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ABSTRACT

In this study, molecularly imprinted polymers (MIPs) were prepared using the microwave-assisted
organic synthesis method for the adsorption of methylene blue (MB), a cationic dye, from aqueous
solutions. The preparation of dye-MIP was carried using methacrylic acid (MAA) as monomers, divi-
nyl benzene (DVB) as a cross-linker and acetonitrile as a porogen. The control polymer materials, i.e.
the NIPs, were also prepared in a similar way to that of the MIPs preparation, but without the MB
molecule as a template. The characterization of both the obtained NIPs and dye-MIPs was achieved
by FTIR, SEM and Brunauer-Emmett-Teller (BET) method. Finally, both the obtained NIPs and dye-
MIPs were used for the adsorption of MB from aqueous solutions using the batch adsorption tech-
nique. The effects of various experimental parameters, such as contact time, pH, adsorbent dosages,
initial MB concentration and temperature on the adsorption capacity were investigated. The results
showed that the adsorption behavior of both NIPs and dye-MIPs was greatly affected by the pH and
initial concentration of MB. The experimental data were also analyzed by the Langmuir and Freun-
dlich models of adsorption. The adsorption of MB onto both NIPs and dye-MIPs is in accordance
with the Langmuir isotherm models with the adsorption capacity, which was found to be 33.11 and
40.82 mg/g, respectively. Thermodynamic parameter data indicated that the MB adsorption process
onto dye-MIPs was non spontaneous and exothermic under the experimental conditions, with the
values of Gibbs free energy (AG°) being in the range of 1.02 to 3.76 k] mol™; as well as the values of
enthalpy (AH°) and entropy (AS°) that were found to be —19.35 k] mol™ and —68.39 ] mol™, respectively.
Moreover, pseudo-first-order, pseudo-second-order, intra-particle-diffusion, and Boyd kinetic mod-
els were considered to evaluate the rate parameters. The adsorption process could be described well
by a pseudo-second-order model.
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1. Introduction

Water contamination caused by dye industries, includ-
ing food, leather, textiles, plastics, cosmetics, paper-making,
printing and dye synthesis, has caused increasing attention,
since most dyes are harmful to humans beings and environ-
ments [1]. Some dyes and their degradation products have
carcinogens and toxic properties, so the removal of dyes
from wastewater becomes an important issue in the envi-
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ronmental protection. Moreover, dyes in wastewater can
obstruct light penetration and have a high visibility; hence,
conditions are not good for the life of the water [2].
Methylene blue belongs to one of the primary classes of
commercial dyes, and is stable in the visible and near-UV
ranges of light [3]. Methylene blue (MB) (C16H18N3SCl)
as a thiazine cationic dye is commonly used to color paper,
temporary hair colorants, dyeing of cotton, wood, and silk
[3-6]. Although MB is not considered to be a very toxic
dye, it can cause some harmful effects such as vomiting,
increased heart rate, diarrhea, shock, cyanosis, jaundice,
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quadriplegia, and tissue necrosis on human beings [5-8].
Consequently, MB containing wastewater should be treated
before discharge.

Physical adsorption using solid adsorbents has been a
promising method for treating dyes, pigments and other
colorant wastewater, owing to its advantages such as oper-
ational simplicity, low cost, availability in large amount and
ability to treat pollutants in a sufficiently large-scale oper-
ation [9,10]. One of the most widely used adsorbents in the
wastewater treatment industry is activated carbon because
of its large specific surface area property in spite of it being
a bit expensive to be used in such systems [11,12]. More-
over, the use of activated carbon also has several limita-
tions, such as high cost associated with its production and
regeneration, has a lower reusability, and it is only limited
to the removal of non-polar materials [10,13,14]. Therefore,
there is a need to find the effective materials for dyes waste-
water treatment.

