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Abstract: Nanoporous track-etched membranes (TeM) are promising materials as adsorbents to
remove toxic pollutants, but control over the pore diameter and density in addition to precise
functionalization of nanochannels is crucial for controlling the surface area and efficiency of TeMs.
This study reported the synthesis of functionalized PET TeMs as high-capacity sorbents for the
removal of trivalent arsenic, As(III), which is more mobile and about 60 times more toxic than As(V).
Nanochannels of PET-TeMs were functionalized by UV-initiated reversible addition fragmentation
chain transfer (RAFT)-mediated grafting of 2-(dimethyamino)ethyl methacrylate (DMAEMA), al-
lowing precise control of the degree of grafting and graft lengths within the nanochannels. Ag NPs
were then loaded onto PDMAEMA-g-PET to provide a hybrid sorbent for As(III) removal. The
As(III) removal efficiency of Ag@PDMAEMA-g-PET, PDMAEMA-g-PET, and pristine PET TeM was
compared by adsorption kinetics studies at various pH and sorption times. The adsorption of As(III)
by Ag@DMAEMA-g-PET and DMAEMA-g-PET TeMs was found to follow the Freundlich mechanism
and a pseudo-second-order kinetic model. After 10 h, As(III) removal efficiencies were 85.6% and
56% for Ag@PDMAEMA-g-PET and PDMAEMA-g-PET, respectively, while PET template had a very
low arsenic sorption capacity of 17.5% at optimal pH of 4.0, indicating that both PDMAEMA grafting
and Ag-NPs loading significantly increased the As(III) removal capacity of PET-TeMs.

Keywords: composite track-etched membranes; reversible addition-fragmentation chain trans-
fer polymerization; poly(2-(dimethyamino)ethyl methacrylate); silver nanoparticles; arsenic(III)
removal; sorbent

1. Introduction

As an extremely toxic element to human health and the environment, arsenic is quite
ubiquitous based on both natural and anthropogenic sources. It is naturally present at high
levels in the groundwater of a number of countries and estimates put the number of people
poisoned by arsenic in the hundreds of millions mainly due to increased groundwater
uptake, perhaps the largest poison in world history [1,2]. The application of functional
materials with high surface area and multiple uses is rapidly growing in addressing this
global health and environmental concern.

The development of tailor-made membranes in which mass transfer and phase bound-
ary properties can be regulated can create practical and effective alternatives for removing
water contaminants, including arsenic [3,4]. Membranes with controllable high rough-
ness, such as nanoporous track etched membranes (TeMs), are of particular interest, since
unclogged and effectively functioning nanochannels can work locally at high rates and
with high selectivity. TeMs have a unique pore structure that offers the smallest tolerances
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regarding pore diameter and density compared with alternative porous membranes in the
literature. The two-step process applied in their preparation (bombardment with acceler-
ated heavy ions and subsequent chemical etching) allows them to precisely target specific
requirements regarding the size and density of the nanochannels, which affect surface area,
a key focus of absorption studies [5–7].

Grafting of polymers on TeMs has become a common practice for obtaining specific
chemical functionalities inside the nanochannels [8]. Most of the surface properties of
materials are determined by the phase at the boundary between the substrate and the
environment. Surface modification controls the boundary properties such as adhesion,
wettability, protection against corrosion, ion-exchange, and biocompatibility to withdraw
the attention of many application areas such as biomedical, automobile, lubrication, and
depollution. One of the most effective methods used by researchers to obtain materials with
new surface properties is graft copolymerization [9–11]. This technique is commonly used
because it builds a robust chemical bonding between the substrate and the new functional
layer. Although conventional graft copolymerization is very effective in changing the
surface properties, it is quite insufficient in making this change in a controlled way. It
is not possible to adjust a number of properties, particularly the molecular weights and
architectures of polymer chains grafted to substrate via the conventional free radical graft
copolymerization techniques [9,12,13]. Especially in the case of confined spaces such as
nano-sized channels, as with TeM’s, using traditional grafting methods can lead to their
plugging, which means losing the most basic advantage, i.e., high surface area, from the
beginning [12]. Incorporation of reversible-deactivation radical polymerization (RDRP)
techniques to nanochannel functionalization by grafting is promising as these techniques
allow precise control of the degree of grafting and graft lengths within the nanochannels so
that they do not block the pores for subsequent applications. RDRP methods such as atom
transfer radical polymerization [13,14] and reversible addition fragmentation chain transfer
polymerization (RAFT) [15,16] have been successfully applied in nanochannel grafting in a
controlled manner.

In light of the foregoing, in this study we combined different strategies to develop a
high-capacity sorbent membrane for the removal of trivalent arsenic, As(III), which is a
major drinking-water contaminant. The toxicity and health hazards of arsenic are well-
known [17,18]. Due to the high affinity of arsenic for protein, both trivalent and pentavalent
forms easily accumulate in living tissues [19]. The lower-oxidation-state form, i.e., As(III),
is more mobile and about 60 times more toxic than As(V) [20]. In groundwater, As(III) is
present as H3AsO3, H2ASO3

−, and HAsO3
2−, which are not efficiently absorbed by miner-

als, while As(V) is readily absorbed onto solid mineral surfaces [21]. Due to its higher toxic-
ity and mobility, further research is required to remove As(III). It is a well-known method to
use polymers, such as poly(2-(dimethyamino)ethyl methacrylate) (PDMAEMA), to remove
arsenic from aqueous media due to their high sorption capacity [22,23]. PDMAEMA is a
water-soluble cationic polymer with tertiary amine functional groups prone to complex-
ation with arsenic. Another approach to remove fairly high amounts of As(III) is to use
nanoparticles (NPs) of metal oxides [24], such as TiO2 [25–27], Fe2O3 [28], Fe3O4 [29,30],
CeO2 [31], CeO2-ZrO2 [32], CuO [33], Cu/CuO [34,35], Al2O3 [36], ZrO2 [37], and CaO2 [38].
Zerovalent metal NPs such iron NPs [39], palladium NPs [40], and silver (Ag) NPs [41,42]
have also been shown to be effective in As(III) removal. Besides being effective in the
removal of other contaminants such as Co(II) and Pb(II) [43], Ag NPs are also notable
for being widely used in drinking water disinfection due to their excellent bactericidal
performance [44]. A recent study by Mukherjee et al. showed, not only through the results
of atomic absorption spectroscopy but also by several biophysical techniques as well as
interaction studies, that monolayer protected Ag NPs efficiently remove As(III). The ad-
sorption capacity reported (4.69 mg/g) was superior to some well-known nanoadsorbents
such as maghemite (γ-Fe2O3) and zero-valent iron [41].

From the above discussion, an urge motivates us to use Ag NPs simultaneously with
a well-performing polymer adsorbent, i.e., PDMAEMA to remove arsenic from aqueous
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media. The present paper firstly reported on the combination of RAFT polymerization and
graft copolymerization to functionalize the entire surface and interior of the nanochannels
of track-etched PET membrane with PDMAEMA. The well-defined PDMAEMA chains
grown by RAFT mediated grafting from the etched nanochannel walls and surface of the
PET membrane via the UV-activation of a photoactive tethering reagent, i.e., benzophenone
moiety, immobilized to the whole surface provided a functional absorbent surface towards
As(III) ions and also stabilized the Ag NPs to be loaded in the next step, as schematically
illustrated in Figure 1. Entire PET TeM surfaces functionalized both by PDMAEMA and
Ag NPs served as a hybrid sorbent for the removal of As(III).
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2. Materials and Methods
2.1. Materials

Benzophenone (BP), ethanol, methanol, sodium hydroxide (NaOH), hydrogen perox-
ide (H2O2), 2-(dimethyamino) ethyl methacrylate (DMAEMA), hydrochloric acid (HCl), hy-
drazine hydrate, potassium ethyl xanthogenate (PEX, 96%), and methyl-2-bromopropionate
(MB, 98%) were purchased from Sigma Aldrich (Schnelldorf, Germany). DMAEMA was
passed through an alumina column to remove the polymerization inhibitor. O-ethyl-S-
(1-methoxycarbonyl) ethyl dithiocarbonate (RA1) was applied as the RAFT agent and
synthesized according to the literature using PEX and MB (yield: 95.1%) [45].

The certified reference solution at a concentration of 0.1 g/L As(III) was purchased
from Ecroskhim (Sankt-Petersburg, Russia). The water used in all the experiments was pu-
rified using a “Aquilon—D301” water purification system with a resistivity of 18.2 MΩ/cm
(Aquilon, Podolsk, Russia).
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2.2. Irradiation and Track-Etching of PET Films

To obtain polymer templates, a PET Hostaphan® RNK film (film thickness is 12.0 microns)
was irradiated by 84Kr15+ ions with 1.75 MeV/nucleon energy and 4.2 × 107 ion/cm2

fluency (Cyclotron DC-60, Institute of Nuclear Physics of Kazakhstan) and then etched in
2.2 M NaOH. At the end, PET TeMs with an average pore diameter of 385 ± 9 nm were
attained. Samples were kept in air at room temperature.

2.3. Grafting of PDMAEMA from the Nanochannels of PET TeMs (PDMAEMA-g-TeMs)

Benzophenone (BP) is frequently used as a photoactive tethering reagent to function-
alize the surface of various materials, including commercial plastics and fabrics [46–48].
There is a straightforward relationship between the immobilized BP concentration on a
surface and grafting yield. In order to increase the amount of BP immobilized on the PET
TeMs, oxidation of the substrate, thus increasing the carboxyl group concentration on the
surface, has been reported as an effective strategy [49–51]. Therefore, PET TeM films were
first oxidized prior to UV-induced grafting experiments. In the oxidation step, pristine PET
TeMs were treated with a 500 mM H2O2 solution at pH 3 for 180 min under UV irradiation
(190 W at 254 nm) [52]. The samples were then washed twice with deionized water and
air-dried at room temperature for 5 h. The amount of -COOH groups was determined
via a titration method and was determined as 18.17 ± 3.2 nmol/cm2 (average of five mea-
surements). For the immobilization of BP, the oxidized PET TeMs were soaked in 5% BP
in DMF (w/v) and kept in a shaking water bath at 150 rpm for 24 h at room temperature.
The membranes on which BP was physically attached were then washed with water and
ethanol, dried, and rapidly used for the grafting experiments.

