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ABSTRACT: The nano-SiO2 particles were compounded
into soy protein isolated (SPI) matrix to produce a series of
reinforcing nanocomposite sheets by compression-molding.
Except for the expected increase of strength and modulus,
the elongation was also enhanced when the nano-SiO2 con-
tent was lower than 8 wt %. Moreover, two nanocomposite
materials were recommended: the one is a nanocomposite
containing 4 wt % nano-SiO2 with the highest strength and
enhanced elongation, the other is a reinforced material
with the best elongation filled by 8 wt % nano-SiO2. The
increase of nano-SiO2 content produced many kinds of
distributions in SPI matrix, such as single nanosphere,
� 100 nm nanocluster, interconnected network structure
and great domain. Such structures strongly affected the
mechanical performances of nanocomposite materials. The
simultaneous enhancement of strength and elongation was
related to homogeneous dispersion of nanoclusters while

aggregated great domains severely decreased elongation in
spite of obvious reinforcing effect. However, the reinforced
materials with high loading of inorganic filler should be
paid attention and have economic value to some extent in
practical application. With the changes of nano-SiO2 distri-
bution, the structures of SPI matrix changed as well. After
adding a mall amount of nano-SiO2, the damage of glyc-
erol plasticization to ordered structure of SPI was reduced.
But as nano-SiO2 content increased, the SPI microphase
was separated from nano-SiO2 domains. Furthermore, the
condition of simultaneous reinforcing and toughening was
put forward: the moderate aggregation of nano-SiO2 as
well as all kinds of strong interfacial interactions. � 2007
Wiley Periodicals, Inc. J Appl Polym Sci 105: 1597–1604, 2007

Key words: soy protein; biodegradable; nanocomposite;
mechanical properties

INTRODUCTION

Nowadays, the claim of environmental protection
and the lack of petroleum resource provide a new
opportunity of developing the materials based on
renewable natural polymers1. Soy protein was eval-
uated as a good substitute for petroleum resource
because of its high rigidity and good adhesion as
well as low-cost and biodegradability2,3. The research
and application of soy protein products began in
19404, and recently has been rapidly developed as
eco-friendly plastics and adhesive2. However, the
preparation of soy protein plastics strongly depended
on the plasticization of polyols or water to overcome

brittleness and poor processability5,6. As a result, it
was put forward how to settle the significant
decrease of strength after introducing plasticizers.
The blending with other biodegradable polymers
was extensively accepted7–10, while filling some rigid
fillers, such as chitin11 and its whisker12, industrial
lignin13 and cellulose whisker14, layered silicate15,16

and carbon nanotube17 and so on, showed obvious
reinforcing effects.

Bionanocomposites, or econanocomposites, are novel
materials based on renewable resources combined
with the nanoscale effects by in situ assembling
nanophase10 or blending organic and inorganic
nanoparticles12,14–18. It is just the prominent reinforc-
ing effects and low loading of nanofiller that draw
attentions to developing soy-protein based bionano-
composite10,12,14–17. The supramolecular nanoaggre-
gates of hydroxylpropyl lignin can spontaneously
form into SPI plastics in mixing process to enhance
the strength of materials10. In addition, the inorganic
nanostructured objects were also introduced as a
good attempt. The layered silicates, montmorillon-
ite,15 and rectorite16 were compounded with SPI
matrix by solution mixing and melting-compression,
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and then the exfoliated lamella can strongly adhere
the SPI matrix by strong electrostatic affiliating as
well as hydrogen bonding, resulting in an enhance-
ment of strength. Now, other analogous attempts to
modifying soy protein plastics were carried out in
our groups, and the selected fillers including SiO2

nanoparticle, carbon nanotube17, and rhombus nano-
platelets aggregated by rod-like polyrotaxanes of
cyclodextrin included polymer19.

Herein, the nano-SiO2 filled soy protein plastics
were prepared in the process of solution mixing
followed by compression-molding. Except for observ-
ing the distributions of nano-SiO2 in SPI matrix by
transmission electron microscope (TEM), the struc-
tures and mechanical properties of the molded sheets
were characterized by X-ray diffraction (XRD), scan-
ning electron microscope (SEM), differential scan-
ning calorimetry (DSC), and tensile test. Considering
the unique effects of nanometric size, high perform-
ances of complex materials are expected except for
only strength increasing. On the basis of the testing
results, the mechanism of enhancing mechanical
performance was discussed while the structure-
properties relationships were established.

