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ABSTRACT

The adsorption performance of cationically and anionically modified oil palm empty fruit
bunch fibers toward methylene blue (MB) and phenol red (PR) was investigated using sin-
gle- and multi-solute systems in a fixed-bed system. The experimental data were fit with
Thomas and Clark column adsorption models to evaluate different experimental conditions
(adsorbate dose, bed height, column temperature, and flow rate). The results suggest that
the adsorption mechanism was that of monolayer and heterogeneous. The service time of
each bed was estimated using a bed depth service time model by considering the adsorp-
tion rate. The regeneration of the adsorbent for up to five adsorption/desorption cycles was
investigated, suggesting the excellent reusability of the adsorbent column. The simultaneous
removal of mixed MB and PR was achieved using both fibers packed with different
configurations.
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1. Introduction

The management of industrial dye effluent is
becoming a challenging task due to the rapid growth
in the consumption of dyes every year [1]. The dis-
charge of dyes into the waste stream could have an
impact on the aquatic ecosystem. Therefore, strict reg-
ulations are introduced to control and monitor the
quality of discharge water from various industries [2].

The development of different techniques for the
treatment of dye effluent using physical, chemical,

and biological means has been conducted since many
years. Adsorption has been proven to be one of the
promising approaches for the removal of dye com-
pounds from aqueous solution due to its effectiveness,
flexibility, simplicity of design, and ease of operation
[1,3]. In addition, many efforts have also focused on
adsorbing multi-component dyes that are representa-
tive of real industrial waste effluent, such as mixtures
of dyes, organic compounds, and heavy metals [2,4–6].

Currently, numerous proposals have expanded the
idea of utilizing inexpensive adsorbents from natural
materials, such as agricultural wastes and minerals for
the removal of dyes [7]. Besides, various chemical*Corresponding author.
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treatments have been proposed to enhance the adsorp-
tion efficiency of agricultural wastes [8].

Malaysia is the second largest palm oil producer in
the world [9]. Large quantity of empty fruit bunch
(EFB) fibers is generated from palm oil industries and
is used as fertilizer, composite making, etc. [10,11].
Previous study on the removal of methylene blue
(MB) and phenol red (PR) using EFB fibers revealed
the potential application of EFB fibers for the treat-
ment of dye effluent [12]. In this work, the cationically
and anionically modified EFB fibers were packed in
column and used for the removal of MB and PR using
a fixed-bed adsorption system. The effects of various
parameters, including pH, dyes concentration, temper-
atures, and bed height, on the adsorption performance
of the EFB fibers were investigated. The regeneration
performance of both fibres was investigated for five
adsorption/desorption cycles. In addition, simulta-
neous adsorption of MB and PR from a mixed dyes
solution to a column containing both modified EFB
fibers was carried out. The effect of configurations of
both fibers in the packed column on the performance
of dye removal was investigated.

2. Experimental

2.1. Preparation of chemically modified EFB fibers

Oil palm EFB fibers were purchased from Szetech
Engineering Sdn. Bhd. (Malaysia) and chemically
modified according to a previously described proce-
dure [12]. The fibers were firstly pre-treated with
NaOH and were then subjected to citric acid (CA) and
polyethylenimine (PEI) chemical modification. Briefly,
both treatments were performed at an EFB fiber con-
centration of 100 g/L using either a solution of 0.6M
CA or 5% PEI (w/v) (MW ~750,000, 50 wt.% in H2O).
The CA-EFB fibers were transformed using an esterifi-
cation process by heating to 120˚C, whereas the PEI-
EFB fibers were treated with glutaraldehyde (1% v/v).
The modified EFB fibers were washed several times to
completely remove excess chemicals. The resulting
fibers were dried and stored in a desiccator until
further use.

2.2. Preparation of dye solutions

MB trihydrate (Mallinckrodt C16H18N3SCl, ≥99%)
and PR (C19H14O5S, Sigma–Aldrich) solutions were
prepared from stock solutions. The concentrations of
the MB and PR were measured using a UV–vis spec-
trophotometer at a λmax of 665 and 430 nm, respec-
tively. MB and PR solutions were prepared at
different concentrations to afford absorbance values

ranging from 0.1 to 1. The spectroscopic data were
used to generate a standard calibration curve. The pH
of the MB and PR solutions was adjusted using NaOH
and HCl solutions. The calibration curves for mixtures
of MB and PR dyes at different ratio (Fig. 1) indicate
that there were no chemical interactions between the
two dye molecules, in which each dye still projected
its own absorbance band.

