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Abstract: Poly(vinyl acohol)/maleic anhydride/acryloyl thioamide monomer
(PVA/MA/ATM) photo-cured nanofiber membranes and pure PVA nanofiber
membranes were produced by the electrospinning technique. In situ UV radi-
ation was applied during the electrospinning in order to provide polymerization
during the jet flight and promote crosslinking of ATM and MA with PVA. The
cross-linking was examined by Fourier transform infrared spectroscopy
(FTIR). The morphology of the electrospun nanofibers was characterized by
scanning electron microscope (SEM). The surface area of the nanofiber mem-
branes was measured by Brunauer—Emmert-Teller (BET) anaysis. Further-
more, their water durability was examined. The water durability test demon-
strated that the in situ photo-cured PVA/MA/ATM nanofiber membrane had
the lowest average mass loss. The surface areas of PVA/MA/ATM nanofiber
membranes were 160280 m? g'1. The surface area and diameter of PVA/MA/
/ATM nanofibers decreased with increasing PVA content. The diameter of the
obtained nanofibers was less than 100 nm. The results showed that water-
-insoluble nanofiber membranes with good chemical and thermal resistance
were obtained. These nanofiber membranes may be promising candidates for
usage in water treatment.

Keywords. electrospinning; nanofiber membrane; poly(vinyl acohol); photo-
curable; thioamide.
INTRODUCTION

Nanofibers are an exciting new class of materials that have been extensively
studied due to their uniquely light weight, high porosity, small inter-fiber pore
size, large surface area and well-modified surface properties.1.2 Many potential
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applications for nanofibers, such as tissue engineering, sensors, biomaterias,
device wipes, electrical applications, wound dressings material and filtrations and
adsorptions, have been proposed and investigated.3-2

In recent years, electrospinning has become the most common technique for
the generation of nanofibers because it is comparatively simple, convenient,
effective, low cost and with a relatively high production rate.10 However, most
important is that nanofibers with a diameter in the range of 100-1000 nm could
be achieved by electrospinning. This technique has three basic components, i.e., a
syringe pump, a high voltage supply and a collector. In the process, a polymer
solution or melt is placed into the syringe with a millimeter size nozzle and is
subjected to a high voltage. Under the applied electrostatic force, the polymer is
gjected from the nozzle, the diameter of which is reduced significantly, as it is
transported to and deposited on a collector, which aso serves as the ground for
the electrical charges 11-14

Poly(vinyl acohol) (PVA) is a water-soluble, non-toxic and biocompatible
polyhydroxy polymer with good chemical and thermal stability.1516 However,
the aqueous solubility PVA would limit its use for water treatment.1> Therefore,
when fabricated for agqueous applications, such as filtration and adsorption (i.e.,
water treatment), PVA must be modified to minimize swelling in water.17.18 The
most popular way of decreasing the solubility of PVA in water isto crosslink the
polymer.

The main purpose of this study was to produce a water-insoluble PVA nano-
fiber membrane by the electrospinning technique. Chemical crosslinking of PVA
with maleic anhydride (MA) and acryloyl thioamide (ATM) during the electro-
spinning process was realized by the effects of in situ UV radiation. Then the
obtained PVA/MA/ATM nanofiber membranes were characterized by FTIR,
SEM and BET, and their aqueous stabilities were examined.

EXPERIMENTAL
Reagents

Poly(vinyl alcohol) (PVA; 87-89 % hydrolyzed, M,, 146,000-186,000 g mol-1), maleic
anhydride (MA), acryloyl chloride (C3H3CIO) and the radical photo-initiator, 2-hydroxy-2-
-methyl-1-phenyl-1-propan-1-one (Darocur® 1173), were purchased from Sigma-Aldrich.
Thiourea (TU; SC(NH,),), triethylamine (TEA) and dimethylformamide (DMF) were pur-
chased from Merck. Distilled water was used throughout.

