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Abstract Cotton fabrics were treated with oxygen
plasma gas and/or wrinkle-resistant finishing agent
with polycarboxylic acid. The results of wicking rate,
contact angle and wettability tests revealed that the
atmospheric plasma treatment significantly improved
hydrophilicity of cotton fiber. Such improvement
greatly enhances the effectiveness of post-finishing
processes. The study showed that chemical compo-
sition of cotton fabric surface changed after plasma
and wrinkle-resistant treatment. Chemical composi-
tion of surface of treated cotton specimens was
evaluated with different characterization methods,
namely, FTIR-ATR and EDX. The experimental
results are thoroughly discussed.
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Introduction

Apparel products made of cotton fibres have the
largest share in the textile market due to their
excellent properties, such as breathability, moisture
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and heat conduction, softness, and hypoallergenic and
anti-static properties. However, chemical modifica-
tion of cellulosic fibres by introducing new functional
groups or compounds is still needed in order to
improve their performance characteristics which
could be a cheaper route to achieve a higher quality
and technical performance rather than by using a high
cost fibre with inherent built-in performance proper-
ties (Holme 2007; Tzanov and Cavaco-Paulo 2006).
Wrinkle-resistance of cotton fibres is always unsat-
isfactory to meet the commercial requirements
(easycare properties) of textile materials due to the
hydroxyl groups in its chemical structure which are
easily deformed during washing. Thus, easycare,
durable press and wrinkle-resistant finishes are crit-
ical to maintain the image of high performance for
apparel textiles (Holme 2007; Tzanov and Cavaco-
Paulo 2006).

The ester crosslinking of cotton by the compound
BTCA, catalysed with sodium hypophosphite (SHP),
has been found to be superior for wrinkle-resistant
property of cotton fabric in previous researches (Lam
et al. 2010a, b). Using titanium dioxide (TiO,) as a
co-catalyst to improve the crease recovery property
has been found feasible to enhance the finishing
performance with minimum side effects (Yuen et al.
2007; Wang and Chen 2005a, b; Chen and Wang
2006; Lam et al. 2010a, b). On the other hand, low
temperature plasma pre-treatment improves the func-
tional finishing by causing a sputtering or etching
effect that alters the surface characteristics which
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include a large variety of chemically active functional
groups; it roughens the surface of the materials and
increases the surface area for reaction between the
finishing agent and the fibre (Hwang and Mccord
2005; Wang et al. 2008; Kaplan 2004; Rajpreet and
Gita 2004). In the past, vacuum plasma systems were
used for treating textile materials but such systems
needed much space and were energy and time
consuming processes which were also inadequate
for treating the substrate continuously in mass
production processes (Karahan and Ozdogan 2008).
Surface modification of cotton fabrics with atmo-
spheric pressure plasma treatment has been studied
widely as it is a continuous and environment friendly
process that offers reduction of wet chemicals and
energy consumption (Hwang and Mccord 2005;
Wang and Qiu 2007).

Previous studies show that wrinkle-resistant and
mechanical properties were improved after plasma
pre-treatment and wrinkle-resistant treatment (Lam
et al. 2010a, b, c¢). In this paper, the effect of atmo-
spheric plasma treatment on the change of hydrophi-
licity of cotton fiber is studied. The study has shown
that chemical composition of cotton fabric surface
varies upon plasma and wrinkle-resistant treatment.
Different characterization methods, namely, Fourier
Transform Infrared spectroscopy with attenuated total
reflection mode (FTIR-ATR) and Energy dispersive
X-ray analysis (EDX) were used.

