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KEYWORDS Abstract This research aimed to prepare smart cotton fabrics with multi functions for antibacte-
Smart fabrics; rial activity, UV protection and electrical conductivity via in situ coating with conductive polymer
Poly (3-(furan-2- and conductive hydrogel. Therefore, 3-(furan-2-carboamido) propionic acid was synthesized fol-
carboamido) propionic acid); lowed by polymerization using ceric ammonium nitrate. In addition, cotton fabrics coated with
Gelatin; 3-(furan-2-carboamido) propionic acid via in situ polymerization and by the hydrogel that based
Hydrogel; on poly (3-(furan-2-carboamido) propionic acid) and gelatin which have been performed via
Electric conductivity and in situ gelation process. The chemical structure and morphology of the 3-(furan-2-carboamido) pro-

anti-bacterial pionic acid (monomer) and the synthesized polymer (PFu) were investigated by H'NMR, IR, SEM,

TGA and DSC. Where, the treated fabrics (PFu-T and PFu-G-T) are characterized by SEM, FTIR
and contact angle. Furthermore, the AC electrical conductivity and dielectric properties of PFu,
PFu-T, PFu-G-T and blank were investigated over the frequency range of 20 Hz—10 MHz at room
temperature using impedance spectroscopy where the electric conductivity values are 1.74 x 1075,
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7.5 x 108, 4 x 107, 8.24 x 107! (S-em)’!, respectively. In addition, the anti-bacterial activity of

PFu-T, PFu-G-T and blank was assessed versus gram-positive and gram-negative bacteria where,

PFu-G-T shows activity against Escherichia coli and Staphylococcus aureus. Moreover, PFu-T,

PFu-G-T showed high UV protection especially for PFu-G-T.

© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nowadays many researches are interested to fabricate smart cotton
fabrics with multi-functions, while the antibacterial and electrical con-
ductive fabrics have attracted attention to their versatility, especially in
health care. Smart fabrics can be defined as fabrics that are manufac-
tured and modified to sense and transfer different external or environ-
mental which can be chemical, mechanical, magnetic, thermal,
electrical, optical, etc. (Tao, 2001; Cherenack and van Pieterson,
2012). Cotton fabrics are the most popular fabrics all over the world
due to their significant features such as softness, comfortable, flexibil-
ity, easy to care, affinity to skin, hygroscopic and regeneration prop-
erty (Lu et al., 2007; Saravanan et al., 2009; Zhang et al., 2013),
although their ability to absorb large amount of humidity which is con-
sidered a good media to grow microorganisms which lead to undesir-
able effects, both on the human health and on the cotton fabrics
properties such as mechanical strength, unpleasant odor, stains and
discoloration.

Amongst antibacterial agents applied for developing fabrics are
chitosan (EI-Bisi et al., 2016; Xu et al., 2018; Xu et al., 2019), B-
Cyclodextrin (Selvam et al., 2012; Wang and Cai, 2008), N-
halamines (Liu et al., 2015; Pan et al., 2018), quaternary ammonium
compounds (Elena and Miri, 2018; Liu et al., 2014; Ma et al., 2018;
Simoncic and Tomsic, 2010) and metals/metal oxides (Hebeish et al.,
2014; Hassabo et al., 2019; Gao et al., 2019).

For the last few years, research and development towards wearable
electronic fabrics with multi functions as antibacterial and hydropho-
bicity such as health monitoring, protection, safety, and healthy life-
style gained strong interest (Lymberis and Paradiso, 2008).
Conductive fabrics can be manufactured by different material such
as conductive polymers such as polypyrrole (Lv et al., 2019), polyani-
line (Nassar et al., 2013) and polyfuran (Gonzalez-Tejera et al., 2008),
metal nanoparticles (Park et al., 2012), and carbons (Kowalczyk et al.,
2019; Ko et al., 2018).

