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Polyaniline was polymerized on the surface of viscose fiber made a conductive fiber.
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Chemical synthesis and characterization dodecylbenzene

sulfonic acid-doped polyaniline/viscose fiber
Ning Wang"*, Guodong Li®, Xingxiang Zhang®, Xiaoling Qi®

Dodecylbenzene sulfonic acid (DBSA) doped-polyaniline (PANI) coated conductive viscose fiber (VCF) was
prepared by chemical oxidation polymerization in ethanol/water solution. Fourier transform infrared spectra (FTIR)
and XPS proved that the interaction between PANI and VCF formed in the PANI/VCF composites. The mild
treatment did not result in the oxidation and degradation of VCF detected by thermal gravimetric analysis (TGA)
and mechanical testing. Moreover, the influence of reaction conditions including reaction time, aniline monomer
(ANI) concentration, ammonium persulfate (APS) concentration and DBSA concentration on the morphology and
the conductivity of PANI/VCF composites were investigated in detail. The orthogonal experiments were designed
to determine the optimal reaction conditions as following: ethanol/water ratio (30/70), reaction time (18 h), ANI
concentration (0.1 mol L"), APS concentration (0.125 mol L") and DBSA concentration (0.1 mol L™"). When
PANI/VCF composite was washed 40 times in water, the conductivity still kept at 2.5x10% S cm™, and this value
was stable for more washing.
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Introduction

A class of polymers, called intrinsically conducting polymers, has been extensively studied because of their
interesting electrical properties.'* They have a large number of applications such as light emitting display devices,
energy conversion, corrosion protection, supercapacitors, and sensors, ect.”' Among them, polyaniline (PANI) is
one of the most promising conducting polymers because of its unique properties, its ease of preparation, and
excellent environmental stability.*” However, the low solubility, poor mechanical properties and the fabrication
difficulty limit the application of PANI'"'?, Compared with inorganic acid, organic acids containing large alkyl
groups not only with high thermal stability, but also can improve the melting and solution processability of PANL"!
Among these functionalized organic acids, dodecylbenzene sulfonic acid (DBSA) is the most used. A
stoichiometric mixture of aniline monomer (ANI) and DBSA reacts to form a fine stable dispersion of PANI in the
aqueous medium. In this case DBSA acts simultaneously as dopant and surfactant and, in the end product, there
will be two kinds of DBSA: DBSA linked to the PANI backbone acting as dopant and free DBSA (in excess)
acting as plasticizer."' >

Moreover, template synthesis of PANI composites is an effective method to improve the processability of
PANL'*" Up to now several templates have been used, including inorganic template, synthetic polymer template
and biomacromolecule template. Hybrid nanocomposites containing carbon nanotubes and ordered PANI have
been prepared through an in-situ polymerization reaction using a single-walled nanotube as template and ANI as
reactant. The nanocomposites showed both higher electrical conductivity and Seebeck coefficient as compared to
pure PANL' Graphite oxide and ordered PANI composites have been prepared through an in situ
polymerization.'® The electrospun polyimide nanofiber membranes have been used as the template for chemical
oxidation growth of PANI by using FeCl; as the oxidant. PANI nanoparticles were uniformly distributed on the
surface of highly aligned polyimide nanofibers.'® PANI coated conductive paper was prepared by chemical
oxidation polymerization of ANI and a two-step process.!” Conducting composite membranes of bacterial cellulose
and PANI doped with DBSA were successfully prepared by the chemical oxidation polymerization in the presence
of hydrated bacterial cellulose sheets which provided a new way to prepare cellulose-PANI conducting
membranes.'® PANI/sodium carboxymethyl cellulose nanorods have been synthesized via chemical oxidation
polymerization of ANI in the presence of sodium carboxymethyl cellulose as a polymerization template."

