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ABSTRACT

The purpose of this research was to investigate further treatment of anaerobically treated
palm oil mill effluent (POME) via optimized coagulation—flocculation process. Alum, as a
metal salt coagulant was used in the process. Most favourable values of pH, alum dosage,
and slow mixing time were obtained using the central composite design and response sur-
face methodology (RSM). Results show the regression, linear, interaction, and quadratic
terms are significant and the model is considered to be adequate in terms of reproducibility.
The quadratic model was significance to give less than 0.05 of probability of error (p). Also,
the values of the correlation coefficient (R*), adequate precision (AP), and coefficient of vari-
ance (CV) was found to be 0.962, 15.726 and 7.31, respectively. After operating of coagulation
process in optimum condition (pH=6.4, alum dosage=2124mg/L, and slow mix-
ing=20min.) the chemical oxygen demand (COD) reduced by 59%. This indicates that the
application of optimized coagulation—flocculation process decreases the COD concentrations

level less than the POME discharge limits enforced by Department of Environment.
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1. Introduction

Despite the abundant applications of biological
treatment for removal of palm oil mill effluent
(POME), such exertions are hampered by the con-
straints of its long hydraulic retention time (often in
excess of 20days), necessity of large digesters and
plant size, sensitivity of microorganisms to the envi-
ronmental alteration, and vast emission of corrosive
biogas (methane, carbon dioxide, and trace amounts
of hydrogen sulphide) [1,2]. In addition, many
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important pollutants may be found biodegradable
under laboratory conditions. However, biodegradation
under field conditions is a different matter. It is often
observed that metabolic rates are much slower in the
field for many reasons [3]. Environmental conditions
such as temperature, pH, and oxygen may not be
optimal. Microbial cultures isolated in the laboratory
may not thrive or even survive in competition with
the vast population of microbes that naturally occur in
the field. Anaerobic digestion is one of the most com-
mon methods to treat highly concentrated POME. But,
this process alone could hardly produce effluents to a
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level complying with discharge limits [4]. The
reported results shown in Table 1 indicate that the
anaerobically treated POME still contains high chemi-
cal oxygen demand (COD), biochemical oxygen
demand (BOD), and solids concentrations.

Coagulation—flocculation is widely used for waste-
water treatment, as it is cost effective, efficient, easy to
operate, and energy-saving treatment alternative.
Successful applications of coagulation—flocculation
process have been reported for treatment of different
discharges such as resin manufacturing wastewater
[9] textile wastewater [10], municipal secondary efflu-
ents [11], olive mill effluents [12], combined wastewa-
ter [13] as well as slaughterhouse wastewater [14].
Among the available coagulants, aluminium sulphate
(alum) is one of the most widely used coagulants due
to its effectiveness, relatively low cost, and availabil-
ity. Alum destabilizes oil droplets of POME and
destroys emulsions. Different mechanisms are
involved in a coagulation process, including ionic
layer compression, adsorption and charge neutraliza-
tion, inter-particle bridging, and sweep coagulation
[15]. These mechanisms are important in forming of
flocs of residue oil and suspended solid in POME
which could be settled and finally removed. In addi-
tion, in coagulation—flocculation process, other factors
can influence the efficiencies of process, such as the
dosage of coagulant/flocculant, pH, mixing speed and
time, temperature, and retention time. The optimiza-
tion of these factors may increase the process effi-
ciency [10]. Response surface methodology (RSM) is
powerful tool to determine the influences of individ-
ual factors and also their interactive manipulates [16].
RSM is a statistical technique for designing experi-
ments, building models, evaluating the effects of vari-
ous factors and searching optimum conditions for
desirable responses. With RSM, the interactions of
possible  influencing parameters on treatment
efficiency can be evaluated with a minimum number
of planned experiments without the need for studying
all possible combinations of the parameters.

Table 1

Characteristic of typical anaerobically digested POME
Parameters® [5] [6] [7] [8]
pH 7.4 7.1 7.24 7.8
BOD 1,355 655 1938 -
COD 13,650 5,430 20,314 1,372
TS 19,370 8,300 20,889 -
TSS 12,750 3,100 14,686 512
TN 320 - - 134

?All parameters in mg/L except pH.
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In this study central composite design (CCD) and
RSM were used to design the experiments, build
models and determine the optimum conditions to
treat anaerobically digested POME using coagulation-
flocculation process. The statistical design was based
on three factors (pH, coagulant dosage, and slow
mixing) and COD removal efficiency as response.

