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ABSTRACT

This study was conducted to assess the optimization of the coagulation-flocculation process and to
investigate the interactive effects of experimental factors in automotive wastewater treatment. Based
on the coagulation-flocculation process, an automotive wastewater was treated using polyaluminium
chloride as the coagulant and anionic polyacrylamide as the flocculant. Response surface methodology
was applied to optimize the operating variables: coagulant dosage, flocculant dosage and pH. We
found that the optimum conditions for chemical oxygen demand removal (73.7%) were, a coagulant
dosage of 73.3 mg/L, a flocculant dosage of 3.46 mg/L and pH 7.45. The optimum conditions for the
removal of heavy metals (Fe, Cr, Cu) were, a coagulant dosage range of 65.26-170.9 mg/L, a flocculant
dosage of 5.36 mg/L, and pH 6.13 (with 78.7-99.7% of heavy metals removal). The experimental data
and predicted model proved that RSM is a suitable approach for optimizing the coagulation-flocculation
process in automotive wastewater treatment.
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INTRODUCTION

Heavy metals can be found in environmental elements such
as food chains and thus, can cause significant harm to hu-
man health. Many treatment processes have been devel-
oped to remove heavy metals from wastewater (Gupta &
Suhas 2009); and hydroxide precipitation is the most com-
monly used method, as it is simple and low in cost
(Baltpurvins et al. 1996, Macchi et al. 1993, Sanchez et al.
1999). However, this method does not ensure total removal
of all metals, as not all metal hydroxides precipitate com-
pletely at the same pH. The effective precipitating ability of
a particular metal can be reduced by competition brought
on by the presence of other metals (Netzer et al. 1974).
Moreover, the final concentration of heavy metals after pre-
cipitation alone might not meet the standard (EQA 1999).
Coagulation-flocculation is a simple, efficient, physico-
chemical method of treating wastewater. This method is
widely used to treat palm oil mill effluent (Ahamad et al.
2005), textile wastewater (Meric et al. 2005), and abattoir
wastewater (Amuda & Alade 2006). The removal mecha-
nism used in this process includes, charging to neutralize
negatively charged colloids by cationic hydrolysis prod-
ucts and incorporating impurities in an amorphous hydrox-
ide precipitate through flocculation (Duan & Gregory 2003).

The efficiency of the coagulation-flocculation process
depends on several factors, such as the type and dosage of
the coagulant and flocculant (Hu et al. 2005), pH (Miller et
al. 2008), mixing speed and time (Gurses et al. 2003), tem-
perature, and retention time (Howe et al. 2006). Consump-
tion of polymerized forms of metal coagulants, such as
polyaluminium chloride (PAC) for wastewater treatment has
increased due to their low cost and wide availability, espe-
cially in Japan, Europe and North America (Amirtharajah &
O’Melia 1990). PAC is commonly used because it has many
advantages over conventional coagulants in terms of
particulate or organic matter removal and lower sludge pro-
duction (Sinha et al. 2004).

Response surface methodology (RSM) is a method of
designing factorial experiments that help researchers build
mathematical models, assess the effects of several factors
and obtain optimum conditions for a desirable response,
using a limited number of experiments (Ghafari et al. 2009).
This method has been applied mostly in the chemical in-
dustry, as well as in the physical, engineering, biological,
and social sciences (Khuri 2001). The optimum conditions
for carrying out the coagulation-flocculation process have
been established using RSM. The objective of this study
was to optimize the coagulation-flocculation process and
investigate the interactions among experimental factors. In
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this experiment, RSM was used to determine the optimal
experimental design of the coagulation-flocculation proc-
ess. In this study, coagulant dosage, flocculant dosage and
pH were the experimental factors that needed to be optimized,
while the desired responses were the removal percentages
of chemical oxygen demand (COD) and heavy metals (Fe,
Cr and Cu). The experiments were conducted to evaluate
the efficiency of the treatment process of highly organic
and inorganic polluted automotive industry wastewater, us-
ing RSM as a tool of experimental design, in coagulation
and flocculation process.