Conducting Polymers based on heterocycle compounds have great
attention due to their good properties such as mechanical, good elec-
trical, electrochemical, and optical properties. Conducting polymers
can be classified into intrinsically conducting polymers (ICPs) and
extrinsically conducting polymers (ECPs). Where the most used in elec-
trical conductive textile is intrinsically conducting polymers (ICPs)
which essentially contain a conjugated m-electron backbone responsi-
ble for electrical charge (Dai, 2004). Conductive polymers can be pro-
vided as solid or liquid dispersions or solutions. Where, ICPs have
been deposited via chemical and electrochemical oxidation on the fab-
ric surface (Kim et al., 2003). Furthermore, conductive polymers have
a great advantage which can be seen in different applications by incor-
porating enzymes, antibodies and other biological moieties (Kotwal
and Schmidt, 2001; Rivers et al., 2002; Kim et al., 2007). Polyfuran
has less interest than polythiophene, polypyrrole, and polyaniline,
etc., due to its high oxidation potential (Gonzalez-Tejera et al.,
2008). Many scientists overcome this problem by changing the reaction
conditions with various composites and copolymers based on polyfu-
ran (Gonzalez-Tejera et al., 2008).

Furthermore, the cotton treated with hydrogel is used in different
applications such as biomedical application (étular et al., 2017;
Pinho and Soares, 2018). Hydrogels are 3D cross-linked hydrophilic
polymer with high porosity and high water content without dissolution
reverse to their cross-linked which may be chemical or physical cross-

link (Zheng and Wang, 2015). Hydrogels can be classified into two
kinds; natural such as polysaccharides-based and polypeptides
(proteins)-based, and synthetic such as PVA, PEG. Gelatin is a
polypeptide (proteins)-based derived from collagen which is the most
candidate for preparing hydrogels used in biomedical applications
due to its large number of functional groups and is easily cross-
linked (Jaipan et al., 2017). Electrically conductive hydrogels are fab-
ricated with adding different conducting materials such as conductive
polymers, metal nanoparticles, or carbon-based materials.

Eventually, in order to manufacture cotton fabrics with anti-
bacterial property, UV protection and electrical conductivity; cotton
fabrics were grafted with new bioactive and electrical conductive poly-
mer that based on 3-(furan-2-carboamido) propionic acid. Moreover,
the swelling and comfort properties of the cotton fabrics have been
increased by the treatment of cotton fabrics with hydrogel based on
gelatin and poly (3-(furan-2-carboamido) propionic acid) that was syn-
thesized via in situ gelation process. The chemical structure of the syn-
thesized polymer was confirmed with H'NMR analysis. The electrical
conductivity of the grafted fabrics was investigated and the anti-
bacterial activity of them was evaluated against Gram-positive bacteria
(Staphylococcus aureus) and Gram-negative bacteria (Escherichia
coli). Notably, the synthesized polymer is not synthesized or applied
before.

2. Material and method

2.1. Materials

furan-2-carbohydrazide, succinic anhydride (Merck), toluene
(Modern Lab chemicals, Egypt), ceric ammonium nitrate solu-
tion (Merck), ethanol (Modern Lab chemicals, Egypt), gelatin
(sigma), sodium dodecyl benzene sulfonate (SDBS))Merck(,
Di-methylol ethylene urea)Sigma), Di-aldhyde Glutaric acid)
Sigma), All of the chemical reagents used in the experiments
were analytical grade and used as raw materials without fur-
ther purification. Water used is distilled.

2.2. Methods

2.2.1. Synthesis of 3-(furan-2-carboamido) propionic acid
3-(furan-2-carboamido) propionic acid was prepared as
reported in literature (Kassem et al., 2019). In brief, a solution
of furan-2-carbohydrazide (1.29 g, 0.01 mol) and succinic
anhydride (1.02 g, 10 mmol) in toluene (20 mL) was stirred
at room temperature for 24 hrs. The solvent was evaporated
under reduced pressure at 50 °C to give a residue, which was
titrated with diethyl ether (25 mL) to afford a solid which
was filtered, dried and crystallized from ethanol to afford 3-
(furan-2-carboamido) propionic acid as a yellowish solid.
Yield: 80%; mp 148149 °C; IR (KBr) em™!, v: 3321 (OH),
3228 (NH), 3154 (CH), 1729 carboxylic (C = O), 1686 amide
(C = 0); 'H NMR (DMSOds) d/ppm: 3.04 (t, 2H,
J = 6.2 Hz, CH,), 3.15 (t, 2H, J = 6.2 Hz, CH,), 6.70 (m,
1H, furan H-4), 7.58 (d, 1H, J = 7.4 Hz, furan H-3), 8.12
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(d, 1H, J = 7.6 Hz, furan H-5), 9.24 (br. s, |H, NH exchange-
able), 9.50 (br. s, 1H, NH exchangeable), 11.84 (s, 1H, OH).
MS m/z: 226 (M", 12%). Anal. caled. for CoH;(N,Os
(226.19): C, 47.79; H, 4.46; N, 12.39; Found: C, 48.0; H,
4.48; N, 12.50.