2. Materials and methods

2.1. Anaerobically treated POME preparation and
characterization

Effluent from the anaerobic pond system treating,
a local POME was used for this study. After collec-
tion, the samples were transported to the laboratory
and placed in a cool storage at 4°C to stop any micro-
biological activity and to avoid any composition
changes. The pH was not adjusted and no chemicals
were added to the wastewater. The required volume
was thawed to room temperature (28+2°C) before
performing coagulation—flocculation experiment. The
pH of the wastewater sample was determined using
HACH pH meter (Sension 4, USA). COD was mea-
sured using HACH spectrophotometer (DR 2800,
USA). BOD; was analyzed on samples incubated for
threedays at 27°C [17]. The initial and final dissolved
oxygen (DO) were measured using a DO meter (YSI
5000, USA). TSS were determined by filtering 50 mL
of the wastewater sample through a 47 mm filter disk
and the residue retained on the filter was dried in a
drying oven at 105°C for oneh. TKN (Total Kjeldahl
Nitrogen) was found through colorimetric method
using HACH spectrophotometer (DR 2000, USA).
TOC of the wastewater was analyzed using a total
organic carbon analyser (1020A, USA) in accordance
with the Standard Methods for the Examination of
Water and Wastewater [18]. Turbidity of the waste-
water sample was determined in NTU (nephelometric

Table 2

Characteristics of anaerobically treated POME
Parameter Range®
Temperature (°C) 29+4
pH 8.63+0.008
COD (mg/L) 682+14
BOD; (mg/L) 367 +15
TKN (mg N/L) 186 +44
TSS (mg/L) 29+7
TOC (mg/L) 282+13
Turbidity (NTU) 106 +3

“The values are average of three measurements.
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turbidity unit) using a HACH portable turbidimeter
(2100P, USA). Table 2 shows characteristics of anaero-
bically treated POME.

2.2. Coagulation—flocculation

The coagulation—flocculation experiment was car-
ried out in a Phipps and Bird jar-test apparatus (USA)
equipped with six beakers of 1L volume, each. The
time and speed for rapid and slow mixing were set
with an automatic controller. In this study, alum as

Table 3

Range of critical parameters obtained from literatures
Critical parameters Range References
pH 4-8 [15,19,20]
Coagulant dose (mg/L) 600-3,000  [20]
Duration of rapid mixing (min) 5-30 [15]
Duration of slow mixing (min) 10-60 [19]
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metal salt coagulant was used. Alum was in pow-
dered form with the formula Aly(SO,);-18H,O
(M=666.42g/mol, 51-59% Al,(SO4)3-18H,O, pH 2.5-
4). Table 3 shows a summary of test conditions for
POME treatment obtained from other researchers’
studies. Therefore, in this research the operating
parameters were varied as pH 6-8, coagulant dosage
1,800-2,400mg/L, and slow mixing time 10-30 min.

2.3. Experimental design and data analysis

A full factorial composite experimental design and
RSM was employed in order to obtain the relationship
between the variables and the response. The CCD,
which is the standard RSM, was selected for optimiza-
tion of parameters. Knowing the constraint of the vari-
ables owing to their difference in units and/or
difference in limits of variation, the variables were
coded according to the following equation:

XX
X

(1)

where x; is the coded value of the ith independent

lgit};leeri‘fn ental factors and their levels variable,. X; is the' natural value of the i™ ig}clie.pen—
dent variable, X, is the natural value of the i"" inde-
Variables Range and levels pendent variable at the centre point, and X is the
-1 0 1 value of step change. pH (X;), coagulant dosage (X5),
and slow mixing time (X5;) were choosen as three
X1, pH 5 6 7 independent variables in the coagulation—flocculation
Xj, coagulant dosage (mg/L) 1,200 1,800 2400 process. Their range and levels are displayed in
X3, slow mixing time (mins) 10 20 30 Table 4.
Table 5
CCD and response results for the study of three experimental variables in coded units
Run Factors Response
pH (code) Coagulant dosage (code) Slow mixing time (code) COD removal efficiency (%)
1 6 (0) 1,800 (0) 20 (0) 58.3
2 7 (1) 1,200 (-1) 30 (1) 33.0
3 5(-1 2,400 (1) 10 (-1) 31.8
4 7 (1) 2,400 (1) 10 (=1) 52.0
5 6 (0) 1,800 (0) 20 (0) 57.3
6 5(-1) 2,400 (1) 30 (1) 34.3
7 7D 2,400 (1) 30 (1) 53.2
8 7 (D) 1,200 (-1) 10 (-1) 31.3
9 5(-1) 1,200 (-1) 30 (1) 37.1
10 51 1,200 (—1) 10 (1) 26.1
11 6 (0) 1,800 (0) 20 (0) 54.9
12 6 (0) 1,800 (0) 20 (0) 53.5
13 6 (0) 1,800 (0) 20 (0) 55.8
14 6 (0) 1,800 (0) 20 (0) 56.6
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COD of the treated POME was chosen as the
dependant output variables. The response variable
was fitted by a second-order model in the form of
quadratic polynomial equation:

