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Abstract: In this paper, we present the synthesis of new polymeric adsorbents derived from macro-
porous chloromethylated styrene-divinylbenzene (DVB) copolymers with different cross-linking

degrees functionalized with the following aminobenzoic groups: styrene—6.7% DVB (PAB1), styrene—
10% DVB (PAB2), and styrene—15% DVB (PAB3). The new polymeric products, PAB1, PAB2, and

PAB3, were characterized by FTIR spectroscopy, thermogravimetric analysis, and EDX, SEM, and

BET analysis, respectively. The evolution of the functionalization reaction was followed by FTIR

spectroscopy, which revealed a decrease in the intensity of the YCH,Cl band at 1260 cm~!, and,
simultaneously, the appearance of C=O carboxylic bands from 1685-1695 cem 1 and at 1748 ecm L.
The thermal stability increased with the increase in the cross-linking degree. The data obtained

from the EDX analysis of the novel cross-linked copolymers confirmed the functionalization with

aminobenzoic groups through the presence and content of nitrogen, as follows: PAB1: N% = 0.47;
PAB2: N% = 0.85; and PAB3: N% = 1.30. The adsorption performances of the novel polymeric

adsorbents, PAB1, PAB2, and PAB3, were tested in the adsorption of three antibiotics, tetracycline,
sulfamethoxazole, and amoxicillin, from aqueous solutions, by using extensive kinetic, equilibrium,
and thermodynamic studies. The best adsorption capacity was demonstrated by the tetracycline.
Amoxicillin adsorption was also attempted, but it did not show positive results.

Keywords: adsorption; aminobenzoic acid; cross-linked copolymers; tetracycline; sulfamethoxazole

1. Introduction

In recent decades, the global use of pharmaceutical active compounds, especially
antibiotics, in order to improve human and animal health, has greatly increased, and
their presence in the environment has led to the contamination of both surface water and
groundwater [1]. Fleming’s discovery of penicillin in 1929 opened the era of antibiotics [2].
Antibiotics, as pharmaceutical agents, are widely used in medicine in the treatment of
infectious diseases in both humans and animals, in aquaculture, and in other industries.
Their frequent and widespread use causes both inefficiency in treatment and environmental
problems due to their residual accumulation in the environment and resulting in microbial
resistance [1,3]. The accumulation of antibiotics in wastewater treatment plants could pose
a threat to human health and to the balance of the ecosystem due to their persistence,
potential toxicity, and residues, which are considered persistent organic pollutants [3,4].
Various antibiotics have already been detected in groundwater, surface water, and hospital
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effluents, such as amoxicillin, sulfamethoxazole, and tetracycline, with concentration values
in the range of ng/L to png/L [5,6]. Sulfamethoxazole (SMX) is a representative antibiotic
of the sulfonamide family, which is a group of veterinary pharmaceuticals. It is mainly
given to patients who suffer from infectious diseases caused by bacteria [7]. Tetracycline
(TC) is a widely used antibiotic because it has a broad spectrum of action against bacteria
(both Gram-positive and Gram-negative), mycoplasmas, fungi (chlamydia), rickettsiae, and
vermin, low toxicity and cost, and good oral absorption [8-10].

Several treatment methods have been developed to remove antibiotics from aqueous
solutions, such as adsorption methods, biological treatment, coagulation—precipitation,
electrochemical processes, ion exchange, membrane processes, and photocatalysis [9-11].
Among these methods, adsorption technology is still the most studied option for reducing
antibiotics [12-15], since it is cost-effective and simple and highly reproducible, and a wide
range of adsorbents is available [16-18].

Over time, researchers have effectively used different types of adsorbent material, such
as carbon-based materials [19], polymers and resins [20-22], metal-organic frameworks [23],
clays and minerals [24], zeolites [25], etc., to reduce the concentration of residual antibiotics
in polluted waters.

The functionalization of polymeric supports with active pendant groups has provided
structures with improved properties that can be used in a wide range of applications.
The applications of these materials include their use as catalysts [26,27], antibacterial
agents [28,29], and adsorbents for a wide range of pollutants [30,31]. Various polymers
and resins have been successfully explored for the removal of antibiotics from aqueous
environments using adsorption techniques [21,32].

In our previous work, we have presented the functionalization of styrene-divinylbenzene
copolymers with N,N-dialkyl 2-hydroxyethyl ammonium groups [33,34], and with aminoben-
zoic acid groups [35], by polymer-analogous reactions.

In this article, we present, for the first time, the adsorption performances of macrop-
orous styrene—divinylbenzene copolymers bearing p-aminobenzoic acid groups against
antibiotics. The polymeric adsorbents from the present study are different from those used
in our previous work [35].

The purpose of the present study was to obtain new polymeric adsorbents, starting
from macroporous chloromethylated styrene-divinylbenzene copolymers, with differ-
ent degrees of crosslinking (6.7% (PAB1), 10% (PAB2), and 15% (PAB3) divinylbenzene).
These functionalized solid copolymer adsorbents are easily recovered from the rection
medium by simple filtration, with no contamination of the environment. New polymeric
adsorbents were characterized by a wide range of analytical methods: FTIR spectroscopy,
thermogravimetric analysis, and EDX, SEM, and BET analysis. The polymeric adsorbents
functionalized with p-aminobenzoic acid active groups (PAB1, PAB2 and PAB3) were tested
by extensive kinetic and thermodynamic studies in the adsorption of antibiotics (tetracy-
cline, sulfamethoxazole, and amoxicillin) from aqueous solutions. The best adsorption
capacity was observed for tetracycline, while the adsorption of amoxicillin did not show
positive results.

2. Results and Discussion
2.1. Adsorbent Synthesis and Characterization

Copolymers chemically modified with pendant active groups containing nitrogen
and/or oxygen were synthetized and characterized. The synthesis reaction is shown
in Scheme 1.

7\ EtOH
(p) CH,-Cl + HOOC— —NH, ——> (p) CH,-NH-C4H,-COOH
—_— reriux

Scheme 1. The functionalization reaction of the copolymers with aminobenzoic acid.
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The evolution of the functionalization reactions was observed by FTIR spectroscopy.
The FTIR spectrum (see Figure 1) shows the bands corresponding to the source S-15%DVB
chloromethylated copolymer and respectively the absorption bands of the functionalized
product PAB3. A decrease in the intensity of the YCH,Cl band at 1260 cm ™!, was observed
simultaneously with the appearance of the C=O carboxylic band from 1685-1695 cm~!.
The presence of COOH groups grafted on the copolymer was confirmed by the appearance
of the C=0 carboxylic band from 1748 cm ™!, assigned to the C=0 stretching vibrations in
aryl-COOH [36]. The presence of both COOH and NH groups on the PAB3 copolymer was
confirmed by the intense broad band at 3424 cm~1, which was attributed to the stretching
vibration of both the OH and N-H groups. The spectrum showed an increase in the intensity
of both the 1604 cm ! band and the 1120 cm ! band, which was attributed to the SNH and
C-N stretching of aryl-NH-CHj;- group [37]. The spectra of the products PAB1 and PAB2
are very similar due to the presence of the same type of copolymer matrix.
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Figure 1. FTIR spectra of the source copolymer and functionalized copolymer PAB3.

