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a b s t r a c t
In this study coagulation–flocculation method was evaluated to treat municipal wastewater using 
aluminum sulphate and calcium hydroxide as coagulants, and polyacrylamide as flocculant by 
varying pH from 5 to 7 and coagulant dosage from 100 to 300 mg L–1 at constant flocculant dosage 
(10 mg L–1), time (1 min for rapid mixing followed by 30 min for slow mixing), temperature (30°C ± 2°C), 
agitation speed (150 rpm for rapid mixing followed by 50 rpm for slow mixing) and settling time 
(2 h) by jar test method. The responses were percentages reduction in turbidity, chemical oxygen 
demand (COD) and biochemical oxygen demand (BOD). The sample was real-time wastewater from 
sewage treatment plant of Salalah Sanitary Drainage Services (SSDS) Company, Salalah, Sultanate 
of Oman. The trials were performed with single and mixed or combined coagulants. Response 
surface methodology (RSM) based central composite design (CCD) was used for the optimization 
of pH and coagulant dosage to maximize percentage reduction in turbidity, COD and BOD. The 
maximum of 99.7%, 98%, and 95.5% were achieved for turbidity removal using aluminum sulphate, 
calcium hydroxide and combined coagulants respectively. However, maximum of 60%, 58.1%, and 
42.5% were achieved for COD removal using calcium hydroxide, combined and aluminum sulphate 
respectively. Moreover, maximum of 79.5%, 78.5%, and 54.5% were achieved for BOD removal using 
aluminum sulphate, calcium hydroxide and combined coagulants respectively. The obtained results 
indicate that treatment using combined coagulant is effective for removal of turbidity and COD, and 
could be used for the treatment of municipal wastewater.
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1. Introduction

A municipal wastewater is mainly comprised of water 
(99.9%) together with a small amount of concentration of 
suspended and dissolved organic and inorganic solids [1]. 
It causes risk to human health due to exposure of micro
organisms, and high load of organic pollutants in soil and 
aquatic life from untreated wastewater in industrial and 
municipal worldwide [2]. Municipal sewage treatment plant 
of SSDS collected 3,500–4,000 m3 d–1 of influent from domes-
tic and commercial activities [3]. In the Sultanate of Oman, 
like in many other Mediterranean countries, demands on 

water resources for households, commercial, industrial, and 
agricultural use are on the increase due to rapid population 
growth and demographic shifts [4].

The increasing population, and extensive industrialization 
and urbanization in the region of Salalah produces a large 
quantity of liquid effluent. The main goal of most global 
sewage treatment plant is to produce a disposable efflu-
ent without causing harm to the environment and prevent 
pollution [5]. Many countries are suffering from water 
shortages and forced to use non-conventional resources 
such as cost effective harvesting technology and waste
water treatment [6]. In Salalah city, sewage treatment plant 
processed effluent for agriculture, industrial and municipal 
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purposes, and feeding the aquifer by natural recharge to 
maintain the composition of the groundwater in the future. 
The more rapid withdrawal of large quantity of groundwater 
from the aquifer leads to the intrusion of seawater [7].

The physical, physico-chemical and biological methods 
for treatment of water and wastewater include coagulation–
flocculation, advanced oxidation process, activated carbon 
adsorption, chlorination and ozonation disinfection have 
been commonly used on large scale [8–10]. The process of 
coagulation–flocculation is mostly widespread technique 
for yielding high pollutant removal efficiency such as small 
particles of color, turbidity, and bacteria in water and waste-
water treatment prior to sedimentation and filtration [11]. 
Many coagulants and flocculants are widely used in water 
and wastewater treatment processes and are classified as 
inorganic such as aluminum and ferric salts due to its low cost 
and ease to use [12]. Similarly, organic polymeric flocculants 
such as polyacrylamide derivatives has its remarkable ability 
to flocculate efficiently with low dosage. Many coagulants 
are widely used in water and wastewater treatment processes 
and are classified as inorganics such as aluminum and ferric 
salts, and organics like polyacryl amide derivatives. The 
effectiveness of aluminum and ferric coagulants are well rec-
ognized from their ability to form multi-charge polynuclear 
complexes with enhanced adsorption characteristics and its 
complexity formed has been controlled by the pH system [13].

The cheaper and widely used metal coagulants in water 
and wastewater treatments around the world are aluminum 
salts due to its low cost and ease of use [14]. Other chem-
icals used as coagulants include calcium hydroxide and 
magnesium carbonate to increase the pH of raw water before 
the water is treated with alum or ferric sulphates [12]. The 
advantages of using calcium hydroxide as coagulant are its 
low cost, safety in handling and sludge captures more metals 
on the treatment with fewer tendencies to leach them out to 
produce high fecal coliform reduction [15,16]. Furthermore, 
high quality of calcium hydroxide is available abundantly in 
the governorate of Dhofar, Sultanate of Oman.

