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Abstract Palm oil mill effluent (POME) is one of the most significant pollutant in the form of

wastewater. It could have negative effects on the environment include the emission of biogas and

water pollution which comes from discharging the brownish tick POME to the water bodies if

not properly managed. Discharge of dark brownish colored of POME directly into water bodies

may affect the aquatic life as it will reduce sunlight penetration and suppress the photosynthetic

activity. A molecularly imprinted polymer (MIP) for removal of b-carotene from POME has been

aimed to develope in this study. The preparation of b-carotene imprinted and non-imprinted poly-

mer (NIP) involves polymerization of b-carotene (or without it) with b-cyclodextrin (b-CD), 9-

vinylcarbazole (9VC), tolylene diisocyanate (TDI) and N,N-dimethylformamide (DMF) as the

monomer, co-monomer, cross-linker and solvent (porogen), respectively. Analysis from FTIR

showed that MIP and NIP have similar characteristic peak with different peaks intensity, indicating

the similarity in the backbone structure of polymerization. TGA result displayed high thermal sta-

bility with final decomposition at 320 �C for MIP-b-CD-9VC as compared to NIP-b-CD-9VC. The

pH study shows that sorption of b-carotene increased with decreasing the pH of POME and the

maximum sorption capacities achieved at pH 2 were 10 lg/g and 7 lg/g for MIP-b-CD-9VC and
alaysia.
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NIP-b-CD-9VC, respectively. The maximum sorption achieved by using 500 mg of MIP as the sorp-

tion of b-carotene increased with increasing the dosage of MIP. Kinetic model evaluation has been

applied on this prepared materials. The sorption equilibrium data was well described by Freundlich

model. The results indicated that the sorption of b-carotene on MIP follows a pseudo–second–order

kinetic.

� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Substantial contribution has been made by palm oil industries
towards economic growth as well as rise in standard of living

amongst the South East Asian countries. However, it is also
known for being a major contributor in discharging palm oil
mills effluent (POME), the largest form of pollution load

(Abdulsalam et al., 2020; Tabassum et al., 2015). Almost 5–
7.5 tonnes of water is needed to produce 1 tonne of crude palm
oil, and greater than 50% of water converts (POME) (Wu

et al., 2007).
POME is acidic in nature with a pH between 4 and 5, biolog-

ical oxygen demand (BOD) of 25,000–60,000 mg L�1 and chem-
ical oxygen demand (COD) of 40,000 –100,000 mg L�1. The

effluent’s color is attributed to the presence of organic matters
like phenolics, lignin, and carotenes (Bello et al., 2013; Ahmed
et al., 2015). The discharge standard is not met by POME that

has very dark color since it is a key contributor to pollution load
in ground water. The discharged effluent’s major constituent has
long been the color, which needs to be eliminated for aesthetic as

well as environmental reasons. Also, adverse impact can be cast
on aquatic lives due to the discharging of brownish wastewater
into water bodies as the color is responsible for filtering the light

passing into the water. This leads to decrease photosynthesis
activity as well as less quantity of dissolved oxygen. To avoid
such an adverse effect, before discharging into the environment
occurs, the colour needs to be removed from POME (Jasni

et al., 2020; Ratpukdi, 2012).
Membrane filtration, advanced oxidation process, adsorp-

tion, ion exchange, and ozonation are some of the technologies

employed in removing the colour from POME (Zahrim, 2014).
Amongst these methods, adsorption is considered the most
versatile and frequently employed technique because of its sim-

plicity of design, low initial cost, and insensitivity to toxicity
and ease of operation. Research works have been carried out
to evaluate several adsorbents and their ability to remove color

from POME, like agricultural waste and activated carbon sil-
ica particles (Aziz et al., 2020; Neoh et al., 2014). However,
these adsorbents have limited ability with regards to achieve
the desired objectives because of their selectivity and specificity

properties. Moreover, reusability of the adsorbents has not
been extensively researched. In the recent past, much popular-
ity was attracted by the use of molecularly imprinted polymer

