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Abstract: A simple and effective surface modification of polyester fabrics with sulfuric acid to
improve the interfacial deposition of polypyrrole was presented in our work. A range of sulfuric
acid concentrations were analyzed by studying water contact angle. Effect of sulfuric acid
modification on the deposition of polypyrrole was investigated by sheet resistance and color depth
of fabric samples. Polyester fabrics coated with polypyrrole layer were confirmed by scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), X-Ray diffraction spectra
(XRD), Fourier transform infrared spectroscopy (FTIR). XPS showed that sulphur containing
functional groups were obviously appeared on the polyester fiber surface after modification, which
were advantageous to promote the deposition of polypyrrole onto polyester fabrics. The improved
deposition increased electrical conductivity of fabric samples.
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1. Introduction

Polyester fiber (PET), as a very important textile fiber, has been widely used in clothing, home
furnishings and some industrial areas due to its superiorities of high strength, mechanical stability
and low cost[1, 2]. Electroconductive polyester fibers have received increasing attention over the last
few years, because of their potential applications in electromagnetic shielding clothing[3], medical
therapeutics devices[4], supercapacitors[5, 6], chemical and biological sensors[7-10]. Therefore, it is
desirable to synthesize conductive polypyrrole (PPy) as thin layers on the PET fabrics by chemical
method or by electrochemical method[11-13]. The two methods are in-situ polymerization of pyrrole
molecules from aqueous solution onto fibers surface[14, 15]. However, the in-situ polymerization of
pyrrole on commercial textile fibers surface is mainly designed for cellulose-based fibers[16-18] and
for animal fibers[19] because of excellent affinity of these fibers’ surface to PPy layers. On the
contrary, it is very difficult for hydrophobic surface of polyester fibers to be wetted, which will retard
the absorption and deposition of polypyrrole onto PET fiber surface[20, 21]. Consequently, increasing
hydrophilic property of PET fiber surface could increase the pyrrole—fiber interaction and improve
the deposition of polypyrrole.

In recent years, many attempts have been made to overcome the problem. A. Kaynak[22-24]
treated polyester fabrics with atmospheric plasma glow discharge to increase the wettability and
surface energy of the fiber substrate. N.D. Gupta[25] found that well-formed and continuous
polypyrrole films were deposited on polyester substrate which was pretreated with cetyl
trimethylammonium bromide (CTAB) as adhesion promoter.

In this paper, we adopted a new technique of surface modification of the PET fabrics for
enhancing deposition amount of PPy, by simply treating the hydrophobic substrate with dilute
sulfuric acid at high temperature prior to polymerization of pyrrole monomer. The color and
electroconductivity of modified PET fabrics with sulfuric acid were significantly different from those
of original fabrics after PPy layers were deposited on samples.
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2. Experiment

2.1. Materials

The plain polyester (PET) fabrics (104 g'-m2) were cleaned by 1 % (w/w) of sodium carbonate
(Na2COs) at 80 °C for 1 h, washed by distilled water and dried. Pyrrole (Py) was purchased from
Aladdin Chemical Reagent Co, China. Hydrogen chloride (HCI), ferric trichloride hexahydrate
(FeCls-6H20) were purchased from Sinopharm Chemical Reagent. Sulfuric acid (H250s, 98%) were
purchased from Chongqing Chuandong Chemical (group). All reagents were of analytical grade and
were used without any further process.

2.2. Surface modification of PET fabric

A series of PET fabrics were immersed in H2SOs aqueous solution in the bath ratio of 1:40 at
room temperature for 15 min and cured at 110 °C for 6 min in heat-setting machine. The concentration
of H2504 aqueous solution ranged from 2 g-L-1to 25 g-L-1. The fabrics with H2SOs modification but
without PPy deposition were called “modified samples”.