Molecularly imprinted polymers (MIPs) are the type
of synthesized materials with specific recognition capabil-
ity for the template of the substrate molecules. In compar-
ison with the absorbents commonly used, the MIPs have
a higher reusability and selectivity, economic and environ-
mental-friendly, and lower consumption [15,16]. In recent
reports, MIPs have been widely used in many fields, such as
solid-phase extraction [17,18], chromatographic separation
[19], membrane separations [20,21], sensors [22,23] and bio-
logical ones [24-26]. The molecularly imprinting technique
has also been applied to environmental fields [16,27-29].
The removal of MB from an aqueous solution by molecu-
larly imprinted polymers (MIPs) as an adsorbent has been
reported [30-32]. The use of an MB-MIP, prepared by bulk
polymerization via radical polymerization containing MB
as a template, methacrylic acid as a monomer, ethylene
glycol dimethacrylate as a cross-linker, benzoyl peroxide
as an initiator and tetrahydrofuran as a solvent (porogen)
for the removal of MB from an aqueous media, was studied
by Asman et al. [30,31]. Recently, Wang et al. [32] synthe-
sized MB-MIPs using inverse microemulsion polymeriza-
tion with MB as a template, acrylic acid as a monomer,
N,N’- methylene bisacrylamide (MBA) as the cross-linking
agent, 2,2"-azobis (2-methylpropionitrile) (AIBN) as the ini-
tiator, and acetonitrile as the organic solvent for adsorption
of MB from water. However, as far as we know, there are
no reports on the synthesis of MB-MIPs via radical polym-
erization using microwave-assisted organic synthesis
(MAOS) method containing MB as a template, methacrylic
acid as a monomer, divinyl benzene (DVB) as a cross-linker,
2,2'-azobis (2-methylpropionitrile) (AIBN) as the initiator
and acetonitrile as porogen. Therefore, the main objective
of this study was the synthesis of hydrophilic MB-mo-
lecularly imprinted polymers using microwave assisted
organic synthesis (MAOS) method and being applied for
removing water-soluble cationic dyes from wastewater.
The physical properties of the MIPS were characterized by
Fourier transform infra-red (FT-IR) spectroscopy, scanning
electron microscope (SEM) and Brunauer-Emmett-Teller
(BET) method. The adsorption of MB onto MIPs micro-
spheres, including effects of initial solution pH, agitation
time, initial concentration, adsorbent dosage and tempera-
ture, was systematically investigated by batch adsorption
experiments. The Langmuir and Freundlich isotherm mod-

els were used to evaluate the equilibrium adsorption data.
The kinetics of the removal process were determined using
pseudo-first-order, pseudo-second-order and intra-parti-
cle-diffusion kinetic models. Besides, we also thoroughly
studied the thermodynamics of the adsorption process.

2. Materials and methods
2.1. Materials

MIP that has been prepared from methacrylate acid
(MAA) as a monomer, methylene blue, C.I. 52015 (MB)
as templates, divinyl benzene (DVB) as a cross-linker and
acetonitrile as porogen, was purchased from Merck. The
hydrochloric acid used to adjust the pH was purchased
from Merck. Also, the water used was generated from aqua
demineralization system. All materials were used without
further purification.

2.2. Synthesis of dye-MIPs

The preparation of dye-MIPs material was done by
mixing 2 mmol of MAA, 10 mmol of DVB and 0.50 mmol
MB as a template. This solution was then cooled to 0°C and
purged with Nitrogen for 30 min. Futhermore, the prepared
solution was added dropwise from a pipette into an AIBN
solution (0.0466 ml) and then put in the microwave at a
temperature of 65°C for 5 min followed by a temperature
of 70°C for 5 min while stirring continuously. The obtained
materials were grounded in a mortar and dried in a hot air
oven at 60°C for 2 h, and then sieved to acquire the pow-
dered particles. The machine was set to automatically sieve
the grinded sample at a particle size in the range of 60-80
pm. About 5 g of these powdered particles were subjected
to leaching with 200 ml of methanol-acetic acid mixture (9:1
v/v) for 5 h to obtain dye-MIPs materials, and then washed
with methanol. After washing, the sorbent particles were
dried by means of a vacuum, after which they were ready
for use. The control polymer materials, i.e. the NIPs, were
prepared in a similar way to that of the dye-MIPs prepara-
tion, but without the MB molecule as a template.

2.3. Characterization

FTIR spectra of dye-MIPs were obtained by means of a
Perkin Elmer 3100 FTIR spectrophotometer, in the range of
4000-5000 cm™ using KBr pellets containing the prepared
materials. The resolution for each spectrum was 2 cm™.
Scanning electron microscopy of the prepared particles
was carried out using a JEM-2010JEOL scanning micro-
scope equipped with an energy-dispersive X-ray (EDX)
Oxford ISIS 300 micro-analytical system. The surface area
of dye-MIPs was analyzed by nitrogen adsorption mea-
surements at 77 K using Micromeritics Gemini 2370 (USA)
equipment.

