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Water purification is a critical environmental and social issue of our era. The contamination of water sources
by industrial waste, agricultural chemicals, household debris, and plastic pollution significantly degrades the
quality of available freshwater. This poses substantial threats to human health and ecosystems. While water is
plentiful on Earth, only a limited amount is freshwater that people can safely consume. Population growth,
urbanization, and climate change are further exacerbating this scarcity, especially in arid regions. This study
examines the membrane distillation process employing ion-track membranes. Hydrophobic poly(ethylene ter-
ephthalate) ion-track membranes with increased pore diameters were synthesized via UV-induced graft
polymerization of octadecyl acrylate on the membrane surface. Hydrophobic properties were assessed through
water contact angle measurements. Fourier transform infrared spectroscopy analyzed functional groups while
scanning electron microscopy examined surface morphology. The hydrophobic membranes were subsequently
evaluated for desalination performance using direct contact membrane distillation method with saline solutions
of varying concentrations. The effect of pore size and feed salt concentration on permeate flux and salt rejection
efficiency was systematically examined. Membranes with a contact angle of 95+3° were tested in saline solu-
tions with concentrations from 7.5 to 30 g/L.

Keywords: ion-track membranes, polymerization, membrane distillation, desalination, poly(ethylene tereph-
thalate), salt rejection, water flux, water treatment

Introduction

The advancement of urbanization, together with rising population numbers and heightened industrial wa-
ter usage, along with the escalating consequences of global climate change such as desertification and the
reduction of freshwater sources may intensify the difficulties in maintaining dependable access to clean drink-
ing water [1]. While approximately 70 % of the Earth’s surface is covered by water, only about 2.5 % of it is
fresh. Most of this fresh water is found in rivers, lakes, and groundwater. However, these resources are not
always available or sufficient to meet the needs of the population [2, 3].

Industrial wastewater pollution is also one of the main threats to the environment and human health.
Production processes in various industries are accompanied by the formation of significant amounts of waste
that are discharged into water bodies. Without proper treatment, these effluents contain many toxic substances,
which leads to the degradation of ecosystems, deterioration of water quality, and an increase in diseases. The
shortage of fresh water resources and the problem of wastewater treatment highlight the urgent need to study
innovative methods for the production of clean water on a large scale [4-9].

There is increasing focus on developing new, promising water purification methods that are more com-
pact, cost-effective, and easier to operate than traditional techniques. Membrane separation processes, in par-
ticular, are gaining attention in the field of both natural and wastewater treatment [10—13]. Among the well-
established methods, such as direct and reverse osmosis, as well as micro and ultrafiltration, the membrane
distillation process is promising due to its energy efficiency, high degree of purification and flexibility in
application. One of the main advantages of this process is its ability to operate at low temperatures, which
makes it attractive for the use of low-potential or renewable energy sources. Membrane distillation does not
require high pressure, which simplifies the design of the equipment and reduces operating costs [14—19].

In the membrane distillation (MD) process, the membrane plays a vital role as a selective barrier, pre-
venting the passage of undesirable materials from the feed while allowing water vapor to pass through to the
permeate side. MD membrane should meet specific requirements: high hydrophobicity and porosity, durability
to sustain long-term operation.
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Polymers predominantly utilized in the synthesis of membranes for membrane distillation (MD) applica-
tions include polytetrafluoroethylene (PTFE), polydimethylsiloxane (PDMS), polystyrene (PS), and poly(vi-
nylidene fluoride) (PVDF). However, they have several disadvantages that can limit their performance and
practicality for example thermal degradation, expensiveness of material, weak productivity. Therefore, the
investigation of new types of membranes for MD is an urgent task [20-26].

