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ENHANCEMENT OF MEMBRANE DISTILLATION
OF PET TRACK-ETCHED MEMBRANES
BY HYDROPHOBIZATION
WITH DICHLORODIMETHYLSILANE

Abstract. Recent reports from the United Nations show that approximately 1.8 bil-
lion people live in countries that experience an absolute shortage of water resources. Due
to global population growth and industrialization, it is expected that water consumption
will lead to a 40% shortage of fresh water by 2030. Desalination by membrane distillation
can help to reduce lack of water by extracting fresh water from polluted sources, including
seawater, and wastewater. In this study, new types of membranes have been tested for this
purpose. Hydrophobic track-etched membranes (TeMs) based on poly(ethyleneterephta-
late) (PET) were prepared using covalent binding of silicon monomer such as dichloro-
dimethylsilane (DCDMS). Efficiency of hydrophobization was increased by preliminary
oxidation by hydrogen peroxide treatment. Pre-oxidation of PET TeMs leads to an in-
crease inwater contact angle (CA) up to 102°.The effect of reagent concentration, reac-
tion time were studied by scanning electron microscope (SEM), Fourier-transform in-
frared spectroscopy (FTIR), gravimetrically, water- and gas-flow rate, contact angle
measurements. The performance of the modified membranes was evaluated using direct
contact membrane distillation (DCMD) process. The results show maximum water flux of
17 kg/m?-h during 6h of saline solution operation at 15 g/l with efficiency up to 98 %.

Keywords: PET, track-etched membranes, dichlorodimethylsilane, membrane distil-
lation, hydrophobization, water desalination, surface hydrophobicity.

As a result of natural and human induced factors, the water consumption in
the world is constantly increasing, especially in densely populated regions. The
problem of lack of fresh water is no longer the prerogative of African countries,
but also it can be relevant for Central Asian region. As a result of the combination
of anthropogenic and natural factors, more than 70% of Kazakhstan territory is
subject to desertification processes to varying degrees. At the moment, there is an
acute shortage of water resources in Kazakhstan for the needs of industry and
agriculture, and for drinking water supply. The importance of this problem was
also noted by the President NursultanNazarbayev in the message "Strategy
Kazakhstan-2050: a new political course of the prosperous country”, that one of
the challenges of the current century will be the shortage of drinking water [1].

The main pollutants of water resources are petroleum products, phenols,
easily oxidized organic substances and heavy metal ions. In addition, man-made
radionuclides entering the groundwater as a result of nuclear dumps, accidents at
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nuclear power plants, discharges of liquid radioactive waste of some industries,
make it unsuitable for use without proper treatment.

Currently, most of the ongoing researches in the field of water purification is
aimed on the development of environmentally friendly, energy-saving and
efficient systems based on membrane separation processes [2-4].

There are various types of membranes used for these purposes: isotropic,
anisotropic, composite, flat, tubular, fiber, woven, sintered or molded.

One of the most important and defining characteristics is the membrane ma-
terial. Currently vast majority of the membranes on the market are made from
polymeric materials. The main materials for the manufacture of flat polymer
membranes are cellulose acetates, aromatic polyamides, fluoropolymers,
poly(ethylene terephthalate) (PET), polyacrylonitrile, polyamides, polyimides,
polyethylene, polypropylene and some other polymers [5].

One of the methods for producing so-called ion-track membranes is the irra-
diation of a polymer film. Its macrostructure is formed by irradiation with accele-
rated ions followed by physicochemical treatment, ultraviolet (UV) irradiation
and chemical etching. This results to the formation of track-etched membranes
(TeMs).

A characteristic feature and advantage of TeMs is regular pore geometry
with the ability to control their number per unit area and a narrow pore size distri-
bution. This in turn, provides a given selectivity and specific performance of
membrane [6, 7].

Currently PET films are one of the most widely used materialsfor the prepa-
ration ofTeMs. The main characteristics of film materials based on PET should
include high strength and optical characteristics, low swelling and shrinkage,
thermal stability, chemical indifference towards conjugate media [8-10].