2.4. Sorption studies

Adsorption experiments were carried out by agitating
50 mg each of both dye-MIPs and NIPs with 25 ml of the
dye solution of the desired concentration (100 mg/1) and
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pH 10 at 150 rpm, the temperature being 25°C in a thermo-
stated rotary shaker (ORBITEK, Chennai, India) for 10, 20,
30,60, 90, 120, 150 and 180 min. The samples were with-
drawn from the shaker at predetermined time intervals
and the dye solution was separated from the adsorbent by
centrifugation at 20,000 rpm for 20 min. The supernatant
was then analyzed for the remaining MB concentration by
an ultraviolet-visible spectrophotometer model UV-Vis
1601 (Shimadzu, Japan) at 663 nm. Duplicate samples
were measured, and the average will be used in subse-
quent analysis.

The percent of MB adsorption was calculated using the
following equation:

C -C
——< %100
c M)

i

% Adsorption =

where C, and C, are initial and final concentration (mg/1)
of MB in solution, respectively. The adsorption capacity of
an adsorbent at equilibrium with solution volume V, was
calculated using the following equation:

C,-C,

9.(mg/g)= xV @

where C,and C, are the initial and final concentration (mg/1)
of MB in solution, respectively. V is the volume of the solu-
tion (L) and m is mass of adsorbent (g) used.

The influence of pH on dye adsorption capacity was
studied by mixing every 50 mg of both dye-MIPs and
NIPs with 25 ml of an aqueous dye solution (C, = 100
mg/l). Immediately after mixing, the suspension was
allowed to adsorb the dyes by shaking at 150 rpm for 12 h
(contact time). The temperature was maintained constant
at 25°C using a thermostated rotary shaker (ORBITEK,
Chennai, India). The pH value, ranging between 2 and
12, was kept constant throughout the entire adsorption
process with micro-additions of 0.1 M HNO, or 0.1 M
NaOH.

The effects of the adsorbent dosage on dye adsorption
capacity were investigated by agitating different dosages
of dye-MIPs and NIPs particles (10-150 mg) in 25 ml
MB 100 mg/1 for 60 min at pH of 10 and shaking speed
at 150 rpm.

The effect of temperature on the dye adsorption capac-
ity was determined by shaking 50 mg of dye-MIPs in 25 ml
MB at four different temperatures of 25, 45, 65, and 80°C at
pH of 10 and shaking speed at 150 rpm.

The effect of the initial dye concentration was deter-
mined by contacting 50 mg of dye-MIPs with 25 m of aque-
ous dye solutions (C, = 10-100 mg/I). Immediately after
mixing, the suspension was allowed to adsorb the dyes by
shaking at 150 rpm for 60 min (at pH = 10, determined as
optimum value) at 25°C.

The effect of cadmium and lead ions on the adsorp-
tion of MB onto dye-MIPs experiments was conducted at
varying metal ion concentrations between 10 and 50 mg/1.
The pH of the solutions was also set at 7 using 0.1 M HNO,
and NaOH. In the experiments, 50 mg of dye-MIPs were
added into a test solution (25 ml) containing both metals
(cadmium or lead) and MB. The adsorption conditions were
kept the same as described earlier.

2.5. Study of adsorption isotherms

The study of adsorption was determined by contacting
each of the 50 mg of both dye-MIPs and NIPs with 25 ml
of aqueous dye solutions (C, = 10-300 mg/1). Immediately
after mixing, the suspension was allowed to adsorb the
dyes by shaking for 60 min (at pH = 10, determined as opti-
mum value) at 25°C. The same experiments were repeated
at 45 and 65°C.

2.6. Study of adsorption kinetics

Batch kinetic experiments were performed by mix-
ing a fixed amount of dye-MIPs (50 mg) with 25 ml of
an aqueous dye solution (60, 80 and 100 mg/1). The sus-
pensions were shaken for 10, 20, 30,60, 90, 120, 150 and
180 min at pH = 10 (optimum adsorption pH value found
from the pH-effect experiments) at 25°C. Samples were
collected at fixed intervals and analyzed using a UV Vis
spectrophotometer.

