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Abstract: Due to its high visibility, high resistance, and toxic effects, colored substances in the textile and
other dyeing industries waste-water cause great damage to biological organisms and ecology. Therefore,
current research efforts to develop high selectivity, specificity, and efficient water treatment technologies
are very intense, and molecularly imprinting methods (MIM) constitute a category of functional materials
to meet these criteria. Polymethylmethacrylate-chitosan molecularly imprinted composite (PMMAC-MIC)
and non-imprinted composite (PMMAC-NIC) were successfully prepared by MIM. Dye adsorption
performance of MIC and NIC composites was investigated by comparison. The obtained adsorbents were
characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), field-emission
scanning electron microscopy (FE-SEM), differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and zeta potential techniques. The kinetics of adsorption followed a pseudo-first-order
model while the Langmuir adsorption isotherm provided the best fit. The maximum adsorption capacity of
dye was found as 93.78 mg/g for PMMAC-MIC and 17.70 mg/g for PMMAC-NIC at 298 K temperature, the
initial dye concentration was 100 mg/L. Thermodynamic parameters indicated that the removal of dye
from PMMAC-MIC was endothermic and spontaneous. Besides, the regeneration of composite was recycled
four times.
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INTRODUCTION cationic textile dye that is widely used because of its

antifungal,
However,

effect on antimicrobial,
and antibacterial effects.

strong

With the development of industrialization, the use of antiparasitic,

dyes, which endangers the living organisms, in  due to its acute and persistent toxicity, this dyestuff
textile and other dyeing sectors e.g. plastic, paper, exposes aquatic and territorial organisms to
foods, pulp, color photographs, cosmetics has been  mutagenic, teratogenic, and carcinogenic effects

(2). At this point, drinking water industries focus
their efforts on the development of new

increasing in recent years. As a result of textile
wastes being released, the waters are rapidly

exposed to pollution day by day (1). Also, dyes are

technologies to remove various persistent pollutants

the most dangerous pollutants in wastewater from  water sources. Many physical and
because of their permanence and high hazardous physicochemical methods such as
properties. Malachite green (MG) is an important coagulation/flocculation, chemical oxidation,
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ozonation, ultra-filtration, membrane, and photo-
separation processes have been developed for the
removal of dyes from aqueous solution (3).
However, adsorption is a highly effective and low-
cost preferred technique for removing dyestuff from
contaminated water. A recent study focuses on both
efficient composites and recognized methods (4).

The molecular imprinting method (MIM) for dyes is
mainly used as adsorbents for solid-phase
extraction due to their high selectivity in complex
samples. MIM ensures cost-effective and easy-
handling for the selective removal of certain water
pollutants. Owing to these pressure holes, the
target pollutant molecules are adsorbed very easily
since they are defined according to the structure of
the template molecule (5). Recently, the imprinting

method has been of great interest in the
development of chromatographic adsorbents,
sensors, membranes, enzymes, and receptor
mimetics.

Chitosan is one of the most abundant biological
substances (natural polysaccharides) in nature. It
has great biological and chemical properties as non-
toxicity, low-cost, intelligent, biocompatible,
biodegradable, and hydroxyl and amine functional
groups on its structure. All these important features
make chitosan a very interesting ingredient that can
be preferred in removing dyes from the aqueous
wastewater system (6,7). A lot of dye-imprinted
chitosan have shown great promise for preparing
materials and recognition of target dyes in the past
regarding the economic feasibility and
environmental importance of it. Because of the easy

dissolution in acidic media (pH<6.0), weak
mechanical strength, and low surface area of
chitosan, innovative physical and chemical
modifications like crosslinked or composite

formation can be developed to overcome these
limitations. Thus, higher adsorption capacity and
better mechanical properties can be achieved by
different composite material formations. The
preference of polymethylmethacrylate (PMMA) in
this study is that it can easily interact with chitosan
by forming hydrogen bonds, and it is a common
polymer that has high mechanical strength and
good acid fastness that will increase the strength
and stability of the composite.