Experimental
Material

100% semi-bleached plain weave cotton fabrics
(density: 58 x 58; yarn count: 38 x 40 tex; weight:
175 g/m?) specimens of size of 25 cm x 25 cm were
used. The crosslinking agent was 1,2,3,4-butanetetra-
carboxylic acid (BTCA, 98% purity) supplied by the
International Laboratory Ltd. The catalyst used was
analytical grade sodium hypophosphite (SHP) sup-
plied by the International Laboratory Ltd. Micro-
titanium dioxide (TiO,, 2 um diameter, 99.5% purity)
was obtained from UniChem Ltd. The particle size of
TiO, was further confirmed by a particle size
analyzer (LS13320 Beckman Coulter, Beckman
Coulter Inc., USA). All other chemicals used in the
study were reagent grade.
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Plasma pre-treatment

Plasma pre-treatment of cotton fabrics was carried
out by an atmospheric pressure plasma jet apparatus
manufactured by Surfx Technologies. The apparatus
produced a stable discharge of 80 W at atmospheric
pressure with radio frequency of 13.56 MHz. The
treatment was carried out using a rectangular nozzle
which covered an active area of 25.4 mm x 1 mm
and was mounted vertically above the substrate. The
treatment time was 0.1 s/mm and the jet-to-substrate
distance was 4 mm. Helium and oxygen were used as
carrier and reactive gases, respectively. The flow rate
of helium and oxygen was 15 and 0.1 L/min,
respectively.

BTCA two-bath pad-dry-cure treatment

After plasma pre-treatment, cotton fabrics were
treated with different concentrations of TiO, solution
mixed with 5% BTCA prepared according to the
recipes in Table 1 with a two-bath pad-dry-cure
method. In the first bath, the fabrics were dipped and
padded with BTCA in the presence or absence of
SHP until wet pick up of 80% was achieved at room
temperature. The fabrics were then dried completely
at 85 °C temperature. In the second bath, dipping and
padding processes were performed by using 100 mL
TiO, solution which was dispersed in 10% Matexil
DN-VL. Subsequently, the two-bath padded speci-
mens were dried completely at 85 °C temperature
and were then cured at 170 °C temperature for 2 min.
Finally, the fabrics were conditioned at 21 4 1 °C

Table 1 Different concentrations of TiO, solution mixed with
BTCA in the crosslinking post-treatment

Symbol Amount of Amount of Amount of
TiO, added (%) BTCA added (%) SHP added (%)

B1 0

B2 0.1

B3 0.2

B4 0 5

B5 0.1 5

B6 0.2 5

B7 0 5 10
B8 0.1 5 10
B9 0.2 5 10
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temperature and 65 £ 5% relative humidity for 24 h
prior to any further treatment.

Contact angle measurement

The contact angle of test specimens was measured by
a Contact Angle Meter (Tantec Inc.) at room temper-
ature. After a glycerol drop of size 1 pL was placed on
the test specimen’s surface at a distance of 5 mm from
the syringe and the test specimen. The value of contact
angle was obtained for both front and back side.
The contact angle was measured at standard condi-
tion: 21 £ 1 °C temperature and 65 + 5% relative
humidity.

Wettability

Wettability of cotton specimens was measured accord-
ing to the BS4554:1970. A microlitre syringe was
placed 5 mm above the substrate and a Glycerol
droplet of size 1 pL was dropped on the fabric surface.
The time taken for the droplet to be completely
absorbed into the fabric was regarded as the water-
absorption time. Measurements were taken on both
front and back side of each specimen. Wettability was
measured at standard conditions: 21 4+ 1 °C temper-
ature and 65 £ 5% relative humidity.

Wicking test

A cotton fabric strip of 205 mm x 100 mm was
marked at intervals of 10 mm each in both warp and
weft directions (total 5 spots) by a marker pen using
water-soluble ink. A clamp weighing two grams was
attached to the specimens and the specimens were
then suspended vertically with the clamped end
immersed 20 mm in a distilled water bath. At
standard conditions of 21 + 1 °C temperature and
65 £ 5% relative humidity, the time required for the
distilled water to rise along each marked spot was
recorded and the average wicking rate in both warp
and weft directions was estimated. The experiment
was terminated when the water had reached the
highest spot.

