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This paper describes the desalination process by membrane distillation (MD) using track-etched
membranes (TeMs). Hydrophobic track-etched membranes based on poly(ethylene terephthalate) (PET
TeMs) with pore diameters from 700 to 1300 nm were prepared by UV-initiated graft polymerization of
lauryl methacrylate (LMA) inside the nanochannels. Modified PET TeMs were investigated by Fourier
transform infrared (FTIR) spectroscopy, atomic force microscopy (AFM), scanning electron microscopy
(SEM), thermogravimetric analysis (TGA) and contact wetting angle (CA) measurements. Hydrophobic
PET TeMs were tested for treating saline solutions of different concentrations by the direct contact

membrane distillation (DCMD) method. The influence of membrane pore diameter and salt solution
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were tested in the direct contact membrane distillation (DCMD) of 7.5-30 g L~ saline solution.

DOI: 10.1039/d3ra07475g Hydrophobic membranes with large pore sizes showed water fluxes in the range of 1.88 to 11.70 kg m™2
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1 Introduction

Although more than seventy percent of the earth's surface is
covered by rivers, lakes, seas and oceans, only slightly more
than two percent of the world's water resources are potable.
Most of the world's potable water is found in glaciers and
groundwater, and a very small proportion in rivers and lakes."*
In addition, modern industry and agriculture continue to
pollute the natural environment with heavy metals, toxic and
poisonous chemical compounds, nitrates and pesticides. With
the rapid growth of the world's population and the development
of industry, the shortage of good quality drinking water is
becoming more acute every year.>> Even more acute is the need
to obtain drinking water by desalination of seas and oceans in
coastal areas, and in arid desert areas with a minimum amount
of fresh water. This explains the demand for and improvement
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h~! with salt rejection values of up to 91.4%.

in methods of desalinating seawater by removing high
concentrations of salts.®™°

Various physical, biological, and chemical methods can be
employed for treating seawater. The selection of a specific
method depends on several factors, including treatment cost,
chemical properties, installation space, and the potential
generation of secondary pollution."* In response to these
considerations, membrane technology is increasingly being
incorporated into certain stages of water treatment
processes.’*"” Among the most well-known traditional methods
of water desalination, such as electrodialysis,**** direct and

22725 2627 ultrafiltration,****

reverse 0OSMOsis, nano-, micro-,2%2°

membrane distillation (MD) has prospects for widespread
practical application due to the low operating temperature and
pressure, high rejection of non-volatile components, and ability
to use low-grade heat source.**** Indeed, membrane distillation
can be implemented in various configurations with different
setups and designs.***° One of the commonly used and cost-
effective configurations is direct contact membrane distilla-
tion (DCMD).**

For successful application of a membrane in MD, the
following requirements are imposed on it: membrane should be
highly porous, thin and hydrophobic, allowing water vapor to be
transferred from the initial solution (concentrate) to a clean
side (permeate) with low thermal conductivity, while avoiding
leakage of the salt solution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The most common polymers used in the manufacture of
membranes for MD applications are poly(vinylidene fluoride)
(PVDF), polytetrafluoroethylene (PTFE), polypropylene (PP) and
polyethylene (PE).** Nevertheless, these membranes also
come with certain disadvantages, including low productivity,
elevated expenses, and fouling of the hydrophobic surface, all of
which contribute to a decline in water purification efficiency. As
a result, the exploration for alternative membrane types in the
field of MD holds significant importance.

Track-etched membranes (TeMs) have been introduced into
the MD process successfully.**~* These membranes offer several
advantages, such as uniform pore geometry with controllable
density per unit area, a well-distributed range of pore sizes with
low tortuosity, and thin thickness. These features make TeMs
highly appealing for use in accurate separation techniques.***
Poly(ethylene terephthalate) (PET), polycarbonate (PC) films are
the most commonly employed material for the production of
TeMs.***” As previously mentioned, hydrophobic properties are
crucial for a membrane to be suitable for MD. However, PET
TeMs exhibit medium-level hydrophobicity, which may not be
sufficient for successful application in the MD process. For
optimal performance in MD, membranes need to possess
strong water-repellent properties.

Surface modification using hydrophobic agents is one of the
methods used to increase the hydrophobicity of the membrane
by changing the chemistry and morphology of the membrane
surface. Graft polymerization and surface coating methods are
mainly used as the simplest methods to increase the hydro-
phobicity of the membrane by depositing functional groups on
the membrane surface.

