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Abstract

Soy protein plastic sheets were made by extrusion. The effects of water, glycerol, methyl glucoside, ZnSO4, epichlorohydrin, and glutaric
dialdehyde on the mechanical properties of soy protein plastic sheets were studied. The thermal transition temperatures and dynamic
mechanical properties of soy protein plastics were also investigated. Depending on the moisture and glycerol contents, soy protein plastic
sheets displayed properties from rigid to soft. The glass transition temperatures of the sheets varied from ca.27 to 508C with moisture
contents ranging from 26 to 2.8% and 30 parts of glycerol. The soy protein plastic sheets were usually in their glassy states at room
temperature unless they contained high moisture. Theb-transitions of soy protein plastic sheets ranged from233 to2728C depending on the
moisture. After being submerged in water for 20 h, the soy protein sheets absorbed up to 180% water. With the presence of two parts of
ZnSO4, water absorption of the soy protein sheets decreased by 30%. Soy protein sheets absorbed or lost moisture depending on the relative
humidity of the environment.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Petroleum-based plastics dominate today’s plastics
market because of their high strength, lightweight, low
cost, easy processibility, and good water barrier properties.
However, most of the synthetic polymers are not biodegrad-
able. Synthetic biodegradable polymers, such as poly(lactic
acid), polycaprolactone, and poly(hydroxy butyrate) have
high production costs. With the increasing concerns of
environmental pollution caused by non-biodegradable
petroleum-based plastics, increasing efforts have been
made to utilize the polymeric materials derived from agri-
cultural products.

The United States is one of the major producers of
soybeans in the world. Soybeans, a $17.5 billion market in
the United States, are mainly used for animal feeds.
Soybeans contain approximately 42% protein, 20% oil,
33% carbohydrates, and 5% ash on a dry basis [1]. In addi-
tion to its use as a food ingredient, non-food applications of
soy protein as polymeric materials have attracted increasing
attention in recent years. The main attractive features of soy

protein-based plastics are that they are biodegradable, envir-
onmentally friendly, and from an abundant renewable
resource. Use of soy protein as a plastic material can be
traced back to the 1930s. Brother and Mckinney studied
the formaldehyde-hardened soy plastics and their
compounding with the phenolic resin [2,3]. The formalde-
hyde-treated soy plastics compounded with phenolic resin
were reported to display very low water absorption.

In our laboratory, we studied the effects of pH [4], moist-
ure content [4], processing conditions [4], cross-linking
agents [5], and cellulose [5] (as a filler) on mechanical
and physical properties of compression-molded soy plastics,
and the morphology and biodegradation of soy protein-
based plastics [6,7]. Effects of polyhydric alcohols as plas-
ticizers on mechanical properties of soy protein-based plas-
tics have also been studied and reported [8]. Otaigbe and
Adams studied the composite of soy protein with poly-
phosphate, and their results showed enhanced strength, stiff-
ness and improved water resistance [9].

It is well known that water plasticizes proteins and is
critical for processing. Morales and Kokini studied the
glass transition (Tg) of soy protein as a function of moisture
content [10]. They reported that theTg of conglycinin (7S)
fraction ranged from 114 to2678C with moisture content
between 0 and 35%, whereas that of the glycinin (11S)
fraction ranged from 160 to2178C with moisture content
between 0 and 40%. Kalichevsky et al. studied the glass
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transition temperature of gluten and found that it was little
affected by triolen, corn oil, and glycerol monostearate [11].
In this study, we investigated extrusion of soy plastic sheets
and the plasticizing effects of water, glycerol, and methyl
glucoside on mechanical and dynamic mechanical proper-
ties of soy protein plastics. We also investigated the cross-
linking effects of soy protein by Zn12, a transition metal ion,
and other cross-linking reagents.

