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ABSTRACT

In this study, poly (hydroxyethyl methacrylate) (PHEMA) nanobeads with an average size
of 115 nm were prepared by emulsion polymerization. The nanobeads were characterized
with infrared spectroscopy, scanning electron microscopy, and zeta size analysis. The sur-
face area of the PHEMA nanobeads was calculated as 541.4 m?/ g. Then, diethyl phthalate
(DEP) removal efficiency of the PHEMA nanobeads from aqueous media was investigated.
At a fixed adsorbent/solution ratio, various factors affecting the adsorption of DEP from
aqueous solution such as pH, initial concentration, contact time, temperature, and adsorbent
dosage were analyzed. The maximum DEP adsorption capacity of the PHEMA nanobeads
was determined as 265.1 mg/g at pH 4.0, 25°C. The Sips isotherm model fits the experimen-
tal data in the wide range of DEP concentration tested (1-300 mg/L). The pseudo-first-
order, pseudo-second-order, modified Ritchie’s-second-order kinetic models were used to
test the adsorption kinetics. The DEP adsorption capacity of the nanobeads did not change
after five batch successive usages. DEP removal efficiency of the PHEMA nanobeads from
different water media such as saliva, sweat, and tap water was also evaluated. The removal
efficiencies in the range from 82.4 to 100.0% demonstrate the usability of PHEMA nano-
beads for DEP removal from real samples.
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1. Introduction

Environmental pollution by hazardous organics is
one of the most problematic issues worldwide. In
addition to the classical priority pollutants (e.g. pesti-
cides), the non regulated so-called emerging contami-
nants are causing high environmental concern.
Emerging contaminants can be broadly defined as any
synthetic or naturally occurring chemical or any
micro-organism that is not commonly monitored in
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the environment but has the potential to enter the
environment and cause known or suspected adverse
ecological and (or) human health effects [1,2]. Phthalic
acid esters (PAEs) are present in wastewater, soil, and
natural water because of their extensive use in a wide
range of applications such as ceramics, toys, paper,
medical products, synthetic fibers, cosmetics, and inks,
in paint industries, and have become indispensable to
our modern society. Large amounts of phthalates
leach to the environment by industrial discharge in
wastewater and therefore, are suspected as priority
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pollutants by the European Environment Agency and
US Environmental protection agency [3].

Several number of methods have been used in the
removal of PAEs from water including bioconversion
[4,5], biodegradation by micro-organisms [6,7] and
activated sludge [8,9], advanced oxidation processes
[10], and adsorption [3,11-15]. The adsorbents tested
for sorption of phthalates were of organic and inor-
ganic origin [11,16-20]. The field of polymer nanopar-
ticles is quickly expanding and playing a pivotal role
in a wide spectrum of areas ranging from electronics
to photonics, conducting materials to sensors, medi-
cine to biotechnology, pollution control to environ-
mental technology, and so forth, during the past
decades [21].

The nanomaterial level is the most advanced at
present, both in scientific knowledge and in commer-
cial applications. A decade ago, nanobeads were stud-
ied because of their size-dependent physical and
chemical properties [22]. Now, they have entered a
commercial exploration period [23]. Nanobeads can
produce larger specific surface area and, therefore,
may result in high binding capacity. Many published
works focused on the synthesis of micrometer-sized
polymer matrix. Only limited work has been
published on the application of nanobeads in the
adsorption of PAEs. Graphene [24] and graphene
oxide-functionalized magnetic nanoparticles [25],
chloromethylated polystyrene magnetic nanospheres
[26], magnetic multi-walled carbon nanotubes [27]
were used for enrichment of PAEs in different
matrices.

The main objective of this study is to report the
synthesis of poly (hydroxylethyl methacrylate)
(PHEMA) nanobeads and their use in the adsorptive
removal of DEP from aqueous solution. PHEMA
nanobeads were produced by emulsion polymeriza-
tion technique. Then, the PHEMA nanobeads were
characterized by scanning electron microscopy (SEM),
infrared spectroscopy (IR), and zeta size analyses.
Removal studies were conducted to evaluate the bind-
ing capacity of DEP onto the PHEMA nanobeads. In
order to clarify the adsorption process, adsorption iso-
therms and kinetic studies were conducted. PHEMA
nanobeads were also used to remove DEP from
artificial saliva, sweat, and tap water.