One of the emerging types of membranes that have been successfully implemented in the MD process
are ion-track membranes (TeMs) [27-32]. TeMs exhibit a range of advantageous physicochemical properties,
including uniform pore morphology with controllable areal pore density, a narrowly dispersed pore size dis-
tribution characterized by low structural tortuosity, and reduced membrane thickness conducive to efficient
mass transport. Currently, polymer matrices for the production of track-etched membranes are made from films
of polycarbonate (PC), poly(ethyleneterephthalate) (PET), polyimide (PI), polypropylene and fluorinated pol-
ymers.

The use of PET TeMs in membrane distillation is appealing due to their unique properties. However, PET
TeMs have low hydrophobic properties, which may limit their effective use in the MD process. Various surface
modification methods are employed to improve hydrophobic properties. The simplest approaches to enhancing
membrane hydrophobicity, such as graft polymerization, primarily involve depositing functional groups onto
the membrane surface.

In our previous studies [27-32], PET TeMs were modified through ultraviolet'(UV) initiated graft
polymerization using different monomers and effectively applied in water desalination via membrane distilla-
tion. This study focuses on the fabrication of hydrophobic PET TeMs with large pore sizes by grafting octa-
decyl acrylate (OA) and their application in desalination processes.

Experimental

Chemical Substances

Hostaphan® brand PET film manufactured by Mitsubishi Polyester Film (Germany) with a nominal
thickness of 12 um was used. Sodium hydroxide (NaOH), benzophenone (Ci3H100), N,N-dimethylformamide
(C3H7NO), ethyl alcohol (CoHsOH), isoproryl alcohol (C3HgO), octadecyl acrylate (C21Ha002, 97 %), sodium
chloride (NaCl) were purchased from Sigma-Aldrich. Octadecyl acrylate was subjected to separation using a
column packed with alumina. All experiments were conducted using deionized water with a resistivity of 18.2
MQ-cm at 25 °C.

Photoinitiated Graft Polymerization of Octadecyl Acrylate

PET films samples (12 pm) were irradiated in a DC-60 (Astana branch of Institute of Nuclear Physics,
Kazakhstan) heavy ion accelerator with a pore fluence of 1-10° ion/cm?. The chemical etching procedure was
carried out according to the parameters established in previous studies [27-31].

The experimental procedure entailed the submersion of samples in a solution comprising octadecyl acrylate
and isopropyl alcohol. The concentrations of the solution varied from 5 % to 30 %, with the incorporation of
0.0016 M benzophenone initiator. Dual-sided graft polymerization was performed under an OSRAM Ultra Vi-
talux E27 UV lamp (UVA: 315400 nm, 13.6 W; UVB: 280-315 nm, 3.0 W), with distance from the UV lamp
of 10 cm, with a total reaction time limited to 60 minutes. After the grafting process, the samples underwent
washing, drying, and gravimetric analysis to quantify the grafting degree by the equation:

m:M-IOO %, (1)

ml
where m; is the weight of the membrane before grafting, m; is the weight of the membrane after grafting.

Membrane Property Characterization Methods

InfraLUM FT-08 was used to analyze the functional groups present on the membrane surface. Data were
recorded at 25°C. The Fourier transform infrared spectroscopy (FTIR) analysis was performed with a spectral
resolution of 2 cm™!, averaging 32 scans per sample, over a wavenumber range of 4000-400 cm™'.

Hitachi TM 3030 scanning electron microscope was employed for the pore diameters evaluation.

The membrane pore size was also determined by the gas permeability method at a pressure of 20 kPa.

Quantitative assessment of the wetting properties of surfaces was carried out by measuring contact angles.
The surface hydrophobicity was evaluated via static sessile drop method (on five random zones of samples)

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 57



Yeszhanov, A.B., Korolkov, I.V., & Zdorovets, M.V.

using Digital Microscope (Micron-400, China). The captured contact angle images were analyzed using the
ImageJ software.