Grafting of DMAEMA from the BP-immobilized PET TeMs was carried out in a con-
trolled manner by RAFT polymerization using two molar ratios of DMAEMA and the
xanthate-based RA1 RAFT agent ([DMAEMA]/[RA1] = 500, 1000). The concentration
of DMAEMA was varied as 5%, 10%, 20%, 30%, and 40% (w/v) in a total solution vol-
ume of 10.0 mL. The solutions were prepared using four different solvents, i.e., water,
acetone:water (1:1, v/v), ethanol:water (1:1, v/v), and ethanol. Reaction solutions were
put into sealed flasks containing BP-immobilized TeMs and degassed with argon for 10
min prior to polymerization. Two different polymerizations, thermal and UV-initiated,
were examined. For thermal polymerizations, a water-soluble thermal initiator, namely
4,4′-Azobis-4-cyanopentanoic acid (ACPA), was also added to reaction medium and the
solutions were placed in a shaking water bath (150 rpm, IKA KS 3000 IS control, (IKA,
Konigswinter, Germany)) at 70 ◦C for 60 to 1440 min. For UV-assisted graft copolymeriza-
tion, samples were placed under a UV-lamp (15 W at 295 nm, Ultra-Vitalux 300 W, Osram,
Augsburg, Germany) at a distance of 7 cm where the reaction time was varied from 30 to
1440 min. After each predetermined grafting period, the grafted films (PDMAEMA-g-TeMs)
were taken from the reaction medium and washed with deionized water by periodically
changing the solvent. Degree of grafting (DG) was determined from initial and final weights
obtained using an analytical balance (Mettler Toledo, Columbus, OH, USA) and calculated
with an accuracy of ±0.05 mg using the Equation (1):

DG =

(
w f − wi

)
wi

× 100% (1)

where, wf is the weight of the PDMAEMA-g-TeMs films and wi is the weight of the BP-
immobilized PET TeMs.

2.4. Quaternization of PDMAEMA-g-TeMs (Q-PDMAEMA-g-TeMs)

According to the procedure described elsewhere [53], samples of PDMAEMA-g-TeMs
were immersed in dimethyl sulfate (DMS) solution in DMF and heated in water bath at
65 ◦C for 24 h with stirring. After that, the samples were removed from reaction medium
and washed with DMF, water, and methanol several times and dried at room temperature.
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The degree of quaternization for Q-PDMAEMA-g-TeMs samples, which describes the
amount of nitrogen atoms quaternized, was calculated from the mass increment after the
quaternization process. Approximately 90% quaternization was achieved in 24 h.

2.5. Loading of Ag NPs onto PDMAEMA-g-TeMs (Ag@PDMAEMA-g-TeMs)

Prior to electroless plating of silver, PDMAEMA-g-TeMs were immersed in a saturated
solution containing AgNO3 in order to adsorb silver ions on the surface of the sample. This
procedure was carried out at the temperature of 25 ◦C for 5 h in a shaker (130 rpm, IKA KS
3000 IS control, (IKA, Konigswinter, Germany). Afterward, samples were removed from
saturated solution of silver nitrate and reduced by hydrazine hydrate (1:1 with deionized
water). The amount of silver deposited was determined gravimetrically based on the
difference in the weights of the composite before and after plating with an accuracy of
0.1 mg (AS 220.R2, Radwag, Radom, Poland) and expressed in units of mg/cm2.

2.6. Batch Absorption Experiments

All experiments conducted to determine the As(III) adsorption performance of TeMs
were carried out using batch equilibrium techniques. Feed As(III) solution (100 ppm,
pH 4.0) was prepared by diluting the certified As(III) reference solution (0.1 g/L, Ecroskhim,
Russia). Adsorption kinetics were studied at an As(III) concentration of 50 µg/L (pH 4.0).
Disposable plastic vials (Isolab, Eschau, Germany) containing 15.0 mL of solution and
2 × 2 cm of composite adsorbate were shaken (100 rpm, IKA KS 3000 IS control, (IKA,
Konigswinter, Germany) at room temperature for different times between 15 min and
10 h. Each experiment was repeated in triplicate. The concentration of As(III) in aliquots
was determined by ICP–MS (Thermo Fisher Scientific, XSeries 2, Bremen, Germany). The
adsorbed amount of As(III) was calculated using Equation (2) [34]:

Qe =
(C0 − Ce)×V

m
(2)

where Qe is the amount of As(III) adsorbed by the unit mass of TeMs (mg/g), C0 is the
feed concentration (mg/L), Ce is the concentration of As(III) in aliquots (mg/L), V is the
volume of the solution (L), and m is the amount of silver loaded on the membrane used (g).
In the case where the pristine template was tested, the weight of PDMAEMA-g-TeMs and
Q-PDMAEMA-g-TeMs were used in m (g).

The effect of pH on As(III) adsorption was studied in the pH range of 3 to 9. Other
parameters were kept constant (initial As(III) concentration: 50 ppm; adsorbent dose:
2 × 2 cm2; contact time: 300 min). The pH of the solution was adjusted dropwise with
1.0 N HCl(aq) and 1.0 N NaOH(aq). The pH was measured using a digital pH meter,
HANNA HI2020-02 (HANNA Instruments, Smithfield, UT, USA). All experiments were
performed in triplicate.

The charge on the adsorbent surface depending on the pH value was studied by
determining the pHzpc value in the pH range from 3.0 to 9.0 according to the method
described in ref. [54]: 10 mL of NaCl solution (0.01 M.) was brought to the desired pH value
(pHi) by adding 0.1 M. of HCl or NaOH. After that, sample with the size of 2 cm × 2 cm was
added to each flask and shaken on a shaker IKA KS 3000i (IKA, Konigswinter, Germany)
for 12 h at room temperature and the final pH (pHf) of the filtrate was measured using
HANNA HI2020-02 pH-meter (HANNA Instruments, Smithfield, Smithfield, UT, United
States of America).

2.7. Characterizations

PET TeM films were visualized by environmental scanning electron microscopy (SEM,
FEI Quanta 200F ESEM, ThermoFisher Scientific, Hillsboro, OR, USA) operating at 10 kV.
The elemental composition of the composites was studied by a Hitachi TM3030 SEM
(Hitachi Ltd., Chiyoda, Tokyo, Japan) equipped with a Bruker XFlash MIN SVE (Bruker,
Karlsruhe, Germany) microanalysis system at an accelerating voltage of 15 kV.
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Attenuated Total Reflectance Fourier Transform Infra-Red (ATR-FTIR) spectroscopy
measurements were carried out in ATR mode using a Spectrum One FTIR spectrometer
(Perkin Elmer, Waltham, MA, USA). Each spectrum was obtained in the wave number
range of 4000–450 cm−1, with a discrimination of 4.00 cm−1, from 32 scans.

The crystal structure of the nanoparticles was examined on a D8 Advance diffrac-
tometer (Bruker, Karlsruhe, Germany) in the angular range of 2θ 30–80◦ with a step of
2θ = 0.02◦ (measuring time: 1 s, tube mode: 40 kV, 40 mA). The mean size of crystallites
was determined via the broadening of X-ray diffraction reflections using the Scherer equa-
tion [55]. The phase composition was determined using the Rietveld method, which is
based on approximating the areas of the diffraction peaks and determining the convergence
with reference values for each phase [34]. The volume fraction of the composite phase was
determined using Equation (3):

Vadmixture =
RIphase

Iadmixture + RIphase
, (3)

where Iphase is the average integral intensity of the main phase of the diffraction line, Iadmixture
is the average integral intensity of the additional phase, and R is the structural coefficient
equal to 1.

XPS measurements were carried out using a Thermo Scientific K-Alpha spectrometer
(Waltham, MA, USA) with a monochromatized Al Kα X-ray source (1486.6 eV photons) at
a constant dwell time of 100 ms, pass energy of 30 eV with a step of 0.1 eV for core-level
spectra and 200 eV with a step of 1.0 eV for survey spectra. The pressure in the analysis
chamber was maintained at 2·10−9 Torr or lower. All samples were analyzed at a take-off
angle of 90◦. Surface elemental composition was determined using an X-ray spot size
of 400 µm by varying the energy between 0 and 1000 eV. Binding energies (BEs) were
referenced to the C1s hydrocarbon peak at 285 eV. Processing of the data was carried out
using Avantage software (version 5.41, 2019, Waltham, MA, USA).

The pore size of the pristine and grafted TeMs and the structural parameters of the
composites obtained were determined by porometry using the Hagen–Poiseuille equa-
tion [7]. X-ray diffraction (XRD) patterns were obtained on a D8 Advance diffractometer
(Bruker, Karlsruhe, Germany) to study the crystalline structure of the samples. X-ray was
generated at 25 mA and 40 kV, and the scanning position ranged from 30◦ to 90◦ 2(θ). The
average crystallite size was determined using the Scherrer equation [56].

The surface morphology of the pristine, grafted, and composite membranes was
studied by a scanning probe microscope (SmartSPM-1000, NT-MDT, Novato, CA, USA)
in semicontact mode using an NSG10 (TipsNano, Tallinn, Estonia) rectangular-shaped
silicon cantilever (length, 95 ± 5 µm; width, 30 ± 5 µm; thickness, 1.5–2.5 µm; probe tip
radius, 10 nm; resonance frequency, 200 kHz). Initial scanning of a 10 × 10 µm2 sample
was performed at a speed of 5.0 µm/s. The average roughness was calculated from a
3 × 3 µm2 scanning area. The data obtained were processed and analyzed by using the
IAPRO-3.2.2 software.

The water contact angle (CA) values of oxidized and PDEMAEMA grafted PET TeM
surfaces were measured at ambient temperature using a DSA-100 goniometer system (Krüss
Company, Hamburg, Germany). The average CA was obtained by at least three repetitive
measurements by 10 µL drop volume of deionized water using the Young–Laplace method
of the Drop Shape Analysis program (Krüss Company, Hamburg, Germany).

