most significant, that is, for coagulant: weight percentage of chitosan mixed to aluminium sul-
phate, dosage, mixing rate and stirring time, for flocculent: dosage, stirring time, mixing rate also 
initial pH and settling time. In the second part, modelling and optimization of the chosen responses 
were established by Doehlert design. The target responses, that is, pH: 8.6, COD: 592  mg  O2/L, 
suspended matter (SM): 12.8  mg/L and [Cl]: 2,889  mg/L were obtained with the following opti-
mal conditions: dosage of chitosan = 612.8 mg/L, a stirring speed of 6 rpm at an initial pH of 8.8, 
and 5.6 mg/L of flocculant with a stirring speed of 43 rpm followed by a settling time of 22 min. 
The most significant abatements obtained for COD, SM and [Cl] are 68.90%, 95.24% and 39.72%, 
respectively. Chitosan was found to be an efficient eco-friendly coagulant, forming less sludge 
than aluminium sulphate and allowing the industry to reduce treatment costs.
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1. Introduction

Treating industrial wastewater is of concern for author-
ities and policymakers for preserving a healthy environ-
ment and human beings. The leather tanning industry is 
widely recognized as among the most polluting industries 
through its huge consumption and wasting of water [1]. It 
is a wide common industry all over the world and is known 
to be one of the most important industries in Mediterranean 
Countries [2,3]. For instance, a small tannery located in 
Tunisia, with a treatment of 1,200  skins/d induces up to 
80  m3 of effluents according to Boujelben et al. [4]. It can 

entail harmful contamination of water with a high level 
of salinity, inorganic matter, biochemical/chemical oxygen 
demands, suspended solids, ammonia, organic nitrogen 
and specific pollutants [5]. Too much effort has been done 
so far to develop cost-effective wastewater treatment tech-
nologies to reduce discharge effluent pollutants and reach 
discharge standards. The need for developing these tech-
nologies for treating tannery effluent while reducing sludge 
production rate and chemical consumption is still appar-
ent [6–8]. Conventionally the tannery effluent is treated by 
two principal processes that consist of primary treatment to 
remove suspended solids followed by a second biological 



A. Yahia et al. / Desalination and Water Treatment 225 (2021) 175–189176

treatment process to remove colloidal organic matter, chem-
ical oxygen demand (COD) and dyes. Coagulation–floccu-
lation (CF) used in primary treatment, has been reported 
as a typical chemical treatment technique that enhances 
the ability of a treatment process to remove suspended 
solids, turbidity and reduce the pollution load, improving 
the removal efficiency of the treatment process [9,10]. CF 
has been widely used as a chemical process in industrial 
and urban wastewater treatment to achieve the solid–liquid 
separation since it can be easily implemented and operated 
with low-cost energy consumption [11,12]. In general, CF 
performed using chemical inorganic salts such as alumin-
ium and ferric sulphate and chloride. Jar tests are usually 
conducted in two stages mixing process which involves 
rapid stirring and slow stirring performed by using in the 
first step a coagulant such as iron(III), aluminium salts 
[13,14] and after in the second step a flocculant [15,16]. 
Various polyelectrolytes with a different structures such as 
polysaccharides and polyaluminum chloride, among oth-
ers, are commonly used as coagulants to enhance the sed-
imentation rate. Besides some unconventional adsorbents 
like tea waste and black gram husk have been studied to 
remove heavy metal from industrial effluents [17,18]. 
Recent studies [19–22] showed that natural coagulants can 
be as performant as chemical coagulants in the sedimenta-
tion process and their applications in industrial wastewater 
treatment are gaining popularity. Natural coagulants can 
be derived from crops such as maize, Moringa oleifera and 
okra mucilage. It can also have an animal origin such as 
chitosan which is a co-polymer produced by the deacetyla-
tion of chitin [23]. It can be extracted from crushing shells 
of lobsters, crabs and shrimps [24]. It has many properties 
such as non-toxicity, biodegradability and outstanding chela-
tion behaviour making it an effective coagulant or flocculent 
used to remove contaminants in the dissolved state like dye 
and suspended solids [25]. Renault et al. [26] reported that 
chitosan has the advantages of being non-toxic material, 
non-corrosive and safe to handle. In addition, chitosan is 
efficient in cold and ambient water temperature and does 
not leave residual metals that can cause secondary con-
tamination problems [27]. The study of Verma et al. [25] 
revealed that chitosan considerably increases the density 
of sludge and facilitates its drying compared to the sludge 
produced with metal salts. In addition, as biopolymers are 
biodegradable, the sludge can be efficiently degraded by 
micro-organisms. Previous studies showed that salts influ-
ence the COD removal rate by inhibiting the activity of nat-
ural habitat microbes presented in raw tannery wastewater, 
thus, affecting the good aerobic biological treatment [28,29]. 
In addition, chitosan does not add much to the salinity of 
the treated water and is used in alkaline pH. Therefore, 
this biopolymer is used in this study and its performance 
efficiency was compared with aluminium sulphate.

The aim of this paper is to optimize the use of the coag-
ulant and operational conditions to reach a satisfying 
reduction rate of COD, chloride concentration and sus-
pended materials in an alkaline pH with the coagulation–
flocculation process. The effluent produced upstream 
within this unitary operation, will feed directly to a bio-
logical reactor. Studying many parameters at one time is 
very difficult. For this reason, the design of experiments 

(DoE) is used in order to model and optimize the cho-
sen responses. DoE is considered necessary to provide 
robust and accurate solutions to CF problems [30]. In the 
first step, Plackett–Burman matrix is applied in view to 
determine the most significant factors and investigate the 
interactive effects of experimental factors. After that, in 
the second-step, the Doehlert matrix enables us to model 
and optimize our responses in order to obtain the biode-
gradable effluents, which will be treated biologically later. 
This statistical methodology improves the reliability and 
relevance of the experiments since it allows to study of 
many factors simultaneously with minimum experiments 
and high precision information. The optimization of the 
operational conditions is significantly helpful to improve 
CF operations and reduce both chemical consumption and 
operating costs [31].