In previous works, hydrophobic PET TeMs with pore diam-
eters up to 400 nm were obtained by different methods such as
surface coating and graft polymerization.**-** The MD process
demonstrated a high salt rejection, but water flux performance
was low. In this work, with the aim to reach higher flux, the
hydrophobization of PET TeMs with large pore sizes by UV-
initiated graft polymerization of lauryl methacrylate was
considered.

2 Materials and methods

2.1. Materials

Benzophenone (BP), ethanol, lauryl methacrylate (LMA) (96%),
sodium hydroxide, sodium chloride, acetic acid, N'N-dime-
thylformamide (DMF), 2-propanol, ethanol, and hexane were
purchased from Sigma-Aldrich. By passing through an
aluminum oxide chromatography column, the monomer was
purified from the inhibitors. Solutions were prepared using
deionized water (18.2 MQ) obtained from the Akvilon D-301
water purification system.

2.2. Manufacturing and modification of track-etched
membranes (TeMs)

Hostaphan® brand PET films manufactured by Mitsubishi
polyester film (Germany) with a nominal thickness of 12 um
were irradiated with Kr ions with an average energy of 1.75 MeV
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per nucleon at a DC-60 heavy ion accelerator with a fluence of 1
x 10° ions per cm”. Before chemical etching, the samples were
photosensitized on both sides for 30 min. Photosensitization
was carried out using an Osram OFR HNS 30W UV-C source
with a wavelength of 254 nm and an intensity of 0.133 milliwatt
cm 2. The distance from the source to the sample was 10 cm.
Chemical etching was carried out in 2.2 M NaOH at 85 °C for 6-
12 min. After etching, the PET TeMs samples were stored in air
at room temperature.

These conditions for obtaining track-etched membranes
make it possible to obtain so-called cylindrical pores. However,
according to,”® inner pore radius is more than surface pore
radius of nanochannels by around 8.5 nm (14%), measured by
SAXS and SEM for membranes etched for 270 s with pore
density of 1 x 10° pore per cm® We conventionally call the
resulting channels cylindrical, but we mean that the shape of
the channels can be somewhat different from perfect
cylindrical one.>

The modification of PET TeMs was carried out by UV-
initiated graft polymerization with lauryl methacrylate. First,
10 x 15 cm? samples were washed in deionized water to remove
any pollution from the membrane surface. Then, the samples
were dried in air at room temperature. Next, the dried samples
were immersed in a 5% benzophenone solution in DMF for
24 h. After that, the membranes were quickly washed in ethanol
and dried. Then, the samples were placed in a solution of lauryl
methacrylate in 2-propanol with a concentration of 10-30%
with the addition of 0.008 M benzophenone in 2-propanol. The
solvent (2-propanol) was chosen due to its good solubility in the
monomer as well as its UV transparency. The reaction mixture
was purged with argon to remove dissolved oxygen. Graft poly-
merization was carried out under an OSRAM Ultra Vitalux E27
UV lamp (UVA: 315-400 nm, 13.6 W; UVB: 280-315 nm, 3.0 W)
for 15-60 min. Next, the samples were washed in hexane to
remove homopolymer and unreacted monomer from the PET
TeMs surface, dried and weighed to determine the grafting
degree.

2.3. Membrane characterization

FTIR spectra were recorded using an InfraLUM® FT-08 FTIR
spectrometer with an ATR attachment (GladiATR, Pike) to study
the chemical groups before and after modification. The
measurements were carried out in the range from 400 to
4000 cm ™, the number of scans was 32 at a temperature of 21—
25 °C. The SpectraLUM® software was used to record the FTIR
spectra. The hydrophobic properties of the modified PET TeMs
were studied by measuring the water contact angle (CA). CA was
measured at five different sample positions using a digital
microscope with 1000x magnification by the static drop
method at room temperature. The drop volume was 15 pL.
Scanning electron microscope Hitachi TM 3030, and Atomic
Force Microscope (AFM) (with a tip radius of 10 nm or less)
Smart SPM-1000 AIST NT were used to characterize the
morphology before and after modification of PET TeMs.

