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ABSTRACT: Silk sericin was impregnated into polyester
fabric using supercritical carbon dioxide (SCCO2) to over-
come polyester hydrophobicity. The effects of sericin molec-
ular weight, pH of sericin, solution and cosolvent types on
sericin impregnation were investigated. Enzyme-hydro-
lyzed, acid-, based-hydrolyzed sericin in SCCO2, and a
30 kDa sericin in SCCO2 modified with cosolvents such as
water, methanol, 1-propanol, and acetone; and a modifier:
sodium hydroxide solution were used in this work. Impreg-
nation of sericin in polyester was indicated by Fourier trans-
form infrared spectrophotometry (FTIR) and dyeing with
acid dye. Degradation of polyester fibers during SCCO2

process was indicated by scanning electron microscopy

(SEM). Methylene blue dyeing was used to realize carboxyl
group in polyester. The results showed no impregnation of
sericin into polyester by using SCCO2 modified with cosol-
vents. However, sericin was impregnated into modified sur-
face polyester since hydrophilic groups such as carboxyl
and hydroxyl groups were regenerated by alkaline hydroly-
sis. Samples impregnated with hydrolyzed sericin showed
high color strength of Supranolechtbordeaux B acid
dye. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 105: 2091–
2097, 2007
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INTRODUCTION

Polyester is the king among synthetic textile fibers
because of the combination of excellent bulk proper-
ties and production cost. However, polyester has its
own limitations; hydrophobicity and related static
propensity are great disadvantages. Physical and
chemical modifications of polyester surface are of in-
terest to achieve hydrophilic material. Plasma treat-
ment is a common technique to modify polyester sur-
faces.1–4 Cold plasma at atmospheric pressure has
been used to improve surface properties to meet
ecological requirement.5 Chemical modification is
another approach to improve polyester surfaces.
Graft polymerization with acrylic acid onto Poly(eth-
ylene terephthalate)/polyethylene blend treated with
DC pulse plasma has been succeeded to increase
hydrophilicity and water retention of the blend.6

Azo acrylates have been grafted onto PET by gamma
irradiation.7

Supercritical carbon dioxide (SCCO2) is a great
potential method for different fields of applications.
Extraction of natural products from fruits and vegeta-

bles is widely used.8–11 Productions of decaffeinated
coffee and tea using SCCO2 are the most common
processes.12–15 In textile, the research activities are
mostly directed to polyester dyeing.16–21 Modification
of polyester surface with sericin using SCCO2 has
never been reported. This article describes chemical
modification of polyester surface with a natural poly-
mer i.e. sericin, using SCCO2. Sericin produced by silk
worm contains lots of hydrophilic moieties. The
impregnation of sericin using SCCO2 is a key of envi-
ronmental friendly process to improve polyester
hydrophilicity. Cosolvents such as water, methanol,
ethanol, 1-propanol, and acetone, and a modifier i.e.,
sodium hydroxide, were used for SCCO2 modifica-
tions. Impregnation of sericin in polyester was proved
using FTIR and dyeing with acid dye. Methylene blue
dyeing was used to realize the chemical changes of
polyester surface.

EXPERIMENTAL

Chemical and materials

Sericin of a 30 kDa supplied by Seiren (Fuku, Japan),
NaOH (AR grade) and Achromobacter Protease I sup-
plied by Wako Pure chemical Industries (Osaka,
Japan), HCl (AR grade) and methylene blue (GR,
98.5%) purchased by Nacalai Tesque (Kyoto, Japan),

Correspondence to: Dr. A. Kongdee (arunee.k@mju.ac.th).

Journal of Applied Polymer Science, Vol. 105, 2091–2097 (2007)
VVC 2007 Wiley Periodicals, Inc.



99% acetic acid purchased by Merck (Darmstadt,
Germany), and Supranolechtbordeaux B acid dye sup-
plied by DyStar (Frankfurt, Germany) were used as
received.

METHODS

Preparation of hydrolyzed sericin

Enzyme-hydrolysis

Sericin of 30 kDa was hydrolyzed using protease
enzyme.22,23 A weight of 0.0703 g sericin was added in
23 mmol/mL Achromobacter Protease I in Tris-HCl
solution and incubated at 378C for 15 h. The solution
was dropped on glass fiber filter. The filter was dried
in an oven at 1008C (sample MFHE).

Acid hydrolysis

Sericin of 30 kDa was hydrolyzed using hydrochloric
acid. A weight of 0.08 g sericin was subjected to 8 mL of
6M HCl. Hydrolysis reaction was carried out at 608C for
2 h. The following procedures were used to remove acid.