2.7. Desorption experiments

Desorption of the sorbed MB dyes from the imprinted
polymers was studied in a batch experimental set-up. After
adsorption, the samples were collected and filtered using
fixed pore size membranes. Desorption experiments were
performed by mixing the collected amount of loaded dye-
MIPs with both HCI and HNO, solutions over a concentra-
tion range of 0.1-0.5 mol/l. After 24 h of shaking at 25°C,
samples were taken and the analysis revealed the optimum
desorption.

3. Results and discussion
3.1. Characterization of dye-MIPs and NIPs

The FT-IR spectra of the dye-MIPs before and after
removing the template as well as the NIPs, all prepared
under the optimal conditions, are presented in Fig. 1. It can
be seen from Fig. 1 that the FTIR spectrum between NIPs,
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Fig. 1. FT-IR spectrum of (a) NIPs, (b) dye-MIPs before, and (c)
dye-MIPs after removing the template.
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Fig. 2. Surface morphology of (a) NIPs, (b) dye-MIPs before, and (c) dye-MIPs after removing the template.

dye-MIPs before and after removing the template has a
similar pattern and this shows that the polymer framework
of the third structure is almost the same. The broad peak
around 3440 cm™ is assigned to the hydroxyl groups. The
bands around 1690 cm™ are assigned to the stretching vibra-
tions of C=0, while the peaks at 1215 cm™ are assigned to
the stretching vibration bands of -C-OH.

Fig. 2 shows the SEM image of the NIPs, dye-MIPs
before and after removing the template. High magnifica-
tion SEM image shows that the surface of NIPs (Fig. 2a)
is much rougher than both of dye-MIPs before and after
removing the template. The surface of dye-MIPs before
removing the template looks more refined than the NIPs
(Fig. 2b) and a small quantity of particles appear on its
surface. After removing the template, the surface of dye-
MIPs (Fig. 2c) becomes smoother than before removing the
template.

The surface areas of both NIPs and dye-MIPs were
determined by nitrogen sorption (BET) measurements.
The surface areas of both NIPs and dye-MIPs were
5.94 and 83.34 m?/g, respectively; close to the range of
imprinted polymers [24,33]. In general, polymers made in
“poor” solvents tend to have a lower surface area than
polymers made in “good” solvents [25,29,33]. The higher
surface area presents advantages of perfect binding-site
integrity, total accessibility of imprinted sites, excellent
mass transport and finely adjusted hydrodynamic prop-
erties [33].

3.2. Adsorption studies
3.2.1. Effect of pH on dye adsorption

pH plays an important role in aqueous chemistry and
surface binding sites of the adsorbents. As shown in Fig. 3,
the adsorption capacity of MB onto both dye-MIPs and NIPs
is a pH-dependent phenomenon. The adsorption capacities
of MB present a significant upward trend from 16.81 to
49.28 mg/g for dye-MIPs and 6.78 to 36.22 mg/g for NIPs
with the increase of pH values in the range of 2-12. It sug-
gests that dye-MIPs microspheres can be a high-efficiency
adsorbent for the adsorption of MB in basic solutions. It can
be ascribed to the dissociation of functional groups on the
active sites of the adsorbent, the changes in surface charge
of the adsorbent and aqueous chemistry of dye molecules
[1,34,35].

50 e
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%12(} A ——MB-1Ps
—a—NIPs
10 4
1] T -
0 3 10
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Fig. 3. The effect of pHs on MB adsorption capacity from aque-
ous solution (contact time: 60 min, volume 25 mL, conc. 100
mg/L, dosage 0.05 g, shaking speed 150 rpm, and temp. 25°C).

3.2.2. Effect of agitation time

Optimizing the effect of time in the adsorption system
is necessary to develop cost-effective procedure. In waste-
water treatment procedure, decreasing the removal time
is necessary [36]. The effect of the agitation time on MB
adsorption capacity by both NIPs and dye-MIPs materials
are shown in Fig. 4. The results showed that, in general, the
adsorption of MB using NIPs and dye-MIPs occurred in
two stages; a rapid adsorption stage in the first 60 min and a
slower adsorption stage at 60-180 min. Based on the figure,
by continuing the process of adsorption, the adsorption
sites will be gradually occupied by molecular substrate and
will slowly increase the adsorption capacities of MB. After
60 min, the adsorption capacities of MB exhibited no visible
changes. At the beginning of the adsorption, MB adsorption
occurs by surface adsorption (external surface adsorption).
At a later stage (slower adsorption stage), the adsorption
occurs mainly through the transport of surface-adsorbed
dye to the internal sites of the adsorbent (internal surface
adsorption) [37,38].