EXPERIMENTAL

Materials

Commercial SPI was purchased from DuPont-
Yunmeng Protein Technology Co. Ltd. (Yunmeng,
China). The weight-average molecular weight (Mw)
of SPI was determined by multi-angle laser light
scattering instrument (MALLS, DAWN1 DSP, Wyatt
Technology Co., USA) equipped with a He-Ne laser
(l ¼ 632.8 nm) to be 2.05 � 105, while the original
moisture content, protein content (more than 90 wt %)
and amino acid compositions (18 diverse amino
acids) of SPI have been investigated and detailed in
our previous paper10. The SiO2 nanoprticle (nano-
SiO2) was supplied by Key Laboratory of Organ-
silica, Education Ministry of China (Wuhan, China).
Glycerol purchased from the Shanghai Chemical Co.
(Shanghai, China) was of analytical grade.

Preparation of nanocomposite sheets

10 g SPI was dissolved in 160 mL distilled water at
ambient temperature with mechanical stirring to
obtain an emulsion. At the same time, a desired
amount of nano-SiO2 was dispersed in 40 mL dis-
tilled water with the ultrasonic help and then
mechanical stirred for 30 min. Subsequently, the
nano-SiO2 dispersion was slowly added into SPI
emulsion with severe stirring for 2 h for producing
a homogeneous suspension. The resultant mixing

suspensions were vacuum-dried for 48 h to obtain a
series of nanocomposite powders.

A series of nanocomposite powders were mechani-
cally mixed with the plasticizer of glycerol respec-
tively; the weight ratio of every solid powder and
glycerol was controlled as 70 : 30 all the time. Subse-
quently, the glycerol plasticized powders were com-
pression-molded as the sheets at 1408C under the
pressure of 20 MPa for 5 min, and then air-cooled to
508C for half-hour before releasing the pressure for
demolding. The dimension of the obtained sheets
with the thickness of � 0.50 mm was about 70 mm
�70 mm. According to the nano-SiO2 content in
original freeze-dried powders, the molded sheets
were coded as the S-nSi-0, S-nSi-4, S-nSi-8, S-nSi-12,
S-nSi-16, S-nSi-20 and S-nSi-24, respectively. The
nanocomposite sheets were conditioned in a desicca-
tor with silica gel desiccant for one week at room
temperature before characterization.

Characterization

X-ray diffraction (XRD) patterns were performed on
a D/max-2500 X-ray diffractometer (Rigaku Denki,
Japan) with Cu Ka1 radiation (l ¼ 0.154 nm) in a
rang of 2y ¼ 3–608 using a fixed time mode with a
step interval of 0.028. Additionally, the crystalline
degree (wc) was calculated by the accessory software
of instrument.

Scanning electron microscope (SEM) was carried
out on a Hitachi X-650 scanning electron microscope.
The sheets were frozen in liquid nitrogen and then
snapped immediately. The fracture surfaces (the
cross sections) of the films were sputtered with gold
and then observed and photographed. Transmittance
electron microscope (TEM) was performed with a
FEI TecnaiG2 20 electron microscope at 180 kV. The
ultrathin sections of the nanocomposite sheets were
prepared by using a diamond knife on a Leica Ultra-
cut UCT with EMFCS cryo-attachment at �1208C.
The ultrathin sections with cross section thickness of
60 nm were directly placed on the copper grids for
observation and photographing.

DSC analysis was carried out on a DSC-204 instru-
ment (Netzsch, Germany) under nitrogen atmos-
phere at a heating or cooling rate of 208C min�1. The
sheets were scanned in the range of �150 to 1008C
after a pretreatment (heating from 20 to 1008C and
then cooling down to �150 8C) of eliminating the
thermal history.

The tensile strength (sb), elongation at break (eb),
and Young’s modulus (E) of the nanocomposite
sheets were measured on a universal testing machine
(CMT6503, Shenzhen SANS Test Machine Co. Ltd.,
Shenzhen, China) with a tensile rate of 5 mm min�1

according to ISO527-3:1995(E). The tested samples
were cut into the quadrate strips with the width of
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10 mm, and the distance between testing marks was
40 mm. The tested strips were kept in the humidity
of 35% for 7 days before measurement. An average
value of five replicates of each sample was taken.