Despite the fact that the surface of PET TeMs has medium-hydrophobic
properties, for using them in the process of membrane distillation (MD), it is ne-
cessary to improve the water-repellent properties of such membranes. One of the
most frequently used methods of materialhydrophobization is the creation of a
thin polymer film layer of hydrophobic nature on their surface. In this case, two
problems can be solved simultaneously: a change in the surface energy of the
TeMs and a decrease in the average pore diameter to the optimum value. Howe-
ver, most of the methods used do not satisfy the needs of MD, since the created
hydrophobic layer is susceptible to washing away with prolonged contact with
water. The most commonly used are polysiloxane polymers and copolymers with
a pronounced hydrophobic nature. The problem is instability of the connection of
these polymers with the underlying surface of the membrane. Thus the hydro-
phobization of PET TeMsfor such applications is an important task 9,

The new generation of membranes will provide access to alternative sources,
providing water purification unsuitable for irrigation, industrial and domestic use.
Industrial application of the membrane distillation process will help to solve the
problems of water scarcity, environmental pollution, inconsistencies between
water supply and water demand [20].
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In this paper, we consider method of hydrophobization based on covalent
binding of dichlorodimethylsilane (DCDMS) on PET TeMs. The effect of pre-
oxidation of PET TeMsand further silanationon the contact wetting angle will be
studied in comparison with the etched samples. The obtained hydrophobic mem-
braneswere tested in desalination process.

EXPERIMENTAL

Chemicals. DCDMS, sodium hydroxide, o-xylene, 2-propanol, hydrogen
peroxide, hydrochloric acid were purchased from Sigma-Aldrich and used as
received. Deionized water (18.2 MQ) was used in all experiments.

Preparation of the membrane. PET films with a thickness of 12 um («Mitsu-
bishi Polyester Film», Germany) were irradiated in the DC-60 accelerator by Ar
ions with an energy of 1.75 MeV/nucleon and ion fluence of 1108 ion/cm?. After
the etching process in a 2.2 M solution of NaOH at 85°C, membranes with pore
sizes of 200-250 nm were obtained. Etched membranes were dried and kept
between paper sheets at room conditions.

Hydrophobization of PET TeMs. To increase efficiency of covalent binding
of silanes, pre-oxidation of PET TeMs in the H,O,/UV system was applied[8].
For this purpose, PET TeMs samples (5x7.5 cm?) were oxidized in a solution of
0.3M H,0, at pH = 3 (HCI). Oxidation was carried out for 180 min under
UV-irradiation with 190 W mercury lamps at 254 nm. After the oxidation the
samples were washed with deionized water twice, dried in air at room tempe-
rature.

Hydrophobization of PET TeMs was achieved by immersion of samples into
the solution of DCDMS in 2-propanol or o-xylene with various concentrations
(0.01M, 0,1M, 1M, 5M) during 1h — 48h. At the end of these periods membranes
were quickly removed from the reaction medium rinsed with the solvent and
dried.

Membrane characterization. Chemical changes on the membrane surfaces
were studied by taking FTIR spectra using Agilent Cary 600 Series Spectrometer
with Single Reflection Diamond ATR accessory (GladiATR, PIKE). JEOL JSM-
7500F scanning electron microscope was used to characterize pore diameters and
morphology after PET TeMs modification. Water contact angle of the samples
was measured using Digital Microscope 1000x at room temperature.

Direct contact membrane distillation(DCMD). Direct contact membrane
distillation (DCMD) was used to determine separation performance of hydro-
phobized PET TeMs. DCMD rig was described in our previous paper [19, 20].
In brief, the modified membrane was placed in a cell for MD process, the flow
rate on permeate and feed side was controlled and kept at 227+3 ml/min and
453+3 ml/min respectively using Easy load Cole-Parmer Masterflex L/s 77200-62,
these parameters provide optimal performance and lowest temperature polari-
zation. The temperature at the feed side was 85 °C and at the permeate side 10 °C.
The permeate flux was measured by weighing the mass of liquid on permeate side
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at fixed time intervals (30 sec) on a balance (+0.01 g). The efficiency of salt
rejection was evaluated conductometrically using Hanna Instruments HI2030-01.