Fourier transform infrared spectroscopy (FTIR)

Chemical compositions of surfaces of cotton speci-
mens were studied by the Fourier Transform Infrared

spectrophotometer (Perkin Elmer Spectrum 100),
with scanning range between 4,000 and 700 cm ™'
and resolution 4 nmfl, in terms of attenuated total
reflection (ATR). The average number of scans was
256; area of the relevant signal in zero-order deriv-
ative spectrum was measured.

Energy dispersive X-ray analysis (EDX)

EDX is an analytical technique used to collect
elemental information from cotton specimens. It
was conducted by the JEOL JSM-6490 Scanning
Electron Microscope equipped with a cathode and
magnetic lenses, to create and focus a beam of
electrons, and elemental analysis capabilities. A
detector is used to convert X-ray energy into voltage
signals that are sent to a pulse processor which
measures the signals and passes the measurements
onto an analyzer for data display and analysis.

Results and discussion
Contact angle measurement

Water-repellent properties of cotton fabrics are
expressed in terms of contact angle and absorption
time. Contact angles of plasma pre-treated cotton
fabrics subjected to 0.1 and 0.2% of TiO, treatment
are presented in Fig. 1a. On the other hand, contact
angles of plasma pre-treated cotton fabrics subjected
to BTCA treatment in the presence of SHP and/or
TiO, are illustrated in Fig. 1b, c. The figures show
that plasma pre-treated fabrics had higher contact
angles than untreated fabrics irrespective of the
BTCA treatment.

After plasma pre-treatment, contact angle of the
control fabric was decreased from 65° to 55°
(Fig. 1a) because plasma pre-treatment can introduce
water compatible functional groups such as hydroxyl
groups to the fibres which increase wettability and
hence reduce the contact angle subsequently. How-
ever, with addition of various amounts of TiO, to the
cotton fibre, TiO; is physically attached on the fibre
surface as shown in the SEM images. The spreading
of TiO, particles on the fibre surface restricts the
penetration of water into the fibre and therefore the
contact angle increases with increase in the amount of
TiO, used. Although plasma pre-treatment with the
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Fig. 1 Contact angles of plasma pre-treated cotton specimens
subjected to a 0.1 and 0.2% TiO, treatment, b BTCA treatment
in the presence of TiO,, and ¢ BTCA treatment in the presence
of SHP and/or TiO,

use of oxygen introduces hydrophilic groups on the
cotton fibre surface (Pandiyaraj and Selvarajan 2008;
Hong et al. 2006), the etching effect produces a
roughened fibre surface for accommodating the TiO,
particles. Since a dispersing agent was used in
preparing the TiO, solution, the spreading of TiO,
on the cotton fibre surface is even and hence more
TiO, is attached on the fibre surface. This makes the
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fibre surface more hydrophobic and therefore, the
contact angles increased accordingly.

BTCA was applied to produce the crosslinking
effect on the cotton fibre (Fig. 1b). It was revealed
that all contact angle values with BTCA treatments
were higher than the control fabric. The reason is
obviously that BTCA is a crosslinking agent and the
crosslinkages formed reduce the amorphous region
on the fibre surface. As a result, contact angle values
were increased. The addition of TiO, in BTCA
treatment serves as a catalyst for forming crosslink-
ages between cotton fibres. The crosslinkages so
formed reduce the absorption property of cotton fibre
and thus increase contact angle values. As WRA
results reported in a previous study (Lam et al. 2010a)
suggest, increasing the amount of TiO, will improve
WRA results, indicating that more crosslinkages will
be formed between cotton fibres. The increased
amount of crosslinkages will reduce the wetting
behaviour of the cotton fibre leading to increased
contact angle values. When plasma pre-treatment was
conducted, further increase of contact angle values
was noted because plasma pre-treatment could
improve the wettability of the cotton fibre and
therefore, during the application of BTCA with or
without TiO,, more chemicals were absorbed. The
absorbed chemicals cause crosslinking effects in the
subsequent curing process and more crosslinkages are
formed. In addition, the etching effect of plasma
active species produces a roughened fibre surface for
accommodating TiO, particles. Since the dispersing
agent was used in preparing the TiO, solution, the
spreading of TiO, on the cotton fibre surface is even
and hence more TiO, is attached on the fibre surface.
This makes the fibre surface become more hydro-
phobic and therefore, contact angle values are
increased.