2. Material and methods

2.1. Wastewater characteristics

The effluent was sampled from a homogenization tank 
in which the streams of each drained bath of the tanning 
process are collected together. It is located just upstream 
of the CF treatment of the wastewater treatment plant 
where tannery effluent is pre-treated before the biological 
treatment. Samples were then taken into the laboratory for 
experimental runs. The main physical–chemical character-
istics of the tannery wastewater are illustrated in Tables 1 
and 2 and cations amounts were determined by inductively 
coupled plasma–atomic emission spectrometer (Analytik 
Jena Quant PQ 9000 Elite, Germany). The sludge samples 
of untreated and treated effluent were dried after settling 
and their morphology was characterized by a FEI Quanta 
200 high-resolution scanning electron microscope (SEM).

2.2. Materials

The aluminium sulphate hexadecahydrate (Al2(SO4)3· 
16H2O) was used as a coagulant while Zetag was used as a 
flocculant. These reagents were provided by Fisher Scientific 
U.K. Ltd., (United Kingdom) and O-BASF Company, 
(United States) respectively. The chitosan which is a bioco-
agulant was delivered from Sigma-Aldrich (United States) 
(shrimp shells  ≥  75% deacetylated) and used to substitute 
the aforementioned chemical coagulants. All these reagents 
were used as a powder in order to avoid the dissolution step.

2.3. Experimental procedure

The CF experiments were performed using 500  mL 
of wastewater sample in each beaker in a conventional jar 
test apparatus model JLT 4 Floc tester QA1014X. The aque-
ous solution was then rapidly mixed at a paddle speed 
of 300–600  rpm for 2–7  min to ensure a homogeneous 
and even distribution of the chemicals in the wastewa-
ter. Then, the solution is mixed at a slow rate (10–60 rpm) 
for 2–10  min to allow the flocculation process. During the 
latter phase, the coagulant was introduced in variable doses 
to assess its performances. After allowing the settling to 
occur for 10–30 min, a volume of 25 mL of the liquid was 
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sampled using a pipette from a height of about 3 cm below 
the liquid surface in each jar.

2.4. Experimental design

The coagulation was conducted with varying the per-
centage of chitosan weight mixed to aluminium sulphate 
to investigate its efficiency in comparison with the last one. 
Only the Zetag was used for flocculation. Zetag is an acryl-
amide and acrylic acid copolymer prior to mechanical or 
static solid–liquid separation. It is highly effective across a 
wide range of wastewater treatment applications.

Nine factors (Xi) were considered to set-up the exper-
imental design. The independent variables of these fac-
tors as well as their levels in actual and coded values, 
symbols and units are listed in Table 3.

These factors were selected according to the steps 
towards jar test experiments and are represented by +1 for 
high level, 0 for centered level and –1 for low level.

3. Results and discussion

3.1. Factors screening

3.1.1. Plackett–Burman matrix

Table 4 reports the Plackett–Burman matrix built by 
screening the 3 levels for the 9 factors (from X1 to X9) and 
5 responses (from Y1 to Y5) for the CF process. This matrix 
involves 12 experiments realised in a random assign-
ment and five repeated centered points, correspond-
ing to level 0. The five responses selected are: pH, COD, 
suspended matter (SM), conductivity (λ) and chloride 
concentration ([Cl]).

3.1.2. Sensitivity analysis of the experimental factors

Table 5 shows the coefficient and significance of 
the regressions between the experimental factors and 
response variables studied using Plackett–Burman matrix. 

The Plackett–Burman design (PBD) is an efficient screen-
ing method to identify the important factors among a large 
number of factors that influence a process [32,33]. PBD was 
used to select the significant factors out of 9 factors con-
sidered in this study that influence the efficiency of the 
wastewater treatment process. For mathematical modelling 
the following first-order polynomial model was used:

Y Xi i i
i

= +∑β β0 	 (1)

where Y is the predicted response, β0 is the model inter-
cept and βi is the linear coefficient and Xi is the level of the 
independent variable.

Eq. (1) was applied for the 5 responses studied:

•	 For pH, Y a a Xi i
i

1 0= +∑
•	 For COD, Y b b Xi i

i
2 0= +∑

•	 For SM, Y c c Xi i
i

3 0= +∑
•	 For λ, Y d d Xi i

i
4 0= +∑

•	 For [Cl], Y e e Xi i
i

5 0= +∑

The more significant experimental parameters are indi-
cated in Table 4 by stars [afor high significance (P < 0.01%), 
bfor medium significance (P  <  0.1%) and cfor low signif-
icance (P  <  5%)]. The results show that coagulant dosage 
(X2), stirring time (X4), initial pH (X5), flocculant dosage 
(X6), mixing rate of flocculent (X7) and settling time (X9) 
are the most significant and influencing factors on the 
CF process responses. As stated by Wei et al. [34], inade-
quate doses of coagulants or flocculants (X2, X6) evolve 
over a weak charge neutralization and bridging effects. 
Meanwhile, excessive doses might cause sludge particles 
to be covered with coagulants/flocculants, resulting in the 
regeneration of the suspension stability of flocs. pH has 

Table 1
Physical–chemical characteristics of tannery effluents

Parameter pH COD SMa λb [Cl]c Turbidity Ca K Mg Na

Value 9.1 1,902 
mgO2/L

269 mg/L 11,670 
µS/cm

4,792.5 
mg/L

1,200 NTU 9.72 mg/L 5.17 mg/L 637.88 mg/L 637.88 mg/L

Parameter Mo Ni Pb Zn Cr Cd Fe Mn Cu As
Value <DL 0.001 mg/L <DL 0.048 mg/L <DL 0.003 mg/L 0.049 mg/L <DL <DL <DL

asuspended matter; bconductivity; cchloride concentration.

