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ABSTRACT

Various textile fibers in yam forms were treated with aniline at different
oxidative polymerization conditions to improve their electrical conductivities . In
addition to the measurement of the electrical resistance, surface texture and

fiber cross-sections were examined by an optical and a scanning electron
microscope. Attenuated total reflection infra-red spectroscopy was used to
detect the formation of polyaniline on the surface of fibers . An attempt was
made to correlate the perceived colour of the treated samples via visible light
reflection spectroscopy with electrical resistance . At proper condition of
treatment, polyaniline formed on the surface of fibers improve the yams
conductivity . The decreases of electrical resistance in nylon, cotton and
acrylics were found to be more than polyester and wool yams. The changes in
the mechanical properties of yams after treatment were insignificant . The
stability of different coating processes of polyaniline on the surface of cotton

and acrylic yams were compared . It goes further to explain the results based
on the pertinent literature.
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INTRODUCTION

The technique of impregnating cellulose fibers with
aniline black has been known for a long time as a dye-
ing process, although not for conductive purposes [1-
3] . Probably due to the economical and environmental

problems [3] it is now used to a lesser extent and
replaced with other dyes. According to Shenai [3],
despite of its popularity in the past, the mechanism of
its interaction with fibers was remained ambiguous .

After the discovery of conducting polymers in
the late 1970's, polyaniline found new applications in

composite processings [4, 5] . The fibers containing

inherently conductive polymers have been considered
for incorporation at low levels into yams and fabrics
to improve their anti-static properties [6,7].

In the recent years polyaniline has attracted

extensive attentions from scientists and engineers [4,
8-17] . The preparation and properties of polyaniline
have been described by several investigators [8-17].

(f) To whom corraspaudence should be addressed .
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According to MacDiarmid and Epstein [7] the
base form of polyaniline has the composition as in
Scheme I.

In this structure x is the degree of polymeriz-
ation and 1-y determines the average oxidation state.
Oxidation state (I-y) can be varied continuously from
zero, to give completely reduced form called "leuco-
emeraldine", to 0 .5 to give half oxidized form called
"emeraldine" and to one to give the completely
oxidized polymer called "pemigraniline". The cond-
uctivity and colour of polyaniline depend on the
condition of preparation and the form of polyaniline,
which is associated with the emeraldine oxidation
state [7, 12, 13].

A few reports explain the possibility of conver-
sion of polyaniline to fibers [7, 18] and the possibility
of electrochemical polymerization of polyaniline on
the surface of fibers [19] . Deposition of polyaniline
and polypyrrole on the surface of fibers by chemical
polymerization have been studied by several invest-
igators [8, 20, 21] . As far as our literature search
shows the fiber-polyaniline interactions are not yet
being considered.

In order to acquire an insight into the process of
the increase of conductivity of coated fibers, in the
present paper, the process of so called dyeing by
aniline is extended to the chemical polymerization of
aniline in the coating process of different fibers.
Different techniques of the assessment of the coated
yams are examined.

EXPERIMENTAL

Materials
Cotton, acrylic and wool staple-fiber yams, nylon 6
(polycaprolactam) and polyester (polyethylene tere-
phthalate) continuous filament-yam were used.

Acrylic fibers and polyester filament yarns were
commercial products of Polyacryl Iran Co. Isfahan,

Iran, and polyamide (hylon 6) filament-yarns were
from Alyaf Co ., Tehran, Iran . Cotton and wool yams
were supplied by domestic suppliers.

Reagent-grade aniline, was obtained from
Merck, Germany, and it was distilled prior to the use.
All the other reagents were laboratory grades and used
as received.

Treatments
All the yarn samples were washed in a bath containing
water and 1 g/L commercial laundry detergents for 15
min at 70 "C. Then the samples were rinsed and dried
at room temperature. For the deposition of polyaniline
on the surface of fibers, a skein of yarn was added to
an ice-cooled beaker containing hydrochloric acid (1
N) and aniline (typically, 50 mL HCl and 0.5 g
aniline) . The bath was equipped with t< mechanical
stirrer and the temperature of the bath was adjusted to
2±1 "C, or the otherwise stated temperature . The
skeins (about 0 .5 g, each) were weighed with an
accuracy of 0 .001 g . The ratio of the weight of
solutions to goods was 100:1 unless otherwise stated.