Conventional BTCA and SHP treatment were
conducted in the presence or absence of TiO, as
catalyst (Fig. 1c). It is clear that addition of SHP
greatly increased the contact angle compared with
Fig. 1b because SHP is a catalyst for initiating the
crosslinking effect between BTCA and cotton fibre.
With the help of plasma pre-treatment, the contact
angle was increased correspondingly because plasma
pre-treatment can improve wettability of cotton fibre
leading to higher absorption of BTCA and SHP.
Thus, a higher crosslinking effect was achieved. TiO,
serves as co-catalyst along with SHP which means
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the catalytic effect may be further enhanced and even
more crosslinkages will be formed. As a result,
contact angle values will be increased further. The
effect of co-catalyst induced by TiO, was further
enhanced by plasma pre-treatment. The plasma pre-
treatment with oxygen contributed two effects on the
cotton fibre surface. Firstly, oxygen plasma chemi-
cally modifies the cotton leading to introduction of
hydrophilic groups to the surface. Wettability of
cotton fibre can be improved consequently. Secondly,
plasma active species etch and roughen the fibre
surface and cracks and grooves are generated on the
fibre surface. Both effects enhance chemicals absorp-
tion during BTCA-SHP and BTCA-SHP-TiO, treat-
ments resulting in more crosslinkages and a more
hydrophobic surface. Thus contact angle values
increased subsequently.

Absorption and wicking

Water absorption properties of cotton fabrics are
expressed not only in terms of contact angle, but also
absorption time and wicking rate. Results of absorp-
tion time and wicking rate (as well as fabric weight)
of different samples are shown in Table 2.

Ideally, for absorption time and wicking rate
measurement, water should be the best liquid. How-
ever, due to the very good natural water absorption
property of cotton, glycerol was used as the liquid for
measuring absorption time and water was used for
wicking rate. Absorption time and wicking rate can be
used as indicators of water transportation in the
in-plane and trans-planar direction, respectively.

Generally speaking, short absorption time implies
better water absorption ability. Various wrinkle
resistant treatments can increase contact angle values
differently, as shown in Fig. la—c, which indicates
that the hydrophobicity of cotton surface was
increased to different degrees. As shown in Table 2,
the fabric weight decreased in the range of 2.9-4.5%
when compared to the control specimen. The absorp-
tion time results still further support the increase of
cotton surface hydrophobicity. This hydrophobicity is
developed through varying degrees of crosslinking
effects induced by BTCA and its catalyst. During the
crosslinking process, esterification reaction occurs,
which converts hydroxyl groups present on cellulosic
macromolecules into ester linkages (Li et al. 2008;
Yang and Wang 1996). The reduction of hydroxyl
groups, which were responsible for attraction of
liquid molecules, leads to poorer absorption.

For samples B2 and B3, when different amounts of
only TiO, were added, the TiO, presence on the fibre
surface could serve as a barrier to liquid penetration
and the absorption times were slightly increased for
such samples, with or without plasma pre-treatment.
Although the fabric weight was decreased slightly
after plasma pre-treatment, it does not have signifi-
cant effect on the water absorption ability. The
plasma pre-treatment could still significantly lower
the absorption time because plasma could introduce
hydrophilic groups to cotton fibre surface though
TiO, was present on the fibre surface.