k k k k
i=1 i=1 j

li<j

+---te (2)

where Y is the predicted response, f, is the offset
term, f; is the linear coefficient, f; is the quadratic
coefficient, and f;; is the interaction coefficient. Table 5
presents the coded experiments conducted as per
experimental design along with the response values.
The Design Expert Software (version 6.0.7, Stat-
Ease, Inc., Minneapolis, MN) was used for regression
and graphical analysis. The interactive effects of the
independent variables on the dependent one were
illustrated by three-dimensional response surfaces.
From these three-dimensional plots, the simultaneous
interaction of two factors on the response was studied.
Additional experiment was conducted to verify the
validity of the statistical experimental strategies.

3. Results and discussion
3.1. Statistical analysis

The RSM was employed for the optimal experi-
mental design of the coagulation—flocculation process.
The following quadratic regression model for COD
removal efficiency in terms of coded factors was
obtained:

Ycop = 56.22 4+ 5.33X; +4.96X, + 1.57X; — 9.65X}
—6.29X5 — 1.03X3 + 4.75X: X, — 1.32X: X,
~1.13X,X;3

where X;, X, and X; are the coded values of the
process variables pH, alum dosage, and slow mixing
time, respectively. The response surface analysis
allowed the development of an empirical relationship
in which the response variable (Ycop) was assessed as
a function of pH (X;), alum dosage (X;) and slow
mixing time (X3), three first-order effects (linear term
in X;, X, and Xj3), three second-order -effects

Table 6
ANOVA for response surface quadratic model
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(quadratic terms in XIZ, XZZ, and X32) and; three inter-
action effects (interactive terms in X;X,, X;X5; and
X;X3). The result of the Analysis of Variance
(ANOVA) for COD is shown in Table 6.

ANOVA provides the statistical results and diag-
nostic checking tests which enables the adequacy of
the models to be evaluated [21]. It was found that the
quadratic model was significance to give less than
0.05 of probability of error (P). The value of the corre-
lation coefficient (R*> =0.962) indicates that only 3.8%
of the total variation could not be explained by the
empirical model. Adequate precision (AP) compares
the range of the predicted values at the design points
to the average prediction error. Ratios greater than
four indicate adequate model discrimination [22]. The
AP value which is greater than four (15.726 in this
study) is adequate and can be used to navigate the
design space defined by the CCD. According to
ANOVA, the AP value suggests that most of the dif-
ferences in the response can be explained using the
regression equation. The associated P-value is used to
estimate, whether AP value is large enough to show
statistical significance. If the P-value is lower than
0.05, it then demonstrates that the model is statisti-
cally significant. The low standard deviation certainly
is also evident that the quadratic model is seemingly
the best. The coefficient of variance (CV) as the ratio
of the standard error of estimated to the mean value
of the observed response defines reproducibility of the
model. A model normally can be considered repro-
ducible if its CV is not greater than 10% [23]. The
results in Table 6 show that the regression, linear,
interaction, and quadratic terms are significant and
the model is considered to be adequate in terms of
reproducibility with CV=7.31. The plot of predicted
versus experimental COD removal efficiency of trea-
ted POME is close to y =x, indicating the prediction of
experimental data is rather satisfying (Fig. 1).

According to regression equation, the optimal
conditions for COD were obtained as follow:
pH=6.42, alum dosage=2124mg/L and slow mixing
time =20 min. With COD as the response, the response
surfaces of the quadratic model are shown in Figs. 2—4.
The surface graphs indicate that the optimal
conditions were exactly located inside the design
boundary. The curves with noticeable bend imply that
there are significant interactions between the COD
removal efficiency and the process variables.

Response p R?

COD <0.0001 0.962 15.726

Adequate precision

Standard deviation Coefficient of variance

3.26 7.31
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DESIGN-EXPERT Plot
COD removal efficiency

58.30

Predicted vs. Actual

48.71

39.12

Predicted

29.54

19.95

T T T T T
19.95 29.54 39.12 48.71 58.30

Actual

Fig. 1. Predicted vs. actual data for POME COD removal
efficiency.

DESIGN-EXPERT Plot

COD removal efficiency
X=A:pH
Y = B: Dosage

Actual Factor
C: Slow Mixing = 20.00

COD removal efficiency

Fig. 2. Design-expert plot; response surface plot for COD
removal at different pH and alum dosage.