3.2.3. Effect of inital concentration

The amount of adsorption for dye removal is highly
dependent on the initial dye concentration. The effect of
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Fig. 4. The effect of agitation time on MB adsorption capacity
(pH 10, volume 25 mL, conc. 100 mg/L, dosage 0.05 g, shaking
speed 150 rpm, and temp. 25°C).

the initial dye concentration depends on the immediate
relationship between the concentration of the dye and
the available sites on an adsorbent surface. In general,
the percentage of dye removal decreases with an increase
in the initial dye concentration, which may be due to the
saturation of adsorption sites on the adsorbent surface
[39]. The effect of initial dye concentration on MB adsorp-
tion capacity by both NIPs and dye-MIPs materials are
shown in Fig. 5. It is observed that the amount of MB dye
adsorbed, (q,), increased from 4.98 to 40.33 mg g' for dye-
MIPs and 3.71 to 30.58 mg g for NIPs as the initial dye
concentration increased from 10 to 200 mg/1, respectively.
This indicates that the initial dye concentration plays a
significant role in the adsorption capacity of the dye. This
increase in the amount of adsorption is due to the fact that
in batch adsorption, the initial dye concentration provides
the driving force to overcome the resistance to the mass
transfer of dye between the aqueous and the solid phase.
For constant dosage of adsorbent, at a higher initial dye
concentration, the available adsorption sites of adsorbent
become fewer, and hence the removal of MB depends on
the initial concentration [39,40]. The increase in the initial
concentration also enhances the interaction between the
adsorbent and the dye. Therefore, an increase in the initial
dye concentration leads to an increase in the adsorption
uptake of dye [39].

3.2.4. Effect of dosages

The amount, size and pore volume of the adsorbent
significantly influence the capacity of adsorption towards
various molecules. Generally, the vacant site and pore size
of the adsorbent limit the rate and amount of migration of
the dye molecule to the adsorbent surface [4].

The effect of the amount of NIPs and dye-MIPs on the
MB adsorption capacity was studied at different adsor-
bent doses and their results are shown in Fig. 6. It can be
seen that the MB adsorption percentage increases with
increased dosage up to 0.10 g, after which it remained
fairly constant despite the increase in the amount of the
dye-MIPs microsphere to 0.15 g. At equilibrium time,
the % adsorption increased from 56.31 to 94.12% for
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Fig. 5. The effect of initial concentration on MB adsorption ca-
pacity (pH 10, volume 25 mL, dosage 0.05 g, shaking speed 150
rpm, and temp. 25°C).
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Fig. 6. The effect of dosages on MB adsorption capacity (pH 10,
volume 25 mL, conc. 100 mg/L, shaking speed 150 rpm, and
temp. 25°C).

an increase in dye-MIPs dose from 0.01 to 0.10 g. The
increase in % adsorption was due to the increase in the
available sorption surface and the availability of more
adsorption sites.

3.2.5. Effect of ions

The influence of ions on the adsorption capacities of MB
onto dye-MIPs was also investigated by varying the Cd*
and Pb* ions concentration from 10 to 50 mg/1 because the
adsorption process in some cases is markedly affected by
the existence of electrolytes due to their interference in the
electrostatic interaction between the adsorbate and absor-
bent, drastically impacting the adsorption process [40—42].
However, contrary to expectations, the presence of cop-
per and lead ions did not find significant changes in MB
adsorption capacity when increasing both the Cd** and Pb*
ions concentration (Fig. 7). These results suggest that the
binding affinity between MIPs and dye molecules is not
significantly affected by the concentrations of background
ions; thus, the adsorption of MB predominantly takes place



M.A. Zulfikar et al. / Desalination and Water Treatment 103 (2018) 102-112 107

qe (mg/'g)

10 20 30

[Cd*] (mg/L)

40 50

(a)

qe {(mg/g)
i [ Ld eim
= = = = =
| 1

[Pb**] (mg/L)

(b)

Fig. 7. The effect of ions Cd(II) (a) and Pb(II) (b) on MB adsorp-
tion capacity (pH 7, volume 25 mL, conc. 100 mg/L, shaking
speed 150 rpm, and temp. 25°C).

at the internal layer of dye-MIPs rather than the external
layer because the latter could be more prone to the influence
of ionic intervention than the former [43].