RESULTS AND DISCUSSION

Distributions of nano-SiO2 in SPI matrix

TEM images in Figure 1 clearly visualized the sizes
and distributions of nano-SiO2 and their aggregates
in SPI matrix. As shown in Figure 1(A) of S-nSi-4,
the SiO2 nanospheres were little isolated and tended
to aggregate as the clusters with about 100 nm. The
formation of nanoclusters suggested that the interac-
tion among SiO2 nanoparticles was stronger than
that at the interface of nano-SiO2 and SPI. As the
adding content of nano-SiO2 increased up to 8 wt %,
Figure 1(B) of S-nSi-8 showed that the nano-SiO2

uniformly dispersed in SPI matrix became more
while more nanospheres individually existed as well
as aggregated nanoclusters. With a continuous
increase of nano-SiO2 content, the nano-SiO2 clusters
were interconnected to form network-like structure
and aggregated as dense domains, shown by
Figure 1(C) of S-nSi-12. Additionally, too high nano-
SiO2 content resulted in a large area of adjacent
aggregated domains, and the example was shown as
Figure 1(D) of S-nSi-20.

As a result, it can be summarized that the aggre-
gation of nano-SiO2 is predominant driven by stron-
ger interaction among nanoparticles. With increasing
nano-SiO2 content, the initial aggregated nanoclus-
ters could be interconnected as network-like struc-
ture and then further aggregate to great domains.
Such three typical structures with different scale as
well as various interactions at nano-SiO2/nano-SiO2

interface, at nano-SiO2/SPI matrix interface and in

Figure 1 TEM images of the ultrathin sections from compression-molding nanocomposite sheets with the nano-SiO2

contents of 4 wt % (A, S-nSi-4), 8 wt % (B, S-nSi-8), 12 wt % (C, S-nSi-12) and 20 wt % (D, S-nSi-20).
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SPI matrix would directly cause the changes of origi-
nal structure in SPI matrix and hence affect mech-
anical performance of nanocomposites.

Structural changes after adding nano-SiO2

The XRD pattern in Figure 2 suggested that there
existed some ordered structure in SPI powder, i.e.,
crystalline domains, shown as two peaks located at
about 8.8 and 19.08 as well as the crystalline degree
(wc) of 16.62%. The glycerol-plasticized SPI sheet
(S-nSi-0) inherited the semicrystalline character of
SPI powder and had a slightly low wc value of
16.40%. It indicated that the ordered structure was
slightly destroyed in plasticizing and melting pro-
cess because the SPI molecules motion and become
stretching. Firstly, the XRD patterns of nanocompo-
site sheets with low loading of nano-SiO2 were simi-
lar to S-nSi-0 without nano-SiO2. However, when the
adding content of nano-SiO2 was higher than 12 wt %,
the peak located at 8.88 disappeared, indicating that
the long-range ordered structure in SPI matrix was
destroyed. Combined with TEM images, such dam-
age resulted from the formation of highly aggregated

great domains. Although adding amorphous nano-
SiO2 normally resulted in a decrease of crystalline
degree, the decrease tendency was not linear. Figure 3
showed the effects of nano-SiO2 content on wc value
as well as the hypothetic linear change shown as a
dash line, which obtained from the linear connection
from 16.40% of wc for pure SPI plasticized sheet to
0% of wc for amorphous nano-SiO2. It was worth of
note that the positive deviation occurred until the
nano-SiO2 content of 12 wt % and thereafter the neg-
ative deviation did. Interestedly, this transition was
just agreement with the disappearance for the peak
at 8.88. As a result, it was deduced that the negative
derivation of wc resulted from the damage of long-
range ordered structure. Additionally, the positive
deviation suggested that the dispersed SiO2 nano-
clusters restricted the motion of SPI molecules
driven by glycerol as plasticizer in melting process,
and hence kept the original ordered structure in SPI
powder.

