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ABSTRACT

Herein we report superior dye-degradation performance for polyaniline-silver (PANI-Ag) nanoparticle
coated on polystyrene (PS) electrospun membrane by in situ-polymerization method. Morphological
study of the coated membrane shows PANI-Ag nanofibril network with average diameter of 100 nm
around micrometer diameter electrospun PS fiber. X-ray diffractogram (XRD) showed the formation of
PANI-Ag nanocomposite and according to Bragg's reflection the crystal diffraction plans are from the
FCC structure of Ag. Thermal analysis of the composite reveals glass transition temperature observed
in the temperature range from 100-110°C for both PANI and PANI-Ag coated samples and 5 % residue
is left after heating it to 800 °C, which may be due to presence of Ag in the composite. Antimicrobial
study indicates that pure PANI sample do not exhibit any antibacterial performance for both
Staphylococcus aureus and Escherichia coli. However, antibacterial behavior is observed for PANI-Ag
samples when experiment is performed. The photocatalytic degradation of AZG dye solution using
PS/PANI-Ag membrane shows 85 % of AZG dye degraded within 180 min. The stability check of the
nanocomposites is done by FTIR analysis PS/PANI-Ag nanocomposite is not affected and no chemical
transformation takes place during the photodegradation process.
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1. Introduction

Different types of organic dyes have been utilized in many industries such as textile industries, leather
tanning industries, food technology, paper production, agricultural research, photo electrochemical
cells and hair dyeing [1-7]. A large amount of water is used by leather industry in the dyeing steps
producing dye-containing effluents [4]. Draining untreated dye containing effluents and coloured
wastewater generated by various industries are unsafe to the water bodies, because it will harm the
life of aquatic organism [8]. Most of the dyes has high solubility in agueous medium and high toxicity,
which can cause severe damage to the environment and living beings.

There are many popular methods to treat coloured wastewater such as, microbiological method,
adsorption, chemical oxidation, membrane filtration and photocatalysis processes [9-14]. One of most
studied method in this field is microbiological methods [15]. However, this method is not effective to



most of dyes because they are mostly chemically stable and resistant to microbiological attack. Other
conventional methods such as adsorption, membrane filtration are not very effective because of high
solubility of the synthetic dyes. More recently advanced oxidation process has became more popular
due to some additional advantages. This process leads the generation of sufficient quantities of
hydroxyl radicals to oxidize most of the complex chemicals those are present in the water effluent
[16,17].

Photocatalysis is a type of advanced oxidation process leads to conversion of hazardous complexes to
innocuous products [18]. This process can be utilized to clean a wide variety of dangerous compounds
in different wastewater sources. Different photocatalyst have been used in the field of
photodegradation. It has some drawbacks including fast recombination of charge carriers and
difficulties in the separation from water. In order to solve this problem, variety of methods have been
developed. One of the interesting approach is to develop flexible fibrous membranes. The electrospun
nanofibers are synthesized and reported by few researchers. The incorporation of ZnO in polyimide
fibers has been reported by Ding et al., and it has efficient degradation ability toward organic dyes
[19]. At the same time, the conditions, reaction time, and chemical requirements for the photocatalytic
process are very optimal [20]. The most important requirement for any photocatalytic reaction to take
place is the presence of catalytically active species. When a light of certain wavelength incident on
surface of the photocatalytic material the electrons get excited and hop from the valance band to the
conduction band, leaving behind with holes in the valence band with energy equivalent to the band
gap energy of the irradiated light. These electrons and the holes undertake oxidation and reduction
reactions with the organic pollutants [21] and degrade these organic compounds into simpler harmless
form.