MATERIALS AND METHODS

Materials: In this experiment, 10% concentration PAC
solution was used and 5% anionic PAM/feedstock solution
was prepared using distilled water. Wastewater samples were
collected from the primary effluent tank of Oriental Summit
Industries (OSI) Sdn Bhd, located in Shah Alam, which
produces automotive parts, specifically for cars in Malaysia.
Table 1 shows the chemical characteristics of wastewater
samples measured based on the standard methods (APHA
2000).

Experimental procedure: The coagulation-flocculation
test was carried out using the jar test (VELP-Scientific,
Model: JLT6; VELP Scientifica, Usmate, Italy) with 500-
mL beakers. The experiment was started by determining the
optimum pH. The sample pH was adjusted from pH 5.0 to
9.0 by adding 1.0 mol/L HCl or NaOH solution. In order to
obtain the optimum amount of coagulant dosage, PAC was
added at dosages varying from nil to 110 mg/L. The optimum
flocculant dosage was determined by adding 5% concen-
tration of anionic polymer at dosages varying from nil to 4
mg/L.  The sample was immediately stirred at a constant
speed of 200 rpm for two minutes, followed by a slow stirring
at 40 rpm for ten minutes (Wang et al. 2009). The settlement
time was fixed at 30 minutes, according to a preliminary
test. Later, samples were taken from the water level around 2
cm below the surface to measure the COD of the treated
sample using a HACH spectrophotometer (model DR2010)
and a reactor digestion method of 8000 for low range (Hach
Company procedure) adapted from APHA (2000).  For heavy
metal detection, the same sample was also analysed using a
Perkin-Elmer inductively coupled plasma-mass spectrometry
(model ELAN 6000 ICP-MS).

Experimental design and data analysis: The Minitab ver-
sion 16 statistical software was used for the statistical de-
sign of the experiments and data analysis. The central com-
posite design (CCD), which is the standard RSM, was se-
lected for the optimization of the parameters. Because dif-
ferent variables are usually expressed in different units and

have different variation limits, the significance of their ef-
fects on response can only be compared after they are coded
(Wang et al. 2009). For statistical calculations, variable X

i

was coded as x
i
 according to the following equation:

     ݅ܺ =
xi− xi,0

݅ݔߜ
         ...(1)

Where, X
i
 represents the coded value of independent vari-

able i; x
i
 is the uncoded value of independent variable i; x

i,0

is the median of data array x
i
; and δx

i
 is the step change.

Step change δx
i 
is defined as follows:

݅ݔߜ =
max	(xi)− min	(xi)

2
       ... (2)

Flocculant dosage (x
1
), coagulant dosage (x

2
) and pH

(x
3
) were chosen as the three independent variables, their

ranges and levels are given in Table 2. COD and heavy
metal removal were selected as the dependent variables.
The response variable was fitted with a second-order model
in the form of a quadratic polynomial equation, as follows:
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݅
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Where, i is the linear coefficient, j is the quadratic coeffi-
cient; b is the regression coefficient, and k is the number of
factors studied and optimized in the experiments. The inter-
active effects of the independent variables on the depend-
ent variables are illustrated by a two-dimensional contour
plot for this experiment.

RESULTS AND DISCUSSION

Optimization of COD removal: The COD removal values

Table 1: Chemical characteristics of wastewater sample.

Parameter Range Mean

Temperature (°C) 25-31 2 8
pH 8.0-8.5 8.3
COD (mg/L) 580-600 590
Fe (mg/L) 7.1-7.2 7.1
Cr (mg/L) 3.0-3.3 3.1
Cu (mg/L) 0.1-0.2 0.1

Table 2: Ranges and levels of independent variables.

Variables Range and level

-1.68 -1 0 1 1.68

X1, Flocculant dosage (mg/L) 0 1 2 3 4
X2, Coagulant dosage (mg/L) 3 0 5 0 7 0 9 0 110
X3, pH 5 6 7 8 9
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are listed in Table 3 and Quadratic regression models
obtained are expressed as follows:

YCOD = 72.2938 + 3.9163X1 – 1.8084X2 + 7.1781X3 – 10.0924X1
2 –

3.0213X2
2 – 5.3783X3

2 + 0.4167X1X2 – 1.2500X1X3 + 1.2500X2X3

R2 = 0.8601        ...(4)