Acid-hydrolyzed solution was neutralized with so-
dium hydroxide, 8 mL of 6M NaOH was added into
hydrolyzed sericin solution, pH of the solution was
checked using pH paper. Some of water was evapo-
rated; the remained solution was dropped on glass fil-
ter paper (samples MFHA) and polyester fabric
(sample MPHA). Water in filter paper and fabric was
dried out in an oven at 1008C.

The acid-hydrolyzed sericin solution was dialyzed
against distilled water for 3 h. Some of water was
dried out. The remained solution was dropped on
polyester fabric, the sample was dried in an oven at
1008C (sample MDHA).

Small amount of 6M sodium hydroxide solution
was added into acid-hydrolyzed sericin solution until
pH of the solution was 9. The solution was dropped
on glass filter paper. Glass filter paper was then dried
in an oven at 1008C (sample WFHAS).

Base hydrolysis

Sericin powder (0.16 g) was subjected to 8 mL of 6M
NaOH. Hydrolysis reaction was carried out at 608C

for 2 h. A volume of 4 mL of the hydrolyzed solution
was dialyzed against distilled water until pH of solu-
tion was 8 (samples WDHB).

Preparation of alkaline sericin

Sericin (0.08 g) was dissolved in small amount of
water. Several drops of 6M NaOH were added into
the solution, pH of the solution was checked using pH
paper. The solution was dropped on glass filter paper.
The filter paper was dried in an oven at 1008C (sam-
ples WFS).

Preparations of hydrolyzed and alkaline sericin sol-
utions for the impregnation are presented in Table I.

Impregnation of sericin using SCCO2

Sericin impregnation in polyester using SCCO2 was
carried out at 1208C, 25 MPa for 1 h. Figure 1 shows
simplified diagram of SCCO2 equipment used in the
investigation. A concentration of 0.5 wt % sericin
(30 kDa) was used for the impregnation. There were
several methods for sericin impregnation using
SCCO2 process. Sericin was added as powder into
SCCO2 column, mixed with cosolvents/dissolved in
water and distributed on glass filter paper/polyester
as described earlier. Cosolvents such as water, metha-
nol, ethanol, 1-propanol, and acetone were used to
modify polarity of SCCO2; their concentration of 2.5%
(on volume of SCCO2) was used. Hydrolyzed sericin
distributed on filter paper or polyester fabric was

TABLE I
Preparations of Hydrolyzed and Alkaline Sericin Solutions

Sample

Preparation of sericin
Material for sericin

distributionHydrolysis Dialysis NaOH added

MFHE Enzyme (pH ¼ 9) Glass filter paper
MDHA Acid X PET
MFHA Acid X (pH ¼ 10) Glass filter paper
MPHA Acid X (pH ¼ 9) PET
WDHB Base X (pH ¼ 8) PET
WFS X (pH ¼ 8) Glass filter paper
WFHAS Acid X (pH ¼ 9) Glass filter paper

Figure 1 Simplified diagram of SCCO2 equipment.
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used for the impregnation without addition of cosol-
vents.

Characterization of polyester fibers

To verify sericin impregnated in polyester, samples
were dyed with 2% Supranolechtbordeaux B at 608C
for 30 min at a liquor ratio of 1 : 100, in acidic environ-
ment. A concentration of 0.1% methylene blue was
used to dye samples at 608C for 2 h at a liquor ratio of
1 : 50, to realize hydrolysis degradation of polyester.
L- and b-values of samples dyed with methylene blue
and Supranolechtbordeaux B were measured by Min-
olta Color Reader CR-10.

Morphology of polyester fiber surfaces were
observed by a scanning electron microscope (SEM),
Jeol JSM-5410LV. The samples were sputter coated
with gold. Fiber morphology was examined at differ-
ent magnifications.

Chemical structure of polyester fibers was identi-
fied. The fibers were cut into small pieces and mixed
with KBr and pressed under a pressure of 10 tons for 5
min. To remove water adsorbed on sample pellets, the
sample pellets were kept in a desiccator over phos-
phorus pentoxide for 24 h, and analyzed using FTIR
(Bruker Vector 22, Germany).

RESULTS

Effect of cosolvents on sericin impregnation

As sericin was hydrophilic substance, sericin could
impregnate in hydrophobic polyester using nonpolar
SCCO2. With more polar SCCO2 modified with some
solvents, we expected impregnation of sericin in
polyester. Table II shows L-values of samples dyed
with Supranolechtbordeaux B; unprocessed sample
(sample UP), samples subjected to water and sericin

distributed on glass filter paper (sample W-F), acetone
only (sample A-0), acetone and sericin (sample A), 1-
propanol and sericin (sample P), ethanol and sericin
(sample E), methanol only (sample M-0), methanol
and sericin (sample M), and methanol and sericin dis-
tributed on glass filter paper (sample M-F).