2. Experimental
2.1. Chemicals

Diethyl phthalate (DEP) was purchased from
Merck (Darmstadt, Germany). Ethylene glycol
dimethacrylate (EGDMA) was obtained from Merck
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(Darmstadt, Germany), purified by passing through
active alumina, and stored at 4°C until used. Sodium
dodecyl sulfate (SDS) and hydroxyethyl methacrylate
(HEMA) were obtained from Merck (Darmstadt,
Germany). Polyvinyl alcohol (PVA; Mw: 100,000, 98%
hydrolyzed) was supplied by Aldrich Chem. Co.,
(USA). All other chemicals were of reagent grade
and were purchased from Merck AG (Darmstadt,
Germany). All water used in the binding experiments
was purified using a Barnstead (Dubuque, IA)
ROpureLPw reverse osmosis unit with a high-flow
cellulose acetate membrane (Barnstead D2731),
followed by a Barnstead D3804 NANOpurew
organic/colloid removal and ion-exchange packed-
bed system.

2.2. Synthesis of PHEMA nanobeads

PHEMA nanobeads were prepared using emul-
sion polymerization method as given below. Firstly,
two aqueous phases and oil phase were prepared.
The first aqueous phase is composed of 93.8 mg
PVA, 1443 mg SDS, and 11.73 mg NaHCO; in 5 mL
water. For the second aqueous phase, 50 mg PVA
and 50 mg SDS were dissolved in 100 mL water. To
prepare oil phase, HEMA and EGDMA were mixed
and added to the first aqueous phase to obtain a
mini-emulsion. Then, the mixture was homogenized
at 25,000 rpm (IKA, T25 digital ULTRATURRAX).
The prepared mini-emulsion was added to the sec-
ond aqueous phase followed by the addition of
57.5 mg NaHSO; and 63 mg ammonium persulphate
(APS). Polymerization was performed at 40°C for 6 h
and was also verified with the occurrence of white
colour of medium. After completion of the polymer-
ization, nanobeads were cleaned by washing with
ethanol and water several times to remove the unre-
acted monomers. For this purpose, the nanobeads
were precipitated and collected with the help of a
centrifuge (Allegra 64R, Beckman Coulter) at 61,000 g
for 1 h and resuspended in ethanol and water several
times. After that, PHEMA nanobeads were further
washed with deionized water. Finally, nanobeads
were stored in water as a suspension. The amount of
nanobeads in solution (mg nanobeads/mL solution)
was determined by evaporating 1 mL of solution in
drying oven.

2.3. Characterization studies

IR analysis of PHEMA nanobeads was performed
using FTIR  spectrophotometer (Perkin  Elmer,
Spectrum 100, USA).
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The average nanobead size and size distribution
were determined by Zeta Sizer (Malvern Instruments,
Model 3000 HSA, England).

The morphology of the PHEMA nanobeads was
observed via a scanning electron microscope (SEM)
(Jeol, JEM 1200EX, Tokyo, Japan).

2.4. Batch adsorption experiments

Batch analysis was used for the determination of
adsorption isotherms for DEP adsorption on PHEMA
nanobeads. Nanobeads were added into eppendorf
tubes (1 mL) containing DEP solutions at 25°C and dif-
ferent pH. The equilibrium was maintained in Eppen-
dorf tubes kept in a rotator (Medispec) at a constant
speed (25 rpm). Then, the adsorption systems were
centrifuged at 14,000 rpm and DEP concentrations in
the supernatant were determined spectrophotometri-
cally (239 nm). The amount of adsorbed DEP was
calculated as:

[(Co—C)V]
m

Q= M

where Q is the amount of adsorbed DEP on a unit
mass of the beads (mg/g); Cop and C are the concentra-
tions of DEP in the initial solution and in the aqueous
phase after treatment for a certain period of time,
respectively (mg/L); V is the volume of the aqueous
phase (mL); and m is the mass of the PHEMA
nanobeads used (g).

The initial concentration of DEP in the aqueous
phase was determined using calibration plot obtained
with pure DEP solutions at different concentrations.
The measurements were performed spectrophotomet-
rically at 239 nm.

