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Abstract: Sub-microparticles have many applications in
different fields today. In this study, it is aimed to develop
hydrophobic microparticles as an alternative to existing
methods and to determine the 17B-estradiol adsorption
performance of this adsorbent to purify the 17p-estradiol
hormone which is found as an endocrine disruptor in
environmental waters with high capacity and low cost. In
this study, r-phenylalanine containing Poly(HEMA-MAPA)
microparticles were synthesized by microemulsion poly-
merization and used as adsorbent. Microparticles were
characterized by Fourier transform infrared spectroscopy
(FT-IR) and scanning electron microscope (SEM) methods.
The size of the Poly(HEMA-MAPA) micropatrticles used was
measured as 120-200 nm. Specific surface area and
elemental analysis studies were also conducted. While the
surface area of the particles was found to be a very high
value of 1890 m?/g, the amount of incorporation of MAPA
into the polymeric structure was calculated as 0.43 mmol/g.
Adsorption studies were carried out in the batch system
under different ambient conditions (17B-estradiol concen-
tration, temperature, ionic intensity). The adsorption
capacity of Poly(HEMA-MAPA) microparticles was calcu-
lated to be 98.4 mg/g. Isotherm models for adsorption
interaction were investigated deeply, and it was determined
that the adsorption mechanism is suitable for Langmuir
isotherm.
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1 Introduction

Microcontaminants for aquatic life have become an
essential global problem in recent years. These compounds
consist of many organic compounds from human or natu-
ral sources, including paint industries [1, 2], drugs [3-5],
heavy metals [6-8], anion [9, 10] and live products, steroid
hormones and agrochemicals [11]. Such substances are
present in very low concentrations in water, and each has a
specific mechanism of action [12]. The removal of pollut-
ants in water systems and making these waters more
suitable for the environment and human health is an
important issue that the scientific world focuses on and
tries to produce new solutions every day [13-18]. Some
types of these pollutants called endocrine disruptors (EDs)
cause reproductive system deformities, some develop-
mental defects of children and a massive increase in cancer
risk [19]. Estradiol (E2 or 17B-estradiol) is one of these EDs,
which has been the subject of investigation since the 1930s
[18]. E2 is the dominant sex hormone found in women, and
it is significant for the growth and preservation of the
female reproductive system [20]. As a result, E2 is used
worldwide as a vital drug. The global market sales of E2
amounted to approximately 1968 million US $ in 2013 [18].
Thus, E2 regularly pollutes water bodies. It can cause fish
egg production to be blocked, males reversed, and even the
collapse of local fish populations [21]. Also, E2 has excel-
lent environmental stability, degradation resistance and
bioaccumulation tendency. Therefore, it is challenging to
remove E2 from traditional drinking and wastewater
treatment plants altogether [22]. It is, therefore, vital to
develop an optimum method for removing E2 from
aqueous environments [23-28].

For this reason, adsorption, which is accepted as the
universal method of water treatment, draws attention as an
effective, fast and environmentally friendly method for
removing E2 from water [22]. In recent years, environmentally
friendly materials such as chitosan [29], moringa [30], acti-
vated carbon [31] and clay mineral [32] have attracted the
attention of researchers for adsorption due to their stability,
physical and chemical versatility. However, these adsorbents
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have different deficiencies, including limited adsorption
ability, high production cost, or low extraction efficiencies.
Therefore, it is imperative to develop a suitable adsorbent
with excellent adsorption properties, low production cost and
good regeneration performance for removal of E2 [33-41].

Different types of interactions, such as hydrophobic
(dispersant), dipole-dipole, ionic, are used in adsorption
studies. Historically, hydrophobic interaction chromatog-
raphy (HIC) was first described by Shepard and Tisulius in
1949 [42], using the term “salting out chromatography” and
later produced by Hjerten [43]. HIC is widely used in protein
separation processes as well as in biopolymer science and
ion-exchange chromatography [44]. In these processes, the
hydrophobic materials adsorb the hydrophobic solutes in a
mobile phase at high ionic intensity, and then the desorp-
tion step is realized by decreasing the ionic intensity [45].