Table 2
Main physical–chemical characteristics of tannery effluents used as responses

Response pH COD SM λ [Cl]

Unit – mg O2/L mg/L µS/cm mg/L
Value 9.1 ± 0.2 1,902 ± 4 269 ± 3 11,670 ± 10 4,792.5 ± 5
Symbol Y1 Y2 Y3 Y4 Y5
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also an important effect on the efficiency of the removal 
of pollution since surface charges of colloidal particles in 
wastewater and coagulants/flocculants vary under differ-
ent pH levels. As reported by BinAhmed et al. [35], mix-
ing time had an effect on the floc’s resistance. Pollutant 
removal efficiency is not only dependant on mixing speed 
also on mixing time, such that a higher fast mixing speed is 
required for shorter mixing time.

The regression coefficients (Table 7) confirm the effect of 
each parameter on the followed responses. Recently, it was 
reported that there is a correlation between all the parame-
ters and the improvement of water quality. Besides the vari-
ation of one parameter affects the other one. Thus, it was 
important to determine the most influencing parameters 
and to model the interaction between them and their effect 
on the response [36,37].

The weight percentage of chitosan mixed with alumin-
ium sulphate (X1) has no effect on the pH, SM and conduc-
tivity responses. However, its effect on the COD and [Cl] 
responses is slightly significant (P-value equal to 2.17% and 
3.70%, respectively). However, chitosan shows good abate-
ment values of COD (68%), SM (95%) and Cl concentration 
(40%) as compared to aluminium sulphate which gives 
either same or a little bit better abatement for COD but it 
increases salts amount in the effluent as confirmed also 
by Lofrano et al. [38]. Chitosan seems to be in competition 
with aluminium sulphate. In addition, Fig. 1 shows that the 
amount of sludge formed using 100% chitosan (Fig. 1b) is 
much smaller than that formed using aluminium sulphate 
alone (Fig. 1c).

In fact, SEM was used to characterize chitosan and 
sludges samples. Three samples of the differently formed 

Table 3
Actual and coded values of independent variables used for experimental design

Factors names Unit Symbol Levels and coded values

–1 0 1

Weight percentage of chitosan mixed to Al2(SO4)3·16H2O % X1 0 50 100
Coagulant dosage mg/L X2 300 500 700
Mixing rate of coagulant rpm X3 300 450 600
Stirring time of coagulant min X4 2 4.5 7
Initial pH – X5 8 9 10
Zetag flocculent dosage mg/L X6 2 4.5 7
Mixing rate of flocculent rpm X7 10 35 60
Stirring time of flocculent min X8 2 6 10
Settling time min X9 10 20 30

Table 4
Plackett–Burman matrix design and observed values of the chosen responses

N°. Exp. Studied factors Observed responses

X1 X2 X3 X4 X5 X6 X7 X8 X9 pH (Y1) COD (Y2) SM (Y3) λ (Y4) [Cl] (Y5)

1 1 –1 1 –1 –1 –1 1 1 1 8.5 732 18.0 11,870 4,828
2 1 1 –1 1 –1 –1 –1 1 1 9.0 900 13.0 11,500 4,792.5
3 –1 1 1 –1 1 –1 –1 –1 1 8.3 900 24.0 12,050 4,437.5
4 1 –1 1 1 –1 1 –1 –1 –1 8.4 585 22.0 11,930 5,147.5
5 1 1 –1 1 1 –1 1 –1 –1 8.0 600 20.0 11,950 4,934.5
6 1 1 1 –1 1 1 –1 1 –1 8.0 900 18.0 11,950 4,615
7 –1 1 1 1 –1 1 1 –1 1 9.3 300 20.0 11,640 4,615
8 –1 –1 1 1 1 –1 1 1 –1 8.3 585 21.0 11,950 4,792.5
9 –1 –1 –1 1 1 1 –1 1 1 9.1 300 23.0 11,880 5,254
10 1 –1 –1 –1 1 1 1 –1 1 8.2 439 20.0 11,660 5,325
11 –1 1 –1 –1 –1 1 1 1 –1 8.6 1,500 27.0 11,910 4,970
12 –1 –1 –1 –1 –1 –1 –1 –1 –1 8.2 900 19.5 11,980 4,260
13 0 0 0 0 0 0 0 0 0 9.0 900 17.0 11,370 4,615
14 0 0 0 0 0 0 0 0 0 8.3 732 22.5 12,030 5,041
15 0 0 0 0 0 0 0 0 0 9.4 900 17.5 11,530 5,183
16 0 0 0 0 0 0 0 0 0 8.4 750 20.0 11,980 4,899
17 0 0 0 0 0 0 0 0 0 9.5 600 15.5 11,170 4,970



Table 5
Signification of regression coefficients of the studied factors

Coefficient name Value SD t.exp P-value (%)
pH (Y1)

a0 8.618 0.020 424.682 <0.01a

a1 –0.034 0.024 –1.380 23.97
a2 –0.150 0.024 –6.211 0.34b

a3 0.067 0.024 2.760 5.08
a4 0.083 0.024 3.450 2.60c

a5 0.500 0.024 20.702 <0.01a

a6 0.050 0.024 2.070 10.72
a7 0.000 0.024 0.000 100.00
a8 –0.034 0.024 –1.380 23.97
a9 0.000 0.024 0.000 100.00

COD (Y2)

b0 736.656 20.332 36.231 <0.01a

b1 88.415 24.200 3.654 2.17c

b2 –11.585 24.200 –0.479 65.71
b3 88.415 24.200 3.654 2.17c

b4 138.415 24.200 5.720 0.46b

b5 –111.585 24.200 –4.611 0.99b

b6 138.415 24.200 5.712 0.46b

b7 –11.585 24.200 –0.479 65.71
b8 38.415 24.200 1.587 18.76
b9 –111.585 24.200 –4.611 0.99b