3.2.6. Desorption study

Desorption study is usually applied to elucidate the
adsorption mechanism and to recover the depleted adsor-
bent [44,45]. In this study, two solutions were used: hydro-
chloric acid solution and nitric acid solution. To compare
the efficiency of different solutions in desorption study, the
concentration of solution was set at 0.1-0.5 mol/l. Accord-
ing to Fig. 8, hydrochloric acid solution is the most efficient
compared to nitric acid solution.

3.3. Isotherms of adsorption

The adsorption equilibrium isotherm is important for
describing how the adsorbate molecules are distributed
between the liquid and the solid phases when the adsorp-
tion process reaches an equilibrium state. The most widely
used isotherm equations are the Langmuir and Freundlich
equations. Langmuir isotherm is based on the assumption
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Fig. 8. Desorption study with different solutions HCI (a) and (b)
HNO,.

that an activation point on the surface of the adsorbent is
able to adsorb one molecule, indicating that the adsorbed
layer has one molecule of thickness. It is expressed as:

_4.°0-C,
=1+ ©)
where C, (mg/1) is the equilibrium concentration, g, (mg/g)
is the amount adsorbed, g, (mg/g) is the complete mono-
layer adsorption capacity, and b (L/mg) is the Langmuir
constant. The dimensionless separation factor, R, is an
essential characteristic of Langmuir isotherm, which is
defined as:

R, =1/(14b-C) 4)

where b is the Langmuir constant and C_ is the highest ini-
tial MB concentration. The value of R, indicates the type of
the isotherm to be either favorable (0 < R, < 1), unfavorable
(R, >1), linier (R, = 1) or irreversible (R, = 0) [10].

The Freundlich isotherm model is derived by assuming
a heterogeneous surface of adsorption capacity and adsorp-
tion intensity with a non-uniform distribution of adsorp-
tion heat, in which it is characterized by the heterogeneity
factor, 1/n. The empirical equation can be written as:
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qf — Kfo 1/n (5)
where C is the equilibrium concentration (mg/l), g, is the
amount of adsorbate adsorbed per unit weight of absorbent
(mg/g), and K, and n are Freundlich constants. A value of
1/n, ranging between 0 and 1, is a measure of adsorption
intensity or surface heterogeneity. A value for n greater than
one indicates of a favorable adsorption process. The other
Freundlich constant K, indicates the adsorption capacity of
the adsorbent.

The Langmuir and Freundlich isotherms for the sys-
tem studied are presented in Fig. 9, and their parameters
computed from Egs. (4), (5) are listed in Table 1. The best
fit isotherm model for the system was compared by judg-
ing the correlation coefficients, R* values. The higher cor-
relation coefficient of the Langmuir isotherm than those of
Freundlich (Table 1) suggests that the experimental results
fit the Langmuir isotherm model best, with the adsorption
capacity found to be 33.11 and 40.82 mg/g for NIPs and
dye-MIPs, respectively. This finding is consistent with the
conclusion obtained from the effect of the initial dye con-
centration on adsorption capacity.

The R, values obtained from the Langmuir isotherm
constant K, are between 0 and 1, indicating that the MB
adsorption process onto both NIPs and dye-MIPs is favor-
able (Table 1) [10].

3.4. Kinetics of adsorption

The kinetic of adsorption was investigated to predict
the rate of dye removal from the aqueous solutions. Sev-
eral kinetic models including pseudo-first-order, pseu-
do-second-order and intra-particle diffusion are available
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to understand the behaviour of the adsorbate that was suc-
cessfully adsorbed onto the adsorbent surface and deter-
mines the controlling mechanism of the adsorption process.
The pseudo first-order model is one of the most widely
used equations to describe the adsorption rate based on the
adsorption capacity. The linear form is formulated as:
log (q,—q,) = log q,— (k,/2.303) t (6)
where k, is the adsorption rate constant (min™), g, and g, are
the amounts of MB adsorbed at equilibrium and at time ¢
(min). The values of k, and g, (Table 2) were evaluated from
the linear regression of log (g,- g,) versus t (Fig. 10a). The
determination coefficient value for the pseudo-first-order
adsorption model (R?) was very high and close to unity.