In this work, we have synthesized DBSA-doped PANI on the surface of viscose fiber (VCF) to prepare the
conductive PANI/VCF composites in a mixed solution of ethanol and water. An ethanol/water (30:70, v/v) solution
was used as solvent for synthesis and washing, reducing purification time and residue volume. The orthogonal
experiments were designed to determine the optimal reaction conditions. PANI composites have expanded the
applications of PANL What’s more, the applications of PANI composites have also been reported.’**
DBSA-doped PANI/VCF composites have potential use in novel functional fiber and fabric applications, including
anti-static and electromagnetic shielding fabric, electrical resistive heating fabric, intellectual fabric, fiber with

electrochromic and redox properties, anti-bacterial fiber, and new functional packaging materials.

Experimental
Materials

ANI (Tianjin GuangFu Chemical Co., China) was distilled under reduced pressure. APS was provided by Tianjin
GuangFu science and technology development Co., China. VCF was provided by Xinxiang Bailu Hua Xian Group
Co., LTD., China. All solutions were prepared in deionized water. The other reagents were in analytical grade.

Preparation of PANI/VCF composites

VCF was soaked in acetone solution, sonicated for 30min, washed with water, and then dried at 60 °C for 12 h in
vacuum. VCF was added into the DBSA solution. ANI was added into the DBSA ethanol/water solution, and then
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stirred for 1 h. The ratio of ethanol and water was 30:70 (v/v). Ammonium persulfate (APS) solution was added
dropwise into the above system. The reaction proceeded at 0 °C. The reaction products were filtrated and washed
successively with acetone and deionized water until the filtrate become colorless, and then dried at 60 °C for 24 h
in vacuum to obtain PANI/VCF composites.

Structural characterizations

FTIR were recorded with a resolution of 4 cm™ in the method of attenuated total reflection by using a Thermo
Nicolet Nexus. XPS measurements were performed by using K-alpha, ThermoFisher, equipped with an Al Ka
radiation source (1486.6 eV). The XPS spectra data was accomplished with the software XPSPEAK4.1. The
morphologies of the composites were characterized using a Hitachi S-4800 scanning electron microscope (SEM).
They were mounted on aluminum specimen stubs with double-sided adhesive tape and sputter coated with a 20 nm
thick gold layer in rarefied argon, using an Emitech K 550 Sputter Coater, with a current of 20 mA for 180 s. In the
conductivity testing, the samples were pressed into pellet under 26 MPa for 15 minutes.

Properties measurements

TGA curves were obtained in Universal V3.8 B equipment from TA-Instruments. VCF, PANI and PANI/VCF
composites were heated in open alumina pans from 30 to 800 °C, under a nitrogen atmosphere, at a heating rate of
15 °C min™". Tensile strengths of both VCF and PANI/VCF were tested at room temperature and with a speed of 10
mm min™' with Fibre Strength Tester. The conductivity was measured at room temperature by a programmable DC
voltage/ current detector (four-probe method). Each data shown here was the mean value of the measurement from
at least three samples. In the testing of washing resistance, the composites were stirred in water by a magnetic
stirrer at room temperature for 1 h, and dried at 50 °C. This process was repeated for several times for conductivity
testing. The PANI content was tested by measuring the weight of VCF. The weights of VCF before reaction and
after reaction were measure, respectively. The VCF was dried at 50 °C before measuring the weight. It was
calculated as Eq 1.

w = T X 100% 1)

m,

Where:
W= PANI content,
m; = weight of VCF before reaction, g,
m, = weight of VCF after reaction, g.

Results and discussion

Characterization of PANI/VCF composites

Transmittance(%)
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Fig. 1 FTIR spectra of VCF (a), PANI (b) and PANI/VCF composites (c).