SM (Y3)
c0 19.882 0.434 45.827 <0.01a

c1 –0.125 0.516 –0.242 82.06
c2 –0.375 0.516 –0.726 50.79
c3 1.458 0.516 2.824 4.76
c4 –0.042 0.516 –0.081 93.96
c5 –1.875 0.516 –3.631 2.21c

c6 1.042 0.516 2.017 11.39
c7 –1.208 0.516 –2.340 7.94
c8 –1.625 0.516 –3.147 3.46c

c9 1.125 0.516 2.179 9.49
λ (Y4)

d0 11,789.412 14.390 819.304 <0.01a

d1 15.000 17.127 0.876 43.10
d2 61.667 17.127 3.601 2.30c

d3 16.667 17.127 0.973 38.60
d4 –25.000 17.127 –1.460 21.80
d5 –206.667 17.127 –12.067 <0.01a

d6 31.667 17.127 1.849 13.80
d7 –6.667 17.127 –0.389 71.70
d8 –63.333 17.127 –3.698 2.10c

d9 116.667 17.127 6.812 0.20b

[Cl] (Y5)

e0 4,867.706 36.224 134.380 <0.01a

e1 –133.167 43.115 –3.089 3.70c

e2 –50.250 43.115 –1.165 30.90
e3 –79.833 43.115 –1.852 13.80
e4 56.250 43.115 1.305 26.20
e5 73.917 43.115 1.714 16.20
e6 –91.667 43.115 –2.126 10.10
e7 –210.000 43.115 –4.871 0.08b

e8 –74.000 43.115 –1.716 16.10
e9 –50.250 43.115 –1.165 30.90

aHigh (P < 0.01%); bmedium (P < 0.1%); clow (P < 5%) significance, respectively.
SD – standard deviation.
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sludge were visualized using SEM and results are 
illustrated in Fig. 2:

•	 SEM image of chitosan only;
•	 SEM image of dried sludge only;
•	 SEM image of the sludge formed when chitosan is used 

as coagulant;
•	 SEM image of sludge formed when aluminium sulphate 

is used as coagulant;

From SEM images (Figs. 2a–d), chitosan only reveals a 
structure composed of interconnected and porous fibers inte-
grated into an amorphous matrix. Also, it is clear that dried 
sludge flocs are in the amorphous phase, fluffy with poorly 
defined geometry. Flocs of sludges generated from waste-
water treatment with chitosan or Al2(SO4)3 are homogeneous 
and smooth. Besides, there is no big difference between the 
flocs of sludge formed with chitosan or Al2(SO4)3. However, 
the flocs aggregated with chitosan appeared like crystals 
and are more compact, sturdy and non-porous showing 
a strong colloid bridging. The compact agglomeration of 
colloids with chitosan can be induced by hydrogen bonds 
and Van der Waals forces. Renault et al. [26], reported that 
positively charged cationic macromolecules can destabilize 
the negative colloidal suspension by charge neutralization 
as well as by bridge formation. In addition, sludge may be 
disposed of with a lower environmental impact than com-
mon metal, which makes chitosan more advantageous than 
aluminium salt. It is also considered a good green alter-
native to a chemical coagulants. After the coagulation–
flocculation, a biological treatment is set up, a minimum 
suspended matters, as well as the concentration of [Cl] and 
a satisfying abatement of COD, are required for the feasi-
bility of the next step, that’s why the chitosan was selected 
as a coagulant for further experiments. That’s why the chi-
tosan was selected as a coagulant for further experiments.

The six significant factors selected (X2, X4, X5, X6, X7 and 
X9) for the CF process were used to model and optimize 

responses by using response surface methodology (RSM) 
while the other remaining factors were kept constant at 
100% chitosan, mixing rate of coagulant  =  300  rpm and 
stirring time of flocculent = 2 min.

3.2. Response surface methodology

Khuri and Siuli [39] defined RSM as a group of math-
ematical and statistical techniques used in the develop-
ment of an adequate functional relationship between a 
response of interest “Y” and a number of associated control 
(or input) variables denoted by X1,X2,…,Xn.

3.2.1. Modelling of the chosen responses

3.2.1.1. Doehlert matrix

In this step, the Doehlert design is applied for the 
resulted continuous factors (X2, X4, X5, X6, X7 and X9). It is 
built by 46 experiments including four repeated centered 
points as shown in Table 6.

3.2.1.2. Factors signification

To find out the relation between the response variables 
and the most influencing factors on the process, the RSM 
was applied through developing polynomial regressions 
[40]. The predicted response was calculated using a poly-
nomial model of second-order (Eq. (2)) to describe the rela-
tionship between relevant variables, their interaction and 
responses. Eq. (2) below represents the theoretical polyno-
mial model:

Y X X X Xi i i
i

ij i j ii i
iiij i j

= + + +∑ ∑∑
≠

β β β β0
2

,
	 (2)

where Ycal: the predicted response; β0: intercept; βi: linear 
coefficients; βii: square coefficients; βij: interaction coeffi-
cients; Xi, Xj: independent variables.

 

            (C) (B) (A) 

Fig. 1. Appearance of tannery wastewater before and after treatment by coagulation–flocculation (a) raw wastewater, 
(b) 100% chitosan, and (c) 100% aluminium sulphate.
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Table 7 shows the regression coefficients of the factors 
and interactions for the chosen responses at a significance 
of P-value of 0.05.

The application of the statistical student test induces to 
the resulted Eqs. (3)–(5) which correspond to the obtained 
models for the responses pH, COD and SM, respectively:
•	 pH response (Y1):

Y X X X X X
X X

1 5 6
2

9
2

5 7

2 5

8 65 0 755 0 22 0 148 0 569
0 245 0 942

= + − − −
− +

. . . . .

