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ABSTRACT: The rectorite (REC), a form of layered sili-
cate, was facilely intercalated and even exfoliated in soy
protein isolate (SPI) matrix. Furthermore, the reinforced
biodegradable nanocomposite sheets were produced, in
which the exfoliated REC lamellae plays a key role. After
solution-mixing, XRD patterns showed that the REC lamel-
lae were intercalated and even completely exfoliated for
4 wt % REC added, but the expanded gallery gradually
became narrower with increasing REC content. FT-IR also
verified the molecular-level associations between SPI mole-
cules and REC lamellae by vibration variances of hydrogen
bonding. The compression-molding further promoted
intercalation and exfoliation, namely the 8 wt % REC can
also be almost dispersed as exfoliated lamellae, while the
interlayer of RECs also further separated for nanocompo-

sites with higher REC content. TEM images visualized the
transfer from exfoliation to intercalation and the decrease of
interlayer distance with increasing REC content. The thicker
and longer exfoliated REC lamellae resulted in high load
and easy-to-yield of material. The maximum strength of
nanocomposite sheets occurred at the addition of 12 wt %
REC. Thereafter, the SPI chain can move more easily
because of weak interaction between free negative-charge
rich domain of SPI and REC surface in gallery, which did
not favor enhancing mechanical performance. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 104: 3367–3377, 2007
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INTRODUCTION

The layered silicate dispersing into polymer matrix
as intercalation or exfoliation state usually resulted
in the great improvement of performances over pris-
tine polymer,1 such as reinforcing materials,2 reduc-
ing gas permeability,3 enhancing thermal stability4

and self-extinguishing fire-retardance,5 and other
interesting properties. As a result, the considerable
attention is concentrated on exploring the mecha-
nisms of intercalation and exfoliation in academic
opinions and developing high performance and low-

cost materials for meeting practical applications.
Montmorillonite (MMT) is currently the most popu-
lar in the family of layered silicates,6 and its nylon
nanocomposite was taken as a representative exam-
ple for reinforcing effect. It played a key role for the
expansion of gallery distance and even exfoliation of
lamellae that the metal cations, attached the inter-
layer surface with net negative charge of parallel
stacking sandwiched lamella, can ion-exchange by
the polar group of nylon.7 At the same time, the
strong interaction between the polar group of nylon
and the negatively charged surface of lamella
improved the compatibility among the components.
In this process, the motion of polymer chains is of
the foremost importance, which can be achieved
from two dominant ways of solution8 and melting
intercalation.9 Additionally, in situ intercalative poly-
merization can also exfoliate the stacking lamellae as
gradual growth of polymer chains.10 A great number
of research has proven that the stronger interfacial
bonding between the lamellae and matrix, and the
homogeneous distribution of exfoliated lamella
benefit higher mechanical strength.1 To realize the
exfoliation/delamination of layered silicates in com-
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posites, many strategies were submitted, such as
organo-modification11 and surface initiated polymer-
ization12 of layered silicates, polar group of polymer
derivation13 and compact polymer structure bearing
multi polar groups (star,14 dendritic,15 and branched16

structures).
With the claim of environmental protection and

the lack of petroleum resource, soy protein has been
used to produce eco-friendly plastics and adhe-
sives17 by virtue of its high rigidity and good adhe-
sion ability combined with high performance, low-
cost, and biodegradability characteristics. However,
in the plasticization process of soy protein based-
plastics to overcome brittleness and poor processabl-
ity,18 it was put forward how to settle the significant
decrease of its tensile strength. As a result, blending
with other biodegradable polymers was extensively
applied, and some candidates, such as polyphos-
phate,19 polyester,20 waterborne polyurethane,21 pol-
ylactic acid,22 chitin23 and its whisker,24 and so on,
showed obvious reinforcing effects. In our previous
practice,25,26 the industrial lignins of different types
were introduced, and the further improvements
were realized by the reinforcement of cellulose27 and
compatibilization of reactive small molecule.28 The
results suggested that the strength of plasticized soy
protein-based plastics was enhanced, and even the
strength and elongation simultaneously increased in
the blend of ligninsulphonate/soy protein.25