The surface elasticity modulus (E) was determined by using
AFM data. This was accomplished by analyzing the approach
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curves of the probe tip towards the sample surface, utilizing the
static force spectroscopy mode and applying the Johnson-
Kendall-Roberts model. This model accounts for both adhesion
forces and the elastic deformation of the interacting objects.
Additionally, the adhesion force (F,) values were computed
based on the probe tip's detachment from the sample surface.
The determination of the liquid entry pressure (LEP) fol-
lowed the guidelines outlined in.*”** A circular sample with
aradius of 1.25 cm was securely placed inside a sealed chamber,
and a test was conducted using air with pressure gradually
increasing. LEP assessment was performed using a pipette
equipped with a capillary having a diameter of 0.7 mm.

2.4. Direct contact membrane distillation

The separation performance of hydrophobized PET TeMs was
evaluated using direct contact membrane distillation (DCMD),
as illustrated in Fig. 1. The DCMD system was equipped with
four type-T thermocouples labeled as T1, T2, T3, and T4. The
membrane was positioned within a cell designed for the MD
process. Flow rates on the permeate and feed sides were
controlled and maintained at a constant level of 227 + 3
ml min~" and 453 + 3 ml min ", respectively. This regulation
was achieved using the Easy load Cole-Parmer Masterflex L/s
77200-62. The temperature difference was consistently main-
tained at 70 °C.

Permeate flux and salt rejection were measured using
a DCMD unit, which is presented and described in our previous
work.*>** At fixed time intervals (30 s), the permeate flux was
measured by weighing the mass of liquid collected on the
permeate side. Aqueous NaCl solutions were used as the
concentrate in DCMD. The concentrations ranged from 7.5 to
30 g L' for membranes with different pore sizes. Salinity
rejection was calculated from change in conductivity measured
by Hanna Instruments HI2030-01 (Cluj, Romania).

The water flux was estimated using the equation
described in:*>**
Am

= — 1

0=y, (1)
]

""""""""""""""""" I
N

Feed side
APIS SJEIULIdDG

Membrane cell

i Feed container
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Fig.1 Scheme of direct contact membrane distillation.
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where Q - water flux (kg m > h™"), Am - mass of pure water on
the permeate side (kg) per unit time A¢ (h), S - the effective area
of the membrane (m?).

Salt rejection (R) was estimated using the following equation:

R =100 — (C‘““ x 1oo%> )
fic
Ao x 1000
Creal - 23 (3)
A fee
Cﬁc _ m X Cj d (4)
My

where R - degree of salt rejection, %; Ci., — concentration of
NaCl in the permeate side after MD, calculated according to
conductivity (conductivity of 1 mg L~' NaCl solution is 2.3
uS em™), g L% Cg. - theoretical concentration of NaCl
(providing that the feed solution passed without purification),
g L' Acg - difference in conductivity of permeate solution
before and after MD, uS ecm™%; 2300 pS cm ™' - change in the
conductivity of the solution with addition of 1 g L™" of NaCl;
Am - permeate gain after MD, g; Creeq — initial concentration of
salt in feed solution, g L; m, - mass of water from permeate side
before MD, g.

3 Results and discussions

3.1. Preparation of hydrophobic membranes

UV-initiated graft polymerization, unlike other methods, has
mild reaction conditions, low operating costs, and does not
destroy the basic properties of substrates.

This method is based on the formation of radicals at the
surface of the polymer with the help of photoinitiators that
generate radicals under UV irradiation or sensitizers capable of
tearing off a hydrogen atom from the polymer chain after
transitioning to their excited state. The resulting radicals at the
surface form nucleation centers of the polymer chain according
to the free radical polymerization mechanism. The modification
of PET TeMs was carried out following the procedure shown in
Fig. 2.

Fig. 3 shows the effect of monomer concentration (A) and
irradiation time (B) on grafting degree. It can be seen that the
optimum condition for the reaction is for LMA concentration of
30%, with further increases in concentration leading to the
increased formation of homopolymer. Increasing the irradia-
tion time also affects the degree of grafting even leading to
degradation of the PET TeMs surface. Thus, in Fig. 2b it can be
seen that the grafting degree increases from 0.62% at 15 min to
6.84% at 60 min of irradiation. A further increase in irradiation
time leads to the formation of homopolymer, overgrowth of the
pore structure and degradation of the PET TeMs surface (the
membrane become yellowish and fragile).

