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ABSTRACT: We have successfully prepared a series of
blend membranes from cellulose and soy protein isolate
(SPI) in NaOH/thiourea aqueous solution by coagulating
with 5 wt % H2SO4 aqueous solution. The structure and
properties of the membranes were characterized by Fourier
transform infrared spectroscopy, ultraviolet-visible spec-
trometry, dynamic mechanical thermal analysis, scanning
electron microscopy (SEM), transmission electron micros-
copy, and tensile testing. The effects of SPI content (WSPI) on
the structure and properties of the blend membranes were
investigated. The results revealed that SPI and cellulose are
miscible in a good or a certain extent when the SPI content
is less than 40 wt %. The pore structure and properties of the
blend membranes were significantly improved by incorpo-
ration of SPI into cellulose. With an increase in WSPI from 10
to 50 wt %, the apparent size of the pore (2re) measured by

SEM for the blend membranes increased from 115 nm to 2.43
�m, and the pore size (2rf) measured by the flow rate
method increased from 43 to 59 nm. The tensile strength (�b)
and thermal stability of the blend membranes with lower
than 40 wt % of WSPI are higher than that of the pure
cellulose membrane, owing to the strong interaction be-
tween SPI and cellulose. The values of tensile strength and
elongation at break for the blend membranes with 10 wt %
of WSPI reached 136 MPa and 12%, respectively. The blend
membranes containing protein can be used in water because
of keeping � of 10 to 37 MPa. © 2004 Wiley Periodicals, Inc.
J Appl Polym Sci 94: 748–757, 2004
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INTRODUCTION

Sustainability, industrial ecology, ecoefficiency, and
green chemistry are guiding the development of the
next generation of materials, products, and processes.1

Cellulose, an environmentally friendly material, is the
most abundant natural polymer to yield various use-
ful products because of its renewable, biodegradable,
biocompatible, and derivable properties.2 However,
cellulose has not reached its potential applications,
because it cannot be melted to fabricate into a desired
form or to be dissolved in a common solvent, attrib-
uting to the strong intra- and intermolecular hydrogen
bonding. Thus, more focus has been concentrated on
new solvent systems of cellulose, including N-methyl-
morphorine-N-oxide (NMMO),3 lithium chloride/N,
N-dimethylacetamide (LiCl/DMAC),4–6 and zinc
chloride.7 In our laboratory, novel solvents for cellu-
lose have been developed, such as NaOH/urea8 and
NaOH/thiourea9 aqueous solution. In these systems,
addition of urea or thiourea to NaOH aqueous solu-
tion effectively destroys the intra- and intermolecular

hydrogen bonding and thus dissolves cellulose.10

Moreover, cellulose/casein11 and cellulose/alginate
blend membranes12 in NaOH/urea aqueous solution
have been prepared, exhibiting a good tensile strength
and relatively large pore size. It should be mentioned
that the blended or regenerated cellulose and its de-
rivative membranes have been widely applied in
membrane separation technologies13,14 and biologi-
cal15 and medical fields,16 because of their chemical
stability, biological compatibility, biodegradability,
and high water ultrafiltration rate.

In recent years, soy products such as soy protein
isolate (SPI), soy whole flour (SWF), and soy protein
concentrated (SPC) have been considered as alterna-
tives to petroleum polymers because of their abundant
resources, low cost, perfect adhesivity, and good bio-
degradability.1,17 Soy protein isolate was not only ap-
plied as an environmentally, friendly material in the
fields of adhesives,18 plastics,19,20 and textile fibers,21

but also as biodegradable membranes22 or modified
SPI films by sodium dodecyl sulfate.23 Interestingly,
SPI coated onto paper can enhance the grease resis-
tance and mechanical properties,24 suggesting that a
certain interaction between SPI and cellulose occurs in
this case. In our laboratory, the blend membranes
prepared from cellulose with animal protein such as
casein11 and silk fibroin25,26 in the new solvent sys-
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tem8,9 have some special porous properties and good
mechanical properties, prompting potential applica-
tions in separation technology as well as biological
and medical fields. In this work, we attempted to
prepare a series of blend membranes from cellulose
and SPI in NaOH/thiourea aqueous solution. The in-
teraction between cellulose and SPI and the effects of
SPI content on the structure and properties of the
blend membranes throughout various characteriza-
tions were investigated and discussed.

