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ABSTRACT

n this study, hydrophobic poly(divinylbenzene-N-methacryloyl-L-tryptophan methyl ester) [poly(DVB-MATrp)] microbeads

(average diameter = 150-200 um) were used for diethyl phthalate (DEP) removal from aqueous solution. The poly(DVB-
MATrp) microbeads were synthesized by suspension polymerization. The microbeads were used for DEP adsorption from
aqueous solution to determine the effect of pH, initial DEP concentration, temperature and contact time on the adsorbed
amounts of DEP. The effect of initial DEP concentration was investigated in the concentration range of 1-300 mg/L at pH
3.0. The experiments were conducted at three different temperatures (25°C, 35'C and 45°C). The maximum DEP adsorption
capacity was calculated as 251.3 mg/g at pH 3.0 (25'C). The adsorbed amount of DEP onto the poly(DVB-MATrp) was
decreased with increasing temperature due to the exothermic nature of the adsorption. The kinetic studies demonstrated
that the adsorption process reached equilibrium at around 30 min. The Langmuir isotherm model fitted the adsorption data.
The pseudo-first-order and pseudo-second-order kinetic models were employed to evaluate the adsorption process. The
prepared microbeads were repeatedly used for DEP adsorption without a significant change in the adsorption capacity. The
poly(DVB-MATrp) microbeads were also effectively used in bottled, and tap water samples spiked with DEP.
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0z

B u calismada, hidrofobik poli(divinilbenzen-N-metakriloil-L-triptofan metil ester) [poli(DVB-MATrp)] mikrokureler
(ortalama gap: 150-200 pum) sulu fazdan dietil fitalat (DEP) uzaklastiriimasi icin kullanildi. Poli(DVB-MATrp) mikrokureler
stispansiyon polimerizasyonuile sentezlendi. Mikrokureler pH, baslangic DEP derisimi, sicaklik ve temas stiresinin adsorplanan
DEP miktarina etkisinin belirlenmesi amaciyla sulu ¢ozeltiden DEP adsorpsiyonunda kullanildi. Baslangic DEP derisiminin
etkisi 1-300 mg/L (pH 3.0) derisim araliginda arastirildi. Deneyler g farkh sicaklikta (25°C, 35°C and 45°C) gergeklestirildi.
Maksimum DEP adsorpsiyon kapasitesi pH degeri 3.0 olan sulu ¢ozeltide 251,3 mg/g (25°C) olarak hesaplandi. Adsorpsiyonun
ekzotermik dogasindan dolayi poli(DVB-MATrp) mikrokureler Gzerine adsorplanan DEP miktari artan sicaklikla azalis gosterdi.
Kinetik calismalar adsorpsiyonun yaklasik 30 dakikada dengeye ulastigini kanitladi. Adsorpsiyon Langmuir izoterm modeline
uygun olarak gercgeklesti. Adsorpsiyon verilerinin degerlendirilmesiicin yalanci-birinci derece ve yalanci-ikinci derece kinetik
modeller kullanildi. Hazirlanan mikroktreler DEP adsorpsiyon kapasitesinde belirgin bir degisiklik olmaksizin tekrar tekrar
kullanildi. Poli(DVB-MATrp) mikroktreler ayni zamanda DEP katilmis sise suyu ve gesme suyu orneklerinde etkin olarak
kullanildi.
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INTRODUCTION

hthalate acid esters (PAEs) are a group of chemicals
Pthat have been reported to have endocrine-
disrupting effects in human and wildlife [1-4]. Because
the phthalatesare notchemicallyboundtothe polymeric
materials, they are easily leached from the product or
during the manufacturing process to environment such
as surface marine water, sediments, food, drugs and
natural water [5]. Several PAEs were listed as priority
pollutants by United States Environmental Agency,
European Union and China National Environmental
Monitoring Center due to their migration risks to the
environment.

Diethyl phthalate (DEP) which is one of the important
phthalate esters is used as a plasticizer for cellulose ester
plastic films and sheets and molded and extruded articles.
DEP has received growing attention in recent years, due
to its toxicity, bioaccumulation rate and aqueous stability
with a high hydrolysis half-life [6].

