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To make the naturalized synthetic fibres, grafting of soybean protein isolate (SPI)
onto poly acrylic fibres (PAC) was investigated after chlorination of the
hydrolyzed PAC fibres. The effects of preparation conditions, including chlorina-

tion temperature, chlorination time, grafting temperature, grafting time, and amount of
sodium hydroxide (NaOH) on the grafting efficiency were studied. The grafted prod-
ucts were evaluated by fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction techniques. The FTIR studies confirmed that the SPI had been grafted onto
the PAC fibres. The X-ray diffraction revealed that the crystalline structure of the graft-
ing modified fibres did not change as compared with that of the ungrafted fibres.
Microscopic observations were carried out to investigate the surface characteristics of
the ungrafted and grafted fibres. The scanning electron microscopy (SEM) analysis
showed that the external surface of the grafted fibre was coated with SPI. The grafted
PAC fibres exhibited good moisture absorption and water retention behaviour.
Mechanical properties of the grafted fibres could meet the requirement for wearing
fibres.

INTRODUCTION

Regenerated protein fibres received
much attention during the 1930s to
1940s. With the advent of synthetic
fibres, the problems of availability,
wrinkle recovery as well as wash-
and-wear properties are solved to a
great extent. However, synthetic
fibres are mainly devoid of func-
tional groups and they often exhibit
low moisture absorption and elec-

trostatic tendencies, posing discom-
fort when wearing. Naturalizing
modification of synthetic fibres has
received increasing interest during
the past decades. A lot of studies
have been made on the combination
of natural polymers, such as silk
fibroin [1-4], casein [5-7], and wool
keratin [8-10] etc. 
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also called isolated soy protein, is a high quality protein
which contains protein at least 90 wt%. The SPI is
abundant in nature and thus has relatively low cost thus,
it is considered to be an attractive method for producing
a substantial change of the synthetic fibres. Much
attempts have been made to combine the SPI with
poly(vinyl alcohol) either by graft copolymerization or
as a blend [11,12]. Modified soya protein fibres (MSPF)
the product of modification and combination of soybean
protein and poly (vinyl alcohol) has now been used in
all kinds of textiles with excellent comfortable and
healthy functions [13,14]. However, there are only a
few reports published about the utilization of SPI in the
modification of other synthetic fibres [15,16].

PAC fibres, the third important type of synthetic
fibres, are widely used in the textile industry as well as
in the production of carbon and graphite fibres. But
PAC fibres show low moisture absorption and high col-
lection of static electricity, which greatly limits their
further applications. Thus, chemical modification of
PAC fibres has attracted much attention all over the
world. The strategies reported are mainly classified into
two methods: graft copolymerization of acrylonitrile
onto natural polymers, and blending of natural polymers
and acrylic polymers.

It is surprisingly to note that, to our knowledge,
there is little information about the direct grafting mod-
ification of the final product-PAC fibres. In this article,
we present the results of the SPI grafted PAC fibres
based on the chlorination reaction on the hydrolyzed
PAC fibres and the effects of the chlorination and graft-
ing conditions on the grafting efficiency are reported.
The grafted products are characterized using FTIR, X-
ray diffraction and scanning electron microscopy
(SEM) techniques. The products are also evaluated fur-
ther for their moisture absorption and mechanical prop-
erties.

EXPERIMENTAL

Materials
PAC fibres were kindly supplied by Zibo Acrylic Fibre
Factory. Pyrolytic chromatography results show that it
was made up of acrylonitrile (91.7%), methyl methacry-
late (7%), and sodium styrene sulphonate (1.3%). 

SPI was prepared from defatted soybean flour as
described in literature [17].The other chemicals were of
the highest commercial grade and used without further
purification.

Grafting Modification
Hydrolysis of PAC Fibres
The detailed methods and procedures for the prepara-
tion of hydrolyzed PAC fibres were reported elsewhere
[18,19]. In a typical reaction, 30 g of PAC fibres were
soaped with 400 mL of NaOH aqueous solution 8 wt%
at 70°C for 20 min. Then, the hydrolyzed PAC fibres
were separated, thoroughly washed with distilled water,
and then dried at 50°C to a constant weight.

Chlorination of Hydrolyzed PAC Fibres
The hydrolyzed PAC fibres were put into a hermetical-
ly sealed vessel which was filled with SOCl2 (its mass
is 10% of that of the hydrolyzed PAC fibre) at required
temperature for some time.