Analysis of variance (ANOVA) was used to analyse the
interaction between process variables and responses. The
lack of fit (LOF) F-test was used to test whether the regres-
sion function adequately fits the data. The quadratic regres-
sion shows that the model was significant, LOF P value was
0.705 (>0.05), implying a significant model correlation be-
tween the variables and responses. The correlation coeffi-
cient value (R2 = 0.8601) indicates that only 14% of the
total variation could not be explained by the empirical mo-
del (Ahamad et al. 2005). Fig. 1 shows that the COD re-
sponse was obtained by keeping one variable at the central
level while the other two variables varied within the experi-
mental range. The two-dimensional contour plot shows that
all the contour plots have a considerable curvature. The
optimal conditions for COD removal are in the middle of
the design boundary, indicating that there are interdepend-
ence interactions among these three factors. There were sig-
nificant interactions between flocculant and coagulant dos-
ages, flocculant dosage and pH and coagulant dosage and
pH. The contour plot in Fig. 1(a) shows that at the optimum

pH of 7.5, the COD removal was higher when the flocculant
and coagulant dosages were in the range of 2-5 mg/L and
20-130 mg/L, respectively. In general, pH 6.0-8.0 is a suit-
able condition for the formation of amorphous aluminium
hydroxide [Al(OH)

3
] when aluminium ions are used as co-

agulants. The formation of amorphous Al(OH)
3
 causes or-

ganic matter removal through a sweep floc mechanism by
adsorption on the precipitation of Al(OH)

3 
(Chang et al.

1993). As shown in Fig. 1(b) and Fig. 1(c), a nearly sym-
metrical contour shape with the maximum response at the
centre of the contour indicates that there are significant in-
teractions between flocculant dosage and pH, as well as
coagulant dosage and pH. The optimal pH obtained for COD
removal was in the range of 6-9, while the optimum dosages
for COD removal were obtained as the amount increased to
within the 2-5 mg/L range for the flocculant, and 20-120
mg/L for the coagulant. Using eq. (4), the optimal conditions
for COD percentage removal were obtained with coagulant
dosage of 73.3 mg/L, flocculant dosage of 3.46 mg/L and pH
of 7.45. Under optimal conditions, the maximum COD re-
moval was estimated at 73.7%.

Optimisation of heavy metal removal: In this study, the
use of anionic PAM, which supplied a negative charge, in-
creased heavy metal removal due to its charge neutraliza-
tion action and bridging ability (Wang et al. 2009). The
addition of flocculant followed by low-sheer mixing dur-
ing the experiments increased contact between particles,
thus allowing particle growth through the sedimentation
phenomenon called flocculant settling and enabling the
heavy metal removing process. Taking these two factors
into account, heavy metal removal was improved signifi-
cantly as the adsorption bridging ability increased (Wang
et al. 2009). The quadratic regression models obtained for
iron are as follows:
YFe = 99.6720 + 0.1416X1 + 0.1713X2 + 0.0045X3 – 0.8098X1

2 +
0.1169X2

2 + 0.1219X3
2 – 0.3833X1X2 – 0.0053X1X3 – 0.0124X2X3

R2 = 0.803         ...(5)

The results of (R2 = 0.803) for iron removal show that the
measured versus predicted plot values for iron were distrib-
uted close to a straight line implying that the model fitted
the experimental data well. Applying eq. 5, the optimal con-
ditions obtained for iron removal were at a coagulant dos-
age of 170.9 mg/L, a flocculant dosage of 5.36 mg/L and pH
of 6.13. Under optimal conditions (pH 6), maximum iron
removal was estimated at 99.7%. The experimental results
for chromium removal were represented in the following
regression equation:
Y Cr = 97.9982 + 11.6513X1 + 0.4454X2 + 0.2575X3 – 9.1119X1

2 –
0.2730X2

2 + 0.6602X3
2 – 1.5609X1X2 – 0.3426X1X3 – 0.2157X2X3

R2 = 0.9461         ...(6)

Table 3: Design matrix and results of the central composite design.