Synthesis of acryloyl thioamide monomer (ATM)

Thiourea (0.15 mol) was dissolved in 20 mL DMF at 40 °C and the mixture was charged
into a500 mL three-necked flask fitted with areflux condenser. After the solution had cooled,
TEA (0.15 mol) was added. Then, at 0 °C under nitrogen, acryloyl chloride (0.15 mol) was
added slowly drop wise to the reaction mixture under continuous stirring. After 1 h at 0 °C,
the reaction was continued at room temperature for an additional 1 h. Then, the solvent was
evaporated. The synthesized acryloyl thioamide monomer (ATM) was dried under vacuum at
30°Cfor 24 h.
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Preparation of the solutions for electrospinning

First, 8, 10 and 12 % PVA solutions were prepared by adding slowly the required
amount of PVA powder to distilled water at room temperature. The mixtures were then stirred
a 80 °C for 2 h to obtain homogenous solutions and refrigerated overnight to when the
solutions become transparent. MA (0.98 g) was added into 50 g of the prepared PV A solutions
in the presence of 10 mL of 1 M NaOH with vigoroudly stirring at 70 °C for 5 h (Scheme 1).
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Scheme 1. The esterification reaction between PVA and MA.

Then, the synthesized ATM and Darocur® 1173 as a photo initiator were added at 3 wt. %
of the total weight for all formulations and then immediately electrospun. The composition of
al nanofiber membrane formulations are givenin Table .

TABLE |. The composition of the formulations used in the synthesis of nanofiber membranes;
PV A solution: 50 g

MA ATM Darocur® 1173 Sulfur content  Nitrogen content

Formulation g % Wt % WL %
8% PVA 0 0 0 0 0
0.98 153 3 0.72 0.63
10 % PVA 0 0 0 0 0
0.98 153 3 0.72 0.63
12% PVA 0 0 0 0 0
0.98 1.53 3 0.72 0.63

Synthesis of nanofiber membranes

The schematic diagram of electrospinning process combined with UV radiation is shown
in Fig. 1. The prepared solution was placed in the syringe. The negative terminal of the high
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Fig. 1. Schematic diagram of the
= electrospinning process.
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voltage power supply was connected to a conductive drum covered with aluminum foil, which
functioned as the collector for the fibers. The positive termina was connected to the metallic
syringe tip. A voltage of 25 kV with a tip-to-target distance of 15 cm at a speed of 0.1 mL h1
was applied to the solution that was simultaneously radiated with a high pressure UV lamp
(Amax = 365 nm, OSRAM 300W) and the nanofiber membranes were collected on the au-
minum foil. After preparation, the nanofiber membranes were dried for 12 h at 100 °C and
then refluxed in ethanol/HCI (mole ratio 10:1) for 24 h at 70 °C to remove the template.
Finally, the nanofibers were dried for 6 h at 30 °C under vacuum.

Characterization

The infrared spectra of the prepared membranes were obtained on an FTIR spectrometer
(Spectrum 100, PerkinElmer) in the wave number region of 4000-400 cm® to define the
characteristic peaks of the functional groups of the nanofiber membranes. The surface
morphology of the electrospun nanofiber was examined with an SEM (JEOL JSM 7000F).
The specific surface area and pore volume were determined using BET analysis (ASAP 2020).
In the water durability test, the nanofiber membranes were treated with boiling water for 1 h
and the mass |oss measured.

RESULTS AND DISCUSSION

ATM was synthesized by reaction between thiourea and acryloyl chloride
and the representation of this reaction is shown in Scheme 2. The FTIR spectrum
of ATM isgivenin Fig. 2. According to the spectrum, thioamide group showed
an absorption band at 3528 cm1, due to -NH- stretching of the amide group.
The carbony! stretching of the amide appeared at 1658 cm1. The C=S group of
thioamide showed a band at 1255 cm1. The peaks at 1089 and 1384 cm! are
attributed to —-C—N groups. Furthermore, —-C—H stretching bands were recorded at
2857 and 2928 cnL. FTIR spectral measurements confirmed the structure of ATM.

i I ELN T
H,C=CH—C—Cl + NH,—C— NH, wemmmmmm——p  H,C=CH—C —NH—C—NH,
1) 1h, 0°C
2) 5h, 25°C

Scheme 2. Proposed structure of the synthesized acryloyl thioamide monomer (ATM).

