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ABSTRACT

This study reports a novel imprinted molecular poly(ethylene terephatalate) (MIPBB,;) for the binding and selective recognition of an azoic dye (basic blue 41) by
a non-covalent imprinting approach. Basic blue 41 (BB4;) was chosen as the template molecule, acrylic acid-grafted poly(ethylene terephthalate) (PET-g-AA) and
N,N’-methylene-bis-acrylamide (MBA) were used as the functional polymer and crosslinking reagent respectively. To determine the binding capacity of MIPBBa,
several adsorption studies were performed. The adsorption isotherm was described by the Langmuir model, and the maximum adsorption capacity of MIPBB4; toward
basic blue 41 reached 144.8 mg g*in water at pH 6.2. The fabricated MIP showed good recognition properties. In a further experiment, the adsorption capacity of the
MIP was compared to the non-imprinted polymer (NMIP), and a recognition coefficient of 3.14 was obtained.
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INTRODUCTION

Pollution caused by the presence of azo dyes, such as basic blue 41, in the
aqueous environment is of great importance because these molecules are
considered to be genotoxic and carcinogenic, thus posing a threat to human
health after they enter the food chain [1-5]; hence, their removal from wastewater
has become an environmentally important issue.

Conventional treatment methods for these types of molecules, such as
biodegradation, are often inefficient for the discoloration of the effluents
containing the dye molecules. Furthermore, in the case of incomplete
degradation, some of the generated by-products may be more harmful than the
starting product [6].

Recently, adsorption has become increasingly important as a separation and
extraction process and has become an effective option for water treatment,
particularly for the removal of chemically stable organic compounds such as dyes
[7-11].

A selective adsorption process must be performed for the separation of an
organic compound from complex media, achieving adsorption is highly
challenging. While different materials as brick residues [12], nanoporous silica
[13] and zeolite [14] have been used to remove these contaminants from aqueous
solutions, to obtain good results in the adsorption process, it is necessary to select
an adsorbent that has high selectivity, high adsorption capacity and is reusable.
Unfortunately, most adsorbents are expensive and exhibit low reusability and
poor selectivity.

Molecularly imprinted polymers (MIPs) are materials that can selectively
recognize a template molecule because they remember the shape and
functionality of the target molecule [13-16]. These polymers have been widely
used in different applications: sensors, drug carriers and adsorbents. Compared
to other common adsorbents, MIPs have higher physical robustness, strength,
resistance to elevated temperature and pressure and inertness toward acids, bases,
metal ions and organic solvents. In addition, their synthesis is relatively
inexpensive, and the polymers have a long storage life, maintaining their
recognition capacity for several years at room temperature [16-20].

Therefore, in the present work, we decided to synthesize a molecularly
imprinted polymer obtained by grafting acrylic acid onto poly(ethylene
terephthalate) obtained from bottle waste, and crosslinking it with MBA. Then
the MIP was imprinted with basic blue 41 as template molecule. The adsorption
of basic blue 41 onto the MIPBB,4; was investigated in detail by measuring the
adsorption isotherms. The efficient adsorption and selectivity of the MIP was
demonstrated by studying the different rebinding capabilities of BB, with other
dye samples. The maximum adsorption capability of MIPBB,; toward basic blue
41 reached 144.8 mg g* in water at pH 6.2. The obtained recognition coefficient
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was 3.14, indicating that the imprinted material effectively recognizes the
template molecule.

EXPERIMENTAL

Grinding bottle grade PET was used with a particle size less than 60
micrometers. This material was washed with methanol for 6 h and then rinsed
with distilled water prior to being filtered and dried at 70 °C for 5 days.

Acrylic acid (AA) and N,N’-methylene-bis-acrylamide (MBA) were used as
the monomer and the crosslinking reagent, respectively; and were obtained from
Sigma Aldrich with 99% of purity. Basic blue 41 (BB.,) was used as the template
and was purchased from Sigma Aldrich with 40% of dye content. Standard grade
methanol, reactive grade acetone, ammonium persulfate with 99% of purity and
benzoyl peroxide with 99% of purity were also purchased from Sigma Aldrich.
All of the chemicals were used without further purification unless otherwise
described.