Among different types of catalytically active materials conductive polymer material, polyaniline (PANI)
has extensively explored in the catalytic and photocatalytic area [22-24]. PANI is a n-conjugate long-
chain polymer and upon doping it shows very high conductivity. A PANI-ZnO composite with quasi-
shell — core structure is prepared by coating a PANI layer on the surface of ZnO. They reported that
the PANI coating can significantly enhance the photocatalytic property of ZnO and inhibit the
photocorrosion of ZnO. Another research group prepared PANI/Ag/AgsPO, composites showing very
strong photocatalytic capability [25]. The introduction of PANI in the PANI/Ag/AgsPO4 composite has
significantly increase both the photocatalytic degradation performance and the photocatalytic
degradation stability of AgsPO.. However, using different forms of nanocomposites for the wastewater
treatment by using photocataclytic technique has a problem of removing the powder composites after
treating the wastewater.

In this work, PANI-Ag fiber-like structured nanocomposites prepared by insitu chemical oxidation
method and deposited on the surface of electrospun PS membrane. Subsequently, the
characterization, antimicrobial analysis and photocatalytic degradation of Azocarmine G dye (AZG)
using PANI-Ag coated PS electrospun membrane is studied systematically.

2. Material and Methods
2.1. Material

Aniline (CeHaNH,, MW =93.13, 99.5 %), N,N-dimethylformamide (DMF) (linear formula HCON(CHjs),, >
99.8 %, molecular weight (MW): 73.09 g/mol, d=~0.944g/ml (lit.)), polystyrene (linear formula



[CH2CH(CeHs)] n, average MW: —280.000 g/mol, Tg = 100 °C, d = 1.047 g/ml at 25 °C), and silver nitrate
(AgNOs) from Sigma Aldrich. Hydrochloric acid 37 % (HCL, MW: 36.46, d = 1.18g/cm?® (20 °C)),
ammonium peroxodisulphate (APS) ((NH4) 25,08, MW: 228.2 g/mol, d = 1.98 g/cm® (20 °C)), are
purchased VWR Chemicals Analwr Normapur. All the chemicals are used without further treatment.

2.2. Preparation of electrospinning PS membrane

For electrospinning at room temperature, PS solution is prepared by dissolving the polymer at 20 %
w/v in DMF. The solution is placed in an oil bath under constant stirring at 60 °C for 24 h prior to
electrospinning. After that, the solution is loaded in 10 ml syringe with a stainless-steel needle with an
inner diameter of 0.23 mm. Electrospinning is performed using a setup with a horizontal rotating drum
configuration inorder to get fiber uniform diameter. The working conditions are as follows: a 15 cm
distance from the needle to the collector, a flux of 1.5 ml/h provided by a syringe pump, and a voltage
of 15 KV applied to the needle to yield nanofibers. The fibers are collected after 6 h of electrospinning
on an aluminum foil covering rotating collector. The electrospinning membrane is sandwiched
between two pieces of aluminum foil and then pressed using a weight of 250 g for 24 h at room
temperature to make the PS membrane stable and easy to handle.

2.3. Preparation of PANI coated PS membrane

Chemical polymerization method is used to coat PANI on PS membrane using HCL as dopant. In this
process, aniline is added to 1 M aqueous HCL solution under constant shaking. Pre-prepared PS
membranes are added to the aniline — HCl solution. The oxidant solution is prepared using ammonium
persulphate with water and 1 M HCl is added dropwise to the aniline over a period of 30 min. The
whole reaction condition is maintained for 24 h at constant shaking in ice bath maintaining
temperature of 5 °C, and pH 4. The solution turns green, indicating the formation of PANI. The PS
membranes are removed from the polymerized solution and washed several times with distilled and
dried in room temperature for 24 h before use.

2.4. Preparation of PANI-Ag coated PS membrane

The preparation of PANI-Ag composite is done by two steps process. At the first step, AgNOs is reduced
to Ag nanoparticles by irradiation UV-vis light of wavelength 390 nm. Followed by chemical
polymerization of aniline monomer in the presence of Ag nanoparticles using the same method as
mentioned in section 2.2.

2.5. Characterization techniques

Scanning electron microscopy (SEM) is used to study the surface morphology of the electrospun PS
nanofibres, as well as the grain size of all the samples (NanoSEM Nova 450). A Fourier-transform
infrared spectrometer (FTIR) (8101 M, Shimadzu) is used to the study the chemical interaction between
the polymers. To study the thermal properties of the PANI, thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) are performed using a Perkin Elmer Pyris thermogravimetric
analyser and Perkin Elmer Precisely Jade differential scanning calorimeter, respectively.



