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mechanism studies
a

Yong Yin Sia, Ivy Ai Wei Tan and Mohammad Omar Abdullah
Department of Chemical Engineering and Energy Sustainability, Faculty of Engineering, Universiti Malaysia Sarawak, 94300 Kota
Samarahan, Malaysia

Abstract. The disposal of palm oil mill effluent (POME) without proper treatment before being discharged into
natural water sources has become undesirable because of high concentration of suspended solid (SS), oil and grease
(O&G), chemical oxygen demand (COD) and biological oxygen demand (BOD). This study investigated the
feasibility of removing colour, total suspended solid (TSS) and COD using acid-washed coconut shell based activated
carbon (CSAC) through the evaluation of the adsorption uptake as well as the adsorption kinetics and mechanism.
The percentage removal of colour, TSS and COD from POME onto CSAC were 61%, 39%, 66%, respectively
achieved within 48 hours of contact time. The kinetic models studied were pseudo-first-order (PFO), pseudo-secondorder (PSO), and Elovich models. The intra-particle diffusion (IPD) model was studied to interpret the adsorption
diffusion mechanism. The adsorption of colour, TSS and COD onto CSAC were best interpreted by the PSO model,
and well fitted by the Elovich model. The IPD and Boyd plots indicated that IPD and film diffusion controlled the
adsorption of colour, TSS and COD onto the CSAC.

1 Introduction
Palm oil industry is a main economic contributor in
Malaysia. Palm oil mill effluent (POME) is the largest
waste contributor in the palm oil mills. Oil palm waste is
also generated from the refined fresh fruit bunch (FFB).
FFB consists of 30% fibre, 6% shell, 3% decanter cake
and 28.5 % empty fruit bunch (EFB). In Malaysia,
approximately 30 million tonnes of POME were released
by 381 palm oil production mills in 2004 [1]. Malaysia
produced at least 44 million tonnes of POME in 2008 [2].
An efficient and sustainable management system is
therefore required for treatment of POME to protect the
environment and monitor the degradation of river water
in order to prevent environmental pollution [1].
In Malaysia, ponding system has been applied in
most palm oil production mills to treat POME [3]. This is
mainly because Malaysia has large areas of land for the
ponding system. The ponding system is more
economically feasible and can stand a larger limit of
organic loading rate (OLR) [4]. However, large amounts
of methane (CH4) and carbon dioxide (CO2) are released
in an uncontrollable manner from open ponds into the
atmosphere. This might worsen the global warming effect
as 6.54 kg CH4/tonne FFB would be emitted from the
ponds [5]. The equivalent amount of CO2 released into
the air is 137.4 kg. In 2020, POME treatment ponds are
estimated to release 0.36 million tonnes of CH4 [6]. CH4
has approximately 20 times more greenhouse effect than
a

CO2 with a possible 100 year global warming effect [7].
Therefore, by the year of 2020, the ponding systems in
Malaysia would cause greenhouse effect corresponding to
7.2 million tonnes CO2.
Activated carbon (AC) has been proven to be efficient
in treating various wastewaters. Nevertheless, its
constraint is the high cost of commercial AC. Therefore,
derivation of AC from agriculture wastes has been
emphasized in recent years since the interest in low-cost
AC derived from renewable raw materials is growing. A
past study reported that the removal efficiency of
suspended solids and turbidity was 89.1% and 91.4%,
which was respectively achieved by utilizing powdered
activated carbon (PAC) obtained from EFB, with the
following specific conditions: 3.5 g PAC/100 mL biotreated POME, contact time of 45 minutes and mixing
speed of 150 rpm [8]. Another study on column
adsorption of dye wastewater was conducted with a
bottom layer of granular activated carbon (GAC) and an
upper layer of zeolite in a column of 6.35 cm diameter at
2.84 mL/cm2.min surface loading rate and 10 cm bed
height [9]. The reduction of chemical oxygen demand
(COD), ammonia and colour were 59.46%, 60.82% and
58.4%, respectively. A study on colour adsorption from
biologically treated POME by utilizing AC derived from
palm kernel shell which was produced by following
chemical and microwave method (PKSCM) reported
colour removal of 100% at the optimum condition of 5 g
AC/100 mL POME, pH 2, and equilibrium time of 12
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2.3.2 Kinetic model: Pseudo-second-order

hours [10]. Therefore, the aim of this study is to
investigate the feasibility of acid-washed CSAC to
remove colour, TSS and COD from POME through
evaluation of the adsorption uptake, kinetics and
mechanism.