Full and fractional factorial designs are commonly used 
methods for process optimization [17]. But, the former is 
expensive, laborious and leads to unpredictable optimal 
region [18]. The latter helps to achieve optimal region with 
minimum experiments, error, and cost [19]. RSM is a fractional 
factorial design and useful for the modeling and analysis of 
problems in which dependent variables are influenced by 
independent variables [20]. Box-Wilson and Box-Behnken are 
the designs of RSM. Box-Wilson design or CCD is used for 
process with two or more variables whereas Box-Behnken 
design (BBD) is used for three or more variables [21].

The present study aimed to investigate the potential of 
coagulation–flocculation process using single and combined 
coagulants of aluminum sulphate and calcium hydroxide, 
and polyacrylamide as flocculant for the treatment of 
municipal wastewater for compliance of Sultanate of Oman 
discharge standards in terms of turbidity, COD, and BOD.

2. Materials and methods

2.1. Materials

The municipal wastewater was collected from SSDS 
water reclamation plant. The sample was filled in air-tight 

plastic bottle and transported to the laboratory, and char-
acterized. The coagulants and flocculants used were of 
analytical grade and used without further purification.

2.2. Batch experimental studies using jar test

Coagulant dosage (100–300  mg  L–1) and pH (5–7) 
were independent variables at constant flocculant dosage 
(10 mg L–1), time (1 min for rapid mixing followed by 30 min 
for slow mixing), temperature (30°C ± 2°C), agitation speed 
(150 rpm for rapid mixing followed by 50 rpm for slow mix-
ing) and settling time (2 h) and turbidity, COD and BOD were 
dependent variables for coagulation–flocculation process by 
jar test apparatus. The apparatus is equipped with six bea-
kers of 500 mL volume each at room temperature. The waste-
water samples were thoroughly shaken before transferring 
to the corresponding jar test beakers for the re-suspension of 
possible settling solids.

The sample was adjusted initial pH from 5.0 to 7 by 
adding 1 N HCl or NaOH solution. Jar tests were dose with 
mixed coagulant–flocculant dosage from 110 to 310 mg L–1. 
After performing the jar test method, the supernatant was 
withdrawn from the beaker for chemical analysis and sludge 
(dense floc) was discarded. The experiments were per-
formed in triplicate the mean values were taken as response. 
The coefficient of variance was found to be within 5%. The 
characteristics of supernatant separated after settling was 
performed according to the standard operating procedures 
reported elsewhere [22].

2.3. Statistical modeling and process optimization

The main purpose of coagulation–flocculation is to 
remove total solids (both suspended and dissolved) from 
wastewater [1]. The factors affecting the performance of 
coagulation–flocculation process are pH of feed solution, 
the dosage of coagulant and flocculant, time for fast and 
slow mixing, temperature, agitation speed, and settling time 
[23]. The present study focused on the variation of pH and 
coagulant dosage while all other factors fixed at a constant 
value. The main advantage of RSM is that it is used to study 
the interaction effect between the factors [20]. Face-centered 
CCD is used in the present study since it can be used for two 
or more variables.

The number of experiments performed in CCD for k 
factors is 2k + 2k + c where c is number of center points [24]. 
11 trials were performed with 3 center points for 2 factors as 
per the CCD matrix as shown in Table 1. All the trials were 
performed in triplicate and the average value was taken as a 
response. The experimental data were fitted to the quadratic 
model as shown in Eq. (1) and model coefficients were eval-
uated using Eq. (2). The model coefficients were analyzed for 
comparing experimental and predicted values. Analysis of 
variance (ANOVA) was used to test the significance of the 
model. The best of fit between experimental and predicted 
values were analyzed by regression coefficients R2, adjusted 
R2 and predicted R2. The value of R2 between 0.9 and 1 reveals 
the best fit of data between experimental and predicted 
values.
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X X X YT T1

	 (2)

where Y is the response, Xi and Xj are independent factors, 
b0 is an intercept, bi, bii, bij are linear, squared and interaction 
coefficients, respectively and e is error. The statistical analy-
sis of CCD was investigated using Design Expert® software 
version 11.1.0.1 from Statease Inc., USA.