2.2.2. Poly 3-(furan-2-carboamido) propionic acid synthesis

A solution of specific amount of ceric ammonium nitrate solu-
tion (CAN) (0.1 M) and SDBS (0.005 g) were stirred for 5 min.
After that, 3-(furan-2-carboamido) propionic acid (0.3 g) dis-
solved in ethanol (20 mL) was dropped wisely to the emulsifier
solution with continuous stirring for 20 min. The reaction ves-
sel was kept stirring for 24 h at 80 °C for complete polymeriza-
tion. The mixture was poured into ethanol (500 mL) and
stirred for extended two hrs where polymer was collected on
Buchner funnel with filter paper and washed for several times
with ethanol before drying at 60 °C for 24 h.

2.2.3. Treatment of cotton fabrics with poly (3-(furan-2-
carboamido) propionic acid)

Cotton fabrics were treated with poly (3-(furan-2-carboamido)
propionic acid) via in situ chemical oxidation polymerization
using ceric ammonium nitrate. Where, emulsion solution of
sodium dodecyl benzenesulfonate SDBS (0.005 g) were stirred
in distilled water (15 mL) for 5 min. A solution of (0.3 g) 3-
(furan-2-carboamido) propionic acid dissolved in ethanol
(20 mL) was then drop wisely added to the emulsifier solution
with continuous stirring for 20 min. After that, five samples of
cotton fabrics were immersed in solutions with continuous
shaking in water bath at 80 °C for 15 min. Finally, a solution
of specific amount of ceric ammonium nitrate solution (CAN)
(0.1 M) added drop wisely to the reaction vessel. The reaction
vessels were kept stirring around 2hrs for complete polymer-
ization, after that Samples were removed, dried, cured and
kept for further characterization.

2.2.4. Treatment of cotton fabrics with poly(3-(furan-2-
carboamido) propionic acid)/gelatin hydrogel

Functionalization of cotton fabrics with hydrogel have been
performed via in situ gelation process. A homogenous poly-
meric solution of lgm gelatin and 0.1 g of 3-(furan-2-
carboamido) propionic acid was prepared and a solution of
specific amount of ceric ammonium nitrate solution (CAN)
(0.1 M) added drop wise to the solution with shaking for
30 min. The solutions were then transferred to Petri-dishes
and three pre-weighted textile subtracts were added to the
solutions. After that 0.5 mL of di-methylol ethylene urea (tex-
tile crosslinker) was added to the solutions. Finally, the cross
linking agent Di-aldhyde Glutaric acid was added to the solu-
tion under shaking for 5 min.

2.3. Characterization

The reaction progress was checked by pre-coated TLC Silica
gel 0.2 nm F,s4 nm [Fluka], visualized under UV lamp 254 &
366 nm. IR spectra were performed on a JASCO
FT-IR-6100 Fourier transform infrared spectrophotometer
using the KBr pellet disk method for transmittance measure-
ments. The H'NMR and C'?’NMR spectra were measured
on Bruker Avance I1 400 MHz spectrometer using deuterated