. . XX X X X X X
X X X X X X

2 9 2 7 4 7

5 7 2 9 6 9

0 942 0 261
0 306 0 273 0 386 0

+ +
− + − −

. .
. . . .3316 7 9X X 	 (3)

•	 COD response (Y2):

Y X X X X
X X

2 5 5
2

4 5

2 6

1 048 9 175 519 570 949 624 395
511 712 61

= + − +
− −

, . . . .
. 44 926 7 9. X X 	 (4)

•	 SM response (Y3):

Y X3 5
212 125 12 916= +. . 	 (5)

3.2.1.3. Residual analysis

Fig. 3 shows the correlation between the modelled 
and observed values for pH, COD and SM. Graphically 

there is a good correlation between the predicted and 
observed values of the three response variables as explic-
itly reflected by a good agreement providing little evi-
dence of lack-of-fit. That confirms that the three models 
of the chosen responses are moderately valid and to con-
firm this validity, an analysis of variance (ANOVA) is  
applied.

3.2.1.4. Analysis of variance

The ANOVA analysis is based on the comparison of 
the variance in the model established by the report to 
the variance of the residue, through the test of “Fisher 
Snedecor”. For the model to be very significant at 95%, it is 
necessary that: Fexp >> Fα, νmod, νres, where α = 0.05.

Table 8 summarizes the ANOVA of the developed 
models for the chosen responses pH, COD, SM. In fact, 
the values of the ratio between the means squares of the 
lack-of-fit and pure error (8.872, 0.976 and 2.369, respec-
tively) are inferior to the tabulated values F32, 3, 0.05 = 8.60, F37, 

3, 0.05  =  8.59 and F41, 3, 0.05  =  8.58, respectively. Consequently, 
the three postulated models are valid.

In addition, the values of the ratio between the regres-
sion and residuals means squares (18.316, 33.187 and 
51.206, respectively) are higher to the tabulated values F10, 35, 

0.05 = 2.11 F5, 40, 0.05 = 2.45 and F1, 44, 0.05 = 4.06. So the established 
models are predictive. Consequently, all coefficients used 

a b 

c d 
Fig. 2. (a) Chitosan only, (b) settled sludge only, (c) sludge formed with chitosan, and (d) sludge formed with Al2(SO4)3, SEM scale 
(10 µm).
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Table 6
Doehlert matrix design including the observed responses

N°. Exp. Factors Observed responses

X2 X4 X5 X6 X7 X9 Y1 Y2 Y3 Y4 Y5

1 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 8.8 682 16.5 11,528 4,970
2 –1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 8.8 818 13.0 11,828 4,615
3 0.5000 0.8660 0.0000 0.0000 0.0000 0.0000 8.8 1,091 12.5 11,890 5,325
4 –0.5000 –0.8660 0.0000 0.0000 0.0000 0.0000 8.8 954 9.0 11,860 4,793
5 0.5000 –0.8660 0.0000 0.0000 0.0000 0.0000 8.7 1,091 20.0 11,720 3,905
6 –0.5000 0.8660 0.0000 0.0000 0.0000 0.0000 8.9 545 14.0 11,240 4,615
7 0.5000 0.2887 0.8165 0.0000 0.0000 0.0000 9.0 900 13.0 11,500 4,793
8 –0.5000 –0.2887 –0.8165 0.0000 0.0000 0.0000 8.2 439 20.0 11,660 5,325
9 0.5000 –0.2887 –0.8165 0.0000 0.0000 0.0000 8.0 600 20.0 11,950 4,935
10 0.0000 0.5774 –0.8165 0.0000 0.0000 0.0000 8.1 400 20.0 12,880 4,331
11 –0.5000 0.2887 0.8165 0.0000 0.0000 0.0000 9.6 1,000 35.5 11,640 4,899
12 0.0000 –0.5774 0.8165 0.0000 0.0000 0.0000 9.3 300 20.0 11,640 4,615
13 0.5000 0.2887 0.2041 0.7906 0.0000 0.0000 8.7 750 11.8 11,980 4,899
14 –0.5000 –0.2887 –0.2041 –0.7906 0.0000 0.0000 8.5 533 21.0 12,710 4,367
15 0.5000 –0.2887 –0.2041 –0.7906 0.0000 0.0000 8.6 1,067 17.5 12,670 4,615
16 0.0000 0.5774 –0.2041 –0.7906 0.0000 0.0000 8.4 585 22.0 11,900 5,148
17 0.0000 0.0000 0.6124 –0.7906 0.0000 0.0000 9.0 900 12.0 11,590 4,793
18 –0.5000 0.2887 0.2041 0.7906 0.0000 0.0000 8.5 989 15.6 11,870 5,148
19 0.0000 –0.5774 0.2041 0.7906 0.0000 0.0000 8.5 732 18.0 11,870 4,800
20 0.0000 0.0000 –0.6124 0.7906 0.0000 0.0000 8.2 533 17.0 12,620 4,438
21 0.5000 0.2887 0.2041 0.1581 0.7746 0.0000 9.6 689 12.0 12,030 4,615
22 –0.5000 –0.2887 –0.2041 –0.1581 –0.7746 0.0000 8.4 857 19.0 12,870 4,793
23 0.5000 –0.2887 –0.2041 –0.1581 –0.7746 0.0000 8.2 1,286 8.0 12,600 4,864
24 0.0000 0.5774 –0.2041 –0.1581 –0.7746 0.0000 8.3 732 22.5 12,030 5,040
25 0.0000 0.0000 0.6124 –0.1581 –0.7746 0.0000 9.4 900 17.5 11,530 5,183
26 0.0000 0.0000 0.0000 0.6325 –0.7746 0.0000 8.7 954 12.0 11,700 4,615
27 –0.5000 0.2887 0.2041 0.1581 0.7746 0.0000 8.4 1,020 16.0 11,930 4,828
28 0.0000 –0.5774 0.2041 0.1581 0.7746 0.0000 8.6 1,073 12.8 12,166 4,780
29 0.0000 0.0000 –0.6124 0.1581 0.7746 0.0000 8.1 800 22.5 12,410 4,615
30 0.0000 0.0000 0.0000 –0.6325 0.7746 0.0000 8.6 954 14.0 12,000 4,793
31 0.5000 0.2887 0.2041 0.1581 0.1291 0.7638 8.8 723 10.9 11,870 4,438
32 –0.5000 –0.2887 –0.2041 –0.1581 –0.1291 –0.7638 8.5 857 14.0 12,790 5,148
33 0.5000 –0.2887 –0.2041 –0.1581 –0.1291 –0.7638 8.2 1,296 8.5 12,650 4,901
34 0.0000 0.5774 –0.2041 –0.1581 –0.1291 –0.7638 8.3 585 21.0 11,850 4,793
35 0.0000 0.0000 0.6124 –0.1581 –0.1291 –0.7638 9.0 857 18.5 12,020 5,041
36 0.0000 0.0000 0.0000 0.6325 –0.1291 –0.7638 8.7 545 17.0 11,830 4,615
37 0.0000 0.0000 0.0000 0.0000 0.6455 –0.7638 8.6 1,363 16.5 11,820 4,828
38 –0.5000 0.2887 0.2041 0.1581 0.1291 0.7638 8.5 970 20.0 11,370 4,260
39 0.0000 –0.5774 0.2041 0.1581 0.1291 0.7638 8.6 1,056 13.5 11,998 4,872
40 0.0000 0.0000 –0.6124 0.1581 0.1291 0.7638 8.2 400 20.0 12,910 4,580
41 0.0000 0.0000 0.0000 –0.6325 0.1291 0.7638 8.6 818 13.5 11,600 4,544
42 0.0000 0.0000 0.0000 0.0000 –0.6455 0.7638 8.8 1,227 12.5 11,940 4,615
43 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 8.6 975 10.0 11,987 4,923
44 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 8.7 1,000 11.0 12,350 4,970
45 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 8.7 1,230 15.2 12,410 4,559
46 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 8.6 990 12.3 11,740 4,810
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Table 7
Significance of regression coefficients for the chosen responses