The removal of PAEs from aqueous systems to
minimize their adverse effects is still an important and
challenging task. Many different single or multiple
technologies, such as adsorption [7,8], advanced oxidation
[9-11] and biodegradation [12-13], have been proposed to
treat PAEs contaminated water. Among these techniques,
adsorption has been widely studied over recent years
due to its high removal efficiency and cost-effectiveness.
Thereby, a wide range of adsorbents was used for the water
treatment like agricultural by-products, polymers, zeolites
and activated carbons. Nowadays, the synthetic polymers
have a great potential in the removal of PAEs, owing to their
large surface areas, pore structures, mechanical rigidity
and low-cost production. Until now, many polymeric resins,
such as oxidized polystyrene resin (NDA-702), aminated
polystyrene resin (NDA-101), macroporous polymer resin
(XAD-4) and hyper-cross-linked polymer resins (NDA-99
and NDA-150), were used for removal of PAEs [14,15]. In
our previous studies, cross-linked polymeric microbeads
[16], magnetic polymeric microbeads [8], and polymeric
nanobeads [17] were effectively used for removal of PAEs
from the agqueous media.

The aim of this study is to investigate the efficiency
of the poly(divinylbenzene-N-methacryloyl-L-tryptophan
methyl ester) [poly(DVB-MATrp)] microbeads for removal
of DEP from the aqueous phase. N-methacryloyl-L-
tryptophan methyl ester (MATrp) and divinylbenzene (DVB)
were used as a monomer and a cross-linker, respectively.

Suspension polymerization technique was preferred
to obtain polymers in spherical form. To determine the
efficiency of the poly(DVB-MATrp) microbeads to remove
DEP from the aqueous phase, the effects of various
experimental parameters such as operation pH, initial
concentration, contact time and temperature on DEP
adsorption were investigated. The nature of the adsorption
process was evaluated via isothermal and kinetic models.
In addition, bottled water and tap water samples spiked
with DEP were used to show adsorption efficiency of the
poly(DVB-MATrp) microbeads in real samples.

MATERIALS and METHODS

Chemicals

Diethyl phthalate (DEP) was purchased from Sigma-
Aldrich. Divinylbenzene (DVB) was obtained from
Merck (Darmstadt, Germany). Methacryloyl chloride,
L-tryptophanmethylesterand2,2’-azobisisobutyronitrile
(AIBN) were purchased from Sigma Chemical Co. (St.
Louis, USA). All other chemicals were of reagent grade.
All water used in the binding experiments was purified
using a Elga Flex3 ultrapure water instrument (Veolia
Water Solutions & Technologies, France).

Synthesis and Characterization of Poly(DVB-MATrp)
Microbeads

N-methacryloyl-L-tryptophan methyl ester (MATrp)
was used as a monomer and synthesized as previously
described [18]. Poly(DVB-MATrp) microbeads were
synthesized by polymerization. The
suspension polymerization recipe for the preparation of
the poly(DVB-MATrp) microbeads was provided in Table
1. The characterization studies of the microbeads were
conducted by Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), elemental
analysis and swelling test. FTIR spectrum of the
poly(DVB-MATrp) microbeads was recorded in the range
of 400-4000 cm™ (Perkin Elmer, Spectrum 100, USA). A

scanning electron microscope (Jeol, JEM 1200EX, Tokyo,

suspension

Japan) was used to investigate the surface morphology
of the microbeads. Elemental analysis was performed
to determine the elemental composition of the
poly(DVB-MATrp) microbeads (Leco, CHNS-932, USA).
The swelling ratio of the microbeads was determined
as follows. Firstly, dry microbeads were weighed and
put into a 50 mL of distilled water. The vial including
the poly(DVB-MATrp) microbeads was incubated in the
water bath with a fixed temperature (25 + 0.5°C) for 8
h. The microbeads taken from the water were dried
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Table 1. Polymerization recipe for preparation of the poly(DVB-MATrp) microbeads.

Dispersion phase
Distilled water (50 mL)
Poly (vinyl alcohol)
(200 mg)

Toluen (3.5 mL)

with filter paper and weighed. The dry weight and wet
weight of the poly(DVB-MATrp) microbeads were used
to calculate the swelling ratio.