(MIP) in treating wastewater. MIPs are synthetic antibody
mimics which are synthesized through polymerization to create
specific binding sites with memory of the template molecules

during the synthetic process of polymers (Mosbach and
Ramstrom, 1996). Molecular imprinting techniques based on
MIPs has been widely used in separation, solid phase extrac-
tion, chromatography, sensors, catalysis, immunoassay and

drug delivery (Wang et al., 2019).
Molecular imprinting is a powerful technique, which con-
fers specific binding properties to synthetic polymers. The
MIP synthesis comprises monomers’ assembly crosslinking

around the template molecules, and then polymerization
alongside a cross-linker (Hegazy et al., 2016). Then, the tem-
plate molecules are removed and the polymer matrix contains

cavities with recognition binding sites, in which rebinding of a
specific target analyte or group (structurally related analytes)
can be done when extracting from real environmental samples
(Ncube et al., 2017). Chemical and mechanical stabilities, high

selectivity and reusability and low cost and ease of preparation
are some of the advantages of MIP (Hassan et al., 2016; Yan
and Row, 2006). Non-covalent imprinting is the most com-

monly employed technique for preparing MIP. In this process,
non-covalent interactions, like electrostatic forces, hydrogen
bonding, hydrophobic interactions or van der Waals forces,

help in forming the complex of template and functional mono-
mer in situ (Lafarge et al., 2020; Speltini et al., 2017).

Various analytical methods such as mass spectrometry,
have been reported for the quantification of pollutants in dif-

ferent samples. Despite direct detection methods can enhance
throughput and minimize errors associated with sample han-
dling, low analyte concentrations, and sample complexity limit

their accuracy and suitability (Azizi et al., 2020). Therefore,
this study aimed to develop a selective MIP for removal of
b-carotene from POME using bulk polymerization method

with good adsorption capacity. Beta-cyclodextrin (b-CD) and
9-vinylcarbazole (9VC) were dissolved in N,N-dimethyl for-
mamide (DMF) and added with b-carotene, benzoyl peroxide,
and tolylene-2,4-diisocyanate (TDI) as template, initiator, and
cross-linker respectively. Scheme 1 shows the schematic dia-
gram for MIP-b-CD-9VC preparation. The polymers obtained
were characterized by Fourier transform infrared spectroscopy

(FTIR), thermogravimetric analysis (TGA) and field emission
scanning electron microscope (FESEM). The adsorption
model of b-carotene onto the imprinted and the non-

imprinted materials were assessed by adsorption isotherms
and the adsorption kinetic parameters were determined
through kinetic measurements.

2. Experimental

2.1. Materials

b-CD, b-carotene, and TDI were procured from Sigma Aldrich

(St. Louis, MO, USA). 9VC was procured from Fluka (Stein-
heim, Germany). Acetone, benzoyl peroxide (BPO) and DMF
were procured from R&M Chemicals (Essex, UK). n-Hexane
was procured from Bendosen and methanol was obtained from

HmbG Chemicals. Real sample (POME) was collected from
Pakar Go Green.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Schematic diagram for MIP-b-CD-9VC preparation.

Fig. 1 FTIR for template b-carotene, monomer b-CD, mono-

mer-9VC, MIP-b-CD-9VC and NIP-b-CD-9VC.
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2.2. Preparation of MIP-b-CD-9VC and NIP-b-CD-9VC

The bulk polymerization method was used to prepare MIP-b-
CD-9VC by dissolving 0.55 g of functional monomer, b-
cyclodextrin (0.48 mmol) in 5 mL of DMF, followed by the

addition of 0.5 g co-monomer, 9-vinylcarbazole (2.58 mmol)
and 0.05 g of b-carotene (0.1 mmol). 4.0 mL of cross-linker,
TDI (27.8 mmol) and 0.03 g of initiator, BPO were added to

the mixture. The mixture was sonicated using sonicator for
15 min until completely dissolved. Then the mixture was
purged with nitrogen gas for 10 min followed by placing in
water bath at 70 �C for 3 h. NIP-b-CD-9VC was prepared

exactly the same procedure as-described above, but without
the b-carotene template. The obtained polymers were crush,
ground and sieved through a 90 mm stainless steel mesh. The

sieved particles were washed with a mixture of n-hexane–
acetone (1:1, v/v) until no template was detected using UV
spectroscopy. The synthesized polymers were dried in a vac-

uum drying oven (60�C) until a constant weight and stored
at 4�C for the further analysis.