2.3. Column adsorption

Continuous dye adsorption experiments were per-
formed using a fixed-bed column equipped with a
water jacket (with an internal diameter of 3 cm and a
length of 30 cm) (see Fig. 2). The CA-EFB and PEI-EFB
fibers were packed in the column, and the dye solu-
tion was pumped through the column at different
influent flow rates (5, 10 and 15mL/min), which was
controlled by a rotameter. The pH of the MB and PR
effluent was set to pH 7 and 3, respectively, as dis-
cussed in previous study [12]. The concentration of
dye was varied from 200 to 400mg/L. The tempera-
ture of the fixed-bed column (20, 40, and 60˚C) was
maintained during the course of the study using water
jacket connected to a water bath circulator. The con-
centration of dye in the effluent was measured as a
function of time until the breakthrough of the fixed-
bed column was achieved.

2.4. Desorption and regeneration studies

The adsorption of MB and PR (300mg/L) was
evaluated using a fixed-bed CA-EFB and PEI-EFB
column until the breakthrough was achieved.
Subsequently, the desorbing solvent HCl (0.1M) was
pumped into the fixed-bed column packed with

Fig. 1. Calibration of mixed dyes (MB and PR) at different
concentration ratios.
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adsorbed dyes until the amount of dye desorbed was
nearly zero. The concentration of the desorbed dyes
was calculated using the following equation:

Amount of dye desorbed ð%Þ
¼ Concentration desorbed ðmg=LÞ

Concentration adsorbed ðmg=LÞ � 100 (1)

The packed fibers were washed with deionized water
to remove the desorbing solvent. Regeneration studies
were performed using five adsorption/desorption
cycles.

2.5. Simultaneous adsorption of mixed dye (MB and PR)

Both EFB fibers were packed at a weight ratio of 1:1
at different configurations: a layer of CA-EFB followed
by a layer of PEI-EFB (CA-EFB:PEI-EFB) and vice versa
(PEI-EFB:CA-EFB), and a completely mixed composi-
tion (CA/PEI-EFB). The adsorption performance of
the mixed adsorbent in column was evaluated at
300mg/L of total dye concentration, 15mL/min of
flow rate, 5 cm of bed height, 20˚C, and pH 5.

3. Results and discussion

3.1. Breakthrough curve modeling

Several theoretical models have been used to
describe the breakthrough behavior in continuous

adsorption. The experimental data were fit to the
models to obtain precise estimation of the break-
through behavior and to evaluate the effects of differ-
ent conditions on the adsorption performance of the
fixed-bed columns [13]. Thomas model is based on the
Langmuir adsorption/desorption model, which fea-
tures non-axial dispersions and a rate driving force
that follows pseudo-second order reversible reaction
kinetics. The linearized equation of the Thomas model
can be expressed as follows [14]:

C0

Ct
¼ 1

1þ exp kThq0m
F � kThC0t

� � (2)

where C0 is the initial concentration, Ct is the
concentration (mg/L) of dyes at time, t (min), kTh is
the Thomas rate constant (L/mgmin), q0 is the maxi-
mum solid-phase concentration (mg/g), m is the mass
of the adsorbent in the column (g), Veff is the volume
of the effluent (L), and F is the flow rate of the effluent
(L/min).

Clark model, which combines the Freundlich
equation with mass transfer parameters, can be
linearized as follows [15]:

C0

Ct
¼ 1

1þ Ae�rt

� �1=n�1

(3)

where n is the inverse of the slope of the Freundlich
isotherm, and A and r are the Clark constants. The
experimental data were fit using the non-linear esti-
mation curves of the two models, as shown in Fig. 3,
and the results are summarized in Table 1. The Tho-
mas model provides a good fit for the experimental
data of both PR and MB adsorption with an excellent
correlation of r2 ~0.99. Previous study on the adsorp-
tion of MB on CA-EFB using batch adsorption process
demonstrated that the adsorption of MB on the
CA-EFB is monolayer [12]. Consistent results were
observed in this study using continuous fixed-bed sys-
tem with acceptable values of the maximum adsorp-
tion capacity of 182.0 and 292.5mg/g for MB and PR
at 300mg/L, respectively. Moreover, in batch adsorp-
tion studies, the maximum uptake at the same concen-
tration of MB and PR are 130.0 and 239.4mg/g,
respectively [12].