The energy dispersive X-ray analysis (EDX) for the adsorbent PAB2 is presented in
Figure 2.

The data obtained from the X-ray energy dispersion, EDX, and analysis (see Table 1) of
the three copolymer products functionalized with the aminobenzoic groups PAB1 (styrene—
6.7%DVB), PAB2 (styrene—10%DVB), and PAB3 (styrene—15%DVB), confirmed the func-
tionalization by the presence and content of nitrogen (PAB1: N% = 0.47; PAB2: N% = 0.85;
PAB3: N% = 1.30) and oxygen (PAB1: O% = 7.61; PAB2: O% = 3.1; PAB3: O% = 10.95).

Table 1. X-ray energy dispersion, EDX, quantification of the PAB1, PAB2, and PAB3 samples.

wt %
Sample
C N (0] Cl
PAB1 90.64 0.47 7.61 1.28
PAB2 91.40 0.85 3.10 1.43

PAB3 86.22 1.30 10.95 1.53




Molecules 2022, 27, 2894

40f17

46.8K
41.6K
36.4K:
31.2K

KCnt
26.0K
20.8K:
15.6K:

10.4K
Pt

o P
0.0K: . . — . _ v
0.0 0.67 134 201 268 335 40
S Energy, eV

5.2K:

Figure 2. EDX spectrum of PAB2.

In the scanning electron microscopy (SEM) image of the PAB3 sample (see Figure 3),
the macropores are visible among the agglomerations of the microspheres; the sample is
characterized by a dense structure. Thus, the PAB3 sample can be considered a macroporous
material, which consists of agglomerations of microspheres, between which a porous
structure with a labyrinth of channels can be observed.

O HV jet mode WD fwe PW tilt
X s00kv ETD SE 40mm 10000x 127 um 0.40nA 10.00ps 827 nm 0.0

Figure 3. SEM image of PAB3 sample.

The thermal stability of the macromolecular adsorbents was studied by TG and DTA
analysis. Thermograms of the PAB3 adsorbent are presented in Figure 4.

The thermal behavior of the PAB3 sample in an atmosphere of nitrogen (Figure 4a)
showed that weight loss began from 25 °C, which was due to the evaporation of physically
adsorbed water or residual solvent (ethanol) in the adsorbent. Further, from ~150 °C,
the PAB3 sample started to decompose. Weight loss was observed in the temperature
domain of 300450 °C due to the decomposition of the C-C, C-N, and C-O bonds of the
pendant active groups of the aminobenzoic type. The process of the decomposition of the
pendant groups took place at a high speed, at 396 °C and 450 °C. The DTA suggest that
the compound underwent thermal and oxidative decomposition both in nitrogen and in
air (Figure 4a). After the temperature range of ~400 °C to 600 °C, another decomposition
process occurred; this was mainly due to the degradation of the copolymer chains, and
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the weight loss had only an exothermic peak. In this temperature domain, the peak was
relatively large, which suggested that only oxidative decomposition occurred. The final

residue at 900 °C was ~19%.
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Figure 4. TG/DTA curves of PAB3 sample in: (a) nitrogen atmosphere, (b) air atmosphere.

The thermal behavior of the PAB3 sample in air (Figure 4b) showed an endothermic
effect in the range of 60—450 °C, with a first weight loss of about 30%, followed by a
sequence of exothermic effects in the range of 450-800 °C, with a weight loss of about 47%
due to the oxidative degradation of the PAB3 sample. The total weight loss of the PAB3
sample at 900 °C was of about 81%. The difference in the thermal behavior of the PAB3 in
air (Figure 4b) and in nitrogen (Figure 4a) was suggested by the more accentuated endo
and exothermic processes in the air atmosphere.

The products PAB1, PAB2, and PAB3 were very stable in the range of temperatures
intended for their use as adsorbents (up to ~150 °C).

The adsorption of organic compounds is strongly influenced by the morphology and
textural properties of the adsorbent: the distribution of surface functional groups, porosity,
specific surface area, pore dimensions, and total pore volume [38,39]. The BET isotherms
and BJH distribution of the pore diameters for the PAB1, PAB2, and PAB3 are compared in
Figure 5.
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Figure 5. BET isotherms (a) and BJH distribution of pore diameters (b) for the PAB sorbents.

As can be observed in Figure 5a, all the isotherms corresponded to type IV, as cat-
egorized by the IUPAC classification, with respect to a hysteresis loop, indicating the
uniformity and regularity of the textural properties of all the sorbents. The textural pa-
rameters calculated based on the obtained isotherms for the PAB1, PAB2, and PAB3 are
summarized in Table 2.
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Table 2. BET analysis of styrene-divinylbenzene copolymers functionalized with aminoben-
Zoic groups.

Polymeric Adsorbent Surface Area, m?/g Total Pore Volume, cm®/g
PAB1 20.14 2.44 x 1072, for pores with ¢ < 45.7 nm
PAB2 27.89 4.11 x 1072, for pores with ¢ <47.2 nm
PAB3 34.56 5.68 x 1072, for pores with ¢ < 47.6 nm

As can be seen in Table 2, the BET surface areas of the PAB adsorbents, which were
calculated by applying the BET equation to the linear part (0.05 < P/Py < 0.305) of the
adsorption isotherms, were 20.14, 27.89, and 34.56 m?2/ g, for PAB1, PAB2, and PAB3,
respectively. These values show that the specific surface areas and total pore volumes of
the porous sorbents increased from PAB1 to PAB3, which was in good agreement with the
increase in the DVB content in the pristine S-DVB matrix.

2.2. Adsorption Characterization

In the graphical representations, we mostly present the data for the best-performing
adsorbent, PAB3.
The adsorption capacity onto the polymeric adsorbents was calculated using Equation (1):

V(Ci - Ce)

Je=—— — ¢y
where V is the volume of solution (L), m is the mass of the dry adsorbent (g), and C; and
Ce (mM/L) are the initial and equilibrium concentrations of the sulfamethoxazole and
tetracycline, respectively.

The comparison of the evolution with the time of the adsorption process on the
adsorbent PAB3 is presented in Figures 6 and 7.
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Figure 6. Evolution of the % of the equilibrium adsorption capacity and adsorption capacity versus
time for the adsorption of sulfamethoxazole on the adsorbent PAB3.