There are many studies reported in the literature
about the MIM method for the adsorption of dyes
with composites based on chitosan. For example,
Deng et al.,, (8) prepared the Lewis acid-
functionalized-crosslinked chitosan as a sorbent for
active brilliant red (X-3B) dye. Crosslinked-chitosan
and B-cyclodextrin were used as an adsorbent for
Remazol Red (9). Epichlorohydrin and
glutaraldehyde magnetic chitosan were prepared for
the adsorption of chalcone dye (10). Chitosan-TiO:
nanocomposite was prepared for the selective and
quantitative removal of Rose Bengal dye (11). The
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adsorption performance of Acid Blue 113 was

investigated by cross-linked polyacrylamide
grafted /chitosan hydrogels (12). In another
previous study, zeolitic imidazolate framework

/chitosan/polyvinyl alcohol composite membrane
adsorbents were performed for the removal of
malachite green dye (13). Lulu et al. have prepared
a chitosan/magnetite and used alizarin red as
template dye (14).

The main purpose of this study is to synthesize the
polymethylmethacrylate-chitosan composite to join
the selectivity advantages of MIM and investigate
the removal of malachite green (MG) dye using the
molecular imprinting method with a comparison with
the non-imprinting method. In the adsorption
studies, kinetic studies were carried out by using
pseudo-first and pseudo-second kinetic models with
the effects of initial dye concentration, pH, and
temperature. Besides, thermodynamic parameters
were predicted by using Langmuir and Freundlich
isotherms. The regeneration feature was made to
provide an economic contribution to the study. Also,
the selectivity experiment for PMMAC-MIC-MG was
analyzed with methylene blue (MB) as a cationic dye
and reactive orange 25 (RO16), acid blue 25 (AB25)
as anionic dyes.

MATERIALS AND METHODS

Materials and Chemicals

The methylmethacrylate (MMA, Mw:100.12 g/mol),
ethylene glycol dimethacrylate (EGDMA, My: 198.22
g/mol), ammonium persulfate (APS, Mw: 228
g/mol), malachite green oxalate (MG, Cs2Hs4N4O12,
Mw: 927 g/mol) and chitosan (C, medium molecular
weight) were supplied by Sigma-Aldrich.

Synthesis of PMMAC-MIC and PMMAC-NIC
Composites

In the initial process of preparing the PMMAC-MIC,
briefly, 200 mg of chitosan was dissolved by 1%, 30
mL acetic acid in a flask for 2 hours. Then, 49.35
mg of MG, 0.42 mL of MMA was dissolved in 10 mL
of ethanol and 0.4 mL of EGDMA was added. After
the substances were dissolved in ethanol
completely, then it was poured into chitosan
solution. Later, 148 mg APS was transferred into the
mixture and then stirred for 4 h at 80 °C. The
obtained solution was added dropwise into 0.1 M
HCl and filtered to remove the MG ions. Finally, the
unreacted materials were removed by washing the
composite with distilled water and ethanol, and the
resulting composite particles were dried at about
90-100 °C. The nonimprinted composite (PMMAC-
NIC) was prepared in the same way, but without the
addition of MG during preparation.

Characterization of Composites

To examine the characterization of composite, FTIR
analysis of PMMAC-MIC and PMMAC-NIC, Perkin-
Elmer Spectrum 100 model ATR-FTIR apparatus
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(wavenumber range: 4000-400 cm) was used.
XRD patterns of the composites were examined by
Rigaku Ultima-IV model device. FE-SEM was used
for the investigation of the morphological structure
of composites with the model Quanta 400F
apparatus. Thermal behavior of composites was
employed by DSC measurements on a DSC250 TA
instrument with 10 °C min! heating rate under a
nitrogen atmosphere and TGA on SDT650 model
with the analyzes performing in the range from 25
to 950 °C, the heating rate of 10 °C 1/min, nitrogen
atmosphere with a flow rate of 100 mL/min. The
Zeta potential was analyzed by a Zetasizer (Malvern
Nano ZS90 Zetasizer).

Adsorption Experiments

The adsorption ability of PMMAC-MIC and PMMAC-
NIC was investigated by batch adsorption technique.
The contact time, effect of pH and temperature,
kinetics and isotherms of adsorption were studied.
For the preparation of the stock dye solution, 100
mg of MG dye was dissolved in 1 L of distilled water.
To make batch experiments, 10 mg of composites
were shaken with a 20 mL dye solution with a
shaking speed of 120 rpm (GFL 1083) and pH (5) at
298 K for 300 min. The concentration of dye
solution was examined by PG T80+ model UV-Vis
spectrophotometer at 617 nm. The adsorption
capacity and percent adsorption were calculated
with the below equations (Eq. 1,2), respectively
(15).

q:(co_ce>*z (Eq. 1)

m

% adsorptionzcoc;C

€ %100 (Ea.2)
(0]

Where g (mg/g) presents the adsorption capacity,
Co and Ce (mg/L) are the initial and equilibrium
concentrations of MG, V (L) refers to the volume of

(a) (b)
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the solution, and m (mg) is the amount of the
composites. Experimental studies were made in 2

repetitions and error bars were shown in the
figures.