Coefficient name Value SD t.exp P-value (%)

pH (Y1)

a’0 8.650 0.029 299.640 <0.01a

a’2 0.021 0.022 0.980 40.00
a’4 0.054 0.022 2.460 9.00
a’5 0.755 0.022 34.610 <0.01a

a’6 –0.038 0.022 –1.760 17.60
a’7 0.015 0.022 0.680 54.90
a’9 0.022 0.022 1.000 39.20
a’22 0.150 0.050 3.000 5.60
a’44 0.150 0.050 3.000 5.60
a’55 –0.000 0.047 –0.000 100.00
a’66 –0.220 0.045 –4.920 1.45c

a’77 –0.047 0.043 –1.090 35.70
a’99 –0.148 0.041 –3.570 3.59c

a’24 0.000 0.067 0.000 100.00
a’25 –0.245 0.075 –3.290 4.48c

a’45 0.000 0.075 0.000 100.00
a’26 0.126 0.077 1.630 20.10
a’46 0.183 0.077 2.360 9.90
a’56 –0.181 0.077 –2.330 10.10
a’27 0.942 0.079 11.950 0.08a

a’47 0.261 0.079 3.310 4.41c

a’57 –0.306 0.079 –3.880 2.88c

a’67 –0.237 0.079 –3.000 5.60
a’29 0.273 0.080 3.420 4.03c

a’49 –0.006 0.080 –0.080 94.00
a’59 –0.178 0.080 –2.240 11.00
a’69 –0.386 0.080 –4.850 1.51c

a’79 –0.316 0.080 –3.960 2.71c

COD (Y2)

b’ 1,048.900 88.748 11.820 <0.01a

b’2 75.291 67.087 1.120 27.60
b’4 –117.038 67.085 –1.740 9.50
b’5 175.519 67.087 2.620 1.68c

b’6 –48.291 67.084 –0.720 48.70
b’7 –11.894 67.087 –0.180 85.60
b’9 –33.787 67.084 –0.500 62.60
b’22 –298.900 153.716 –1.940 6.50
b’44 –71.671 153.725 –0.470 65.10
b’55 –570.949 144.921 –3.940 0.10b

b’66 –272.089 137.475 –1.980 6.10
b’77 –1.594 131.632 –0.010 98.70
b’99 –95.930 126.980 –0.760 46.60
b’24 236.201 204.960 1.150 26.40
b’25 –243.345 229.148 –1.060 30.30
b’45 624.395 229.128 2.730 1.34c

b’26 –511.712 238.127 –2.150 4.35c

b’46 178.990 238.106 0.750 46.80

(Continued)
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Coefficient name Value SD t.exp P-value (%)

COD (Y2)
b’34 –107.286 238.129 –0.450 66.10
b’27 –409.789 242.504 –1.690 10.50
b’47 –26.279 242.483 –0.110 91.10
b’57 –34.671 242.505 –0.140 88.30
b’67 –31.448 242.497 –0.130 89.40
b’29 –298.467 244.955 –1.220 23.70
b’49 99.593 244.934 0.410 69.10
b’59 280.759 244.956 1.150 26.60
b’69 298.466 244.947 1.220 23.70
b’79 –614.926 244.955 –2.510 2.09c