The pseudo-second order model is based on the adsorp-
tion capacity of the dye molecules on the surface of the
adsorbent and its linear form is expressed as follows:
t/gt=1/k,q2+1t/q, ?)
where k, (g/(mg min")) is the rate constant of
pseudo-second-order adsorption. The values of k, and g,
(Table 2) were calculated from the slope and intercept of
straight portion of the linear plots obtained by plotting t/
q, against t (Fig. 10b). After the calculation, if the adsorption
data followed the pseudo-second order model, the overall
rate of the dye adsorption process was controlled by the
chemisorption process.

The results in Table 2 show that the coefficient of deter-
mination for the second-order kinetic model is low and the
calculated equilibrium adsorption capacity g, has a large
deviation in comparison with the experimental data. It sug-
gested that the pseudo-second-order model is not suitable
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Fig. 9. Adsorption isotherms and fitting curves of NIPs and dye-MIPs towards MB with different initial concentrations.
Table 1
Langmuir and Freundlich parameters for MB adsorption onto NIPs and dye-MIPs
Adsorbents Langmuir Model Freundlich Model Dy R,
b (L/mg) q,(mg/g) R? n K (mg/g) R (mg/g)
NIPs 0.07 3311 0.997 2.14 3.32 0.863 30.67 4.54 x 107
dye-MIPs 0.70 40.82 0.999 373 12.53 0.897 40.44 4.74 x 107
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Table 2
Pseudo-first and pseudo second order kinetics parameters for MB adsorption onto dye-MIPs
Concentration  Pseudo-first-order Pseudo-second-order
(mg/L) k, (min™) G, (mg/g) R k, (g/(mg min™)) g, , (mg/g) R G, o (MZ/8)
60 0.0214 17.62 0.847 0.0025 31.25 0.985 29.27
80 0.0184 17.85 0909  0.0039 38.02 0.996 37.48
100 0.0223 2241 0.818  0.0036 49.50 0.997 48.75
20 } T 7
6 _
1.5 . 260 (mg/L)
. ® 80 (mg/L)
= 10 - A 4100 (mg/L)
0y 0 =,
= A = 3
g
= 0.0 4 460 (mg/L) ] b
@80 (mg/L)
0.5 4 A100(mgL) N 1
= E . D T ¥ T T T 1 0 T T T T T 1
0 30 60 90 120 150 180 0 30 60 90 120 150 180
t (min) t (min)

Fig. 10. Pseudo-first-order (a) and pseudo-second-order (b) models plot for MB adsorption at different concentration (volume 25 mL,

dosage 0.05 g, pH 10, shaking speed 150 rpm and temp. 25°C).

to describe the adsorption of MB onto dye-MIPs and the
rate-limiting step is not chemisorption.

Adsorption kinetics is usually controlled by different
mechanisms, and in general is by diffusion mechanism. If
the experiment is a batch system with rapid stirring, there
is a possibility that the transport of sorbate from solution
into pores (bulk) of the adsorbent is the rate-controlling step
[46,47].

This possibility was tested in terms of a graphic relation-
ship between the amount of dye adsorbed and the square
root of time. Since the MB is probably transported from its
aqueous solution to the dye-MIP by intra-particle diffu-
sion, so the intra-particle diffusion is another kinetic model
that should be used to study the rate-limiting step for MB
adsorption onto dye-MIP. The intra-particular diffusion is
commonly expressed by the following equation [28,48,49]:

g,= k24 C (®)
where k and C are an intra-particle diffusion rate con-
stant (mg/g-min'/?) and a constant, respectively. The k is
obtained from the slope of linear plot of g,vs. t/> The val-
ues of g, were found to give two lines part with values of
12 (Fig. 11), and the rate constant k is evaluated directly
from the slope of the second regression line and the val-
ues of intercept C, which is related to the thickness of the
boundary layer.

The shape of Fig. 11 confirms that the adsorption of
MB onto dye-MIPs are dependent on each other, since the

50 ] k'_*’f"—-‘
401 —— c"’r'.’."
g 30 - oo bR
— 20 4
= 4 100 mg/L
10 - A—-&-—_-A @30 mg/L
A60 mg/L
0 T I 1
0 5 10 15

12 (mint'?)