2.5.1. Photocatalytic aktivity

The photocatalytic activity of as-prepared PS/PANI-Ag membrane is investigated by the decolorization
of aqueous solution of Azocarmine G dye as model pollutant. The reaction is carried out under UV light
using a UV-lamp (390 nm). In a typical experiment, required amount (5 mg) of membranes are
immersed in 2 mg/l of AZG dye solution. Before irradiation, the dye solution was kept under dark
condition for 30 min to ensure complete adsorption of the dye. Then the solution is exposed to the UV
irradiation. During the photodegradation process, the solutions are collected every 60 min and
analyzed by UV-vis spectrophotometer. The degradation efficiency of the AZG dye is estimated by the
following equation,

Photodegradation efficiency (%) = ”—‘I“ X 100

Where Gy is the initial concentration of AZG dye and C; is the final concentration of AZG dye solution
at different time intervals.

2.5.2. Antimicrobial aktivity

The antibacterial properties were evaluated for both PANI and PANI AG samples by means of Minimum
inhibitory concentration (MIC) -determined by the CLD / EUCAST macrodilution method. Samples were
shredded in a frit to fine powder to ensure a good homogeneity of the prepared suspension prior to
the test. From both samples, stock concentrated suspensions were prepared in Mueller-Hinton Broth
(MHB) sterile medium and further diluted to a concentration of 16; 8; 4; 2; 1; 0.5; 0.25; 0.125; 0.06 and
0.03 mg / ml. To each concentration the same amount of bacterial suspension (inoculum) in MHB was
added and after thorough homogenization the tubes were incubated for 24 h at 35 °C. Then 0.1 ml was
withdrawn from each tube and spread on the surface of the agar (always in duplicate for each
concentration). After incubation at 35 °C for 18 — 24 hours, the growth of test bacteria on the surface
of the plates was evaluated and a minimum inhibitory concentration was determined accordingly.
Tests were performed with Staphylococcus aureus CCM 4516 (inoculum concentration 1.8 x 106 cfu /
ml) and Escherichia coli CCM 4517 (inoculum concentration 0.5 x 106 cfu / ml).
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Fig. 1. FESEM images of (a) PANI-Ag composite, (b) EDX spectra for PANI-Ag composite.
3. Results and discussion
3.1. Fesem

The surface morphology of the PANI-Ag composite is investigated using scanning electron microscope
(SEM). As shown in Fig. 1a, the PANI layer was formed on the surface of the Ag particle. The elemental
analysis (EDX) spectra for PANI/Ag composite is shown in Fgiure. 1b. These spectra indicates the



presence of carbon (C), Oxygen (O), Ag atoms as the major components present in the PANI/Ag
composite synthesized by in-situ polymerization method.

Surface morphology images of neat and coated PS membranes are shown in Fig. 2. SEM results
indicates formation of uniform fibers of diameter around 2-3 pm. The images of the coated membranes
show formation of uniform coating surrounding the PS fibers. The image of higher magnification
indicates formation of PANI nanofibril network. The average fiber diameter around 100 nm was
obtained for PANI. However, between the two-coated PS microfiber samples the density of PANI
nanofiber is higher than PANI-Ag nanofiber. The reason may due to higher cohesion between PS
molecule and PANI-Ag than with pure PANI. Further evidence about the interaction can be observed
in XRD analysis results

3.2. Xrd

X-Ray diffraction analysis of all the polymer membranes shown in Fig. 3, are done to investigate the
structure and crystallinity. From the plot we can see that diffraction pattern of both pure PS and PANI
coated PS have two amorphous characteristic peaks at 20 values of 10° and 20°. However, diffraction
pattern of PANI-Ag coated PS membrane as several sharp crystalline peaks due presence of Ag. The
diffraction peaks at 20 values 27.91°, 32.32°, 43.7°, 46.7°, 54.9° and 57.67° corresponds to the (210),
(122), (200), (231), (142) and (241), crystalline planes of Face- centered cubic structure of Ag according
to the JCPDS card no: 04-0783.