Thermal properties of polymers were recorded using a Perkin–Elmer thermogravimet-
ric analyzer Pyris 1 TGA (Perkin Elmer, Waltham, MA, USA). Analyses were conducted
over the temperature range from 30 to 600 ◦C with a programmed temperature increment
of 25 ◦C min−1 under N2 atmosphere.
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3. Results
3.1. Characterization of the Composite Membranes

Polymers synthesized by RDRP techniques possess well-defined molecular architec-
tures and are used in many applications such as drug-delivery [57], sensors [58,59], molec-
ular imprinting [60,61], polymer–protein conjugates, development of cylindrical, spherical,
hyper-branched polymers, pH or temperature responding smart polymers, etc. [62]. These
studies prove that the versatile RDRP techniques can meet the requirements of highly
functional complex polymeric architectures that have the advantage of well-defined and
controllable properties. Among the parameters that determine the success of the RAFT
mechanism in controlling the polymer architecture, the selection of the RAFT agent is
particularly important. Xanthate-type RAFT agents (dithiocarbonates) have emerged as
functional chain transfer agents (CTAs) mostly used for the controlled synthesis of less-
activated monomers containing a double bond adjacent to an electron-withdrawing group
such as nitrogen, oxygen, or halogen atom. The RAFT polymerization of DMAEMA can
be successfully carried out using a xanthate such as RA1 [63]. Grafting of monomers on
BP-immobilized PET substrate can be carried out thermally [64] or by UV-initiation [50].
Activating BP thermally, instead of photochemically, is promising because most of the
common RAFT agents have low resistance against UV-radiation. Therefore, we first carried
out the grafting of DMAEMA by thermally initiated protocol. Unfortunately, the highest
DG attained at almost 24 h was only 2.4% at a DMAEMA feed concentration of 10% (v/v).
This low grafting rate is not satisfying for many applications. Therefore, confirming the
UV-stability of the RAFT agent used (Supplementary Information, Figure S1a), we decided
to carry out the grafting under UV irradiation. It is well documented that the photochemi-
cally generated triplet state of BP is able to abstract a labile hydrogen atom from almost all
polymers, which causes the formation of high concentrations of radicals on the substrate
surface [65]. The resulting radicals on the surface combine with monomers in the polymer-
ization medium and graft copolymerization takes place over the entire surface area where
BP generates radicals, including the nanochannel interiors, as schematically illustrated in
Figure 1 [65,66]. This photoinduced grafting method has been used to covalently attach
various polymers to a wide range of substrates for many different applications such as
sensors [64], lithography [67], biosensors [68], organic semiconductors [69], etc.

UV-initiated grafting of DMAEMA was carried out by varying monomer concen-
tration, reaction time, and solvent choice as summarized in Table S1, Supplementary
Information. As a result of the polymerizations carried out in water, the desired amount of
grafting was obtained by changing the reaction time or monomer concentration, as seen in
Figure 2a,b and Table S1. However, a rapid gel formation and precipitation was observed
during polymerizations in water. Even after 30 min of UV irradiation, the solution became
cloudy (see Figure S1b, Supplementary Information), which is an obstacle to achieving the
structural control expected from RAFT polymerization mechanism. In addition, the gelling
observed in the aqueous medium can lead to the closure of the nanochannel inlets and the
inability to graft their interiors, resulting in a heterogeneous grafting profile and possible
performance losses in subsequent applications. It was observed that gelation did not occur
in other solvents studied. Among them, the highest degree of grafting (DG) was obtained
in the acetone-water (1:1, v/v) mixture as seen in Table S1, Supplementary Information
(compare entries 5, 20–22).

In the light of these results, acetone-water mixture and 20% (v/v) monomer concentra-
tion, where the desired level of grafting can be achieved without causing overheating of
the polymerization solution under UV-irradiation, were chosen as the optimal conditions
for further studies. Increasing the [DMAEMA]/[RA1] molar ratio leads to an increase in
the targeted theoretical molecular mass of polymer chains and an acceleration of polymer
kinetics, and thus an increase in grafting degree [45,70]. To further increase the DG, we
reduced the amount of RAFT agent used by changing the [DMAEMA]/[RA1] molar ratio
from 500/1 to 1000/1. As can be seen from entries 23 and beyond in Table S1, reducing
the amount of RAFT agent resulted in an increase in DG, although other parameters were
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similar. Grafting of DMAEMA from PET-TeMs in water yielded DGs less than 35% for
up to 255 min (Figure 2c), whereas higher DG values and moreover a linear trend were
observed in the acetone-water mixture (Figure 2d), indicating the suitability of this solvent
mixture for achieving high values and linearity in DG by reaction time and the presence of
a controlled grafting fashion. Conventional grafting carried out in the absence of RAFT
agent (entries 35–38, Table S1) resulted in much higher DG values compared with those
mediated by the RAFT mechanism under the same experimental conditions. This is a clear
indication that grafting of DMAEMA from PET TeMs proceeds in a controlled manner by
the xanthate-based RAFT agent used, namely RA1. The chemical structures of TeM prior
to the grafting and PDMAEMA-g-PeM samples with different DGs were evaluated using
FTIR spectroscopy as shown in Figure 3a. Besides the characteristic peaks of PET struc-
ture (denoted as blue dashed lines), new characteristic absorption peaks of PDMAEMA
(red lines) can be identified in the grafted samples. Grafting of PDMAEMA from TeMs
significantly led to the appearance of the stretching vibrations of C-H in -N(CH3)2 moi-
eties at around 2940, 2820, and 2760 cm−1. Carbonyl stretching vibration of the TeM was
observed at 1712 cm−1 prior to grafting, while a slightly higher wavenumber (1720 cm−1)
was observed after the grafting of PDMAEMA. In addition, the stretching vibration at
1145 cm−1 corresponding to C-N vibrations and -CH2 deformation peak of the PDMAEMA
backbone at 1454 cm−1 were identified in the spectra of the grafted samples [71,72]. All the
characteristic peaks of PDMAEMA became more distinct with increasing DG.
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Figure 2. Effect of monomer concentration (t = 50 min) (a) and reaction time on the UV-initiated,
RAFT-mediated grafting of DMAEMA (20%, v/v) from PET-TeMs using [DMAEMA]/[RA1] molar
ration of 500/1 in water (b). Effect of reaction time on the UV-initiated, RAFT-mediated grafting
of DMAEMA (20%, v/v) from PET-TeMs using [DMAEMA]/[RA1] molar ratio of 1000/1 in water
(c) and in acetone:water (1:1) (d).
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Figure 3. FTIR spectra of pristine PET TeM and PDMAEMA grafted membranes with different
degrees of grafting (a). XPS survey wide scan spectra (b) and core-level C 1s spectra of PET TeM, BP
immobilized PET TeM (BP@TeM), and PDMAEMA-g-TeM (DG: 12%) (c).

The chemical structures of TeM prior the grafting and PDMAEMA-g-PeM samples
with different DGs were evaluated using FTIR spectroscopy as shown in Figure 3a. Besides
the characteristic peaks of PET structure (denoted as black dashed lines), new characteristic
absorption peaks of PDMAEMA (red lines) can be identified in grafted samples. Grafting
of PDMAEMA from TeMs significantly led to the appearance of the stretching vibrations
of C-H in -N(CH3)2 moieties at around 2940, 2820, and 2760 cm−1. Carbonyl stretching
vibration of the TeM was observed at 1712 cm−1 prior to grafting, while a slightly higher
wavenumber (1720 cm−1) was observed after the grafting of PDMAEMA. In addition, the
stretching vibration at 1145 cm−1 corresponding to C-N vibrations and -CH2 deformation
peak of the PDMAEMA backbone at 1454 cm−1 were identified in the spectra of the grafted
samples [71,72]. All the characteristic peaks of PDMAEMA became more distinct with
increasing DG.

In order to elucidate the composition and chemical environment of the samples along
the surface extending from the top monolayer to a depth of about 10 nm, we carried out
XPS analysis. Figure 3b shows the survey wide scans for photoelectrons emitted from
oxidated, BP-immobilized, and PDMAEMA-grafted (DG: 12%) PET TeMs. The O/C molar
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ratio, calculated as 2.7/5 from XPS data for oxidized TeM, was higher than the theoretical
value of 2.5 for PET, which is expected due to the oxidation on the surface. As a result
of the immobilization of BP to the surface, this molar ratio decreased to approximately
1/9, confirming that the surface was enriched in carbon due to the immobilization of BP
molecules on the topmost surface of PET. Following grafting of PDMAEMA, which is richer
in oxygen compared with BP, this ratio increased in favor of O, as can be seen from the
bottom spectrum in Figure 3b.

It is worth noting that the presence of N atoms in the structure of PDMAEMA causes
a strong N 1s peak to appear around 400 eV. The C/N molar ratio of the grafted sample
was 7.6/1, very close to the theoretical value of 8/1 for DMAEMA. This molar ratio and the
overall appearance of the spectrum for the sample with a higher grafting degree (DG: 29%,
data not presented here) were almost identical, indicating that a PDMAEMA layer of at
least 10 nm thick had already covered the surface, in agreement with the SEM findings to be
discussed below. In addition, a small contribution of S atoms in the spectrum of the grafted
sample is remarkable because it corresponds to the RAFT chain-end moieties and indicates
that the grafted PDMAEMA layer is grown through the RAFT mechanism. High-resolution
C 1s core level photoelectron spectra of these the same samples, which clearly show the C
atoms bound to another C or H, as well as those bound to hetero atoms (O or N), are given
in Figure 3c. The previously reported binding energies of PET are in excellent agreement
with our data [64]. The shape or position of the C peak components changes depending on
the modification carried out. Due to the immobilization of BP, there has been a significant
decrease in the amount of C species bound to O. The presence of O-C=O species emerging
at about 289.5 eV is attributed to photoelectrons emitted from the PET substrate. After
grafting, however, the surface was enriched in hetero atom-bounded species. In addition,
a slight shift in the binding energy of C-C species is attributed to a completely different
chemical environment, indicating the coverage of the surface by PDMAEMA layer.

SEM was used to investigate the changes in the morphology and pore diameter of
grafted membranes as DGs increase. Figure 4 shows both the evolution of the surfaces of
pristine and PDMAEMA grafted nanoporous PET TeMs, along with their corresponding
measured pore diameters.