After the stabilization of the bath temperature,
in a period of 10 min, a solution of ammonium
persulphate (typically 1 .225 g) in I N hydrochloric
acid (typically 10 mL) as oxidizing agent was added
gently to the well-stirred bath . After the required time
of reaction the samples were removed from the bath
and rinsed thoroughly . To remove the un-reacted
chemicals the samples were boiled for 10 min in a
bath containing water and 1 g/L laundry detergent.
The samples were rinsed thoroughly with excess of
water and dried at room temperature.

Samples of the coated-fiber yams were doped
and undoped in a desiccator for 1 h . Hydrochloric acid
vapour was used for doping and ammonia vapour was
used for undoping.

Characterization
The resistance of the yarn samples was measured by

Scheme I
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an ohmmeter (UNTI -T digital multimeter) with an
accuracy of ±0.15% of readings (0 .1–100 f2
resolution) . Yarns were wound over the glass slides
and clamped 1 cm apart on both side by a well-
pressurized metallic grip (the method is similar to that
explained by Morton and Hearle [22]).

After conditioning the samples in a well
isolated glove-box, at 65 % relative humidity and
30 'C for at least 24 h, the resistance was measured
and the mass specific resistance R s was calculated by
R,–(RxNxT)/(Lx l0 5 ) S2 .g/cm 2 , where R is the
ohmmeter reading, N is the number of strands, L is the
sample length and T is the yarn count in Tex (mass of
1000 m yarn) . The mass specific resistance is related
to the normally used specific resistance (p) in S2cm
(the resistance between opposite faces of l cm3 ) by
RB=pxd, where d is the density of materials in g/cm 3 .

The mechanical properties ofyarns were meas-
ured by an Instron tensile tester, with 1 cm gauge
length . A Carl Zeiss Jena optical microscope,
Germany, and a Cambridge scanning electron micro-
scope (SEM), England, were used for preparation of

photomicrographs of cross-section and longitudinal
section of fibers . A regular hand mechanical micro-
tome was used for the preparation of cross-sections.
The samples were coated with gold in a vacuum
evaporator for the study by SEM . Brucker IFS 48
infra-red spectrometer was equipped with attenuated
total reflection accessories.

To measure the reflected visible-light spectrum
of the samples, yarns were wound on a cardboard and
examined by a Tex . Flash, reflection spectrometer,
Data Color Osiris, Switzerland.

Fastness of coated yarns to crocking and wash-
ing were measured according to standard methods,
ISO 105-X12 1993 (E) and ISO 105-CO1 1992 (E)
test methods, respectively . In the determination of

Table 1 . Comparison of the specific resistance (cIglcm2 ) of
different fiber-yarns.

Treatment
time

Cotton Wool Nylon 6 Polyester Acrylic

1 h

4 h

5 .34

1 .62

17 .48

11,7

8.5

3.42

25

21 .26

5 .46

3 .85

colour fastness to crocking the amount of colour
transferred from the specimens to the white square
were compared with gray scale staining standard . In
the determination of colour fastness to washing the
colour change of the test specimens were evaluated
using gray scale for colour change standard.

RESULTS AND DISCUSSION

Comparison of the Resistance of Different Yarns
The yarn samples were treated for periods 1 and 4 h
and then the resistance was measured in the
conditioned glove - box environment just 24 h after
doping with hydrochloric acid . Table 1 shows the
results of the mass specific resistance of different
yarns.

The mass specific resistance of the yarns, prior
to the treatments, was outside the range of the measur-
ing unit . According to Morton and Hearle [22] the
specific resistance of these yarns may vary between
l0 ' –10 14 S2g/cm 2 . The results of Table I indicate that
the treatment for 1 h improves the conductivity of
fibers more than six orders of magnitude, with greater
changes occurring during the first hour of the
treatment . The conductivity of wool and polyester
yarns are considerably less than the other yarns.
Statistical analysis of the data indicates that the
difference between the mass specific resistance of
other fibers is not significant . Despite the dis-
continuity of staple fibers in cotton and acrylic yarns
the decrease of resistance in these yams are more than
that of polyester and nylon continuous filament yarns.
Then, in addition to the increase of conductivity of
individual fibers, the connections between fibers in
the staple fiber yarns have been improved.

Effects of Treatment on the Breaking Load
Table 2 shows the results of the breaking load of the

Table 2 . Breaking load (cN) of different fiber yams .

Sample Cotton Wool Nylon Polyester Acrylic

Raw

Treated

50 .8

49 .4

32 .5

32 .2

21 .9

21

20.1

20.3

51 .7

56.7
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raw and coated yarns. Statistical analysis by student

"t" test indicates no significant differences between
breaking loads of the treated and untreated yarns at

99% confidence interval. Although the yams were
treated in a bath containing acid and oxidant and the
yams were tested a few days after doping, it seems

that their normally expected damaging effect, such as
tendering, was not considerable.