For samples B4-B6, different degrees of cros-
slinkages were formed on the cotton surface where
the crosslinking served as a barrier to liquid penetra-
tion. The use of plasma pre-treatment can further

Table 2 Fabric weight, absorption time and wicking rate (the results were obtained within 5% tolerance limit)

Sample Fabric weight (OZ/ydz) Absorption time (s) Wicking rate (cm/s)
No plasma Plasma pre-treated No plasma Plasma pre-treated No plasma Plasma pre-treated
B1 5.15 5.05 10.0 7.0 1.04 1.27
B2 4.95 4.92 10.2 8.0 1.02 1.20
B3 4.93 4.94 12.7 9.3 0.96 1.14
B4 4.97 4.89 10.4 7.8 0.89 1.07
B5 4.98 4.87 13.1 9.4 0.83 0.97
B6 5.05 4.97 14.1 10.4 0.80 0.91
B7 4.92 5.00 15.2 11.0 0.66 0.89
B8 5.02 5.04 16.2 11.6 0.64 0.83
B9 4.99 4.97 16.6 12.3 0.63 0.72
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increase absorption time because plasma pre-treat-
ment increases absorption of BTCA and TiO, leading
to a higher crosslinking effect. Also the presence of
TiO, on the fibre surface provides a physical barrier
to liquid absorption and its effect is proportional to
the amount of TiO, applied.

For samples B7 to B9, the reaction between BTCA
and cotton fibre was greatly increased due to the use
of SHP and SHP-TiO, catalysts. Both formation of
crosslinkages together with the presence of TiO, on
the fibre surface enhanced the hydrophobicity of
cotton fabric’s surface which increased the absorption
time significantly compared with the control samples.
With the use plasma pre-treatment, absorption time
can be further enhanced because plasma pre-treat-
ment increases absorption of BTCA and its catalyst
systems leading to more crosslinking effect on the
surface.

Wicking rate is determined by the distance water
travels up on the fabric strip over time. The higher the
wicking rate, the better the water absorption of
fabrics in the transplanar direction will be. As shown
in Table 2, it was noted that wicking rate of fabric
was generally reduced after wrinkle resistant treat-
ment compared to the control fabric because the
crosslinking reaction consumed the hydroxyl groups
in the cotton fibre. However, plasma pre-treatment
can increase the wicking rate of fabric with wrinkle
resistant treatment because oxygen plasma introduces
water compatible functional groups to cotton fibres
(Pandiyaraj and Selvarajan 2008; Hong et al. 2006).
The wicking effect is the liquid transport phenome-
non within the fabric, which is thought to be due to
the capillary action, and is governed by fibre surface
properties. In addition, the separation between fibres
in the yarn also influences the wicking rate. These
two factors explain the results in Table 2. For the
control sample B, the plasma pre-treatment intro-
duced hydrophilic functional groups to the fibre
surface which may attract more water molecules
within the experiment period and thus a faster
wicking rate was noted.

For samples B2 and B3, the wicking rate was
slower than the control sample; the reduction of
wicking rate was proportional to the amount of TiO,
used for wrinkle resistant treatment. In this case,
when TiO, was used, its particles were present not
only on the fibre surface but also in the space between
fibres and yarns. The presence of TiO, blocks the
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inter-fibre and inter-yarn structure which reduces the
capillary action. Therefore, the wicking rate was
reduced. With plasma pre-treatment, wicking rate
was increased because of introduction of hydrophilic
groups to the fibre surface. When the amount of TiO,
used was compared, it was noted that wicking rate
was reduced with increase in the amount of TiO, used
but it was still faster than plasma untreated samples.
Plasma etching provides more space for accommo-
dating the TiO, on the fibre and the blocking effect of
TiO, in the inter-fibre and inter-yarn structure is
increased. The surface effect was now dominated and
such that plasma pre-treated B2 and B3 samples had a
faster wicking rate than plasma untreated samples.