In this study, a hydrophobic based approach was utilized
for adsorption of E2 from aqueous systems. A monomeric
derivative of the r-phenylalanine was used for the hydro-
phobic character of the adsorbent [46, 47]. As the adsorbent,
Poly(2-Hydroxyethyl methacrylate-N-methacryloyl-L-Phenyl-
alanine) [Poly(HEMA-MAPA)] microparticles were synthe-
sized, and the adsorption performance of the microparticles
for E2 was investigated. Also, isotherm models for adsorption
interaction were examined in detail, and thermodynamic
calculations were performed. The use of sub-micron size
Poly(HEMA-MAPA) hydrophobic particles in E2 adsorption is
a vital alternative to the existing studies on E2 removal in the
literature.

2 Materials and methods
2.1 Material

2-Hydroxyethyl methacrylate (HEMA) and ethylene glycol dimetha-
crylate (EGDMA) were obtained from Fluka A.G. (Buchs, Switzerland)
and were removed from the polymerization inhibitors by distillation
under low pressure before use. Monomers were kept in the refriger-
ator at 4 °C until use. L-Phenylalanine, 17B-estradiol, methacryloyl
chloride and ammonium persulfate (APS) were purchased from
Sigma (St. Louis, MO, USA). Poly(vinyl alcohol) (PVAL; molecular
weight: 100,000, 98% hydrolyzed) was obtained from Aldrich (USA).
MAPA was synthesized in a laboratory environment. All other
chemicals are of analytical purity and were supplied by Merck A.G.
(Darmstadt, Germany). The conductivity of pure water used in
adsorption experiments is 18.2 MQ cm.

2.2 Methods

2.2.1 Synthesis of N-methacryloyl-L-phenylalanine (MAPA): First, a
solution in which 5.0 g of .-phenylalanine and 0.2 g of hydroquinone
dissolved in 100 mL of dichloromethane (CH,Cl,) was prepared in a
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beaker. The solution was cooled to 0 °C, and then 12.7 g of triethyl-
amine was added to this solution. In the next step, 5.0 mL of meth-
acroyl chloride was slowly poured onto the solution, and this mixture
was stirred in a nitrogen atmosphere with a magnetic stirrer for 2 h at
room temperature. After the chemical reaction was over, unreacted
methacroyl chloride was removed by extraction using 10% NaOH to
increase the purity of the product formed. Then the aqueous phase was
evaporated, and the remaining solid was dissolved in ethanol.

2.2.2 Preparation of poly(HEMA-MAPA) microparticles: Micro-
emulsion polymerization was carried out in a closed polymerization
reactor (500 mL) in a temperature-controlled system. The monomer
phase was created from HEMA (10 mL) and MAPA (1.0 g), and APS
(0.25 g) used as the initiator was dissolved in the monomer phase.
Sonication was performed in an ultrasonic water bath (Bransonic
2200, England) for 5 min at 200 W to dissolve APS in the polymeri-
zation medium completely. Then 4.0 g of poly(vinyl alcohol) mixed
with 100 mL of ethanol was added to the polymerization reactor with
100 mL of water. During this process, the reactor was continuously
stirred at 500 rpm. In the following step, the reactor was purged with
nitrogen gas for 5 min and placed in a water bath. The duration of the
polymerization process was determined as 8 h under the nitrogen
atmosphere when the reactor temperature reached 70 °C (mixing
speed: 500 rpm). After completing the polymerization step, the reac-
tion mixture was cooled to room temperature, and the liquid phase
was removed by centrifugation (5000 rpm, 10 min). At the end of this
process, pale brown Poly(HEMA-MAPA) microparticles were obtained
(Figure 1), and the resulting polymer was centrifuged again in the
same conditions in 10 mL ethanol to disperse. Washing with ethanol
was repeated three times to remove unpolymerized monomers and
other chemicals. Finally, the Poly(HEMA-MAPA) microparticles were
stored in 10 mL of distilled water at room temperature.

2.2.3 Characterization studies: The average diameter, particle size
distribution, and surface morphology of microparticles were exam-
ined using a scanning electron microscope (SEM; QUANTA 400F, FEI,
The Netherlands). For this, the pre-dried sample was covered with a
thin gold layer and vacuumed before being visualized with SEM.
Particle size and distribution were measured using at least 300
particles.
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Figure 1: The structure of the poly(HEMA-MAPA).
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Fourier transform infrared spectroscopy (FT-IR, 8000 Series,
Shimadzu, Japan) was used to determine the specific functional
groups of Poly(HEMA-MAPA) microparticles. The FT-IR spectrum was
obtained by converting the microparticles into pellets that were
homogeneously mixed with dry powder KBr (0.1 g, IR Grade, Merck,
Germany).