Grafting of SPI
In a vessel, 2.0 g SPI was dispersed in 50 mL distilled
water and pH was adjusted to 9-10 with NaOH aqueous
solution 10 wt% at room temperature under constant
stirring for 10 min. Then, 10 g of chlorinated PAC fibres
was added and the grafting reaction was performed at
different temperature for different time. After comple-
tion of the grafting reaction, the product was separated
and washed thoroughly with water and ethanol and then
dried under vacuum at 50°C to a constant weight.

Grafting Efficiency Calculation
Grafting efficiency can be calculated as follows:

Grafting efficiency (%) =  * 100

Where, m1 and m2 are the weight of hydrolyzed PAC
fibres and the grafted PAC fibres, respectively.

FTIR Analysis
The samples of ungrafted and grafted PAC fibres were
cut into about 1 mm pieces, blended with KBr and
pressed into discs. The FTIR spectra of both samples
were recorded on Nicolet 5700 spectrometer.
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XRD Measurement
The X-ray analyses of ungrafted and grafted PAC fibres
samples were carried out at room temperature on a
Power X-Ray Diffractometer (D8 ADVANCE, Bruker
AXS, Germany). Ni-filtered CuK radiation
(|l||=1.54Å) was employed as a radiation source. Voltage
was 40 kV and current was 60 mA. Scanning speed was
4º/min and scanning range of 2|q| was from 3º to 50º.

SEM Photomicrographs
Gold was sprayed on sample in vacuum. Investigation
was carried out using a scanning electron microscope
(Sirion 200, FEI, Holland). Acceleration voltage was
10 kV and photographs of both external surface and cross
section of ungrafted and grafted PAC fibres were taken.

Determination of Moisture Content
The moisture absorption experiments were performed
as follows: 

Fibres were stored for 48 h at 25°C, 65% RH, and
then weighed as m1 (g). After storage for 60 h at 60°C in
vacuum baking oven, it was weighed as m2 (g) again. The
moisture absorption (%) of the fibres was calculated by
the following formula: 

Moisture absorption (%) =  * 100

Measurement of Water Retention Capability
Samples of both the ungrafted and grafted PAC fibres
were dried for 1 h at 110°C and weighed as DRY.
Subsequently, the fibres were immersed in distilled
water for 20 min. After that, the fibres were taken out
and placed in a glass tube, centrifuged for 15 min at
1500 rpm to remove the excess water, and then
weighed. This weight of the samples was recorded as
WET. Water absorption was expressed as the water
retention and was calculated as follows:

Water retention (%) = * 100

Mechanical Properties Determination
Mechanical properties of fibres were determined by
using YG-003 fibre tensile machine. The length
between two holding jigs was 10 mm and drop rate was
20 mm/min at room temperature.

RESULTS AND DISCUSSION

Mechanism of Grafting Modification 
The graft modification mechanism is illustrated in the
Scheme I. The nitrile groups -C|ª|N in PAC are converted
to carboxyl groups -COOH and amide groups -CONH2

when PAC fibres were hydrolyzed in NaOH aqueous
solution. Afterwards, chloroformyl groups -COCl are
obtained by treatment with SOCl2. 

Finally, nitrogen acylation and esterification are car-
ried out when -COCl groups react with amino groups -
NH2 and hydroxyl groups -OH of SPI under the con-
ditions of room temperature and constant pressure.
SPI contains many polar groups, such as -NH2 and -
OH groups which contribute to the hydrophilicity as
well as the reactivity of the soybean protein molecules.

Effect of Chlorination Temperature and Time on
Grafting Efficiency
In this study, hydrolyzed PAC fibres (10 g) were treated
with 1 mL SOCl2. The chlorination reaction was carried
out by varying reaction temperature and time. Figure 1
shows the effect of the different chlorinating conditions
on the grafting efficiency, keeping all other variables
unchanged.