RESULTS AND DISCUSSION

Preparation and characterization of hydrophobic membrane. Hydropho-
bization of the surface was achieved by creating on the surface of PET TeMs
covalent bonds along the terminal OH groups with DCDMS.

The reaction is based on the chemical inertness of the Si-C bonds and the
high reactivity of the Si-Cl bonds, which easily undergoes by hydrolysis and
interaction with the OH-rich surface of PET TeMs. Schematically, the covalent
attachment process of DCDMS is presented in figure 1.

i o
o —OH cl o [ O—Si—CH; o [—O—Si—CH,
g | H,0 |& g
2 + 2Cl—Si—CH; ——»[¢ OH ——|2 0
g I -3HCI |2 -HCL 12
—OH 3 —o—sli —CHj, —O—Sli—CH3
CH; CH,

Figure 1 — Scheme of the hydrophobization of surfaces of PET TeMs

The experiment was carried out under different conditions by changing the
solvent (o-xylene, 2-propanol), concentration of DCDMS (0.01M; 0.1M; 1M;
5M) and reaction time (from 1 h to 48 h). The results are shown in table 1.

Table 1 — Results of hydrophobization PET TeMs by DCDMS

No Time, h Solvent Concentration, M Water contact angle, ©
1 0 - - 49+4
2 1 o-xylene 1 70+4
3 6 o-xylene 1 7343
4 16 o-xylene 1 79+2
5 24 o-xylene 1 84+4
6 48 o-xylene 1 84+2
7 24 o-xylene 0.1 7614
8 24 o-xylene 0.01 7414
9 24 o-xylene 5 755

10 24 2-propanol 0.1 7245
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According to the obtained data, it was concluded that o-xylene is a suitable
solvent and it was chosen for further work with samples in other conditions.
Images of drops on the surface of the membranes after modification in o-xylene
under various conditions are presented in figures 2, 3.

VaWel.\
(a) (b) (©

Figure 2 — Images of drops on modified PET TeMs at a concentration of DCDMS
in 0-xylene of 0.01M (a), 1M (b) and 5M (c)

(a) (b)
© (d)

Figure 3 — Images of drops on modified PET TeMs at a concentration of DCDMS of 1 M
and a reaction time of 1h (a), 6h (b), 16h (c) and 48h (d)

It can be seen that, the DCMDS system in o-xylene with a concentration of
1M and time of 24 h is the most optimal for achieving the hydrophobic properties
of the PET TeMs surface. At the same time, it should be noted that a decrease in
the CA with an increase in the concentration of the DCMDS to 5M is probably
associated with the predominant interaction of silanes with each other than with
the surface of the membrane.To increase efficiency of covalent binding of silanes,
pre-oxidation of PET TeMs in the H,O,/UV system was used [8]. Pre-oxidation
lead to increasing chemical active groups on the surface that potentially can
improve density of hydrophobic layer. In turn, this will lead to an increase in the
value of the contact angle. The obtained results are presented in table 2.

The obtained data indicate that pre-oxidation leads to an increase in the CA
to 102°. This is probably due to the creation of active reaction centerson the sur-
face of the membrane that occur after oxidation.Thus, research on the hydro-
phobization of etched and oxidized PET TeMs in DCMD was carried out, and the
optimum process conditions were determined. Studies have shown that pre-
oxidation leads to an increase in the CA to 102°.
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Table 2 — Experimental data on the wetting angle of oxidized and etched PET TeMs by DCDMS

No Sample name Concentration, | Time, | Water contact Effective pore size,
M h angle, ° nm

