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Abstract: Recently electrospinning has gained significateraton due to unique possibilities to produce hove
natural nanofibers and fabrics with controllableepstructure. The present study focuses on thec&thm of
electrospun fibres based on gum karaya (GK), aralatiree gum, with polyvinyl alcohol (PVA), and
functionalization of the membrane with TiQhanoparticles with further methane plasma treatm&he
GK/PVAITIO, membrane was analyzed with several techniquesdimg: fourier-transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), scannimdectron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDX), and water contact angle, oimer to characterize its morphological and
physicochemical properties. The GK/PVA/Githembrane was further successfully used for theadedion
(under UV irradiation) of bisphenol A and diclofenfrom aqueous solution. It was also observed that
degradation kinetics of these compounds are fastamparison to the UV treatment alone.
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Introduction

During the last few years, electrospinning has shdw be simple, versatile, and
cost-effective technology, which generates non-wofibers with high surface area to
volume ratio, porosity and tunable porosity. Beeaokthese properties this process seems
to be a promising candidate for various applicatiogspecially tissue engineering
applications [1].

Furthermore, electrospinning often allows to imnliabi on fibers materials that can
enhance their properties [2]. Many studies focusedmplementation of silver [2], gold
[3], magnetite [4] and zero-valent iron (ZVI) [Sanoparticles on electrospun membranes
in order to improve their properties. Titanium diex (TiO,) is a transition metal oxide, in
nature there can be found four polymorphs of,1[i&). According to Han et al. [7], Tign
the nanoscale range has much better photocatplytperties.
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TiO, is also often used supported with metal/metal @xidrticles, creating composite
material e.g. TiIQCdS [8], BbSs-TiO, [9], TiO>-WO; [10], TiO»Fe0; [11], TiO,-SnO,
[12], or TiO,-M0O3 [13].

Nanoscale TiQ is white, fine (~25 nm) powder/pigment that ha® us many
industries. It can be applied as a white pigmentpfaints, cosmetics and foodstuffs or an
additive to functional construction materials far @ad water purification, self-cleaning or
antimicrobial protection [14], and its photocatalyactivity was shown in many studies
[15]. In addition, there were also several researotks focusing on supplementing of LiO
on the electrospun membrane [15], although thgiiegtion were aimed mainly on their
filtration properties than the photocatalytic ofiE3].

Trace organic contaminants are routinely found amv rand processed municipal
wastewater and wastewater-impacted natural watdiebaat trace levels ranging from
a couple of ng per dhto a few microgram per diriThe widespread occurrence of them
such as industrial chemicals, pharmaceuticals aretsopal care products in
sewage-impacted water bodies has brought up stiastamrries owed to their possible
harmful consequences on human health and maringrcdl?7]. Therefore, there is
a necessity to develop efficient methods for tdeicontamination.

Over the last few years, the application of biopwdys for removal of a large spectrum
of pollutants from water has been studied [18].yRwrs like chitosan [19], cyclodextrin
[20], cellulosic biopolymer [21], alginic acid [224nd guar gum [23] have been extensively
studied for this purpose. Biopolymers have alsonbetudied for stabilization of
nanoparticles [24] e.g. gum karaya stabilized nagm-valent iron particles [25]. Another
often-studied topic over recent decades are tharsxdd oxidation processes (AOPs) [26],
these processes are often used for the removahragdus contaminants from water [27].
Among them, the photocatalysis with Bif of considerable interest recently [28].

The removal of trace organic contaminants (TrOCg; leisphenol A and diclofenac)
from water and wastewater is of considerable istesace certain TrOCs have been found
to potentially affect human health after prolongegbosure [29]. Yang et al. [29], studied
bisphenol A and diclofenac degradation with biotaditreatment. It was observed therein
that 80-90% removal of bisphenol A and approxima&8% removal of diclofenac can be
achieved with a fungal membrane bioreactor treatmen

In this study, TiQ functionalized electrospun GK/PVA (gum karaya/piryl
alcohol) membrane was fabricated and charactengtid various techniques including
FTIR, TGA, SEM-EDX and water contact angle. In didai, this membrane was later used
for the removal of two trace organic compoundspbénol A and diclofenac) under UV
radiation and the kinetics of their degradationenealculated.