The Clark model was used to fit the experimental
data by using a parameter n to account for the differ-
ence between batch and fixed-bed adsorption [16]. As
it can be observed in Table 1, the Clark model is more
fit to the adsorption of PR on the PEI-EFB. At higher
effluent flow rates, the value of n is nearly equivalent

Fig. 2. Schematic diagram of the fixed-bed adsorption
system.
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to that of batch adsorption, suggesting that heteroge-
neous adsorption can occur at higher flow rates [12].
Nevertheless, the n values for both systems may
slightly differ due to the different experimental setup
and adsorption variables. In contrast, at slower flow
rates, the adsorbate molecules become homogeneously
distributed on the surface of adsorbent. Although the
correlations for the Thomas and Clark models were
both favorable, the adsorption of MB and PR was
more accurately described by the Thomas model. It
has been reported that the dynamic adsorption is a
complicated process; therefore, it is almost impossible
to describe its mechanism. Moreover, as compared to
the batch adsorption system, dynamic adsorption has
more variables which could influence the adsorption
process [13].

Fig. 4(a) demonstrates that the flow rate of the
effluent has a significant effect on the breakthrough
for the adsorption of both MB and PR. Reducing the

flow rates of the effluent leads to an increase in the
contact time between the adsorbate and the packed
adsorbent. The adsorption at this stage is very rapid
due to the availability of active sites and a decrease in
the flow rates resulting from an improvement in the
distribution of the adsorbate throughout the porous
fibers [17]. Furthermore, an increase in the flow rates
leads to the unsaturation of the packed adsorbent and
resulted in lower adsorption capacity and shorter
breakthrough time.

The concentration of MB and PR also has an effect
on the breakthrough adsorption curves, as shown in
Fig. 4(b). The initial concentration provides a driving
force to overcome mass transfer resistance between
the aqueous and the solid phase. The lower initial con-
centration of MB and PR results in a longer break-
through time, as can be seen that the higher the dye
concentration, the steeper the breakthrough curve.
Moreover, a lower concentration of dyes facilitates
interactions between the unoccupied surface sites,
which results in a higher adsorption yield. Previous
study has demonstrated that the concentrations of
dyes affect the saturation rate and the breakthrough
time [18].

High temperature has been known to enhance the
diffusion rate of the adsorbate molecules across
the external boundary layer into the internal pores of
the adsorbent due to the reduced viscosity of the solu-
tion [19]. The increase in the circulated temperature
through the water jacket of the column enhanced the
adsorption capacity of the column, as indicated by the
longer breakthrough times in Fig. 4(c). For MB adsorp-
tion, the q0 value was determined to be 450.4mg/g,
whereas for PR adsorption, it was 555.4 mg/g. The
fixed-bed CA-EFB and PEI-EFB column exhibited a
much higher adsorption capacity than previously
reported in batch adsorption studies due to the
increased saturation of adsorbate molecules in the
packed column, which forces additional molecules
inside the pore structure of the fibers.

3.2. Bed depth service time (BDST) model

Variation in the bed height influences the contact
time between the adsorbate and the adsorption sites
of the adsorbent. The breakthrough curves in Fig. 4(c)
show that the increase of bed height for MB and PR
adsorption increased the service time of the fixed-bed
adsorbent. The increase in the contact time has
reduced the adsorption reaction rate, leading to a
higher adsorption capacity of dyes.