For the ungrafted TeM, the pore diameter was about 437 ± 38 nm (Figure 4a) while
the diameter of the PDMAEMA grafted membrane with 12% DG was about 306 ± 32 nm
(Figure 4b) showing a decrease of about 130 nm in the diameter of the pores. The SEM-
EDX atomic mapping image presented in Figure 4c for C, O, and N shows that these
elements were uniformly distributed over the entire surface and that the surface was
homogeneously covered with PDMAEMA, especially due to the presence and distribution
of N atoms. As the immobilized BP is able to cleave the labile hydrogen atoms only on
the topmost surface level, the created radials are on the surface and hence the growing
PDMAEMA chains occurs only from the surface, and not through the inside the PET
bulk. The increase in DG therefore leads to an increase in the thickness of the grafted
PDMAEMA layer on the nanochannel walls. As can be seen by comparing Figure 4a,b,d,e,
the pore diameter decreased as a function of DG, appraising gradual saturation of the
nanochannels and reflecting the living/well-controlled character of the RAFT-mediated
radical copolymerization between PDMAEMA grafts and the PET TeMS. In Figure 4e, no
open pores were observed for the sample with DG of 35%, but the entries of some fully
loaded pores were evident. This SEM image shows that the nanochannels were completely
filled by the grafted PDMAEMA and the excess overflows from the pores giving crater-like
formations. Similar formations and closure of the pores (red arrows) began to appear in
the SEM image of the 29% PDMAEMA grafted membrane (Figure 4d), along with some
still-open pores around a few tens of nm in diameter (yellow arrows). In the light of these
observations, the optimal grafting degree was determined to be around 20%. From the SEM
images, morphological changes are evident not only inside the nanochannels but across
the entire surface of the TeMs. This SEM study allows visualizing at the nanoscale that the
initiation of the polymerization takes place from the pore walls and the entire surface of
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the PET TeMs, as supported by the XPS analysis as well. Another striking result obtained
from the SEM analysis is that, in the SEM image of the conventionally grafted sample
(Figure 4f), unlike the RAFT-initiated grafting, it is seen that the surface completely covered
by a PDMAEMA layer with irregular morphology and all the nanochannels were clogged
at a grafting degree of 22%, indicating a non-gradual and uncontrolled grafting fashion.
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Figure 4. SEM image of pristine PET TeM (a), PDMAEMA-g-TeM (DG: 12%) (b), SEM-EDX elemental
mapping for C (red), O (blue), and N (green) for PDMAEMA-g-TeM (DG: 12%) (c). SEM image of
PDMAEMA-g-TeM (DG: 29%) (d), SEM image of PDMAEMA-g-TeM (DG: 35%) (e), and SEM image
of PDMAEMA-g-TeM (DG: 22%) synthesized by a conventional method instead of RAFT-mediated
grafting (f).

In addition to the structural characterizations, the study of the thermal behavior of the
grafted samples indicated that the aforementioned modifications were carried out success-
fully. The TGA thermograms presented in Figure S1 and their comparison in Figure 5a show
that in addition to the characteristic one-step thermal degradation profile of intact PET TeM
observed between 327 and 534 ◦C with a mass loss of 84.9% [73], an additional degradation
step appeared at approximately 200–350 ◦C range upon PDMAEMA grafting. This new
degradation peak belongs to PDMAEMA [74], and its intensity increased with an increase
in DG. The contact angle (CA) measurements provide important information about the
changes occurring on the surface. The oxidized PET-TeM (Figure 5b) gave a CA of 80.5◦, in
accordance with the previous data [75]. It was observed that the CA decreased significantly
from 80.5◦ to 76.1◦, 69.8◦, and 66.0◦ for PDMAEMA grafted membranes with 12%, 22%,
and 29% DG, respectively, depending on the hydrophilic character of PDMAEMA grafts
compared to PET substrate. However, the water droplet spread less on the surface beyond
29% grafting, yielding an increase in CA values. As can be seen from the digital images
of PDMAEMA-grafted PET TEMs (Figure S2 of Supplementary Information), the surface
character of the grafted membranes did not change significantly by DGs up to 29%, while
it differed markedly for samples with higher grafting degrees. The observed increase in
CA values of membranes with high DGs may be due to the increase in roughness [76].
Quaternization and Ag NPs loading processes also cause serious changes in CA. Due to
the increased hydrophilicity after quaternization [77], the CA value of the membrane with
22% DG decreased from the initial value of 69.8◦ to 45.2◦ (Supplementary Information,
Figure S3a,b). On the other hand, following the deposition of Ag NPs to the membranes,
there was a very significant increase in CA, mainly due to increased porosity, in agreement



Polymers 2022, 14, 4026 12 of 25

with previous reports [78,79]. As can be seen from Figure S3c, CA increased to 98.0◦ for the
PDMAEMA grafted sample after the deposition of Ag NPs. For the quaternized membrane,
loading of Ag NPs increased the CA from 45.2◦ to 60.3◦.
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Figure 5. Thermogravimetric curves for pristine and PDMAEMA grafted PET TeMs heated in a
50–650 ◦C range (a). Contact angle (CA) measurements of oxidized PET TeM (b) and PDMAEMA
grafted TeMs with different DGs; 12% DG (c), 22% DG (d), 29% DG (e), 35% DG (f), and 43% DG (g),
and 66% DG (h).

On the other hand, following the deposition of Ag NPs to the membranes, there WAS
a very significant increase in CA, mainly due to increased porosity, in agreement with
previous data.

The tertiary amine groups of PDMAEMA grafts were then chemically treated with
dimethyl sulphate to obtain quaternized PDMAEMA chains having high ion-exchange
properties. Quaternization transforms PDMAEMA into a strong polyelectrolyte [80] with
promising arsenic removal capacity [53] and antimicrobial properties [81,82] that may be
notable for simultaneous disinfection of drinking water. Another obvious advantage of
quaternization appeared in Ag NPs loading study. As can be seen from Figure 6a, the
amount of Ag NPs loaded onto the quaternized membrane was quite high compared
with that obtained for the PDMAEMA-grafted one. In both types of membranes, after a
fairly rapid period of rise, equilibrium was observed. The equilibrium was reached after
about 5 h of loading in PDMAEMA-grafted membrane. SEM images (Figure 6b–d) also
confirm the increased amount of Ag NPs and the achievement of the equilibrium for the
PDMAEMA-g-TeM sample. For the quaternized sample, the time to reach equilibrium
was longer, but the final loading amount was higher. Despite the seemingly pleasant
advantages, quaternization caused a fatal problem. The quaternized membranes were quite
fragile. Therefore, it was completely abandoned from working with quaternized samples,
especially since they pose a serious problem in terms of maintaining their physical integrity
in long-term or repeated use, and As(III) removal performances were examined employing
only PDMAEMA-grafted and Ag NPs-loaded samples (Ag@PDMAEMA-g-PET). Atomic
force microscopy (AFM) was also used to show the presence of Ag NPs on PDMAEMA-g-
PET. Figure 7a depicts the typical surface morphology of PDMAEMA-g-PET where only
nanochannels are displayed on the sample surface. On the other hand, Ag@DMAEMA-g-
PET membrane surface exhibited Ag clusters of different sizes approximately in the range
of 40–250 nm (Figure 7b). It is worth noting that the membrane surface is completely
covered with Ag NPs by increasing the loading time, as can be seen from the SEM images
in Figure 5b–f. In addition to covering the entire surface, Ag NPs are also present inside
the nanochannels, as can be seen in the cross-sectional SEM image in Figure 6c. Although
Ag NPs are stacked at the nanochannel entrances, we predict that the As(III) solution can
easily leak through the gaps between the nanoparticles, and thus the solution can reach the
PDMAEMA grafted nanochannels. Homogeneous surface coverage of the TeM surface with
Ag NPs was also demonstrated by SEM-EDX element mapping as shown in Figure 7d. The
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X-ray diffractogram (XRD) of the Ag loaded PDMAEMA-g-PET in Figure 7e identified Ag
phase-specific diffraction peaks at 2θ = 38.43◦ (111), 44.64◦ (200), 64.65◦ (220), 77.60◦ (311),
and 81.82◦ (222). The defined planes are in accordance with the Crystallography Open
Database (COD) file (COD: 01509146) corresponding to cubic structure of Ag (symmetry
group Fm-3m(225)). The average size of the loaded silver nanoparticles was calculated as
17.7 ± 3.5 nm using the Scherrer equation. The degree of crystallinity was 78.62%.
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Figure 6. Loading of Ag NPs onto PDMAEMA-g-TeM (DG: 22%) and quaternized PDMAEMA-g-TeM
of the same DG (a). SEM images of PDMAEMA-g-TeM (DG: 22%) surface after 30 min (b), 5 h (c),
and 24 h of Ag NPs loading (d). SEM images of quaternized PDMAEMA-g-TeM surface (same DG)
after (e) 2 h and 24 h of Ag NPs loading (f).