The influence of the pH on DEP adsorption on
PHEMA nanobeads was studied by adjusting aqueous
phase to different initial pH values from 2 to 10. The
initial concentration of DEP was 20 mg/L. The pH
was adjusted using 0.1M HCI and 0.1M NaOH
solutions.

In order to investigate the effect of initial DEP con-
centration on the adsorption capacity of PHEMA
nanobeads, the concentration of DEP in the medium
was varied in the range of 1-300 mg/L at pH 4.0.

2.5. Removal of DEP from different matrices

To evaluate the effectiveness of PHEMA nano-
beads for DEP removal from different media, saliva,
sweat, and tap water samples were used. About
5 ppm DEP solution was spiked to 1 mL of saliva,
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sweat, and tap water samples. And then, different
amounts of PHEMA nanobeads (0.53-2.65 mg) were
added to solutions and recovery values were calcu-
lated. For each sample, three replicate experiments
were performed.

Artificial saliva was prepared by dissolving 0.17 g
of MgCl,-6H,O, 0.15g of CaCl:6H,O, 0.76g of
KoHPO42H0, 0.53 g of KyCO;, 0.33 g of NaCl, and
0.75 g of KCI (analytical-reagent grade, Merck) in 1L
of water and the solution pH was adjusted to 6.8 + 0.1
with 1% HCl (DIN V 53160-1).

Artificial sweat was prepared by dissolving 5.0 g
of NaCl, 1.0 g of urea, and 1.0 g of lactic acid (analyti-
cal-reagent grade, Merck) in 1 L of water and the solu-
tion pH was adjusted to 6.5 + 0.1 with 1% NH; (DIN
V 53160-2).

2.6. Desorption of DEP from PHEMA nanobeads and
reusability

In order to determine the reusability of PHEMA
nanobeads, the DEP adsorption and desorption cycle
was repeated five times using the same nanobeads
(initial DEP concentration: 20 mg/L). The DEP des-
orption from the PHEMA nanobeads was carried out
with a methanol-acetic acid (9:1 v/v) solution by stir-
ring magnetically at 150 rpm at room temperature for
3 h. The beads were separated from desorption med-
ium by centrifuging (Beckman Coulter, Allegra 64R
Centrifuge) at 15,000 rpm for 30 min. The supernatant
was removed and used for determining desorption
amount of DEP. The beads were washed with excess
amount of water several times followed by centrifu-
gation. The same beads were wused for DEP
adsorption.

3. Results and discussion
3.1. Characterization of the PHEMA nanobeads

Nanobeads have larger surface area and therefore
may result in high adsorption capacity. Therefore, it
may be advantageous to synthesize nanobeads with
large surface area and utilize them as suitable carriers
for the adsorption The surface area of the PHEMA

nanobeads was calculated using the following
expression:
10

N = 6.10 53 )
TT. Py d

where N is the number of nanobeads per milliliter; S
is the % of solids; py is the density of bulk polymer
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(g/mL); and d is the nanobead diameter (nm). The
number of nanobeads in mL suspension was deter-
mined by utilizing from mass-volume graph of nano-
beads. From all these data, specific surface area of the
PHEMA nanobeads was calculated by multiplying N
and surface area of one nanobead. The specific surface
area was calculated as 541.4 m*/g PHEMA nanobeads.
It can be clearly seen that the PHEMA nanobeads are
perfectly spherical with a smooth surface as shown by
the scanning electron (SEM) microscopy image
(Fig. 1). Emulsion polymerization provided PHEMA
nanobeads with an average size of 115 nm and a poly-
dispersity index of 0.196 (Fig. SI1). Polydispersity
index is an indicator of aggregation in the nanoparti-
cles. The lower the polydispersity index, the lower the
tendency to aggregate. The low polydispersity index
of PHEMA nanobeads demonstrates the dispersivity
in water. The existence of hydroxyl group on the sur-
face of the PHEMA nanobeads also increases the dis-
persivity in water by ultrasonication. The aqueous
dispersion of nanobeads was stable for several days.