Regeneration Studies

Some of the conditions for the composite

regeneration mentioned in the literature (16) were
carried out with a little modification as follows: 20
mL, 100 mg/L MG dye solution was contacted with
10 mg of PMMAC-MIC composite for 180 min at 298
K and pH 8. The composite particles were filtered
and the amount of adsorbed dye was analyzed by a
UV-spectrophotometer (617 nm). The charged
adsorbent was completely washed with distilled
water, filtered, and transferred to a flask involving
the 0.1 M HCI desorbing agent and shaken for 180
min at 298 K. This study was repeated four times.
The amount of desorbed MG dye was calculated by
the following equation (Eqg. 3):

amt. desorbed from ads
Dyeads. %= %100
e ads. 7o amt desorbed onto ads

(Eqg. 3)

Selectivity Experiments

To investigate the selectivity of the MG dye, a
cationic dye MB and two anionic dyes RO16, AB25
were used (structures are shown in Figure 1).
Besides, the percentages of binding of these dyes
were investigated by comparison with the MG dye
and plotted graphically. For the experimental
studies, 20 mL of the initial concentration of 50
mg/L of each dyestuff was prepared and poured into
a 100 mL flask, 10 mg of adsorbent was then added
to each flask and shaken at 120 rpm in the shaking
water bath for 180 minutes. The final supernatants
of MB, RO16, AB25 dyes were performed by a UV-
Vis spectrophotometer at the maximum absorption
wavelengths at 664 nm, 505 nm, 610 nm,
respectively.

OH OH OH
0 0 0
HO 0
Ho Ho %%@fo”
NH, NH; NH,
n

(©)
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Figure 1: Chemical structures of (a) ammonium persulfate (APS), (b) methyl methacrylate (MMA), (c)
chitosan, (d) ethylene glycol dimethacrylate (EGDMA), (e) malachite green (MG), (f) methylene blue (MB),
(g) reactive orange 25 (R0O16), (h) acid blue 25 (AB25).

RESULTS AND DISCUSSION

Characterization

FTIR analysis

FTIR spectra of PMMAC-MIC, PMMAC-NIC
composites are illustrated in Figure 2a. As can be
seen from Figure 2a, there are peaks at 2988, 2951,
2988, and 2952 cm~! in the PMMAC-NIC and
PMMAC-MIC spectrum corresponding to the
stretching vibration peak of the saturated C-H
stretching vibration, respectively (17-20). The peak
in the PMMAC-NIC spectrum at 1724 cm™ and in the
PMMAC-MIC spectrum at 1722 cm™ demonstrated
the carbonyl group of the ester group of PMMA.

It is probable that there is no peak related to the
characteristic bands of the MG dye (template) in the

PMMAC-MIC spectra as the peak belongs to the
aromatic ring at 1560-1580 cm™ which demonstrate
the purification of MIC composite from MG template
dye molucules (Figure 2a) (21). The peaks observed
at 1449, 1451, and 1387 cm~! are bending
vibrations of CH> and CHs also, the peak at 1144,
1142; 750, 752; 962, and 953 cm~! correspond to
the vibration of CO; CH2; CC stretching in the
spectra of PMMAC-NIC and PMMAC-MIC,
respectively (22). As a result, it can be
demonstrated that differences between peaks in the
PMMAC-NIC and PMMAC-MIC FTIR spectra may also
be based on the spaces between the functional
groups caused by the removal of MG dye molecules
from the structure by the imprinting method.
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Figure 2: FTIR spectra of PMMAC-MIC and PMMAC-NIC (a), XRD patterns of PMMAC-MIC (b) PMMAC-NIC
(c), SEM images of PMMAC-MIC (d), PMMAC-NIC (e).