Fig. 11. Intraparticle diffusion model plot for the adsorption of
MB onto dye-MIPs (volume 25 mL, dosage 0.05 g, pH 10, shaking
speed 150 rpm and temp. 25°C).

plot usually shows two intersecting lines depending on
the exact mechanism; the first one of these lines represent
surface adsorption (film diffusion) at the beginning of the
interaction and the second one is the intraparticle diffusion
at the end of the interaction. The plot in Fig. 11 does not
pass through the origin, suggesting that intra particle diffu-
sion is not the rate-limiting step and that some other mech-
anisms may also play an important role. The parameters of
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Table 3
Parameter of the intra-particle diffusion model for the MB
adsorption onto dye-MIPs

Table 4
Thermodynamic parameters for the the MB adsorption onto
dye-MIPs

Concentration  k, C, k,, C,
(mg/g) (mg/g-min'/?) (mg/g-min'/?)
60 0.901 12.061 0.456 23.291
80 1.012 23411 0.999 24.400
100 0.716 34311 0.822 37.892
0,& T T T T 1

0,0p29 0,0030 00031 00,0032 0,0033 0,0034

L ]
0.5 -
.3
=
-1,0 ™
L ]

_155 .

LT (K1)

Fig. 12. Plots of In b versus 1/T for the adsorption of MB onto
dye-MIPs in aqueous solution.

intraparticle diffusion model are shown in Table 3. It can be
easily observed that k_, is larger than k , indicating that film
diffusion is a rapid process whereas intraparticle diffusion
is a gradual process [50].

3.5. Thermodynamics adsorption

The temperature dependence performance of MB
adsorption was further analyzed based on the thermo-
dynamic parameters, such as change in free energy AG°,
enthalpy AH® and entropy AS°. They were determined by
van’t Hoff equations:

AG® = —RT InK, )
mp=25 _AH (10)
R RT

where R (8.314 J/mol K) is the gas constant, T (K) is the
absolute temperature and b (L/mg) is the Langmuir iso-
therm constant. The value of enthalpy (AH°) and entropy
(AS°) were calculated from the slope and intercept of the
plot of In b vs 1/T (Fig. 12). The thermodynamic parameters
are shown in Table 4.

The positive values of AG® indicated that the adsorption
of MB onto dye-MIPs was non-spontaneous. Moreover, the
negative values of AH® indicated that the adsorption was
exothermic. Therefore, the negative values of AS° revealed
that a more ordered arrangement of MB was shaped on
the surface of adsorbent [51,52]. Similar results were also

Temperature b AG® AH° AS°

O (L/mg)  (KJ/mol)  (kJ/mol)  (kJ/mol)
25 0.70 1.02 -19.35 -68.36
45 0.36 2.39

65 0.28 3.76

obtained by Wei et al. for removal of methylene blue using
Cu,CI(OH), microspheres [52] and Yagub et al. for removal
of methylene blue using raw pine cone powder [39].

4. Conclusion

In this study, the dye-MIPs were successfully prepared
using methacrylic acid (MAA) as monomers, methylene
blue (MB) as a template, divinyl benzene (DVB) as a cross-
linker and acetonitrile as a porogen. The obtained NIPs,
as control polymer materials and dye-MIPs were used for
the adsorption of MB from aqueous solutions using batch
adsorption technique. The results showed that the equi-
librium contact time was 60 min. The results also showed
that MB adsorption onto both the NIPs and dye-MIPs was
highly dependent on pH, initial concentration of MB solu-
tion and temperature. The equilibrium adsorption data of
MB on both NIPs and dye-MIPs fit the Langmuir isotherm
model better than Freundlich isotherm model. Based on
the Langmuir isotherm model, the maximum monolayer
adsorption capacity is 33.11 and 40.82 mg/g, for NIPs and
dye-MIPs, respectively. In the kinetic studies, the pseu-
do-first-order kinetic model, pseudo-second-order kinetic
model and intraparticle diffusion model were used to fit
adsorption data of dye-MIPs. The pseudo-second-order
kinetic model could better describe adsorption kinetics,
and the intraparticle diffusion model also demonstrated
the intraparticle diffusion was not the rate-limiting step.
The values of thermodynamic parameters (AG°, AH® and
AS°) suggested that MB adsorption onto the dye-MIPs was
an exothermic and a non-spontaneous process. This work
confirms that the dye-MIP could be used for the removal of
cationic dyes from wastewater.
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