Di-methyl sulfoxide DMSO d as the solvent. The antibacterial
activities of treated fabrics were quantitatively evaluated
against both gram-positive bacteria (Staphylococcus aureus
(ATCC 25923)) and gram-negative bacteria (Escherichia coli
(ATCC 35218)). Where, a suspension of each bacterial strain
was freshly prepared by inoculating fresh stock culture from
the tested reference strain into broth tube containing 7 mL
of Muller Hinton Broth. The inoculated tubes were incubated
aerobically at 37 °C for 24 h. Serial dilutions were carried out
for each strain and dilution matching with 0.5 Mc-Farland
scale standard was selected for the screening of antimicrobial
activities. Antimicrobial susceptibility of tissues was deter-
mined using diffusion method. A volume of 100 pL of cell cul-
ture suspension matching with 0.5 Mec-Farland of target
strains was spread onto the plates. To investigate the antibac-
terial activity of target tissues, they were added into individual
plates. They were left for 1 h at 25 °C to allow a period of pre-
incubation diffusion. The plates were re-incubated aerobically
at 37 °C for 24 h to allow bacterial growth. After incubation,
plates were observed and the zones of inhibition were mea-
sured to evaluate the antimicrobial activity for each of the trea-
ted cotton fabrics. The experiment was carried out in
triplicates for statistical relevance and the Mean + SE of
results was calculated.

The ultraviolet protection factors (UPF) of untreated and
treated fabrics were measured by the AATCC 183-2010 using
UV-vis spectrophotometer. The control reference was mea-
sured as air. UPF was calculated from the transmission spectra
of the fabrics in the scope of 290—400 nm (Hassabo et al., 2019)
using the following equation:

_ 300 E(4) S(4)
OE(2).8(2).T(2).A(2)

(1)

where E(1) is the relative erythemal spectral effectiveness, S(A)
is the solar spectral irradiance in Wm ™2 nm~"' (E()) and S())
values were obtained from the National Oceanic and Atmo-
spheric Administration database (NOAA)), T(A) is the spectral
transmission of the sample obtained from UV spectrophoto-
metric experiments and A(M) is the difference between measur-
able wavelength.

Water uptake percentage of hydrogels was determined
according to the difference between the weight of swollen sam-
ples (W) and the weight before swelling (Wy). Where, pre-
weighed samples were immersed in 5 mL H,O for 24 h,

The percentage of water uptake was calculated using
Equation:

Water Uptake % = (W,—Wq)/W, (2)

Impedance spectroscopy was carried out using the Gw
LRC meter-8110G interfaced to a computer with frequency
ranging from 20 Hz tol0 MHz at the room temperature,
303 K. Samples were mounted on the conductivity sample
holder with stainless steel electrodes under spring pressure.

Complex impedance data, Z* can be represented by its real,
7’ and imaginary, Z° parts by the relation:

Zx =27 +,Z" 3)

The equations for the dielectric constant, €, the dielectric
loss, €, the real electrical M’ and the imaginary electrical mod-
ulus M can be shown as:
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t C
¢ = e and ¢’ =¢'tand (4)

where tano = wRC

/ /"
&

=5y and M = a0 5
€2+ €2+ (5)
where g, is the permittivity of the free space, A is electrode
contact area and t is thickness of the sample, R is the resis-
tance, C is the capacitance and w = 2xf, f being the frequency
in Hz.

3. Results and discussion

3.1. Synthesis and polymerization of poly (3-(furan-2-
carboamido) propionic acid), and the treated cotton fabrics

The general synthetic routes of 3-(furan-2-carboamido) propi-
onic acid and its related polymer are outlined on Scheme 1.
Furan homopolymer can be synthesized through free radical
system, anionic system, cationic system, ¥-Ray Irradiation
and Stereospecific Systems (Gandini, 1977). Diaz’s mechanism
is believed to be the most applicable mechanism for polyfuran
where electron-transfer step occurs to form a radical cation
with several resonance forms then followed by alternating
chemical and electron-transfer reactions (Gonzalez-Tejera, de
la Blanca et al., 2008). On the other hand, the oxidative decar-
boxylation of carboxylic acid by ceric ammonium nitrate has
been reported by A. Sezal Sarac and his team (Sheldon and
Kochi, 1968). The H'NMR spectrum confirmed that the poly-
merization occurs via C6 and carboxylic group. Where, Fig. |
show H'NMR of poly(3-(furan-2-carboamido) propionic
acid), H'NMR analysis (DMSO ds) 6/ppm: 2.51(2H, CH,,
Cio), 3.15 (2H, CH,, Cjs), 2.42(, 2H, CH,, C;s), 1.36(2H,
CH,, C1,),6.9 (1H, furan H-4), 7.56 (IH, J = 7.4 Hz, furan
H-3), 7.56 (1H, J = 7.6 Hz, furan H-5), 0.86 (br. s, |H, NH