Recently, the prominent reinforcing effects of nano-
metric scale and low loading content draw attentions
to developing the soy-protein based bionanocompo-
site. Wei et al.29 and Chen et al.30 had enhanced the
strength of soy protein plastics by virtue of the
supramolecular nano-aggregates of hydroxylpropyl
lignin. It was widely accepted that there existed the
high affinity of clays to proteins and amino acids
bearing neutral, positive, and even negative charges
in soils.31,32 Yu and coworkers33,34 developed an
effective and clean method to exfoliate the MMT
lamellae in water under the assistance of ultrasonics,
and then prepared the MMT-reinforced soy protein
plastics plasticized by the mixture of water and glyc-
erol. Thereby, Chen and Zhang35 introduced MMT
to significantly improve the strength and thermal
stability of glycerol-plasticized soy protein plastics,
and discovered that there existed strong hydrogen
bonding and electrostatic interaction on the interface
of soy protein and MMT. The increase of strength
mainly attributed to the exfoliated MMT lamellae,
which benefited from the structure of soy protein
molecules and the whole process of treatment, that
is, solution mixing and melting compression.35

Herein, another special layered silicate, rectorite
(REC), was used to modify soy protein isolate (SPI)
plastics. The REC is composed of a regular (1 : 1)
stacking of mica-like layers and MMT-like layers.36

Compared with the MMT interlayer spacing of about
1.2 nm, its interlayer spacing can reach about 2.4
nm. It is well-known that the narrow gallery is a
main factor of restricting the insertion of polymer
chains into layers because the higher gyration radius
of typical polymers.37 Thus, the REC was expected
to allow soy protein molecules penetrating more
availably, namely the REC lamellae are exfoliated
more easily. In this work, we applied the methods of
solution mixing and hot pressing to compound REC
into SPI matrix, and the latter process would pro-
duce the molded sheets. The freeze-dried SPI/REC
powders after solution mixing were characterized by
Fourier transform infrared spectroscopy (FT-IR) and
X-ray diffraction (XRD) to discover the original com-
plex state in mixing solutions and the hydrogen
bonding occurred at the surface of REC lamellae.
Subsequently, the arrangements of REC in compres-
sion-molding sheet were studied by XRD patterns
and the images of transmission electron microscope
(TEM); as well the mechanical and thermal proper-
ties, and fractured surface of sheets were measured
by tensile test, differential scanning calorimetry
(DSC), and scanning electron microscope (SEM),
respectively. On the basis of the testing results, the
structure-properties relationships of such bionano-
composite sheets were further discussed.

EXPERIMENTAL

Materials

Commercial soy protein isolate (SPI) was purchas-
ed from DuPont-Yunmeng Protein Technology Co.
(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., Santa Barbara, CA)
equipped with a He-Ne laser (l ¼ 632.8 nm) to be 2.05
� 105.29 The original moisture content, protein content,
and amino acid compositions of SPI have been investi-
gated and detailed in our previous paper, and the pro-
tein content of more than 90 wt % and 18 diverse
amino acids were contained.29 The rectorite (REC) with
average size of � 40 mm in length and 5 mm in width
as well as cation exchange capacity of 40 meq/100 g
was supplied by Hubei Celebrities Rectorite Technol-
ogy Co. (Hubei, China). Glycerol purchased from the
Shanghai Chemical Co. (Shanghai, China) was of ana-
lytical grade.

Preparation of nanocomposite powders

SPI (10 g) was dissolved in 160 mL distilled water at
ambient temperature with mechanical stirring to
obtain an emulsion. At the same time, a desired

3368 YU ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



amount of REC was dispersed in 40 mL distilled
water and mechanical stirred for 30 min. Subse-
quently, the REC suspension was added into SPI
emulsion with severe dispersing at 608C for 2 h for
producing the homogeneous blend. The resultant
dark-gray viscous solutions were freeze-dried for
48 h to obtain a series of gray nanocomposite pow-
ders, which kept the original complex state in solu-
tion. According to the adding REC contents in solid
powders of 0, 4, 8, 12, 16, 20, and 24 wt %, the nano-
composite powders obtained were coded as SR-0-P,
SR-4-P, SR-8-P, SR-12-P, SR-16-P, SR-20-P, and SR-
24-P, respectively. The nanocomposite powders were
conditioned in a desiccator with silica gel as desic-
cant for 1 week at room temperature before charac-
terization. The compositions and codes of nanocom-
posite powder were summarized in Table I.