The chlorination temperature plays an important
role in the grafting modification of PAC fibre. As the
boiling point and decomposition temperature of SOCl2
are 78.8 and 140°C, respectively, the reaction tempera-
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Scheme I. Grafting modification mechanism of PAC fibres.
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ture range in this study was controlled from 80 to
130°C.The effect of chlorination temperature on the
grafting efficiency is represented in Figure 1a. The
grafting efficiency was found to increase significantly
with temperature up to 110°C, and after that, the graft-
ing efficiency leveled off with further increase of tem-
perature. The increase of temperature can enhance the
dynamic energy of both SOCl2 and PAC molecules,
which leads to the increasing number of -COCl groups,

and ultimately results in the increase of grafting
efficiency. When the temperature is above 110°C, the
extent of increase is not much, which indicates that the
chlorination reaction is almost complete. 

The effect of chlorination time on grafting efficien-
cy was studied for five different reaction times as shown
in Figure 1b. The grafting efficiency increased signifi-
cantly with increasing reaction time up to 30 min, and
beyond that, the chlorination time had a small effect on
the grafting reaction. It can be explained as follows:

With increasing time, more SOCl2 groups react with
-COOH and -CONH2 groups therefore, more -COCl
groups are obtained, which provide more grafting sites
on the PAC fibres. Thus, more SPIs are grafted onto the
fibres, which leads to an increasing grafting efficiency.
However, after 30 min, the number of grafting sites
remains more or less constant. As a result, the grafting
efficiency becomes almost constant. 

Effect of Grafting Temperature and Time on
Grafting Efficiency
Figure 2 shows the influence of grafting temperature
and time on the grafting efficiency when all the other
conditions are made invariable. The effect of grafting
temperature on the grafting reaction was investigated
over the range of 30-100°C. 
The results are presented in Figure 2a. With the increase
of the reaction temperature, the grafting efficiency
increases obviously, up to a maximum of 2.85 wt% at
80°C and then the grafting efficiency declined dramati-
cally above 80°C. When increasing the temperature, the
reaction activity of the PAC and SPI increases; thus, the
grafting efficiency  percentage increases. 

However, when the temperature is above 80°C, the
denaturation of SPI in the alkaline aqueous solution is
exacerbated [20,21] and therefore, the molecular weight
of the proteins grafted onto the fibres decreases. As a
result, the grafting efficiency presented a declining
trend. Besides, the hydrolysis of PAC fibres is intensi-
fied at high temperature too [22,23] which might have a
negative effect on the grafting efficiency.

The dependence of the grafting efficiency on the
grafting time was studied and the results are depicted in
Figure 2b. It can be seen that the grafting efficiency  is
presented a sharp increase with time up to 5 min and
then decreased with longer reaction time. Because of

Figure 1. Effect of (a) chlorination temperature (chlorination
time: 30 min); (b) chlorination time (chlorination temperature:
110°C) on grafting efficiency as grafting temperature: 80°C,
grafting time: 5 min and 1mL NaOH aqueous solution 8 wt%.



Surface Modification of Poly Acrylic Fibres (PAC) ...Jia Z. et al.

793Iranian Polymer Journal / Volume 15 Number 10 (2006)

their high activity, -COCl groups react with SPI rapidly
which, at first, leads to an almost linearly increase in the
grafting efficiency. 

The following gradual decline on the grafting effi-
ciency with longer reaction time may be partly due to
the denaturation of SPI and excessive hydrolysis of
PAC fibres, both.

Effect of NaOH Amount on Grafting Efficiency
The effect of the amount of NaOH on the grafting effi-
ciency while keeping all other conditions constant is
presented in Figure 3. The grafting efficiency increased
at first and then decreased rapidly and the maximum
grafting efficiency was achieved at 1.0 mL of NaOH
aqueous solution. Then the grafting efficiency present-
ed a negative value beyond 2.5 mL of NaOH aqueous
solution. In the grafting of SPI onto PAC fibres, besides
neutralizing HCl which is formed in the nitrogen acyla-
tion and esterification reactions as depicted in Schemes
Ic and Id, respectively, NaOH also has an effect on the
hydrolysis of the PAC fibres and the degradation of the
SPI. With increasing the addition of NaOH, the hydrol-
ysis of PAC fibres is performed excessively which
results in the constant decrease in the weight of the
fibres, themselves [18,24]. In addition, more SPI
degrades with the increase of the amount of NaOH,
which leads to a decrease in the molecular weight of the
protein grafted onto the fibres, too. As a result, the
weight of the grafted PAC fibres declines which con-
tributes to the decline of the grafting efficiency. 