Batch Adsorption Procedure
The DEP solution at a concentration of 500 mg/L
was prepared by dissolving the required amounts of
DEP in pure water and kept in a refrigerator at 4°C.
Then, the stock solution was appropriately diluted to
get test solutions at desired concentrations. These
solutions were analyzed by a double-beam UV-visible
spectrophotometer (UV-1700 Shimadzu, A__ =239 nm).
All adsorption studies were conducted in discontinuous
mode by using the same experimental protocol. In an
Erlenmeyer, appropriate amounts of the poly(DVB-
MATrp) microbeads were added to 50 mL of DEP
solutions via temperature-controlled incubator system
(Heidolph Instruments, GmbH &Co.KG, Schwabach,
Germany). The mixture was stirred at constant speed
(300rpm)for8h.Subsequently, thealiquots werefiltered
through a 0.45 um polytetrafluoroethylene membrane
and analyzed by UV- visible spectrophotometer. The
adsorption capacity q_ (mg/g) was calculated from the
relation:

_ (CO — Ct)V
qg. = T (1)

ads

where C and C, (mg/L) are the initial and the residual
concentration at time t (min), respectively. m_,_(g) is the
amount of adsorbent and V (L) is the volume of the DEP
solution.

conditions, the
operating parameters were studied as follows: (1) the
influence of pH on DEP adsorption onto the poly(DVB-
MATrp) microbeads was studied by varying the initial pH
of solutions in the range of 2.0 to 10.0. The initial DEP
concentration was 20 mg/L. The pH of the medium was
adjusted by using 0.1 M HCl and 0.1 M NaOH solutions;
(2) to investigate the effect of initial DEP concentration on
adsorption capacity, the concentration of DEP was varied
from 1.0 mg/L to 300 mg/L at pH 3.0; (3) the adsorption

To optimize the experimental

Organic phase
DVB (3.77 mL)
MATrp (0.88 mL)

Polymerization conditions
Reactor volume (100 mL)

Stirring rate (400 rpm)

Temperature (80°C)

kinetics was determined by analyzing the uptake of the
DEP from aqueous solution at different time intervals for
180 min at a initial DEP concentration of 20 mg/L (pH 3.0).
The effects of initial DEP concentration and contact time
were investigated at three different temperatures (25°C,
35°C and 45°C).

The Langmuir and Freundlich isotherm models were
used to investigate isotherm data. The linearized form of
Langmuir equation can be given in Eq. (2): [19]

C, 1 C,
= + (2)
q. QLKL QL

where q_ is the adsorption capacity at equilibrium
(mg/g), C_ is the equilibrium concentration of DEP (mg/L)
and K_is the Langmuir equilibrium constant related to
the affinity of binding sites (L/mg). Also, the essential
characteristic of the Langmuir isotherm can be expressed
by a dimensionless separation factor, R :

Rl
1+K,C,

The linearized form of Freundlich isotherm can be

(3)

expressed as: [20]

lnqe:anf+llnCe (4)
n
where C_is the equilibrium concentration of DEP
(mg/L), K. (mg/g)(L/mg)’" and n are isotherm constants
that indicate capacity and intensity of the adsorption,
respectively.

The kinetics of adsorption process was investigated
by using pseudo-first-order and pseudo-second-order
models. The linear forms of the applied pseudo-first-order
model [21] and pseudo-second-order model [22] can be
expressed as the following equations, respectively:

kit
log(q, —q,) =loggq, ——
g(q.—q,)=loggq, 2303 (5)
L— ! +it (6)
qt k2qe2 qe

79



80

B. Osman and E. Timay Ozer / Hacettepe J. Biol. & Chem., 2019, 47 (1), 77-85

where g_ and g, (mg/g) are the amounts of DEP ad-
sorbed at equilibrium and at time t (min), respectively.
k, (1/min) and k, ((g/mg)/min) are rate constants for
pseudo-first-order and pseudo-second-order kinetic
models, respectively.

Desorption Studies

Reusability of the poly(DVB-MATrp)
for DEP adsorption was investigated via successive
adsorption/desorption  cycles.
acid (9:1 v/v) solution was used as a desorption agent.
The DEP adsorption/desorption cycle was repeated
five times using the same microbeads. The initial DEP
concentration was 20 mg/L (pH 3.0, 50 mL). After the
adsorption step, the poly(DVB-MATrp) microbeads
were incubated with the desorption solution (50 mL) for
3 h. The microbeads were centrifuged at 5000 rpm (10
min) and the supernatant was used to determine the
desorbed amount of DEP. Then, the microbeads were
washed with excess amount of water and used for DEP
adsorption again.

microbeads

A methanol—acetic

Removal of DEP from Real Water Sample
Thebottled and tap water samples were usedto evaluate
the effectiveness of poly(DVB-MATrp)

microbeads

Mag= 106 KX
WD =14.0mm

Figure 1. SEM photograph of the poly(DVB-MATrp) microbead.