2.3. Deposition of PPy layers on PET fabrics

The PPy layers were polymerized and deposited on PET fabrics via chemical oxidative
polymerization. The fabric samples were immersed in 100 ml of aqueous solution containing pyrrole
(Py) monomer and HCl in the bath ratio of 1:50 for 1 h at room temperature. The solution was added
20 ml of FeCls-6H20 aqueous solution dropwise slowly under stiring and the polymerization was
performed at 0 °C for 2 h. After that, immersing fabrics in 0.1 M H2SOs solution for 10 h was conducted
in order to make PPy layer doped. The concentration of pyrrole monomer ranged from 0.0175 M to
0.0275 M. The molar ratio of Py:HCI:FeCls-6H>O was 2:2:1. The finishing samples were finally rinsed
several times by distilled water and dried at room temperature.

2.4. Sheet resistance

The PPy-deposited PET fabrics were measured by a four points probe resistivity system (RTS-9,
four probes Tech., China). These samples were all kept in room temperature for 24 h prior to
measurements. Each sample was measured for ten times and the average of the ten values was used
in further analysis.

2.5. Water contact angle

Water contact angle (WCA) measurements were conducted using a contact angle instrument
(OCA15EC, GER). 2 cm? of samples were cut and put on a glass slide without any press or pull. The
water droplet of 3 ul and water contact time of 10 s were adopted. The original sample and the
modified sample were tested, and each one was performed on three different positions to obtain the
average value.

2.6. Scanning electron microscopy

The surface morphologies of the original, modified and PPy-deposited (with treated by 10 g-L-!
of H2SOs solution) samples were examined by scanning electron microscope (FEI Quanta-250, USA).
All sample surfaces were sputtered with gold.

2.7. Fourier transforms infrared

Fourier transforms infrared (FTIR) spectra of PET samples were obtained by the ALPHA
German Brooke Fourier Infrared Spectrometer. The wavenumber was over the range of 4000-400 cm'!
for 16 scans with a resolution of 4 cm-.

2.8. X-ray photoelectron spectroscopy
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Spectra were performed using a K-Alpha X-ray photoelectron spectrometer (Thermo ESCALAB
250XI, USA) with monochromatic X-rays focused to a 500 mm spot size. An achromatic Al (Ka) X-ray
source operating at 15 kV (300 W) was used, and the spectrometer was operated in CAE mode with
100 eV pass energy. Data acquisition was taken with a pressure lower than 106 Pa. The C1s binding
energies of the samples were accurately established by charge shift correcting the lowest binding
energy peak of the Cls to 284.8 eV.

2.9. X-ray diffraction spectroscopy

The XRD diffractogram of the PET samples were determined with a TD-3500 diffraction system.
It used a monochromatized Cu Kal radiation (A = 0.154 nm) at 30 kV and 20 mA. The angle was from
5° to 50° in steps of 0.02°.

3. Results and discussion

3.1. Scanning electron microscopy

The surface morphologies of the original, modified and PPy-deposited samples were observed
in Fig.1. The surface of the original PET fiber (Fig.1a) and the modified PET fiber (Fig.1b) were
smooth. After deposition process of PPy layers, the surface of PET fibers without modification by
H2SOs was still smooth (Fig.1c), however, the surface of the modified PET fibers (Fig.1d) became
obviously coarse with some granules, indicating the modification of PET with H2SO4 could improve
the deposition of PPy layers.

Fig.1 SEM images of (a) the original sample, (b) the PPy-deposited sample without modification by
H2SOs (the concentration of Py was 0.0175 M), (c) the sample with modification by H2SOs (10 g-L-),
(d) the PPy-deposited sample with modification by H250u (the concentration of H2504 and Py were
10 g-L! and 0.0175 M, respectively).

3.2. Optical images of PPy-deposited PET fabrics

The optical images of the PPy-deposited PET samples with modification by different
concentrations of H2SOs were shown in Tab.1. The fabric samples all appeared black because PPy was
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black. The samples modified with dilute H2SOs solutions were apparently darker as compared with
the unmodified samples. The color depth of fabrics increased with the increase of concentration of
H2SOs solution. The results suggested that surface modification of PET fabrics with H25O4 solution
facilitated PPy deposition.