2.3. Characterization of MIP-b-CD-9VC and NIP-b-CD-9VC

FTIR spectra for the MIP-b-CD-9VC and NIP-b-CD-9VC

were recorded using FTIR Perkin Elmer 1600 Spectropho-
tometer. The thermal analysis of the MIP-b-CD-9VC and
NIP-b-CD-9VC were carried out using a Mettler Toledo Star

SW 7.01. The surface morphology of the MIP-b-CD-9VC
and NIP-b-CD-9VC were examined using FESEM system
(FEI NANOSEM 230).

2.4. Adsorption studies

The adsorption capacity study of the polymer was done by
adding 0.2 g of MIP-b-CD-9VC and NIP-b-CD-9VC particles
into10 mL of POME mixed solution of methanol–water (1:1,

v/v). The resulting supernatant was measured for unbound
b-carotene by UV spectrometry at k max = 450 nm. The
adsorption capacity of adsorbents was calculated as below
(Rahman et al., 2018):

q ¼ C0 � Ceð Þ � V

M
ð1Þ

where q (mg g�1) represents the amount of total adsorption of

b-carotene, Co and Ce signify initial and equilibrium concen-
trations of b-carotene in POME (mg L�1), M (g) indicates
the weight of adsorbents and V (L) denotes the volume of
the POME sample.
The optimum pH for adsorption of b-carotene was studied
by using different pH value ranging from 2.0 to 9.0. The effect

of dosage was studied by varying the dosage of MIP-b-CD-
9VC from 0.05 to 0.50 g. The sorption isotherm was measured
by applying different concentrations of POME solution rang-
ing from 0.1 to 2.5 mg L�1. Effect of time was studied by col-

lected the POME solution at different time intervals. The
maximum time required for maximum adsorption of b-
carotene was determined from the plot of adsorption capacity

of b-carotene (mg g�1) versus time (minutes). The reusability
study of MIP-b-CD-9VC was evaluated for 5 cycles. After
each test, the MIP-b-CD-9VC was rinsed with a mixture of

n-hexane–acetone (1:1, v/v), and subsequently it was reused
for the next test cycle. The filtrate was analyzed using UV
spectrometer.

The Langmuir and Freundlich model were used to describe
the equilibrium data for the adsorption of b-carotene on MIP-
b-CD-9VC. The Langmuir model may be depicted in a linear
equation form as follows (Choong et al., 2010):

Ce

qe
¼ Ce

Qm

þ 1

bQm

ð2Þ

where Ce represents the equilibrium concentration (mg L�1), qe
represents the quantity of b-carotene adsorbed during equilib-

rium (mg g�1), and Qm and b represent Langmuir constants,
which are associated with the sorption capacity and energy



Fig. 2 FESEM image of (a) MIP-b-CD-9VC and (b) NIP-b-CD-9VC.

Fig. 3 TGA curve for MIP-b-CD-9VC and NIP-b-CD-9VC.

Fig. 4 Comparison of the effect of pH on the adsorption of b-
carotene by the MIP-b-CD-9VC and NIP-b-CD-9VC particles

(Experimental conditions: POME concentration solution, 2.5 mg

L�1; polymer dosage, 500 mg; contact time, 20 min).

Fig. 5 Removal percentage of b-carotene for different dosages

of MIP-b-CD-9VC (Experimental conditions: pH 2; POME

concentration solution, 2.5 mg L�1; contact time, 20 min).

Fig. 6 The adsorption capacity of various concentrations of b-
carotene by MIP-b-CD-9VC (Experimental conditions: pH 2;

polymer dosage, 500 mg; contact time, 20 min).
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Fig. 7 (a) Langmuir plot and (b) Freundlich plot for the adsorption of b-carotene by MIP-b-CD-9VC. (Experimental conditions: pH 2;

POME concentration solution, 2.5 mg L�1; polymer dosage, 500 mg; contact time, 20 min).
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of sorption, respectively. The Langmuir isotherm was vali-
dated using the plot of Ce/qe against Ce.