Testing of Hydrophobic PET TeMs in Membrane Distillation

Membrane distillation (MD) experiments were carried out using a DCMD setup, with the system speci-
fications detailed in our earlier studies [32]. The membrane was installed in a specially designed experimental
cell for conducting the membrane distillation (MD) process. The flow rates on both sides were regulated and
sustained using a peristaltic pump. A consistent temperature difference of 70 = 5 °C was maintained throughout
the experiment. Permeate flux was calculated by weighing the amount of permeate collected. The experiments
were conducted using saline solutions with varying NaCl concentrations. Salt rejection was determined using
a HI2030-01 salinity meter.

The pure water permeation flux was calculated using the formula [32]:

= 2
0= S )
where Q is a pure water permeation flux (kg/m?-h); m is an amount of permeate mass (kg); 7 is a time interval
(hr); S is a membrane area (m?).
The standard deviation (SD) was calculated using the formula:
1 n

5= J_z(x,. _5), 3)

n—143

where s is a standard deviation; n is a number of replicates; x; is an individual measurement values, X is an
average value.

Results and Discussion

The modification outline of PET TeMs is presented in Figure 1. UV-photoinitiated graft polymerization
is an efficient and environmentally friendly method for modifying polymer materials, which uses ultraviolet
radiation to initiate the grafting of monomers onto the polymer surface. Figure la illustrates the UV-
photoinitiated graft polymerization process, which begins with the activation of a photoinitiator. Upon absorp-
tion of UV light, the photoinitiator enters an excited state which, which leads to the formation of free radicals.
Figure 15 shows the interaction of radicals with monomer molecules, initiating their polymerization and form-
ing grafted polymer chains on the surface of the base material. Key features of this method include a high
reaction rate at room temperature, no need for heating or high pressure, which prevents thermal degradation
of the polymer and preserves its original physical and chemical properties. UV-induced graft polymerization
is a resource-efficient technique characterized by low energy consumption and the absence of toxic solvent
usage, making it an environmentally friendly method [33].
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Figure 1. Scheme of UV-photoinitiated graft polymerization of octadecyl acrylate

Figure 2 shows the FTIR spectra for the identification of functional groups before and after modification
with octadecyl acrylate. The characteristic absorption bands of unmodified PET TeMs have been previously
reported [29-31]. Upon grafting with OA, new absorption peaks appeared at approximately~2920 cm™' and
2850 cm™!, corresponding to the C—H stretching vibrations. The intensity of these peaks increases with increas-
ing OA concentration.
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Figure 2. FTIR spectra comparison of pristine and poly(octadecyl acrylate)-grafted PET ion-track membranes
over selected spectral ranges

Figure 3 demonstrates the effect of monomer concentration and irradiation time on the grafting degree. It
was demonstrated that the optimal reaction condition is an OA concentration of 10 % (the degree of grafting is
3.39 %. However, it is also important to note that increasing the concentration of OA leads to changes in the
morphology of the membrane surface, leading to pore overgrowth. Thus, at a concentration of octadecyl acrylate
of 20 %, the grafting degree was 5.29 %, and at 30.% — 9.17 %. Figure 3b demonstrates that the grafting degree
increases with irradiation time. The optimal duration for maintaining the pore structure is 60 minutes, while
extending the irradiation time further results in surface degradation of the PET TeMs.
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Figure 3. The effect of concentration OA and irradiation time on the grafting degree

The surface morphology of pristine and modified PET TeMs was analyzed using scanning electron mi-
croscopy (SEM). The results of the pore diameter values are presented in Table 1. SEM images of the initial
and modified membranes are shown in Figure 4. SEM images demonstrate that increasing the concentration
of octadecyl acrylate leads to a gradual decrease in the membrane pore size. Thus, at a concentration of 10 %,
the pore size decreased from 920410 nm to 754+8 nm with a grafting degree of 3.39 %.
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Figure 4. SEM images of pristine PET TeMs (a) and PET TeMs-g-POA (5 %) (b); (10 %) (c); (20 %) (d); 30 % (e)