Fig. 2. FESEM images of (a) PS fibers (b) PANI coated PS fibers (c) PANI-Ag coated PS fibers.
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Fig. 3. XRD diffractogram of neat PS membrane, PANI and PANI-Ag coated PS membrane.

3.3. DSC analysis

DSC analysis of all the polymer samples are carried out to understand the glass transition (Tg) under N,
atmosphere from 30 °C to 250 °C at the heating rate of 10 °C/min. The analysis is done in three cycles.
The 1% cycle is heating from 30 °C to 100 °C, second cycle cooling from 100 °C to 30 °C and the final
one is heating again from 30 °C to 250 °C.
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Fig. 4. DSC of PANI-PS and PANI-Ag-PS membrane; inset DSC of pure PS.
Here in Fig. 4 we only present the results of third heating cycle. The T of PANI can be calculated from

the DSC curve at the point where sudden slope changes occur. From the figure, T; is observed for the
composite in the temperature range from 100 —110 °C. It is noteworthy that the maximum of the T,



peak shifted to higher temperature for the PANI-Ag /Ps composite. From DSC thermogram we can also
know about physical change such as loss moisture and other solvent used in preparation and chemical
change such as decomposition. The evaporation of water and solvents has happened in the 1 heating
cycle of analysis.

3.4. TGA analysis

TGA is carried out under N, atmosphere from room temperature to 800 °C at the heating rate of 10
°Cmin " and the results are shown in Fig. 5. From the TGA thermogram we observe that pure PS has
sharp 100 % degradation in single step and the peak degradation temperature is 416 °C with no residue
left behind. However, the coated samples have two steps of gradual degradation process.
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Fig. 5. TGA thermogram of neat PS, PANI and PANI-Ag coated PS membrane; inset is the derivatives of neat PS, PANI and
PANI-Ag coated PS membrane.

The 1% step of thermal degradation of PANI and PANI-Ag coated membrane has been soon started with
the rise of temperature and completed at around 100 °C. The constitute only 5 % of weight loss and
this may be due to evaporation of water and solvents used during synthesis process. The 2" and final
step of both the samples starts around 200 °C and completed at 426 °C for PANI and at 436 °C for PANI-
Ag coated sample. After 800 °C PANI-Ag-PSA coated samples is left with 5 % residue, which may be due
to presence of Ag in the composite.

3.5. Antimicrobial results

Two bacterial strains were used for evaluation of antibacterial properties, namely Staphylococcus
aureus CCM 4516 (inoculum concentration 1.8 x 106 cfu / ml) and Escherichia coli CCM 4517 (inoculum



concentration 0.5 x 106 cfu / ml). The reason was to perform tests on both Gram positive
(Staphylococcus aureus) and Gram negative (Escherichia coli) bacterial strains.

Obtained results are listed in the table S1The antibacterial properties are proportional to obtained MIC
value. In general, the lower MIC value is obtained, the better antibacterial properties are achieved.
The results indicate, that PANI sample do not exhibit any antibacterial performance, when for both
Staphylococcus aureus and Escherichia coli reached value > 16mg/ml. However, opposite behavior was
observed for PANI Ag sample when antibacterial performance was exhibited. In case of Staphylococcus
aureus the MIC reached value of 4 mg/ml. For Gram negative Escherichia coli the result reached
0.5mg/ml what denotes stronger antibacterial effect against Gram negative than Gram positive
bacterial strains.