2. Experimental

2.1. Materials

Soy protein isolate (SPI, Supro 760 and 610) was
purchased from Protein Technologies International, St.
Louis, MO, and used as received. It contained approxi-
mately 92% protein (dry basis), less than 1% carbohydrate,
4.7% moisture, and 4.0% ash. Glycerol and salts were
reagent grade quality and were obtained from Fisher (Fisher
Scientific, Pittsburgh, PA). Epichlorohydrin and glutaric
dialdehyde were purchased from Aldrich (Aldrich Chemical
Company, Milwaukee, WI). Methyl glucoside was a gift
from Grain Processing Corporation (Muscatine, IA).

2.2. Compounding

SPI, water, glycerol, and other additives were thoroughly
mixed in a high-speed mixer (Henschel Mixers American,
Inc., Houston, TX). The general formulation of the soy
protein sheets was SPI (100 parts), H2O (60–90 parts),
glycerol (20–50 parts), and other additives. The mixture
was equilibrated overnight in a sealed plastic bag before
compounding. The compounding extrusion was performed
with a twin-screw co-rotating extruder (Leistritz Micro 18,
American Leistritz Corp., Sommerville, NJ) equipped with
an auto feeder. The diameter of the screw was 18 mm, and
the length to diameter ratio�L=D� was 30. The screw speed
was 150 rpm. The barrel of the extruder had five heating
zones. The processing temperatures varied from 60 to 1158C
depending on the formulation. The extrudate was pelletized,
and the moisture content was determined.

2.3. Sheet extrusion

Soy protein sheets were extruded from above pellets
using a single-screw extruder (C.W. Brabender Instruments,
Inc., Hackensack, NJ) equipped with a 6-inch flat-sheet die.
The barrel temperature varied from 120 to 1608C, and the
die temperature was 100 to 1208C, depending on the formu-
lation. The screw speed was 20–25 rpm. The sheet was
drawn with a Brabender take-off unit. The thickness of the
sheets ranged from 0.35 to 1.5 mm.

2.4. Mechanical properties

The sheets were cut into strips of 19 mm× 100 mm and
dried at 508C for 24 h. They were equilibrated at 50% rela-
tive humidity (RH) for 48 h right before testing and kept in
sealed plastic bags till tests. Mechanical properties were
measured using an Instron Universal Test Machine
(Model 4502, Canton, MA) following the ASTM D882-91
method. The crosshead speed was 100 mm/min, and five
replicates were tested for each sample.

2.5. Thermal analysis

Specimens with different moisture contents were
prepared from the same batch of sheet samples by equili-
brating them in separate chambers of different RH for
1 week. Saturated salt solutions of LiCl, MgCl2,
Mg(NO3)2, NaCl, and KNO3, giving RH of 11, 32, 50, 75
and 93%, respectively, were used for this study. RH of 0%
was achieved by placing P2O5 in a desiccator. Moisture
contents of the equilibrated sheet samples were analyzed
using a Perkin–Elmer thermogravimetric analyzer TGA-7
(Norwalk, CT). A sample (ca 10 mg) was scanned from
308C at 208C/min, and weight loss below 1508C was taken
as the moisture content. Dynamic mechanical properties
were measured on a Perkin–Elmer DMA-7 using a parallel
plate measuring system. The sheet samples were shaped into
a disk of about 7 mm in diameter and 1.3 mm in thickness.
The temperature scan was from2100 to 1308C at 28C/min,
and the frequency of the dynamic force was 1 Hz. The static
and dynamic forces were set at 300 and 330 dyn,
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Table 1
Effect of glycerol concentration on mechanical properties of soy protein sheets (Formulation: SPI 610 (100 parts), H2O (80 parts). Samples were equilibrated
for 48 h prior to test)

Glycerol (parts) s y
a (MPa) sb

b (MPa) P.E.Y.c (%) P.E.B.d (%) Strength (MPa) Ee (MPa) Toughness (MPa)