Compression-molding of Sheets

The series of SR-P powders were mechanically
mixed with the plasticizer of glycerol in an intensive
mixer (Brabender, Germany), and the weight ratio of
every solid powder and glycerol was controlled as
70 : 30 all the time. Subsequently, 5 g glycerol pla-
sticized powders were compression-molded with
769YP-24B hot-press (Keqi High Technology Co.,
Tianjin, China) as the sheets at 1408C under the pres-
sure of 20 MPa for 3 min, and then air-cooled to
508C for half an hour before releasing the pressure
for demolding. The dimension of the obtained sheets
with the thickness of� 0.50mmwas about 70� 70mm2.
Corresponding to the original powders, the molded
sheets were coded as the SR-0-S, SR-4-S, SR-8-S, SR-
12-S, SR-16-S, SR-20-S, and SR-24-S, respectively. All
the molded sheets containing REC showed a gray
color and were less transparent due to the gray na-
ture of REC as well as its greater dimension in the
length and thickness of lamella. The nanocomposite
sheets were conditioned in a desiccator with silica
gel as desiccant for 1 week at room temperature
before characterization, and their compositions and
codes were listed in Table I.

Characterization

X-ray diffraction (XRD) measurements were perfor-
med on a D8 Advance diffractometer (Bruker) equipped
with a Cu Ka radiation source (l ¼ 0.154 nm). The
diffraction data were collected in the range of 2y
¼ 1–108 using a fixed time mode with a step interval
of 0.028. The curves of Fourier transform infrared
spectroscopy (FT-IR) were recorded on a 5700 spec-
trometer (Nicolet) in the range of 4000–400 cm�1

using a KBr-pellet method.
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 fractured 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 atmosphere
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 20–1008C and then cooling
down to �1508C) of eliminating the thermal history.

The tensile strength (sb), elongation at break (eb),
and Young’s modulus (E) of the sheets were meas-
ured on a universal testing machine (CMT6503,
Shenzhen SANS Test Machine Co., Shenzhen, China)
with a tensile rate of 5 mm min�1 according to
GB13022-91. The tested samples were cut into the
quadrate strips with the width of 10 mm, and the dis-
tance between testing marks was 40 mm. An average
value of five replicates of each sample was taken.

RESULTS AND DISCUSSION

Structure of nanocomposite powders

The higher motion ability of polymer chains in solu-
tion can provide more possibility for the penetration
into the gallery of REC. After solution mixing, the
freeze-dried powders were investigated for the exfo-
liation of REC and the interfacial interaction between
REC and SPI. XRD patterns, shown in Figure 1, indi-
cated that the REC lamellae were intercalated and
exfoliated functioned as adding content of REC,
which was not perturbed by SPI because of no dif-
fraction in the 2y range of 1–108 for the SR-0-P with-
out REC. Firstly, the separation of REC lamellae was
proved by the disappearance of two dominant peaks
located at 3.648 (2.43 nm) and 7.168 (1.10 nm),

TABLE I
The Compositions of Nanocomposite

Powders and Sheets

Powder
code

Solid composite

Sheet
code

Weight ratio of
solid composite
vs. glycerol

WSPI

(wt %)
WREC

(wt %)

SR-0-P 100 0 SR-0-S 70 : 30
SR-4-P 96 4 SR-4-S 70 : 30
SR-8-P 92 8 SR-8-S 70 : 30
SR-12-P 88 12 SR-12-S 70 : 30
SR-16-P 84 16 SR-16-S 70 : 30
SR-20-P 80 20 SR-20-S 70 : 30
SR-24-P 76 24 SR-24-S 70 : 30
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assigned to the d001 and d002 of REC.36 When a small
amount (4 wt %) of REC was added, the SR-4-P
showed highly disordered with no diffraction peak.
It suggested that the layered stacking of REC lamel-
lae were destroyed and dispersed into the SPI matrix
as isolated nanoplatelets, namely the REC was
almost completely exfoliated. However, the increase
of REC content resulted in the occurrence of low-
angle diffraction peaks, such as a weak diffraction at
about 2.178 for SR-8-P. As the REC content was
higher than 8 wt %, the nanocomposite powders had
a dominant peak at about 1.16–2.028 except for weak
diffraction mentioned above. Interestingly, the peak
positions and weak diffractions shifted to wider