1 PETTeMsox. 1 1 7513 18945

2 PET TeMsetched 1 1 704 191+6

3 PETTeMsox. 1 3 78+2 18445

4 PET TeMsetched 1 3 71+1 18246

5 PETTeMsox. 1 5 7911 17145

6 PET TeMsetched 1 5 78+1 1725

7 PETTeMsox. 1 24 102+2 16516

8 PET TeMsetched 1 24 84+2 16416

Modified membranes were studied by FTIR-ATR spectroscopy. Typical

FTIR-ATR spectra of pristine and modified PET TeMs as well as DCDMS
for comparison are shown in figure 4. The comparison of the modified and non-
modified PET TeMs spectra shows us differences confirming the presence of
DCDMS on the membrane surface. The main absorption peaks related to PET are
3432 cm™ (O-H), 2972 cm™ (C-H), 2910 cm™ (C-H), 1715 cm™ (C=0), 1470,
1430, 1409 cm™ (aromatic vibrations of benzene), C(O)-O bonds of ester groups
(1238 cm™), 980 cm™ (O-CH,). In the modified samples, the valence vibrations of
Si—-CHj; and Si—O bonds at 1118 and 1045 cm™, the deformation vibrations of the

Si—C bond at 987 cm™, which are related to DCDMS, are observed.

0,25+
0,204 Si-CH,
| l
80,151 |5 e
o] ! | |
2 N |
? /\ |
20,10+ ! ;
I \| |
0,051 \ |
|2 . ‘
1 b :
0,00 : — —
2000 1600 1200 800

Wavenumber, cm”

1

400

Figure 4 - FTIR-ATR spectra of 1 — pristine PET TeMs, 2 - DCDMS-PET TeMs

(reaction time 24h), 3 - DCDMS-PET TeMs (reaction time 48h)
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The surface of the modified membranes was also studied by SEM.

Figure 5 — SEM images of PETTeMs surface after modification of DCDMS depending
on the reaction time of 1h (a), 6h (b), 16h (c), 24h (d) and 48h (e)

SEM images showed us that increasing reaction time led to decreasing pore
size, that is also consistent with the results on gas permeability. The decrease in
pore diameter is due to swelling of the PET TeMs.

Transport properties of hydrophobized PET TeMs after DCMD process.
Membrane distillation was carried out in direct contact mode in a laboratory setup
[19]. The membrane distillation characteristics of the modified membranes were
evaluated using NaCl solution with concentrations of 15 g/l. In the MD process,
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the efficiency of mass transfer and salt removal was evaluated, as shown in figu-
re 6. A gradual decrease inproductivity occurred in the process. Deviations in
performance are most likely due to the inconstancy of the temperature gradient.

18 9000
L waer flux.kglem>*h, d = 250nm, 15g/l, 65°C
\ | ]
\_ |~™— Conductivity, mS/cm - 8000 ~—~
e 16 4 \ E
X p
% " 7000 2
~ 144 p
(@)] g - 6000 "
Y4 >
- =
x - 5000 >
124 =
= =
frams . S
; . - 4000 3
D 104 c
C
L3000 @
= ] O
81 = L 2000
T T T T T T T T T T T
1 2 5 6

Time (h)

Figure 6 — MD water flux and the distillate electrical conductivity during continuous DCMD
tests using hydrophobized PET TeMs (DCDMS) for NaCl solution with concentration
of 15 g/l with pore diameters of 250 nm

Average water flux for the solution of NaCl (15g/l) is 17 kg/m?-h. The de-
gree of salt rejection for a solution with a concentration of 15 g/l was 98%. It is
worth noting that wetting and contamination are one of the main factors contri-
buting to reduced productivity. Results show us that hydrophobized PET TeMs
have a high potential to use them for membrane distillation and need to be further
studied.

Conclusions. In this work, PET TeMs was modified by covalent binding of
DCDMS with improved surface hydrophobicity. FTIR, and contact angle analysis
confirm the success coating of DCDMS on the membrane using o-xylene as a
solvent. The optimal parameters (DCDMS system in o-xylene with concentration
1M for 24h) showed, that using pre-oxidation PET TeMs leads to CA 102°, while
non-oxidized samples have CA - 84°. Thus, technologically convenient methods
of hydrophobization by covalent binding of DCDMS to the surface of PET TeMs
were investigated. Then modified membranes with pore size of 20050 nm were
tested in DCMD process for water desalination. The average results reaches maxi-
mum water flux of 17 kg/m?-h 15 g/l NaCl solution operation with efficiency up
to 98%. The results show the possibility of using hydrophobized PET TeMs in the
method of water purification by membrane distillation.
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Pe3iome