Run        Factors         Response (% removal)

X1 X2 X3 COD Fe Cr Cu

1 4 130 1 0 66.66 99.67 99.23 80.32
2 4 1 0 4 56.66 98.14 78.07 49.18
3 0 130 4 36.66 99.53 83.19 52.45
4 2 170 7 56.66 99.64 93.85 57.37
5 2 7 0 7 70.00 99.73 99.34 68.85
6 4 130 4 60.00 99.56 84.67 49.18
7 2 7 0 1 2 50.00 96.55 96.54 49.18
8 2 7 0 7 60.00 99.68 98.78 65.57
9 0 1 0 4 40.00 98.14 76.24 45.90
1 0 1 7 0 7 50.00 99.70 99.13 72.13
1 1 2 7 0 1 40.00 97.61 46.24 39.34
1 2 0 1 0 1 0 50.00 99.81 98.42 70.49
1 3 2 7 0 7 80.00 99.67 98.93 75.40
1 4 0 130 1 0 50.00 99.74 99.64 75.40
1 5 2 7 0 7 70.00 99.70 99.03 70.49
1 6 5 7 0 7 66.66 99.73 98.93 73.77
1 7 4 1 0 1 0 63.33 99.87 99.39 72.13
1 8 2 7 0 7 80.00 99.68 93.29 57.37
1 9 2 3 0 7 73.33 99.75 98.91 68.85
2 0 2 7 0 7 73.33 99.64 98.88 72.13

Key note:
X1: Flocculant dosage (mg/L)
X2: Coagulant dosage (mg/L)
X3: pH
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Fig. 1: Contour plot of COD removal showing effects of variables: (a) X1–X2, (b) X1–X3 and (c) X2–X3

Fig. 2: Predicted versus actual values plot for (a) COD, (b) Fe, (c) Cr, and (d) Cu removal.

  (a)              (b) 

     
           (c)              (d) 
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The result of LOF F-test for Cr was 0.051 (>0.05) and R2

= 0.9461 for chromium percentage removal show that the
second-order polynomial model was significant and fit the
experimental results well. Fig. 2(c) shows that the measured
versus predicted plot values were distributed close to the
straight line. The correlation coefficient value (R2 = 0.9461)
indicates that only 5.3% of total variation could not be
explained by the empirical model. Applying Eq. 6, the op-
timal conditions obtained for chromium removal were as
follows: coagulant dosage of 65.26 mg/L, a flocculant dos-
age of 5.36 mg/L and pH of 8.88. Under optimal conditions,
maximum chromium removal was estimated at 98.7%. Eq. 7
is the result of the regression model for copper removal by
coagulation-flocculation test:
Y Cu = 68.2326 + 8.6537X1 + 0.0273X2 + 0.6820X3 – 8.0211X1

2 –
1.3557X2

2 + 2.1219X3
2 + 0.8197X1X2 + 0.8197X1X3 – 0.4098X2X3

R2 = 0.7618         ...(7)

Statistical testing performed using ANOVA shows that
the quadratic regression model is significant due to the high
LOF P value for Cu removal, i.e., 0.217 (>0.05). The correla-
tion coefficient (R2 = 0.7618) value ensures a satisfactory
adjustment of the quadratic model to the experimental data.
Applying Eq. 7, the optimal conditions obtained for Cu
removal percentage were coagulant dosage of 79.88 mg/L,
a flocculant dosage of 5.36 mg/L and pH of 8.88. Under
optimal conditions, maximum copper removal was estimated
at 78.7%.

CONCLUSION

A coagulation-flocculation test was carried out to treat au-
tomotive wastewater, using PAC as the coagulant and aided
by anionic PAM as the flocculant. A full factorial central
composite design and response surface design were used to
optimize the coagulant dosage, flocculant dosage and pH
levels. The results show that the optimal conditions for COD
removal were at a coagulant dosage of 73.3 mg/L, a flocculant
dosage of 3.46 mg/L and pH 7.45, while the optimal condi-
tions for heavy metal (Fe, Cr Cu) removal were in the coagu-
lant dosage range of 65.26-170.9 mg/L, a flocculant dosage
of 5.36 mg/L and pH 6.13. The experimental data and pre-
dicted model proved that RSM is a suitable approach for
optimizing the coagulation-flocculation process in treat-
ing automotive wastewater.
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