Materials and methods

Materials

All of the chemicals used in the experiments wemnalgical reagent grade. TiO
nanoparticle powder in the form of 99.7% anatasgvirayl alcohol (PVA; Mw 88,000;
degree of deacetylation 88%), and gum karaya werehpsed from Sigma Aldrich. Micro
pollutants i.e. diclofenac and bisphenol A wer® aglsrchased by Sigma Aldrich and their
characteristics are presented in Table 1. Deionigzer (18.2 M2-cm™) was prepared by
an ELGA purelab flex system (ELGA, Veolia Water, fidav, UK).



TiO, immobilised on biopolymer nanofibers for the remioaf bisphenol A and diclofenac from watérl €

Table 1
Characteristics of compounds used in the experisnent
Compound
Name Bisphenol A Diclofenac sodium salt

NH

Cl
HsC CHs Q[
Structural formula
Cl ONa
HO OH
0

Characteristics

Molecular formula @H;c0; C14H1cCI,NNaO,
Molecular weight [g/mol] 228.29 318.13
Solubility in water
[mg/dn] 300 50
PK; 9.9 4.15
log Kow 3.44 4.51

Electrospinning solutions and parameters

GK solution (deacetylated) (3 wt.%; with or witholtO, (1 wt.%) content) was
prepared by dissolving it in deionised water. TMAR10 wt.%) solution was prepared by
heating at 9%C in a magnetic stirrer for 4 h. Then, the PVA siolu was mixed with the
GK solution in different ratios i.e. 0/100, 40/680/50, 60/40, 70/30, 80/20, 90/10 and
100/0 (PVA/GK weight ratio) to determine a goodnsiility and uniform nanofiber size
distribution. The electrospinning was carried outhwa Nanospider electrospinning
machine (NS IWS500U, Elmarco, Czech Republic) unttex following conditions:
spinning electrode width = 500 mm, effective nabefi layer width = 200-500 mm;
spinning distance = 130-280 mm, substrate speed.02561.95 m/min, process air
flow = 20-150 ni’h and voltage 0-50 kV.

Methane plasma treatment

The plasma treatment was done in a radio frequeplegma reactor (BalTec
Maschinenbau AG, Pfaffikon, Switzerland). The plasanamber was thoroughly purged
with a continuous flow of the gas used during tleatment to reduce trace amounts of air
and moisture. During the treatment, the gas flow adjusted in order to keep a constant
pressure of 0.2 mbar inside the chamber. A pow@0dV was applied. The duration of the
treatment was varied from 2 min onwards. The plasamaitions were as follows: voltage
300 V; time 5 min; pressure 20 Pa and plasma gaty[®9.997%. The process parameters
Werrf13 as follows: electrode area 48°cinter-electrode distance 50 mm; chamber volume
1dm.

Determination of water contact angle

Measurements of the water contact angle Were used to determine the surface
wettability of the membrane using the sessile dnogthod. The measurements were
performed using OCA20 equipment (Data Physics, @ayn and SCA-20 software.
The presented data are the average of three mezenie
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ATR-FTIR

ATR-FTIR spectra were obtained with a resolutiomafm™ at 4000-700 cif using
a germanium ATR crystal (NICOLET 12710, Thermo S¢iiry, USA) equipped with
a single reflection angle 45° horizontal ATR accegso

Thermogravimetric analysis (TGA)

Thermal stability and composition of the PVA/GK,Ggi electrospun membrane,
and plasma treated Tjlectrospun membrane were determined using TGAOQBA
instruments, USA). The experimental atmosphere wmdtsogen at a flow rate
of 60 cn¥/min. The sample was heated from 30 to 700°C.

High pressure liquid chromatography (HPLC)

The concentration of organic micro pollutants ie #olutions was determined on the
basis of quantitative analysis with high perforn@niiquid chromatography HPLC
preceded with solid phase extraction SPE. BPA wameted from the water samples by
the use of Supelclean™ ENVI-18 tubes. The tube @h&%s) was conditioned with
5 cnt of acetonitrile, 5 cthmethanol (both HPLC grade99.9%, Sigma-Aldrich) and next
washed with distilled water of pH 7. Whereas foe txtraction of DCF Supelclean™
ENVI-8 tube with a Gphase were used, which were conditioned only witimbmethanol
and also washed with pH 7 distilled water. Aftez #xtraction of water sample of a volume
20 cn? the column bed was dried for 5 min at vacuum. &halytes were eluted with
3 cnt of a mixture acetonitrile/methanol (60:40, v/vjf BPA and methanol (for DCF) and
dried in a nitrogen stream. After dissolution oé tsamples in 100 chof methanol they
were subjected to chromatographic analysis. HPL&#&yan (Warsaw, Poland) equipped
with a UV-Vis detector (wavelength for BPA= 218 nm and for DCE = 220 nm) was
used. Hypersil GOLD column by Thermo Scientificlefigth 25 cm, diameter 4.6 mm and
granulation - Jum was used as the chromatographic column. The mphiése consisted of
a mixed water and methanol in the ratio of 85:18)(v