3.2. Kinetic Study of As(III) Removal

The pH of adsorption medium is one of the most critical factors for evaluating the
removal efficiency of the analyte and the suitability of an adsorption system in real appli-
cations [83]. The pH of zero point (pHPZC) corresponds to the pH at which the positive
and negative charges on the surface of an adsorbent are equal [84]. pHPZC was calculated
from the plot of the initial and final pH values (Figure 8a) and determined as 5.3 and
6.7 for PDMAEMA-g-PET and Ag@PDMAEMA-g-PET, respectively. At pH values lower
than pHpzc, the composite will be positively charged, while it will have a net negative
charge if pH > pHPZC. This parameter is important for the heavy metal adsorption process
because at values higher than pHPZC, the surface of adsorbents will be negatively charged,
reducing the electrostatic interactions between As(III) oxyanions and TeM surface [85]. The
effect of pH on the adsorption of As(III) was investigated in the pH range of 2.0 to 8.0
(Figure 8b). Between pH 3.0 and 4.0, As(III) removal efficiency increased from 35.3% to
41.1% for Ag@PDMAEMA-g-PET. Further increase in pH (5.0–9.0) resulted in a decrease
in sorption capacity, and the removal efficiency was only 33.2% at pH 9.0. A similar trend
was seen with the use of PDMAEMA-g-PET, and thus the optimal pH value of As(III) feed
solutions was chosen as 4.0 in all subsequent batch adsorption experiments. In order to
elucidate the adsorption kinetics, the kinetic sorption curves in Figure 8c were plotted. It
was determined that the adsorption reached equilibrium in approximately 540 min and the
As(III) removal efficiency after 10 h was around 85.6% and 56% for Ag@PDMAEMA-g-PET
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and PDMAEMA-g-PET, respectively. In order to exclude the effect of the PET template on
the sorption capacity of the prepared composites, pristine PET TeM was also examined in
As(III) sorption. As can be seen in Figure 8c, the PET template itself had a very low arsenic
sorption capacity of 17.5%, clearly demonstrating the effect of the modifications carried out
on As(III) removal.
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Figure 7. Atomic force microscopy (AFM) image of PDMAEMA-g-PET (a) and Ag@PDMAEMA-
g-PET (b). The scanning area was 10 × 10 µm2. Cross-sectional SEM image (c), SEM-EDX sur-
face elemental mapping (d) and X-Ray diffraction (XRD) pattern of Ag loaded PDMAEMA-g-PET
(Ag@PDMAEMA-g-PET) (e).
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As(III) concentration: 50 ppm) (b), effect of contact time on As(III adsorption capacity (pH: 4.0, As(III)
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The adsorption rate is one of the most valuable criteria that determine the effective-
ness of the adsorbent. The possible rate controlling step, as well as the mechanism of
adsorption, can be deduced from the study of adsorption kinetics [86]. In this study,
linear and nonlinear form of pseudo-first and pseudo-second-order kinetics, as well as
intra-particle diffusion model, were applied on adsorption data. Figure 9a–c show the
kinetic plots for the models studied. Correlation coefficients (R2), linearized equations, and
parameters calculated from these models are summarized in Table 1. The data for both
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samples fit well with the pseudo-second-order model, confirming the literature data on the
adsorption mechanism of As(III) by other composite sorbents such as Cu@PET composite
TeMs [35], zeolite-reduced graphene oxide composite [87], and copper oxide-incorporated
mesoporous alumina [88]. Intraparticle diffusion model was studied to understand whether
the transport and diffusion of adsorbate is a rate-determining step. Figure 9c indicated
the linear feature of the intraparticle model. If the plot of t0.5 versus qt gives a straight
line, the adsorption process is solely controlled by intraparticle diffusion. In contrast, if
the linear fitting exhibits multilinear curves or does not exactly pass through the origin,
two or more steps will influence the adsorption process. Since plots on the Figure 9c do
not pass through the origin, intraparticle diffusion is not the only rate-controlling step [89].
The mechanism of sorption by adsorbent involves a more complex mechanism including
both surface adsorption as well as intraparticle diffusion [90].
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(a), pseudo-second-order (b) and the intraparticle diffusion model (c).

3.3. Equilibrium Studies of As(III) Adsorption

In order to select the adsorption model that best describes the sorption process, experi-
mental data were fitted with Langmuir, Freundlich and Dubinin–Radushkevich isotherms.
The linearized equation forms of all studied isotherm models and the determined isotherm
parameters are presented in Table 2. The Langmuir adsorption isotherm describes the sur-
face as homogeneous, assuming no lateral interaction between adjacent adsorbed molecules
when a single molecule occupies a single surface site [91]. Langmuir parameters b and
Q0 were calculated from the intercept and slope, respectively, of the linear plot presented
in Figure 10a.
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Table 1. Parameters calculated from various kinetic models (initial As(III) concentration: 50 ppm, pH: 4.0).

Kinetic Model Linearized Equation Model Parameters
Value

Ag@DMAE-
MA-g-PET

DMAEMA-g-
PET

Pseudo-first-
order

ln(qe − qt) = ln qe − k1t
k1, min−1 0.007 0.005
qe, mg/g 762.7 349.6

R2 0.74 0.94

Pseudo-second-
order

t
qt

= 1
k2q2

e
+ t

qe

k2 × 10−6, g/mg ×min 1.50 2.82
qe,, mg/g 769.2 555.6

R2 0.99 0.99

Intra-particle
diffusion

qt = Kpt0.5 + C
Kp, mg/(g × h0.5) 16.29 13.38

C, mg/g 75.12 53.3
R2 0.99 0.99

Table 2. Parameters calculated from various isotherm models (initial As(III) concentration: 50 ppm,
pH: 4.0).

Isotherm
Model

Linearized
Equation

Model
Parameters

Value

Ag@
DMAEMA-g-PET

DMAEMA
-g-PET

Langmuir Ce
qe

= Ce
Q0

+ 1
Q0b

Q0, µg/g 79.37 39.84
b, L/mg 77.85 10.02

R2 0.89 0.92

Freundlich lnqe = lnkF + 1
n lnCe

kF, µg/g 18.46 2.84
n 0.64 1.00

R2 0.99 1.0

Dubinin–
Radushkevich

lnqe = lnQd − βε2

Qd, µg/g 107.39 107.28
β, mol2/kJ2 0.002 0.010
EDR, kJ/mol 14.74 6.93

R2 0.79 0.93

The Freundlich isotherm is one of the most frequently used isotherm models in the
description of heterogeneous systems. It assumes neither homogeneous energy sites nor
limited adsorption levels. This means that the Freundlich model can describe the experi-
mental data of the adsorption isotherm whether adsorption takes place on homogeneous
or heterogeneous sites and is not controlled by monolayer formation. According to this
model, the adsorption centers have different energies; therefore, the active sorption sites
with maximum energy were filled first followed by the others [92]. Figure 10b shows
experimental data adapted to the linear Freundlich equation. The adsorption intensity
constant “n” is an empirical parameter related to the adsorption strength, which varies
depending on the heterogeneity of the adsorbent. In our study, value of n was calculated
as 0.64 and 1.0 for Ag@PDMAEMA-g-PET and PDMAEMA-g-PET, respectively. From the
parameters in Table 2, it can be said that the Freundlich model best fits the experimental
adsorption equilibrium data of As(III) on Ag@PDMAEMA-g-PET and PDMAEMA-g-PET
TeMs, indicating that the adsorption process occurs in the form of multilayers with dif-
ferent adsorption energies and non-uniform heat distribution, due to the heterogeneity
of the active centers of the adsorbents. The ions first occupied active adsorption sites
that present strong interactions, thereby decreasing the interactions [93]. The kF value
was higher when As(III) adsorption took place on Ag@PDMAEMA-g-PET, indicating a
higher selectivity than DMAEMA-g-PET. The Freundlich’s constant of n = 1.0 calculated
for the DMAEMA-g-PET sample indicates that the interactions between adsorbent and
As(III) ions were strong, as previously shown, due to the high activity of As(III) and the
adsorption capacity of PDMAEMA [53,72]. Increasing the amount of PDMAEMA grafting
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degree above the optimum value caused closure of nanochannels and deterioration of
mechanical properties. Therefore, it should be underlined that loading Ag NPs to the TeMS
at the optimum PDMAEMA grafting degree allows for a further increase in the As(III)
removal capacity.
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The equilibrium experimental data were also tested using the Dubinin–Radushkevich
(DR) isotherm model to examine the mechanism of the adsorption process. The DR isotherm
model (Figure 10c) is often used to identify physical or chemical adsorption, as the DR
constant β is used to determine the sorption energy [94]. The importance of determining
the value of EDR stems from the fact that its numerical value can be used to gain insight
into the nature of the interactions between As(III) and active centers on the composite
surface. When EDR was between 8 and 16 kJ/mol, the process proceeded via ion exchange,
and chemisorption was observed at EDR values in the range of 20–40 kJ/mol [95]. The
EDR parameter of the DR model was higher for Ag@PDMAEMA-g-PET, indicating that the
ion exchange process was higher in TeMs loaded with Ag NPs than in solely PDMAEMA
grafted film. The data given in Table 2 show that removal of As(III) by Ag@PDMAEMA-
g-PET adsorbent occurs by an ion-exchange mechanism. In case of DMAEMA-g-PET, an
adsorption energy of 6.93 kJ/mol was obtained, indicating the presence a process based on
physical adsorption. However, a very low R2 value (0.79) indicates that the experimental
data obtained for Ag@PDMAEMA-g-PET poorly fit the DR adsorption isotherm model
and therefore the values obtained may fall outside the confidence interval. A high R2 value
of the DR isotherm of PDMAEMA-g-PET (0.93) confirms the physical nature of As(III)
sorption by grafted TeM.
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Many adsorbents have been developed for As(III) removal in the literature. While these
materials offer a wide range of results, they have their own advantages and disadvantages.
TeMs-based composite membranes have distinct inherent advantages in terms of ease
of preparation and application. Table 3 compares the As(III) removal performances of
some composite adsorbents available in the literature with the membranes we developed.
It should be noted that it is rather difficult to directly compare the present study with
previous ones, since the experimental parameters of the sorption such as the amount of
sorbent loaded, agitation speed, pH, and sorption temperature are not exactly the same.
However, it can easily be said that our results compete closely with existing alternatives
and the obtained composite membranes are promising candidates, especially considering
the ease of application and high surface area.

Table 3. Comparative adsorption capacity of the prepared TeMs and other composite sorbents
towards the adsorption of As(III).

Composite
Adsorbent

Sorption Conditions
Qe, mg/g Ref.Initial Concentration

of Adsorbate, ppm
Amount of Adsorbent

Utilized, mg

TiO2-impregnated chitosan bead 100.0 25.0 2.1 [96]

α-Fe2O3–polymer monolith 4000.0 500.0 2.7 [97]

Aluminum doped manganese copper
ferrite/polymer composite 0.2 50.0 0.053 [98]

Cu/PET TeM
50.0

3.8 0.52
[35]