FTIR spectra of the synthesized 10 % PVA and 10 % PVA/MA/ATM nano-
fiber membranes are given in Fig. 3. The FTIR spectrum of pure PVA nanofiber
(Fig. 3a) showed a broad peak at 3307 cm1 attributed to the hydroxyl (-OH) and
at 2910 cm™1 that is due to —CH, asymmetric stretching. The peak observed at
1731 cmr1 indicated the (-C=0) carbony! stretching bond.16.18 As shown in Fig.
3b, an absorption band at 1661 cm—! due to —C=0 stretching of the amide group
and a carbony! stretching (-O—C=0) at 1730 cmr1, a C=S stretching bands at
1247 cmr! and a —C—N stretching bands at 1091-1375 cm! were found.19.20
The proposed structure of the synthesized PVA/MA/ATM nanofiber membrane
isgivenin Scheme 3.
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Fig. 2. FTIR spectrum of ATM.
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Fig. 3. FTIR spectraof a) 10 % PVA and b) 10 % PVA/MA/ATM nanofiber membranes.

The water durability test involved boiling the synthesized pure PVA, PVAIMA
and PVA/MA/ATM nanofiber membranes in water for 1 h. The average mass
losses are given in Table Il. As seen from the results, pure PVA nanofiber
membranes dissolved completely in a short period at room temperature. How-
ever, when PV A was crosslinked with dianhydride and thioamide groups, the
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resulting PVA/MA/ATM nanofiber membranes were slightly soluble during boil-
ing in water for 1 h. This was mainly due to the efficient crosslinking of PVA
with MA and ATM by exposure to UV radiation during electrospinning. Com-
pared to the 8 % PVA/MA/ATM and 12 % PVA/MA/ATM nanofiber mem-
branes, the 10 % PVA/MA/ATM nanofiber membrane had the lowest average
mass | oss because of being the most efficiently crosslinked. This could be due to
the non-efficient crosslinking for the 8 % and the dissolving of unreacted MA for
the 12 % PVA/MA/ATM fibers. Yang et al.2! prepared PVA/MA crosslinked
nanofiber membrane by electrospinning directly. In the present work, the thio-
amide nanofiber membranes were prepared by simultaneously electrospinning
and UV radiation. It was found that this method enabled more efficient crosslink-
ing due to photopolymerization and less water-soluble the obtained nanofiber
membranes were less soluble.

TABLE Il. Physical properties of nanofiber membranes
Nanofiber membrane ~ Water solubility, %  Surface area, m gl  Nanofiber diameter, nm

8% PVA Soluble 57.72 106-126
10 % PVA Soluble 48.89 163-190
12 % PVA Soluble 38.91 236-259
8 % PVA/IMA/ATM 3.84 282.71 91-96

10 % PVA/MA/ATM 1.09 225.48 126134
12 % PVA/MA/ATM 1.83 161.94 244-326

The morphologies of nanofiber membranes and the nanofiber diameters were
determined by SEM analysis and the SEM images are shown in Fig. 4. It could
be seen that the membranes were composed of numerous, randomly oriented
nanofibers. The diameters of the nanofibers increased with increasing amount of
PVA. The pure PVA nanofibers were smooth and uniform with diameters in the
range of 106-259 nm. The diameters of the 8 % PVA nanofibers were between 106
and 126 nm while diameters of 10 % PVA and 12 % PVA nanofiber were
between 163—190 nm and 236-259 nm, respectively (Fig. 4A—C). With the intro-
duction of the dianhydride and thioamide groups to PVA, the nanofibers became
more intertwined and there were more crosslinks between the fibers (Fig. 4D—F).
As aresult, the fiber scaffold became stronger. The diameters of PVA/MA/ATM
nanofibers were smaller than those of the corresponding pure PVA fibers. The
diameters of the 8 % PVA/MA/ATM nanofibers were less than 100 nm. As the
PV A content increased in modified membranes, the diameters increased from 90
to 326 nm, as in the pure PVA nanofiber membranes. It should be noted that the
addition of MA and ATM may have caused a possible increase in the conduct-
ivity of the solution.> However, there were some beads in the PVA/MA/ATM
nanofiber membranes, especidly in the 12 % PVA/MA/ATM nanofiber mem-
brane. Furthermore, the Brunauer—Emmet—Teller (BET) surface area vaues of
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nanofibers indicated that the surface area decreased with increasing amount of
PV A. The nanofiber diameters and surface areas are given in Table 1.

~—
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Fig. 4. SEM images of: A) 8, B) 10 and C) 12 % PVA; D) 8, E) 10 and
F) 12 % PVA/MA/ATM nanofiber membranes.