Table 2. The characteristics of the poly(DVB-MATrp) microbeads.
17%

81.5% C, 7.69% H, 0.61% N.
150-200 pum in diameter

Swelling ratio
Elemental composition
Size

FTIR analysis

Signal A= SE1
EHT =15.00 kV

in real water sample. The water samples spiked with
DEP (20 mg/L) were incubated with poly(DVB-MATrp)
microbeads. Different amounts of poly(DVB-MATrp)
microbeads (0.02-0.06 g) were separately added to the
solutions. For each sample, three replicate experiments
were performed. The removal efficiency R (%) was
calculated according to Eq (7)

(CO _Ct)

R% = 100 (7)

0
where C and C_(mg/L) are the initial concentration
and the residual concentration at time t (min), respectively.

RESULTS and DISCUSSION

Properties of Poly(DVB-MATrp) Microbeads

The suspension polymerization procedure enabled
to obtain poly(DVB-MATrp) microbeads in spherical
form. The SEM image provided in Figure 1 clearly
demonstrated the success of applied polymerization
procedure. The size of the poly(DVB-MATrp) microbeads
ranged 150-200 um in diameter. The characteristics of
the poly(DVB-MATrp) microbeads were summarized
in Table 2. FTIR analysis of the poly(DVB-MATrp)
microbeads demonstrated that the microbeads were

Date :9 Mar 2016

C=C stretching at 1444 cm™, 1486 cm™, 1511 cm™, 1605 cm™ and 1699 cm™?

Benzene ring deformations at 700-750 cm™?

C-H (aliphatic) stretching at 2870-3000 cm™

C-H (aromatic) stretching at 3057 cm™*

N-H stretching vibration at 3400 cm!



successfully synthesized. Swelling ratio of the poly(DVB-
MATrp) microbeads was determined as 17% probably
resulting from low porosityandalso non-polarchemistry
of the cross-linker (DVB) and monomer (MATrp) used
in the preparation of the microbeads. Although the
low swelling ratio appears to be a disadvantage to
obtain a high adsorption capacity, it will accelerate
the adsorption/desorption process as the process
occurs near the surface of the microbeads. In addition,
the affinity of DEP molecule to the poly(DVB-MATrp)
microbeads can be high due to the non-polar moieties
in the DEP molecule.

Parameters Affecting the DEP Adsorption

pH Effect

The pH of adsorption medium important
parameter affecting the adsorption capacity. Thus, DEP
solutions (20 mg/L) prepared in the pH range of 2.0 to
10.0 were incubated with poly(DVB-MATrp) microbeads.

is an

45
40
35
30
25
20

qe (mg/g)
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The adsorbed amounts of DEP at different pHs were
provided in Figure 2. The results clearly showed that
the pH of the medium did not significantly affect the
adsorption capacity of the microbeads. Actually, the
solution pH is particularly significative when the
adsorbent and/or adsorbate molecule contain ionizable
groups. However, neither the DEP molecule in the
solution nor the MATrp molecule in the structure of
poly (DVB-MATrp) microbeads has a net charge in the
studied pH range. The result provides a strong evidence
that DEP molecules were adsorbed onto the poly (DVB-
MATrp) microbeads via hydrophobic and Van der Waals
interactions.

Initial DEP Concentration Effect

Batch adsorption experiments were performed in
the DEP concentration range of 1-300 mg/L at pH
3.0. The adsorbed amounts of DEP at three different
temperatures (298 K, 308 K and 318 K) were provided
in Figure 3. The DEP adsorption capacity of the

TN T

0 2 4

mL and incubation temperature: 25°C).
300

250

200

/ |

6 8 10 12

pH
Figure 2. Effect of pH on DEP adsorption onto the poly(DVB-MATrp) microbeads (initial DEP concentration: 20 mg/L, solution volume: 50

Q)

Eﬁ 150 =4—=298 K
P 308K
100 —4—318K

50

0

0 50 100 150 200 250 300 350
DEP concentration (mg/L)