The FTIR spectra of VCF, PANI and PANI/VCF composite were shown in Fig. 1. For VCE, the strong bands at
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3451 and 2917 cm’' were originated from the absorption of hydroxyl groups and the C-H stretching of CH,,

! corresponded to the C-O-C pyranose ring skeletal vibration.”* The

respectively. A strong band at 1067 cm’
DBSA-doped PANI powder FTIR spectra showed that the absorption peaks at 1563 and 1477 cm™ correspond to
the N=B=N (quinoid) and N-A-N (benzene) stretching vibration in PANI?' The absorption peak intensity of the
quinone ring and benzene ring showed the content of oxide structure (quinoid structure) and reducted structure,
representing the degree of oxidation of PANI. The absorption peak of 1300 and 1120 cm™ correspond to C-N and
C-H stretching vibration peak in the benzene ring. Absorption peak at 807 cm™ correspond to C-H in-plane
bending vibration peak of the benzene rings. Caused by the DBSA O=S=O0 stretching vibration peak appeared in
the 1300 cm™', S-O stretching vibration peak appeared in the 670 cm™, between DBSA and PANI chain formed
NH"...8O"; absorption peak appeared at 1026 cm™.'"® Hence, these FTIR spectra correspond to well-doped PANI.
The characteristic peak of VCF and PANI could be detected in Fig. 1c. It indicated that PANI was well coated on
the surface of VCF. It also could be detected by SEM. Moreover, the character peaks related to hydrogen bond,
such as hydroxyl groups (at 3451 cm™) in VCF and NH stretching vibration (at 3440 cm™") in PANI, shifted blue to
3436 cm’! in PANI/VCF composites. It revealed that the interaction formed due to the intermolecular hydrogen

bonds between VCF and PANL?®
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Fig. 2 Cls and Ols XPS core level spectra of VCF (a), Cls and Ols XPS core level spectra of PANI/VCF
composites (b), N1s (c) and S2p (d) XPS core level spectra of PANI/VCF composites

Fig. 2 showed the Cls, Ols, Nls, S2p core-level spectra and the relative binding energy (BE) for VCF and
PANI/VCF composite, respectively. The chemical compositions of VCF and PANI/VCF composite were also listed
in Table 1. It could be found that the O/C ratio of PANI/VCF composite decreased, which was attributed to the
deposition of PANI. Moreover, the BE of Cls, Ols for PANI/VCF composite was lower than that of VCF. It
implied that the interaction formed between VCF and PANI, which was proven as hydrogen-bond interaction by
the FTIR. XPS had been used to proved the hydrogen bonding existed in PANI and cellulose.'” As shown in Fig.
2c the N1s of the composite could be deconvoluted by assigning BE of 399.9, 401.6 and 401.6 ¢V for imine (-N=),
amine (-NH-) and cationic atoms (N) to illustrate three structures of PANT in PANI/VCF composites. This has
also been widely observed in other PANI complexes prepared chemically or electrochemically.””? Fig. 2d showed
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the S2p core-level spectra of PANI/VCF composite. These spectra could be fitted predominantly with a spin orbit
split doublet (S2p;,, and S2p, ), and the BE peaks were about 167.6 and 168.6 eV. The doublet was attributed to
the ionic sulphur species from the DBSA dopant that interacted with the nitrogen atoms of the PANL* It was
consistent with FTIR. DBSA was used as both surfactant and dopant to improve the conductivity of PANL
Moreover, the S/N ratio (50.0%) was higher than previous report.”’ The S/N ratio had been recognized depend on
the washing procedure. Therefore, PANI/VCF composites exhibited the excellent conductivity and washing
resistance stability.

Table 1 Chemical composition and doping level of VCF and DBSA doped PANI/VCF composites

Sample C (%) 0O (%) N (%) S (%) Doping level (%)
VCF 65.8 34.2 — — —
DBSA doped PANI/VCF 76.9 15.6 5.0 2.5 50.0

Fig. 3 showed the effects of the reaction time on the content of PANL. It could found in Fig. 3, the content of
PANI component obviously varied from 0 to 11.8 wt% with the increasing for reaction time from 0 to 18 h. With
the increase of reaction time, it’s useful for reaction processing completely. However the PANI content began to
decrease after longer reaction time. The reaction processed in the acidic condition which had an effect of corrosion
on VCF and it made PANI fall off the surface of the VCF which could be proved by SEM vividly. What’s more,
there might be many side reactions with the longer reaction time. It also would decrease the content of PANI on the
surface of VCF.