The amount of incorporation into the Poly(HEMA-MAPA) poly-
mer of the MAPA monomer was determined by the elemental analyzer
(Leco, CHNS-932, USA).

In the surface area calculation of Poly(HEMA-MAPA) micropar-
ticles, the following equation was used, which gives the number of
particles in 1 mL suspension.

N =6x10° xS/axp, xd 0]

where N is the number of microparticles in 1 mL suspension; S % solid;
d diameter (um); ps show polymer density. From Equation (1), the
specific surface area was calculated in m?/g unit.

2.2.4 Adsorption-desorption studies: Adsorption of E2 to
Poly(HEMA-MAPA) microparticles from aqueous mediums was
investigated in the batch system. The particles (0.1 g) were incubated
with 50 mL of E2 solution for 2.5 h (equilibrium time) at 150 rpm. The
effect of E2 concentration, ionic strength and temperature changes on
adsorption capacity was studied. The NaCl concentration was
changed between 0.1 and 1.5 M to determine the effect of salt con-
centration. The concentration values were changed between 5 and
150 mg/mL to research the effect of the initial concentration of E2 on
the adsorption capacity. The adsorption works were studied between 4
and 45 °C to investigate the effect of the temperature. Concentrations
of 17B-estradiol were determined on the UV-VIS spectrophotometer at
a wavelength of 280 nm. The E2 adsorption capacity was calculated by
mass balance equation.
(Ci-Cp).V

q= T m @
where q is the amount of E2 (mg/g) adsorbed by the particle unit mass;
C;and Cyare concentrations (mg/mL) of E2 initially and after treatment
for a particular time; V is the volume of the aqueous solution and m is
the mass of the particles used (g). Experimental studies were repeated
three times to see the accuracy of the results and calculate the stan-
dard deviation.

Desorption of E2 adsorbed from Poly(HEMA-MAPA) is also used
in the batch system. The adsorbed particles (50 mg) of E2 were
continuously stirred (150 rpm) at room temperature for 2.5 h in 10 mL
desorption medium with acetonitrile:methanol (70:30; v:v) solution.
Besides, the same particles were subjected to the adsorption/desorp-
tion process 10 times to control whether the particles can be used more
than once.

3 Results and discussion
3.1 Characterization studies
Poly(HEMA-MAPA) microparticles were produced by

microemulsion polymerization in a diameter range of
120-200 nm. An advantage of microparticles is that the
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contact surface is quite large. Surface morphology and
cross-sectional structures of Poly(HEMA-MAPA) micro-
particles were investigated using SEM. The SEM images of
the microparticles are given in Figure 2. As you can see,
microparticles are in the form of particles and have smooth
surface properties. Also, it is noteworthy that microparti-
cles have a general uniform structure.

FT-IR spectra of Poly(HEMA-MAPA) and MAPA were
taken to determine whether the MAPA monomer entered the
structure [48]. When Figure 3 is examined, the common
bands in both spectra originate from the MAPA
monomer are outstanding. These bands are C=C stretching
(1500-1600 cm™), C-N stretching (1180-1360 cm™), C-H
stretching (aromatic, 3010-3100 cm™), O-H stretching in
the carboxylic acid (3500-3600 cm™), C=0 stretching of
acid and amide (1690-1760 cm™), C-O stretching of amide
(1657 cm™), and C-H stretching (28502970 cm™). These
results indicate that MAPA entered the structure of the
microparticle. Besides, when the spectra are examined, it is
seen that these bands are more severe and broader for
Poly(HEMA-MAPA) microparticles. The stretching or
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Figure 2: SEM images of poly(HEMA-MAPA) microparticles.
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bending of CO, CH, OH, and -O- groups in HEMA monomers
in Poly(HEMA-MAPA) microparticles causes this difference.

It was used with nitrogen stoichiometry to determine
the MAPA content of Poly(HEMA-MAPA) microspheres and
was calculated as 0.43 mmol/g. Since nitrogen is not found
in the structure of the HEMA monomer, this value is an
indication that MAPA enters the polymeric structure as
desired. The specific surface area of Poly(HEMA-MAPA)
microparticles was found to be 1890 m?/g. This high sur-
face area value appears to be an essential advantage for
adsorption interaction.