3. Results and discussion

3.1. Characteristics of municipal wastewater

The wastewater was characterized, and turbidity, electrical 
conductivity, pH, BOD, COD, and TSS were found to be 225 
NTU, 2,000 mS cm–1, 7.25, 50, 500, and 400 mg L–1 respectively.

3.2. Statistical modeling and process optimization

3.2.1. Effect of pH and coagulant-flocculant dosage on 
turbidity, COD, and BOD removal using aluminum 
sulphate as coagulant and polyacrylamide as flocculant

Table 1 shows the CCD matrix designed for independent 
variables with experimental percentage reduction in turbidity, 

COD, and BOD using aluminum sulphate as coagulant and 
polyacrylamide as flocculant. pH 5–7 and coagulant floccu-
lant dosage (110–310 mg L–1) were the independent variables 
(inputs) and percentage reduction in turbidity, COD and BOD 
were the dependent variables (responses). All the factors 
were simultaneously varied to perform 11 experiments for 
optimization (Table 1). The quadratic equations based on 
actual factors were obtained to evaluate the effect of each 
factor on the response:

Table 2 presents an ANOVA for the quadratic model 
of percentage turbidity reduction. It is noted that the all 
terms involving coagulant-flocculant dosage were signif-
icant with p-value less than 0.05 and the terms involving 
pH show p-value greater than 0.05. This shows that dosage 
is more significant than pH for the removal of turbidity 
[25]. The positive and negative signs of coefficients indicate 
positive and negative effects, respectively [26]. ANOVA of 
regression model demonstrates that the model with high 
Fisher’s F-test (247.11) and low p-value (<0.05) is significant. 
Therefore, the developed model was statistically significant 
within ±5%.

The ANOVA for the quadratic model of percentage 
COD reduction is presented in Table 2. It is noted that the 

Table 1
CCD matrix for reduction in turbidity, COD and BOD by coagulation–flocculation using aluminium sulphate, calcium hydroxide and 
combined aluminium sulphate-calcium hydroxide as coagulants and polyacrylamide as flocculant

pH Coagulant- 
flocculant 
dosage 
(mg L−1)

Aluminium sulphate- 
polyacrylamide

Calcium hydroxide- 
polyacrylamide

Aluminium sulphate–calcium 
hydroxide–polyacrylamide

% Turbidity 
reduction

% COD 
reduction

% BOD 
reduction

% Turbidity 
reduction

% COD 
reduction

% BOD 
reduction

% Turbidity 
reduction

% COD 
reduction

% BOD 
reduction

6 110 22 15.85 68 58.3 9 96.3 87.6 78.5 30.1
7 210 99.1 50 53.5 88.9 64 21.4 82.6 67.5 26.3
5 310 88.4 41.4 42.1 98.9 76 70.5 40.3 43 21.1
6 210 99.7 42.5 79.5 97.3 76 28.5 76 93.6 8
5 210 99.6 75.6 52.6 97.5 65 27.3 97 62.8 1.2
6 210 99.7 42 80 97.8 76.4 31.5 75.8 93.2 76
5 110 24.5 20.5 66.1 56.5 9.76 44.9 85.5 54 27.3
6 210 99.7 42 80 98.3 75.8 31 76.4 94.2 8.4
6 310 84.6 26 90.5 98.3 51 80 47.6 85.1 32.6
7 110 36.5 16 45.8 27.3 12 89.8 95.5 58.1 54.5
7 310 84.7 30 63.3 98.3 53.5 81 51.4 78.3 69

Table 2
Optimal values for reduction in turbidity, COD and BOD by coagulation–flocculation using aluminium sulphate, calcium hydroxide, 
and combined aluminium sulphate-calcium hydroxide as coagulants and polyacrylamide as flocculant

Coagulant-flocculant pH Coagulant-flocculant 
dosage

% Turbidity reduction % COD reduction % BOD reduction

Aluminium sulphate- 
Polyacrylamide

6 210 99.7 (Experimental) 42.5 (Experimental) 79.5 (Experimental)
96.1 (Predicted) 45.8 (Predicted) 79.3 (Predicted)

Calcium hydroxide- 
Polyacrylamide

5.5 310 98 (Experimental) 60 (Experimental) 78.5 (Experimental)
99.8 (Predicted) 64.2 (Predicted) 79.9 (Predicted)

Aluminium sulphate- 
Calcium hydroxide- 
Polyacrylamide

7 110 95.5 (Experimental) 58.1 (Experimental) 54.5 (Experimental) 
93.12 (Predicted) 54.7 (Predicted) 51.3 (Predicted)
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squared term involving coagulant-flocculant dosage was 
significant with p-value less than 0.05 and the other terms 
show p-value greater than 0.05. This shows that coagulant-
flocculant dosage is more significant at high concentration 
than pH for the removal of COD [27]. Finally, the developed 
model with p-value <0.05 shows that the model was 
statistically significant.