For samples B4-B6, the wicking rate was further
decreased compared with B2 and B3 samples because
of presence of the crosslinking agent BTCA. In
samples B4, BS and B6, BTCA and TiO, were used
as crosslinking agent and catalyst, respectively.
During the crosslinking process, esterification reac-
tion occurs in which hydroxyl groups present on
cellulosic macromolecules are converted into ester
linkages (Li et al. 2008; Yang and Wang 1996). The
reduction of hydroxyl groups, which were responsible
for attraction of water molecules, leads to poorer
absorption. In addition, the crosslinking between
fibres reduces the inter-fibre and inter-yarn space and
therefore, water transportation in the upward direc-
tion gets restricted, leading to a slower wicking rate.
Also the reduction in wicking rate is proportional to
the amount of TiO, used. Increased amount of TiO,
will not only chemically increase the crosslinking
reaction but also it is physically attached in the space
between fibres and yarns. Both effects lead to
blocking of water transportation during the wicking
test and lower the wicking rate. With plasma pre-
treatment, the wicking rate was increased because of
introduction of hydrophilic groups to the fibre
surface. When the amount of TiO, used was
compared, it was noted that the wicking rate was
reduced with increase in the amount of TiO, used but
the wicking rate was still faster than samples not
plasma pre-treated. Although plasma’s etching effect
can provide more space for accommodating TiO; in
the fibre and the blocking effect in the inter-fibre and
inter-yarn structure is increased, the surface effect
now dominates so that plasma pre-treated BS and B6
samples have a faster rate than samples not pre-
treated with plasma.
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Samples B7-B9 were treated with BTCA using
different catalysts, SHP or SHP-TiO,. It was clear
that the crosslinking effect in these samples was most
significant, as reflected from WRA values in Table 2.
Because of the significant crosslinking effect, it was
not surprising that the wicking rate was slower in
these samples compared with samples B1 to B6. The
wicking rate of plasma untreated samples B7-B9 was
in accordance with the catalysts used. However, when
plasma pre-treatment was applied, wicking rate was
further lowered if a higher amount of TiO, was used
as a co-catalyst compared with wicking rate obtained
from samples on which only SHP catalyst was used.
The reason may be the plasma pre-treatment not only
increased the fibre’s wettability but also physically
introduced cracks and grooves to fibre surface. The
increased wettability offers better absorption of
BTCA and its catalyst and the surface’s physical
structure provides more space for TiO,. The former
effect leads to formation of more crosslinkages and
the latter effect reduces the space between fibres and
yarns. Both effects will finally restrict transportation
of water during the wicking test.

Fourier transform infrared spectroscopy (FTIR)

FTIR-ATR is a surface sensitive technique used to
characterize the chemical structure of the substrate
(Karahan and Ozdogan 2008; Chung et al. 2004).
FTIR-ATR analysis was performed on the control
cotton fabric; the spectrum is illustrated in Fig. 2.
Moreover, the spectra of characteristic bands related
to their chemical structures were the hydrogen
bonded OH stretching centered at 3,300 cm_l, the
CO stretching centered at 1,030 cm_l, the CH
stretching centered at 2,900 cm™!, and the CH
wagging centered at 1,310 cm™' (Karahan and
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Fig. 2 FTIR spectrum of control cotton fibre

Ozdogan 2008; Chung et al. 2004; Hartzell-Lawson
and Hsieh 2000). In addition, a peak around
1,640 cm™" is corresponding to the absorbed water
molecules (Karahan and Ozdogan 2008; Chung et al.
2004). All of these intense peaks are associated with
the cellulose structure in cotton fibres.

FTIR analyses were performed on fabrics without
any plasma pre-treatment and plasma pre-treated
fabrics with different parameters (speed, gas flow and
nozzle to substrate distance); their corresponding
spectra are shown in Figs. 3, 4, 5. The spectra
obtained from control and plasma pre-treated cotton
species are very similar, but the spectra for plasma
pre-treated cotton showed some difference in the
peaks of 1,640 and 3,740 cm ™' corresponding to the
C=0 vibration groups in the carbonyl structure and
O-H stretching vibration, respectively (Kan et al.
2009; Zhang et al. 2008; Titov et al. 2005). In
addition, a new peak at 1,540 cm~ ! which repre-
sented COO™ stretching vibrations, due to plasma
surface oxidation, was observed in Fig. 3c. It is
indicated that bombardment of plasma on the cotton
fabric enables the initiation of chemical reaction and
leads to alteration of chemical composition of the
cotton fabric, i.e. increase of hydrophilic groups such
as OH, C=0 and COO™ that can improve hydrophi-
licity of the fabric (Zhang et al. 2008; Ceach et al.
2002; Pappas et al. 2006). Besides, transmittance
intensity of plasma-treated fabric was lower than that
of the untreated fabric. This is mainly attributed to
the number of polar groups formed and bonded on the
fabric polymer in which transmittance intensity is
inversely proportional to concentration of the corre-
sponding groups (Pandiyaraj and Selvarajan 2008).