Change of Resistance with the Length of Samples
and Number of Strands
Figure 1 shows the resistance of the coated cotton
yarn as a function of the number of strands, and

Figure 2 shows the resistance against sample length.

The treatment time was 4 h and the oxidant/aniline
ratio was 1 :1 . The regression equation between

resistance (R, 0) and sample length (I in cm) is in the
form of R=2.3x104 xl, with regression coefficient : rz'
0 .974, and regression equation between the resistance
and number of strands, (n), is in the form of

R=2 .9x104 x(l/n) with regression coefficient : r 2 =0 .9.
The linear changes of resistance with length and with

inverse number of strands also indicate that the
regular Ohm ' s law is obeyed for the samples tested.

For metallic conductors the relation between
resistance and cross-sectional area is in form of:
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Figure 1 . Resistance (S2) vs. inverse of the number of

strands (11n) for coated cotton fiber yarn treated with
oxidantlaniline mole ratio of 1 :1, aniline !fiber mass ratio 1 :1,

coating temperature=2 'C, coating time 1 h, doped with
hydrochloric acid .
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Figure 2. Resistance (S2) vs . sample length (cm) for coated
cotton fiber yam treated with oxidantlaniline mole ratio of

1 :1, aniline !fiber mass ratio 1 :1, coating temperature=2 'C,

coating time 1 h, doped with hydrochloric acid

R=px(Ila), (where p is specific resistance, 1 is the

sample length and a is the cross-sectional area) . Then
the slopes of the two linear regression equations

should be equal . In our experiments the differences
between the two slopes are not statistically significant.

These results also confirm the uniformity of

coatings along the yarns and among different yam
sections . However, our results are not in agreement

with those of Bhadani et al . [19] . They obtained a

linear relation between surface resistivity (0cm) and
the length of samples in electrochemical deposition of

polyaniline on the surface of wool yarn . This dis-
agreement can be due to the differences in the

processes of coatings.

Optical and Scanning Electron Microscopy

Figures 3a and 3b show the representatives of the

microphotograph of the cross-section of cotton, and
wool fibers. Apparently a considerably thick coat of

polyaniline is formed on the surface of cotton fibers.
Figures 4d and 4b show the scanning electron

micrograph of longitudinal section of cotton, and wool
fibers . It shows that the coating of wool is not

uniform . The scales are not filled and there is
considerable debris on the surface of fibers, while in
cotton fibers a thick film of polyaniline is formed.

30

25

0
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Visible Spectroscopy
Reflection spectra of visible light for the coated
acrylic fiber yarns are shown in Figures 5 and 6.
Figure 5 shows the effects of doping and Figure 6
shows the effects of' the treatment temperature . Only
the two spectra are shown in this report but the results'
inferred here are from spectra taken for all the yarn
samples.

For the undoped samples the wavelength of the
maximum absorption is at 540–580 nanometers . After
doping the wavelength of the maximum absorption
shifts to a greater wavelength . This shift probably is

due to polaron absorption bands [151 . Comparison of

the spectrum of the coated samples and untreated
samples indicates the extent of coating by polyaniline.

The changes of the surface reflectance with
doping, oxidantlaniline ratio, aniline/goods ratio and
treatment temperature agree with the changes of yarns
conductivity.

For the samples tested it was difficult to
correlate the perceived colour by observers with
conductivity . Among different colour spacings, due to
its readiness, CIELAF1 Color Space seemed to be
more appropriate, because, this system exhibits good
correlation with visual judgments with nearly uniform
colour spacing. Colours are described in teas of

(a)

	

(a)

lb)
lyw. 3 . Cross-sections of coated fibers ; (a) : cotton, (b):
woof fibers, coating condition : oxidantlaniline mote ratio of

1 :1, aniline/fiber mass ratio 1 :1, coaling temperature =2
coating time 1 h .

(b)

Figure 4. SEM Photomicrograph of longitudinal section of
coated fibers (a) : cotton, (b) : wool, coating condition:
oxidantlaniline mole ratio of 1 :1, aniline /fiber mass ratio 1 :1,
coating temperature = 2 'C, coating time 1 h.
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Figure 5 . Effects of doping on visible light reflection
spectrum of acrylic fiber yams.

lightness L*, the values of a* (red-green) and b* (blue-
yellow) co-ordinates . The values of L*, a* and b* for
the yarns, were determined from spectrophotometric
measurements as shown in Tables 3 and 4. It is
immediately evident that the change in the oxidation
state of polyaniline is associated with the change in the
three objective parameters of colour L*, a* and b*.