Figure 3.Effect of initial DEP concentration on adsorption of DEP onto the poly(DVB-MATrp) microbeads (pH: 3.0, solution volume: 50

mL and incubation temperature: 25°C, 35°C and 45°C).
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poly(DVB-MATrp) microbeads increased from 2.8 mg/g
to 251.3 mg/g for 298 K in the studied concentration
range. The DEP adsorption capacity of the poly(DVB-
MATrp) microbeads was compared with that of other
adsorbents in Table 3. It seems that poly(DVB-MATrp)
microbeads offers a comparable adsorption capacity
for DEP. The temperature effect was also monitored to
reveal the nature of adsorption. The thermal variation,
examined at three temperatures: 298 K, 308 K and 318
K, has a moderate effect onto the adsorption capacity
which decreases slightly from 251.3 mg/g to 220.2 mg/g
with increasing temperature (Figure 3). Thus, lower
temperatures promote the DEP removal suggesting
that the adsorption process is exothermic in nature.

The Langmuir and Freundlich isotherm models in
their linear forms were used to analyze the adsorption
equilibrium of DEP. The parameters obtained from
isotherm models were summarized in Table 4. Langmuir
isotherm fitted the experimental data with high
correlation coefficients (0.9927< R*<0.9957) for three

different temperatures (298 K, 308 K and 318 K). In
addition, the calculated DEP adsorption capacities were
close to the experimental adsorption capacities. The fact
that the Langmuir isotherm fits the experimental data
very well may be due to homogenous distribution of
active sites on the poly (DVB—MATrp) microbeads’ surface
since the Langmuir equation assumes that the surface is
homogeneous [19].

Furthermore, the essential characteristic of the
Langmuir isotherm can be expressed by a dimension-less
separation factor called equilibrium parameter (R ). The
calculated R values were all less than unity demonstrating
the favorable adsorption in the experimental conditions.
Onthe contrary, the Freundlichisotherm model is based on
the assumption that the adsorption occurs in multilayers
with heterogeneous adsorbent surfaces [20]. Based on the
correlation coefficients (0.7190 < R? < 0.86467) obtained
for three different temperature, the adsorption data were
not well fitted by Freundlich isotherm (Table 4). As a result,
the best fitting of the equilibrium data was obtained

Table 3. Comparison of adsorption capacities with other adsorbents.

Adsorbent o Adsorption pH-Temperature(°C) References
time (min)
(mg/g)
Magnetic poly(ethylene glycol dimethacrylate—vinyl
98.9 45 3.0/25 18]
pyridine), (mag-poly(EGDMA-VP)) beads
NDA-99 (resin) 314 1440 7.0/25 [14]
N 207 180 30125 s}
Mineral rich waste coal modified with chitosan 42.7 300 5.8/25 [23]
Activated carbon from Albizzia julibrissin pods 438 60 3.8/25 [24]
Zeolith ZIF-8 447 - 3.5/25 [25]
Commercial activated carbon 184.2 1440 3.5/25 [25]
ACS-2 resin 515.7 1440 4.0-11.5/25 [26]
Poly(DVB-MATrp) 251.3 30 3.0/25 In this study
Table 4. Isotherm results at different temperatures.

Temperature 298 K 308 K 318K

Langmuir model

q,.. (Me/g) 253 243 228

q, (me/g) 251.3 232.6 220.2

K, (L/mg) 0.1727 0.1133 0.1061

R? 0.9957 0.9934 0.9927

R, 0.0189 0.0286 0.0305

Freundlich model

1/n 0.4617 0.4154 0.3580

KFy(mg/g)(L/mg)l/n 30.9 30.5 22.6

R? 0.8647 0.7611 0.7190



with the Langmuir model suggesting that the adsorption
process occurs favorably on a monolayer.

Contact Time Effect

The effect of contact time on DEP adsorption onto
the poly (DVB-MATrp) microbeads was provided in
Figure 4. The adsorption rates were fast at all studied
temperatures. The adsorption reached equilibrium
at around 30 min. The adsorption process can be
divided into rapid and slow steps. In the first step, DEP
molecules were adsorbed rapidly onto the exterior
surface of poly (DVB-MATrp) microbeads owing to the
abundance of free binding sites. Hence, the adsorbent
surface was nearly saturated with DEP molecules which
affect the rate of second step that the DEP molecules
diffused from the external surface to the inner sites of
the adsorbent [6].