FTIR spectrum of PHEMA is shown in Fig. 2. The
n(O-H) stretching vibration in PHEMA is observed in
the 3,250-3,500 cm ™! as a broad absorption band, indi-
cated a strong band at 1,716 cm™! due to n(C=0)
group and the 2,948 cm™' n(C-H) stretching of CHs,
the 1,268 cm™! n(C-0) stretching vibration.

3.2. Effect of pH on DEP adsorption

One of the most important parameters affecting
the adsorption capacity is pH of solution. Because the

Fig. 1. SEM image of PHEMA nanobeads.
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solution pH could change both the existing form of
the target compound and the charges on the adsorbent
surface. Fig. 3 shows the effect of solution pH on the
amount of adsorbed DEP with PHEMA nanobeads.
The hydroxyl (OH) group in the PHEMA nanobeads
acts as a proton donor. The main interaction is hydro-
gen bond formed between hydroxyl group of PHEMA
and carbonyl group (C=0O) of DEP molecule, which
acts as a proton acceptor. The hydroxyl group of
HEMA has high pK, value (13.82) and so that the
acidity of the OH group is low. The OH groups of
PHEMA act as proton donor in the pH range of 2-10.
The possible interaction between PHEMA nanobeads
and DEP molecules was depicted in Fig. 4. As a result,
the adsorption capacity of the PHEMA nanobeads
hardly varied over the whole pH range of 2-10. The
characteristic feature of the PHEMA nanobeads can be
applicable in real samples without the need to adjust
pH.

3.3. Kinetic studies

Kinetic studies were conducted at three different
temperatures (4, 25, and 45°C) at 20 mg/L initial con-
centration of DEP. The decrease in DEP adsorption with
the increase in temperature from 4 to 45°C shows that
the adsorption is exothermic. As shown in Fig. 5, for all
tested temperatures, adsorption rates were extremely
fast. The result shows that the PHEMA nanobeads can
be effectively used to separate DEP from aqueous med-
ium. For testing the dynamic experimental data,
pseudo-first-order kinetic model, pseudo-second-order
kinetic model, modified Ritchie’s-second-order kinetic
model were used at the initial concentration, 20 mg/L
of DEP and three temperatures (298, 308, and 318 K) for
180 min at pH 4.0.

The linear form of the applied model can be given
as:

. kqt
Pseudo-first-order: log(ge — g:) = log g — 2303 €)]
t 1 1
Pseudo-second-order: — = —s+—t 4)
q kqz  ge
" Y 1 1 1
Modified Ritchie's-second-order: —=——+—  (5)
qr krget  ge

where k; (1/min), k, ((g/mg)/min), and kg (1/min)
are kinetic constants for pseudo-first-order, pseudo-
second-order and Modified Ritchie’s-second-order
kinetic models, respectively. 4. and q; (mg/g) are the
amounts of the DEP adsorbed at equilibrium and at
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Fig. 2. FTIR spectrum of PHEMA nanobeads.
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Fig. 3. Effect of solution pH on the amount of adsorbed
DEP with PHEMA nanobeads.

time (min), respectively. The values of constants in
Egs. (3)-(5) can be obtained from the slopes and inter-
cepts of the fitted curves.

The validities of these three kinetic models for all
temperatures were checked and the values of the
parameters and correlation coefficients obtained from
these three kinetic models are all listed in Table 1. The
correlation coefficients of pseudo-second-order model
greater than 0.9995 (R?) for all temperatures and also
the g, values close to the experimental g, values for all

temperatures indicated the second-order nature of the
present adsorption process.

3.4. Adsorption isotherms

The adsorption behavior of the PHEMA nanobeads
was also investigated. Adsorption isotherms were
studied at the concentration of 7.6 mg/mL PHEMA
nanobeads with the concentrations of the DEP being
varied in the range from 1.0 to 300 mg/L at pH:4.0,
25°C (Fig. 6). The maximum DEP adsorption capacity
of the PHEMA nanobeads was determined as
2651 mg/g at pH 4.0, 25°C. The DEP adsorption
capacity of PHEMA nanobeads were compared with
some reported adsorbents [16,20,25,28-32] and shown
in Table 2.