The BDST model was fit using experimental data
to predict the adsorption performance of the fixed-
bed, in response, and to evaluate any changes in the

(a)

(b)

Fig. 3. Non-linearized estimation fits obtained using
Thomas and Clark models at different flow rates: (a) MB
with a fixed-bed CA-EFB and (b) PR with PEI-EFB (adsor-
bate dose: 300mg/L; bed height: 5 cm; temperature: 20˚C;
and flow rate: 10–20mL/min).
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column adsorbent behavior [18]. This design required
the physical measurement of the fixed-bed capacity at
various breakthrough values. The BDST model can be
expressed by the following equation [20]:

t ¼ N0Z

C0v
� 1

kBC0
ln

C0

Ct
� 1

� �
(4)

where kB is the adsorption rate constant (Lmg−1 min−1),
N0 is the adsorption capacity (mg L−1), Z is the bed
height (cm), and v is the linear velocity (cmmin−1). The
bed height (Z) was plotted as a function of time (t). The
service times for 10, 20, 40, and 60% of Ct/C0 values
were selected as the points shown in Fig. 5, and the
calculated values of kB and N0 are summarized in
Table 2. Whereas the linearized MB adsorption model
provided a good fit, the PR data revealed less correla-
tion at a higher bed height, and the service times for the
bed were much longer than typical for a lower bed
height. The values of kB decreased with increasing bed
height, requiring a longer amount of time for a
breakthrough to occur. The lower rate transfer from the
adsorbate effluent to the fixed-bed column allowed the
adsorbent molecules to diffuse deeper into the porous
sites of the adsorbent [21]. Furthermore, the negative
values calculated for Ct/C0 = 0.6 are considered the

limitation of the BDST model, which could only be fit
by the initial part of the breakthrough curve [16].

3.3. Regeneration studies

Several adsorption/desorption cycles were per-
formed to evaluate the regeneration performances of
the CA-EFB and PEI-EFB. Fig. 6(a) shows slight reduc-
tion in the MB adsorption on CA-EFB after five cycles
of adsorption/desorption processes, which is consis-
tent with the batch adsorption study [12]. Approxi-
mately 19.1% of reduction in the adsorption capacity
of the CA-EFB was calculated using Thomas model
after five regeneration cycles. PEI-EFB experienced a
greater reduction in the adsorption performance
towards PR, as can be observed in Fig. 6(b). The
severe reduction after the first adsorption/desorption
cycle can be attributed to leaching of uncross-linked
PEI fraction during desorption using HCl. The adsorp-
tion performance of the PEI-EFB decreased about
26.6% after five regeneration cycles.

3.4. Adsorption of mixed dyes

The anionically and cationically treated EFB fibers
were used for the simultaneous removal of both MB

Table 1
Calculated model constants for the adsorption of MB and PR using CA-EFB and PEI-EFB

F (Lmin−1) Z (cm) C0 (mg L−1) T (˚C)

Thomas Clark

kTh (Lmg−1 min−1) q0 (mg g−1) r2 A r n r2

MB adsorption
0.01 5 300 20 0.5288 × 10−4 198.8 0.999 79.35 0.014 1.62 0.998
0.015 5 300 20 0.5281 × 10−4 182.0 0.993 0.170 0.012 1.01 0.999
0.02 5 300 20 0.4523 × 10−4 145.3 0.999 0.020 0.010 1.01 0.986
0.015 3 300 20 0.4826 × 10−4 165.4 0.997 8.840 0.012 2.06 0.998
0.015 7 300 20 0.3509 × 10−4 195.0 0.999 35.88 0.010 1.87 0.999
0.015 5 200 20 0.6839 × 10−4 171.3 0.999 82.11 0.013 1.62 0.998
0.015 5 400 20 0.3365 × 10−4 199.7 0.994 35.88 0.010 1.87 0.961
0.015 5 200 40 0.4194 × 10−4 203.4 0.992 0.260 0.010 1.01 0.999
0.015 5 200 60 0.3649 × 10−4 450.4 0.999 200.0 0.009 1.48 0.997
PR adsorption
0.01 5 300 20 0.5796 × 10−4 309.8 0.999 564.1 0.013 1.14 0.999
0.015 5 300 20 0.8596 × 10−4 292.5 0.999 447.6 0.019 1.14 0.999
0.02 5 300 20 0.4774 × 10−4 281.7 0.999 320.5 0.019 2.29 0.999
0.015 3 300 20 0.7077 × 10−4 268.3 0.999 854.7 0.020 1.55 0.999
0.015 7 300 20 0.5727 × 10−4 350.2 0.999 338.3 0.013 1.03 0.997
0.015 5 200 20 0.4821 × 10−4 276.0 0.999 330.4 0.009 1.63 0.999
0.015 5 400 20 0.3887 × 10−4 308.7 0.998 87.58 0.014 1.76 0.999
0.015 5 200 40 0.4473 × 10−4 435.0 0.999 824.6 0.014 2.28 0.999
0.015 5 200 60 0.3528 × 10−4 555.4 0.999 234.5 0.007 1.94 0.999
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and PR. Fig. 7 shows the removal of MB and PR using
columns packed with CA-EFB and PEI-EFB fibers with
different configurations. Fig. 7(a) and (b) show the