The Freundlich isotherm is considered as an exponential

equation. Thus, there is an assumption that an increase in
the sorbate concentration results into an increase in the sor-
bate concentration on the adsorbent surface. The equation

below is a frequently utilized linear equation for the Fre-
undlich isotherm (Khairi et al., 2015):

log qe ¼ logKf þ 1

n
logCe ð3Þ

In this equation, Kf represents the intercept that demon-
strates the sorption capacity of the sorbents, while 1/n is the
slope that demonstrates the sorption variation with

concentration.
Langergen’s first order rate model was used to describe the

sorption kinetic data of b-carotene, and the equation involved
is shown below (Zhang et al., 2017; Rahman et al., 2017):
Table 1 Langmuir and Freundlich constants for adsorption of b-ca

qe(exp) Langmuir constants

Qm b R
2

0.0268 0.04 1.838 0.987
ln qe � qtð Þ ¼ ln qeð Þ � K1t ð4Þ
where K1 (min�1) represents the rate constant for the pseudo-

first order sorption, qt stands for the quantity of b-carotene
sorption (mg g�1) during times t (min), and qe stands for the
quantity of b-carotene sorption (mg g�1) during equilibrium.

Furthermore, analysis of the sorption kinetic data for b-
carotene was performed using the pseudo-second order equa-
tion. The basis is the adsorption equilibrium capacity, and

the equation is shown below (Song et al., 2015):

t

qt
¼ 1

K2q2e
þ t

qe
ð5Þ

The t/qt versus t plot must generate a straight line if it can

apply the second order kinetics. Furthermore, the computation
of the qe and K2 values can be done using the slope and the
intercept of the plot, respectively. It is more likely for the

model to predict the kinetic behaviour of sorption, with the
rate-controlling step being the chemical sorption.
rotene on MIP-b-CD-9VC.

Freundlich constants

KF bF R
2

0.027 0.704 0.969



Fig. 8 Time-dependent adsorption of b-carotene on the MIP-b-
CD-9VC (Experimental conditions: pH 2; POME concentration

solution, 2.5 mg L�1; polymer dosage, 500 mg).

Fig. 9 (a) Pseudo-first order and (b) Pseudo-second order kinetic

models for adsorption of b-carotene on MIP-b-CD-9VC. (Exper-

imental conditions: pH 2; POME concentration solution, 2.5 mg

L�1; polymer dosage, 500 mg; contact time, 20 min).
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3. Results and discussion

3.1. Physical characterizations of MIP-b-CD-9VC and NIP-b-
CD-9VC

3.1.1. FTIR spectra of MIP-b-CD-9VC and NIP-b-CD-9VC

The FTIR spectra for b-carotene, monomer b-CD, monomer

9VC, MIP-b-CD-9VC, and NIP-b-CD-9VC were given in
Fig. 1. The spectra shows a weak band of C–H stretching at
2916 cm�1 for b-carotene, 2924 cm�1 for monomer b-CD,

3043 cm�1 for monomer 9VC and 2927 cm�1 for NIP-b-CD-
9VC. No peak was observed for C–H stretching in MIP-b-
CD-9VC. The O–H stretching for the b-CD molecule was

attributed to the peak at 3302 cm�1, while MIP-b-CD-9VC
and NIP-b-CD-9VC showed a low intensity of O–H group
at 3379 cm�1 and 3356 cm�1, respectively. The low intensity
of O–H group might be associated to the complete polymeriza-

tion of MIP-b-CD-9VC and NIP-b-CD-9VC. Two significant
peaks at around 1695 cm�1 and 1211 cm�1 ascribed to the
C = O and C–O stretching in MIP-b-CD-9VC and NIP-b-
CD-9VC which support the existence of TDI as cross-linker.
A strong band at 1637 cm�1 could be assigned to C = C
stretch vibrations in pure monomer-9VC. However, the inten-

sity of this vibration band in MIP-b-CD-9VC and NIP-b-CD-
9VC were weak and almost disappeared which might be
related to complete polymerization. The C–N stretching

absorption was observed at 1159 cm�1, 1058 cm�1 and
1095 cm�1 in monomer-9VC, MIP-b-CD-9VC and NIP-
9VC, respectively. This peak almost overlapped with C–O
absorption.