As can be seen from Figures 6 and 7, the adsorption process was fast: at least 80% of
the maximum adsorption capacity (equilibrium adsorption capacity) was attained in 4 hrs.
Similar behavior was observed with the adsorbents PAB1 and PAB2.



Molecules 2022, 27, 2894

7 of 17

TETRACYCLINE ON PAB3
298K 308K m313K 318K

100.0
100.0
100.0
100.0

]
(t]
o0
a

98 2
98.9
99.0
98.9
99.3
99.3

~
. o0
[=)]

976

.—qN
~
$5

95.1

NS
<
AR

92 9
92.0

)
AN
i B D
0

83.0
85.4

9
(=]
~

47.9
52.8
57.1
61.4
63.2
68.3
70.9

75.7
76.0

0
NN

i
6

5
0.161
0.279
0.277

9677
0 285

0.182
0.194
0.234
0.239
0.251
0.256
0.265
0.266
0.272
0.274
0,273

% of the equilibrium adsorption capacity/
adsorption capacity (mM/g)
0.219
0,227

) ol N o pts
3I H

HOURS

[=3
N
w
-

Figure 7. Evolution of the % of the equilibrium adsorption capacity and adsorption capacity versus
time for the adsorption of tetracycline on the adsorbent PAB3.

A comparison of the performances of the adsorbents PAB1, PAB2, and PAB3 in the
adsorption of the sulfamethoxazole and tetracycline, respectively, at four temperatures
(298 K, 308 K, 313 K and 318 K), for an initial concentration of adsorbate solution of 3 mM/L,
is presented in Figure 8.

0.35
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M Sulfamethoxazole M Tetracycline

Figure 8. Equilibrium adsorption capacity on the studied adsorbents for an initial adsorbate concen-
tration of 3 mM/L.

As can be seen, all the adsorbents under study were effective in the adsorption of the
sulfamethoxazole and tetracycline. The performances were ranked in the following order:

PAB1 < PAB2 < PAB3

The performance of the adsorbents can be correlated with the morphology and textural
properties of the functionalized copolymers. The best performance was observed with the
macroporous adsorbent PAB3, which had the largest surface area, total pore volume, and
mean pore volume (see Table 2). The equilibrium adsorption capacity was also dependent
on the chemical nature of the adsorbate, with the tetracycline being better adsorbed in
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comparison with the sulfamethoxazole. As can be observed in Figure 9, increasing the
operation temperature had a rather minor effect, which suggests that the adsorption process
was most likely thermodynamically controlled and not kinetically controlled. The slight
decrease in the equilibrium adsorption capacity versus the temperature indicates that the
adsorption process was most likely exothermic.

Sulfamethoxazole on PAB3 -14 Tetracycline on PAB3

In(qe-q)

In(ge-q)

0 2 4 6 8 0 2 4 6
time (h) time (h)

3
~

Figure 9. Plots of Lagergren pseudo-first-order kinetic equation for the adsorption of sulfamethoxa-
zole and tetracycline, respectively, on PAB3 polymeric adsorbent.

2.3. Kinetic Studies

Kinetic adsorption experiments were carried out in order to obtain information about
the mechanism of adsorption at the solid-liquid interface. In this study, the Lagergren [40]
pseudo-first-order kinetic model (PFO) (Equation (2)) and the pseudo-second-order Ho and
McKay (PSO) [41-46] kinetic model (Equation (3)) were used to test the experimental data.

The PFO model is based on the assumption that the rate of adsorbate uptake with
time is directly proportional to the difference between the equilibrium concentration of the
solution and the amount of adsorbate on the solid adsorbent with time, an assumption that
is generally true in the initial stages of the adsorption process. It is commonly observed
that the kinetics follow the PFO model when the adsorption process is diffusion-controlled.

In(ge —q) = Inge — kqt 2)

where g and g, represent the adsorption capacity at time ¢ and at equilibrium, respectively,
in mM/g, and k; is the adsorption rate constant, in min~!.

The PSO kinetic model is based on the assumption that the rate-limiting step is
chemosorption and predicts the behavior over the whole range of adsorption. If this
assumption is true, the Ho-McKay model presumes that the adsorption rate is dependent

on the adsorption capacity, and not on the concentration of adsorbate in the solution.

t 1 1
=4y 3
q kg qe ¢

where k; is the PSO rate constant, g mg~! min~!.

Typical graphic representations of the two kinetic models are presented in Figure 9
for the Lagergren model and in Figure 10 for the Ho-McKay model, for the adsorption
on the adsorbent PAB3. The slopes and intercepts of the plots of In(ge-g) vs. t were used
to determine the PFO rate constants, k;. The PSO rate constants, k;, were estimated from
the intercept and slope of t/g vs. t. The values of the rate constants and the determination
coefficients (R?) obtained in all the cases are shown in Table S1.



Molecules 2022, 27, 2894

90f17

140 - 1004
1204 Sulfamethoxazole on PAB3 901
804  Tetracycline on PAB3
100 701
o
= 80 g 60
50
60+ 40
404 30 1
20
201 0]
o T T T T 1 0 T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
time (h) time (h)

Figure 10. Plot of Ho-McKay pseudo-second order kinetic equation for the adsorption of sulfamethox-
azole and tetracycline, respectively, on PAB3 polymeric adsorbent.

The data presented in Table S1 show that the determination coefficients found for the
PFO kinetic model were much lower than those obtained for the PSO model. This proves
that the kinetics of sulfamethoxazole and tetracycline removal by adsorption on the studied
polymeric adsorbents are best described by a PSO kinetic model.

2.4. Equilibrium Studies—Adsorption Isotherms

In this paper, we studied the adsorption of sulfamethoxazole and tetracycline from
aqueous solutions using two-parameter isotherms, Langmuir and Freundlich, and three-
parameter isotherms, Sips and Redlich-Peterson. For precise calculations of the isotherms
characteristic parameters we have used the non-linear form of the isotherms (in order
to avoid inherent errors due to linearization) and non-linear fitting of the experimental
equilibrium data.

The Langmuir isotherm [47], although initially introduced to describe the adsorption
of the gases on the solid adsorbents, was subsequently used extensively for the adsorption
at the liquid—solid interfaces. The isotherm assumes that the adsorption surface is homo-
geneous, with active adsorption centers that are identical and uniformly distributed, and
with no interaction between the vicinal centers. Each adsorption center can accommodate a
single adsorbate molecule. The model considers that the adsorption rate is proportional to
the free fraction of the adsorbent and that the desorption rate is proportional to the fraction
of the adsorbent occupied. At equilibrium, the two rates become equal. The non-linear
form of the Langmuir isotherm is presented in Equation (4):

e = qmaxHKLKifece 4)
where g, is the equilibrium adsorption capacity of the mM-g~! adsorbent, C, is the equi-
librium molar concentration of the adsorbate in the solution, mM-L~1, K; is the Lang-
muir equilibrium constant L-mM ™!, and gy is the maximum adsorption capacity of the
mM g~ ! adsorbent.