Scanning electron microscope (SEM) and energy-dispgive X-ray spectroscopy
(EDX) analysis

The composition and morphology of the electrospi@, Tmembrane were studied
using a scanning electron microscope with a beameul2 to 40 nA and acceleration
voltage 0.02 to 30 kV and with complete detectigatesm with In-lens energy and angle
selective backscatter detector (EsB), 4-quadralid-state backscattered detector (AsB)
and Conventional secondary electron detector (EwdtiThornley) (ZEISS, Ultra/Plus,
Germany). ldeally, specimens were permanently nemliminto stubs using slow-drying
araldite or silver dag. The stub with the specimas then sputter coated with a thin layer
of gold to make the specimens conductive under kigduum conditions. The processed
specimen was subjected to SEM analysis. The EDXysisavas conducted to determine
the presence of various elements in the electro$pDnamembrane.

Adsorption tests

The water solutions were prepared on deionized rwatdrices with the addition of
diclofenac and bisphenol A standards at a condéonraf 0.5 mg/dml The concentrations
of pharmaceuticals were selected taking into acctheir solubility in water and maximal
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environmental concentration in surface waters. pHeof the solutions was adjusted to 7
using 0.1 mol/dmHCI or 0.1 mol/dm NaOH.

UV treatment

Tests with UV and UV with immobilised TiQon membrane (UV+Ti@membrane)
in the water solution, were carried out in the labory batch reactor Heraeus (volume of
700 cr). The reactor was equipped with a medium-pressomaersed, mercury lamp of
the power of 150 W placed in the cooling jacket enafithe Duran 50 glass, which blocked
radiation of wavelengths smaller than 300 nm. Tdection mixtures ware irradiated with
wavelength ranged from UV to visible light. The pess temperature was 20+1°C. The
aeration of the reactor was based on an aeratiomppwf capacity 4 drh
of air per min. This capacity was sufficient foretbroper execution of a photocatalysis
process. The radiation was carried out constaantl$® minutes.

The optimal membrane dose (70 mg) was selectedgitine preliminary stage of the
study. The contact time of the catalyst with trdateater before its irradiation was
established at 15 minutes. This step ensures #mdporption of micro pollutants on the
surface of the catalyst and membrane. It shoulenyghasized that the degree of adsorption
determines the efficiency of the photochemical dggosition of the compound.

The kinetics interpretation of UV and UV/membran®qgesses was obtained using
Langmuir-Hinshelwood [30] equation as a conjugatediction of micro pollutant

concentration and time:
r :d_C =k KC (1)
dt 1+KC

where:r - rate of reaction [mg/(dfamin)]; C - concentration of organic compounds at any
time t during degradation [mg/dilh k - reaction rate constant [1/minK - organic
compounds adsorption equilibrium constant.

The oxidation of compounds during catalyzed UV psses assumes the form of
pseudo-first order reaction, this allows for thdcakation of the reaction rate constant

according to equation:
“In (GJ =k 2)
C

0

where: Ct - concentration of organic compounds at titmguring degradation [mg/dikh
C, - concentration of organic compounds at time Oirdurdegradation [mg/di
k - reaction rate constant [1/mir]; time [min].

The degradation half-life, of investigated compaingvas determined using
equation:

In2
t,, =—— 3
1/2 k ( )

Results and discussion

SEM and EDX analyses

In Figure la and b SEM picture and EDX analysis PMA/GK (80/20, w/w)
membrane, is shown respectively. The reason foserheatio between PVA and GK and
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the exact characteristics of this membrane candoad in [31]. In Figure 1c and d
SEM/EDX npictures of electrospun membrane with thigiton of TiO, can be seen,
whereas in e) and f) the same membrane but plasatzd is shown.

Fig. 1. SEM and EDX analysis of: a) and b) PVA/GKctrospun membrane, c) and d) PVA/GK
electrospun Ti@membrane, and e) and f) PVA/GK plasma treated fi@mbrane

Fine nanoparticles of TiCtightly attached to the fibers can be seen on lodtthe
membranes.
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Furthermore, the plasma treatment not only madenga@brane more hydrophobic (as
further shown in the section describing the watartact angle) but also more resistant to
UV/Vis radiation which allowed to recover the meiae after the treatment of micro
pollutants.