A. B. Ecocanos, U. B. Koponvkos, E. I'. I'opun,
0. lvsen, M. B. 30oposey, C. C. [Jocmasambemosa

[I3T® TPEKTIK MEMBPAHAJIAP/IbIH
MEMBPAHAIJIBIK CY3V YIIH
JUXIJIIOPINUMETUIICUIIAH THAPOD®OBU3ALIATIAY

Kazipri yaxpitra bipikken ¥Ynrrap ¥HUBIMBIHBIH JAepeKTepi OOHBIHIIA ITaMaMeH
1,8 MwMapa azam cy pecypcTapbIHBIH KETICIEYUIUTIriH Ce3IHeTIH eniepae TYpasbl.
KahaHnplk XanblK CaHBIHBIH ©CYyIMEH WHIYCTpUsUIaHIbIpy by apkackiaaa 2030 xpurra
Kapail cyJpl TYTBIHY TYIIBI CYJIbIH KETiCIEYLIIriHe oKeseai Aen KyTityae. MemOpaHa-
JBIK aijay apKbUIbl TY3CBHI3AAHABIPY JIaCTaHFaH KO3JepACH TYIIbl CyJapAabl, COHBIH
IIIiH/E TeHi3 CYBIH, CApKBIHIIBI CyJIap/bl )koHe pannoakTuBTi cy. Cy pecypcTapbIHBIH He-
Ti3ri JacTaFpIITaphl — MyHall eHiMIepi, PeHoIaap, MECTHIUATEP, OHAH TOTHIKKAH Opra-
HUKAIBIK 3aTTap KOHE ayblpMeraijap noHaapbl. Kasipri yakeITra cynsl Ta3apry calia-
CBIHAA JKYPTI3UTIN JKaTKaH 3epTTeyNepaiH OachkiM Oeiiri MeMOpaHAIBIK 0exy Iporec-
TEpiHEH €Ti3IeNTeH SKOJIOTHSIIBIK Ta3a, YHEPTUAHBl YHEMACUTIH KoHE THIMII KyHenepmi
JaMbITyFa OarbITTanFaH. byn 3eprrey yiniH MeMmOpaHaHBIH JKaHa TYpJiepi TEKCepui.
I'uapodo6Tel TpekTik Membpanagapasl (TM) monmstrientepedranar (IIDTD) Heris-
JeIred KpeMuuii MoHoMep muxsiopoauMeTrwicuiad (JIXJIMC) cuskTsl KOBajeHTTI Oaiia-
HBICTBIPY apPKbUIBI albIHABI. [ MApOPOOH3aUIHBIH THIMIUIITT CYyTeri aCKbIHBIHBIH CPITIH-
JICIHIIE TOTBIKTBIPYMEH ayijibiH-ana keoeimi. PET TM-HiH TOTBIFYBI a/IbIH-aJIa KOHTaKTI
suranapuIbiK Oypeiieia (KbIB) 102°-re aeitin apTThipaipl. PeakIMsUIBIK KOMITOHCHT-
TepAiH KOHIEHTpauuschiHbIH acepi, KbIb-nbH e3repyine peakius yakbIThl 3J€KTPOH/IBIK
CKaHEep/eH OTETIH 3MeKTPOHAbIK Mukpockorn (COM), MK-crekTpockorus KeMeriMeH
seprrenii. Typnenaipinren MeMOpaHanapablH eHIMIiniri memopaHaibik cysy (MC) ap-
KbUTbl Oaranmanzbl. EH sxoraprel HoTmkenep cy eHimainiri 15r/n NaCl konueHTparusice
kesinme 98,36% neiiin Tazanay TriMiniriMeH 6 carat Ooiibr 17 kr/m2-car JIEHIH KeTel.