3.1.2. Field emission scanning electron microscopy (FESEM)

Fig. 2 shows a FESEM image under magnification of 25,000
for NIP-b-CD-9VC and MIP-b-CD-9VC. The morphology

of MIP (Fig. 2a) shows rough surface indicated the MIP-b-
CD-9VC has certain binding sites produced in the polymer
network during the polymerization process. A smooth and

irregular surface in NIP-b-CD-9VC (Fig. 2b) was due to the
fact that there is no specific binding sites had been created
for the polymer.
3.1.3. Thermal stability

TGA analysis was performed to determine the decomposition

and thermal stability of the MIP and NIP under certain condi-
tions. Fig. 3 shows the thermogram data of MIP-b-CD-9VC
and NIP-b-CD-9VC particles, respectively. The similar kind

of degradation pattern were observed for thermograms of
MIP-b-CD-9VC and NIP-b-CD9VC. The MIP-b-CD-9VC
started to decompose, Ti at 80 �C with 6% weight loss and

shows final decomposition, Tf at 320 �C with 66.7% weight
loss. Meanwhile, NIP-b-CD-9VC started to decompose Ti at
111 �C with 23.5% weight loss and displays final decomposi-
tion Tf at 314 �C with 54.5%. This indicates, MIP-b-CD-

9VC has higher thermal stability compared to NIP-b-CD-
9VC due to the monomer template complex which formed in
MIP network during polymerization process.

3.2. Adsorption studies

3.2.1. Effect of pH

The optimum pH was done by determining the effect of differ-
ent pH towards adsorption capacity of b-carotene. The contact
time (20 min), concentration of POME solution (2.5 mg L�1)
and polymer dosage (500 mg) were kept constant while pH
of POME solution was changed. Fig. 4 shows the effect of dif-
ferent pH for adsorption of b-carotene by MIP-b-CD-9VC

and NIP-b-CD-9VC. It can be observed that, the adsorption



Table 2 The first order and second order kinetic constants for the MIP-b-CD-9VC.

qe(exp) mg g
�1

First-order Second-order

K1 (min�1) qe(calc) (mg g�1) R2 K2 (g mg�1min�1) qe(calc) (mg g�1) R2

0.028 0.0256 0.004 0.0414 0.0714 0.0274 0.9999

Fig. 10 Reusability of MIP-b-CD-9VC (Experimental condi-

tions: pH 2; POME concentration solution, 2.5 mg L�1; polymer

Molecular imprinted polymer for b-carotene for application in palm oil mill effluent treatment 7
capacity of b-carotene decreased slightly in pH range of 2 to 9
for both MIP-b-CD-9VC and NIP-b-CD-9VC. The adsorp-

tion capacity of b-carotene by NIP-b-CD-9VC was lower than
MIP-b-CD-9VC which is due to non-specific interaction with
the polymer matrix (Yang et al, 2009). Hence, pH 2 has been

selected as optimum pH for optimizing further analysis.

3.2.2. Effect of dosage

The study was performed using various amounts of MIP-b-
CD-9VC, ranging from 50 to 500 mg, while keeping other
parameters constant (pH 2, contact time = 20 min, concentra-
tion of POME solution = 2.5 mg L�1). As shown in Fig. 5, the

percentage removal of b-carotene increased by increasing the
MIP dosage due to the more surface available for adsorption
to occur, as number of available active adsorption sites in
the MIP-b-CD-9VC (Oguntimein, 2015; Yusof et al., 2013).

The maximum removal efficiency (91.1%) was achieved at a
polymer dosage of 500 mg. Dosage of 500 mg was considered
as optimum dosage for optimizing further analysis.