3.2 Adsorption—desorption studies

To understand the relationship of the initial concentration
of E2 with the maximum adsorption capacity, the concen-
tration of E2 was taken at values ranging from 5 to 150 mg/
mL. Figure 4 shows the relationship of the initial concen-
tration to the adsorption capacity. The amount of E2
adsorbed in the amount of 1.0 g microparticle first in-
creases with the concentration of the initial E2 and reaches
the plateau at a concentration of 100 mg/mL. This is an
indication that the active regions of the microparticles fully
interact with the E2 in the medium.

In hydrophobic interaction chromatography (HIC), the
addition of various salts to the execution and balancing
buffer enhances ligand-biomolecule interaction. The ionic
strength of the neutral salt added to the medium also af-
fects the solubility of the biomolecules. The ionic strength
determines the number and concentration of the cations
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Figure 3: FT-IR spectra of (A) MAPA,
(B) poly(HEMA-MAPA) [48].

and anions that make up the salt. The effect of ionic
intensity on the adsorption of E2 with Poly(HEMA-MAPA)
microparticles was examined in the batch system. The
ionic intensity was adjusted with NaCl, and 0.1-1.5 M
concentration range was scanned for this salt. The results
obtained are presented in Figure 5. As can be seen from the
figure, E2 adsorption capacity increased as the salt con-
centration increased. Because, with increasing salt con-
centration, the amount of adsorption increases as the
diffusion of E2 in the aqueous solution to microparticles
increases due to the salting-out of salts. In other words,
when a large amount of neutral salt is added to the solu-
tion, the water molecules around the hydrophobic groups
located in the interior of the biomolecules are removed by

120 r

0 1 1 1 1 1 1 1 J
0 20 40 60 80 100 120 140 160

Estradiol concentration (mg/mL)

Figure 4: The effect of the starting concentration of 17B-estradiol on
adsorption capacity. Interaction time: 2.5 h, temperature: 25 °C.
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Figure 5: The effect of ionic strength on adsorption capacity.
17B-estradiol concentration: 20 mg/mL, interaction time: 2.5 h,
temperature: 25 °C.

the salt ions, in this case, the interaction of the hydro-
phobic groups with each other increases.

The effect of temperature on the adsorption of E2 was
examined in the range of 4-45 °C. As shown in Figure 6,
adsorption of E2 on Poly(HEMA-MAPA) increased when the
temperature was raised from 4 °C to 45 °C. E2 was adsorbed
at 4 and 45 °C in amounts of 23.91 and 42.79 mg/g,
respectively. In HIC, increasing the temperature supports
the arrest of the biomolecule, and the reduction of the
temperature supports the elution of the biomolecule.
Indeed, HIC is an entropy-based procedure. Since AH can
be a small positive or negative value, AG is controlled by a
positive entropy value. Thus, hydrophobic interaction in-
creases with rising temperature.
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Figure 6: The effect of temperature on adsorption capacity.
17B-estradiol concentration: 20 mg/mL, interaction time: 2.5 h.

—— 0. Kireg et al.: Removal of estradiol with hydrophobic microspheres

DE GRUYTER

E2 adsorbed to microparticles was desorbed in aceto-
nitrile:zmethanol (70:30, v/v) for 4 h in a batch system (at
150 rpm, at room temperature). The adsorption—desorption
process was repeated 10 times using the same microparti-
cles to test the reusability of Poly(HEMA-MAPA) micro-
particles. Washing was carried out in 2 mM NaOH solution
for 30 min to sterilize the microparticles subjected to
desorption. After this procedure, the microparticles were
washed with distilled water for 30 min. As can be seen from
Figure 7, microparticles are very stable, and at the end of 10
repeated adsorption—desorption cycles, there was no
appreciable decline in adsorption capacity. In the all
adsorption—desorption process of E2, recovery was ach-
ieved as 92.7%.

E2 adsorption study was also performed with
Poly(HEMA) microparticles to investigate the effect of
MAPA in E2 adsorption with Poly(HEMA-MAPA) micro-
spheres. As a result of the study, the adsorption capacity
of 2.3 mg/g that is 2.34% of the value achieved by
Poly(HEMA-MAPA) was obtained. This result proves to us
that the interaction of E2 with the polymeric structure
takes place over MAPA. The reason for the small amount
of adsorption with Poly(HEMA) microparticles is unde-
sirable non-specific interactions.