Additionally, the adsorbed amount of DEP decreased
with result
demonstrated that the adsorption was exothermic in
nature. To determine the adsorption dynamics, two kinetic
models, namely the pseudo-first order [21] and pseudo
second order [22], were used to evaluate the adsorption
process. The values of the parameters and correlation

coefficients obtained from these kinetic models were all

increasing temperature (Figure 4). The

40
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listed in Table 5. The higher correlation coefficients (0.9991
< R?< 0.9999) of pseudo-second-order kinetic model
for all temperatures and the closest q_ (experimental) to
q, (calculated) indicated the second-order nature of the
present adsorption process.

Reusability of the Poly(DVB-MATrp) Microbeads

The DEP adsorption capacities of the poly(DVB-MATrp)
microbeads for five successive adsorption/desorption
cycles were determined as 38.3, 37.8, 37.6,36.7and 36.9
mg DEP/g polymer, respectively. The results showed
that the adsorbed amount of DEP onto the poly(DVB-
MATrp) microbeads did not significantly change after
five successive adsorption/desorption cycles. Thus, it
can be concluded that the poly(DVB-MATrp) microbeads
can be repeatedly used for DEP adsorption.

Real Sample Analysis

The real water samples were also used to determine
matrix effect since the components of water samples
from different sources differ from pure water. These
components can affect the adsorption capacity of
the adsorbent. Two water samples (bottled water and
tap water) spiked with DEP solution (20 mg/L) were
used to investigate the efficiency of the poly(DVB-
MATrp) microbeads in the real samples. The removal
efficiencies (R%) were depicted in Figure 5. The DEP

35 poee 2
Ahemte 2e A
30
25
c
£ 2 ——208K
EX 308 K
15
——318K
10
5
0
0 50 100 150 200

Time (min)

Figure 4. Effect of contact time on DEP adsorption onto the poly(DVB-MATrp) microbeads (initial DEP concentration: 20 mg/L, solu-
tion volume: 50 mL, pH: 3.0 and incubation temperature: 25°C, 35°C and 45°C).

Table 5. Kinetic parameters for the adsorption of DEP onto the microbeads.

Parameters Pseudo-first-order kinetic model Pseudo-second-order kinetic model
Temperature Experimental

(K) a.(mg/g) k,x 10% (1/min) q,(mg/g) R? k, x 107 ((8/mg)/min) q_(mg/g) R?
277 3553 5.33 7.42 0.9008 2.22 35.78 0.9999
298 34.09 9.33 13.24 0.9211 1.63 34.64 0.9996
318 32.70 10.50 15.68 0.9032 1.33 33.39 0.9991
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002 T
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Bottled water

/

Amount of poly(DVB-MATrp) microbeads (g)

Figure 5. Removal efficiencies of DEP with different amount of poly(DVB-MATrp) microbeads.

removal efficiencies in tap and bottled water samples
fell in the range of 86.08% to 98.90%. The higher the
amount of adsorbent, the higher the adsorbed amount
of DEP onto the poly(DVB-MATrp) microbeads. The
repeatabilities expressed as the relative standard
deviations (RSDs) varied from 0.09% to 5.85%. The
results showed that the poly(DVB-MATrp) microbeads
can be effectively used for DEP adsorption from real
water samples.

CONCLUSION

In this study, the effectiveness of hydrophobic
poly(DVB-MATrp) microbeads for DEP removal from
aqueous phase was investigated. The poly(DVB-MATrp)
microbeads had a high adsorption capacity for DEP with a
maximum adsorption amount of 251.3 mg DEP/g polymer
at 25°C. The adsorption process was exothermic. The
adsorption data were fitted with the Langmuir isotherm
model and pseudo-second-order kinetic model. The
adsorbed DEP molecules can be rapidly desorbed probably
due to the low porosity of the microbeads. As a result, the
poly(DVB-MATrp) microbeads can be used for successive
adsorption of DEP from aqueous solution. The matrix
of real water samples did not affect the DEP adsorption
capacity of the poly(DVB-MATrp) microbeads. The results
obtained in the study demonstrated the usability of
poly(DVB-MATrp) microbeads for DEP removal from water.
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