The essential features of the Langmuir isotherm can be expressed in terms of the
dimensionless constant R, the separation factor:

1

Ry = ——F1i—
L 1+ K -G

©)

Based on the values of the separation factor, the adsorption is considered unfavorable if
Ry > 1, linear if Ry =1, favorable if 0 < Ry < 1, and irreversible if R} = 0.
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The Freundlich isotherm [48] is an empirical adsorption isotherm that is used in adsorp-
tion studies on solid adsorbents with heterogenous surfaces and at medium concentrations
of adsorbate solutions:

1
Je = K- C¢ (6)

where g, is the equilibrium adsorption capacity, mM-g~!, C, is the equilibrium mo-
lar concentration of the adsorbate in solution, mM-L~!, Kr is the Freundlich constant,
mM{I=1/M.11/n.6=1 ‘and 1/n is the constant, depending on the nature and intensity of the
adsorption interactions and reflecting the heterogenity degree of the adsorbent surface.

The Langmuir and Freundlich isotherms are in fact the two limit adsorption types at
the solid-liquid interface. In order to better fit the experimental equilibrium data, three-
parameter isotherms were used in order to correct for the inaccuracies eventually induced
by the isotherms’ linearization.

The Sips adsorption isotherm [49], or the combined Langmuir-Freundlich isotherm, is
also a three-parameter isotherm assuming cooperative sorbate-sorbate interactions. The
model is suitable for describing adsorption on surfaces with a certain degree of heterogene-
ity, correcting for the limitation at the high adsorbate concentrations usually associated
with the Freundlich model:

(KS ) Ce)n

1+ (KS 'Cg)n (7)

Je = qm
where g, is the equilibrium adsorption capacity, mM-g~!, C, is the equilibrium molar
concentration of the adsorbate in solution, mM-L~!, Kg is the Sips isotherm constant,
L-mM™1 7 is the heterogeneity parameter, with values between 0 and 1, and g, is the
maximum adsorption capacity, mM g~ 1.

The Redlich—Peterson adsorption isotherm [50] is also a three-parameter isotherm,
which takes into consideration a hybrid adsorption mechanism:

Kgrp - Ce
= — 8
= 1ya- ®)

where g, is the equilibrium adsorption capacity, mM-g~!, C, is the equilibrium molar
concentration of the adsorbate in solution, mM-L~1, Kzp is the Redlich-Peterson isotherm
constant, L-mM™!, a is the constant depending, on the nature of adsorption interactions,
L- mM~!, and b is the exponent, with values between 0 and 1.

The experimental equilibrium data at four initial adsorbate concentrations (3.0, 2.5,
2.0, and 1.0 mM/L) and at four temperatures (298 K, 308 K, 313 K, and 318 K) are presented
in Table S2.

The parameters of the adsorption isotherms were evaluated by non-linear regression
analysis using the equilibrium data (see Table S2).

Due to the repetitive nature of the calculations, the non-linear regression analysis
graphs of the adsorbates on the best-performing adsorbent, PAB3, are presented in the
following figures. Similar regression data were also obtained for the adsorbents PAB2
and PABI.

The data for the non-linear regression analysis using the Langmuir, Freundlich, Sips,
and Redlich—Petersen adsorption isotherms are presented in Figures 11-14 for the adsorp-
tion of the studied adsorbates on the best-performing adsorbent, PAB3. Similar data were
also obtained from the study of the adsorption on the adsorbents PAB1 and PAB2 and are
not presented in detail.

The isotherm parameters calculated for the adsorption of the sulfamethoxazole are
presented in Table S3 and those for the adsorption of the tetracycline in Table S5.

The data obtained by the non-linear regression analysis indicated an excellent fit
with the experimental equilibrium data. The best correlations were obtained with the
Sips and Redlich—Peterson adsorption isotherms (see the values of the coefficients of
determination, R-Squared, R?). The Sips and Freundlich isotherms indicated a rather high
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degree of heterogeneity of the adsorbent surface. These findings suggest that the adsorption

mechanism is most likely hybrid.
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Figure 11. Langmuir isotherm non-linear regression analysis. Left: Sulfamethoxazole on PAB3.

Right: Tetracycline on PAB3.
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Figure 12. Freundlich isotherm non-linear regression analysis. Left: Sulfamethoxazole on PAB3.

Right: Tetracycline on PAB3.

The calculated value of the separation factors R} (see Table 3 and Supplementary
Materials Table S4) clearly indicate that the adsorption process is favorable for all the

adsorbents studied: 0 < Ry < 1.

In the absence of specific surface functional groups that can determine the interac-

tions between an adsorbent and adsorbate molecules, adsorption over porous adsorbents
primarily depends on the surface area and porosity of the material [51]. The interactions
between functionalized S-DVB adsorbents and pharmaceuticals, including antibiotics such
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as sulfamethoxazole and tetracycline, in aqueous solutions, can be attributed to various
interactions [5-7,52]. Thus, based on the kinetic and thermodynamic studies, we presumed
that the adsorption mechanism could involve electrostatic interactions, 7— interaction
(stacking), hydrophobic interactions, and/or hydrogen bonding. Based on the nature of
the active centers of the adsorbents (the presence of the secondary amine group and of the
carboxyl group) and the chemical structure of the antibiotics (Figure S1), the cooperative in-
teractions between the functional groups of the adsorbent and the antibiotics could explain

why the tetracycline was better-adsorbed than the sulfamethoxazole.
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Figure 13. Sips isotherm non-linear regression analysis. Left: Sulfamethoxazole on PAB3. Right: Tetra-
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Figure 14. Redlich—Peterson isotherm non-linear regression analysis. Left: Sulfamethoxazole on PAB3.

Right: Tetracycline on PAB3.
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Table 3. Separation factors Ry, for tetracycline adsorption onto PAB1, PAB2, and PAB3 adsorbents.