3.6. Photocatalytic aktivity

The photocatalytic degradation of AZG dye in presence of PS/PANI-Ag nanocomposite was studied by
using UV-vis spectrophotometer. Fig. 6(a, b) shows the degradation of AZG dye under UV light
irradiation. The absorption spectra of AZG dye solution in the presence of PS/ PANI-Ag as a function of
time is shown in Fig. 6a. It is clearly seen that more than 85 % of AZG can be degraded within 180 min.
The inset in Fig.1a shows the decolorization of AZG solution. The degradation efficiency is shown in
Fig. 6b. When the time increases, the percentage removal of dye also increases for the PS/PANI-Ag
nanocomposites. The reaction was also carried out for without catalyst and only 4.5 % degradation
was achieved in 180 min. The results indicate that the PS/ PANI-Ag nanocompoistes play an important
role in AZG degradation process and no degradation was achieved without catalyst. To understand the
progress of the reaction and identify the intermediate species formed during the degradation process,
we have performed LC-MS analysis for the Azocarmine G dye and the degradation process is shown in
Figure (52-S4). The chemical formula, molar mass and structure of the product is shown in Table S2.
LC-MS is recorded for the sample degraded at time interval of 180 min. From the Table S2, the obtained
molecular mass and fragment’s structure undoubtedly confirms that the inclusion of photoactive
polystyrene/(PANI-Ag) in azocarmine dye enhances the photocatalytic degradation and thus
photocatalytic activity.

In order to confirm the stability of the nanocomposites, FTIR analysis was performed for PS/PANI-Ag
nanocomposites before and after photocatalytic reaction. From the Fig. 7, the structural property of
the nanocomposite was similar before and after the photocatalytic reaction, which implies that the
structure of the PS/PANI-Ag nanocomposite was not affected and also it was not chemically
transformed to other organic compounds during the photodegradation process.

3.6.1. Photodegradation mechanism

The photocatalytic mechanism of the PS/PANI-Ag system is shown in Fig. 8. In this system PS has been
chosen for anchoring PANI-Ag particles.



0.5 100

(a) (b)
“ Omin =
_ 0.4 i g o0 /
s w60 mins g
— 0.34 =120 mins £ g0
3 e 180 Mins. < Ly
: :
= .
§ 0.2 g 40
o Q
< 0.14 2 20
Without catalyst
0.0 4 0 e
400 500 600 700 0 30 60 90 120 150 180
Wavelength (nm) Time (min)

Fig. 6. (a, b) Photocatalytic activity of PS/PANI-Ag system under UV light irradiation. (b) Percentage degradation of AZG dye
at different time intervals.
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Fig. 8. Photocatalytic degradation mechanism.



When a photon of energy falls on the PS/PANI-Ag nanocomposite catalytic surface, the electron-hole
pairs are generated. These charge carriers act as photocatalytic active center [26]. Due to the fact that
PANI can absorb light to induce m — 7" transition, delivering the excited state electrons of the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) [27]. PANI is
strongly excited and produce photogenerated electrons on the LUMO of PANI. The excited electrons
from the conduction band of PANI are transferred to the conduction band of Ag. Which stimulated
oxygen to give superoxide radicals ion O, and similarly the holes generated in the valence band react
with water molecules to form hydroxyl radicals ("OH). These hydroxyl and superoxide radicals are the
powerful tool to degrade the organic pollutant [28,29], equation [1-6].

PANI + hvy — PANI + (e + h) (1)
FANI(2) + Ag — PANI + Ag (e) (2)
Ag{e) + 07 = 0] — +4g (h) (3
Ag (h) + PANI — PANI (h) (4)
FANI (h) + OH™ — PANI + *OH (5]
PANI (h) + *OH + O] — + AZG — H,0 + C04 (6]

4. Conclusion

PANI-Ag nanocomposite coated PS membrane with ability of strong photocatalytic degradation ability
and antimicrobial property is successfully prepared and studies. Antimicrobial study performed using
pure PANI sample does not show any antibacterial performance for both Staphylococcus aureus and
Escherichia coli. Whereas, reverse behavior is observed for PANI-Ag samples. In case of Staphylococcus
aureus the MIC reached value of 4 mg/ml and for Gram negative Escherichia coli the result reached
0.5mg/ml. This result indicates stronger antibacterial effect against Gram negative than Gram positive
bacterial strains. The photocatalytic degradation performance of the PANI-Ag on PS membrane shows
85 % removal of AZO dye from the solution in a span of 180 mints without any change in chemical
composition of the membrane.
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