Attenuated Total Reflection Infra-red Spectroscopy
It is startling that the attenuated total reflection infra-
red ATR-IR) spectra show the perfection of coating
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Figure 6. Effects of coating temperature on visible light
reflection spectrum of acrylic fiber yams .

Table 3 . Visible colour scales of acrylic yams treated at
different temperature.

Temperature (C) L* a" b` R.

2±1 11 .435 -5.959 -4.28 7 .905

25±1 19 .311 -8.221 -2.217 23 .450

35±1 21 .504 -8.025 -1 .174 51 .100

50±1 30.864 -7.397 6.072 434 .000

of fibers by polyaniline. The infra-red spectra of
polyaniline powder and the wool and acrylic fibers
coated with polyaniline are shown in Figures 7 to 9,
respectively. In Figure 7, that is for polyaniline
powders, the peak at 2920 cm-' shows the N-H group
and the peaks at 1500 and 798 cm-' show the C-C in
benzene ring and the peak at 1300 cm-' shows C -N
and the peak at 1126 cm-' is related to the chain
conjugation (15].

Figures 8a and 8h show the spectra of acrylic
fibers before and after coating, respectively.
Characteristic peaks for acrylic fibers are at 2912,
2351, 1732, 1034 cm-' . After coating the intensity of
these peaks reduce considerably and new peaks that
are characteristics of polyaniline are appeared. The
coating removed the characteristic peak of acrylic
fibers at 2912 cm-' and a new peak at 2924 cm '
characteristic of polyaniline is appeared. Similarly the
peaks at 1034 cm-' are weakened by coating and the
peaks at 1493 and 1304 cm -1 are appeared . These
changes in the intensity of the peaks indicate a
relatively good coating of acrylic fibers by polyaniline
in comparison to wool fibers.

Figures 9a and 9b show the ATR-IR . spectra of
wool yarns before and after coating with polyaniline.
The characteristic peaks of wool fibers, at 3341, 1632,

Table 4. Visible colour scales of acrylic yarns treated at
different aniline !fiber mass ratio.

Ratio L. a' b' R.

1 .0 10 .231 -6 .362 -3 .542 16 .66

0 .5 12 .676 -8 .257 -2 .276 35 .34

2 .0 9 .161 -5' .072 -3 .938 14 .45

0 .25 17 .718 -10 .200 -2 .151 60 .66
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Figure 7. ATR-IR Spectra of polyaniline powder.

1508, 1165, 1045 cm l are not changed considerably

after coating and the characteristic peaks of poly-

aniline are not predominantly appeared, which

indicate a weak coating is formed on the surface of

wool fibers. Vast amount of information can be drawn

from these infra-red spectra. Those, seemed to be

pertinent to this work are briefly mentioned here.

Wavenumber (cm ')

Figure 8 . ATR-IR Spectra of (a) : raw wool fiber, (b): wool

fiber coated with polyaniline coating condition : oxidant/

aniline mole ratio of 1 :1, aniline /fiber mass ratio 1 :1, coating
temperature=2

	

coating time 1 h .

Table 5 . Values for washing and croaking fastness of
different treated yams.

Fastness Cotton Acrylic Wool Nylon Polyester

Washing

(alteration)

4—5 4—5 4—5 4—5 4—5

Abrasion

(staining)

1 .5—2 1 .5—2 1 1 .5—2 1

Fastness to Crocking and Washing

According to the standard test methods [23], the

degrees of colour, which may be transferred from the
surface of coloured textile materials to other surfaces

by rubbing, are measured by so-called crocking-
fastness test . The resistance to water in presence of

wetting agents and agitation is measured by wash-

fastness test . The fastness is scaled between 1 for poor
fastness to 5 for extraordinary good fastness.

The results of crocking and washing fastness of
the coated fiber yarns are shown in Table 5, which

indicates a relatively good washing fastness and a low

crocking fastness . Relatively good washing fastness
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Figure 9. ATR-IR Spectra of (a) : raw acrylic fiber, (b):

acrylic fiber coated with polyaniline, coating condition:
oxidant / aniline mole ratio of 1 :1, aniline !fiber mass ratio

1 :1, coating temperature=2 'C, coating time 1 h.
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Table 6. Effect of treatment temperature on the specific
resistance (flglcrn2 ) of acrylic and cotton fiber yams.