Preparation of the polymer (MIPBB41)

First acrylic acid was grafted onto the PET structure: PET samples (1g £ 0.1
mg) were impregnated with a 5% acetone solution of benzoyl peroxide. The
samples were placed in a polymerization tube equipped with a mechanical stirrer,
thermometer, nitrogen supply and a compensated pressure addition funnel
containing 10 mL of acrylic acid. Acrylic acid was added at a rate of 0.2 mL/min,
the reaction was carried out at 60 °C for 2 h under constant stirring.

PET-g-AA (1.2 g + 0.1 mg) a BB4; solution (20 mL, 20 mgL-1) were stirred
for 6 h at room temperature to prepare the pre-assembly solution. MBA (15
mmol) and ammonium persulfate (PSA, 0.1 g) were successfully dissolved in the
above solution, and then the mixture was purged with nitrogen for 5 min to
displace the oxygen. Then, the polymerization reaction tube was sealed and
allowed to proceed at 60 °C for 6 h with continuous stirring. Finally, the
fabricated MIPBB,; was rinsed with methanol to remove the template and then
dried under vacuum at 40 °C for 24 h.

Characterization

Fourier transform-infrared spectroscopy (FT—IR) spectra were recorded in the
range of 400-4000 cm™ by using a PerkinElmer FT-IR spectrometer, model
Spectrum 1. Differential scanning calorimetry (DSC) measurements were
performed with a Netzsch DSC 204F1 differential scanning calorimeter. The
samples were heated from 0 up to 300 °C at 10 °C/min in nitrogen atmosphere,
cooled to 0 °C at 10 °C/min, and then reheated from 0 up to 300 °C at the same
rate. The sample morphology was observed using a scanning electron
microscope (JEOL JSM-6380).
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Adsorption studies

Each batch adsorption experiment was carried out using MIPBB4; (25 mg)
dispersed in BB4; solution (20 mL) in a test tube with different initial
concentrations varying from 10-1000 mgL*. The tubes were stirred at room
temperature and 200 rpm for 12 h in a shaking water bath (Thermo Scientific,
Model 2872). The non-adsorbed dye concentration was measured by UV-Vis
(Cintra 6) technique at 608 nm to determine the residual dye and to calculate the
adsorption capacity of the polymer. The experiments were also carried out using
NMIP as the adsorbent under the conditions described above.

RESULTS
Grafting of acrylic acid onto PET

PET-g-AA was synthesized by free radical solution polymerization. The effect
of reaction conditions on the grafting parameters such as amount of initiator,
monomer addition rate, reaction time and temperature were investigated. The
variable temperature studies demonstrate that the grafting increased with
increasing temperature because this factor increases the rates of initiation and
propagation of the copolymerization reaction. At temperatures higher than T of
the PET backbone, the polymer acquires greater flexibility and, therefore, is more
susceptible to the formation of free radicals.

Benzoyl peroxide (BP) was used as initiator, at higher BP concentration more
active sites are formed on the fiber, leading to an increase in the grafting.

The increase in the monomer concentration increases the concentration of
acrylic acid diffused into the PET fiber, but after certain values of monomer, the
grafting yield decreased due to homopolymer formation on the PET surface.

These results also suggest that at a lower speed of monomer addition, the
percentage of grafting decreases. At a low rate of acrylic acid addition, the
radicals formed on the PET surface can react with other radical species present
in the solution, inactivating the radicals and thus preventing the reaction.

The mechanism reported for the graft reaction between the acrylic acid on the
polyester backbone, assumes that PET form two kinds of radicals when it is in
contact with a radical initiating agent, —CH,-CHOOCCsH,COO- is the
predominant radical specie [21-23]. These radicals react with the methylene
double bond present in the acrylic molecules, thereby carrying out the grafting
reaction.

The highest obtained grafting was 23.5%, which was achieved after 2 h of
reaction by adding the monomer at a rate of 0.2 mL/min. This value was
calculated by equation 1. The polymer synthesized under these conditions was
selected to continue the molecular imprinting process with the BB.;.

Wg—Wo

Degree of grafting = x 100 1)
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where Wy and W, are the weight of the grafted and original PET fibers,
respectively.

For the preparation of MIPBB,;, a non-covalent imprinting approach was
applied, with basic blue 41 as the template and PET-g-PAA as the support; the
dye belongs to the azo group and has an imino group positively charged at pH 6.
The carboxylic acid group in the acrylic acid (functional monomer) interacted
with the imine group (template) through electrostatic interactions. Thus, a
specific binding site is formed in the polymers.