PANI content (wt%)
»
|

T T
0 5 10 15 20 25

Reaction time (h)
Fig. 3 Effects of reaction time on PANI content of PANI/VCF composite
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Fig. 4 TG curves of VCF, PANI/VCF composites and PANI.

As shown in Fig. 4, TGA and derivative thermogravimetry (DTG) had been performed for VCF, PANI and
PANI/VCF composite. The weight loss was due to the volatilization of the water, and the degradation of products
had been monitored as a function of temperature. DTG curves associated with 7,,,, values at about 347.7 °C for
VCF, which was ascribed to the destruction of VCF into a monomer of D-glucopyranose. At the same time, major
losses of weight for PANI were observed over two temperature periods, beginning around 200 and 350 °C. The
first decrease of mass was mainly due to the removal of dopant molecules. The second weight loss at the higher
temperature indicated a structural decomposition of PANI. For PANI/VCF composite, the obvious mass loss might
be ascribed to the destruction of main chains of both PANI and VCF. The relative lower mass loss of the composite
than VCF could be attributed to the higher thermal stability of the PANI main chain. It also revealed that the
interaction existed in PANI/VCF composite. Meanwhile, the 7, value for VCF in PANI/VCF composite was
equal to that of pure VCEF. It implied that the mild treatment did not result in the oxidation and degradation of VCF.
This result would be also proved by mechanical testing.
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Fig. 5 the influence of reaction time on tensile strength of PANI/VCF composites
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As shown in Fig. 5, the influence of reaction time on tensile strength of PANI/VCF composite was very
slightly. It implied that the mild treatment did not result in the oxidation and degradation of VCF. With the
increasing of reaction time, the tensile strength initially decreased to 1.74 c¢N dtex at 7 h, and subsequently
increased to 1.79 ¢N dtex' at 18h. The improvement might be related to the PANI particles deposited on the
surface of VCF ® 6 (it could be detected by SEM) and connected to form a continuous layer, which could enhance
the mechanical properties of VCFE. The result of mechanical testing is corresponding to the relationship of PANI
content and reaction time, as shown in Fig. 3.

The effect of reaction condition on the morphology and conductivity of PANI/VCF composites

[ (e " 1 1 1 ] ] 1
110.0kV 6.7mm x5.00k SE(M) 0.0kV 6.8mm x5.00k SE(M) 10.0um

Fig. 6 SEM images of PANI/VCF composites prepared with different reaction time: (a) 10h, (b) 14h, (c) 18h, (d)
24h.

The effect of reaction time on the morphology of PANI/VCF composites were illustrated in Fig. 6. The PANI
accumulated in the form of particles deposited on the surface of VCF. PANI deposited mainly in the longitudinal
grooves on the surface of the VCF, rarely in smooth and flat surface between the grooves (Fig. 6a, b) after reacted
10 and 14 h, respectively. With increasing reaction time, the deposition of PANI in the groove improved. When the
reaction time increased to 18 h, it could be found that the PANI accumulated not only in the longitudinal grooves,
but also deposited on the smooth surface of VCF, as exhibited in Fig. 6¢. The continual PANI layer on the VCF
played a very important role in improving the conductivity of composites. Moreover, the compact PANI layer was
also beneficial to improve the mechanical properties. Fig. 6d showed that when the reaction time increased to 24 h,
the amount of PANI accumulated on VCF decreased. The reaction processed in the acidic condition which had an
effect of corrosion on VCF and it made PANI falling off the surface of the VCF. It was also detected by Fig. 3.
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Fig. 7 SEM images of PANI/VCF composites prepared with different ratio of DBSA and ANI: (a)0.5:1, (b) 1:1, (c)
2:1,(d) 2.5:1.