SEM was used to investigate the surface morphology of the
pristine and modified PET TeMs. The results are shown in Table
1. SEM pictures of membrane surface are shown in Fig. 4, also
SEM pictures from both sides of membranes are presented in
Fig. S1.f From the SEM images, it can be seen that an increase

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Hydrophobization of PET TeMs by graft polymerization: (a) absorption of benzophenone on the surface of PET TeMs, (b) graft poly-
merization of lauryl methacrylate, (c) recombination of benzophenone.
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Fig. 3 Effect of monomer concentration and irradiation time on grafting degree of LMA on PET TeMs.

in the concentration of lauryl methacrylate leads to a gradual
decrease in the pore size of the membranes. The pore size
differs from different sides, but not more than 7%. According to
SEM, pore size for Pristine PET TeMs is 1461 + 39 nm, after
modification with LMA with grafting degree of 6.84%, pore
diameter decreased to 1305 &+ 11 nm.

AFM was used to visualize the PET TeMs surface before and
after modification, and to calculate the R,, Ry and adhesion
strength indices. Calculation of roughness (R,, Ry), adhesion
force and elasticity modulus was carried out using the equa-
tions used in.®> The results are presented in Fig. 5 and Table 2.

The roughness increased from 6.5 + 1.3 nm to 16.7 £+ 4.5 nm
with the grafting process. The increase in roughness is associ-
ated with an increase in the amount of lauryl methacrylate
grafted onto the surface of PET TeMs.

Fig. 6 shows the TGA curves of pristine PET TeMs and
modified PET TeMs-g-PLMA with various degree of grafting. As
shown in Fig. 6, there is an insignificant change in the behavior
of the TGA weight loss curves as a result of the formation of very
small amount of grafted layer of LMA, with the changes
becoming little more pronounced with an increase in the
grafting degree. In fact, this result shows that low level grafting

Table 1 Characteristics of PET TeMs before and after LMA modification (etching time — 12 min)

Grafting time, Monomer Grafting Pore size
Sample type min concentration, % degree, % (SEM analysis), nm
Pristine PET TeMs 0 — — 1461 + 39

15 30 0.62 1436 £ 9

30 30 1.77 1385 + 6
PET TeMs-g-PLMA 45 30 3.2 1349 + 16

60 10 0.6 1421 + 13

60 20 1.74 1373 £9

60 30 6.84 1305 + 11

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of original PET TeMs (A), PET TeMs-g-PLMA (10%)
(B). (20%) (C), (30%) (D).

of LMA on PET does not cause any adverse changes in the
thermal stability of the original PET TeMs.

The evaluation of the hydrophobic properties was carried out
by the method of water contact angle (CA) measurements. Fig. 7
and S21 show the results of CA measurements from 5 different
positions of PET TeMs before and after graft polymerization.
Increasing the grafting degree resulted in an increase in CA
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Table 2 Results of atomic force microscopy of PET TeMs before and
after LMA modification

Sample R,, nm Ry, nm E,MPa F,, nN
Pristine PET TeMs 6.5+ 1.3 9.86 + 3.0 129.0 64.9
PET TeMs-g-PLMA (10%) 6.7 + 1.1 10 = 1.3 100.7 67.1
PET TeMs-g-PLMA (20%) 7.0+ 13 11.12+2.6 1254 58.5
PET TeMs-g-PLMA (30%) 16.7 & 4.5 22.0 £5.9 47.71 103.2

from 50-55° for pristine PET TeMs to 94° + 4 for PET TeMs-g-
PLMA with a degree of grafting of 6.84%.

An FTIR analysis was performed to confirm UV-graft poly-
merization and detect the presence of characteristic bands of
poly(lauryl methacrylate) (PLMA) on the modified PET TeMs.
FTIR spectra of both pristine and modified PET TeMs are pre-
sented in Fig. 8. The major absorption peaks of pristine PET
TeMs are at 2972 cm™ ' (aromatic CH), 2910 cm™ " (aliphatic
CH), 1715 cm ™' (C=0), 1471 cm ™' (CH, bending), 1410 cm ™"
(ring CH), 1341 cm ' (CH, stretching), 1238 cm ™' (C=0-0
stretching), 1018 em ™" (ring CCC), 970 cm™* (O-CH, stretch-
ing), 847 ecm™" (ring CC).®® The presence of PLMA can be
attributed to the appearance of CH groups detected at approx-
imately 2860 cm " and 2925 cm™ ™.

The liquid entry pressure (LEP) is the key factor in assessing
water resistance in membrane processes. It denotes the
minimum pressure needed to compel liquid through the

[2.