The glass transition originated from the relaxation
motion of polymer chains at the molecular level
from glassy state to rubbery state; it can reflect the
differences of chemical environments in composite
materials, such as intermolecular interaction, spatial
hindrance and so on. Herein, some sheets with or
without nano-SiO2 were measured by DSC, and the

Figure 2 XRD patterns of the compression-molding nano-
composite sheets from the freeze-dried powders with
different nano-SiO2 contents as well as SPI and nano-SiO2

powders.

Figure 3 Effects of nano-SiO2 content on the crystalline
degree (wc) of nanocomposite sheets as well as pure SPI
sheet. (The dash line was the linear connection from
16.40% of wc for pure SPI sheet to 0% of wc for amorphous
nano-SiO2.)
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thermograms and data of glass transition tempera-
ture (Tg) and heat-capacity increment (DCp) were
depicted in Figure 4 and Table I respectively. Obvi-
ously, the addition of nano-SiO2 caused an increase
of weight ratio of glycerol to SPI, which made the
SPI chains motion more easily and decreased the
glass transition temperature. However, the decrease
of glass transition temperature was not proportioned
with the adding content of nano-SiO2. After the
server decrease for S-nSi-4, the Tg,onset and Tg,mid

continuously decreased up to S-nSi-8 with increasing
nano-SiO2 content, and then slightly increased for
S-nSi-12. It suggested that the motion of SPI mole-
cules was restricted by added nano-SiO2. Addition-
ally, the lowest Tg,onset and Tg,mid of S-nSi-20 caused
by the severer microphase separation between nano-
SiO2 great domains and SPI matrix. If only consider-
ing that the weight ratio of glycerol to SPI increased

with increasing nano-SiO2 content, the DCp should
gradually decrease and lower than that of S-nSi-0.
However, the results showed an enhanced DCp for
the nanocomposite sheets with nano-SiO2 of lower
than 8 wt %. It attributed to the strong interaction
at the interface of nano-objects and SPI matrix while
the uniform dispersion at small nanoscale was also a
key factor. As the aggregated great domains
appeared, the contact area of nano-objects to SPI ma-
trix reduced in spite of the increase of nano-SiO2,
resulting in the lowest DCp for S-nSi-12. Thereafter,
as the nano-SiO2 unceasingly increased, the DCp of
S-nSi-20 increased, but lower than pure SPI sheet
(S-nSi-0) as well. The Tg ranges, codetermined by
Tg,onset and Tg,end, for the sheets containing nano-
SiO2 were narrower than that of S-nSi-0 without
nano-SiO2, suggesting that the structure of SPI
component became homogeneous, i.e., the original
structure of SPI component was partly destroyed.
Combined with the XRD results, the destroyed struc-
ture of SPI matrix mentioned here was not the or-
dered structure except for S-nSi-20, but should
involve amorphous domain and others.

As a whole, the addition of nano-SiO2 would
destroy the original structure of SPI matrix. How-
ever, the extent and region of destroy in SPI matrix
was functioned as the adding content of nano-SiO2.
A small amount of nano-SiO2 (lower than 12 wt %)
favored keeping the long-range ordered structure of
SPI matrix by restricting the motion of SPI molecules
with strong interfacial interaction between nano-
objects and SPI matrix. In addition, the microphase
sparation between SPI matrix and nano-SiO2 great
domains occurred when the nano-SiO2 content was
higher than 12 wt %.

Cryo-fractured behavior of nanocomposite sheets

The SEM images of fractured surface for nanocom-
posite sheets and S-nSi-0 without adding nano-SiO2

were shown in Figure 5. Similar to previous report10,
S-nSi-0 only containing SPI showed a heterogeneous
morphology [Figure 5(A)] originated from the com-
plex component and structure in soy protein, such
as globin domain, crystalline domain, amorphous
domain and so on. Such fractured morphology did

Figure 4 DSC thermograms of the nanocomposite sheets
containing 4 wt % (S-nSi-4), 8 wt % (S-nSi-8), 12 wt %
(S-nSi-12), and 20 wt % (S-nSi-20) nano-SiO2 as well as the
pure SPI sheet (S-nSi-0).