In order to quantitatively describe the adsorption
capacity of the PHEMA nanobeads, firstly, commonly
used adsorption isotherms, the Langmuir and the Fre-
undlich, were applied to the experimental data. The
Langmuir adsorption isotherm model explains the
variation in adsorption of molecules (adsorbates) with
pressure. The isotherm is based on the assumption
that maximum adsorption occurs when a saturated
monolayer of adsorbate molecules is present on
the adsorbent surface, the energy of adsorption is



E. Tiimay Ozer et al. | Desalination and Water Treatment 57 (2016) 28864-28874

28869

(o]
H:C~ 0
DEP
MVO
/0
Proton acceptor § Hydrogen bond
=
|
/o
Proton donor 2
N oY - g ol
o OIlIIH—0 O—H 1 o= ©
o/v
0
DEP DEP

/\/O
oI H—0

3
J

3
.

DEP

Fig. 4. The interaction between PHEMA nanobeads and DEP molecules.

60

[ 3

——4°C
—a—25°C
——45°C
4 0 50 100 150 200
Time (min)

Fig. 5. Effect of contact time and temperature on the
amount of adsorbed DEP PHEMA (initial DEP concentra-
tion: 20 mg/L, pH 4.0).

constant, and there is no migration or interaction
between the adsorbate molecules in the surface plane
[33,34]. The Freundlich isotherm explains that the

extent of adsorption varies directly with pressure. This
empirical relationship describes the multilayer adsorp-
tion of heterogeneous systems and assumes that dif-
ferent sites share several adsorption energies involved
[35].

The Langmuir adsorption equations are expressed
in Eq. (6):

Ce 1

de - QrKy

Ce

=< 6
+QL (6)

and the Freundlich model equation is expressed in

Eq. (7):

In g = In K¢ +% In C, (7)

where Q; is the maximum adsorption at monolayer
coverage (mg/g), g. is the DEP concentration on the
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Table 1
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Kinetic parameters for the adsorption of DEP onto the PHEMA nanobeads

Pseudo-first-order kinetic

Pseudo-second-order kinetic Modified Ritchie’s-

. model model second order kinetic
Parameters Experimental
Temperature kq x 102 eq ky x 102 eq kr Jeq
X) ge (mg/g) (1/min) (mg/g) R? ((g/mg)/min)  (mg/g) R* (1/min) (mg/g) R?
277 55.03 1.38 6.97 0.9305 1.12 55.56 0.9995 3.80 52.63 0.7063
298 31.38 2.76 6.44 0.9062 1.58 32.26 0.9998 1.74 30.30 0.7577
318 23.59 2.99 3.59 0.7547 3.46 23.81 0.9999 1.10 23.81 0.9793
300 The results shown in Table 3 indicate that the
Ben adsorption of DEP onto PHEMA nanobeads did not
comply with both the Langmuir and the Freundlich
5 200 isotherm models in the wide range of DEP concentra-
:E“O' 150 tion tested. However, the Langmuir and Freundlich
] models fit well with high correlation coefficients at
100 high initial DEP concentration (100-300 mg/L,
50 R?>=09885) and at low initial DEP concentration
(1-100 mg/L, R*=0.9942), respectively. The Q; and
00 100 200 200 400 Ky, values for the adsorption of DEP by the nanobeads

Concentration (mag/L)

Fig. 6. Effect of DEP concentration on the amount of
adsorbed DEP with PHEMA nanobeads (pH 4.0, T: 25°C).

PHEMA nanobeads at equilibrium (mg/g), C. denotes
the concentration of the DEP in solution at equilib-
rium (mg/L), Ky is the Langmuir adsorption equilib-
rium constant (L/mg), reflecting the energy of the
adsorption, Kr and 1/n are the Freundlich characteris-
tic constants, indicating the adsorption capacity and
the adsorption intensity, respectively. The values of K,
and Qp can be obtained from the intercept and slope
of the linear plot of Ce/ge vs. C. and the values of Kg
and 1/n can be obtained from the intercept and slope
of the linear plot of In g, vs. In C,, respectively.

Table 2

calculated from the Langmuir isotherm model were
2941 mg/g and 0.0285 L/mg, respectively. The 1/n
and Kg values for the adsorption of DEP by the nano-
beads calculated from the Freundlich isotherm model
were 1.5554 and 0.237 (mg/g)(L/mg)"/".