angle with increasing REC content. The tested data
and corresponding d-spacing, summarized in Table
II, suggested that the expanded distance of REC gal-
lery gradually became narrower, that is, the d-spac-
ing decreased from 7.62 nm in the SR-8-P to 4.38 nm
in the SR-24-P. Such results were in agreement with
the conclusion raised by Ray and Okamoto about
the dependence of the nanocomposite structure
(exfoliation or intercalation) on the content of lay-
ered silicate.38 Even though the XRD patterns of
nanocomposite powders containing higher loading
showed predominant intercalation character, the
REC lamellae were inevitably exfoliated. In any case,
the solution mixing have successfully made the SPI
molecules penetrate into the REC gallery, and then
the intercalated and even exfoliated nanocomposites
were produced without other special aids.

Interaction in nanocomposite powders

It was well-known that the surface character of REC
lamellae was similar to montmorillonite (MMT). As
a result, the SPI molecules can strongly adhere onto
the surface of REC lamellae by electrostatic affinity
and hydrogen bonding. According to the basic
understanding of electrostatic interaction in SPI/
MMT nanocomposites,35 the net negative-charge SPI,
directed by the ion-exchange of its positive-charge
rich domain with the surface cations of REC lamel-
lae, can penetrate into the REC gallery to broaden
the interlayer distance and even cause complete sep-
aration. Although the highly exfoliated REC lamellae
can anchor by the positive-charge rich domain of
SPI, the exclusion between the negative-charge rich
domain and negative-charge lamellae surface after
ion-exchanging diminished the contact area between
the REC lamellae and SPI molecules, especially for
the SPI molecules in expanded gallery. When the
electrostatic interaction induced the affinity of SPI
onto REC lamellae, the hydrogen-bonds formed
between C¼¼O and ��NH in SPI and Si��O��Si and
��OH groups on REC lamella.39 Herein, only simple
FT-IR measurement was applied to discover the mo-
lecular-level contact between REC and SPI, and dis-
cuss the effects of REC content on intercalation or

Figure 1 XRD patterns of the freeze-drying nanocompo-
site powders from the mixing solutions with different REC
contents, as well as REC powder and the freeze-drying SPI
powder.

TABLE II
The 2y Angles and Corresponding d Values of

Nanocomposite Powders

Sample

Character I Character II

2y (degrees) d (nm) 2y (degrees) d (nm)

SR-4-P – – – –
SR-8-P 1.16 7.62 2.17 4.08
SR-12-P 1.45 6.10 2.48 3.57
SR-16-P 1.64 5.39 2.90 3.05
SR-20-P 1.85 4.78 3.35 2.64
SR-24-P 2.02 4.38 3.60 2.46

3370 YU ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



exfoliation. Three FT-IR regions of the 3750–3000 cm�1,
1800–1400 cm�1, and 1300–950 cm�1, were depicted in
Figure 2 for complex powders as well as REC and SR-
0-P without REC. The positions and assignments of
characteristic peaks were listed in Table III.

Figure 2(A) showed the O��H stretching (3645
and 3421 cm�1) onto REC40 and N��H and O��H
stretching in SPI with multi-peaks. The increasing in-
tensity of peak at 3645 cm�1 was good agreement
with the increase of REC content. Although the
bands of SPI partly overlapped by the peak at 3421
cm�1 of REC, it can be clearly identified that the
absorption of SPI shifted down to low frequency as
well the intensity increased, indicating that the
stronger hydrogen bonding associated with ��NH
and ��OH in SPI formed after introducing REC.
Such result can be also verified by the shift to low
frequency and increasing intensity of amide II
(N��H bending and C��N stretching modes) in Fig-
ure 2(B) functioned as the increase of REC content.
Although the amide I (C¼¼O stretching) band at 1661
cm�1 shifted to low frequency, its vibration intensity
became weaker with increasing REC, while the ab-
sorbance located at higher wavenumber (free C¼¼O)
became stronger. It can be explained that the original
interaction in SPI may be destroyed after adding
REC, while new hydrogen bonds associated with
C¼¼O in SPI formed. Additionally, there existed
three groups of vibrations in Figure 2(C), that is, in-
plane Si��O stretching (1122, 1051, and 1023 cm�1),
out-of-plane Si��O stretching (1086 cm�1) and O��H
bending (937 and 911 cm�1) onto REC lamella. In
spite of no changes of in-plane Si��O stretching, the
relatively intensity of two bands for O��H bending