According to Ho et al. [12], the pseudo-second-order
(PSO) kinetic model is expressed as Eq. (5). The Eq. (5)
can be expressed as Eq. (6) by separating the variables.
Further integrating Eq. (6) over boundaries q = 0 at t = 0
and q = qe at t = t, Eq. (6) turns into Eq. (7) in which k2
(g/mg h) is the second-order adsorption rate constant.

2 Materials and methods
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2.1 Materials
The POME sample was obtained from the second
anaerobic pond of a palm oil mill located at Kota
Samarahan, Sarawak, Malaysia. The POME sample was
kept in a refrigerator at 4°C. CSAC with mesh size 8x30
and iodine number 1000 was used as the adsorbent to
treat POME. Distilled water was utilized for the solutions
and reagents preparation.

As expressed by Eq. (8), the Elovich model is defined
according to Aharoni et al. [13] in linear form, where x
and y are the constants of the Elovich model, which can
be obtained from qt versus ln t graph.

qt 

1
1
ln( xy )  ln t
y
y

(8)

2.4 Adsorption mechanism
(1)

Weber and Morries [14] defined the intra-particle
diffusion (IPD) model as in Eq. (9).

qt  k pit 1 / 2  Ci

(2)

(9)

1/2

where C0, Ct and Ce (mg/L) are the POME concentrations
at initial, certain time interval and equilibrium stage,
respectively. V is the POME volume (L) and M is CSAC
mass (g).

where kpi (mg/g h ) is the diffusion rate constant of stage
i, obtained from the graph of qt versus t1/2. Ci is the
thickness of boundary layer. If the intercept value is
higher, the boundary layer effect will be greater [15]. The
IPD occurs as a result of linear graph. The rate of
adsorption is governed by the IPD if the straight line
intersects with the origin point. On the contrary, IPD
occurs together with some other mechanisms [16].
The actual slow step involved can be estimated by
employing the Boyd model as expressed in Eq. (10) and
Eq. (11).

2.3 Adsorption kinetic studies
2.3.1 Kinetic model: Pseudo-first-order
The pseudo-first-order (PFO) kinetic model is defined
according to Eq. (3) [11], which can be shown as a linear
expression by Eq. (4) through integration over boundary
conditions such as the colour, TSS and COD adsorbed
quantity q = 0 at t = 0 and q = qe at t = t.

dq
 k1 (qe  q)
dt
ln(qe  qt )  ln qe  k1t

(7)

2.3.3 Elovich model

In the batch adsorption study, 5 g CSAC was added to
100 mL POME solution in 250 mL closed flask. The
sample was stirred at 150 rpm utilizing a rotary orbital
shaker over a time duration ranging from 15 minutes to
48 hours at room temperature. For kinetic studies,
samples were withdrawn at certain regular times using a
glass pipette. The adsorbed quantity of colour, TSS and
COD, qt (mg/g) at time t and qe (mg/g) at equilibrium
stage were determined through Eq. (1) and Eq. (2),
respectively:

(C0  Ct )V
M
(C0  Ce )V
qe 
M

(6)

The linear graph between t/qt and t provides the slope
1/qe and corresponding intercept 1/k2q2e.

2.2 Batch adsorption studies

qt 

(5)

B  1  (6 /  2 ) exp( Ft )
q
B t
q0

(10)
(11)

where q0 (mg/g) is the adsorbed adsorbate quantity at
infinite time and qt (mg/g) is the adsorbed adsorbate
quantity at any time t (h), B represents adsorbed solute
fraction at any time t, and Ft is a mathematical function of
B. Eq. (10) is simplified by substituting Eq. (11) in Eq.
(10) and becomes Eq. (12) for B values that are greater
than 0.85. While, for B values that are smaller than 0.85,
Eq. (13) is used to calculate Ft.

(3)
(4)

where qt and qe (mg/g) are the adsorbed quantities of
adsorbate at any time, t (h) and equilibrium phase. k1 (h-1)
is the constant of adsorption rate. k1, and ln qe are obtained
from the slope and intercept of the graph of ln (qe-qt)
versus t.
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Ft  0.4977  ln(1  B)
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concentrations and adsorption times. The plots showed
that the adsorption of colour, TSS and COD were
generally increased over time with reference to POME
initial concentrations ranging 50% to 100%. At the initial
stage, the adsorption of colour, TSS, and COD was fast
and became slower while approaching equilibrium. The
fast adsorption phenomenon could be correlated with the
availability of significant number of vacant active surface
sites on the CSAC at the beginning process. Over a
certain time period, the leftover marginally available
vacant surface sites of CSAC had become difficult to be
filled up due to significant forces of repulsion present
between the pollutants on the CSAC as well as in the
POME solution. The amount of colour, TSS and COD
adsorbed onto CSAC increased with POME initial
concentration. This was because the rising POME initial
concentration increased the mass transfer driving force.