EXPERIMENTAL

Materials

The cotton linter was supplied by Hubei Chemical
Fiber Group Ltd. (Hubei, China), and its viscosity
average molecular weight (M�) was determined by
viscosimetry in cadoxen to be 10.1 � 104. Soy protein
isolate was purchased from Hubei Yunmeng Protein
Technology Co. (Hubei, China). The cotton linter and
SPI were dried in vacuo for 24 h at 60°C before use.
NaOH, thiourea, and H2SO4 were analytical grade and
were obtained from commercial resources in China.

Preparation of membranes

Cotton linter was immersed in 6 wt % NaOH/5 wt %
thiourea aqueous solution as described in detail else-
where.27 The mixture of cotton linter and 6 wt %
NaOH/5 wt % thiourea aqueous solution was kept
below �8°C in a refrigerator for 12 h and then was
taken out and thawed with stirring below 20°C for 1 h
to obtain a cellulose solution. It was then centrifuged
at 7,000 rpm for 30 min to give a transparent cellulose
solution. The concentration of the cellulose solution
was measured to be 3.7 wt % as the following. The
weighted solution was poured into glacial acetic acid
to form precipitation, which was isolated by filtration,
washed with distilled water, and then dried in vacuo at
60°C for 24 h, and then weighted accurately again.28

The concentration of cellulose was calculated from the
weight ratio of the regenerated cellulose and the cel-
lulose solution. SPI was dissolved in the 6 wt %

NaOH/5 wt % thiourea aqueous solution at room
temperature to get a slurry with 10 wt % of SPI con-
tent. The SPI solution was mixed with the cellulose
solution to obtain mixture solutions containing 10, 20,
30, 40, and 50 wt % of WSPI, respectively. The resulting
mixture solution was stirred at room temperature for
30 min and degassed at 10°C by centrifuging and then
cast on a glass plate to provide a gel sheet with a
thickness of about 200 �m. It was immediately coag-
ulated with 5 wt % H2SO4 aqueous solution for 5 min
to obtain transparent membranes. The obtained mem-
branes were washed with water and then dried in air
at room temperature, coded as CS1-n (cellulose/soy
protein isolate blend), where n corresponds to the
initially designed SPI content, for example, CS1-10
corresponds to 10 wt % of WSPI. The membrane with
more than 50 wt % of WSPI was difficult to prepare
with the procedure described above. As the control,
the regenerated cellulose membrane without SPI thus
was coded as CS1-0.

Characterization

To investigate the interaction between cellulose and
SPI, the weight loss of the membranes in distilled
water was measured. The initial weight (W0) and the
final weight (W1) were measured, respectively, before
and after the membranes were immersed in distilled
water at room temperature for 48 h. The membranes
were dried in vacuo at 60°C for 24 h prior to each
weighing. The percentage of weight loss (Wloss/%) for
the membranes could be calculated by

Wloss � ��W0 � W1�/W0� � 100% (1)

The percentage of weight loss for the membranes in 5
wt % NaOH solution was measured according to the

Figure 1 The UV-Vis optical transmittance (Tr/%) curves
of CS1-n membranes.

TABLE I
The Percentage of Weight Loss for the Membranes in

Distilled Water and in 5 wt % NaOH Solution

Membrane
no. WSPI (%)

Wloss (%)

In distilled water In NaOH solution

CS1-0 0 0.23 0.58
CS1-10 10 0.65 9.37
CS1-20 20 1.03 17.95
CS1-30 30 1.55 27.42
CS1-40 40 1.98 36.67
CS1-50 50 3.71 43.54
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above process by replacing distilled water with 5 wt %
NaOH solution. In this case, most of SPI was removed
from the blend membranes, resulting in a weight loss.

The optical transmittance (Tr/%) of the membranes
with a thickness of 20 �m was measured using an
ultraviolet-visible (UV-Vis) spectroscope (UV-160A,
Shimadzu, Japan) in the wavelength range from 200 to
800 nm.

The membranes were dried in vacuo at room tem-
perature for 24 h and cut into small pieces to be mixed
with KBr for the disk before the measurements of
Fourier transform infrared spectra (FT-IR). FT-IR spec-
tra were recorded on an FT-IR spectrometer (1600,
Perkin–Elmer Co., MA) in a wavenumber range from
4,000 to 400 cm�1.