Tab.1 PPy-deposited PET fabrics (concentration of Py monomer was 0.0175 M) with
modification by different concentrations of H2504

Concentrations
of H2SOs (g-L)

Photographs

3.3. Water Contact Angle Measurement

The effects of H2SO4 concentration on the hydrophilicity of PET fabrics were studied. The water
contact angle (WCA) of the original and modified samples (without deposited with PPy) were shown
in Fig.2. The WCA decreased rapidly with the H250s concentration increasing. The WCA of original
sample was 131.9 °, but the sample modified with 10 g-L-* H250s solution had an angle of 31.4 ° and
the sample modified with 25 g-Lu! HaSOs solution had an angle of only 5.45 °. It confirmed that
surface modification with dilute H25O4 under high temperature improved the wettability of PET
fabric. As a result of the better wettability, more Py monomer could adhere onto the fabrics.
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Fig.2 Water contact angles for the original and modified PET samples.

3.4. FTIR Spectra

Fig.3 presented the FTIR spectra of the original, modified and PPy-deposited (treated by 10 g-L-
1 of H2504 solution) samples. It revealed that their characteristic peaks were almost the same. The
same bands observed were assigned as follows. A peak at 1719 cm™ comed from the —C=O stretching
of -COO. A peak at 1506 cm™ was assigned to the vibration of benzene ring. A peak at 1409 cm™ was
contributed to aromatic C-C stretching and C-H in-plane bending, a peak at 1345 cm! is contributed
to CHz wagging. Peaks at 1244 and 1094 cm™ were contributed to C-O vibration. The peak at 1044 cm-
! was due to aromatic =C-O bending
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In the spectrum of the surface modified PET fabric, peaks at 3558, 3426 and 1610 cm”, assigned

to hydroxyl groups, bending and stretching vibration of O-H of H20, became stronger compared with

those of the original sample because treatment with dilute H2504 increased bound water. Peaks at

1244 cm™ and 1094 cm ! became wider than those of the original PET samples, which were assigned

to 5=0 stretching. The new peak at 630 cm! corresponded to the C-S stretching. The results confirmed
that S=0O functional groups were introduced into the polyester macromolecules.
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Fig.3 FTIR spectra of the original and modified PET samples (treated by 10 g-L-! of H2SOs).

3.5. XPS spectra

X-ray pohotelectron spectroscopy (XPS) measurements were conducted for the original,
modified and PPy-deposited PET samples (the concentrations of H2SOs solution and Py were 10 g-L-
T and 0.025 M, respectively). The wide scan (0-1400 eV) spectra were shown in Figs.4. Carbon and
oxygen were detected in all the samples whereas nitrogen was detected only in the PPy-deposited
sample. Compared with the original sample, the S2s and S2p peaks of the modified and PPy-
deposited samples increased apparently due to the modification with H25Os. The N1s peak was
observed only in the spectrum of PPy-deposited sample owing to the introduction of PPy layers.

The high resolution S2p scan was shown in Fig.5. In the spectrum of the modified sample, the
new peak at 168.7 eV demonstrated that -SOsH (or -SOs7) groups were introduced to polyester
macromolecules by modification process with H250s4. The peak of -SOsH or -5Os in the PPy-deposited
sample spectrum shifted higher which was caused by the interaction between doping anion and the
amine nitrogen sites of PPy. Besides, the intensiy of the peak increased, further indicating the
introduction of -SOsH (or -SOs’) groups to fibers and the doping of PPy layers by H2SO.u.