Temperature (K) C, (mM-L-1) Ry (PAB1) Ry (PAB2) Ry (PAB3)
3.000 0.367 0.257 0.155
208 2.500 0.411 0.293 0.180
2.000 0.466 0.341 0.215
1.000 0.635 0.509 0.354
3.000 0.391 0.285 0.195
308 2.500 0.435 0.324 0.225
2.000 0.491 0.375 0.266
1.000 0.658 0.545 0.420
3.000 0.423 0.307 0.230
313 2.500 0.468 0.348 0.264
2.000 0.524 0.400 0.310
1.000 0.687 0.571 0.473
3.000 0.438 0.337 0.262
318 2.500 0.484 0.379 0.299
2.000 0.539 0.433 0.347
1.000 0.701 0.604 0.515

3. Experimental Section
3.1. Materials and Methods

The macroporous chloromethylated styrene-divinylbenzene copolymers S—6.7%DVB
(supplied by Purolite, Victoria, Romania, %Cl = 14.22), 5—10%DVB (%Cl = 10.25), and
5—15%DVB (%Cl = 11) (supplied by “Petru Poni” Institute of Macromolecular Chemistry,
Iasi, Romania) [34,35], p-aminobenzoic acid (Reactivul, Bucharesct, Romania, p.a.), and
ethanol (Chimopar, Bucharest, Romania, p.a.) were used for preparation of functionalized
polymeric adsorbents with p-aminobenzoic acid groups (6.7% (PAB1), 10% (PAB2), and
15% (PAB3)).

Polymeric materials were characterized by the FTIR spectra (KBr pellets) on a JASCO
FTIR spectrophotometer (JASCO, Tokyo, Japan) in the range of 4000-400 cm ! and maxi-
mum resolution of FTIR spectra of 0.4 cm ™.

The thermal properties of the new polymeric products (PAB1, PAB2, PAB3) were
characterized through thermogravimetric analysis on a TGA /SDTA 851-LF1100 Mettler
machine (Greifensee, Switzerland) at a heating rate of 10 °C/min under a nitrogen/air
atmosphere and temperature range from 25 to 900 °C.

The energy dispersive X-ray analysis (EDX) and study the surface morphology of the
functionalized copolymers were performed using a Quanta FEG 250 microscope—at an
accelerating voltage of 20 kV—(FEI Company, Eindhoven, the Netherlands).

The specific surface area (Ssp) of the polymeric materials and the pore size distribution
were estimated from Nj adsorption—desorption experiments conducted at 77 K using an
Autosorb-1-MP surface-area analyzer (Quantachrome Company, Boynton beach, FL, USA).
Before measurements, the sample was outgassed at room temperature, for two hours.
The isotherms of nitrogen adsorption/desorption were measured at values of the relative
pressure p/pg in the domain of 0.01-1.0. The Sgp, was estimated from the linear portion
of the adsorption isotherms (0.05-0.35) by Brunauer-Emmett-Teller (BET) method. The
Barrett-Joyner-Halenda (BJH) theory was used to estimate the pore size distribution from
the adsorbed volume of nitrogen determined at saturation at values of the relative pressure
p/po nearest to unit (0.95).

3.2. Synthesis of Chemically Modified Copolymers with p-Aminobenzoic Groups

A reaction procedure described in our previous works [36,37] for obtaining p-aminobenzoic
acid functionalized onto chloromethylated styrene-divinylbenzene copolymers was used
in this work.
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The chemically modified copolymers (see Scheme 1) were obtained using a molar ratio
of chloromethyl groups to p-amino-benzoic acid of 1:1, working in ethyl alcohol, at the
solvent reflux temperature. The reaction products were separated by filtration, washed,
and dried at 50 °C for 24 h.

3.3. Adsorption Experiments

The pharmaceutical Sumetrolim® tablet, manufactured by Egis Pharmaceuticals PLC,
Hungary, contained 400 mg of sulfamethoxazole. An accurately weighed 0.753 g sulfame-
toxazole tablet was transferred to 1000 mL volumetric flask and dissolved, to achieve
a concentration of 3 mM/L. The solution was then diluted to obtain different solutions
of sulfamethoxazole with the required initial concentrations (2.5 mM/L, 2 mM/L, and
1 mM/L, respectively).

Tetracycline was purchased from Arena Group SA, Romania. A total of 1332 g of tetra-
cycline was dissolved in 1 L of deionized water to prepare the tetracycline solution with an
initial concentration of 3 mM/L, and was then diluted to prepare additional solutions with
the required tetracycline concentrations (2.5 mM/L, 2 mM/L, and 1 mM/L, respectively).

The influence of different parameters on adsorption of sulfamethoxazole and tetra-
cycline onto the three synthesized polymeric adsorbents was studied. To study the ef-
fect of the contact time, initial concentration, and temperature on adsorption, the experi-
ments were carried out with samples of 0.2 g adsorbent in 25 mL of 3 mM/L, 2.5 mM/L,
2mM/L, and 1 mM/L sulfamethoxazole and tetracycline solution, respectively. The sus-
pensions were shaken at 180 rpm for 24 h using a Julabo SW22 shaker (JULABO GmbH,
Selma Bach, Germany), at four different temperatures (298 K, 308 K, 313 K, and 318 K).

The solutions were tested hourly for the first 8 h. Every hour, a sample of 2 mL of
solution was analyzed to determine the antibiotic compound uptake, using UV spectropho-
tometry. To determine the residual concentrations of antibiotics, we used a Shimadzu UV
mini 1240 UV-VIS spectrophotometer (Shimadzu, Duisburg, Germany). The measurements
were conducted at wavelengths of 257 nm for sulfamethoxazole solutions and 357 nm for
tetracycline solutions, respectively.

4. Conclusions

In this article, we obtained styrene-divinylbenzene copolymers functionalized with
aminobenzoic acid groups by polymer-analogous reactions. The obtained products, PAB1,
PAB2, and PAB3, were characterized by a wide range of methods: FTIR, thermogravimetric
analysis, and EDX, SEM, BET, and BJH analysis, and were tested by extensive kinetic and
thermodynamic studies on the adsorption of antibiotics (tetracycline, sulfamethoxazole,
and amoxicillin) from aqueous solutions.

From the data presented in our article, a number of conclusions can be drawn regarding
the behaviors of the functionalized styrene-divinylbenzene copolymers as adsorbents:

It was found that all the polymeric adsorbents modified by functionalization with
aminobenzoic acid groups could be used in the adsorption processes of some antibiotics
from aqueous solutions. They were tested in the removal of the sulfamethoxazole and
tetracycline. Amoxicillin adsorption was also attempted, but it did not produce in posi-
tive results.

The adsorption capacity of the tested polymer adsorbents depended on the degree
of crosslinking and the percentage of divinylbenzene in their structure, which affected
the porosity, total surface area, pore volume, and pore distribution. The efficiency of the
polymer adsorbents was found to increase in the following order: PAB1 < PAB2 < PAB3.
This was in agreement with the increase in the cross-linking degrees and porosity.

The most effective adsorbent behavior for the removal of antibiotics was demonstrated
by the PAB3 polymer adsorbent.