The morphology was observed on a scanning elec-
tron microscope (SEM, S-570, Hitachi, Ibaraki, Japan),
with 15 kV as the accelerating voltage, and recorded in
a 35 mm film. The cellulose membrane and blend
membranes were kept in water to maintain a wet state
all through until they were sampled for SEM observa-
tion. The wet membranes were frozen in liquid nitro-

gen, fractured immediately, and freeze dried in vacuo,
and then the free surfaces and cross-sections were
coated with gold for SEM observation. The average
apparent pore size (2rc) was measured from the SEM
photographs of the surfaces and cross-sections by a
high resolution imaging treatment system (HLPAS-
1000, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China).

The ultrastructure of the blend membranes in the
dry state was observed on a transmission electron
microscope (TEM, H-600, Hitachi, Ibaraki, Japan),
with 75 kV as the accelerating voltage, and recorded in
a flat film. The membranes were stained by soaking in
1 wt % OsO4, embedded in Epon-812 resin to harden
and fix, and then cut into ultrathin sections with a

Figure 2 The dependence of optical transmittance (Tr/%)
and absorbency (Ab � �log Tr) of the CS1-n membranes at
280 nm on WSPI.

Figure 3 FT-IR spectra of CS1-n membranes and SPI pow-
der.
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thickness of about 70 nm. The ultrathin sections were
stained with plumb citrate for TEM observation.

An improved Bruss membrane osmometer based on
the flow rate method, as reported by our laboratory,29

was used for measuring the mean pore diameter (2rf)
of the wet membranes. The values of 2rf were calcu-
lated by Kuhn’s equation,30 and membrane porosity
(Pr) was calculated according to the methods de-
scribed previously elsewhere.29

2rf � 2k�d�dv/dt�i/�Pr�PiS� (2)

k � 3.1 � �1 � Pr
2�1/2 (3)

Pr � 1 � W/�1.5�R2d� (4)

where � is the absolute viscosity of fluid (alcohol) (g s
cm�2), d is the thickness of the wet membrane (cm),
(dv/dt)i is the rate of the fluid flow through the mem-
brane (cm3 s�1), �Pi is the pressure difference (g
cm�2), S is the effective area of the membrane (cm2), Pr
is the porosity, k is the apparent dimension of the pore
distribution, W is the weight of the dry membrane (g),
and R is the radius of the wet membrane (cm).

Dynamic mechanical thermal analysis (DMTA) was
carried out on a dynamic mechanical thermal analyzer
(DMTA-V, Rheometric Scientific Co., Amherst, MA) at

a frequency of 1 Hz. The specimens were heated at
10°C min�1 to 110°C to remove moisture and then
cooled to �80°C by liquid nitrogen. The DMTA test
temperature ranged from �80 to 400°C with a heating
rate of 5°C min�1.

The mechanical properties of the membranes were
tested on a universal testing machine (CMT6503,
Shenzhen SANS Test Machine Co. Ltd., Shenzhen,
China) according to ISO6239-1986 (E) at a tensile rate
of 5 mm min�1. The mean values of the tensile
strength (�b) and the elongation at break (�b) were
obtained from more than three specimens. The mem-
branes were immersed into water at 25°C for 1 h, and
then their mechanical properties in the wet state were
measured in the same way as above.

RESULTS AND DISCUSSION

Interaction between cellulose and SPI

The percentage of weight loss for the membranes in
distilled water and in 5 wt % NaOH solution are listed
in Table I. Because of the extremely low solubility of
cellulose in water, the slight weight loss mainly re-
sulted from the water-soluble component of SPI. The
low Wloss of the blend membranes implies that both
SPI and cellulose coexist in the blend membranes hav-

Figure 4 SEM photographs of the free surfaces for CS1-n membranes.
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ing strong interaction caused by the hydrogen bond-
ing between the hydroxyl groups of cellulose and
amido groups of protein.14 The percentage of weight
loss for the membranes in 5 wt % NaOH solution was
much larger than that in water, because most SPI can

be dissolved in NaOH solution, and a small amount of
SPI combined tightly with cellulose still remained in
the blend membranes.

The UV-Vis transmittance curves of the membranes
are shown in Figure 1. The values of visible light

Figure 5 SEM photographs of the cross-sections for CS1-n membranes.