The effect of DBSA concentration on the morphology of PANI/VCF composites were shown in Fig. 7. It
could be founded that the DBSA/ANI ratio improved to 1:1, compact PANI layer could be formed on the surface
of VCF. Moreover, PANI could not only fill in fiber longitudinal grooves, but also be bonded on the smooth
surface of VCF, which facilitated the improvement of electrical conductivity, as shown in Fig. 7a and b. However,
DBSA would form a large number of micelle on fiber surface. The more DBSA concentration, the more micelles
formed in reaction system. Therefore, the force of hydrogen bonds between -OH in VCF and the -NH in ANI was
abated, which deteriorated for the ANI to coat and PANI to depose on the surface of VCF.
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Fig. 8 SEM images of PANI/VCF composites prepared with different ratio of ethanol and water: (a) 0:100, (b)
30:70, (c) 40:60, (d) 50:50, (e) 60: 40, (f) 70: 30.

The effect of the ratio of ethanol and water on the morphology of PANI/VCF composites was shown in Fig. 8.
When pure water was used as reaction solution, there was almost no PANI particles existed on VCF surface, as
exhibited in Fig. 8a. From Fig. 8b to d, the compact and continual PANI layer could form on the surface of VCF
with the increasing ethanol/water ratio.

However, when the ethanol/water ratio exceeded 50:50, the uniformity of PANI distributed on the surface of
the fiber was reduced, as was shown in Fig. 7e and f. It could be explained that the DBSA as a doping agent, it was
also a kind of surface active agent. It would form a large amount of micelle or latex particles on the fiber surface
forming a layer of foam, hindering the diffusion process of the ANI to VCF. Meanwhile ethanol had a certain
demulsification. Ethanol made diffusion easy, but above a certain concentration, which also reduced the micelle
particles and ANI polymerization on fiber surface.

Therefore, the PANI particles deposited on the surface of VCF and connected to form a continuous layer that
lead to the improvement of the thermal stability, tensile strength, conductivity and washing resistance.’**

The effect of reaction condition on the conductivity of PANI/VCF composites
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Fig. 9 The effect of reaction condition on the electrical conductivity of PANI/VCF composites. (a) reaction time,
(b) DBSA concentration, (c) ANI concentration.

The effect of reaction time on the conductivity of PANI/VCF composites was studied at the conditions of ANI
concentration 0.1 mol L™, APS concentration 0.125 mol L' and DBSA concentration 0.1 mol L™ (in Fig. 9a).
When the reaction time was 18 h, the conductivity reached its maximum value. In the shorter reaction time, PANI
particles were isolated on the surface of VCF. With the increasing of reaction time, the continuous layer of PANI
components gradually formed on the surface of VCF. However, more reaction time could result in the degradation
of PANI and deteriorate the conductivity.

The effect of DBSA concentration on the conductivity of PANI/VCF composites was also researched at the
conditions of reaction time 18 h, ANI concentration 0.1 mol L™, APS concentration 0.125 mol L (in Fig. 9b). At
lower DBSA concentrations, the polymerization was incomplete and the conductivity was lower. The more DBSA
as the dopant improved the conductivity to the maximal value at 3.3x102 S ¢cm™. The superfluous DBSA
decreased the conductivity again. The more DBSA formed the more micelles, where PANI polymerization
occurred rather than on the surface of VCF, so the PANI components reduced, and the conductivity decreased.