XRD analysis

The XRD patterns that indicate the crystallinity of
composites of PMMAC-NIC and PMMAC-MIC were
depicted in Figure 2b and 2c (23). The characteristic
peaks of chitosan 2-theta degree were recorded at
21.10°, 20.9° for PMMAC-MIC and PMMAC-NIC,
respectively. The XRD patterns revealed the
successful differences between PMMAC-MIC and
PMMA-NIC which may be caused by the removal of
dye template molecules. The crystallite sizes of the
PMMAC-MIC and PMMA-NIC were found at 9.50 nm
and 11.0 nm, respectively as the results obtained
from XRD analysis.

SEM analysis of composites

The morphologies of PMMAC-NIC and PMMAC-MIC
were studied by scanning electron microscope. The
results of SEM images are depicted in Figure 2d and
2e. It can be observed in Figure 2d and 2e, the
surface morphology of the PMMA-MIC composite is
different from the PMMA-NIC composite. The SEM
image of the MIC composite is predicted to be more
rough, orderly, and stable than that of the NIC

composite, which may be caused by voids created
by removing imprinted MG dye molecules on its
surface (24,25). Besides, it is predicted that the
SEM image of the MIC composite was more porous
than that of the NIC composite and that this
porosity of the MIC composite may account for
better adsorption capacity for MG dye.

DSC analysis

DSC profiles of PMMAC-MIC and PMMA-NIC are
depicted in Figure 3a and 3b. DSC was used to
determine the phase behavior and thermal
transitions of PMMAC-MIC and PMMAC-NIC (Figure
3a and 3b). According to the results, the
endothermic peak of PMMAC-NIC was located at
87.95 °C (Figure 3a). PMMAC-MIC composite
indicated three endothermic peaks at 59.92 °C,
230.95 °C, and 293.68 °C, respectively which
suggests that the surface modification was formed
and the thermal stability was improved by
increasing the temperature (supporting the
increasing thermal resistance) after the imprinting
process (Figure 3b) (26).
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Figure 3: DSC thermogram of (a) PMMAC-NIC (b) PMMAC-MIC, TGA analysis of (¢) PMMAC-NIC (d)
PMMAC-MIC, size distribution of (e) PMMA-NIC, (f) PMMA-MIC.

TGA analysis of the composites

The thermal stability and degradation profile of the
composites were assessed by thermogravimetric
analysis (27). Figure 3c and 3d exhibited the TGA
curves of the PMMAC-NIC, PMMAC-MIC that
exhibited the amount of mass loss and its percent of
PMMAC-NIC, PMMAC-MIC were 3.704 mg, 3.987mg,
and 91.259%, 97.741%, respectively. Below 200 °C
the mass losses have pertained to the polar groups
or moisture in the composites (28). The mass losses
between 0-100 °C indicated the evaporation of
moisture in the samples (29). The results showed
that the thermal stability of the MIC composite was
better than NIC adsorbent slightly due to the
addition of dye adsorbed, which also confirmed the
successful imprinting of dye ions. A similar result
has been found by Lewandowska et al., (30) in
which the SBF-treated chitosan composite was
investigated (Sohni et al., 2019).

Zeta potential analysis

Zeta potential measurement is used to describe the
charge performance of the nanoparticle surface
(31). Figure 3e and 3f show the size distribution of
PMMA-NIC and PMMA-MIC, respectively. The particle
size obtained of the PMMA-NIC particles is about
860.3 nm while the PMMA-MIC particle 449.0 nm.
The positive Zeta potential value of both the MIC
(40.3 mV) and the NIC (30.2 mV) composite
indicates that the surface of both composites is
predominantly loaded with a positive charge. Also,
the fact that both PMMA-NIC (0.777) and PMMA-MIC
(0.473) composites have PDI values greater than
0.2, explains that the composite surfaces are
heterogeneous.

Effect of pH and Point of Zero Charge (Ppzc)

pH has an absolute impression on the adsorption
capacity as it changes the surface properties of the
composite due to the ionization of the degree of dye
molecules for the adsorption process. Figure 4a
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illustrates that the percent adsorption capacity of
MG dye on PMMAC-MIC adsorbent increased by
raise of pH in the range of 2-8. At low pH, since the
zero-point charge of the adsorbent was found to be
6.3 (pH < pHzpc, Figure 4b), the surface of the
adsorbent becomes positively charged and
protonation occurs on the surface of the adsorbent
with the functional groups. Nonetheless, the
electrostatic contradiction between cationic dye
molecules and positively charged adsorbent is
formed and so, the adsorption capacity of MG dye is
reduced. In contrast, at the higher pH, above zero-
point charge (pH > pHzpc), the adsorbent surface

becomes negatively chargeable leading to
electrostatic interaction between adsorbent and
cationic dye, resulting from an increase in

adsorption capacity.