exchangeable, Hy,7), 7.89 (br. s, 1H, NH exchangeable,
Hgs), 10.18 (1H, OH). Fig. 2a shows FTIR of 3-(furan-2-
carboamido) propanoic acid.

Herein, cotton fabrics were treated in situ with poly (3-
(furan-2-carboamido) propanoic acid). Where, the expected
mechanism between cotton fabrics and the synthesized com-
pound would occur via free radical polymerization based on
the fact of Ce'¥ salts such as Ce'” ammonium nitrate consid-
erably importance gaining in the grafting of cellulose. Where,
the free radicals obtained from cellulose oxidizing capable of
initiating polymerization on cellulose through a single electron
transfer (Hebeish and Guthrie, 2012). According to the previ-
ous studies, the expected mechanism of grafted cellulosic cot-
ton fabrics with poly (3-(furan-2-carboamido) propanoic
acid) and its hydrogel based gelatin outlined on Schemes 2
and 3. Where, Fig. 2a, b show FTIR of the treated cotton fab-
rics with poly (3-(furan-2-carboamido) propanoic acid) and
the treated cotton fabrics with its related hydrogel respectively.
FTIR chart of the treated cotton fabrics with poly(3-(furan-2-
carboamido) propanoic acid) shows bands at 3330 related to
(OH), 3269 related to (NH), 2882 corresponding to —CH
stretching of cotton, band at 1704 related to carboxylic
(C=0) and band at 1638 related to amide (C=—O) appear.
While, Fig. 2b shows bands at 3288 corresponding to —OH
overlaps with stretching vibration of —NH. Another band at
2945 cm™' results from the stretching vibration of aliphatic
—CH, one intense band at 1532 cm ™! was assigned to vibration
of-NH amide bending and another band at 1632 cm'corre-
sponds to —C=0 stretching vibration. In addition, weak band
at 2018 related to aromatic C—H bending.

3.2. SEM of treated fabrics with poly 3-(furan-2-carboamido)
propionic acid

Fig. 3(a, b, ¢) shows SEM images of (a) control cotton fabrics,
(b) cotton treated with poly 3-(furan-2-carboamido) propionic
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Polymerization reaction mechanism of 4-(2-(Furan-2-carbonyl)hydrazinyl)-4-oxobutanoic acid.
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acid, (c) cotton fabrics treated with the gelatin hydrogel/ poly
3-(furan-2-carboamido) propionic acid, at magnifications
1000, 4000 and 8000. Where, Fig. 3a shows smooth surface
of untreated fabrics, 3b reflects a smooth rough thin layer of
poly 3-(furan-2-carboamido) propionic acid on the surface of
cotton fabrics, while 3¢ shows thick layer of gel on the surface
which makes fibers closed to each other.

3.3. Swelling value

Water uptake value or swelling value of the synthesized hydro-
gel and treated cotton fabrics with hydrogel is shown in
Table 1. It is clearly obvious that swelling values in presence
of PFu comparing with gelatin hydrogel decrease and this
can be back to its lipophilic properties. Moreover, swelling
ratio of polymers/gelatin hydrogels is larger than that of trea-

HN\N/\)]\OH
H

o e

(o]
——
(@)

o) OH/ \

(o)
HO ° TN__° /\)OL
=0 HN < o HN=N OH

H H n

H

Mechanism of cotton fabrics treatment with PFu.

ted cotton/hydrogel and this is may be back to the degree of
crosslinking.