FTIR Studies
The chemical modification of PAC fibre via grafting of
SPI was examined by FTIR spectra. The peaks of the

Figure 2. Effect of (a) grafting temperature (grafting time:
5 min) and (b) grafting time (grafting temperature: 80°C) on
grafting efficiency as chlorination temperature: 110°C,
chlorination time: 30 min, and 1mL NaOH aqueous solution
8 wt%.

Figure 3. Effect of addition of NaOH on grafting efficiency as
chlorination temperature: 110°C, chlorination time: 30 min,
grafting temperature: 80°C, and grafting time: 5 min.
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original PAC fibres (Figure 4a) could be assigned as fol-
lows: 2940 cm-1 (|g| C-H in CH, CH2, and CH3 groups),
2244 cm-1 (||g C|ª|N), 1732 cm-1 (g| C|ª|O) and 1455 cm-1

( CH3 and S CH2) where g, | |, and || S are represent-
ed stretching, bending, and scissor vibrations, respec-
tively [25]. After grafting modification, the spectrum of
the modified PAC fibres (Figure 4b) changed greatly.
The new broad adsorption band at 3295 cm-1 corre-
sponded to the stretching vibration of the OH group and

indicated the introduction of the OH groups onto the
grafted PAC fibres. The spectrum of grafted fibres also
displayed additional characteristic bands at 1653 cm-1

(g C=O, amide I) and 1539 cm-1 ( N-H, amide II)
which were considered to belong to the characteristic
absorption bands of SPI [26]. It indicated that the
structure of the fibres have been changed after the SPI
was grafted onto the PAC fibres.

Crystal Structure Analysis
The XRD patterns of the ungrafted and grafted PAC

δ

δδδδ

Figure 4. FTIR Spectra of (a) ungrafted PAC fibres; (b) graft-
ed PAC fibres.

Figure 5. X-ray Diffraction of (a) ungrafted PACfibres; (b)
grafted PAC fibres.

Figure 6. SEM Photographs of external surface of (a) ungrafted
PAC fibres and (b) grafted PAC fibres (magnification 2000*).

(a)

(b)



fibres are shown in Figures 5a and 5b, respectively. The
diffraction of ungrafted PAC fibres presents intense
reflections at 2|q|=16.8º and 22.5º and a diffuse reflection
between the two sharp peaks. PAC fibres could be
described by the classical crystalline and amorphous
structure model for semi-crystalline polymers or
coexistence of high orientation and low amorphous
order [27,28]. The reflection at about 16.8º is attributed
to the crystalline structure, and the crystalline reflection
at about 22.5º corresponded to the second-order reflec-
tion of peak 1. The diffraction image of grafted PAC

fibres is almost the same as the ungrafted PAC fibres and
there is no additional diffraction peak, which indicates
that the grafting of SPI onto the original fibres had little
effect on the internal structure of the modified fibres.

Morphological Studies
The morphologies of the fibres before and after graft
modification were evaluated by scanning electron
microscopy technique. Figures 6a and 6b show the sur-
faces of ungrafted and grafted PAC fibres, respectively
while the micrographs in Figures 7a and 7b illustrate the
cross section of these different fibres, either. 

As shown in Figure 6, the surface of the original
PAC fibres is   relatively smooth and even. There are a
number of longitudinal cracks on the surface of the
ungrafted fibre, which is caused by the high stretch
spinning during the fibre formation [29]. However, after
the grafting of SPI, the fibre surface became rough and
there is some deposition on it, resulting in the uneven-
ness of the surface. Besides, the original cracks of the
ungrafted fibre were filled with some deposition, too.
All these observations indicate that the SPI has been
grafted onto the surface of the PAC fibres. From
Figure 7 we can see that, the internal structure of
ungrafted PAC fibres is quite integrated and compact.
There are some micropores inside the fibres. But in the
case of the grafted ones, the size of the micropores
increased, which was attributed to the hydrolysis of the
fibres when they were treated with NaOH. 
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(a)

(b)

Figure 7. SEM Photographs of cros-section of (a) ungrafted
PAC fibres and (b) grafted PAC fibres (magnification 2000*).