Effect of Contact Time and Initial
Concentrations

The adsorption of MG dye by PMMAC-MIC and
PMMAC-NIC is shown in Figure 4c. In the beginning,
adsorption rapidly increases and reaches equilibrium
at 180 min for both NIC and MIC composites.
Initially, the adsorption was rapid due to the
availability of abundant vacant adsorption sites,
then the adsorption slowed down as they reached

Dye
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saturation. As seen in Figure 4c, the adsorption
capacity of PMMAC-MIC (93.78 mg/g) was much
higher than PMMAC-NIC (17.70 mg/g). This was
verifying the enhancement of suitable coordinations
between the MIC and MG dye.

To investigate the effect of the initial dye
concentration, three initial MG dye concentrations
(Co=50, 75, 100 mg/L) were used at pH 8.
Adsorption of both PMMAC-MIC and PMMAC-NIC
increased when initial MG dye concentration
increased. When initial dye concentration increased
from 50 mg/L to 100 mg/L, the adsorption capacity
was increased from 59.70 mg/g to 93.78 mg/g and
from 10.26 mg/g to 17.70 mg/g for MIC and NIC
composites, respectively. These results prove that
the adsorption mechanism depends on the initial
concentration of dyestuff and the formation of many
suitable centers on the surface of the templated
adsorbent (PMMAC-MIC). Thus, the molecular
imprinting adsorbent (PMMAC-MIC) could be an
excellent adsorbent for the removal of MG dye from
aqueous solutions comparing with the non-
imprinting adsorbent (PMMAC-NIC). Besides, as can
be seen in Table 1, it can be interpreted that the
synthesized composite is quite suitable for MG dye
removal compared to previous studies.
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Figure 4: Effect of (a) pH (b) point of zero charge (c) contact time (d) regeneration (e)
selectivity on MG dye adsorption.

Table 1: Adsorption capacities of various adsorbent in the literature about the MIM method for dye

adsorption.
Adsorbent Dye Co ge (Mmg/g) References
(mg/L)
Lewis acid-crosslinked chitosan Active brilliant 200 161.1 (8)
red
Crosslinked-chitosan Remazol red 70 14.3 (9)
Epichlorohydrin and glutaraldehyde- Chalcone dye 100 51.71 and (10)
magnetic chitosan 39.23
Chitosan-TiO2 nanocomposite Rose bengal 64 79.36 (11)
Cross-linked polyacrylamide Acid blue 113 300 286 (12)
grafted /chitosan hydrogels
Zeolitic imidazolate framework Malachite green 29.66 62.2 (13)
/chitosan/polyvinyl alcohol
composite
Chitosan-magnetite Alizarin red 100 40.12 (14)
Styrene-Methacrylate based Malachite green 500 200.00 (32)
polymethacrylic acid Malachite green 250 303.03 (33)
PMMAC-MIC Malachite green 100 93.78 This study
Adsorption Kinetics t 1 1
The kinetics of adsorption of dye onto adsorbents = 2+_t (Eg. 5)
can be represented by the pseudo-first-order 4 k,q, 9

(Figure 5a) and pseudo-second-order (Figure 5b)

kinetic models by the following equations,
respectively (Eq.4,5) (34).
logq,—k,
log(q,—q,)]=——>—txt (Ea-4)
8la.-a)=— 553

Where ge (mg/g), g (mg/g) are the amount of
adsorbed dye at equilibrium and time; k:; (1/min)
and k2 (g/mg min) represent the rate constants of
pseudo-first-order and pseudo-second-order,
respectively, while t is time.

While the pseudo-first-order kinetic model defines
the first stage in adsorption, the pseudo-second,
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order kinetic model which defines the rate control
mechanism is compatible with chemisorption. As is
seen from Table 2, correlation coefficients (R?) of
the pseudo-first-order model were higher than the
pseudo-second model (R?>0.980), so the best fit
model has been chosen based on the pseudo-first-
order kinetic model for adsorption of MG dye onto
PMMAC-MIC composite. Also, calculated ge values
obtained from the pseudo-first-order were closer to
the experimental ge (gexp) values, which supports
that the adsorption of the MG dye onto the PMMAC-

RESEARCH ARTICLE

MIC adsorbent is more compatible with the pseudo-
first-order model. The studies of noxious textile
dyes adsorption onto amorphous carbon nanotubes
(35) and malachite green on graphene oxide
adsorption (36) have indicated similar results.
According to Table 2, based on the initial
concentration, the rate constant (k:) increase can
be predicted generally by the physisorption system
in MG dye adsorption onto PMMAC-MIC and PMMAC-
NIC adsorbent surfaces.