SM (Y3)

c’0 12.125 2.320 5.230 <0.01a

c’2 –3.064 1.754 –1.750 9.4
c’4 1.720 1.754 0.980 34.2
c’5 –0.682 1.754 –0.390 70.3
c’6 –1.034 1.754 –0.590 56.9
c’7 0.160 1.754 0.090 92.5
c’9 –0.556 1.754 –0.320 75.2
c’22 2.625 4.019 0.650 52.9
c’44 1.458 4.019 0.360 72.1
c’55 12.916 3.789 3.410 0.316b

c’66 4.180 3.594 1.160 25.9
c’77 2.312 3.441 0.670 51.7
c’99 2.415 3.320 0.730 48.2
c’24 –7.217 5.358 –1.350 19.2
c’25 –11.226 5.991 –1.870 7.4
c’45 2.593 5.990 0.430 67.3
c’26 5.344 6.225 0.860 40.6
c’46 –6.243 6.225 –1.000 33.1
c’56 10.496 6.225 1.690 10.6
c’27 9.076 6.340 1.430 16.6
c’47 –5.657 6.339 –0.890 38.8
c’57 –4.237 6.340 –0.670 51.9
c’67 4.458 6.340 0.700 49.7
c’29 0.731 6.404 0.110 90.7
c’49 –4.781 6.403 –0.750 47.1
c’59 –3.019 6.404 –0.470 64.7
c’69 –0.766 6.404 –0.120 90.2
c’79 –0.006 6.404 –0.000 99.5

λ (Y4)

d’0 12,121.750 157.870 76.780 <0.01a

d’2 22.857 119.339 0.190 85.30
d’4 –1,271.098 119.334 –10.650 0.12b

d’5 911.045 119.338 7.630 0.36b

d’6 –103.554 119.334 –0.870 45.20
d’7 –58.184 119.338 –0.490 65.90
d’9 –138.762 119.333 –1.160 33.00

Table 7 Continued
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d’22 –443.750 273.440 –1.620 20.30
d’44 –444.443 273.456 –1.630 20.20
d’55 –3,359.810 257.795 –13.030 0.06a

d’66 896.707 244.550 3.670 3.35c

d’77 566.657 234.155 2.420 9.30
d’99 281.640 225.881 1.250 30.20
d’24 456.120 364.597 1.250 30.00
d’25 –424.595 407.623 –1.040 37.60
d’45 8,287.769 407.587 20.330 0.02a

d’26 37.918 423.595 0.090 93.20
d’46 –1,522.814 423.559 –3.600 3.54c

d’56 –1,410.282 423.599 –3.330 4.33c

d’27 172.971 431.382 0.400 71.20
d’47 –1,486.419 431.345 –3.450 3.96c

d’57 –773.150 431.384 –1.790 17.00
d’67 1,980.837 431.369 4.590 1.78c

d’29 322.928 435.742 0.740 51.5
d’49 –1,276.604 435.705 –2.930 6.0
d’59 –1,740.563 435.743 –3.990 2.65c

d’69 1,875.210 435.728 4.300 2.14c

d’79 1,302.480 435.741 2.990 5.7

[Cl] (Y5)
e’0 4,815.500 91.855 52.420 <0.01a

e’2 –12.536 69.436 –0.180 86.2
e’4 521.787 69.434 7.510 0.381b

e’5 –80.489 69.436 –1.160 33.1
e’6 –568.041 69.433 –8.180 0.288b

e’7 –109.253 69.436 –1.570 21.3
e’9 –220.076 69.433 –3.170 4.91c

e’22 –23.000 159.098 –0.140 88.9
e’44 –200.512 159.108 –1.260 29.7
e’55 56.886 149.996 0.380 72.6
e’66 –980.562 142.289 –6.890 0.504b

e’77 186.038 136.241 1.370 26.6
e’99 –27.396 131.427 –0.210 84.1
e’24 922.344 212.137 4.350 2.08c

e’25 –152.212 237.171 –0.640 56.9
e’45 665.134 237.151 2.800 6.6
e’26 –611.832 246.465 –2.480 8.8
e’46 2,916.656 246.444 11.830 0.0860a

e’56 –808.228 246.467 –3.280 4.50c

e’27 –362.101 250.995 –1.440 24.5
e’47 –1,037.951 250.974 –4.140 2.40c

e’57 128.554 250.997 0.510 64.4
e’67 –344.752 250.988 –1.370 26.3
e’29 157.454 253.532 0.620 58.0
e’49 –893.440 253.511 –3.520 3.73c

e’59 115.190 253.533 0.450 67.9
e’69 –227.496 253.524 –0.900 43.8
e’79 315.464 253.532 1.240 30.2

aHigh (P < 0.01%); bmedium (P < 0.1%); clow (P < 5%) significance, respectively.
SD – standard deviation.
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Fig. 3. The distribution of the calculated vs. observed values for the three responses (a) pH, (b) COD, and (c) SM.

Table 8
Analysis of variance for pH, COD and SM responses models

Source of variance SS DF MS Ratio Signification (%)

pH (Y1)

Regression 5.005 10 0.500 18.316 <0.01***
Residuals 0.956 35 0.027
Lack-of-fit 0.946 32 0.030 8.872 5.0
Pure error 0.010 3 0.003
Total 5.961 45

COD (Y2)

Regression 2.382E+06 5 4.760E+05 33.187 <0.01***
Residuals 5.742E+05 40 1.440E+04
Lack-of-fit 5.302E+05 37 1.430E+04 0.976 60.70
Pure error 4.403E+04 3 1.470E+04
Total 2.956E+06 45

SM (Y3)

Regression 592.930 1 592.930 51.206 <0.01***
Residuals 509.491 44 11.579
Lack-of-fit 494.224 41 12.054 2.369 26.20
Pure error 15.267 3 5.089
Total 1,102.421 45

SS – Sum of squares; DF – Degree of freedom; MS – Mean squares.
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for the postulated models have a significant effect on the 
chosen responses (pH, COD and SM).