The adsorption capacity of the functionalized polymeric matrices depended on the
nature and structure of the adsorbed antibiotic. The sulfamethoxazole and tetracycline
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were well adsorbed on all three adsorbents. In ascending order of adsorption capacity,
antibiotics are placed in the sequence: sulfamethoxazole < tetracycline.

The adsorption process was rather fast: in the first 34 h, at least 80% of the maximum
adsorption capacity was reached (see Figures 6-8).

The kinetic studies of the sulfamethoxazole and tetracycline removal by adsorption
on the studied polymeric adsorbents indicated that the process is best described by a
pseudo-second-order kinetic model (Ho-McKay).

The increase in the operational temperature had a rather minor effect, which suggests
that the adsorption process was most likely thermodynamically controlled and not kinet-
ically controlled. The slight decrease in the equilibrium adsorption capacity versus the
temperature indicated that the adsorption process was most likely exothermic.

The analysis of the adsorption isotherms indicated that the solid adsorbents had rather
heterogeneous surfaces and suggested a probable hybrid adsorption mechanism and a
favorable adsorption process.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27092894 /s1. Figure S1: Chemical structures of the
adsorbates. Table S1: Kinetic parameters of pseudo-first-order (PFO) and pseudo-second-order (PSO)
for the adsorption of sulfamethoxazole and tetracycline on PAB 1, PAB 2, and PAB 3 polymeric
adsorbents. Table S2: Experimental equilibrium adsorption data. Table S3: Parameters of Langmuir,
Freundlich, Sips, and Redlich-Peterson adsorption isotherms in the adsorption of sulfamethoxa-
zole. Table S4: Separation factors RL for sulfamethoxazole adsorption onto PAB1, PAB2, and PAB3
adsorbents. Table S5: Parameters of Langmuir, Freundlich, Sips, and Redlich-Peterson adsorption
isotherms in the adsorption of tetracycline.

Author Contributions: Coordination of the research project, C.-M.D. and E.S.D.; coordination and
performance of the experimental works, R.A.; methodology, A.P.; product characterization and
analysis, M.I; formal analysis, A.P.; writing—original draft preparation, C.-M.D., R.A. and A.P;
writing—review and editing, C.-M.D. and E.S.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to Iosif Hulka, Politehnica University Timisoara, Re-
search Institute for Renewable Energies (ICER), 138 Gavril Muzicescu, 300501 Timisoara, Romania,
for the EDX analysis.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds PAB1, PAB2, and PAB 3 are available from the au-

thors.

References

1. Pan,],;Bai, X;; Li, Y;; Yang, B,; Yang, P; Yu, F; Ma, ]. HKUST-1 derived carbon adsorbents for tetracycline removal with excellent
adsorption performance. Environ. Res. 2022, 205, 112425. [CrossRef] [PubMed]

2. Katz, M.L.; Mueller, L.V.; Polyakov, M.; Weinstock, S.F. Where have all the antibiotic patents gone? Nat. Biotechnol. 2006, 24,
1529-1531. [CrossRef] [PubMed]

3. Liang, S.; Zhang, H.; Dai, H.; Wan, X.; Zhu, F; Xu, Q.; Ji, W. Efficient, rapid and simple adsorption method by polydopamine polystyrene
nanofibers mat for removal of multi-class antibiotic residues in environmental water. Chemosphere 2022, 288, 132616. [CrossRef] [PubMed]

4. Cui,J,; Xu, X; Yang, L.; Chen, C; Qian, J.; Chen, X.; Sun, D. Soft foam-like UiO-66/Polydopamine/Bacterial cellulose composite
for the removal of aspirin and tetracycline hydrochloride. Chem. Eng. J. 2020, 395, 125174. [CrossRef]

5. Mangla, D.; Sharma, A.; Ikram, S. Critical review on adsorptive removal of antibiotics: Present situation, challenges and future
perspective. J. Hazard. Mater. 2022, 425, 127946. [CrossRef]

6. Wang, T; Pan, X.; Ben, W.; Wang, J.; Hou, P.; Qiang, Z. Adsorptive removal of antibiotics from water using magnetic ion exchange

resin. J. Environ. Sci. 2017, 52, 111-117. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules27092894/s1
https://www.mdpi.com/article/10.3390/molecules27092894/s1
http://doi.org/10.1016/j.envres.2021.112425
http://www.ncbi.nlm.nih.gov/pubmed/34843724
http://doi.org/10.1038/nbt1206-1529
http://www.ncbi.nlm.nih.gov/pubmed/17160057
http://doi.org/10.1016/j.chemosphere.2021.132616
http://www.ncbi.nlm.nih.gov/pubmed/34718010
http://doi.org/10.1016/j.cej.2020.125174
http://doi.org/10.1016/j.jhazmat.2021.127946
http://doi.org/10.1016/j.jes.2016.03.017

Molecules 2022, 27, 2894 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Akpe, S.G.; Ahmed, I; Puthiaraj, P,; Yu, K.; Ahn, W.S. Microporous organic polymers for efficient removal of sulfamethoxazole
from aqueous solutions. Microporous Mesoporous Mater. 2020, 296, 109979. [CrossRef]

Ahamad, T.; Chaudhary, A.A.; Naushad, M.; Alshehri, S.M. Fabrication of MnFe204 nanoparticles embedded chitosan diphenylurea
formaldehyde resin for the removal of tetracycline from aqueous solution. Int. J. Biol. Macromol. 2019, 134, 180-188. [CrossRef]

Gopal, G.; Alex, S.A.; Chandrasekaran, N.; Mukherjee, A. A review on tetracycline removal from aqueous systems by advanced
treatment techniques. RSC Adv. 2020, 10, 27081. [CrossRef]

Khatibi, A.D.; Mahvi, A.H.; Mengelizadeh, N.; Balarak, D. Adsorption—desorption of tetracycline onto molecularly imprinted
polymer: Isotherm, kinetics, and thermodynamics studies. Desalin. Water Treat. 2021, 230, 240-251. [CrossRef]

Homem, V.; Santos, L. Degradation and removal methods of antibiotics from aqueous Matrices-A review. |. Environ. Manage.
2011, 92, 2304-2347. [CrossRef] [PubMed]