The Sips isotherm model (the Langmuir-
Freundlich isotherm model) derived from the limiting
behavior of the Langmuir and Freundlich isotherms
[36] was also used to test experimental data. When C,
approaches a low value, the Sips isotherm effectively
reduces to Freundlich, while at high C,, it predicts the
Langmuir monolayer sorption characteristic. The Sips
linear model is expressed as:

8)

1 1 ( 1 >1/ mq
—=— (=) +
I’Ie Qmasz Ce Qmax

Comparison of DEP adsorption capacity for different adsorbents

Adsorbent Q (mg DEP/g adsorbent) Optimum pH Equilibrium time Refs.
Chitosan bead 0.19 8.0 6h [28]
Molybdate-impregnated chitosan bead 2.64 6.0-9.0 6h [29]
a-Cyclodextrin-linked chitosan bead 2.82 6.0-9.0 6h [30]
Magnetic poly(EGDMA-VP) bead 98.9 3.0-10.0 3h [16]
Graphene-MNPs - 2.0-10.0 15 min [31]
Nyloné nanofibers - 7.0 12.5 min [32]
GO-MNPs 8.71 3.0-10.0 5 min [25]
Poly(EGDMA-MATTrp) beads 590.7 2.0-10.0 50 min [20]
This study 265.1 3.0-10 15 min -
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Table 3

28871

Parameters of Langmuir, Freundlich, and Sips isotherm models for the adsorption DEP onto the PHEMA nanobeads

Langmuir isotherm constants
(100-300 mg/L)

Freundlich isotherm constants
(1-100 mg/L)

Sips isotherm constants
(1-300 mg/L)

Parameters

Temperature Kp x 10% QL Kg (mg/g) K, x 107 Qmax

X) (L/mg) (mg/g) R? (L/mg) n R? (L/mg) (mg/g) R?
298 2.85 294.1 0.9886 0.237 0.643 0.9942 1.60 256.4 0.9996

where K; (L/mg) and Qmax (mg/g) are the Sips equi-
librium constant and maximum adsorption capacity
values obtained from the slope and intercept of the
plot.

In the analysis of the Langmuir, the Freundlich
and the Sips equations applied to the experimental
data, one possible interpretation is that there are two
types of binding, as follows:

(1) In low solution concentration (1-100 mg/L),
the Freundlich isotherm fits the experimental
data. Therefore, PHEMA nanobeads have dif-
ferent binding sites have several adsorption
energies involved. Adsorption process is multi-
layer adsorption. The Freundlich isotherm
model, historically developed for the adsorp-
tion of animal charcoal, demonstrates that the
ratio of the adsorbate onto a given mass of
adsorbent to the solute was not a constant at
different solution concentrations [37]. The SEM
analysis of the PHEMA nanobeads shows that
the nanobeads are approximately 50 nm in
diameter. However, the average size of the
PHEMA nanobeads was determined as 115 nm
in diameter. As a conclusion, the PHEMA
nanobeads aggregate noticeably in aqueous
solution. In this perspective, the amount
adsorbed is the summation of adsorption on all
sites, with the stronger binding sites are occu-
pied first, until adsorption energy are exponen-
tially decreased upon the completion of
adsorption process [38].

In high solution concentration (100-300 mg/L),
inversely the multilayer adsorption in low
solution concentration, the adsorption proceeds
according to the Langmuir isotherm model.
Firstly, the heterogeneous binding sites on
PHEMA nanobeads were occupied with DEP
molecules in solution. Then, the residual DEP
molecules bind to the adsorbed DEP molecules
via weaker van der Waals interactions. This
adsorption process is monolayer adsorption

()

and it can be described by the Langmuir
model. Therefore, the Sips isotherm model
derived from the limiting behavior of the Lang-
muir and Freundlich isotherms fits well the
experimental data with high correlation effi-
cient (R*=0.9996) in the wide range of DEP
concentration tested (1-300 mg/L). The K, and
Qmax Values were determined as 0.016 L/mg
and 256.4 mg/g (Table 3). The high correlation
coefficient and the Qna.x value approximate to
the experimental g. value determined for DEP
adsorption supports the adsorption process
explained above.