Table 1
Characteristics of PET TeMs before and after OA modification

Sample Concentration |Graft yield,| Effective pore | Pore size (SEM Contact Liquid Entry
of OA,% % size, nm analysis), nm angle,® Pressure, MPa
PET TeMs - - 900+14 ~920+10 ~50-55 —
5 2.26 760+9 796+13 83°+3 0.15
10 3.39 720+6 75448 95°+3 >0.34
PET TeMs-g-POA 20 5.29 6498 67410 86°+4 >0.39
30 9.17 630+4 662+7 77°+2 >0.5

Water contact angle (CA) measurements were employed to evaluate the hydrophobic properties. Figure 5
shows the CA values recorded at various locations on the PET TeMs before and after graft polymerization
with octadecyl acrylate. The maximum contact angle is obtained at a 10 % concentration of octadecyl acrylate.
A further increase in concentration reduces the value of the CA.

@ . () © (d) ©)

(e)
Figure 5. CA of the pristine PET TeMs (a), modified with OA (5 %) (b); (10 %) (c); (20 %) (d); 30 % (e)

Efficiency of Modified PET lon-Track Membranes in Membrane Distillation Processes

Modified ion-track membranes (10 % of OA) pore sizes of 700 £ 25 nm and 980 + 20 nm were evaluated
in DCMD experiments using model saline solutions with NaCl concentrations of 7.5, 15, and 30 g/L. The
experimental setup followed the procedure detailed in our previous publication [32]. The effect of membrane
pore size and salt concentration on productivity and salt rejection was analyzed, with the corresponding results
summarized in Table 2 and illustrated in Figure 6.
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Table 2
Membrane distillation of saline solutions using PET TeMs-g-POA
PET TeMs-g-POA PET TeMs-g-POA
with pore diameter of 725 nm with pore diameter of 1000 nm
Degree of salt rejection — 96.16 % Degree of salt rejection — 81.37 %
NaCl7.5 g/L
Water flow — 1.64 kg/m*h Water flow — 1.58 kg/m*h
Degree of salt rejection — 97.24 % Degree of salt rejection — 80.52 %
NaCl 15 g/l Water flow — 1.42 kg/m?h Water flow — 1.28 kg/m?h
Degree of salt rejection — 96.12 % Degree of salt rejection — 70.38 %
NaCl 30 g/L Water flow — 0.98 kg/m?h Water flow — 0.97 kg/m?h
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Figure 6. Productivity and salt rejection performance in DCMD experiments

Table 2 and Figure 6 illustrate the decreasing trend in water flux as the salt concentration increases, high-
lighting the adverse effect of salinity on membrane performance. Permeate flux of 1.64+1, 0.98+1 was meas-
ured for membranes with pore diameters of 700+ 25 nm using 7.5 and 30 g/L NaCl feed, respectively. In
comparison, membranes with pore diameters of 980 & 20 nm exhibited a water flux of 1.58 kg/m?-h at 7.5 g/L
and 0.9713 kg/m?-h at 30 g/L, indicating a similar trend of decreasing productivity with increasing salt con-
centration. At a concentration of 15 g/L, the salt rejection rate was 97.24 % for membranes with 700 +25 nm
pores and 80.52 % for those with 980 + 20 nm pores.

Table 3 summarizes the characteristics and performance metrics of PET TeMs modified via various meth-
ods for application in MD.

Table 3

Relationship between pore size, LEP values and contact angle in PET TeMs modified by various methods,
and their performance in membrane distillation process