0 um

Fig. 5 AFM pictures of original PET TeM (A), PET TeMs-g-PLMA (10%) (B), (20%) (C), (30%) (D) (size 10 x 10 pm?3).
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Fig. 6 TGA curves for a pristine PET TeMs and after grafting of LMA
with various concentrations.

membrane's pores. The LEP is contingent upon the
membrane's specific characteristics and can be calculated using

the Laplace equation:**

2By, cos(f)

rﬂl?lX

LEP (5)
where B - the pore geometric coefficient (for cylindrical pores
equal to one), y; - the surface tension of the liquid, 6 - the
contact angle between the liquid and surface, rn.x — the
maximum pore size.

-

(a) (b)
~50-55° ~ 81°42
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For aqueous solutions, membranes with a minimum LEP of
2.5 bar (or 0.25 MPa) are recommended for membrane distil-
lation.®® The membranes obtained under optimal conditions
and different pore diameters showed the following LEP values:
for 724 nm->0.34 MPa, 1150 nm-0.145 MPa, 1305 nm-
0.011 MPa. This means that membranes with a pore diameter of
724 nm can be used in MD.

3.2. Water treatment by direct
contact membrane distillation

Membrane distillation of NaCl solutions (7.5-30 g L") with
hydrophobic PET TeMs prepared at optimal conditions (lauryl
methacrylate - 30%, irradiation time - 60 min) with different
pore diameters (742, 1150 and 1305 nm, obtained from pristine
PET TeMs with pore sizes of 762, 1239 and 1461 nm) was per-
formed in direct contact mode with temperature control.

The effect of membrane pore diameter and NaCl concen-
tration on water flux and salt rejection was studied, the results
are presented in Fig. 9. The results showed that there is
a decrease in water flux with increasing salt concentration for all
membranes of various pore diameters. For example, for
membranes with a pore diameter of 724 nm, water flux
decreased from 1.88 to 0.38 kg m™~> h™" with an increase in salt
concentration from 7.5 to 30 g L. The increase in viscosity and
partial pressure of the initial saline solution and the decrease in

Ve W =

(c) (d)
~83°+3 ~94°+4

Fig. 7 CA of pristine PET TeM (a) and PET TeMs-g-PLMA with grafting degree of 0.6% (b), 1.74% (c) and 6.84% (d).
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Fig. 8 FTIR spectra of pristine and modified PET TeMs-g-PLMA in the ranges of 1900-400 cm™ (a), 3000-2800 cm™* (b).
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Fig.9 Water flux and salt rejection during DCMD tests using hydrophobized PET TeMs-g-PLMA with different large pores for NaCl solutions with

different concentrations.

water activity in the highly salty solution may explain the
gradual dropping in water flux.

The salt rejection (R) was assessed by measuring the elec-
trical conductivity of the purified solution using eqn (2)—(4). An
appreciable rise in conductivity occurs as the NaCl concentra-
tion increases across all membranes with varying pore sizes.
The effectiveness of salt rejection is significantly influenced by
the size of the pores. An increase in pore diameter from 724 to
1305 nm led to a sharp decrease in the degree of purification
from 91.39 to 58.35% at a salt concentration of 7.5 ¢ L™ *. This is
caused by a decrease in LEP values for pores with larger diam-
eters, which can lead to salt leakage through the membrane.

4 Conclusion

In this study, we demonstrated a method for hydrophobizing
the surface of PET TeMs with large pores by photoinitiated graft
polymerization of lauryl methacrylate. The contact angle
increased from ~50 to 94 + 4° directly showing the hydrophobic
modification of PET surface. SEM, TGA, AFM, and FTIR
measurements confirmed the success of membrane modifica-
tion. DCMD test showed average flux of 1.88 kg m~> h™" with
degree of salt rejection of 91.39% at 7.5 g L™ " saline solution for
membranes with pore diameters 720 nm. The obtained results
demonstrate the significant potential of employing the result-
ing membranes with relatively large pore diameters in
membrane distillation of saline solutions.

Abbreviations

TeMs Track-etched membranes

PET Poly(ethylene terephthalate)

PTFE Polytetrafluoroethylene

PVDF Poly(vinylidene fluoride)

PP Polypropylene

LMA Lauryl methacrylate

DCMD  Direct contact membrane distillation
SEM Scanning electron microscope

FTIR Fourier transform infrared spectroscopy
TGA Thermogravimetric analysis

AFM LEP atomic force microscopy liquid entry pressure
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