3.3 Adsorption isotherms

Adsorption isotherm models; Freundlich, Langmuir (five
linearized equations), Temkin, Dubinin—Radushkevich
(D-R), Harkins-Jura, Halsey and Frumkin were used to
explain the structure of E2 adsorption (surface properties,
adsorption mechanism and capacity) with Poly(HEMA-
MAPA) microparticles. The equations and parameters of
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Figure 7: Reusability of poly (HEMA-MAPA) microparticles.

17B-estradiol concentration: 20 mg/mL, interaction time: 2.5 h,
temperature: 25 °C.
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the isotherm models used are presented in Table 1 with
references.

Equations of Langmuir and Freundlich are used to
evaluate the balance data of the adsorption process (in the
case of two-parameter models). The five equations of the
Langmuir isotherm model and the equation of the Freund-
lich isotherm model were applied to equilibrium data.
Langmuir isotherm theory assumes that the adsorbate is
monolayer coated on a homogeneous adsorbent surface.
According to the Freundlich isotherm, the adsorption sites

Table 1: Adsorption isothems.

0. Kireg et al.: Removal of estradiol with hydrophobic microspheres —— 231

on the surface of an adsorbent are heterogeneous; that is,
they consist of different types of adsorption sites [57].

In Table 2, it was seen that the correlation factors in the
five models of Langmuir isotherm were between
0.8724 < R?* < 0.9949 and that the adsorption structure was
compatible with the Langmuir - 2 isotherm (R? = 0.99949).
This result indicates that adsorption takes place in a single
layer and is homogeneous.

R; values indicate that adsorption is negative (R; > 1),
linear (R; = 1), appropriate (0 < R; < 1) and irreversible

Isotherm Linear form

Constants

References

Freundlich Ing, = InKr +1InC,

1_ (1)1,
e (M) Ce+qm

Langmuir - 1

Kr (Lmg™"): adsorption capacity. n: heterogeneity factor.
am (mgg™?): max adsorption capacity.
b (Lmg™?): the constant related to the free energy of

[57]
[51]

adsorption.

Langmuir — 2 Ce 1 1
§ e que+qu

gm (mgg™?): max adsorption capacity.
b (Lmg™?): the constant related to the free energy of

[51]

adsorption.

Langmuir - 3

Ge = Am 7(%)3_2

am (mgg™?): max adsorption capacity.
b (Lmg™?): the constant related to the free energy of

[51]

adsorption.

Langmuir - 4 2—2 = bg,, — bg,

am (mgg™?): max adsorption capacity.

[51]

b (Lmg™?): the constant related to the free energy of
adsorption.

Langmuir - 5 Cie = quqi -b

gm (mgg™?): max adsorption capacity.

[51]

b (Lmg™?): the constant related to the free energy of
adsorption.

Temkin RT RT
6= Eana +E1nce

(3

6: fractional occupation. g, (mg g°%): Langmuir-2 max
adsorption capacity. The theoretical monolayer saturation
capacity.

AQ: adsorption energy change (kJ/mol.K).

[50, 51, 58]

K,: Temkin equilibrium constant (L mg™Y).
T (K): absolute temperature.
R: universal gas constant (8.314 JK™* mol™).

Ing. = Ing,, - B
€= RTIn [1 +CLJ E, = {ﬁ}

Dubinin-
Radushkevich

gm (mgg™?): D-R adsorption capacity.
B (mol?k)~?): adsorption average free energy coefficient.
€ (k)2/mol): polanyi adsorption potential.

[59]

E, (kjmol™®): D-R adsorption free energy.
R: universal gas constant (8.314 JK™'mol™) and T (K) absolute
temperature.

Halsey qi =Ltink —LinC.

Frumkin In {(ﬁ)%} = Ink + 2060 = (37) Ink = —4¢

k and n isotherm constants

0: fractional occupation. a: the interaction coefficient.
k: related to adsorption equilibrium.

[54]
[53]

gm (mg g7): Langmuir-2 max adsorption capacity.

G: Gibbs free energy.

R: universal gas constant 8.314 JK™'mol™! and T (K) absolute
temperature.