Modification methods | Pore size, nm Sr?gl:c;[ “f;;ﬁ;‘lx’ Salt rejection, %| LEP, MPa | Reference
Uvé%r;‘gé’é’lzﬁe{jfﬁion 200 + 18 105 gbogfL}afgrl 95.2 >0.430 [30]
Uv'gragff;‘t’;i’:gizaﬁon 220+ 15 99 03'8 1g9/i ;ag"lr 97.5 0.340 [31]
Imm‘;};ﬁ;ﬁiif:ﬂica 263+5 132 38'; /L_I\f;’él 98 0.430 [29]
ot byt mothaeryte. | 724 4 | giginac | 91 0340 | 132]
EIGCtTOSp%rLePr\S/DF Ao 300-5000 ~140 ‘2"66.2‘2/181\]_:8 99.97 / [34]
Aiogn PCrne [T s | B | s | | o
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As can be seen in Table 3, surface modification by immobilization of silica nanoparticles resulted in the
high degree of hydrophobization, achieving a contact angle of 132° and a water flux of 6.5 kg/m’h when
treating a 30 g/L NaCl solution [29]. However, this method presents certain limitations, including high labor
intensity and the gradual degradation of the nanoparticle layer during prolonged operation. One of the key
challenges in membrane hydrophobization remains the development of methods capable of effectively treating
membranes with large pore diameters, as these are directly correlated with higher productivity rates. Such
modifications must maintain a high level of salt rejection to ensure the feasibility of MD processes under real-
world conditions.

Among the studied approaches, hybrid membranes fabricated by electrospinning on the surface of TeMs
poly(vinylidene fluoride) (PVDF) and poly(vinyl chloride) (PVC) nanofibers demonstrated outstanding per-
formance in terms of both water flux and salt rejection. PVDF-based membranes showed water flux values
ranging from 4.68 to 6.78 kg/m’h with nearly complete salt rejection (99.97 %) for a 26.5 g/L NaCl solution
[34], while PET TeMs-PVC nanofibers reached a flux of 13.61 kg/m*h and 97.15 % salt rejection at 15 g/L
NaCl concentration [35]. UV-induced graft polymerization of lauryl methacrylate (LMA) [32] enabling mod-
erate hydrophobization (contact angle of 94°) and flux values of 1.88 kg/m?h with salt rejection above 91 %
for PET TeMs with ~720 nm pores.

In the present study, UV-initiated graft polymerization of octadecyl acrylate (OA) onto PET TeMs was
carried out under optimized conditions (10 wt% OA, UV exposure 60 min, 10 cm from UV lamp). This method
provided effective hydrophobization of membranes with large pore diameters (725 and 1000 nm), achieving
salt rejections of 96.16 % and 81.37 %, respectively, for a 7.5 g/L NaCl solution. Although hybrid PET TeMs
demonstrate higher water flux in membrane distillation, their multilayered structure remains a critical disad-
vantage. Over time, this layered architecture may degrade. In contrast, the formation of covalent bonds during
photoinitiated graft polymerization can overcome this disadvantage by ensuring strong interfacial adhesion
between the functional layer and the membrane surface. Compared to lauryl methacrylate (LMA), octadecyl
acrylate (OA) demonstrated superior salt rejection performance, particularly for PET TeMs with larger pore
diameters. This enhancement can be attributed to the longer alkyl chain of OA, which forms a more densely
packed and hydrophobic surface layer.

Conclusions

The present study successfully accomplished a chemical modification of PET TeMs by octadecyl acrylate
(OA). Hydrophobic PET TeMs were obtained by photoinitiated graft polymerization with controlled variation
of monomer concentration and irradiation duration to optimize surface functionalization. The combined appli-
cation of FTIR spectroscopy, SEM analysis, and contact angle measurements allowed a thorough assessment
of the samples chemical composition, surface structure, and wettability properties. Grafting of OA at optimal
conditions (concentration of OA — 10 %, time — 60 min, distance from UV-lamp 10 ¢m) led to an increase
in the contact angle to 95 °C. In membrane distillation (MD) tests, these hydrophobic PET TeMs exhibited a
productivity of 1.64 kg/m*h and a purification rate of 96.16 % with a membrane pore diameter of 725 nm,
while membranes with a pore diameter of 1000 nm at the same NaCl concentration (7.5 g/L) showed a lower
productivity of 1.58 kg/m? h and a purification rate of 81.37 %.
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