Table 2 presents an ANOVA for the quadratic model of 
percentage BOD reduction. Like COD, the interactive term, 
and squared term involving pH was significant with p-value 
less than 0.05 and the other terms show p-value greater than 
0.05. This shows that pH is more significant than coagu-
lant-flocculant dosage for the removal of BOD [28]. Therefore, 
the developed model was statistically significant. R2 value 
greater than 0.95 confirmed that experimental values fit well 
with the predicted data (Table 3).

The three-dimensional response surface plots of the 
regression equations are presented in Fig. 1. The effect of pH 
and coagulant–flocculant dosage and their interaction on per-
centage reduction in turbidity, COD and BOD are shown in 
Figs. 1a–c respectively. Coagulant–flocculant dosage should 
be optimized for maximum removal of turbidity, COD, and 
BOD. Turbidity, COD, and BOD removal of 24.5%, 20.5%, and 
66.1% were observed at pH of 5 and coagulant-flocculant dos-
age of 110 mg L–1 respectively. As the pH increased to 6, the 
percentage reduced to 22%, 15.85%, and 68% for turbidity, COD 
and BOD respectively. The increment of pH from 6 to 7 leads 
to an increase in removal of turbidity, COD and BOD [29]. The 
maximum removal of 99.7%, 42.5%, and 79.5% were achieved 
for turbidity, COD and BOD respectively at optimal values of 
pH 6 and coagulant-flocculant dosage 210 mg L–1.

3.2.2. Effect of pH and coagulant-flocculant dosage on 
turbidity, COD and BOD removal using calcium hydroxide 
as coagulant and polyacrylamide as flocculant

Table 1 shows the CCD matrix designed for independent 
variables with experimental percentage reduction in turbid-
ity, COD, and BOD using calcium hydroxide as coagulant 
and polyacrylamide as flocculant. pH (5–7) and coagulant 
flocculant dosage (110–310  mg  L–1) were the independent 
variables (inputs) and percentage reduction in turbidity, 
COD and BOD were the dependent variables (responses). 
All the factors were simultaneously varied to perform 11 
experiments for optimization (Table 1). The quadratic equa-
tions based on actual factors were obtained to evaluate the 
effect of each factor on the response (Table 3).

Table 4 presents an ANOVA for the quadratic model of 
percentage turbidity reduction. It is noted that the all terms 
except squared term of pH were significant with p-value less 
than 0.05. This shows that dosage is more significant than 
pH for the removal of turbidity [30]. Therefore, ANOVA 
of regression model demonstrates that the model with low 
p-value (<0.05) is significant. The ANOVA for the quadratic 
model of percentage COD reduction is presented in Table 4. 
It is noted that the all terms except squared term involving 
pH were significant with p-value less than 0.05. Finally, the 
developed model with p-value <0.05 shows that the model 
was statistically significant.

Table 4 presents an ANOVA for the quadratic model of 
percentage BOD reduction. Unlike turbidity and COD, all Ta
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the terms except linear term of coagulant–flocculant dosage 
were significant with p-value less than 0.05. This shows that 
pH is more significant than coagulant–flocculant dosage for 
the removal of BOD [31]. Therefore, ANOVA of regression 
model demonstrates that the model is significant. R2 value 
greater than 0.98 confirmed that experimental values fit well 
with the predicted data (Table 3).

The three-dimensional response surface plots of the 
regression equations are presented in Fig. 2. The effect of 
pH and coagulant–flocculant dosage and their interac-
tion on percentage reduction in turbidity, COD, and BOD 
are shown in Figs. 2a–c respectively. Coagulant–flocculant 

dosage should be optimized for maximum removal of tur-
bidity, COD and BOD. Turbidity, COD and BOD removal 
of 56.5, 9.76, and 44.9% were observed at pH of 5 and 
coagulant–flocculant dosage of 110 mg L–1 respectively. As 
the pH increased to 6, the percentage increased to 58.3%, 
9% and 96.3% for turbidity, COD and BOD respectively. 
The increment of pH from 6 to 7 leads to an increase in 
removal of COD and BOD and decrease in removal of tur-
bidity [32]. The maximum removal of 98%, 60%, and 78.5% 
were achieved for turbidity, COD and BOD respectively at 
optimal values of pH 5.5 and coagulant–flocculant dosage 
310 mg L–1.