Harkins - Jura 1 _ By _ L logC,

g Ay Ay

By and Ay are the isotherm constants

[60]
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Table 2: Adsorption isotherm values and correlation coefficients (298 K).

b (L/mg) gm(mg/g) R Temkin K, (L/mg) AQ(kJ/molK) R®
Langmuir Type 1 0.2707 2.8314 0.9613 1.1789 5.0635 0.9273
Type2  0.2411 2.8737 0.9949  Harkins-Jura Ay By R
Type 3 0.3036 2.7543 0.8724 36.7673 1.7077 0.7449
Type 4  0.2648 2.8554 0.8724 Halsey n k R?
Type 5 0.2551 2.8885 0.9613 3.7351 1.0530 0.8751
Freundlich n 1/n Kr mg/g) R Frumkin a k AG R?
3.7351 0.2677 1.0139 0.8751 -3.2948 3.5292 -3.1244 0.9381
Dubinin—-Radushkevich Gm (mol/g) E,(K)/mol) R?
2.4028 0.6484 0.9434

(R; = 0) [57]. As shown in Table 3, R; values are suitable
because they are in the range of 0 < R; < 1.

1

Ri=—
L 1+KLC0

€)

Temkin adsorption model is an adsorption isotherm
showing the indirect effects of adsorbent—adsorbate in-
teractions on adsorption. According to Temkin isotherm,
the heat of adsorption of all molecules in the layer de-
creases linearly [50]. Surface coverage value (0) is calcu-
lated using the maximum adsorption capacities (g,,)
determined in the Langmuir and Freundlich models. Pa-
rameters and correlation coefficient of Temkin model are
given in Table 2. The very higher values of the correlation
coefficient show good linearity whatever the maximum
adsorption capacity used for the calculation of surface
coverage [51].

As seen in Table 2, the change value (AQ) of the
adsorption energy is 5.064 kJ mol. A positive value
AQ = (-AH) indicates that the adsorption reaction is
exothermic. The adsorption energy change (AQ) calculated
from the Temkin isotherm equation shows that the
adsorption is realized by physical interactions when
0 <AQ <100 [50].

According to the Dubinin—Radushkevich isotherm
theory, sorption energy E (kJmol ™) gives information about
the physical and chemical properties of adsorption. E value

Table 3: R, values for Langmuir -2 isotherm.

Co (mg/L) 298 K

R
5 0.4534
10 0.2932
20 0.1718
30 0.1215
50 0.0766

below 8.0 kjmol™ means that the sorption process takes
place through the physical mechanism [52]. Since the E
value calculated in Table 2 is below 8.0 kJmol™!
(0.6484 kJmol™), the mechanism of E2 adsorption on the
Poly(HEMA-MAPA) microparticles is physical.

Frumkin isotherm takes into account the interaction
between adsorbed species [53]. In Table 2, the AG value for
E2 adsorption was calculated as —31,244 kJmol™. This
result shows that the adsorption process is spontaneous.

The Halsey equation is suitable for multilayered
adsorption and can be attributed to the heterosporous
nature of the adsorbent [54]. Like the Freundlich isotherm,
the Halsey model is also suitable for multilayer adsorption
[55]. The Harkins—Jura isotherm describes multilayered
adsorption and can be explained by the presence of a
heterogeneous pore distribution [56].

As a result, it was found that the adsorption mecha-
nism has a single layer and homogeneous surface. Addi-
tionally, the adsorption process takes place spontaneously
through the physical mechanism, and the adsorption re-
action is exothermic.

4 Conclusion

At this work, thanks to the phenylalanine contained in
MAPA, the polymeric structure has a hydrophobic char-
acter. Since the target molecule E2 is also hydrophobic in
structure, hydrophobic interaction chromatography was
chosen as the appropriate method for adsorption studies.
Since the amount of adsorption increased with increasing
temperature and ionic intensity, the interaction between
adsorbent and adsorbate was confirmed by hydrophobic
basis. Adsorption mechanism found in accordance with
the Langmuir isotherm model. In other words, adsorption
was homogeneous and monolayer. It was determined that
the adsorption interaction occurred spontaneously and
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physically. As a result, it can be said that Poly(HEMA-
MAPA) microparticles are suitable materials for E2
adsorption from aqueous solutions.
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