TABLE I
Glass Transition Temperature (Tg) at Onset, Mid and End Point, Tg Range, and Heat-Capacity Increment (DCp)

for the Sheets with and without Nano-SiO2 Determined by DSC

Sample Tg,onst (8C) Tg,mid (8C) Tg,end (8C) Tg range (8C) DCp (J g
�1 K�1)

S-nSi-0 �59.3 �36.6 �13.8 45.5 0.641
S-nSi-4 �68.5 �46.7 �24.9 43.6 0.654
S-nSi-8 �70.8 �51.1 �31.5 39.3 0.653
S-nSi-12 �69.3 �51.0 �32.6 36.7 0.601
S-nSi-20 �71.5 �51.3 �31.2 40.3 0.624
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not obviously changed after adding 4 wt % nano-
SiO2 because only a small number of nanoclusters
with about 100 nm well dispersed in to SPI matrix
(shown by TEM image) and the original structure of
SPI matrix was destroyed very weakly especially for
the observation at large scale. However, the obvious
change of fractured surface after adding nano-SiO2

can be observed as a more coarse structure for
S-nSi-8 because the fraction of nanoclusters and indi-
vidual SiO2 nanospheres increased and also kept
homogeneous dispersion in SPI matrix. As the nano-
SiO2 gradually interconnected to form network and
aggregated as great domains due to the unceasing
increase of nano-SiO2 content, the fluctuant structure
was replaced by the fractured surface with some

smooth regions. The smooth region may result from
the removing of aggregated nano-SiO2 after cryo-
fracturing, indicating a brittle-fractured character.

When 4 wt % nano-SiO2 was added, the original
structure of SPI matrix was mostly kept and the
interfacial adhesion between nanoclusters and SPI
matrix might favor enhancing the strength, modulus
and even elongation. The fractured surface of S-nSi-8
sheet was most heterogeneous, indicating there
existed more intermolecular association among com-
ponents. Such structure forecasted higher elongation
as well as enhanced strength. As regards to the
nanocomposite sheets with high nano-SiO2 content
(more than 12 wt %), the brittle-fractured character
became more and more obvious. Although the mod-

Figure 5 SEM images of the fractured surfaces for compression-molding sheets without nano-SiO2 (A, S-nSi-0) and with
the nano-SiO2 of 4 wt % (B, S-nSi-4), 8 wt % (C, S-nSi-8), 12 wt % (D, S-nSi-12), and 20 wt % (E, S-nSi-20).
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ulus, i.e., rigidity, of nanocomposite sheet can be
confirmed, the decrease of elongation was inevitable
and hence damaged the strength of materials.

Mechanical properties of nanocomposite sheets

Figure 6 showed the effects of nano-SiO2 contents on
the mechanical properties of S-nSi nanocomposite
sheet, including tensile strength (sb), Young’s modu-
lus (E) and elongation at break (eb). The effects of
nano-SiO2 content on sb and E were similar: both
maximum values happened as adding 4 wt % nano-
SiO2 followed by a sharp decrease for S-nSi-8; there-
after, sb and E increased up to S-nSi-12 and then
slightly decrease with increasing nano-SiO2 content.
In any case, introducing nano-SiO2 realized a promi-
nent reinforcing effect. Except for expected strength
increase, the elongation was also obviously enhanced
for the sheets with nano-SiO2 content lower than 8
wt %. The elongation at break firstly increased from
108% (S-nSi-0 without nano-SiO2) to 175% (S-nSi-8
containing 8 wt % nano-SiO2), and then sharply
decreased up to 59% with the addition of 12 wt %
nano-SiO2 followed by a slight decrease as the nano-
SiO2 content increased unceasingly. It is worth
noting that the maximum strength of 11.3 MPa hap-

pened at the addition of 4wt% nano-SiO2 with an
enhancement of elongation, and that adding 8 wt %
nano-SiO2 resulted in optimal elongation as well as a
reinforcing effect.