Cu/Ox_PET TeM 4.0 0.80

Ag@PDMAEMA-g-PET 50.0 9.0 0.357
This study

PDMAEMA-g-PET 50.0 6.4 0.274

4. Conclusions

In this work, RAFT-mediated grafting of PDMAEMA from the etched nanochannel
walls and surface of the PET TeM was achieved via the UV-activation of benzophenone.
Immobilization of PDMAEMA to the entire surface provided a functional absorbent for
As(III) ions and stabilized the Ag NPs loaded in the subsequent step. UV-initiated graft-
ing of PDMAEMA was studied at various monomer concentrations, reaction times, and
solvents. RAFT-mediated grafting of PDMAEMA from PET-TeMs in water yielded DGs
less than 35% for up to 255 min, while a controlled grafting fashion could only be obtained
in acetone-water mixture (1:1), where high DG values up to 131% and linearity in DG by
reaction time were attained. The grafting of PDMAEMA was followed gravimetrically and
PDMAEMA-g-PET membranes were characterized by FTIR, XPS, TGA, and SEM. The SEM
results revealed that the polymerization took place from the pore walls and the entire sur-
face of PET TeMs, and the optimal grafting degree at which the nanochannels did not close
was around 20%. Higher grafting degrees were avoided as the nanopores were closed and
the mechanical properties deteriorated, while a further increase in As(III) removal capacity
was obtained by Ag NPs loading. Although quaternization of PDMAEMA grafts also
increased As(III) removal capacity, it was not performed as the membranes became fragile.
SEM-EDX elemental mapping revealed the homogeneity of grafting and Ag NP loading
and the presence of Ag NPs inside the nanochannels, while XRD showed a degree of crys-
tallinity of 78.62%. The removal of As(III) by the developed adsorbents was investigated in
the pH range of 2.0 to 8.0 and at various sorption times. At the optimal pH value of 4.0, the
As(III) removal efficiency after 10 h was 85.6% and 56.0% for Ag@PDMAEMA-g-PET and
PDMAEMA-g-PET, respectively, while that of the PET template was very low. Therefore,
both PDMAEMA and Ag NPs loading caused a significant increase in As(III) removal.
Ag@PDMAEMA-g-PET and PDMAEMA-g-PET TeMs were found to follow the Freundlich
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mechanism and a pseudo-second-order kinetic model. Overall, the practicality, finely-tuned
functionality, and large surface area of the developed TeMs make them promising sorbent
candidates for As(III) removal.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14194026/s1, Figure S1: UV-Vis spectra of RA1 RAFT
agent before and after to exposure to UV-irradiation (a). Pictures taken at the 30th min of UV-initiated,
RAFT-mediated grafting of PDMAEMA from PET-TEMs in water (left) and acetone:water (right)
(b). Thermal degradation profiles of pristine PET TeM (c) and PDMAEMA grafted PET TeMs with
different degrees of grafting of 12% DG (d), 22% DG (e), 29% DG (f), %35 DG(g), and 43% DG
(h). Figure S2. Digital camera images of pristine PET TeM (a) and PDMAEMA grafted PET TeMs
with degrees of grafting of 12% DG (b), 22% DG(c), 29% DG (d), 35% DG (e), and %43 DG (f).
Figure S3. Contact angle (CA) measurements of (a) PDMAEMA grafted TeMs with DG of 22%,
its quaternized membrane (b), PDMAEMA grafted TeMs (DG: 22%) with loaded Ag NPs (c), Q-
PDMAEMA grafted TeMs (DG: 22%) with loaded Ag NPs (d). Table S1. UV-initiated, RAFT-mediated
grafting of DMAEMA from PET-TEMs in water, ethanol, ethanol:water (1:1. v/v) and acetone:water
(1:1. v/v), [DMAEMA]/[RA1] = 500.

Author Contributions: Conceptualization, M.B., A.A.M. and M.V.Z.; methodology, A.A.M. and M.B.;
validation, D.S.S. and Z.Y.J., N.P. and D.A.Z.; formal analysis, A.A.M. and Z.Y.J.; investigation, N.A.A.,
D.S.S., D.A.Z. and N.P.; writing—original draft preparation, M.B. and A.A.M.; writing—review and
editing, M.B. and A.A.M.; supervision, M.V.Z.; project administration, A.A.M.; funding acquisition,
A.A.M. All authors have read and agreed to the published version of the manuscript.

Funding: The research project titled “Development of functionalized composite track-etched mem-
branes for environmental applications” (grant No. AP08855527) was funded by the Ministry of
Education and Science of the Republic of Kazakhstan. M.V.Z. and M.B. acknowledges the Interna-
tional Atomic Energy Agency (IAEA) for support under coordinated research project F22070.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank A. Kozlovskiy for support in XRD analysis and D. Shlimas
for support with AFM analysis.

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

Abbreviations

TeM track-etched membrane
PET Poly(ethylene terephthalate)
DMAEMA 2-(dimethyamino)ethyl methacrylate
PDMAEMA poly-2-(dimethyamino)ethyl methacrylate

PDMAEMA-g-PET
poly(2-(dimethyamino)ethyl methacrylate) grafted
PETtrack-etched membranes

Ag@PDMAEMA-g-PET
poly(2-(dimethyamino)ethyl methacrylate) grafted track-etched
membranes loaded with silver nanoparticles

RA1 O-ethyl-S-(1-methoxycarbonyl) ethyl dithiocarbonate
TGA thermogravimetric analysis
XRD X-ray diffraction
XPS X-ray photoelectron spectroscopy
SEM scanning electron microscopy
EDX energy dispersive X-ray analysis
RDRP reversible-deactivation radical polymerization
RAFT reversible addition fragmentation chain transfer polymerization
CTAs chain transfer agents
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BP benzophenone
pHPZC pH of zero point
NPs nanoparticles
Qe amount of As(III) adsorbed by the unit mass of copper (mg/g)
C0 feed As(III) concentration (mg/L)
Ce concentration of As(III) in aliquots (mg/L)
DC degree of crystallinity (%)
L average crystallite size (nm)
qt adsorption capacity at time t (mg/g)
k1 First-order reaction rate constant (min−1)
k2 pseudo-second-order rate constant of adsorption ( g

mg×min )
α initial rate of the adsorption process, mg/g ×min
β desorption constant (g·mmol−1)
Ra roughness of the composite (nm)

b
constant related to the energy of adsorption (i.e., Langmuir
constant (L/µg))

Ce equilibrium concentration of adsorbate (mg/L)
Q0 maximum monolayer coverage capacity (mg/g)
kF Freundlich isotherm constant related to the adsorption capacity (µg/g)
Qd adsorption capacity of the Dubinin–Radushkevich monolayer (µg/g)
β constant associated with the free energy of sorption (mol2/kJ2)
EDR free energy of adsorption (kJ/mol)
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24. Habuda-Stanić, M.; Nujić, M. Arsenic removal by nanoparticles: A review. Environ. Sci. Pollut. Res. 2015, 22, 8094–8123.
[CrossRef] [PubMed]

25. Pena, M.E.; Korfiatis, G.P.; Patel, M.; Lippincott, L.; Meng, X. Adsorption of As(V) and As(III) by nanocrystalline titanium dioxide.
Water Res. 2005, 39, 2327–2337. [CrossRef] [PubMed]

26. Xu, Z.; Li, Q.; Gao, S.; Shang, J.K. As(III) removal by hydrous titanium dioxide prepared from one-step hydrolysis of aqueous
TiCl4 solution. Water Res. 2010, 44, 5713–5721. [CrossRef] [PubMed]

27. Jegadeesan, G.; Al-Abed, S.R.; Sundaram, V.; Choi, H.; Scheckel, K.G.; Dionysiou, D.D. Arsenic sorption on TiO2 nanoparticles:
Size and crystallinity effects. Water Res. 2010, 44, 965–973. [CrossRef]

28. Prasad, B.; Ghosh, C.; Chakraborty, A.; Bandyopadhyay, N.; Ray, R.K. Adsorption of arsenite (As3+) on nano-sized Fe2O3 waste
powder from the steel industry. Desalination 2011, 274, 105–112. [CrossRef]

29. Shipley, H.J.; Yean, S.; Kan, A.T.; Tomson, M.B. Adsorption of arsenic to magnetite nanoparticles: Effect of particle concentration,
ph, ionic strength, and temperature. Environ. Toxicol. Chem. 2009, 28, 509. [CrossRef] [PubMed]

30. Chowdhury, S.R.; Yanful, E.K. Arsenic removal from aqueous solutions by adsorption on magnetite nanoparticles. Water Environ.
J. 2011, 25, 429–437. [CrossRef]

31. Sun, W.; Li, Q.; Gao, S.; Shang, J.K. Exceptional arsenic adsorption performance of hydrous cerium oxide nanoparticles: Part B.
Integration with silica monoliths and dynamic treatment. Chem. Eng. J. 2012, 185–186, 136–143. [CrossRef]

32. Xu, W.; Wang, J.; Wang, L.; Sheng, G.; Liu, J.; Yu, H.; Huang, X.-J. Enhanced arsenic removal from water by hierarchically porous
CeO2–ZrO2 nanospheres: Role of surface- and structure-dependent properties. J. Hazard. Mater. 2013, 260, 498–507. [CrossRef]
[PubMed]

33. Martinson, C.A.; Reddy, K.J. Adsorption of arsenic(III) and arsenic(V) by cupric oxide nanoparticles. J. Colloid Interface Sci. 2009,
336, 406–411. [CrossRef] [PubMed]

34. Mashentseva, A.A.; Barsbay, M.; Zdorovets, M.V.; Zheltov, D.A.; Güven, O. Cu/CuO Composite Track-Etched Membranes for
Catalytic Decomposition of Nitrophenols and Removal of As(III). Nanomaterials 2020, 10, 1552. [CrossRef] [PubMed]

35. Russakova, A.V.; Altynbaeva, L.S.; Barsbay, M.; Zheltov, D.A.; Zdorovets, M.V.; Mashentseva, A.A. Kinetic and isotherm study of
as(Iii) removal from aqueous solution by pet track-etched membranes loaded with copper microtubes. Membranes 2021, 11, 116.
[CrossRef] [PubMed]

36. Patra, A.K.; Dutta, A.; Bhaumik, A. Self-assembled mesoporous γ-Al2O3 spherical nanoparticles and their efficiency for the
removal of arsenic from water. J. Hazard. Mater. 2012, 201–202, 170–177. [CrossRef] [PubMed]

37. Cui, H.; Li, Q.; Gao, S.; Shang, J.K. Strong adsorption of arsenic species by amorphous zirconium oxide nanoparticles. J. Ind. Eng.
Chem. 2012, 18, 1418–1427. [CrossRef]

38. Olyaie, E.; Banejad, H.; Afkhami, A.; Rahmani, A.; Khodaveisi, J. Development of a cost-effective technique to remove the arsenic
contamination from aqueous solutions by calcium peroxide nanoparticles. Sep. Purif. Technol. 2012, 95, 10–15. [CrossRef]

39. Tandon, P.K.; Shukla, R.C.; Singh, S.B. Removal of Arsenic(III) from Water with Clay-Supported Zerovalent Iron Nanoparticles
Synthesized with the Help of Tea Liquor. Ind. Eng. Chem. Res. 2013, 52, 10052–10058. [CrossRef]

40. Arsiya, F.; Hossein, M.; Sobhani, S. Arsenic (III) Adsorption Using Palladium Nanoparticles from Aqueous Solution. J. Water
Environ. Nanotechnol. 2017, 2, 166–173.