obviously changed with increasing REC content,
indicating that ��OH on the surface of REC lamellae
participated the formation of hydrogen bonding
between SPI molecules and REC lamellae. It is noted
that the out-of-plane Si��O stretching associated
with the orientation of silicate layers, that is, its in-
tensity increased with increasing disordered extent
of lamellae arrangement.41 As a result, the increasing
intensity at 1086 cm�1 for complex powders, com-
pared with the pure REC powder, suggested that the
REC lamellae were exfoliated and disorderly dis-
persed into SPI matrix. However, the intensity of
out-of-plane Si��O stretching did not continuously
increased with increasing REC content. When the
REC content was higher than 12 wt %, the relative
intensity of peak at 1086 cm�1 decreased, suggesting
that the exfoliation of REC lamellae was hindered in
the complex powders containing excess REC. It was

Figure 2 Three FT-IR regions of 3750–3000 cm�1 (A), 1800–1400 cm�1 (B) and 1300-950 cm�1 (C) for the freeze-drying
nanocomposite powders, as well as the powders of REC and SR-0-P without REC.

TABLE III
The Positions and Assignments of Characteristic Peaks
for Nanocomposite Powders As Well As REC Powder

and SR-0-P without REC Measured by FT-IR

Sample
Wavenumber

(cm�1) Assignment

REC 3645 and 3421 O��H stretching
1122, 1051, and 1023 In-plane Si��O stretching
1086 Out-of-plane Si��O

stretching
937 and 911 O��H bending

SPI 3600–3200 N��H and O��H stretching
1661 Amide I (C¼¼O stretching)
1546 Amide II (N��H bending

and C��N stretching)
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just 12 wt % REC loading to provide maximum exfo-
liated lamellae that disorderly dispersed. It not only
consists with the XRD results, but further evaluates
exfoliated extent in complex exfoliation/intercalation
state.

The FT-IR results on hydrogen bonding in nano-
composite powders can be summarized as: the
hydrogen bonding associated with ��NH of SPI was
improved; new hydrogen bonds associated with
C¼¼O of SPI formed after introducing REC destroyed
the original interaction in SPI matrix; the ��OH on
the surface of REC lamellae participated in the for-
mation of new hydrogen bonds. Thus, it is believed
that the hydrogen bonding formed at H atom in
N��H of SPI and O atom on the REC surface as well

as H atom in O��H on the REC surface and polar
groups of SPI. However, these changes in FT-IR spec-
tra were more and more unobvious as the REC con-
tent was higher than 12 wt %. Combined with the
XRD results, it resulted from the restriction of exfoli-
ated structure while the intercalated structure
appeared and increased with increasing REC content.
In the intercalated gallery of REC, the SPI molecules
cannot adhere onto the surface of REC lamellae and
then resulted in no obvious enhancement of hydro-
gen bonding at the interface of SPI matrix and REC
lamellae.

Structure of REC in nanocomposite sheets

With the plasticization of 30 wt % glycerol, the SPI/
REC plastics have been obtained through a compres-
sion-molding process. The XRD patterns of the nano-
composite sheets containing various REC contents
were depicted in Figure 3. Obviously, the dominant
peaks in XRD patterns of nanocomposite powders,
assigned to the intercalated structure, disappeared or
became weaker. Especially, the REC in SR-8-S was
almost exfoliated as well, proved by the patterns,
similar to SR-4-P and SR-4-S, with no diffraction.
This result suggested that the REC lamellae were
further delaminated in the melting-compression pro-
cess. However, the complete exfoliation cannot be
realized for the complex sheets with higher loading
of REC. A weak diffraction located at 3.148 (2.82 nm)
occurred for the nanocomposite sheets with the REC
content higher than 12 wt % and became stronger
with increasing REC content. Although the melting
compression promoted the delamination of REC
lamellae, some intercalated structure remained in the
nanocomposite sheet.