Among samples, L-value of unprocessed were high-
est as 65.07. The high L-value indicates bright object
found in unprocessed sample. Samples subjected to
cosolvents only, and cosolvents and sericin, showed
small reduction of L-values which indicate darker
samples as observed in samples W-F and M-F. L-val-
ues of W-F and M-F reduce by 6.3 and 1.7%, respec-
tively, when compared with unprocessed. The results
show that these samples might contain small amount
of sericin. However, it can be concluded that although
polarity of SCCO2 was improved by addition of cosol-
vents, there was no sericin impregnation in polyester
fibers.

Effect of molecular weight of sericin on the
impregnation

Enzyme hydrolysis by protease provided sericin of
low molecular weights (� 3 kDa)22,23 which was fur-
ther used for the impregnation. L-value of the sample
(MFHE) (shown in Table II) is comparable to those of
other samples mentioned earlier. This indicates no
effect of molecular weight of sericin on the impregna-
tion in polyester fibers using SCCO2.

Effect of sodium hydroxide on sericin impregnation
in polyester fibers using SCCO2

Dyeing with Supranolechtbordeaux B, L-values of
samples impregnated with sericin in the presence of
NaOH, (samples MFHA, WDHB, WFS, and WFHAS)
were shown in Table II. As compared with unpro-
cessed, lower L-values of samples MDHA, WFS, and
WFHAS indicate sericin impregnation. Deeply
impregnation of sericin might be received by using
SCCO2 process at 1208C, 25 MPa. In sample WDHB,
more reduced value is determined. The results indi-
cate the role of NaOH in sericin impregnation as all
mentioned samples were processed in alkaline sericin
solutions, except sample MDHA which was processed
in acidic solution. It seems that there was the effect of
pH of sericin solution on amount of sericin in polyes-
ter as greatest color strength was received from the
sample processed at pH 10 (sample MFHA). Reduced
L-value by 17.42%, when compared with unprocessed,
is observed in sample MFHA.

By observation of polyester fiber surfaces under
SEM, changes of surface morphology of the fibers
were investigated (see Figs. 2 and 3). Large particles
are present on the fibers surfaces of samples processed
with alkaline sericin solutions (samples MFHA,

TABLE II
L-, a-, and b-Values of Unprocessed and Processed

Polyester Dyed with Supranolechtbordeaux B

Sample L a b

UP 56.07 21.70 2.30
W-F 52.53 24.67 3.60
A-0 55.17 21.93 2.23
A 55.03 22.63 4.13
P 55.27 22.43 3.57
E 55.50 22.10 4.33
M-0 55.10 22.53 3.40
M 55.27 22.60 3.40
M-F 55.13 22.20 3.30
MFHE 55.33 21.60 3.37
MFHA 46.30 29.43 0.17
MDHA 54.63 21.90 2.60
WDHB 50.30 24.03 3.33
WFS 53.90 22.90 3.13
WFHAS 55.20 22.80 2.87
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Figure 2 SEM images (�1000) of (a) unprocessed, (b) MFHA, (c) WFHAS, (d) MFHE, (e) WDHB, (f) WFS, (g) MDHA, and
(h) MPHA.
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WFHAS, WDHB, and WFS) which are not found in
unprocessed and processed with enzymatic hydro-
lyzed sericin (sample MFHE). Impregnation of sericin
in polyester fibers was confirmed by these images.
Moreover, degradation of polyester fibers processed
with SCCO2 in strong alkali solution was observed.
Broken fibers are seen clearly in sample MPHA
[Fig. 3(d)] which was processed in strong alkaline
solution at pH 10. As it has been reported, exposure of
polyester to NaOH solution attributes to hydrolysis of
ester groups, low molecular weight and water soluble
fragments are produced and leading to weight loss of
polyester fibers.24–26 We have tried to measure the mo-
lecular weight of processed samples, but the samples
including MPHA were not dissolved in tetrahydrofu-
ran. Thus, no molecular weight data are available after
SCCO2 process. However, 5000� magnification of
SEM images of sample MPHA clearly supports the
degradation of polyester fibers.