CONCLUSIONS

The aim of this study was to synthesize more dynamic nanofiber membranes
by combining the electrospinning technique with UV radiation. Photo-crosslink-
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ing of the thioamide-functionalized fibers was successfully achieved. Moreover,
the effect of PVA content on the properties of the synthesized photo-cured nano-
fiber membranes was investigated. While pure PVA nanofiber membranes com-
pletely dissolved in water, the photo-cured membranes resisted hot water. SEM
images showed that the diameters of the nanofibers ranged from 90 to 320 nm
and increased with increasing content of PVA. The diameters of the PVA/MA/
/ATM nanofibers in membranes were smaller than those of the pure PVA nano-
fibers and their BET surface area was larger. When compared to pure PVA nano-
fiber membranes, they were tougher and insoluble membranes, had lower fiber
diameter and higher surface area. The results illustrated that these photo-cross-
linked thioamide functionalized nanofiber membranes possess an enormous
potential with the chemical resistance for usage in water treatment as, for example,
adsorption media.
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U3BOJ
YTUIIAJ CAIPXAJA TTOJIM(BUHWII-AJTIKOXOJIA) HA TIOCTYITAK U3PAIJE MEMBPAHA
IN SITU ®0OTO-YMPEXABAILEM HAHOBJIAKAHA ®YHKIJMOHATM30BAHUX
THOAMHIOM
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Y oBOoM papny je mpukaszaHo nobHjare MemOpaHa MOCTYMKOM eIeKTPOCITMHHUHIA YHUCTUX
PVA HaHOBNaKkaHa Kao H in situ oTo-yMpekaBakbeM MOJTH(BUHWI-aIKOXO0J )/aHXUIPHUI Majie-
WHCKe KHCeJnHe/akpuiouia-Tuoamun monomepa (PVA/MA/ATM). Tlpumena in situ UV 3pa-
yemwa y NOCTYNKy eJIeKTPOCIUHMHTA OMoryhasa fa ce peakuuja ympexasawa ATM u MA ca
PVA opurpaBa UCTOBpPEMEHO ca (popMHpameM BilakaHa. TOK peakudje ymMpexkaBama je Impa-
hen nomohy nndpaupsene cnexrpockonuje (FTIR). lok cy Mmopdororyja u TepMuyKa CBOjC-
TBa [NOOHMjeHMX HAHOB/IAKaHA aHAJIW3UpaHa CKAHUPAjyhoM eNeKTPOHCKOM MHKDPOCKOIHjOM
(SEM). CnenudwuuHa MOBpLUIMHA HAaHOB/IAaKaHa Hob0ujeHMX MemOpaHa je ompeheHa momohy
bpynayep—Emepr—Tenep (BET) MeTone. 3aTuMm je aHaau3WpaHa OTIOPHOCT HaHOB/IaKaHa Ha
BOZy. TeCcToBM OTIIOPHOCTH Ha BOAY Cy NOTBPAMIM fa MemOpaHe GoTo-yMmpexxeHnx PVA/MA/
/ATM HaHOBlakaHa TOKa3yjy HajMawmM rydurtak Mace. Cnenu@uyHa NOBPLIMHA
PVA/MA/ATM HaHOBNaKaHa y MemOpaHaMa je usHocuna 160-280 m2 g1, Ycranosmeno je ga
cnenudUyHa MOBPLUIMHA M NMPEYHHK HAHOBJIAKaHa OMAalajy ca mopacToM cagpxaja PVA y
MoJIa3HOM pacTtBopy. [IpeuHuk nodujeHnx HaHOBIAkaHa je 6uo Mawu of 100 nm. PesynraTu
Cy IOTBPAWIM Ja Ceé OBUM IOCTYIIKOM MOTY A0OUTH MemOpaHe Ofi BOJOHEPacTBOPHUX PVA
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HaHOBJIAKaHa ca DO/BOM XEMHUjCKOM W TepMHUYKOM oTmnopHoirhy. MemdpaHe cauumeHe of
ympexenux PVA HaHOBakaHa Mory Hahu mpuMeHy y IOCTyTIMMa 3a pevyuirhaBamke BOJa.

(TTpumiseno 17. mapta, pesuaupaHo 31. jyna, mpuxsaheno 7. aBrycra 2014)
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