Furthermore, when the fabrics were treated with
BTCA (in the presence or absence of catalysts), new
peaks, represented by carbonyls band, were formed.
Figure 4 illustrate the FTIR-ATR spectra of BTCA-
treated cotton fabric in the presence or absence of
SHP. On the other hand, Fig. 5 show the FTIR-ATR
spectra of BTCA-treated cotton fabric in the presence
or absence of SHP and TiO,.

FTIR-ATR was also used to characterize the
intermolecular ester crosslinkages in wrinkle-resis-
tant-treated cotton fabric. In general, the esterification
reaction is known to proceed in two steps. The first
step involves formation of a five-membered cyclic
anhydride intermediate through dehydration of two
adjacent carboxylic acid groups. In the presence of
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Fig. 3 FTIR-ATR spectra (a) (c) g8
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Fig. 4 FTIR-ATR spectra of wrinkle-resistant-treated cotton
fabric at 1,900-1,400 cm ™'

catalyst, the formed acid anhydrides subsequently
undergo esterification reaction with hydroxyl groups
of cellulosic macromolecules to form an ester (Yang
and Wang 1996; Bhattacharya et al. 1999; Sricharus-
sin et al. 2004; Kim et al. 2000; Yoon et al. 2003).
Therefore, when esterification occurs between poly-
carboxylic acid and cotton cellulose, carbonyls
retained in cotton exist in three forms, i.e. intermo-
lecular ester linkage, carboxyl (the acidic form of the
free carboxyl) and carboxylate anion (the basic form
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Fig. 5 FTIR-ATR spectra of wrinkle-resistant-treated cotton
fabric, in the presence of TiO, acting as co-catalyst at
1,900-1,400 cm™"

of the free carboxyl) (Yang 1991; Yang and Bakshi
1996). Figures 4 and 5 showed two strong bands at
1,730 and 1,570 cm™! which are due to the ester and
carboxylate carbonyls, respectively (Yang 1991; Wei
and Yang 1999; Choi et al. 1994).

The ester carbonyl band intensity of treated
samples was in accordance with the amount of ester
formed on the fabric (Wei and Yang 1999). There-
fore, ester carbonyl band transmittance was inversely
proportional to the amount of ester crosslinkage and
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the performance of the treated fabric. From Fig. 4,
the spectrum showed that the percentage of transmit-
tance of BTCA-treated fabric is similar to the control
fabric, except the new peaks formed at 1,730 and
1,570 cm ™. Moreover, SHP would accelerate the
formation of a cyclic anhydride from polycarboxylic
acid. When the fabric was treated with BTCA in the
presence of SHP, the overall transmittance shifted
downward implying a more effective crosslinking
process as presented in Fig. 4. In addition, Fig. 5
shows that TiO, acting as co-catalyst can also
enhance the effectiveness of wrinkle resistant
finishing.

Energy dispersive X-ray analysis (EDX)

EDX was used to collect elemental information of
wrinkle-resistant and plasma-treated cotton fabrics.
The atomic percentage of carbon (C), oxygen (O),
titanium (Ti), sodium (Na) and phosphorus (P) that
appeared in wrinkle-resistant-treated fabrics is shown
in Table 3.