Carboxyl and hydroxyl compounds regenerated
from alkaline hydrolysis resulted in more hydrophilic
polyester, thus the samples were impregnated with
sericin as investigated in samples WFS, WFHAS, and
WDHB. Besides, the hydrolysis resulted in sample
handling. Soft fabrics reflect structural changes of the
fibers. Fine fibers were obtained from alkaline treat-
ment as observed in previous investigation.27 How-
ever, exposure to strong alkaline solution (at pH 10)

and subsequently process under severe condition, like
SCCO2 resulted in serious polyester degradation as
investigated in sample MPHA. The sample was imme-
diately separated out when it was washing in distilled
water. Similarly, glass filter paper submerged in alka-
line sericin (for sample MFHA) was broken into small
pieces after SCCO2 process as seen in Figure 4.

Dyeing sample with methylene blue to investigate
carbonyl group was conducted as described by Klemp
et al.28 L- and a-values of samples are shown in
Figures 5 and 6. L-values ranged as UP < MDHA
<WFHAS<MFHA<WFS<WDHB<MPHA indicate
the order of dark samples. Since b-values are con-
sidered for blue shade, lower value represents higher
saturation of the blue. The order of bluer samples
is ranged as UP < MDHA < WFHAS < MFHA
<WDHB <WFS <MPHA. For sample MDHA, it was
subjected to acidic sericin, carbonyl groups might be
produced and also led to methylene blue adsorption.

Characterization of polyester fibers processed with
SCCO2 by means of FTIR

FTIR was subsequently used to characterize chemical
structure of polyester before and after SCCO2 pro-
cess. Figure 7 shows spectrum of polyester samples
which were processed by SCCO2. Absorption band at
2800 cm�1 is due to C��H stretching. High intensity

Figure 3 SEM images (�5000) of (a) unprocessed, (b) MFHA, (c) WDHB, and (d) MPHA.
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absorption bands at 1720, � 1250, � 1100, and
� 750 cm�1 correspond to ester C¼¼O, ester C��O,
O��C��C, and C��H benzene ring, respectively.29

Samples processed with sericin using SCCO2 modified
with acetone show similar spectra as unprocessed.
The results indicate that there is neither polyester deg-
radation nor sericin impregnation with cosolvents as-
sistance as described earlier.

FTIR characterization of samples processed with
alkaline sericin by SCCO2 (samples MPHA, WDHB,
and MFHA) provided spectra as also shown in Fig-
ure 7. Their spectra present an additional broad band
at 3200–3600 cm�1 which corresponds to ��OH
stretching, when compared with unprocessed and
processed with SCCO2 modified with acetone. For
sample MPHA, MPHA processed with strong alkaline
sericin shows high intensity of ��OH stretching band.
This band refers to impregnation of sericin which con-
stitutes � 30 mol % of ��OH group.30 The deeply
impregnation of sericin was successful by using
SCCO2 as ��OH stretching band was present very
clearly in FTIR spectra. More apparent bands of ester
C¼¼O and ester C��O bands at 1720 and � 1250 cm�1,
respectively, are the evidences of carboxyl compounds
produced from alkaline degradation which agree with
results of methylene blue adsorption. By serious deg-
radation, high amount of carboxyl compounds was
produced, thus leads to great methylene blue adsorp-

tion (indicated by very low L- and b-values as
observed for sample MPHA in Figs. 5 and 6).

CONCLUSIONS

Sericin was not impregnated into polyester by SCCO2

modified with cosolvents, namely water, methanol, 1-
propanol, and acetone. Interestingly, SCCO2 provided
great advantages of single step for sericin impregna-
tion in polyester fibers. The impregnation was suc-
cessful when processed by either SCCO2 modified
with NaOH or polyester surfaces modified with
NaOH was used. Polyester with modified surfaces
contained carboxyl and hydroxyl groups, thus, these
groups adsorbed hydrophilic substance i.e., sericin
during SCCO2 process. Deeply impregnation was
expected since high pressure at 25 MPa was used.
With FTIR analysis and methylene blue adsorption,
carboxyl groups in processed samples were investi-
gated. Very high intensity of ester C¼¼O at 1720 cm�1

and low L- and b-values of processed samples dyed
with methylene blue were observed. Sericin impreg-
nated in polyester fibers adsorbed Supranolechtbor-
deaux B, decrease in L-value was observed in proc-
essed samples. Sericin was penetrated into enlarge
voids of polyester fibers during SCCO2 process at
high temperature (1208C). However, the impregnation
of alkaline sericin must be compromised between pH

Figure 4 (a) Sample MPHA, (b) glass filter paper for sample MFHA processed in strong alkaline environment at pH 10.

Figure 5 L-values of processed samples dyed with methyl-
ene blue.

Figure 6 b-values of processed samples dyed with methyl-
ene blue.
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of alkaline sericin and fiber degradation in such envi-
ronment which could cause loss in fiber strength.

The authors thank Prof. Dr. Shinichiro Sue for protease pro-
viding.
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