10 40.6̂ 2.5 40.6̂ 2.5 2.4^ 0.5 3^ 1 40.6^ 1.0 1226̂ 85 0.4^ 0.0
20 33.9̂ 0.8 29.6̂ 1.7 7.9^ 0.4 74^ 8 34.0^ 0.8 1119̂ 70 21.2̂ 2.4
30 15.0̂ 0.9 14.0̂ 0.9 8.8^ 0.2 133̂ 10 15.6̂ 0.4 374̂ 70 18.8̂ 1.6
40 1.6^ 0.1 9.1^ 0.2 2.5^ 0.3 159̂ 12 9.1^ 0.2 176̂ 12 13.0̂ 1.1
50 1.5^ 0.1 7.1^ 0.4 4.3^ 0.5 185̂ 15 7.1^ 0.4 144̂ 16 11.1̂ 1.3

a s y is the stress at yield point.
b sb is the stress at break point.
c P.E.Y. is the percentage elongation at yield point.
d P.E.B. is the percentage elongation at break point.
e E is Young’s modulus.



respectively. The peak values of tand curves were recorded
as transition temperatures. Each sample was analyzed at
least in duplicate. Differential scanning calorimetry was
performed on a Perkin–Elmer DSC-7, with temperature
scanning from255 to 1608C at 208C/min.

2.6. Water absorption

To measure the water-soluble content in the soy protein
sheet, a water absorption test was conducted following the
ASTM D570-81 with minor modification. The samples
dried at 508C for 24 h were placed in distilled water at
room temperature. After the sheet was removed from
water, the container was placed in an oven at 508C for
24 h to evaporate the water. The residuals were the water-
soluble contents. The weight gain of the sheet plus the
weight of the water-soluble residuals was counted as the
total absorbed water. Three replicates of analysis were
done for each sample.

3. Results and discussion

3.1. Mechanical properties

3.1.1. Effects of plasticizers

3.1.1.1. Glycerol. Plasticizing effects of glycerol at
various concentrations on mechanical properties of soy
protein plastic sheets are shown in Table 1. The extrusion
processing of soy protein sheets containing 10 parts of
glycerol or less was very difficult, and the resulting sheets
became very brittle after losing moisture. Sheets made with
10 parts of glycerol showed the highest tensile strength and
Young’s modulus, but the percentage elongation at break
was only 3%. Sheets made with 20 parts of glycerol showed
high toughness, strength, Young’s modulus, and percentage
elongation at yield point. The largest changes in strength,
Young’s modulus, and elongation at break were displayed
between 20 and 30 parts of glycerol. A further increase in
glycerol concentration above 30 parts resulted in large
decreases in yield stress and yield elongation, but showed
few changes in other mechanical properties. Elongation at
break increased continuously with the increase of glycerol
content.

Soy protein consists of polar and non-polar side chains.
There are strong intra- and inter-molecular interactions,
such as hydrogen bonding, dipole–dipole, charge–charge,
and hydrophobic interactions. The strong charge and polar
interactions between side chains of soy protein molecules
restrict segment rotation and molecular mobility, which lead
to increases in modulus, stiffness, yield point, and tensile
strength. The charge and polar interactions between protein
molecules also result in the brittleness of soy protein plas-
tics. As a plasticizer, glycerol reduces the interaction
between protein molecules and increases the flexibility,
extensibility and processibility of soy protein plastics. The
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Tg of soy protein decreased with the increase of glycerol
concentration. High glycerol concentration also helped to
retain moisture in the sheets, which further decreased the
Tg. The remnant moisture contents were found to increase
from 3.9% for the sheet with 20 parts of glycerol to 9.6% for
the sheet with 50 parts of glycerol. The modulus of soy
protein sheets was greatly changed by adjusting the glycerol
level; therefore, soy protein sheets ranging from rigid to
semirigid were obtained. For the sheets containing 10 and
20 parts of glycerol, the high Young’s moduli indicated that
soy protein sheets behaved like rigid plastics, and the yield
stress of sheets containing 10 parts of glycerol was close to
that of glassy polymers [12]. When the glycerol content
increased to 30 parts, both Young’s modulus and yield stress
of soy protein sheets decreased significantly, indicating the
soy plastics were greatly softened and became semi-rigid.
The drastic decrease in yield stress with the increase of
glycerol to 40 and 50 parts could be attributed to heteroge-
neous systems with high glycerol contents.