(a)

(b)

(c)

Fig. 4. Adsorption of MB and PR using a fixed-bed CA-EFB
and PEI-EFB column, respectively, with different controlled
parameters: (a) different initial influent concentrations,
(b) different column temperatures, and (c) different column
bed heights (adsorbate dose: 200–400mg/L; bed height:
5–9 cm; temperature: 20–60˚C; and flow rate: 15mL/min).

(a)

(b)

Fig. 5. Linearized plots of BDST model: (a) adsorption of
MB by a fixed-bed CA-EFB and (b) adsorption of PR by a
fixed-bed PEI-EFB (adsorbate dose: 300mg/L; bed height:
5–9 cm; temperature: 20–60˚C; and flow rate: 15mL/min).

Table 2
Experimental service time values determined using
different percentages of breakthrough points according to
the BDST model

Ct/C0 kB (Lmg−1 min−1) N0 (mg L−1) r2

MB adsorption
0.1 36.42 49.87 0.950
0.2 18.84 53.79 0.958
0.4 1.92 61.67 0.975
0.6 −1.36 68.23 0.997
PR adsorption
0.1 22.09 118.76 0.925
0.2 7.16 121.88 0.915
0.4 0.89 129.84 0.901
0.6 −1.91 131.64 0.892
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removal of MB and PR using CA-EFB:PEI-EFB and
PEI-EFB:CA-EFB, respectively. Both systems exhibit
almost similar removal performance as the single
solute system. Nonetheless, for the column packed
with mixed CA-EFB:PEI-EFB, the removal of MB is
completely affected (Fig. 7(c)), as compared to the sin-
gle solute system (Fig. 3(a)). This may be attributed to
the interference by the highly branched and positive
charged PEI on the adsorption of MB on CA-EFB.
However, for the removal of PR, the performance was
slightly reduced and the curve is less steep than that
of the single solute system (Fig. 3(b)). The ability of
the PEI-EFB in adsorbing PR, even in the presence of
CA-EFB, can be due to much higher surface charge, in
which the surface charge (in mV) of the PEI-EFB is
two times of the CA-EFB [12].

(a)

(b)

Fig. 6. Regeneration of CA-EFB and PEI-EFB for five
adsorption/desorption cycles: (a) MB in a fixed-bed CA-
EFB and (b) PR in a fixed PEI-EFB (total adsorbate dose:
300mg/L; total bed height: 5 cm; temperature: 20˚C; and
flow rate: 15mL/min).

(a)

(b)

(c)

Fig. 7. Adsorption of mixed dyes (MB and PR) using a
fixed-bed column with different adsorbent configurations:
(a) CA-EFB:PEI-EFB, (b) PEI-EFB:CA-EFB, and (c) mixed
CA/PEI-EFB fibers (total adsorbate dose: 300mg/L; total
bed height: 5 cm; temperature: 20˚C; pH: 5; and flow rate:
15mL/min).
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4. Conclusions

Cationically and anionically modified EFB fibers
were used to continuously remove MB and PR in
single- and multi-solute systems. The experimental
data of the single-solute system could be fit by the Tho-
mas model, suggesting the monolayer adsorption
behavior of both adsorptions. The adsorption perfor-
mance of both CA-EFB and PEI-EFB toward MB and
PR, respectively, is significantly influenced by the
adsorbate dose, bed height, column temperature, and
flow rate. The column could be regenerated up to five
times with slight reduction of adsorption performance.
Simultaneous removal of MB and PR using column
packed with CA-EFB and PEI-EFB is significantly influ-
enced by the configuration of both adsorbents, due to
the interference of surface charges of the adsorbents.
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