In addition, EDX analysis had revealed presenceTid, component in both
membranes (Figs. 1d and f). Furthermore, after ttk@tment polymerisation of the
membrane occurred, although EDX analysis revedted TiO, has remained on the
membrane (data not shown).

Water contact angle measurements

Water contact angle measurements (WCA) were madé& membranes: PVA/GK
electrospun Ti@membrane and PVA/GK plasma treated Jiembrane (Table 2).

Table 2
Water contact angle measurements of PVA/GK elegtnogi0, membrane,
and PVA/GK plasma treated TiGhembrane

Sample name Contact angle[’] Photo documentation

TiO, membrane 14.4+0.9

Plasma treated TiOnembrane 121.2+9.4

"measurements were replicated 3 times, error iepted as a standard deviation

WCA measurement is used to determine a surfaceophdicity or hydrophobicity
i.e. larger value of WCA indicates materials gredtgdrophobicity. Many studies have
already found that after methane plasma treatnsemface of the fiber is not only more
hydrophobic but the grafted functional groups emleaits sorption capacity [31]. The
surface of plasma treated Ti@hembrane did not allow the water to spread evenky
created water droplet, therefore can be considasedery hydrophobic in nature, in
contrary to the membrane without the methane plaspadment.
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Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed foe membranes without and
with TiO, (and before/after plasma treatment).

1007 ~a—
80
T 60
E
Rey
é’ 40
o0l ——PVAGK
— PVA/GKI/TIO,
— PVA/GKITIO, (plasma treated)
0 ' 160 ' 260 ' 360 ' 460 ' 560 ' sc']o

Temperature [°C]

TGA curves of PVA/GK electrospun membrai®/A/GK electrospun Ti@ membrane,
and PVA/GK plasma treated TiGhembrane

Fig. 2.

From the TGA analysis, it is clear that all of tilembranes degraded majorly in two
steps up to a temperature of 600°C (Fig. 2). Thgranametric analysis estimated a EiO
content of approximately 12% for the PVA/GK/Tithembrane.

Moreover, the thermal stability of the plasma tedatnembrane seems to be higher

from the untreated one. These results also cortfiah there was an insignificant loss of
nanoparticles during the plasma treatment process.

ATR-FTIR spectroscopy

The ATR-FTIR spectra of PVA/GK electrospun membraR&A/GK electrospun
TiO,membrane, and PVA/GK plasma treated Ji@mbrane, are presented in Figure 3.

All of the membranes spectra shows peaks at 3300 (cefated to the OH stretching
vibration) and also at 1093 corresponding to —C-Osftetching vibrations of various sugar
moieties present in the GK [31].

The bands around 2925 and 2850 trepresents the characteristic vibration of C-H
stretching while the peaks at 1418 and 1326'are characteristic of the C-H deformation
vibrations in PVA and GK. It was also observed thtier the plasma treatment the bands
around 2925 and 2850 chhad lower intensity in comparison to the non-eedatne due to
probably destruction of a polymer chain structure.

Compared to PVA/GK membrane, new band with highrisity has been detected in
the membrane with TiO(1724 cm?) which is in agreement with the results obtaingd b
Nasikhudin et al. [32]. Furthermore, the band al4lZm® has been ascribed to the
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carbonyl group stretching modes probably of -CO®@bif gum karaya and ester groups
from PVA copolymer. It has been reported that JJé@n absorb on polymers with -COOH
group in two various schemes. One scheme is tl@t @Gan be bound with 2 oxygen atoms
of COOH by a bidentate coordination to*Ttation and the other one that it can form
hydrogen bonding between carbonyl group and thiasihydroxyl group of TiQ[33].

J T i T v T

1093 -
\ !

Intensity

| 1 1 I ! .

s | I | L | "

4000 3500 3000 2500 2000 1500 1000

Wavenumber [cm™']

Fig. 3. FTIR analysis of: a) PVA/GK electrospun nieame, b) PVA/GK/TiQ membrane, and
c) plasma treated PVA/GK/Ti®nembrane

The additional functionality observed in the mennigrafter plasma treatment is due to
the surface adjustment by grafting of hydroxyl bearyl, and carboxylate groups.
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Membrane application for pharmaceutical removal