Characterization

FT-IR spectra were obtained for PET, PET-g-AA and MIPBB4. The
vibrations of each polymer are shown in Table 1. Grafting of acrylic acid onto
PET surface results in the appearance of a new absorption band at 2872 cm*
corresponding to C-H groups and a band at 3436 cm? related to the O-H
stretching of the carboxylic groups of acrylic acid due to the grafting of
poly(acrylic acid) in the PET backbone. Additionally, the intensities of ether C-
O (1099 cm™) and C=0 (1715 cm™*) bands increase with the grafting of acrylic
acid in the polymeric network, as can also be seen by the broadening of those
bands which were absent in the untreated polyester prior to grafting [21]. This
result indicates that the modification process was carried out successfully [22-
23].
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Table 1. Infrared vibrations v (cm™) of PET, PET-g-AA 'y MIP.

Vibration PET _ PET-g-AA MIP__
Vibrationcm? | Vibrationcm™ | Vibration cm™

ArC-H ) 725.1 725.1 725.1

Ar C-H 867.82 867.81 860.11

C-C-O (s asymm) 1241.95 1245.79 1249.68

C-H 1411.66 1409.71 | -----

C=0 1724.08 1712.48 1724.08

e |wme | ERE|mer
OHG | ----- 343681 | -----

NHg | ----- | =---- 3340.16

For the MIP, comparison of the grafted and untreated polyester fibers shows
that the most significant difference between their spectra is the band observed at
3340 cm™, which is due to the stretching vibrations of the N-H bonds of the cross-
linking agent.

Figure 1 shows the DSC thermograms obtained for the PET, PET-g-AA and
MIP. This technique allowed us to identify structural modifications were carried
out in the recycled PET in each synthesis stage.
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FIGURE 1. Thermograms of PET, PET-g-AA, and MIPBB,;.

Changes in both the glass transition temperature (T,) and the melt temperature
(Tm) are observed in the thermograms due to structural changes in the polymer
chains. The thermodynamic parameters (AHy and AC;) involved in each of the
thermal transitions are also modified for each of the polymers. These values are
summarized in Table 2, and it is observed that there are differences between the
energies of the thermal transitions. These differences are due to the structural
differences in the polymer chains, as the increase in the stiffness of the chain will
require the application of additional energy to carry out the phase transitions
[24-25].
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MIPBB,; does not show a crystallization peak that is attributed to the increase
in the degree of crystallinity of the polymer due to the formation of a crosslinked
polymer network, which limits the mobility of the chains and favours the spatial
ordering of the sample, significantly reducing the amorphous character of the
polymer.

Table 2. Thermal transitions of PET, PET-g-AA and MIPBBA41.

Polymer (;I' é) ACp (J/g K) (;I'g) é]%m)
PET 78 0.1 238 39
PET-g-AA 77 0.2 236 37
MIP 155 240 49

The morphologies of PET and PET-g-AA were studied by scanning electron
microscopy (SEM), the micrographs of both materials under magnifications of
5000x and 1000x are shown in Figure 2.

S8 rm

Figure 2. SEM micrographs of a)PET and b)PET-g-AA with 500x.

SEM micrographs of the grafted fibers show that the surface of the polyester
fibers is smooth; however, after grafting the surface becomes uneven, and the
growth of the graft can be observed on the surface of the fibers and in the increase
in the diameter observed in SEM micrographs (see Figure 2), thus clearly
showing that a layer of grafted poly(acrylic acid) was formed on the surface of
these PET fibers. The diameter changes from 5.33 to approximately 25
micrometers for the grafted material.

Adsorption studies

The adsorption isotherm experiments for MIP were carried out for the BB,
concentration range of 20 — 500 mgL? (see Figure 3). The amount of adsorbed
dye per unit mass of the polymer increases with increasing initial concentration.

The graphs show “type s” isotherms, as the initial concentration increases the
adsorption capacity. This is due to the process known as cooperative adsorption
produced by associations between the adsorbed molecules [26-27].
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Figure 3. Adsorption isotherm for BB4; onto MIP at 25 °C, 35 °C, and 45 °C.