Table 2: Kinetic data for the adsorption of MG dye onto PMMAC-MIC

Pseudo first order

Pseudo second order

Gexp de ki de k>
(mg/9) (ma/q) (1/min) R? (mg/qg) (g/mgmin) R?

59.70 65.9 0.014 0.9802 111.1 0.608 0.9381
78.84 89.8 0.017 0.9806 120.5 1.044 0.9383
93.78 97.3 0.019 0.9968 140.8 1.246 0.9693

Adsorption Isotherms and Thermodynamic
Parameters

The Langmuir and Freundlich isotherm models were
used to describe the distribution of adsorbed dye
molecules between the adsorbents and the liquid
solutions at equilibrium conditions (37). The
Langmuir isotherm model is the most widely used
isotherm  equation related to monolayered
adsorption of dye molecules on the surface of the
adsorbent. Langmuir isotherm model is expressed
by the following equation (Figure 5c) (Eq. 6):

c. 1 1

- + (Eq. 6)
qe Qmax X KL Qmax

xC,

Where ge is the amount of MG dye adsorbed at
equilibrium, Ce is the equilibrium concentration in
the aqueous solution of MG dye, K. is the Langmuir
constant (L/mg) and Qmax is the maximum
monolayer adsorption capacity.

The dimensionless separation factor, R. indicates
whether the adsorption process is favorable or not is
a significant parameter of the Langmuir isotherm
model. The R, can be represented by the following
equation (Eq 7).

1
= (Eq. 7)
R, (1+KL

XC,

The adsorption process is unfavorable while the
value of R.>1, favorable when 0<R;<1, irreversible
or linear when R.=0 or R, = 1, respectively (38).

Freundlich isotherm model assumes molecules form
multilayers on the adsorbent surface with adsorbed
dye molecules interaction and is identified by the
following equation (Figure 5d) (Eq 8) (39).

1
qe:KFX(& (Eq. 8)

n

Where Kr and 1/n are constants depicting the
adsorption capacity and adsorption intensity,
respectively.

Adsorption isotherm studies were carried out at
different temperatures T7: 298, 308, 318 K, six
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different initial dye concentrations C,: 25, 50, 75,
100, 125 mg/L, equilibrium time of 180 min, pH: 5
by PMMAC-MIC adsorbent for MG dye. According to
Table 3, the adsorption of MG dye by PMMAC-MIC is
better described by Langmuir isotherm as
correlation coefficients (R?>0.99) were higher
compared to Freundlich throughout the ranges of
initial dye concentration. The value of K, was
decreased with rising temperature which showed
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that the intensity of adsorption was improved at
lower temperatures. Besides, the maximum
Langmuir adsorption capacity that was decreased
with increasing temperature was 166.67 mg/g at
298 K (Table 3). Due to the R; values of PMMAC-
MIC adsorbent at different temperatures were
between 0 and 1, the adsorption of MG dye on the
PMMAC-MIC is favorable. The same result was
reported in a previously conducted study (40).
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Figure 5: (a) Pseudo-first-order, (b) pseudo-second-order kinetic studies; (c) Langmuir, (d) Freundlich
adsorption isotherms of MG dye on PMMAC-MIC.

Table 3: Isotherm data for the adsorption of MG dye onto PMMAC-MIC.