 

  (a)        (b) 

 
(c) 

Fig. 1. Three dimensional surface plots showing the effect of pH and coagulant-flocculant dosage on reduction in (a) turbidity, 
(b) COD, and (c) BOD by coagulation–flocculation using aluminium sulphate as coagulant and polyacrylamide as flocculant.
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3.2.3. Effect of pH and coagulant–flocculant dosage 
on turbidity, COD and BOD removal using combined 
aluminum sulphate-calcium hydroxide as coagulant and 
polyacrylamide as flocculant

Table 1 shows the CCD matrix designed for independent 
variables with experimental percentage reduction in turbidity, 

COD and BOD using combined aluminum sulphate-calcium 
hydroxide as coagulant and polyacrylamide as flocculant. 
pH (5–7) and coagulant flocculant dosage (110–310 mg L–1) 
were the independent variables (inputs) and percentage 
reduction in turbidity, COD and BOD were the dependent 
variables (responses). All the factors were simultane-
ously varied to perform 11 experiments for optimization 

 

  (a)        (b) 

 
(c) 

Fig. 2. Three dimensional surface plots showing the effect of pH and coagulant-flocculant dosage on reduction in (a) turbidity, 
(b) COD, and (c) BOD by coagulation–flocculation using calcium hydroxide as coagulant and polyacrylamide as flocculant.
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(Table 1). The quadratic equations based on actual factors 
were obtained to evaluate the effect of each factor on the 
response:

Table 5 presents an ANOVA for the quadratic model of 
percentage turbidity reduction. It is noted that the all terms 
except squared term of pH were significant with p-value less 
than 0.05. This shows that dosage is more significant than 
pH for the removal of turbidity [30]. Therefore, ANOVA 

of regression model demonstrates that the model with low 
p-value (<0.05) is significant. The ANOVA for the quadratic 
model of percentage COD reduction is presented in Table 5. 
It is noted that the all terms were significant with p-value less 
than 0.05. This shows that both dosage and pH were equally 
significant for the removal of COD [33–35]. Finally, the 
developed model with p-value <0.05 shows that the model 
was statistically significant.

 

  (a)        (b) 

 
(c) 

Fig. 3. Three dimensional surface plots showing the effect of pH and coagulant-flocculant dosage on reduction in (a) turbidity, 
(b) COD, and (c) BOD by coagulation–flocculation using combined aluminium sulphate-calcium hydroxide as coagulant and 
polyacrylamide as flocculant.
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Table 5 presents an ANOVA for the quadratic model of 
percentage BOD reduction. Unlike turbidity and COD, all the 
terms except linear term of pH were significant with p-value 
less than 0.05. This shows that dosage is more significant 
than pH for the removal of turbidity [30]. Therefore, ANOVA 
of regression model demonstrates that the model is signifi-
cant. R2 value greater than 0.96 confirmed that experimental 
values fit well with the predicted data (Table 3).

The three-dimensional response surface plots of the 
regression equations are presented in Fig. 3. The effect of 
pH and coagulant–flocculant dosage and their interaction 
on percentage reduction in turbidity, COD, and BOD are 
shown in Figs. 3a–c respectively. Coagulant-flocculant dos-
age should be optimized for maximum removal of turbid-
ity, COD, and BOD. Turbidity, COD, and BOD removal of 
85.5%, 54%, and 27.3% were observed at pH of 5 and coagu-
lant-flocculant dosage of 110 mg L–1 respectively. As the pH 
increased to 6, the percentage changed to 87.6%, 78.5%, and 
30.1% for turbidity, COD and BOD respectively. The incre-
ment of pH from 6 to 7 leads to an increase in removal of 
COD and BOD and decrease in removal of turbidity [32]. The 
maximum removal of 95.5%, 58.1%, and 54.5% were achieved 
for turbidity, COD and BOD respectively at optimal values of 
pH 7 and coagulant-flocculant dosage 110 mg L–1 (Table 6).

4. Conclusion

The pH and coagulant-flocculant dosage were varied at 
constant flocculant dosage (10 mg L–1), time (1 min for rapid 
mixing followed by 30  min for slow mixing), temperature 
(30°C  ±  2°C), agitation speed (150  rpm for rapid mixing 
followed by 50  rpm for slow mixing) and settling time (2  h) 
to evaluate the percentage removal of turbidity, COD, and 
BOD by coagulation–flocculation in jar test method. The 
obtained results indicate that treatment using combined 
coagulant is effective for removal of turbidity and COD, and 
could be used for treatment of municipal wastewater.
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