3.4. Evaluation of ultra-violet protection factor (UPF)

Heterocyclic compounds have been reported to own a signifi-
cant UV absorption property (Czajkowski et al., 2006;
Tragoonwichian et al., 2008; Ocal et al., 2016). Table 2 shows
Ultra-Violet Protection Factor (UPF) of untreated cotton fab-
rics, cotton treated with gelatin hydrogel, cotton treated with
furan derivative, and cotton treated with furan derivative gela-
tin hydrogel. It is obvious that treated cotton fabrics have
excellent UV protection comparing with that untreated
according to standard methods, where the evolution of UPF
value between 0 and 50 while between 15 and 24 is good,
25-39 is very good, and 40- greater than 50 is excellent UV
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protection (Ocal et al., 2016). And this means preventing the
transmission of UVA and UVB through cotton fabrics.

3.5. Contact angle measurements

Fig. 4 shows the contact angle of cotton fabrics treated with
gelatin hydrogel and cotton fabrics treated with poly (3-
(furan-2-carboamido)  propionic acid)/gelatin  hydrogel.
Where, the obtained data agree the swelling value and this
can be back to the lipophilicity of PFu.

3.6. Evaluation of the anti-bacterial activities of treated cotton

fabrics

The Antibacterial properties of cotton treated with poly 3-
(furan-2-carboamido) propionic acid, gelatin hydrogel and
poly 3-(furan-2-carboamido) propionic/gelatin hydrogel are
measured against Escherichia coli (E. coli) as gram-negative
bacteria and Staphylococcus aureus (S. aureus) as Gram-
positive bacteria. Table 3 shows the antibacterial properties
of poly 3-(furan-2-carboamido) propionic acid/cotton
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Fig. 3 SEM images of (a) control cotton fabrics, (b) cotton treated with poly 3-(furan-2-carboamido) propionic acid, (c) cotton fabrics
treated with the gelatin hydrogel/ poly 3-(furan-2-carboamido) propionic acid.

Table 1 Swelling ratio of the synthesized hydrogels and
treated cotton fabrics with hydrogel.

Sample type Swelling value

Gelatin hydrogel 162
Gelatin/ furan derivative hydrogel 142
Cotton / gelatin hydrogel 150.2
Cotton/ gelatin / furan hydrogel 130

Table 2 UPF of the synthesized hydrogels
and treated cotton fabrics with hydrogel.

Samples UPF value
Blank 3.6

PFu-T 35

G-T 226
PFu-G-T 245

(PFu-T), poly 3-(furan-2-carboamido) propionic /gelatin
hydrogel/cotton (PFu-G-T), gelatin hydrogel/cotton (G-T).
Where, PFu-T has moderate activity against Escherichia coli
comparing to the reference drug tetracycline. On the other
hand, the treated cotton with PFu-G-T showed high activity

Contact angle (65.3)
a

against Escherichia coli and Staphylococcus aureus compare
to the reference drug and this may be back to chemical struc-
ture of hydrogel and the crosslinker agent that increase the
functional groups and give anti-bacterial properties.

3.7. Electrical conductivity measurements

Polyheterocycles are known to possess a major advantage of
prolonged m-clectron conjugation in their backbone, which
enhance their electroactive properties, where conduction pro-
cess occurs via m-electron delocalization along the polymer
chain (Bredas and Street, 1985; Nalwa, 1989).

Further, the previous studies had been reported that the
electrical conductivity value of PFu homopolymer depending
on the doping type where it ranging from 10 to 80 Scm™!,
while its value in undopping state is (10! S em™})
(Gonzalez-Tejera et al., 2008; Nalwa, 1989; Tourillon and
Garnier, 1982). Moreover, the electric conductivity of polyfu-
ran composite (Gok et al., 2005; Gok et al., 2004) and polyfu-
ran co-polymers (Li et al., 2004) have been reported.