Okoli, C.P; Ofomaja, A.E. Development of sustainable magnetic polyurethane polymer nanocomposite for abatement of tetracycline
antibiotics aqueous pollution: Response surface methodology and adsorption dynamics. J. Clean. Prod. 2019, 217, 42-55. [CrossRef]
Zhang, X,; Li, Y.; Wu, M; Pang, Y.; Hao, Z.; Hu, M,; Qiu, R.; Chen, Z. Enhanced adsorption of tetracycline by an iron and manganese
oxides loaded biochar: Kinetics, mechanism and column adsorption. Bioresour. Technol. 2021, 320, 124264. [CrossRef] [PubMed]
Mirsoleimani-azizi, S.M.; Setoodeh, P.; Zeinali, S.; Rahimpour, M.R. Tetracycline antibiotic removal from aqueous solutions by
MOF-5: Adsorption isotherm, kinetic and thermodynamic studies. J. Environ. Chem. Eng. 2018, 6, 6118-6130. [CrossRef]

Priya, S.S.; Radha, K.V. A review on the adsorption studies of tetracycline onto various types of adsorbents. Chem. Eng. Commun.
2015, 204, 821-839. [CrossRef]

Ren, L.; Chen, M.; Zheng, ].; Li, Z.; Tian, C.; Wang, Q.; Wang, Z. Efficacy of a novel electrochemical membrane-aerated biofilm
reactor for removal of antibiotics from micro-polluted surface water and suppression of antibiotic resistance genes. Bioresour.
Technol. 2021, 338, 125527. [CrossRef]

Igwegbe, C.A.; Oba, S.N.; Aniagor, C.O.; Adeniyi, A.G.; Ighalo, ].O. Adsorption of ciprofloxacin from water: A comprehensive
review. J. Ind. Eng. Chem. 2021, 93, 57-77. [CrossRef]

Li, M,; Liu, Y,; Zeng, G,; Liu, N.; Liu, S. Graphene and graphene-based nanocomposites used for antibiotics removal in water
treatment: A review. Chemosphere 2019, 226, 360-380. [CrossRef]

Yu, F; Li, Y.; Han, S.; Ma, ]. Adsorptive removal of antibiotics from aqueous solution using carbon materials. Chemosphere 2016,
153, 365-385. [CrossRef]

Lozano-Morales, V.; Gardi, L; Nir, S.; Undabeytia, T. Removal of pharmaceuticals from water by clay-cationic starch sorbents.
J. Clean. Prod. 2018, 190, 703-711. [CrossRef]

Dutta, M.; Dutta, N.N.; Bhattacharya, K.G. Aqueous phase adsorption of certain beta-lactam antibiotics onto polymeric resins
and activated carbon. Sep. Purif. Technol. 1999, 16, 213-224. [CrossRef]

Adriano, W.S.; Veredas, V.; Santana, C.C.; Goncalves, L.R.B. Adsorption of amoxicillin on chitosan beads: Kinetics, equilibrium
and validation of finite bath models. Biochem. Eng. J. 2005, 27, 132-137. [CrossRef]

Azhar, M.R,; Abid, H.R; Sun, H.; Periasamy, V.; Tadé, M.O.; Wang, S. Excellent performance of copper based metal organic framework
in adsorptive removal of toxic sulfonamide antibiotics from wastewater. . Colloid Interface Sci. 2016, 478, 344-352. [CrossRef] [PubMed]
Gao, ].; Pedersen, ].A. Adsorption of sulfonamide antimicrobial agents to clay mineral. Environ. Sci. Technol. 2005, 39, 9509-9516. [CrossRef]
de Sousa, D.N.R,; Insa, S.; Mozeto, A.A.; Petrovic, M.; Chaves, T.F.; Fadini, P.S. Equilibrium and kinetic studies of the adsorption
of antibiotics from aqueous solutions onto powdered zeolites. Chemosphere 2018, 205, 137-146. [CrossRef]

Popa, A; Ene, R,; Visinescu, D.; Dragan, E.S.; Ilia, G.; Iliescu, S.; Parvulescu, V. Transitional metals immobilized by coordination on
aminophosphonate functionalized copolymers and their catalytic properties. J. Mol. Catal. A Chem. 2015, 408, 262-270. [CrossRef]
Popa, A.; Ilia, G.; Iliescu, S.; Plesu, N.; Ene, R.; Parvulescu, V. Styrene-co-divinylbenzene/silica hybrid supports for immobilization
transitional metals and their application in catalysis. Polym. Bull. 2019, 76, 139-152. [CrossRef]

Nichita, I; Lupa, L.; Stoia, M.; Dragan, E.S.; Popa, A. Aminophosphonic groups grafted onto the structure of macroporous styrene—
divinylbenzene copolymer: Preparation and studies on the antimicrobial effect. Polym. Bull. 2019, 76, 4539-4557. [CrossRef]

Popa, A.; Davidescu, C.M,; Trif, R.; Ilia, G.; Iliescu, S.; Dehelean, G. Study of quaternary “onium” salts grafted on polymers:
Antibacterial activity of quaternary phosphonium salts grafted on “gel-type” styrene-divinylbenzene copolymers. React. Funct.
Polym. 2003, 55, 151-158. [CrossRef]

Davidescu, C.M.; Ardelean, R.; Popa, A. Performance of poly(styrene-codivinylbenzene) functionalized with different aminophosphonate
pendant groups, in the removal of phenolic compounds from aqueous solutions. Pure Appl. Chem. 2016, 88, 993-1004. [CrossRef]
Davidescu, C.M.; Ardelean, R.; Popa, A. New polymeric adsorbent materials used for removal of phenolic derivatives from
wastewaters. Pure Appl. Chem. 2019, 91, 443-458. [CrossRef]

Phoon, B.L.; Ong, C.C.; Saheed, M.S.M.; Show, P.L.; Chang, ].S.; Ling, T.C.; Lam, S.S.; Juan, J.C. Conventional and emerging
technologies for removal of antibiotics from wastewater. . Hazard. Mater. 2020, 400, 122961. [CrossRef] [PubMed]

Dragan, E.S.; Avram, E.; Axente, D.; Marcu, C. Ion-exchange resins. III. Functionalization-morphology correlations in the
synthesis of some macroporous, strong basic anion exchangers and uranium-sorption properties evaluation. J. Polym. Sci. Part A
Polym. Chem. 2004, 42, 2451-2461. [CrossRef]