3.2.3. Isotherm study

Measurement of the sorption isotherm for b-carotene was
done using MIP-b-CD-9VC. POME was diluted into varying

concentrations from 0.1 to 2.5 mg L�1. Other parameter were
kept constant (pH 2, contact time = 20 min, polymer
dosage = 500 mg) while concentration of POME solution

was changed. As shown in Fig. 6, the adsorption capacity
increased with increasing of the b-carotene concentration in
POME. The maximum of adsorption capacity was observed

at concentration of 2.5 mg L�1. Therefore, 2.5 mg L�1 has
been selected as the optimum concentration of POME solution
for further analysis.

Fig. 7 shows the (a) Langmuir and (b) Freundlich models
for the adsorption of b-carotene by MIP-b-CD-9VC. The
Langmuir model has higher correlation coefficient R2. The cor-
relation coefficient R2 for the Langmuir model is 0.987 and

Freundlich model is 0.9688. However, the value of calculated
Qm for Langmuir model is not comparable to the qe experi-
mental value. The Qm for Langmuir model is 0.04 and qe
experimental value is 0.0268, while the value of calculated Kf

for Freundlich model is quite close to the qe experimental value
which indicates that the adsorption of b-carotene by MIP-b-
CD-9VC follows the Freundlich isotherm. The values of Lang-
muir and Freundlich constants for the MIP-b-CD-9VC were
summarized in Table 1.

3.2.4. Kinetic study

Fig. 8 shows b-carotene adsorption by MIP-b-CD-9VC under
varying adsorption times, from 1 to 60 min while keeping other

parameters constant (pH 2, polymer dosage = 500 mg, con-
centration of POME solution = 2.5 mg L�1). Referring to
the Fig. 8, the maximum b-carotene adsorption by MIP-b-
CD-9VC is 0.028 mg g�1. The adsorption capacity of b-
carotene increased by increasing the adsorption time up to
20 min. Then the adsorption capacity of b-carotene decreased
and eventually reached a plateau after 30 min. Adsorption

time at 20 min has been considered as optimum contact time
on the removal process.

Fig. 9 shows that the pseudo second order model has higher

correlation coefficient R2 = 0.9999 compared to the lower cor-
relation coefficient R2 = 0.0104 of the Pseudo first order
model. Moreover, the rate constant values that are summa-
rized in Table 2 offer information about the theoretical value

of qe (cal) and how it is closer in value to the experimental
qe (exp) for the pseudo-second order. Nevertheless, pseudo first
order has exhibited differences between calculated and experi-

mental sorption capacities. Thus, it is apparent that the
pseudo-second order kinetic model offered good correlation
for b-carotene sorption onto MIP-b-CD-9VC.

3.2.5. Reusability study

Reusability studies were investigated in order to determine the
stability and regeneration of the MIP-b-CD-9VC. The MIP-b-
CD-9VC was repeatedly used to remove b-carotene from
POME at optimal conditions (pH 2, contact time = 20 min,
polymer dosage = 500 mg, concentration of POME

solution = 2.5 mg L�1). The performance of adsorption
capacities for MIP-b-CD-9VC is shown in Fig. 10. The adsorp-
tion capacity of MIP decreased from 0.0278 mg g�1 to
0.0257 mg g�1. The decrease of adsorption capacity might be

related to n-hexane solvent used to extract the b-carotene from
the cavities. The washing conditions might result in destruction
or collapse of some binding sites in the MIPs.
dosage, 500 mg; contact time, 20 min).
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4. Conclusion

MIP-b-CD-9VC has been synthesized by bulk polymerization
method and evaluated using kinetic model which follows a

pseudo–second–order kinetic. Equilibrium data fitted well with
the Freundlich model. It was observed that, the binding capac-
ity for b-carotene by MIP-b-CD-9VC was higher than NIP-b-
CD-9VC. Optimal conditions of pH 2, POME concentration
of 2.5 mg L�1, polymer dosage of 500 mg and contact time
of 20 min were obtained in this study. The prepared MIP-b-
CD-9VC have been applied successfully for the adsorptive

removal of b-carotene from POME solution and optimized.
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