3.1.1.2. Methyl glucoside.Because theTg of simple sugar is
substantially higher than that of glycerol, using sugars as
plasticizers can produce soy plastics with higherTg and
rigidity. For example, theTg of glucose and sucrose are 38
and 788C, respectively, compared with that of glycerol at
2938C [13]. In this study, methyl glucoside was used as a
plasticizer to partially replace glycerol, and rigid sheets
were produced. The results are shown in Table 2. When
glycerol was partially replaced with 10 parts of methyl
glucoside, tensile strength and toughness increased up to
24.4 and 33.3%, respectively. However, glycerol was still
necessary in order to maintain a good processibility.

3.1.1.3. Moisture content.In addition to its crucial role in
the gelation of soy protein and processing of soy protein
resins, the moisture content in products greatly affected
the properties of soy protein plastics as shown in Table 3.
With the increase in moisture content, both tensile strength
and modulus of the sheet specimens decreased rapidly,

whereas the elongation greatly increased. At 2.8%
moisture content (equilibrated at 0% RH, TGA data), the
soy protein sheet had the highest tensile strength and
Young’s modulus, but was very brittle. The high moduli
at low moisture (2.8 and 3.2%) indicated that the soy
protein sheets behaved like rigid plastics. The elongation
greatly increased with the increase in moisture content,
whereas mechanical strength and modulus continuously
decreased. The toughness of the soy protein sheet passed
through a maximum at 3.2 and 4.2% moisture
(equilibrated at 11 and 32% RH, respectively). At
26% moisture level (equilibrated at 93% RH), the
sheet lost most of its tensile strength and rigidity.
Comparing the data in Tables 1 and 3, the results
indicated that moisture affected the mechanical
properties more effectively than glycerol. The results
also indicated that soy protein-based sheets were very
sensitive to the RH of the surrounding environment.
With moisture content varying from 2.8 to 26%, the
mechanical properties of soy protein sheets changed
from those of rigid to semi rigid to soft plastics.
Results of thermal analysis of these sheets are shown
in Figs. 1 and 2.

3.1.2. Effects of cross-linking agents
To improve the rigidity of the sheets, ZnSO4 was used to

introduce chelating cross-links, and epichlorohydrin and
glutaric dialdehyde were used for covalent cross-links
between soy protein molecules. Both epichlorohydrin and
glutaric dialdehyde can form covalent bonds with amino and
hydroxyl groups of soy protein. Results of cross-linking
effects are shown in Tables 4–6. The Young’s modulus of
the soy protein plastic sheet was significantly increased
(29–51%) with the addition of ZnSO4, whereas the strength,
percentage elongation, and stress at yield were not signifi-
cantly changed except when 2% of ZnSO4 was added (Table
4). In addition to forming ionic bonds with functional
groups (such as glutamic and aspartic acids), Zn21 can
form chelating complexes with oxygen, nitrogen, and sulfur
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Table 3
Effect of moisture content on mechanical properties of soy protein sheets (formulation: SPI 610 (100 parts), water (80 parts), glycerol (30 parts))

% RHa Moisture (%) s y
b (MPa) sb

c (MPa) P.E.Y.d (%) P.E.B.e (%) Strength (MPa) Ef (MPa) Toughness (MPa)