Dragan, E.S.; Humelnicu, D.; Dinu, M.V. Design of porous strong base anion exchangers bearing N,N-dialkyl 2-hydroxyethyl ammonium
groups with enhanced retention of Cr(VI) ions from aqueous solution. React. Funct. Polym. 2018, 124, 55-63. [CrossRef]


http://doi.org/10.1016/j.micromeso.2019.109979
http://doi.org/10.1016/j.ijbiomac.2019.04.204
http://doi.org/10.1039/D0RA04264A
http://doi.org/10.5004/dwt.2021.27396
http://doi.org/10.1016/j.jenvman.2011.05.023
http://www.ncbi.nlm.nih.gov/pubmed/21680081
http://doi.org/10.1016/j.jclepro.2019.01.157
http://doi.org/10.1016/j.biortech.2020.124264
http://www.ncbi.nlm.nih.gov/pubmed/33130541
http://doi.org/10.1016/j.jece.2018.09.017
http://doi.org/10.1080/00986445.2015.1065820
http://doi.org/10.1016/j.biortech.2021.125527
http://doi.org/10.1016/j.jiec.2020.09.023
http://doi.org/10.1016/j.chemosphere.2019.03.117
http://doi.org/10.1016/j.chemosphere.2016.03.083
http://doi.org/10.1016/j.jclepro.2018.04.174
http://doi.org/10.1016/S1383-5866(99)00011-8
http://doi.org/10.1016/j.bej.2005.08.010
http://doi.org/10.1016/j.jcis.2016.06.032
http://www.ncbi.nlm.nih.gov/pubmed/27318714
http://doi.org/10.1021/es050644c
http://doi.org/10.1016/j.chemosphere.2018.04.085
http://doi.org/10.1016/j.molcata.2015.07.035
http://doi.org/10.1007/s00289-018-2370-6
http://doi.org/10.1007/s00289-018-2613-6
http://doi.org/10.1016/S1381-5148(02)00224-9
http://doi.org/10.1515/pac-2016-0809
http://doi.org/10.1515/pac-2018-1019
http://doi.org/10.1016/j.jhazmat.2020.122961
http://www.ncbi.nlm.nih.gov/pubmed/32947727
http://doi.org/10.1002/pola.20106
http://doi.org/10.1016/j.reactfunctpolym.2018.01.010

Molecules 2022, 27, 2894 17 of 17

35.

36.

37.

38.

39.

40.
41.

42.
43.

44.

45.
46.
47.

48.
49.
50.
51.

52.

Davidescu, C.M.; Popa, A. The heterogenizing of chloromethylated styrene-divinylbenzene copolymers with orto- and para-
aminobenzoic pending groups. Mater. Plast. 2003, 40, 109-111.

Pacurariu, C.; Mihoc, G.; Popa, A.; Muntean, S.G.; Ianos, R. Adsorption of phenol and p-chlorophenol from aqueous solutions on
poly (styrene-co-divinylbenzene) functionalized materials. Chem. Eng. . 2013, 222, 218-227. [CrossRef]

Huang, J.; Huang, K,; Liu, S.; Luo, Q.; Shi, S. Synthesis, characterization, and adsorption behavior of aniline modified polystyrene
resin for phenol in hexane and in aqueous solution. J. Colloid Interface Sci. 2008, 317, 434—441. [CrossRef]

Dragan, E.S.; Humelnicu, D. Contribution of cross-linker and silica morphology on Cr(VI) sorption performances of organic
anion exchangers embedded into silica pores. Molecules 2020, 25, 1249. [CrossRef]

Dragan, E.S.; Humelnicu, D.; Ignat, M.; Varganici, C.D. Superadsorbents for strontium and cesium removal Enriched in amidoxime
by homo-IPN strategy connected with porous silica texture. ACS Appl. Mater. Interfaces 2020, 12, 44622-44638. [CrossRef]
Lagergren, S.K. About the theory of so-called adsorption of soluble substances. Sven. Vetenskapsakad. Handingarl 1898, 24, 1-39.
Ho, Y.S.; McKay, G. Kinetic models for the sorption of dye from aqueous solution by wood. Process Saf. Environ. Prot. 1998, 76,
183-191. [CrossRef]

Ho, Y.S.; McKay, G. Sorption of dye from aqueous solution by peat. Chem. Eng. ]. 1998, 70, 115-124. [CrossRef]

Ho, Y.S.; McKay, G. Comparison of Chemisorption Kinetic Models Applied to Pollutant Removal on Various Sorbents. Process Saf.
Environ. Prot. 1998, 76, 332-340. [CrossRef]

Ho, Y.S.; McKay, G. The kinetics of sorption of basic dyes from aqueous solution by sphagnum moss peat. Can. J. Chem. Eng.
1998, 76, 822-827. [CrossRef]

Ho, Y.S.; McKay, G. Pseudo-second order model for sorption processes. Process Biocher. 1999, 34, 451-465. [CrossRef]

Ho, Y.S. Review of second-order models for adsorption systems. J. Hazard. Mater. 2006, 136, 681-689. [CrossRef]

Langmuir, I. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. Chem. Soc. 1918, 40, 1361-1403.
[CrossRef]

Freundlich, HM.F. Over the adsorption in solution. . Phys. Chem. 1906, 57, 385-470.

Sips, R. On the Structure of a Catalyst Surface. J. Chem. Phys. 1948, 16, 490-495. [CrossRef]

Redlich, O.; Peterson, D.L. A Useful Adsorption Isotherm. J. Phys. Chem. 1959, 63, 1024. [CrossRef]

Bhadra, B.N.; Jhung, S.H. A remarkable adsorbent for removal of contaminants of emerging concern from water: Porous carbon
derived from metal azolate framework-6. . Hazard. Mater. 2017, 340, 179-188. [CrossRef] [PubMed]

Ling, C,; Li, X;; Zhang, Z; Liu, F; Deng, Y.; Zhang, X.; Li, A.; He, L.; Xing, B. High Adsorption of Sulfamethoxazole by an Amine-Modified
Polystyrene-Divinylbenzene Resin and Its Mechanistic Insight. Environ. Sci. Technol. 2016, 50, 10015-10023. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cej.2013.02.060
http://doi.org/10.1016/j.jcis.2007.09.077
http://doi.org/10.3390/molecules25051249
http://doi.org/10.1021/acsami.0c10983
http://doi.org/10.1205/095758298529326
http://doi.org/10.1016/S0923-0467(98)00076-1
http://doi.org/10.1205/095758298529696
http://doi.org/10.1002/cjce.5450760419
http://doi.org/10.1016/S0032-9592(98)00112-5
http://doi.org/10.1016/j.jhazmat.2005.12.043
http://doi.org/10.1021/ja02242a004
http://doi.org/10.1063/1.1746922
http://doi.org/10.1021/j150576a611
http://doi.org/10.1016/j.jhazmat.2017.07.011
http://www.ncbi.nlm.nih.gov/pubmed/28715741
http://doi.org/10.1021/acs.est.6b02846
http://www.ncbi.nlm.nih.gov/pubmed/27574832

	Introduction 
	Results and Discussion 
	Adsorbent Synthesis and Characterization 
	Adsorption Characterization 
	Kinetic Studies 
	Equilibrium Studies—Adsorption Isotherms 

	Experimental Section 
	Materials and Methods 
	Synthesis of Chemically Modified Copolymers with p-Aminobenzoic Groups 
	Adsorption Experiments 

	Conclusions 
	References