Figure 8. Effect of grafting efficiency on moisture absorption.
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Moisture Absorption
Hygroscopicities of grafted and ungrafted PAC fibres
were determined at 25°C and 65% RH. The moisture
absorption of grafted fibres vs. increasing grafting effi-
ciency is shown in Figure 8. The moisture absorption of
ungrafted PAC fibres was 2 wt% and compared with the
original unmodified PAC fibres, the modified fibres
showed a considerable much higher moisture absorp-
tion in all cases. The higher the grafting efficiency, the
higher the moisture absorption. This behaviour was
associated with the increase in the hydrophilic function-
al groups, such as carboxyl and amide groups. The dep-
osition of SPI on the surface of the fibres, which are
clearly presented in the SEM image in Figure 6b, sub-
stantially facilitated the moisture absorption. As the
grafting modification progressed, the hydrophilic func-
tional groups increased and thus, leaded to the higher
moisture absorption. 

Water Retention Capability
The water retentions of ungrafted and grafted PAC
fibres were measured and the results are recorded in

Table 1. The data for the water retention of ungrafted
PAC fibres was 14.51% and the related values of the
grafted fibres were much higher. Besides, the water reten-
tion values of the grafted fibres were increased  with aug-
mentation in the grafting efficiency. When the grafting
efficiency was 4.29%, its water retention capacity
reached 25.15%. The higher water retention capacity was
attributed to the introduction of SPI contents onto the
fibres, which was known to play a major role in water
absorbing ability. It indicates that the surface grafting of
natural SPI onto the fibres, substantially improves the
capacity of water absorption and thereby increases the
hydrophilic nature of the synthetic PAC fibres.

Mechanical Properties 
The mechanical properties of both ungrafted PAC and
grafted PAC fibres are recorded in Table 2. The breaking
strength and breaking elongation of the ungrafted PAC
fibres were 2.41 CN/dtex and 25.4%, respectively. The
breaking elongation of the grafted PAC fibres increased
and the breaking strength decreased as compared to the
original fibres. The results indicate that the alkaline
treatment of the fibres leads to the surface erosion of the
PAC fibres and increase of the micropores dimensions,
which has been verified by the SEM images before and
after grafting modifications (Figures 6 and 7). Thus, the
fibres lacked theirs original structural integrity and this
loosening of the structure resulted to the loss of inter-
molecular interaction between the polymeric chains. As
a result, the tensile strength of the fibres declines.
Similar observations have also been reported earlier
[22,30,31]. In spite of all these factors, the grafted   poly-
mer still meets the requirements of wearing fibres.

Samples    
Grafting efficiency

(%)
Water retention

(%)

ungrafted - 14.51±0.57

grafted 1.51±0.13 18.55±1.19

grafted 2.28±0.25 19.87±1.39

grafted 2.96±0.41 21.55±2.54

grafted 3.37±0.27 23.89±3.34

grafted 4.29±0.48 25.15±2.76

Table 1. Water retention of ungrafted and grafted PAC fibres.

Table 2. Mechanical properties of ungrafted and grafted PAC fibres.

Samples    
Grafting efficiency

(%)
Breaking strength

(CN/dtex)
Breaking

elongation (%)

ungrafted - 2.41±0.07 25.4±1.65

grafted 1.23±0.03 1.97±0.19 25.5±1.26

grafted 2.07±0.11 2.02±0.08 26.6±1.61

grafted 3.25±0.15 1.82±0.09 27.6±1.94

grafted 3.39±0.20 1.89±0.11 29.2±2.63

grafted 4.26±0.38 2.15±0.24 28.6±1.72
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CONCLUSION

PAC fibres exhibit many good mechanical properties as
well as thermal resistance. To combine the artificial
properties of the synthetic polymer and natural SPI, we
chemically grafted SPI onto the structure of PAC mole-
cules. The grafted PAC fibres were prepared by a series
of reactions: (a) hydrolysis of the original PAC fibres;
(b) chlorination reaction of hydrolyzed fibres; (c) graft-
ing of SPI onto chlorinated PAC fibres. The influence of
the reaction conditions on the grafting efficiency was
discussed in detail. The chemical grafting of SPI was
evidenced by FTIR spectroscopy. X-ray diffraction
showed that the crystal structure of the SPI modified
PAC fibres can be described as coexistence of high ori-
entation and low amorphous orders. SEM micrographs
have confirmed that the surface of PAC fibres is cov-
ered with integrated and compact SPI coverage. The
moisture absorption and water retention of the grafted
fibres increased as compared with the original fibres.
The SPI modified PAC fibres have properties different
from the unmodified ones and therefore, further work
will be necessary and significant to investigate other
properties, such as dyeability, thermal properties, etc.
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