0 2.8 40.4̂ 2.0 38.1̂ 0.8 7.0^ 0.2 13^ 3 41.1^ 1.5 1220̂ 32 4.2^ 1.3
11 3.2 31.4̂ 1.4 24.6̂ 0.8 6.9^ 0.3 77^ 14 31.2̂ 1.4 1002̂ 66 19.7̂ 3.5
32 4.2 22.4̂ 0.8 18.9̂ 0.6 7.4^ 0.2 95^ 8 22.4^ 0.8 735̂ 31 18.3̂ 1.7
50 7.7 8.4̂ 0.4 8.8^ 0.4 9.6^ 0.2 112̂ 3 8.9^ 0.4 249̂ 35 9.4^ 0.5
75 13.9 3.5̂ 0.1 4.1^ 1.0 15.0̂ 1.7 159̂ 1 4.7^ 0.3 70^ 4 6.4^ 0.5
93 26.0 1.2̂ 0.1 2.3^ 0.1 14.4̂ 2.4 128̂ 11 2.4^ 0.1 17^ 1 2.4^ 0.2

a Samples were equilibrated for 1 week at different water activities.
b s y is the stress at yield point.
c sb is the stress at break point.
d P.E.Y. is the percentage elongation at yield point.
e P.E.B. is the percentage elongation at break point.
f E is Young’s modulus.



containing groups of soy protein [14,15]. These interac-
tions stiffened the soy protein molecules, and conse-
quently, led to increases in Young’s modulus. Results
showed that cross-linking using epichlorohydrin and
glutaric dialdehyde was more effective in increasing
the rigidity (higher Young’s modulus) of soy protein
plastic sheets than using ZnSO4 (Table 4–6). However,
the processibility became very poor when soy protein
contained 0.4% epichlorohydrin or glutaric dialdehyde.
The resin with 1.5% ZnSO4 still retained good proces-
sibility, indicating that the cross-linking by Zn21 was
labile [14] at an elevated temperature.

3.2. Thermal and dynamic mechanical properties

3.2.1. DSC analysis
Fig. 1 shows the DSC thermograms of soy protein sheets

with different moisture contents. The soy protein sheet
samples used in this study were the same as those in
Table 3. Because glycerol (30 parts) was included in the
sheet formulation to facilitate extrusion processing and to
improve mechanical properties of the products, the soy
protein sheet was plasticized with or without additional
moisture. With the increase in moisture content, the glass
transition temperature (Tg) of the protein sheet changed to
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Fig. 1. DSC thermograms of soy protein sheets at different moisture contents. The sheets contained 30 parts of glycerol per 100 parts of soy protein. Heating
rate� 208C/min. The control was made by compression-molding and contained ca 0.5% moisture without glycerol.



significantly lower temperatures, reflecting the plasticizing
effect of water. Unlike the intact soy protein that has the
characteristic of two glass transitions for 11S and 7S frac-
tions [10], the DSC of soy protein sheets showed a singleTg,
indicating complete denaturation of soy protein during the
sheet processing. A soy protein plastic sample made by
compression-molding, containing ca 0.5% moisture and

no glycerol, was used as an unplasticized control in this
study. The control soy protein plastic showed a sharp
glass transition, with aTg at ca. 1458C. This result agreed
with that (1508C) reported by Sue et al using DMA analysis
[7]. With glycerol and water, the plasticized protein sheets
showed decreasedTg. The Tg decreased continuously with
an increase in moisture content. When the moisture content

J. Zhang et al. / Polymer 42 (2001) 2569–25782574

Fig. 2. Variation of tand (a) andE0 (b) of soy protein sheets with temperature at different moisture contents. The sheets contained 30 parts of glycerol per 100
parts of dry soy protein. The temperature scan was from2100 to 1308C at 28C/min, and the frequency of the dynamic force was 1 Hz.



was low, even with 30 parts of glycerol, theTg of soy protein
sheet was above room temperature. This resulted in rela-
tively high yield stresses and moduli for those samples at
room temperature (Table 3).