Temperature (C) 2±1 25±1 35±1 50±1

Cotton 2 .790 15 .30 20.1 111

Acrylic 7 .905 23 .45 51 .1 434 ,

and low crocking fastness probably are due to the lack
of penetration of polyaniline into the fibers. The good
washing fastness is due to the insolubility of poly-
aniline in water, and poor crocking fastness is due to
the weak bonds that may have formed between fibers
and polyaniline.

Treatment Condition: Effect of Temperature
The resistance of the treated yarns with aniline
depends considerably on the treatment conditions.

In the following sections the effects of the treat-
ment temperature, oxidant/aniline ratio and aniline/
goods ratio are examined.

Table 6 shows the effects of treatment temper-
ature on the specific resistance of acrylic and cotton
yarns. The results clearly show that the higher the
temperature of the treatment the lower the conduct-
ivity . That is at high temperature the low conductivity

104 '	

0 .1 0

	

400

	

800

	

1200

	

1600
Time (h)

Figure 10 . Specific resistance (flglcm2 ) vs . time (h) for
coated acrylic fiber yam treated at various aniline I
persulphate ratio, aniline !fiber mass ratio 1 :1, coating
temperature=2 'C, coating time 1 h.
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Figure 11 . Specific resistance (flglcm2 ) vs . time (h) for
coated acrylic fiber yam treated at various aniline I fiber
mass ratio, oxidant l aniline mole ratio of 1 :1, coating
temperaturer 2 'C, coating time 1 h.

products are formed.

Treatment Condition : Effects of Oxidant/Aniline
Molar Ratio
Figure 10 shows the results of consecutive measure-
ments of the resistance of coated acrylic yarns as a
function of time after doping . The time of the treat-
ment with aniline was 1 h.

The resistance of the yarns increases with the
time after dopping, this is common for the most
conductive polymers . The increase of the specific
resistance of coated fiber yarns with time according to
Kang et al . [24] may be due to the presence of
oxygen. Dopants evaporation from polyaniline
conductive films, during heating period, is also
reported by Wang and Rubner [15] . Evaporation of
dopants from coated films causes the conversion of
emeraldine salt to emeraldine base . Both the presence
of the oxygen and the evaporation of dopants seem to
be responsible for the increase of the resistance of the
yams with time.

The trend of the increase of resistance with time
depends upon the oxidant/aniline molar ratio. It seems
by suitable selection of the proper oxidant/aniline
ratio the reduction in conductivity can be improved.

q anilfn5lQxldant=1 :1

aniline/oxidant=1 :05

anilineloxidant=1 :025

a anllinelowdant=l :2

U
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According to Tzou and Gregory [14] for the
conversion of aniline to polyemeraldine every aniline
molecule, on the average, needs 2 .5 electrons.

Because every ammonium persulphate mole-
cule provides two electrons, then every aniline
molecule needs 1 .25 molecules of ammonium
persulphate to be converted to emeraldine. It can be
argued that at low concentration of ammonium per-
sulphate, polymerization rate decreases . On the other

hand, at high concentration of ammonium persulphate
over-oxidation of polyaniline leads to pemigraniline
formation that is not conductive.

Treatment Condition : Effects of Aniline / Fiber
Mass Ratio
Figure 11 shows the specific resistance of coated
acrylic yarn versus time after dopping at various
anilinelfiber mass ratios . The oxidant/aniline mole
ratios in this experiment were all It seems due to
the increase in the amount of aniline on the surface of
fibers the conductivity increases . When the amount of
aniline exceeds 100 % weight of the yarn the rate of
increase in conductivity reduces.

CONCLUSION

Fibers in forms of yarns were treated with aniline . By

choosing the proper fibers and condition of the
treatment the fibers become uniformly coated with
conductive polyaniline . After doping, the resistance of
the coated yarns increases with time . Microscopy, and
the linear change of resistance with length shows the
coatings to be more continuous and smooth on the
surface of acrylic and cotton fibers leading to a higher
conductivity. Possibly weak bonds were formed
between polyaniline and these fibers . The bonds were

not that much strong to provide a good crocking
fastness . In order to increase the fastness of the treated
fibers a mechanism for penetration of polyaniline into
the fibers, in the treatment process should be sought.

The uniformity of the film formed on the
surface of different fibers was not the same . This

irregularity of the film has to do with the process, of
adsorption on the solid-liquid interface that have

different chemical nature. The prolong exposure to
acid should be considered in the future to determine
its effects on the yarn strength.
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