Table 3 The atomic percentage of different elements in
wrinkle-resistant-treated cotton fabrics (plasma untreated and
pre-treated)

Wrinkle-resistant C O Ti Na P
finishing® (%) (%) (%) (%) (%)
B1 5243 47.57

B2 52.16 47.81 0.03

B3 51.68 48.30 0.03

B4 50.12 49.88

B5 51.90 48.09 0.01

B6 50.82 49.07 0.11

B7 47.74 50.44 1.06  0.76
B8 49.79 4872 0.03 0.72 0.73
B9 49.65 48.39 0.03 1.06 0.88

Plasma pre-treated B1 50.79 49.21

Plasma pre-treated B2~ 51.15 48.84 0.02

Plasma pre-treated B3~ 51.80 48.11 0.09

Plasma pre-treated B4 ~ 50.92 49.08

Plasma pre-treated BS 51.77 48.20 0.03

Plasma pre-treated B6 51.08 48.73 0.19

Plasma pre-treated B7 49.63 48.37 1.04  0.96
Plasma pre-treated B8 50.65 48.04 0.02 0.62 0.67
Plasma pre-treated B9~ 50.35 48.02 0.10 0.74  0.81

% The symbols of B1-B9 showing the BTCA treatment
condition, referring to Table 1

Table 3 shows that C content dropped by 1% when
the fabric was treated with TiO, and it dropped by 3
and 6.5% when the fabric was treated with BTCA in
the absence and presence of SHP, respectively. In
general, the esterification reaction involves formation
of a five-membered cyclic anhydride intermediate
and subsequent formation of an ester (Yang and
Wang 1996; Bhattacharya et al. 1999; Sricharussin
et al. 2004; Kim et al. 2000; Yoon et al. 2003).
Therefore, when esterification occurs between poly-
carboxylic acid and cotton cellulose, carbonyls
retained in cotton exist in three forms, i.e. intermo-
lecular ester linkage, carboxyl (the acidic form of the
free carboxyl) and carboxylate anion (the basic form
of the free carboxyl) (Yang 1991; Yang and Bakshi
1996). This may be the reason of reduction in C
content. In some cases, EDX results also indicate that
TiO, (small amount of Ti recorded) and SHP (small
amount of Na and P recorded) were present in the
fibre after treatment (Table 3). Atomic percentages of
C, O, Ti, Na and P that appeared in plasma pre-
treated fabrics are also shown in Table 3.

Due to the chemical effects of plasma species, new
functional groups were created which caused various
changes in the surface composition (Karahan and
Ozdogan 2008). The EDX analysis revealed quanti-
tative surface composition changes after the plasma
treatment. Table 3 shows that the C atomic percent-
age decreased obviously while the oxygen atomic
percentage increased. The removal of fibre surface
material was related to the drop of C content. Also,
the O/C ratio of plasma pre-treated fabric, with or
without having been subjected to wrinkle-resistant
finishing, increased significantly. This is mainly
attributed to incorporation of specific oxygen func-
tional groups by the plasma pre-treatment. The
increase in O content led to an improvement of
hydrophilicity and wickability. The EDX results
shown in Table 3 also prove that TiO, (small amount
of Ti recorded) and SHP (small amount of Na and P
recorded) were present in the fibre after wrinkle-
resistant-treatment.

Conclusion
In the study, the surface chemical composition of

treated cotton specimens was evaluated by FTIR-
ATR and EDX. The FTIR-ATR spectra for plasma
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pre-treated cotton showed new peaks about the C=0
vibration groups in the carbonyl structure and O-H
stretching vibration and COO™ stretching vibrations
which improved hydrophilicity of the fabric. FTIR-
ATR was also used to characterize the formation of
two strong bands about ester and carboxylate car-
bonyls in wrinkle resistant treated cotton fabric. In
addition, EDX confirmed that C content dropped
when the fabric was treated with wrinkle resistant
treatment and the results also indicate that TiO,
(small amount of Ti recorded) and SHP (small
amount of Na and P recorded) were present in the
fiber after treatment. Moreover, after the plasma pre-
treatment, the C atomic percentage decreased obvi-
ously while the oxygen atomic percentage increased
which may have led to an improvement of hydro-
philicity and wickability as further proved in terms of
contact angle, wettability and wicking ability.
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