Herein, the electric conductivity value of the synthesized
derivative of undopping polyfuran homopolymer is
1.74 x 10 S-em ™', where the derivative effect on increasing
the conductivity. And this can be explained in Scheme 4 where
conjugation occurs via furan ring and the tail which lead to
increase the charge mobilization. On the other hand, the

Contact angle (74.9)
b

Fig. 4 Contact angle of (a) cotton fabrics treated with gelatin hydrogel and (b) cotton fabrics treated with furan derivative gelatin

hydrogel.
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Table 3 The antibacterial properties of poly 3-(furan-2-
carboamido) propionic acid, poly 3-(furan-2-carboamido) pro-
pionic /gelatin hydrogel, gelatin hydrogel.

Bacteria
Samples Grampositive(S. aureus)  Gramnegative(E. coli)
G-T (20 mm) (20 mm)
PFu-G-T (40 mm) (35 mm)
PFu-T Growth (25 mm)
Tetracycline (25 mm) (30 mm)

7.5 x 10%, 4 x 107 S-em™!, respectively comparing to that
of blank cotton fabric which its value is 8.24 x 10" S-em™".
The electronic exchange nature was studied via plotted log o

electro-negativity of oxygen is bigger than that of carbon in the
carbonyl group and this work to form negative and positive
charge on the oxygen and carbon atoms respectively. More-
over, the lone pair of nitrogen atom enters the game and this
let the positive charge to mobilize from carbon to nitrogen
atom.

The electric conductivity of PFu coated cotton fabrics and
its related hydrogel coated cotton fabrics have been studied,
where the electric conductive values of PFu-T, PFu-G-T are

1004 [ ®PFu 3
1| -@Fruc 1
3| A PFu-T 3
T | ¥ PFuGT 1
5 —4—Blank 3
10 3 1
] :
_ 10ty 1
. 3 I 3
& 1°* 3
% 10° 4 v 1
D SRS i 1
3 R < 3
10° 4 -’ ,0/ 1
E L = 4 E|
1 o o /.,M T
100 600000000 00000 S aoau 1
; ;
107" F——rrrrrm e

10’ 10° 10° 10° 10° 10° 10

f (H7)

Fig. 5 Frequency dependence of the electrical conductivity

measured at room temperature of PFu, Fu-T, Fu-G-T and blank.

0
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Scheme 4  Conjugation mechanism of 3-(furan-2-carboamido) propionic.
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—m—PFu ()

10' T T T T T T
10° 10° 10°
f (Hz)

Fig. 6 Double logarithmic plot of frequency dependence of real
(Z’) and imaginary (Z”’) parts impedance.

(o) versus log f curves at room temperature for PFu, PFu-T,
PFu-G-T and Blank samples, as shown in Fig. 5. For all the
samples, it is observed that o(®) increases with increase in fre-
quency. In general, the behavior of electrical conductivity with
frequency in solids follows Jonsher’s power law, given as:

o(w) = 04 + A’

(6)
Ope = A’ (7)

where o4, is dc conductivity, s and A are the power exponent
and pre-exponential factors, respectively, which is material
structure dependent. Fig. 5 depicts the increase in o(w) for
all the samples with increasing frequency indicating a semicon-
ducting behavior. In addition, it is clearly that in Fig. 5, at low
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frequencies, the electric conductive values of PFu-T are low
compared to PFu-G-T and that can be explained as following:

1. During the polymerization process, rigid and hydrophobic
chains of conducting polymers tend to twist and wrap in
water and then form separate colonies of conducting poly-
mers which decrease electrochemical efficiency (Ding et al.,
2018; Gan et al., 2018; Hu et al., 2019). The use of di-
methylol ethylene urea in PFu-- acts as a textile crosslinker
as well as a mediator to control the growth of PFu and
improve the diffusion.

2. Usually, the conduction at low frequency is due to the
transport charge carrier but at high frequency is due to
the localize charge carrier. This means the adding of gel
in the structure may be increase the bonding lengths. There-
fore, the mobility of charge carriers, consequently increase
of conductivity at low frequency and decrease polarization
strength at high frequency.