In Figure 4 there can be observed degradation psogeBPA and DCF with UV and

UV + TiO, deposited on electrospun membrane after plasrattest. In the first stage of
the study, the membrane containing Ji@as contacted for 15 min with the prepared water
solutions. Due to the adsorption of micro pollusaoh the catalyst and membrane surface,
18% reduction of BPA and 20% of DCF concentrati@swbserved. These results indicate
that the decomposition of both compound would faleee mainly due to the reactions with
reactive free radicals, such @H, O,” and other oxygen species generated in the UV
irradiated water solutions and not only during tieens on the catalyst surface.

a) b)
1.04 L]
\\ ] '\‘ —=— UV
ot A\‘:\\' 05 A\\\ +— UV + PVA/GKITIO, (plasma treated)
N\ Q3
0.8 B \
W 1
) 064 N\
SH "\_‘.\'\ o | \
O e ™ O g4 b .
A A T Y .-
\A.‘_ \._ ‘;-\'"\
05 \‘PWR,_,,‘:;t’: o2 e .
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0.0 4+—
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Reaction time [min] Reaction time [min]

Fig. 4. Degradation of BPA (a) and DCF (b) duriny Wradiation with and without Ti@ membrane
(temp. 20°C)

The inception of UV irradiation initiate the photmmical decomposition of organic
compounds in the water solutions. The concentradbBPA decreased after 15 min by
over 28%. The elongation of the process resulted iremoval degree of that micro
pollutant which reached 60%. For DCF after onlymid the removal degree of the drug
exceeded 56% and increased to 76% after 60 min.deeemposition of the compound
depends heavily on the process time and thereforthe dose of radiation supplied to the
reaction mixture [34].

As expected the addition of the Ti@embrane, enhanced the decomposition process
of both micro pollutants. Which is consistent wille results obtained by other researchers
experimenting with Ti@ nanoparticles [35]. The removal degree of BPAra®@ min in
both processes reaches 50%. A higher efficiency weorded for DCF whose
concentration was reduced after 30 min of irradiatty more than 80%. Higher degrees of
removal of the pharmaceutical compound in similarcpss conditions reaches 90% were
observed by the use of Ti@s a mixture of anatase and rutile [36]. HoweJes, gresence
of rutile does not positively affect the removaBRA [37].

The calculated process kinetics (Table 3) indidatd the decomposition DCF and
BPA was divided into two stages. A similar deperm#emas also observed during the
photooxidation of other pharmaceutical compoundh sis carbamazepine [38]. In the first
20 minutes of UV irradiation the half-life of BPAas about 27 minutes and with continued
irradiation it reached for the UV + TiO membrane process a value of
79.87 min". Slower oxidation of the compound was also exgeds/ a decreasing value
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of the reaction rate constant. This dependenceespscially marked in the case of DCF
removal. The reaction rate constant determinedHersingle UV process was in the first
10 min of irradiation more than four times high&tso for processes supported by the
presence of Timembrane the reaction rate constant significadelyreased after the first
20 min. The half-life of DCL for the UV + Tighmembrane process, in the second stage was
extended about ten times. The inhibition of decositimm of micro pollutants can be
caused by a competitive oxidation of decompositioyrproducts from the parent
compounds.

Table 3
Decomposition half-lives of investigated micro pedints obtained for the photolysis
(with and without membrane) process
Compound Treatment Reaction timet [min] Reaction rgte_ constank R? Half-li_fe tie
process [min~™] [min]

uv 0-20 0.0122 0.93 63.15

BPA uv + 0-20 0.0266 0.88 27.52
Membrane 20-60 0.0161 0.81 79.87

UV 0-10 0.0821 0.99 8.28

DCE 10-60 0.0197 0.92 74.69
uv + 0-20 0.0617 0.98 14.17
Membrane 20-60 0.0147 0.89 148.55

Conclusions

In this study, nano-Ti@ electrospun membrane was fabricated and usedhfor t
removal of two toxic organic compounds. The SEM/EBXrphology and elemental
composition analysis revealed that the membranen&as-TiQ particles attached, but it is
not immune to the UV/Vis radiation and dissolveshe water rapidly. However, it was
observed that plasma treated membrane could lagetcand the dissolution of it does not
happen as fast. The created herein membrane wasatf®ysed with several analytical
techniques, i.e. FTIR spectroscopy, TGA and wabetact angle analyses. In addition, the
membrane had shown higher efficiency towards degi@ad of bisphenol A and diclofenac
in comparison to the bare UV process. Moreover ctileulated process kinetics indicated
that the decomposition DCF and BPA can been dividedtwo stages. It is also believed
that thus created membrane can help to recover aftér the treatment.
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