Figure 6 The dependence of apparent pore size (2re) in the surfaces and cross-sections of CS1-n membranes on WSPI
measured by electron microscopy observation method.
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transmittance (400 to 800 nm) for the blend mem-
branes with 10 to 40 wt % of WSPI and pure cellulose
membranes are close to each other, and all are higher

than 70 %, indicating a high degree of compatibility
between SPI and cellulose and of phase homogeneity
in the blend membranes. However, the much lower Tr
value of CS1-50 is a hint of a phase separation between
cellulose and SPI. The Tr values of the membranes
increase with an increase in wavelength. An obvious
UV-resistivity in the wavelength range of 200 to 300
nm was exhibited. A reduction of transparency at 280
nm in all spectra is due to the absorption of protein at
the wavelength.31 The dependence of optical transmit-
tance and absorbency (Ab equals -log Tr) of the CS1-n
membranes at 280 nm on WSPI is shown in Figure 2.
Obviously, the values of Ab at 280 nm rapidly and
linearly increase with an increase in WSPI. Invalidity of
Beer’s Law at 280 nm for CS1-50 indicates that the
phase homogeneity no longer remains.

The IR spectra of CS1-n are shown in Figure 3. The
–OH stretching vibration bands around 3,429 cm�1 in
cellulose membranes broadened and shifted to a lower
wavenumber in the blend membranes, as a result of
the introduction of protein composition into cellu-
lose25 and the formation of new hydrogen bonds.32 As

Figure 7 The dependence of mean pore size (2rf) of the
membranes measured by the flow rate method on WSPI.

Figure 8 TEM photographs of CS1-n membranes.
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shown in Figure 3, cellulose and SPI exhibit carbonyl
groups at 1,636 and 1,662 cm�1, respectively. How-
ever, when they were blended, an apparent single
absorption band (around 1,653 cm�1) appeared, indi-
cating the presence of intermolecular hydrogen bonds
between cellulose and protein molecules. In addition,
with an increase in WSPI, both the relative intensity at
1,653 and 1,541 cm�1 in the blend membranes in-
crease, and the absorption peaks at about 3,420 cm�1

for the blend membranes broaden and shift to low
wavenumbers, as a result of the intermolecular hydro-
gen bonds between cellulose and SPI.

Microstructure and pore size of the membranes

The SEM micrographs of CS1-n membranes are shown
in Figures 4 and 5. The WSPI dependence of apparent
pore size (2re) calculated from SEM photographs of
CS1-n membranes is shown in Figure 6. These CS1-n
membranes display a homogenous mesh structure.12

The apparent pore size is in a wide range from 115 nm

to 2.43 �m. The formation of the mesh structure in the
surfaces and cross-sections for cellulose membrane is
attributed to the self-aggregation tendency of cellulose
in solution and the penetrating of coagulants in the
coagulation process.33 It can be explained that in the
cellulose/NaOH/thiourea aqueous solution system,
the presence of NaOH and thiourea can break the
intermolecular hydrogen bonds of cellulose to create a
significant ion–paris interaction, and the sodium ions,
water, and thiourea molecules can form an “overcoat”
surrounding the cellulose chains to prevent its self-
aggregation, resulting in the significant increase of
solubility of cellulose in the solvent system.34 How-
ever, the addition of SPI broke off the “overcoat”
surrounding the cellulose chains by a much stronger
interaction between amido groups of SPI, and then the
exposed hydroxyl groups of cellulose prompted the
formation of a new physical crosslinking network
with a bigger pore size than that of pure cellulose
itself. The enormous number of hydrogen-bonding
groups on the backbone of the two natural polymers is

Figure 9 The dependence of tan 	 and storage modulus (Log E	) on temperature for CS1-n membranes.
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the essential factor to their miscibility and stability in
the blend membrane (entropy effect). As shown in Fig-
ures 4 to 6, the apparent pore size with the mesh
structure woven by cellulose and SPI in the free sur-
faces and cross-sections of CS1-n increases with an
increase of WSPI. When WSPI reaches 50 wt %, the 2re of
the surface and cross-section for CS1-50 are 2.43 and
1.97 �m, respectively, which are much larger than
those with lower WSPI. Therefore, the membranes pos-
sess enough pore size in the surfaces, which could be
used as an immobilized enzyme bioreactor15 and as
cell or organ support.16 The pore size in the free sur-
faces and in the cross-sections for CS1-20 to CS1-40 are
closed, indicating a relatively homogeneous pore
structure exists in surfaces and in inner.