DSC thermogram of soy protein sheets containing 26%
moisture showed a peak at about2188C (onset temperature)
(Fig. 1), indicating the existence of crystallizable (or freez-
able) water (mixed with glycerol in this case), and theTg of
soy protein sheets (ca.278C) was masked by this peak. This
result agreed with that reported by Ponomariova and co-
workers [16,17] who studied the function of water in a
hydrophilic polymer–water system, such as poly(vinyl alco-
hol) and polyacrylamide. They concluded that when the
water content was above the critical concentration (cp)
where it began to crystallize upon cooling, theTg did not
decrease according to the Fox equation but remained
constant and merged with the crystallization or ice melting
peak. The very low Young’s modulus of the soy protein
sheet containing 26% moisture also indicated that this
sheet was in a rubbery state at room temperature (Table
3). In this study, the soy protein sheets showedTg values
varying from ca. 50 to278C with 30 parts of glycerol and
moisture ranging from 2.8 to 26%.

3.2.2. Damping spectra
Fig. 2 shows the DMA spectra of soy protein sheets with

30 parts of glycerol and different moisture contents. The
transitions that occurred in the low temperature range
were attributed tob-transitions. Because these transitions
varied substantially with moisture content and thermal
expansion, they were likely motions of the hydrated soy
protein side groups, which depended on moisture content
[18] and/or the crankshaft motion of the main chains. These
sheets showed the temperature ofb-transition varying from
272 to 2338C with moisture ranging from 26.0 to 2.8%
(Fig. 2a).

Thea-transition fell into a broad range depending on the
moisture content. For the sheet with 26% moisture, the tand
curve showed a major peak at ca.2158C, which corre-
sponded with the melting of the freezable water (mixed
with glycerol) revealed by DSC. Thea-transition tempera-
tures of the samples were much higher than theTg values
determined by using the midpoint of the change in heat
capacity measured by DSC (Fig. 1). This was attributed to
the continuous loss of moisture as the temperature increased
during DMA scanning. To confirm this observation, sheet
samples with 26% moisture were scanned from21158C to
40, 60, 80 and 1008C and the weight losses at each of above
temperatures were found to be 8.8, 9.4, 15.5 and 22.7%,
respectively. Additionally, both thea- and b-transitions
were shifted to higher temperatures in subsequent rescans
(data not shown). Although the slow vaporization of
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Table 4
Effect of zinc sulfate on mechanical properties of soy protein sheets (formulation: SPI 760 (100 parts), water (80 parts), glycerol (30 parts))

ZnSO4 (parts) s y
a (MPa) sb

b (MPa) P.E.Y.c (%) P.E.B.d (%) Strength (MPa) Ee (MPa) Toughness (MPa)

0 12.6^ 0.2 14.1̂ 0.4 11.5̂ 0.4 119̂ 12 14.3̂ 0.5 257̂ 24 16.0̂ 1.9
0.5 13.7̂ 0.4 13.4̂ .5 10.4^ 0.8 101̂ 3 13.7^ 0.4 332̂ 10 12.7̂ 0.9
1.0 13.8̂ 0.6 14.8̂ 0.4 11.8̂ 0.4 144̂ 20 14.8̂ 0.4 381̂ 45 19.2̂ 2.5
1.5 13.0̂ 0.9 14.9̂ 1.0 12.0̂ 1.5 148̂ 15 14.9̂ 0.9 348̂ 33 19.4̂ 1.5
2.0 16.5̂ 1.2 16.7̂ 0.8 10.3̂ 0.7 131̂ 14 16.7̂ 0.8 389̂ 11 21.7̂ 3.9

a s y is the stress at yield point.
b sb is the stress at break point.
c P.E.Y. is the percentage elongation at yield point.
d P.E.B. is the percentage elongation at break point.
e E is Young’s modulus.