The relative concentrations of C functionalities were studied by means of XPS-peak-
differenating analysis, as shown in Fig.6. The sub peaks at 284.8 eV, 286.5 eV and 289 eV are assigned
to O-C=0, C-O and C-C/C-H groups respectively, and their relative concentrations were shown in
Tab.2. The O-C=O group concentrations of the three samples were almost the same. The C-C/C-H
concentration increased from 70.78 % for the original sample to 71.57 % for the modified sample, and
the C-O concentration decreased from 17.30 % to 16.50 %. The increase of C-C/C-H concentration was
caused by the appearance of CéHs-SOsH or CeHs-SOs peak which locates at around 289 eV and is near
the C-C/C-H peak. It demonstrated sulfonic groups were introduced to benzen rings of polyester
macromolecules as shown in Fig.7. Under high temperature, dilute H2SO4 aqueous solution left in
PET fibers gradually got concentrated, and the sulfonation reaction could take place in polyethylene
terephathalate macromolecules.
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The concentration of C-O increased from 16.50 % for the original sample to 21.55 % for the PPy-
deposited sample, and the C-C/C-H concentration decreased from 70.78 % to 66.48 %. The N
functionalities are around at 286 eV which are close to C-O peak (Fig.6), therefore, the C-O peak
seemed to increase due to the coating of PPy. The surface modification introduced sulfonic groups in
polyester macromolecules, improving the hydrophilicity of fabrics. In addition, the electrophilic
sulfonic groups can attract nucleophilic N of pyrrole ring. The enhancement of polar groups, surface
hydrophilicity and intermolecular attraction were contributed to a larger absorption of pyrrole
monomer on polyester fibers[26, 27].
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Fig.4 Wide-scan XPS spectra of the original, modified and PPy-deposited PET samples.
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Fig.5 S2p scan of the original, modified and PPy-deposited samples.
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Fig.6 Cls scan of the original, modified and PPy-deposited samples.

Tab.2 The relative concentrations of C containing functional groups of the original, modified and PPy-

deposited PET samples
0-C=0 C-O/C-N C-C/C-H/Ar-SOs
Original PET 11.92%  17.30% 70.78%
Modified PET 11.93%  16.50% 71.57%

PPy-deposited PET  11.96%  21.55% 66.48%
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Fig.7 Scheme of improving the interfacial deposition of polypyrrole layer on modified PET fiber by
H2S0.s.

3.6. Sheet Resistance

The sheet resistance of PPy-deposited PET samples was shown in Fig.8 and the concentration of
Py monomer was 0.0175 M. It is reported that the conductivity of the PPy-deposited fabrics were
nearly proportional to the depositon of PPy[28, 29]. After deposition process of PPy on PET fabrics,
the sheet resistance decreased distinctly with the concentrations of H250s solution increasing. The
sheet resistance of the PET sample modified with 10 g-L-' H2SO4 solution was 5 kQ-cm, while the
sheet resistance of unmodified sample was 10 k(). The sheet resistance of modified PET fabric
decreased by about 50 % as compared with that of unmodified sample. When the concentration of
H:S0: solution exceeded 8 g-L-, the sheet resistance tended to a steadiness. It indicated that the
surface modification method using H250: solution at high temperature was efficient in improving
electrical conductivity of the PPy-deposited PET fabrics.
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Fig.8 Sheet resistance of the PPy-deposited PET samples.

3.7. XRD patterns

The X-ray diffraction patterns of the original, modified (H2SO: concentration of 10 g-L-1) and
PPy-deposited (after modified with 10 g-L of H2504) PET samples were shown in Fig.9. The peaks
at 16.39 °, 17.64 °, 21.79 °, 22.79 ° and 26.12 ° (JCPDS No0.49-2301) were typical of polyester fabrics.
There were no obvious differences in the three patterns. It showed that the major structure of fibers
was undamaged when original PET fabrics were modified with dilute H2SOs and deposited with PPy
layer. This was because only a small amount of H2SOs was left in PET fibers during the modification
process[30].

PPy-deposited PET

Modified PET

Original PET

1 . 1 . 1 . 1 . 1 . 1 . 1
0 10 20 30 40 50 60

26 (%)

Fig.9 The X-ray diffraction patterns of the original, modified, PPy-deposited PET samples.

4. Conclusion

The surface modification with HaSOsallowed the incorporation of sulfonic groups onto PET fiber
surface, as seen by FTIR and XPS analyses. The introduction of polar groups improved the
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hydrophilicity of PET fabrics and the absorption of pyrrole from water phase onto PET substrates.
Hence, the higher deposition of PPy layers was obtained under the same conditions. Besides, the
affinity between electrophilic sulfonic groups and nucleophilic N of pyrrole ring was contributed to
the deposition of PPy layers on fibers surface. The surface modification of PET fibers with dilute
H2SOu4 prior to polymerization of pyrrole improved the deposition of PPy, resulting in better electrical
properties.
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