Fig. 6 presents the frequency dependence of the real part of
impedance Z’ and the imaginary part of impedance Z” using a
double logarithmic scale for PFu, PFu-T, and PFu-G-T. From
Fig. 8, the Z’ and Z* decrease slowly depending on the sam-
ples type, and continuously with an increase in frequency.
The curves of Z” measured higher 5 kHz are a straight line
with a negative slope of —1 in the double logarithmic represen-
tation. This fact indicates that imaginary part, Z”, is in inverse
proportion to the frequency. In this case, the conduction spe-
cies are frozen-in, so the dc conduction can be neglected and
the ac conduction is dominant in high frequency. This is to
say, the textile actually acts as an ideal capacitor with Fu-
Gelatin being ideal insulator at higher frequency. This amazing
result implies that PFu can sustain the intrinsic dielectric prop-
erties at high frequency.
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Fig. 7 Nyquist impedance plots from PFu, PFu-T, PFu-G-T and blank at room temperature and the bulk resistance.
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Fig. 9 The dependence of Z* and M” with the frequency measured at room temperature for Fu-polymer, Fu-T and Fu-G-T.

Fig. 7 shows the -z”-z’ plots, which leads to a distortion of
the semicircles. The bulk resistances were calculated from the
intersection of real impedance part at low frequency, in addi-
tion the bulk resistance for textile at room temperature is
rapidly decreased when was treated by polyfuran.

The conductivity behavior of polymer and polymer textiles
can be understood from dielectric studies (Ramesh et al.,
2002). The dielectric constant, €', values indicate of stored
charge. Its variation and that of dielectric loss, €, with fre-
quency at room temperatures for samples PFu, PFu-T and
PFu-T-G are shown in Fig. 8a, b respectively. There are no

cognizable relaxation peaks observed in the frequency range
employed in this study. Both dielectric constant and dielectric
loss increase sharply at low frequencies indicating that elec-
trode polarization and space charge effects have occurred cor-
roborative non-Debye dependence (Qian et al., 2001;
Govindaraj et al., 1995). On the other hand, at high frequen-
cies, alternate of the electric field occurs so fast that there is
no excess ion diffusion in the direction of the field. Polarization
due to charge accumulation at electrode decreases, leading to
the observed decrease in both dielectric constant and loss
(Ramesh et al., 2002).
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The dielectric constant and dielectric loss decreases due to
the lower charge carrier density when textile treated by Fu-
polymer. When gelatin was added to Fu-G-Textiles, the degree
of Fu dispersed of in textiles increases resulting in the decrease
in number of charge carrier density. A further analysis of the
dielectric behavior would be more successfully achieved using
electric moduli, which suppresses the effects of electrode polar-
ization (Ramesh and Arof, 2001; Shastry and Rao, 1991).

The dependence of Z“ and M” with the frequency mea-
sured at room temperature for Fu-polymer, Fu-T and Fu-G-
T samples are represented in Fig. 9. Both electric parameters
are altogether considered in order to separate the localized
(short-range conduction associated with the dielectric relax-
ation) and the non-localized (long-range associated with the
free charge carrier) conductions. Moreover, the separation of
Z*“ and M” peaks shows a localized relaxation due to the short
range conductivity in the polymer and textiles, which treated
by polymer samples. [PFu, PFu-T and PFu-T-G are 65, 7
and 4 KHz separation between Z° and M” peaks, respectively]

4. Conclusion

This research aimed to prepare smart cotton surface with multi func-
tions such as antibacterial activity, UV protection and good conductiv-
ity by coating with bioactive/conductive poly (3-(furan-2-carboamido)
propionic) via in situ oxidation polymerization and its related bioac-
tive/conductive hydrogel (poly 3-(furan-2-carboamido) propionic/ge-
latin) hydrogel via in situ gelation process. The ac electric
conductivity of (PFu, PFu-T, PFu-G-T) and blank was studied at
room temperature where the electric conductivity values are
1.74 x 107, 7.5 x 10%, 4 x 107, 8.24 x 10" (S-cm™") respectively.
Moreover, treated cotton fabric showed good antibacterial as well as
excellent UV protection giving it an added feature in biological appli-
cations especially those functionalized with hydrogel. In conclusion,
the new derivative of polyfuran (poly (3-(furan-2-carboamido) propi-
onic)) can be considered to be a new generation of bioactive / conduc-
tive polymers application.
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