TEM images in Figure 4 visualized the morphol-
ogy of REC lamellae in the nanocomposite sheets.
As shown in Figure 4(A) of SR-4-S, the REC lamellae
existed in SPI matrix as the exfoliated state. At the
same time, the lamellae stacking can be observed in
Figure 4(B) of SR-12-S and Figure 4(C) of SR-20-S as
well as the dispersion of single lamella to some
extent. However, even though both were the interca-
lated structures, the interlayer distances were obvi-
ously different as well as the thickness and number
of lamellae stacking. As the REC content increased,
the interlayer distance decreased from 6.06 nm of
SR-12-S to 4.68 nm of SR-20-S, while the number and
thickness of lamella stacking increased. Compared
with the statistical results from XRD, the TEM
images further visualized fine structures of REC
lamellae in SPI matrix and described the faint differ-
ences under changing REC content. In addition, the
longer and thicker character of REC lamellae may
contribute to high loading, easy-to-bending, and
high strength.

Figure 3 XRD patterns of the compression-molding nano-
composite sheets from the freeze-dried powders with dif-
ferent REC contents.
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Mechanical properties of nanocomposite sheets

As expected, adding REC obviously reinforced the
SPI materials. Figure 5 showed the effects of REC
content on the mechanical properties, including ten-
sile strength (sb), Young’s modulus (E), and elonga-
tion at break (eb). The tensile strength of the SR-S

sheets was firstly enhanced from 6.82 MPa (SR-0-S
only containing SPI) to 12.92 MPa (the adding con-

tent of 12 wt % REC), and then gradually decreased.
The enhancement of strength is mainly attributed to

the exfoliated REC lamellae and stronger interfacial
interaction. But weak interfacial affinity in interca-

Figure 4 TEM images of the ultrathin sections from compression-molding nanocomposite sheets with the REC contents
of 4 wt % (A, SR-4-S), 12 wt % (B, SR-12-S), and 20 wt % (C, SR-20-S).
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lated gallery, formed under higher REC loading,
damaged the mechanical properties, shown as the
decrease of strength. Although the SR-12-S was veri-
fied by TEM images to containing a fraction of inter-
calated structure, more exfoliated REC lamellae pro-
duced higher strength yet. It was well consistent
with the FT-IR results of powders, that is, there were
maximum exfoliated REC lamellae disorderly dis-
persed into SPI matrix for the SR-12-S containing
12 wt % REC even though the intercalated structure
was easily observed and also became more and more.
However, when the REC content was higher than
16 wt %, the exfoliation was restricted due to too
higher loading. The intercalated structures sharply
increased and damaged the mechanical performance.

The Young’s modulus presented a tendency of
changes similar to the tensile strength, but the maxi-
mum value of 621.01 MPa occurred at the REC con-
tent of 16 wt %, which was 3.6 times of modulus of
pure SPI sheet (SR-0-S). The Young’s modulus gener-
ally represents the rigidity of material. Herein, the
enhancement of Young’s modulus was not necessar-
ily determined by intercalated or exfoliated states of
REC lamellae. Once the REC was introduced, the
damage to original SPI structure was inevitable. As a
result, the initial increases of modulus attributed to
relatively higher rigidity of inorganic fillers, and the
decrease of modulus after adding higher than 16 wt %

REC resulted from the excessive destroy of original
structure in SPI matrix. However, the elongation of
nanocomposite material was more sensitive to such
damage of original structure in SPI matrix. The elonga-
tion at break of nanocomposites sheets sharply
decreased with increasing REC content and the sheets
containing REC contents higher than 16 wt % were
very easily ruptured in the tensile mode.

Thermal properties and fractured
morphology of sheets

The glass transition is the process from glassy state
to rubbery state, and associated with the initial
motion of polymer chains at the molecular level. As
a result, the glass transition temperature (Tg) was
generally used to discover the differences of chemi-
cal environments in composite materials, such as
intermolecular interaction, spatial hindrance, and so
on. Herein, the SPI sheets with or without REC were
measured by DSC, and the thermograms and data of

Figure 5 Effects of REC contents on tensile strength (sb),
elongation at break (eb) and Young’s modulus (E) for the
nanocomposite sheets.