Fig. 2 shows the changes in COD removal
efficiency with varying pH and dosage. It is clear that
the optimal conditions for the COD removal efficiency
were located in the region where pH ranged from 6.0
to 7.0 and alum dosage from 1,800 to 2,400 mg/L.
Alum is most effective between pH ranges of 5.0 and
7.5 [24]. Hence, pH 6.0 to 7.0 was reasonably an opti-
mal and effective range for maximum COD removal
of 58.7%. Figs. 3 and 4 portray fairly the same trend
of surface graphs. It can be seen that at higher slow
mixing time of 20-30 min, the COD removal efficiency
increased slightly with increasing alum dosage at
1,800-2,400mg/L and pH at 6.0-6.5, respectively.
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DESIGN-EXPERT Plot

COD removal efficiency
X = B: Dosage
Y = C: Slow Mixing

Actual Factor
A:pH=6.0

COD removal efficiency

2400.0

1800.0
1500.0

C: Slow Mixing 15.0
\
10.0" 1200.0

B: Dosage

Fig. 3. Design-expert plot; response surface plot for COD
removal at different alum dosage and slow mixing
duration.

DESIGN-EXPERT Plot

COD removal efficiency
X=A:pH
Y = C: Slow Mixing

Actual Factor
B: Dosage = 1800.0

COD removal efficiency

30.0
7.0

C: Slow Mixil

25.0 \
6.5
20.0 5.0
ng 15.0 5
>

A: pH
10.0 5.0

Fig. 4. Design-expert plot; response surface plot for COD
removal at different pH and slow mixing duration.

3.2. Experimental condition optimization

To confirm the validity of the statistical experimen-
tal strategies, additional verification experiments were
conducted at optimum conditions determined from
RSM in previous step. The samples were stirred at a
constant speed of 150rpm for 5min. This was fol-
lowed by slow mixing at 30 rpm to keep all the solids
in suspension and to promote collisions between
destabilized particles. The contents of each beaker
were then allowed to sediment with the settling time
of 60 min. The COD removal efficiency was predicted
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by the model to be 58.7% wunder the optimum
conditions. This model prediction from the regression
equation agreed reasonably well with the data from
the verification experiments. Based on optimized
experimental condition COD removal efficiency of
59.0% was achieved under optimized condition. This
testifies that the RSM approach was appropriate for
optimizing operational conditions of the coagulation—-
flocculation process in COD removal efficiency of
POME. Therefore, the optimum values of the process
variables were: pH 6.42, alum dosage 2,124 mg/L, and
slow mixing time 20min. According to the Environ-
mental Quality Act 1974 which is implemented by
Department of Environment (DOE), Malaysia, the
COD of effluent discharge for crude palm oil mills
should not be above 400mg/1 [25]. As a result, the
effluent after current process is met the discharge
requirements.

4. Conclusions

The study reveals that COD removal efficiency of
up to 59% can be achieved during coagulation process
by optimization of the experiment procedures at pH
6.4, alum dosage 2,124mg/L, and rapid and slow
mixing 5 and 20 min by application of RSM. Obtained
results in this study are useful in purposing coagula-
tion process using alum to palm oil mill industries to
be applied as polishing for anaerobically treated
POME, since it is energy and cost efficient, controlla-
ble, and has short and predictable duration and is
able to reduce the COD to the level which meets the
discharge limits enforced by Malaysian DOE.

Acknowledgments

The authors gratefully acknowledge Mr. Zaaba B
Mohamad for his supports and efforts through out
this research. An honourable mention also goes to
Universiti Teknologi PETRONAS (UTP) for financial
supports and Nasaruddin Palm Oil Mill for allowing
the collection of anaerobically treated POME.

List of symbols

X — coded value of the ith independent variable

X; — natural value of the ith independent
variable

X, — natural value of the ith independent
variable at the centre point

0X — value of step change

Y — predicted response
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Po — the offset term

Pi — the linear coefficient

Pii — the quadratic coefficient

Bij — the interaction coefficient
ANOVA — analysis of Variance

AP — adequate precision

BOD — biochemical Oxygen Demand
CCD — central composite design
COD — chemical oxygen demand
Ccv — coefficient of variance

DOE — Department of Environment
NTU — nephelometric turbidity unit
POME  — palm oil mill effluent

RSM — response surface methodology
TKN — total Kjeldahl nitrogen

TN — total nitrogen

TOC — total organic carbon

TS — total solids

TSS — total suspended solids
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