Tyiiin ce3nep: I[I9T®, TpekTik MemOpaHaiap, AMXIOPIMMETHICHIAH, MeMOpaHa-
TBIK CY3y, THAPO(OOTH TYPICHIIPY, CYABI Ta3apTy, OTTIK THIpodoOH3aIws, KOBaJICHHTI
OalJIaHBICTHIPY.

Pe3rome

A. B. Ecocanos, H. B. Koponvkos, E. I'. I'opuH,
0. losen, M. B. 30oposey, C. C. [Jocmasambemosa

I'MAPODPOBU3ALINA ITDTO® TPEKOBBIX MEMBPAH
AUXJIOPIMMETHJICHJIIAHOM
JJ1 MEMBPAHHOU JJUCTWJ AN

B Hacrostmmee Bpemst, mo ganHsiM Opranuzaiuu O0weauHeHHbx Haruil, mpumepHo
1,8 MutHapa YeI0BEK KUBYT B CTPAHAX, MCIBITHIBAIONINX a0CONIOTHYIO HEXBATKY BOJI-
HBIX pecypcoB. M3-3a rio0aabHOr0 poCTa HACENCHUS U WHAYCTPHATH3AIMK OKHUIACTCH,
gto k 2030 roay morpebienue Bomsl npuseneT k 40% nedunuty npecHoi Boasl. Omnpec-
HEHHE IIyTEeM MEMOpaHHOHN TUCTHILUISIIMHA MOXET MTOMOYb YMEHBIIUTh HEXBATKY BOJBI 32
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CYEeT M3BJICYCHUS MIPECHON BOJIBI U3 3arPA3HEHHBIX HCTOYHHUKOB, BKIIFOYas MOPCKYIO BOAY,
CTOYHBIE BOJBI M paJIMOAKTHBHAs Boja. Jns 9Toi uenu B pabore ObUIM MPOTECTUPOBAHBI
HOBbIE TUIIBI MeMOpaH. ['uapodoOHsle TpekoBsle MeMOpanbl (TM) Ha OCHOBE MOJHUATH-
nentepedTanara ([IDTD) ObLIM MOTYYSHBI METOAOM KOBAJCHTHOTO CBSI3BIBAHHS KpPEM-
HHEBOTO MOHOMEpa, Takoro kak auxnopauMerwiciad (IXIMC). Db bekTuBHOCTD THI-
potdhoOu3anuy MoBhIMaIack MyTeM NPEABAPUTEIBHOTO OKHUCICHHS B PAcTBOpPE IMEPEKUCH
Bogopona. [Ipensapurensroe okucienue [I13T® TM npuBoauT K YBEIHYCHUIO KOHTAKT-
Horo yria cMauuBanus (KYC) no 102°. BausiHne KOHIIGHTPAIMH PEATHPYIOIIHX KOMIIO-
HEHTOB, BpeMeHH peakiuu Ha u3MeHeHne KYC usydanu ¢ mOMOIIBIO CKaHUPYIOIIETO
anekTpoHHoro mukpockona (COM), UK-cmextpockonuu ¢ Dypbe-npeoOdpa3oBaHHEM.
[TpousBoANTENBHOCTE MOIU(PHUIMPOBAHHBIX MEMOpaH OLEHMBAIM C HCHOJIb30BaHUEM
nporecca MeMOpanHoi auctwuisinuu (MJT). Pe3ynbTaTsl MOKa3sIBAIOT, YTO MaKCHMallb-
Hasl IPOM3BOXMTENBHOCTD BOJBI JOCTHraeT 17 kr/m>-4 B TedeHue 6 4 IpH KOHIGHTPAIHH
15 r/n NaCl ¢ spdexruBHOCTRIO OuricTKH 10 98,36%.

KiaroueBsie caoBa: [IDT®D, TtpexoBble MeMOpaHbBI, IUXIOPAUMETHIICHIAH, MEM-
OpaHHass TUCTHLIALMS, THAPodoOHas MOAM(UKAIIUS, OYHCTKA BOIBI, THAPOGOOH3AIHs
ITOBEPXHOCTH, KOBAJICHTHOE CBSI3BIBAHUE.
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