3.5. Effect of the amount of nanobeads for different water
media

In order to choose the optimum amount of the
adsorbent for the adsorption of DEP, the adsorbed
amounts of DEP on PHEMA nanobeads were investi-
gated using different amount of PHEMA nanobeads
ranging from 0.53 to 2.65 mg. The effect of the amount
of nanobeads on DEP adsorption was investigated in
different media such as saliva, sweat, and tap water.
The removal efficiencies depicted in Fig. 7 show that
the adsorption of DEP could reach the maximum pla-
teau when the amount of PHEMA nanobeads was
increased to 2.65 mg for all matrices. The removal effi-
ciencies for DEP in artificial saliva, sweat, and tap
water samples fell in the range from 82.4 to 100.0%
and the repeatabilities expressed as the relative stan-
dard deviations (RSDs) varied from 0.2 to 5.3%. The
removal efficiency is highest in artificial sweat samples
for all studied PHEMA nanobead amounts due to the
increase in weak van der Waals interactions via sam-
ple salinity. As a whole, the recoveries of spiked water
samples are very satisfactory. In addition, indepen-
dence of the adsorption amount of DEP onto PHEMA
nanobeads from pH enables the removal of DEP from
different water media without the need to adjust pH.
These advantages of PHEMA nanobeads can be practi-
cable in real water samples.
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Fig. 7. Removal efficiencies of DEP in different matrices
with different amount of PHEMA nanobeads.

3.6. Desorption of DEP from PHEMA nanobeads

Desorption of DEP from PHEMA nanobeads was
carried out in a batch system (initial DEP concentra-
tion: 20 mg/L). The DEP adsorption capacity did not
change during five successive adsorption-desorption
cycles (28.1, 27.6, 28.0, 28.2, and 27.4 mg/g polymer).
These results showed that PHEMA nanobeads can be
repeatedly used in DEP adsorption without excessive
losses in their initial adsorption capacity.

4. Conclusions

In this research, PHEMA nanobeads were pro-
duced by emulsion polymerization. The prepared
nanobeads were characterized and used as an effective
adsorbent for the removal of DEP in water, artificial
saliva, and sweat samples for the first time. Firstly, the
adsorption process of DEP onto PHEMA nanobeads
was clarified with isotherm and kinetic studies. The
application of two isotherm models generally showed
that a single Langmuir or Freundlich equation cannot
fit the entire concentration gap. This indicates that
DEP adsorption probably occurred via two adsorption
mechanisms (multilayer and monolayer adsorptions).
The adsorption process could be best described by the
pseudo-second-order kinetic model. The total capacity
of PHEMA nanobeads was determined as to be
265.1 mg/g at pH 4.0, 25°C. The nanobeads can be
regenerated easily without loses in initial adsorption
capacity. The results obtained for different water
media such as saliva, sweat, and tap water indicated
that PHEMA nanobeads could be a promising adsor-
bent for solid-phase extraction with great application
potentials.
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Abbreviations

Px — the density of bulk polymer (g/mL)

1/n — the Freundlich constant indicating the
adsorption intensity

Co — initial concentration of DEP in solution (mg/L)

Ce — concentration of DEP at equilibrium (mg/L)

d — the nanobead diameter (nm)

kq — the kinetic constant of pseudo-first-order
kinetic model (1/min)

ka — the kinetic constant of pseudo-second-order
kinetic model ((g/mg)/min)

Kg — the Freundlich constant indicating the
adsorption capacity (mg/g) (L/mg)'/")

Ky ~ — the Langmuir adsorption equilibrium constant
(L/mg)

Kr — the kinetic constant of Modified Ritchie’s-
second-order kinetic model (1/min)

Ks — the Sips equilibrium constant (L/mg)

m — the mass of the nanobeads used (g)

Q — the amount of adsorbed DEP on a unit mass of
the beads (mg/g)

Je — the amount of DEP adsorbed at equilibrium
(mg/g)

(0)3 — the maximum amount of DEP adsorbed per
unit mass adsorbent (mg/g)

Qmax — maximum adsorption capacity (mg/g)

qr — the amount of DEP adsorbed at any time
(mg/g)

R? — linear regression coefficient

S — the % of solids

T — temperature (K)

t — time (min)

14 — the volume of the aqueous phase (mL)
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