(12)

2


3  


(13)

Referring to Boyd’s theory, adsorption process has
three steps in sequence, namely film diffusion, particle
diffusion, and adsorption on the adsorbent inner surface
[17, 18]. The third step cannot be considered as a step
that governs the adsorption rate because it is a very fast
step. Particle diffusion controls the rate if exterior
transport is greater than the inner transport. Film
diffusion controls the adsorption rate if exterior transport
is lesser than inner transport and the moving of adsorbate
molecules to the boundary at a significant rate may not
occur if exterior transport is equivalent to that of inner
transport.
2.5 Error analysis
An error function is required to be determined for
evaluating the model suitability to fit the experimental
results. Sum of squared errors (SSE, %) as shown in Eq.
(14) is used for analysis of error calculation.

SSE 

(q e,exp  q e,cal ) 2
N

(14)

where N is the number of collected data, qe,exp and qe,cal
(mg/g) are equilibrium adsorption capacity values
according to the experimental and theoretical results,
respectively. The lower the SSE, the better a fit is.
2.6 Analytical methods
The POME colour was analysed according to platinumcobalt standard method 8025 at 455 nm wavelength by
utilizing a spectrophotometer (HACH, DR900) [19]. A
10 mL POME sample was placed in a square quartz
sample cell. TSS was determined spectroscopically using
the American Public Health Association (APHA)
Standard method 8006 through HACH spectrophotometer
(DR900) by placing 10 mL POME sample in the same
sample cell used for colour analysis [19]. COD was
determined by APHA Standard method 8000 using
spectroscopic method. A COD vial (HR 20-1500 mg/L)
was used for adding 2 mL POME sample. Then, the
sample was digested for 2 hours by using a HACH
digester (DRB200). The COD concentration was then
measured using a HACH spectrophotometer [19].

3 Results and discussion
Figure 1. Adsoprtion uptake of (a) colour, (b) TSS, and (c)
COD onto CSAC.

3.1 Effect of POME initial concentration and
contact time on colour, TSS and COD adsorption

The percentage reductions of colour, TSS and COD
from POME onto CSAC achieved within 48 hours were
61%, 39% and 66%, respectively as indicated in Figure 2.

Figures 1(a)-(c) show the adsorption uptake of colour,
TSS, and COD onto CSAC at various POME initial
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chemical sorption. The PSO kinetic model also indicated
that the colour, TSS and COD adsorption rates were
affected more by the number of available adsorption sites
on the CSAC surface than the effect of POME solution
concentration [21]. The adsorption rate was governed by
a second-order rate law. The k2, PSO rate constant, for
TSS adsorption was higher than that of colour and COD.
The Elovich model also indicated chemisorption. The
calculated qe values from the Elovich model fitted the
experimental qe values well (Figure 3) which indicated
that the colour, TSS and COD adsorption onto CSAC was
highly heterogeneous system [22].
In a study on the use of improved EFB-based PAC for
the reduction of suspended solids and turbidity from biotreated POME, the adsorption kinetics were also
discovered to be better interpreted using the PSO model
with R2 value of 0.9998. This meant the sorption trend
was due to the chemisorption [8]. Another study on the
reduction of colour, TSS, BOD, COD, and lignin and
tannin from biologically treated POME using natural
banana peel, methylated banana peel and BPAC also
revealed that the adsorption kinetics were governed by
the PSO model with R2 values of more than 0.99 and very
low relative average errors [20]. Besides, a study on
adsorption of colour, TSS and COD from biologically
treated POME onto AC also expressed that the adsorption
kinetics fitted the PSO model well with high R2 and low
χ² values. The kinetics of colour, TSS and COD
adsorption onto the AC also fitted the Elovich model with
R2 values of 0.9407-0.9968 and χ² of 0.054931-1.919106
[19].

The operating conditions were pH 8 and 5g CSAC/100
mL POME. In a past study on treatment of biologically
treated POME using banana peel activated carbon
(BPAC), the reduction efficiency of colour (95.96%),
TSS (100%), COD (100%), BOD (97.41%), and tannin
and lignin (76.74%) were reported. These results were
obtained at optimized process condition of pH 2, contact
time of 30 hours and 30 g BPAC/100 mL POME [20].
Another study on treatment of biologically treated POME
using commercial AC reported removal efficiency of
28.35%, 29.02%, and 65.9% for colour, TSS and COD,
respectively which were achieved using an AC dose of 5
g/100 mL POME and an equilibrium time of 5 hours
[19].