Figure 6 DSC thermograms of the nanocomposite sheets
containing 4 wt % (SR-4-S), 12 wt % (SR-12-S), and 20
wt % (SR-20-S) REC as well as the pure SPI sheet (SR-0-S).

TABLE IV
The Data of Glass Transition for the Sheets with

and without REC

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

SR-0-S �59.3 �36.6 �13.8 0.641
SR-4-S �65.4 �44.5 �23.5 0.640
SR-12-S �69.3 �45.7 �22.1 0.617
SR-20-S �71.9 �52.0 �32.0 0.605
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Tg and heat-capacity increment (DCp) were depicted
in Figure 6 and Table IV, respectively. It is obvious
that the Tg at onset and midpoint and DCp were

decreased with increasing REC content, indicating
that the SPI chains have more freedom of motion.
If only considering the stronger interaction at the

Figure 7 SEM images of the fractured surfaces from compression-molding sheets without REC (A, SR-0-S) and with the
REC contents of 4 wt % (B, SR-4-S), 12 wt % (C, SR-12-S), and 20 wt % (D, SR-20-S).
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interface of SPI matrix and REC lamella, the motion
of SPI should be restricted with Tg increasing. How-
ever, the FT-IR results suggested that the original
structure and hydrogen bonding in SPI matrix was
destroyed after introducing REC. Additionally, it
was proposed that only positive-charge rich domains
of SPI can strongly adhere the exfoliated lamella of
layered silicate, while the negative-charge rich
domains were relatively free as well as no strong af-
finity in the expanded gallery of stacking lamellae.35

These factors directly provided the higher freedom
of SPI chains and resulted in the decrease of Tg and
DCp even though some SPI molecules were restricted
into the REC gallery.

The SEM images of fractured surface for nanocom-
posite sheets were shown in Figure 7. The heteroge-
neous morphology of SR-0-S without REC [Fig. 7(A)]
originated from the complex component and struc-
ture in soy protein, such as globin domain, amor-
phous domain and so on.29 However, 4 wt % REC
as almost exfoliated state in SPI matrix resulted in
appearance of some small plate-like morphology in
Figure 7(B), showing an obvious brittle-fractured
character. As the REC content increased, the brittle-
fracture became more and more obvious, but repre-
sented other morphology due to the increase of
intercalated structure. The SR-12-S sheet in Figure
7(C) showed striation structures, which was just
occupied by the lamellae stacking in the naocompo-
site sheet. XRD and TEM results proved that the
continuous increase of REC content caused more
intercalated structures and narrower interlayer dis-
tance. As a result, the SR-20-S sheet showed hetero-
geneous dispersion of more striation structures
and large-area smooth surface, resulting from the re-
moval of small and large lamellae stacking after frac-
tured. These results not only depicted a brittle-frac-
tured character of elongation decrease, but pointed
out that the modulus decrease may result from inho-
mogenous distribution of intercalated or exfoliated
lamellae at high loading of REC.

CONCLUSIONS

The REC was highly exfoliated and intercalated in
SPI matrix depending on the characteristic structure
of REC and SPI as well as the motion ability of mo-
lecular chain provided by the process of solution
mixing and melting compression. At the same time,
the exfoliated REC lamellae resulted in enhancement
of strength and modulus of SPI plastics, which may
dissolve the shortcoming of plasticization to some
extent. The highest strength happened on 12 wt %
REC loading, which reached 12.92 MPa by almost
twice of pure SPI plastics. The possible mechanism
of facile exfoliation in REC filled SPI nanocomposite

was proposed, namely the strong affinity of positive-
charge rich domain onto SPI matrix as well as the
hydrogen bonding. However, high REC loading did
not benefit the exfoliation of lamellae, and the inter-
calated structures gradually dominated while the
interlayer became narrower with an increase of REC
content. On the basis of the structure and interaction
analysis, the reinforcing effects resulted from the
strong interfacial interaction between SPI and exfoli-
ated REC lamellae even though the original structure
and interaction in SPI matrix were partly destroyed.
The intercalated structures cannot produce the opti-
mal mechanical performances for SPI plastics, espe-
cial for the nanocomposite with high REC content,
due to relatively poor interfacial adhesion and inho-
mogenous distribution.
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