41. Mukherjee, T.; Ghosh, G.; Mukherjee, R.; Das, T.K. Study of arsenic (III) removal by monolayer protected silver nanoadsorbent
and its execution on prokaryotic system. J. Environ. Manage. 2019, 244, 440–452. [CrossRef] [PubMed]

42. Selvakumar, R.; Arul Jothi, N.; Jayavignesh, V.; Karthikaiselvi, K.; Antony, G.I.; Sharmila, P.R.; Kavitha, S.; Swaminathan, K. As(V)
removal using carbonized yeast cells containing silver nanoparticles. Water Res. 2011, 45, 583–592. [CrossRef] [PubMed]

43. Attatsi, I.K.; Nsiah, F. Application of silver nanoparticles toward Co(II) and Pb(II) ions contaminant removal in groundwater.
Appl. Water Sci. 2020, 10, 152. [CrossRef]

44. Bhardwaj, A.K.; Sundaram, S.; Yadav, K.K.; Srivastav, A.L. An overview of silver nano-particles as promising materials for water
disinfection. Environ. Technol. Innov. 2021, 23, 101721. [CrossRef]

http://doi.org/10.1021/cm301116p
http://doi.org/10.1016/j.jclepro.2020.123805
http://doi.org/10.3390/biom10020235
http://www.ncbi.nlm.nih.gov/pubmed/32033229
http://doi.org/10.1021/cr300015c
http://doi.org/10.1016/S0378-4274(02)00084-X
http://doi.org/10.1021/es990788p
http://doi.org/10.1016/j.jhazmat.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/20926189
http://doi.org/10.1007/s10965-016-1079-1
http://doi.org/10.1007/s11356-015-4307-z
http://www.ncbi.nlm.nih.gov/pubmed/25791264
http://doi.org/10.1016/j.watres.2005.04.006
http://www.ncbi.nlm.nih.gov/pubmed/15896821
http://doi.org/10.1016/j.watres.2010.05.051
http://www.ncbi.nlm.nih.gov/pubmed/20646731
http://doi.org/10.1016/j.watres.2009.10.047
http://doi.org/10.1016/j.desal.2011.01.081
http://doi.org/10.1897/08-155.1
http://www.ncbi.nlm.nih.gov/pubmed/18939890
http://doi.org/10.1111/j.1747-6593.2010.00242.x
http://doi.org/10.1016/j.cej.2012.01.060
http://doi.org/10.1016/j.jhazmat.2013.06.010
http://www.ncbi.nlm.nih.gov/pubmed/23811372
http://doi.org/10.1016/j.jcis.2009.04.075
http://www.ncbi.nlm.nih.gov/pubmed/19477461
http://doi.org/10.3390/nano10081552
http://www.ncbi.nlm.nih.gov/pubmed/32784726
http://doi.org/10.3390/membranes11020116
http://www.ncbi.nlm.nih.gov/pubmed/33562130
http://doi.org/10.1016/j.jhazmat.2011.11.056
http://www.ncbi.nlm.nih.gov/pubmed/22169241
http://doi.org/10.1016/j.jiec.2012.01.045
http://doi.org/10.1016/j.seppur.2012.04.021
http://doi.org/10.1021/ie400702k
http://doi.org/10.1016/j.jenvman.2019.05.004
http://www.ncbi.nlm.nih.gov/pubmed/31153032
http://doi.org/10.1016/j.watres.2010.09.034
http://www.ncbi.nlm.nih.gov/pubmed/20947119
http://doi.org/10.1007/s13201-020-01240-0
http://doi.org/10.1016/j.eti.2021.101721


Polymers 2022, 14, 4026 23 of 25

45. Barsbay, M.; Çaylan Özgür, T.; Sütekin, S.D.; Güven, O. Effect of brush length of stabilizing grafted matrix on size and catalytic
activity of metal nanoparticles. Eur. Polym. J. 2020, 134, 109811. [CrossRef]

46. Gao, J.; Huddleston, N.E.; White, E.M.; Pant, J.; Handa, H.; Locklin, J. Surface Grafted Antimicrobial Polymer Networks with
High Abrasion Resistance. ACS Biomater. Sci. Eng. 2016, 2, 1169–1179. [CrossRef] [PubMed]

47. Pahnke, J.; Rühe, J. Attachment of Polymer Films to Aluminium Surfaces by Photochemically Active Monolayers of Phosphonic
Acids. Macromol. Rapid Commun. 2004, 25, 1396–1401. [CrossRef]

48. Prucker, O.; Naumann, C.A.; Rühe, J.; Knoll, W.; Frank, C.W. Photochemical attachment of polymer films to solid surfaces via
monolayers of benzophenone derivatives. J. Am. Chem. Soc. 1999, 121, 8766–8770. [CrossRef]

49. Korolkov, I.V.; Yeszhanov, A.B.; Zdorovets, M.V.; Gorin, Y.G.; Güven, O.; Dosmagambetova, S.S.; Khlebnikov, N.A.; Serkov, K.V.;
Krasnopyorova, M.V.; Milts, O.S.; et al. Modification of PET ion track membranes for membrane distillation of low-level liquid
radioactive wastes and salt solutions. Sep. Purif. Technol. 2019, 227, 115694. [CrossRef]

50. Korolkov, I.V.; Mashentseva, A.A.; Güven, O.; Taltenov, A.A. UV-induced graft polymerization of acrylic acid in the sub-
micronchannels of oxidized PET track-etched membrane. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2015,
365, 419–423. [CrossRef]

51. Korolkov, I.V.; Mashentseva, A.A.; Güven, O.; Zdorovets, M.V.; Taltenov, A.A. Enhancing hydrophilicity and water permeability
of PET track-etched membranes by advanced oxidation process. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At.
2015, 365, 651–655. [CrossRef]

52. Mashentseva, A.A. Effect of the Oxidative Modification and Activation of Templates Based on Poly (ethylene terephthalate)
Track-Etched Membranes on the Electroless Deposition of Copper and the Catalytic Properties of Composite Membranes. Pet.
Chem. 2019, 59, 1337–1344. [CrossRef]
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64. Kuşçuoğlu, C.K.; Güner, H.; Söylemez, M.A.; Güven, O.; Barsbay, M. A smartphone-based colorimetric PET sensor platform with
molecular recognition via thermally initiated RAFT-mediated graft copolymerization. Sens. Actuators B Chem. 2019, 296, 126653.
[CrossRef]

65. Schneider, M.H.; Tran, Y.; Tabeling, P. Benzophenone Absorption and Diffusion in Poly(dimethylsiloxane) and Its Role in Graft
Photo-polymerization for Surface Modification. Langmuir 2011, 27, 1232–1240. [CrossRef] [PubMed]

66. Hong, K.H.; Liu, N.; Sun, G. UV-induced graft polymerization of acrylamide on cellulose by using immobilized benzophenone as
a photo-initiator. Eur. Polym. J. 2009, 45, 2443–2449. [CrossRef]

67. Kim, J.; Hanna, J.A.; Byun, M.; Santangelo, C.D.; Hayward, R.C. Designing Responsive Buckled Surfaces by Halftone Gel
Lithography. Science 2012, 335, 1201–1205. [CrossRef] [PubMed]

68. Brandstetter, T.; Böhmer, S.; Prucker, O.; Bissé, E.; zur Hausen, A.; Alt-Mörbe, J.; Rühe, J. A polymer-based DNA biochip platform
for human papilloma virus genotyping. J. Virol. Methods 2010, 163, 40–48. [CrossRef] [PubMed]

69. Virkar, A.; Ling, M.-M.; Locklin, J.; Bao, Z. Oligothiophene based organic semiconductors with cross-linkable benzophenone
moieties. Synth. Met. 2008, 158, 958–963. [CrossRef]

http://doi.org/10.1016/j.eurpolymj.2020.109811
http://doi.org/10.1021/acsbiomaterials.6b00221
http://www.ncbi.nlm.nih.gov/pubmed/33465875
http://doi.org/10.1002/marc.200400147
http://doi.org/10.1021/ja990962+
http://doi.org/10.1016/j.seppur.2019.115694
http://doi.org/10.1016/j.nimb.2015.07.057
http://doi.org/10.1016/j.nimb.2015.10.031
http://doi.org/10.1134/S0965544119120089
http://doi.org/10.1016/j.radphyschem.2014.04.011
http://doi.org/10.3390/catal9090737
http://doi.org/10.1063/1.4921452
http://doi.org/10.1039/b805464a
http://www.ncbi.nlm.nih.gov/pubmed/18654693
http://doi.org/10.1021/acs.analchem.1c05587
http://www.ncbi.nlm.nih.gov/pubmed/35426653
http://doi.org/10.1021/acsami.1c17564
http://doi.org/10.1016/j.eurpolymj.2018.03.037
http://doi.org/10.1016/j.crgsc.2021.100196
http://doi.org/10.1002/adma.201706441
http://www.ncbi.nlm.nih.gov/pubmed/29582478
http://doi.org/10.1016/j.snb.2019.126653
http://doi.org/10.1021/la103345k
http://www.ncbi.nlm.nih.gov/pubmed/21207954
http://doi.org/10.1016/j.eurpolymj.2009.04.026
http://doi.org/10.1126/science.1215309
http://www.ncbi.nlm.nih.gov/pubmed/22403385
http://doi.org/10.1016/j.jviromet.2009.07.027
http://www.ncbi.nlm.nih.gov/pubmed/19664659
http://doi.org/10.1016/j.synthmet.2008.06.019


Polymers 2022, 14, 4026 24 of 25

70. Kodama, Y.; Barsbay, M.; Güven, O. Poly(2-hydroxyethyl methacrylate) (PHEMA) grafted polyethylene/polypropylene (PE/PP)
nonwoven fabric by γ-initiation: Synthesis, characterization and benefits of RAFT mediation. Radiat. Phys. Chem. 2014, 105, 31–38.
[CrossRef]

71. Stawski, D.; Nowak, A. Thermal properties of poly(N,N-dimethylaminoethyl methacrylate). PLoS ONE 2019, 14, e0217441.
[CrossRef] [PubMed]

72. Lang, D.; Shi, M.; Xu, X.; He, S.; Yang, C.; Wang, L.; Wu, R.; Wang, W.; Wang, J. DMAEMA-grafted cellulose as an imprinted
adsorbent for the selective adsorption of 4-nitrophenol. Cellulose 2021, 28, 6481–6498. [CrossRef]