3.3. Analysis of results related to conductivity and chloride con-
centration responses

The polynomial regression equation related to the 
response Y4 (conductivity) is given by Eq. (6):

Y X X X
X

4 4 5 5
212 121 75 1 271 098 911 045 3 359 81

896 707
cal = − + +

+
, . , . . , .
. 66

2
4 5 4 6

5 6 4

8 287 769 1 522 814
1 410 282 1 486 419

+ −
− −

, . , .
, . , .

X X X X
X X X X33 6 7

5 9 6 9

1 980 837
1 740 563 1 875 210

+
− +

, .
, . , .

X X
X X X X 	 (6)

The polynomial regression equation related to the 
response Y5 (Cl concentration) is given by Eq. (7):

Y X X X
X

5 4 6 9

6
2

4 815 5 521 787 568 041 220 076
980 562 922

cal = + − −
+ +

, . . . .
. .. , .
. , . .

344 2 916 656
808 228 1 037 951 893 44

2 4 4 6

5 6 4 7 4

X X X X
X X X X X

+
− − − XX9 	 (7)

•	 Analysis of variance and residue for conductivity 
and Cl concentration

It is noted that these two models [Eqs. (6) and (7)] 
are well predictive but unfortunately not valid. There 
is a significant effect of lack-of-fit according to the com-
parison between the calculated values and the tabulated 
Fisher values, which reflect a significant systematic error. 
Therefore, the multi-response optimization method by 
using desirability is required here.

3.4. Multi-response optimization using desirability

The focus of the optimal conditions for a system of 
multiple responses, in which some of them have a pre-
dictive postulated model but not valid, needs to use the 
simultaneous optimization method by using the desirabil-
ity functions. Desirability is an effective method for the 
industry for the optimization of multiple quality charac-
teristic problems. This method makes use of a global objec-
tive function, D, called the global desirability function and 
transforms an estimated response into a scale-free value 
(di) called an individual desirability function. The global 
desirability function is the geometric mean of the individual 
desirability functions and it is given by Eq. (8) [41]:

D di
i

m
m= ∏ 	 (8)

where m is the number of the chosen responses (in our 
case 5 responses: pH, COD, SM, conductivity λ and [Cl]. 
The desirable ranges are from zero to one (least to most 
desirable, respectively). The factor settings with maximum 
total desirability are considered to be the optimal param-
eter condition [42]. In numerical optimization, the desired 
goal for each response is chosen from the menu. The possi-
ble goals are: maximize, minimize, target, within the range 
and none [43]. By using the NemrodW software (LPRAI, 
Marseille-French, version 2000) the setting of each response 
interval is done with minimum, maximum and target level 
[44]. Finally, the desirability function gives us a compro-
mise of all these targets that we would like to satisfy by 
combining these numerical data. Fig. 4 shows the shape 
of the curve for each response with the chosen target. For 
Fig. 4a, the target domain is between 8 and 9.6, out of this 
domain, the desirability is 0%. For 4b–e, when the desir-
ability is 100%, the target values are less than 600 mg O2/L, 
13  mg/L and 3,000  mg/L for the responses COD, SM, 
conductivity, respectively. The predicted optimal condi-
tions (Table 8) allow obtaining the best abatement around 
8.6 for pH (D1: 100%), 592  mg  O2/L for COD (D2: 100%), 
12.8 mg/L for SM (D3: 100%), 12,710 µS/cm for conductivity 
(D4: 100%) and 2,889  mg/L for [Cl] (D5: 100%). This opti-
mal response were given by the optimal CF conditions at 
an initial pH of 8.8, for the step of coagulation: coagulant 
dosage 612.8 mg/L, stirring speed 6 rpm and for the step of 
flocculation: Zetag dosage 5.6 mg/L, stirring speed 43 rpm 
and 22 min for settling time. This result reveals that all the 
targets are significantly satisfied.

In order to check these optimal conditions, a four times 
repeated tests are done. Table 9 resumes the obtained val-
ues: pH (Y1)  =  8.7  ±  0.1, COD (Y2)  =  599  ±  75  mg  O2/L, SM 
(Y3)  =  13.2  ±  1.3  mg/L, λ (Y4)  =  12,221  ±  502  µS/cm and 
[Cl] (Y5)  =  2,941  ±  108  mg/L. It is very clear that all pre-
dicted responses belong to the confidence intervals of the 
observed responses.

4. Conclusion

The present work deals with the use of biocoagulant 
(chitosan) as substitute for chemicals (sulphate aluminium) 
in the treatment of tannery wastewater using coagulation–
flocculation. The optimization of the physical-chemical 

(a)  (b) (c)   
(d)  (e)  

Fig. 4. Different desirability plots for each response: (a) pH, (b) COD, (c) SM, (d) conductivity (λ), and (e) [Cl].
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treatment of tannery effluent was based on experimen-
tal design and response surface methodology. The pro-
posed approach is consisting of an initial screening using 
Plackett–Burman method to identify the most sensitive 
parameters followed subsequently by modelling the rela-
tionship between these parameters and performances indi-
cators via the Doehlert method. A comparison between 
chemical and biocoagulant efficiency is also evaluated. 
The elaborated response model has been tested using the 
analysis of variance (ANOVA). The target responses, that 
is, pH: 8.6, COD: 592  mg  O2/L, SM: 12.8  mg/L and [Cl]: 
2,889 mg/L were obtained with the following optimal con-
ditions: dosage of chitosan = 612.8 mg/L, a stirring speed 
of 6 rpm at an initial pH of 8.8, and 5.6 mg/L of flocculant 
with a stirring speed of 43 rpm followed by a settling time 
of 22  min. The most significant abatements obtained for 
COD, SM and [Cl] are 68.90%, 95.24% and 39.72% respec-
tively. These removal rates could have an interesting 
impact for conventional biological treatment and sludge 
managing. The results suggest also that chitosan could be 
used as substitute for aluminium sulphate while present-
ing the advantages of being eco-friendly environmentally 
and low-cost energy consumption.
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