Langmuir isotherm

Freundlich isotherm

T (K) Qmax KL R 1//7 Kr
(mg/9) (L/mQg) ‘ R? (ma/qg) (mg/g) (L/mg)»  R?
298 166.67 0.027 0.121 0.9969 0.57 9.87 0.9832
308 156.85 0.023 0.122 0.9951 0.60 7.64 0.9880
318 155.25 0.016 0.123 0.9963 0.67 5.09 0.9875
Free energy (AG°), enthalpy (AH°), and entropy
(AS°) of adsorption which are known as T(K) AG (kJ/mol) AH (kJ/mol) AS (kJ/molK)
thermodynamic parameters were calculated to 298 -8.02
investigate the temperature effect on the adsorption 308 7.81
of MG dye by the PMMAC-MIC composite. The : 22.36 93.94
following equation is used for the calculation of 318 -7.21
thermodynamic parameters (Eq. 9,10).
0 0 Due to the values of AG are between 20 and O
logK,=—AH (2.303><R)><T+AS (2.303><R) (Eq. 9) kJ/mol, the adsorption mechanism is called
0 physisorption (while 80-400 kJ/mol is
AG =RXTXInK, (Eqa. 10) chemisorption) (41).
Where K is the equilibrium constant ratio of Regeneration of the Composite
adsorbate on the adsorbent, R (8.314 J/mol K) is In the case of the regeneration experiments, HCI
the molar gas constant and T (K) is the eluent was used for desorption and reused to adsorb
temperature. the MG dye with four adsorption cycles. Figure 4d

The adsorption experiments were conducted at
three temperatures (298, 308, 318 K) and the plot
of InK. vs. 1/T using the first above equation was
drawn (not shown). Also, slope and intercept of the
linear plot give values of AH°/R and AS°/R,
respectively. Table 4 represented the calculated
results of the thermodynamic parameters. According
to Table 4, negative values of AG°, the positive
value of AH°, and the positive value of AS°
demonstrate the spontaneous, endothermic, and
favorable adsorption reaction of MG dye on the
surface of the PMMAC-MIC adsorbent, respectively.
Table 4: Thermodynamic parameters of MG dye
adsorption onto PMMAC-MIC._

shows that the adsorption capacity of MG was 93.80
mg/g in the first cycle and was 82.20 mg/g after
four cycles on PMMAC-MIC adsorbent. This slight
reduction indicates that the PMMAC-MIC composite
is stable and can be reutilized several times with
good productivity in adsorption capacity for MG dye.

Selectivity Analysis

PMMAC-MIC composite was researched for the
selective binding with MG dye. Hence, the
adsorption performance of MB, RO16, and AB25
dyes was performed for reusability of PMMAC-MIC
adsorbent towards MG dye as utilized in Figure 4e.
It was seen that MG dye showed the best binding
performance and adsorption capacity, 93.78 mg/g

621



Yildirim A, Acay H, Baran A. JOTCSA. 2021; 8(2): 609-622.

while the adsorption capacity was 36.11 mg/g,
15.20 mg/g, and 12.55 mg/g for RO16, MB, and
AB25, respectively. As a result, the imprinting
method selectively detects the MG dye, thereby
effectively improving its adsorption performance
through selective bonding points.

CONCLUSION

It was found that PMMAC-MIC composite obtained
by the imprinting method increased MG adsorption
capacity. The average particle size of PMMAC-MIC
and PMMAC-NIC was obtained by Zeta potential as
449.0 nm and 860.3 nm, respectively. Also, the
results from the XRD analysis revealed that the
crystalline size of PMMAC-MIC and PMMA-NIC was
9.50 nm and 11.0 nm, respectively. According to
the adsorption performance, reusability has been
determined four times. DSC and TGA analyses
showed that the thermal stability of MIC was better
than NIC confirming the successful imprinting dye
ions. The adsorption of MG dye was described well
with pseudo-first-order kinetic model, suggesting
that physical adsorption processes by quite a low
surface coverage. According to calculations of
thermodynamic parameters, the adsorption
mechanism can be called a spontaneous reaction
resulting from negative AG° values. Due to the
small value of AG® (7.2-8.1 kJ/mol< 80 kJ/mol), the
adsorption reaction can be described as
physisorption. The positive value of AH®° indicated
endothermic adsorption; therefore, higher
temperatures will facilitate the adsorption of MG dye
by PMMAC-MIC adsorbent interface while the
positive value of AS® verified the favorability. The
results represented the monolayer adsorption
process and the maximum monolayer adsorption
capacity was found as 93.78 mg/g. Indeed,
regeneration experiments indicated that the
molecular imprinting method for MG adsorption is
very suitable for adsorption and PMMAC-MIC can be
used as an efficient and selective adsorbent for the
treatment of dyes from aqueous solutions when
compared to the previous studies. Due to this
favorable performance for MG, it is promising that
this imprinting composite may be applied to remove
other dyes. Also, this study is expected to improve
chromatographic adsorbents, sensors, membranes,
enzyme, and receptor mimetic areas by molecular
imprinting method, with the development of higher
capacity adsorbents.
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