The experimental data were adjusted to the Langmuir model (see Figure 4),
which shows that the adsorption process involves the formation of adsorbate
monolayers on the surface of the adsorbent [28-29]. The Langmuir model is given
by the following equation

_ QmaxKLCe
Q=77T—7~
1+ K,C,
where Q. is the adsorption capacity at equilibrium (mg/g), C. is the
concentration at equilibrium (mg/L), K is the affinity parameter (mg/L) and Qmax
is the maximum adsorption capacity. The Langmuir parameters are shown in
Table 3.

Table 3. Equilibrium parameters for the Langmuir isotherm.

Quax . o

K Regression coefficient (r

: (mglg) 9 )
1.03 x 102 303 0.986

The value of the affinity parameter smaller than 1 suggests a weak interaction
between the adsorbate and the adsorbent, indicating that van der Waals forces or
hydrogen bonds may be involved in the adsorption.
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Figure 4. Langmuir isotherm for the adsorption of BB, onto MIP.



Based on the fitting of the experimental data to the Langmuir model, the
dissociation constant (Kg) and the specific site capacity (Qmax) were determined
from the slope and the intercept of the linear regression obtained from the
Scatchard plots. The data were processed by Scatchard analysis according to the
following equation:

& — Qmax - Qe
Ce Kd

where Q. is the adsorption capacity at equilibrium (mg/g), C. is the
concentration at equilibrium (mg/L), Qmax is the apparent maximum number of
binding sites (mmol/g), and Kd is the dissociation constant.

Figure 5 shows the saturation binding curves for the imprinted polymer, in
which two different regions can be observed with different slopes that can be fit
by linear regressions. The presence of two regions indicates that the binding sites
in the polymer structure are heterogeneous and have different affinities that can
be described by two different dissociation constants corresponding to the high
and low-affinity sites. The calculated parameters are shown in Table 4. These
results are common for imprinted polymers when a non-covalent approach is
used during the synthesis [30-31].
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Figure 5. Scatchard plots for MIPBB,;.

Table 4. Adsorption parameters for MIP.

Linear regression K1 X 10'4 Qméx 1 Kaz X ].O'4 Qméxz
High affinity Low affinity (mol/L) | (mmol/g) (mol/L) (mmol/g)
Qe/Ce =487.74 | Qe/Ce =229.06
21527 Q ~389.73Q 4.65 0.227 25.6 0.5877

The maximum adsorption capacity for the MIP was 144.8 mg.g™*, comparing
favorably with NMIP, for which the maximum adsorption capacity was 46.11
mg.g*. The recognition coefficient was calculated according to:

_ Qmip

=3.14

=
QNMIP

The value of the recognition coefficient was greater than 1. This coefficient

indicates that MIP has greater affinity toward the dye due to the formation of
specific sites that recognize the template molecule [32].

Adsorption assays confirmed that the molecular imprinting reaction was
carried out satisfactorily, resulting in an increased affinity between the polymer
and the template molecule.

Selectivity studies

Selectivity studies were carried out at room temperature at pH 6.2 under
agitation at 200 rpm. The adsorbent in contact with the template molecule in the
presence of acid black 24 and acid blue 129, the structures of which are shown
in Figure 6.
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Figure 6. Chemical structures of a) acid black 24, b) acid blue 129 and c) Basic
blue 41.

The selectivity was evaluated by the calculation of the distribution constants
(Kg) and the selectivity coefficients (o) with the obtained values shown in Table
5. The obtained o value is greater than unity, indicating that MIP is selective
toward basic blue 41 in the presence of dyes with similar structures. This result
demonstrates a great advantage for the application of this adsorbent in effluents
derived from the textile industry that contain a high amount of dyes that can
interfere during the removal process.

Table 5. Selectivity parameters for MIP toward basic blue 41, acid black 24
and acid blue 129.

Dye (m?/jl_) o
Basic blue 41 6826 -
Acid black 24 391.1 17.46
Acid blue 129 1317 5.180

CONCLUSIONS

In this study a MIP was prepared from waste PET bottles and evaluated as the
sorbent for the azoic dye basic blue 41. The experimental data were successfully
fitted to the Langmuir isotherm model. The maximum adsorption capacity under
the studied experimental conditions was found to be 144.8 mgg™. The calculated
recognition coefficient was 3.14, indicating that the MIP exhibits high
recognition toward the template molecule and that the imprinted polymer
exhibits high selectivity toward the template molecule in presence of other dyes,
thus, enabling its application for the removal of basic blue 41 from complex
media with no interference.
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