The influence of ANI concentration on the conductivity of PANI/VCF composites was investigated at the
conditions of reaction time 18 h, APS concentration 0.125 mol L' and DBSA concentration 0.1 mol L™ (in Fig. 9c).
The conductivity of PANI/VCF composites increased with the improving of ANI concentration from 0.02 to 0.18
mol L', When the ANI concentration was 0.1 mol L™!, the conductivity reached its maximum value. The increasing
of ANI concentrations was facilitated to form the continuous PANI layer on VCFE. However, the higher ANI
concentration could cause some adverse events and impede forming a structured PANI chain connected head to tail,
reducing the conductivity.

Table 2 The factors and levels of orthogonal experiments

Factors  ethanol / water (V/V) DBSA: An (mol/mol) reaction time (h)

Symbol A B C

Level 1 A1=30:70 B1=0.5: 1 Cl1=6
Level 2 A2=50: 50 B2=1:1 C2=10
Level 3 A3=70: 30 B3=2.5:1 C3=18

Reaction time: 18h.

11
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Table 3 The results of orthogonal experiments

Number A B C ((i(ir(l)iuscté\::gz)
! Al Bl C1 714
2 Al B2 C2 0.174
3 Al B3 C3 320
4 A2 Bl C2 1.85
> A2 B2 C3 1.12
6 A2 B3 Cl 3.26
7 A3 Bl C3 151
8 A3 B2 Cl 5.09
? A3 B3 C2 767
I 421574 74.76 79.75
I§; 6.23 6.384 9.694
11T, 14.27 360.93 352.63
K; K1=3 K2=3 K3=3
L/K; 141 25 27
/K, 2 5 3
HI/K; 5 120 118
Rang (D)) 139 118 115

Reaction time: 18h.

The orthogonal experiments (in Table 2) were designed to determine the optimal reaction conditions. The
results of orthogonal experiments were listed in Table 3. In the three factors, the ratio of ethanol and water was the
main factor, greater than the ratio of DBSA and ANI and reaction time. The optimal reaction conditions were
determined as following: the ratio of ethanol and water 30/70, reaction time 18 h, ANI concentration 0.1 mol L,
APS concentration 0.125 mol L™ and DBSA concentration 0.1 mol L™,
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Fig. 10 Washing resistance of PANI/VCF composites.

The dependence of the conductivity of PANI/VCF composite on washing time was shown in Fig. 10. Before
40 washing times, the conductivity rapidly decreased from 3.3x107 to 2.5x10% S cm’', while it was stable after
more washing times. After some PANI particles, which were not combined well with VCEF, were washed away, the
conductivity of PANI/VCF composites were kept in the high value. It indicated that most PANI had good adhesion
on VCF.

The conductivity (the maximal value 3.3x102 S em™) of PANI/VCF composite was competitive with other
PANI composites such as graphite oxide/ordered PANI composites (4.86 x 107 S cm™)*, epoxy resin/ PANI
composites (107 S ecm™)*®, polyurethane/PANI composites (3.7 x 107 S cm™)*’, polyaniline/polycarbonate
composites (4.5 x107 S cm™)*,

Conclusion

The conductive PANI/VCF composites were fabricated by polymerizing PANI on VCF template in a mixed
solution of ethanol and water. An ethanol/water (30:70, v/v) solution was used as solvent for synthesis and washing,
12
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reducing purification time and residue volume. The composites with good adhesion, good conductivity and
washing resistance had been proven with FTIR, TGA, XPS. PANI components could form the continuous phase on
VCF. The morphology and conductivity of the PANI/VCF composites were dependent on reaction time, ANI
concentration, APS concentration and DBSA concentration. And the optimal reaction conditions were determined
with orthogonal experiments as following: reaction time 18 h, ANI concentration 0.1 mol L™, APS concentration
0.125mol L™, DBSA concentration 0.1 mol L™ at the reaction temperature of 0 °C. The conductivity of PANI/'VCF
composites still kept at 2.5x102S cm™ after 40 washing times, and this value was stable for more washing times.
The PANI/VCF composites could become a potential material for conductive textiles, dye-sensitized solar cells,
energy storage materials, sensors, and materials for water treatment.
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