73. Xing, L.; Wang, Y.; Wang, S.; Zhang, Y.; Mao, S.; Wang, G.; Liu, J.; Huang, L.; Li, H.; Belfiore, L.A.; et al. Effects of Modified
Graphene Oxide on Thermal and Crystallization Properties of PET. Polymers 2018, 10, 613. [CrossRef] [PubMed]

74. Jiang, P.; Li, G.; Lv, L.; Ji, H.; Li, Z.; Chen, S.; Chu, S. Effect of DMAEMA content and polymerization mode on morphologies and
properties of pH and temperature double-sensitive cellulose-based hydrogels. J. Macromol. Sci. Part A Pure Appl. Chem. 2020, 57,
207–216. [CrossRef]

75. Korolkov, I.V.; Mashentseva, A.A.; Güven, O.; Niyazova, D.T.; Barsbay, M.; Zdorovets, M.V. The effect of oxidizing agents/systems
on the properties of track-etched PET membranes. Polym. Degrad. Stab. 2014, 107, 150–157. [CrossRef]

76. Ryan, B.J.; Poduska, K.M. Roughness effects on contact angle measurements. Am. J. Phys. 2008, 76, 1074–1077. [CrossRef]
77. Tu, Q.; Wang, J.-C.; Liu, R.; He, J.; Zhang, Y.; Shen, S.; Xu, J.; Liu, J.; Yuan, M.-S.; Wang, J. Antifouling properties of

poly(dimethylsiloxane) surfaces modified with quaternized poly(dimethylaminoethyl methacrylate). Colloids Surf. B Bioin-
terfaces 2013, 102, 361–370. [CrossRef] [PubMed]

78. Ayres, N.; Boyes, S.G.; Brittain, W.J. Stimuli-Responsive Polyelectrolyte Polymer Brushes Prepared via Atom-Transfer Radical
Polymerization. Langmuir 2007, 23, 182–189. [CrossRef] [PubMed]

79. Gadre, K.S.; Alford, T.L. Contact angle measurements for adhesion energy evaluation of silver and copper films on parylene- n
and SiO2 substrates. J. Appl. Phys. 2003, 93, 919–923. [CrossRef]

80. Plamper, F.A.; Schmalz, A.; Penott-Chang, E.; Drechsler, M.; Jusufi, A.; Ballauff, M.; Müller, A.H.E. Synthesis and Characterization
of Star-Shaped Poly(N,N-dimethylaminoethyl methacrylate) and Its Quaternized Ammonium Salts. Macromolecules 2007, 40,
5689–5697. [CrossRef]

81. Koufakis, E.; Manouras, T.; Anastasiadis, S.H.; Vamvakaki, M. Film Properties and Antimicrobial Efficacy of Quaternized
PDMAEMA Brushes: Short vs Long Alkyl Chain Length. Langmuir 2020, 36, 3482–3493. [CrossRef] [PubMed]

82. Yang, Y.-F.; Hu, H.-Q.; Li, Y.; Wan, L.-S.; Xu, Z.-K. Membrane surface with antibacterial property by grafting polycation. J. Memb.
Sci. 2011, 376, 132–141. [CrossRef]

83. Khan, T.A.; Chaudhry, S.A.; Ali, I. Equilibrium uptake, isotherm and kinetic studies of Cd(II) adsorption onto iron oxide activated
red mud from aqueous solution. J. Mol. Liq. 2015, 202, 165–175. [CrossRef]

84. Leiva, E.; Tapia, C.; Rodríguez, C. Highly Efficient Removal of Cu(II) Ions from Acidic Aqueous Solution Using ZnO Nanoparticles
as Nano-Adsorbents. Water 2021, 13, 2960. [CrossRef]

85. Panagiotaras, D.; Panagopoulos, G.; Papoulis, D.; Avramidis, P. Arsenic Geochemistry in Groundwater System. In
Geochemistry—Earth’s System Processes; Panagiotaras, D., Ed.; InTech: London, UK, 2012; pp. 27–38.

86. Aljeboree, A.M.; Alshirifi, A.N.; Alkaim, A.F. Kinetics and equilibrium study for the adsorption of textile dyes on coconut shell
activated carbon. Arab. J. Chem. 2017, 10, S3381–S3393. [CrossRef]

87. Soni, R.; Shukla, D.P. Data on Arsenic(III) removal using zeolite-reduced graphene oxide composite. Data Br. 2019, 22, 871–877.
[CrossRef] [PubMed]

88. Pillewan, P.; Mukherjee, S.; Roychowdhury, T.; Das, S.; Bansiwal, A.; Rayalu, S. Removal of As(III) and As(V) from water by
copper oxide incorporated mesoporous alumina. J. Hazard. Mater. 2011, 186, 367–375. [CrossRef]

89. Podder, M.S.; Majumder, C.B. Biosorption of As(III) and As(V) on the surface of TW/MnFe2O4 composite from wastewater:
Kinetics, mechanistic and thermodynamics. Appl. Water Sci. 2017, 7, 2689–2715. [CrossRef]

90. Zhu, W.; Liu, J.; Li, M. Fundamental Studies of Novel Zwitterionic Hybrid Membranes: Kinetic Model and Mechanism Insights
into Strontium Removal. Sci. World J. 2014, 2014, 1–7. [CrossRef] [PubMed]

91. Liu, L.; Luo, X.-B.; Ding, L.; Luo, S.-L. Application of Nanotechnology in the Removal of Heavy Metal from Water. In Nanomaterials
for the Removal of Pollutants and Resource Reutilization; Elsevier: Amsterdam, The Netherlands, 2019; pp. 83–147.

92. Mashentseva, A.A.; Aimanova, N.A.; Parmanbek, N.; Temirgaziyev, B.S.; Barsbay, M.; Zdorovets, M.V. Serratula coronata L.
Mediated Synthesis of ZnO Nanoparticles and Their Application for the Removal of Alizarin Yellow R by Photocatalytic
Degradation and Adsorption. Nanomaterials 2022, 12, 3293. [CrossRef]

93. Villabona-Ortíz, Á.; Figueroa-Lopez, K.J.; Ortega-Toro, R. Kinetics and Adsorption Equilibrium in the Removal of Azo-Anionic
Dyes by Modified Cellulose. Sustainability 2022, 14, 3640. [CrossRef]

94. Hu, Q.; Zhang, Z. Application of Dubinin–Radushkevich isotherm model at the solid/solution interface: A theoretical analysis.
J. Mol. Liq. 2019, 277, 646–648. [CrossRef]

95. Ho, Y.S.; McKay, G. The sorption of lead(II) ions on peat. Water Res. 1999, 33, 578–584. [CrossRef]
96. Miller, S.M.; Zimmerman, J.B. Novel, bio-based, photoactive arsenic sorbent: TiO2-impregnated chitosan bead. Water Res. 2010,

44, 5722–5729. [CrossRef] [PubMed]

http://doi.org/10.1016/j.radphyschem.2014.05.023
http://doi.org/10.1371/journal.pone.0217441
http://www.ncbi.nlm.nih.gov/pubmed/31166982
http://doi.org/10.1007/s10570-021-03920-9
http://doi.org/10.3390/polym10060613
http://www.ncbi.nlm.nih.gov/pubmed/30966647
http://doi.org/10.1080/10601325.2019.1681899
http://doi.org/10.1016/j.polymdegradstab.2014.05.008
http://doi.org/10.1119/1.2952446
http://doi.org/10.1016/j.colsurfb.2012.08.033
http://www.ncbi.nlm.nih.gov/pubmed/23006574
http://doi.org/10.1021/la061526l
http://www.ncbi.nlm.nih.gov/pubmed/17190502
http://doi.org/10.1063/1.1530362
http://doi.org/10.1021/ma070452x
http://doi.org/10.1021/acs.langmuir.9b03266
http://www.ncbi.nlm.nih.gov/pubmed/32168453
http://doi.org/10.1016/j.memsci.2011.04.012
http://doi.org/10.1016/j.molliq.2014.12.021
http://doi.org/10.3390/w13212960
http://doi.org/10.1016/j.arabjc.2014.01.020
http://doi.org/10.1016/j.dib.2019.01.004
http://www.ncbi.nlm.nih.gov/pubmed/30723756
http://doi.org/10.1016/j.jhazmat.2010.11.008
http://doi.org/10.1007/s13201-016-0487-z
http://doi.org/10.1155/2014/485820
http://www.ncbi.nlm.nih.gov/pubmed/25405224
http://doi.org/10.3390/nano12193293
http://doi.org/10.3390/su14063640
http://doi.org/10.1016/j.molliq.2019.01.005
http://doi.org/10.1016/S0043-1354(98)00207-3
http://doi.org/10.1016/j.watres.2010.05.045
http://www.ncbi.nlm.nih.gov/pubmed/20594571


Polymers 2022, 14, 4026 25 of 25

97. Savina, I.N.; English, C.J.; Whitby, R.L.D.; Zheng, Y.; Leistner, A.; Mikhalovsky, S.V.; Cundy, A.B. High efficiency removal of
dissolved As(III) using iron nanoparticle-embedded macroporous polymer composites. J. Hazard. Mater. 2011, 192, 1002–1008.
[CrossRef] [PubMed]

98. Malana, M.A.; Qureshi, R.B.; Ashiq, M.N. Adsorption studies of arsenic on nano aluminium doped manganese copper ferrite
polymer (MA, VA, AA) composite: Kinetics and mechanism. Chem. Eng. J. 2011, 172, 721–727. [CrossRef]

http://doi.org/10.1016/j.jhazmat.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/21715089
http://doi.org/10.1016/j.cej.2011.06.041

	Introduction 
	Materials and Methods 
	Materials 
	Irradiation and Track-Etching of PET Films 
	Grafting of PDMAEMA from the Nanochannels of PET TeMs (PDMAEMA-g-TeMs) 
	Quaternization of PDMAEMA-g-TeMs (Q-PDMAEMA-g-TeMs) 
	Loading of Ag NPs onto PDMAEMA-g-TeMs (Ag@PDMAEMA-g-TeMs) 
	Batch Absorption Experiments 
	Characterizations 

	Results 
	Characterization of the Composite Membranes 
	Kinetic Study of As(III) Removal 
	Equilibrium Studies of As(III) Adsorption 

	Conclusions 
	References