The changes of mechanical performance were well
consistent with the hypothesis from cyro-fractured
morphology combined with other test results. Firstly,
the strong interaction at the interface between SPI
matrix and nano-SiO2 was the guarantee of enhanc-
ing mechanical performances. Furthermore, the uni-
formly dispersed nanoclusters and individual nano-
spheres became the stress concentrated points and
hence increased the strength. In addition, more asso-
ciations among components, shown by a heterogene-
ous fractured surface for S-nSi-8 [Fig. 5(C)], favored
highest elongation. The sharply decrease of elonga-
tion for the sheets containing nano-SiO2 of higher
than 12 wt % as well as the decrease of strength
resulted from the formation of great domains and
induced microphase separation even though the con-
tinuous network in the S-nSi-12 sheet favored
enhancing mechanical performances. Except for
emphasizing the role of nano-SiO2, the structural
changes of SPI matrix should be also considered.
Although a small amount of nano-SiO2 destroyed
the original structure of SPI weakly, it restricted the
damage of glycerol plasticization to ordered struc-
ture, showing a positive derivation of wc. It confirmed
the enhancement of strength on the other hand.
However, too high loading would boost the destroy
of the original structure in SPI matrix and induce
the microphase separation between components,
resulting in a decrease of mechanical performances.

Mechanism of reinforcement and toughening

There are three kinds of interaction contributing to
the strength existed in this kind of nanocomposite
materials, such as original interaction in SPI matrix,
the interfacial interaction between SPI matrix and
nano-SiO2, and the self-aggregated affinity among
nano-SiO2 (Scheme 1). Usually, the excess self-aggre-
gation of nano-objects can damage the function of
nanometer scale. Herein, the nano-SiO2 inevitably
self-aggregated as nanoclusters and even great
domains as well. However, it was fortunate that the
aggregated clusters lied in nanoscale and all nano-
objects homogeneously dispersed when the nano-
SiO2 content was lower than 8 wt %, which provided
more contact area between SPI matrix and nanopar-
ticles and hence produced stronger interfacial adhe-
sion. In addition to keeping the rigid crystalline
domains in SPI matrix, the reinforcing of materials
necessarily happened. It is easily accepted that the
interaction between nanparticles was strongest while
the interfacial interaction between SPI and nanopar-
ticles was stronger than the interaction in SPI matrix.

Figure 6 Effects of nano-SiO2 contents on tensile strength
(sb), elongation at break (eb) and Young’s modulus (E) for
the nanocomposite sheets as well as the reference of the
S-nSi-0 sheet without adding nano-SiO2.
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Because the stress can transfer at all kinds of interfa-
ces while all interfacial interactions are lower than
covalent bonds, the interface with strongest adhesion
would determine the strength of complex materials.
As a result, the S-nSi-8 sheet had the lowest reinforc-
ing effect due to more individually dispersed nano-
spheres; herein, the strength of complex materials
was dominated by the interface at nano-SiO2/SPI
with mediate interaction. The simultaneous increase
of elongation was mainly related to the structural
character in nanocomposites besides the interaction
basis. In the nanocomposit sheets with the nano-SiO2

content of lower than 8 wt %, nano-SiO2 aggregated
as unshaped clusters with about 100 nm. In the
tensile process, the interconnected nanoparticles in
clusters would gradually arrange along the tensile
direction until the sheet broke, which favored the
enhancement of the elongation.

CONCLUSIONS

The rigid nano-SiO2 particles were compounded into
soy protein isolated (SPI) matrix to produce a kind
of reinforced and toughened nanocomposite materi-
als, i.e., the strength, modulus and elongation were
simultaneously enhanced when the nano-SiO2 con-
tent was lower than 8 wt %. The improvement of
mechanical performance mainly attributed to homo-

geneous dispersion of nanoclusters as well as all
kinds of strong interfacial interactions. Additionally,
it also played an important role that a small amount
of nano-SiO2 not only kept the ordered structure in
SPI matrix by restricting the damage of glycerol
plasticization. Although high loading would benefit
higher economic value and have reinforcing function
as well, the sharply decrease of elongation was a big
pity all the time. At this time, nano-SiO2 self-aggre-
gated as great domains, showing obvious micro-
phase separation from SPI matrix in nanocomposite
materials. Although such nanocomposite materials
herein is far way from practical application, the
predominant mechanical performance impulses the
development of soy protein plastics beyond all
doubt. In addition, the simultaneous reinforcing and
toughening effect might submit a strategy of mate-
rial design.

The authors are grateful to Dr. Ronghua Huang (Wuhan
University) for the supply of SiO2 nanoparticles, and
Mr. Kun Zhang (Zhongshan University) for the help of
DSC measurement.
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Scheme 1 Schematic illustration for the various interac-
tions in nanocomposite material as well as the distribution
of nano-SiO2 in SPI matrix.
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