Figure 2. Percentage removal of colour, TSS, and COD from
POME onto CSAC.

3.2 Adsorption kinetics study

Table 1. Kinetic parameter analysis results using PFO, PSO and
Elovich models

The kinetics study of colour, TSS and COD adsorption
onto CSAC as well as experimental data correlation
analysis were carried by employing PFO, PSO, and
Elovich kinetic models. Table 1 shows the kinetic
parameters, correlation coefficients (R2) and SSE
obtained by using the three models. The R2 and SSE were
used to express the agreement between the results as
obtained from model analysis and experiments. High R2
and low SSE signified that the kinetic models fitted the
adsorption process. For removal of colour and COD, the
R2 values of PSO model were higher than the R2 of the
other two models. Although the R2 value of the PFO
model obtained for adsorption of TSS was higher than the
R2 of the other two models, the SSE value of the PFO
model was also relatively higher. Therefore, the kinetics
of colour, TSS and COD adsorption onto CSAC were
better interpreted by the PSO and Elovich models due to
the comparable R2 values and SSE values obtained for
both models.
Figure 3 shows the comparison of different kinetic
model analysis with the experimental results for the
adsorption of colour, TSS and COD of POME onto
CSAC. The qe values calculated by using the PSO and
Elovich kinetic models were in accordance with qe of
experimental results. This indicated a good correlation
between the PSO and Elovich kinetic models with respect
to adsorption of colour, TSS and COD of POME onto
CSAC. The suitability of the PSO kinetic model indicated
that the step that controls the adsorption rate was mainly

Variables
qe, exp (mg/g)
PFO
model

PSO
model

Elovich
model

4

qe,cal
(mg/g)
k1 (h-1)
R2
SSE
qe,cal
(mg/g)
k2 (g/mg
h)
R2
SSE
qe,cal
(mg/g)
x
y
R2
SSE

Colour
39.1000

TSS
1.1100

COD
9.4700

29.0291

1.0542

7.4902

0.1545
0.8600
10.4137

0.1026
0.9852
0.0592

0.2450
0.9374
2.0270

28.6533

0.7775

8.8968

0.0453

0.3799

0.0910

0.9845
1.4269

0.9306
0.0189

0.9994
0.0571

36.6072

0.7649

11.5074

119.3950
0.1912
0.9639
0.9298

0.5940
6.9061
0.9234
0.0383

15.8458
0.5196
0.9962
0.1092
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colour, TSS and COD adsorption onto CSAC were
controlled by both IPD and film diffusion [24].

Figure 4. IPD plots of (a) colour, (b) TSS and (c) COD
adsorption onto CSAC.
Figure 3. Comparison of different kinetic models with
experimental data of (a) colour, (b) TSS, and (c) COD
adsorption onto CSAC.

3.3 Adsorption mechanism
As shown in Figure 4, outer surface adsorption
occurred in the first sharper section [23-25]. The second
step described the gradual adsorption for the removal of
colour, TSS and COD. The rate controlling of the second
section was IPD. The linear lines of the second section as
shown in Figure 4(a)-(c) did not intersect the origin due
to the difference in the initial and final mass transfer rate
of adsorption [23-25]. This implied that the rate of
adsorption might be controlled by both IPD and film
diffusion [24,26-27]. The actual mechanisms that
controlled the adsorption rate were further evaluated
through Boyd plots as shown in Figure 5. The linear lines
for adsorption of colour, TSS and COD onto CSAC did
not intersect with the origin point. This confirmed that the

Figure 5. Boyd plots of colour, TSS and COD adsorption onto
CSAC.
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photocatalysis, Appl. Catal., B: Environ. 186 (2016)
19-29.
25. T. Anitha, P. S. Kumar, K. S. Kumar, B.
Ramkumar, S. Ramaligam, Adsorptive removal of
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4 Conclusion
Acid-washed CSAC was successfully used to remove
colour, TSS and COD from POME, with percentage
removal of 61%, 39% and 66%, respectively. The
adsorption kinetics of colour, TSS and COD onto CSAC
were best interpreted by the PSO and Elovich models.
The fit of the IPD and Boyd models explained that IPD
and film diffusion controlled the adsorption of colour,
TSS and COD onto CSAC.
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