The dependence of the mean pore size (2rf) of the
membranes measured by the flow rate method on
WSPI is shown in Figure 7. The 2rf values of the mem-
branes increase with an increase in WSPI except CS1-
10. Both microscopic observation methods and the
flow rate method are the main methods used to de-
termine the pore size and its distribution in the porous
membranes as reviewed by Zhao et al.35 The values of
2rf are much smaller than those of 2re. It is noted that
the values of 2rf are related to only the interconnecting
pores in the membranes during the filtration pro-
cess.33 However, those of 2re include both the inter-
connecting and the much larger noninterconnecting
(dead-end) pores.36

The visual proofs of a good miscibility between
cellulose and SPI in our blend membranes are the
TEM photographs as shown in Figure 8. The deep
black regions are corresponding to the soy protein
phase domains because protein is more easily stained
than cellulose by plumb citrate, and the grayish re-

gions represent the cellulose phase. The size distribu-
tion of SPI phase domains is relatively uniform in the
range from about 50 to 100 nm for the membranes
CS1-10 to CS1-30. With an increase in WSPI, the size of
protein domain phases increase. The result of TEM
indicates that soy protein coexists tightly with cellu-
lose when WSPI is lower than 40 wt %. In view of the
results from UV-Vis, FT-IR, SEM, and TEM, good
miscibility occurs between SPI and cellulose in blend
membranes with lower than 40 wt % of WSPI. The
large pores of CS1-50 shown in Figures 4 and 5 were
caused by the introduction of SPI, similar to the blend
membranes from alginate and cellulose.12

The DMTA curves of the membranes are shown in
Figure 9. The mechanical loss factor (tan 	) reflects the
mechanical relaxation behavior. The tan 	 relaxation
peaks at about 290 and 350°C are assigned to 
 relax-
ation and decomposition temperature (Td) of the cel-
lulose component, respectively.37 The glass transition
temperature (Tg) of soy protein without plasticizers
reported in literature is at about 145°C.38 With an
increase of plasticizers such as glycerol and water, the
Tg appears at about �71 to about �35°C.39 However,
as shown in Figure 9, an obvious tan 	 peak appears at
28–32°C in the blend membranes, and the height of
the peak increases with an increase in WSPI. The ap-
pearance of this peak must be related to SPI, because
SPI chains were woven with cellulose to restrict mo-
lecular motion, leading to the strong interaction be-
tween SPI and cellulose. The 
 relaxation and decom-
position temperature of cellulose in the blend mem-
branes, except in CS1-50, shifted to a higher
temperature than that in the pure cellulose membrane,
further confirming a strong interaction between cellu-

Figure 10 The dependence of the tensile strength (�b) and elongation at break (�b) in the dry state of CS1-n membranes on
WSPI.
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lose and SPI to enhance the thermal stability of the
blend membranes.

Mechanical properties

The dependences of �b and �b values on WSPI for
CS1-n membranes in the dry and wet state are shown
in Figures 10 and 11, respectively. The �b values of
CS1-10 to CS1-40 and the �b values of CS1-10 to CS1-30
membranes are higher than those of the pure regen-
erated cellulose membrane CS1-0. The �b and �b val-
ues of CS1-10 membrane reach maxima: 136 MPa and
12%, respectively. The enhancement of the tensile
strength of the blend membranes with WSPI less than
40 wt % is another indicator for the strong interaction
between cellulose and SPI. Although all the �b values
of the membranes in the wet state are lower than those
in the dry state, the blend membranes in the wet state
still keep good tensile strength in a range from 10 to 37
MPa (except CS1-50), suggesting the membranes con-
taining SPI can be used in water.

CONCLUSION

New blend membranes of cellulose/SPI were pre-
pared in 6 wt % of NaOH and 5 wt % of thiourea
aqueous solution by coagulating with 5 wt % H2SO4
solution. The blend membranes exhibited a mesh
structure woven with cellulose and protein chains.
With an increase in WSPI, the apparent pore size in
surfaces and cross-sections of the blend membranes
measured by SEM and by the following rate method
increased. The results from UV-Vis, FT-IR, SEM, TEM,
and DMTA revealed good miscibility between cellu-
lose and SPI in the blend membranes with less than 40
wt % of WSPI, as a result of the strong hydrogen

bonding between hydroxyl groups of cellulose and
amido groups of SPI molecules. Therefore, the intro-
duction of SPI in the cellulose membranes enhanced
the pore size and improved tensile strength and ther-
mal stability of the blend membranes. The values of
�b, �b, and Td of the blend membranes containing less
than 40 wt % of WSPI in the dry state were higher than
those of the pure cellulose membranes, and their �b
values in the wet state still remain in the range from 10
to 37 MPa. This work provided the blend membranes
from SPI and cellulose, which can be used in both dry
and wet states.

The authors thank the National Natural Science Foundation
of China for major grant 59933070 and the Key Laboratory of
Cellulose Chemistry, Guangzhou Institute of Chemistry,
Chinese Academy of Sciences.
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