Table 5
Effect of epichlorohydin as cross-linking agent on mechanical properties of soy protein sheets (formulation: SPI 760 (100 parts), water (80 parts),glycerol (30
parts))

ECHa (parts) s y
b (MPa) sb

c (MPa) P.E.Y.d (%) P.E.B.f (%) Strength (MPa) Eg (MPa) Toughness (MPa) Water absorption %, 2 h

0 12.6^ 0.2 14.1̂ 0.4 11.5̂ 0.4 119̂ 12 14.3̂ 0.5 257̂ 24 16.0̂ 1.9 92^ 2
0.1 13.3̂ 0.2 15.7̂ 1.0 10.9̂ 0.3 107̂ 12 16.9̂ 0.7 516̂ 45 18.6̂ 3.1 110̂ 4
0.2 15.5̂ 0.9 16.3̂ 0.9 10.3̂ 1.4 162̂ 19 16.5̂ 0.7 533̂ 42 21.5̂ 2.2 102̂ 17
0.4 18.0̂ 1.2 16.9̂ 0.3 10.5̂ 1.0 162̂ 15 16.9̂ 0.9 586̂ 46 24.9̂ 2.0 102̂ 9

a ECH� epichlorohydrin.
b s y is the stress at yield point.
c sb is the stress at break point.
d P.E.Y. is the percentage elongation at yield point.
e P.E.B. is the percentage elongation at break point.
f E is Young’s modulus.



glycerol and other volatile components in soy protein could
also contribute to the total weight loss, the major weight loss
was attributed to water. A similar observation was reported
for glass transition of gluten by Kalichevsky et al. [13]. In
their study, the authors studied the phenomena of moisture
loss during the DMA scan and found that a loss of 1% in the
water content during scanning resulted in a 58C upward shift
in the tand peak temperature. In our study, thea-transition
temperatures of sheets containing 7.7 and 2.8% moisture
were above 1008C and were quite close to each other.
Two explanations could account for this phenomenon.
First, because samples were scanned in an oven in a DMA
instead of sealed pans (in DSC), the loss of moisture during
the scan resulted in changes ofa-transitions to higher
temperatures. Second, there was glycerol (30 parts) in the
soy protein formulation, and the plasticizing effect of
glycerol made the effect of moisture at low contents less
significant.

On the basis of the above observations, theTg values
obtained by DSC were more accurate and reliable for soy
protein plastics containing moisture. TheTg values from the
tand peaks, on the other hand, tend to be substantially
higher.

3.2.3. Dynamic modulus
Similar to what was reported by Cocero and Kokini for

glutenin [19], the drop in storage modulus (E0) of soy plastic
sheets atTg was not catastrophic as in the case of synthetic
polymers (usually more than 3 orders of magnitude). TheE0

values of samples with low moisture content (2.8 and 7.7%
H2O) showed the least temperature dependence in the whole
temperature range (Fig. 2b). On the other hand, theE0 values
of samples containing high moisture (26 and 13.9% H2O)
greatly decreased with the increase in temperature. Further-
more, E0 of the sheets containing 2.8 and 7.7% moisture
gradually decreased with the increase in temperature, reach-
ing a minimum at ca. 5 and2168C, respectively.E0 then
showed an obvious recovery (seen as a bump in the curve)
with further increase in temperature, especially for the sheet
with 7.7% moisture. This behavior was similar to that of rat-
tail tendons and plasticized collagen membranes reported by

Chien and Chang [20]. According to those authors, the mini-
mumE0 was attributed to the devitrification of water bound
to the protein. After devitrification, the recovery of mechan-
ical strength was obvious for sheets that contained relatively
low moisture, but not for the sheets with excess moisture.
The recovery of mechanical strength was attributed to the
increased interactions between protein molecules resulting
from the loss of water. For samples with excess moisture
content, however, the mechanical strength was significantly
reduced because of the plasticizing effect of moisture that
remained in the samples.

In the sub-ambient temperature, theE0 of soy protein
sheets increased with the increase in moisture content.
This could be attributed to the antiplasticization effect at
the very low temperature [7]. At this low temperature, the
water–glycerol mixture crystallizes [21]. Therefore, the
plasticizers, water and glycerol, stiffened the soy protein
plastics instead of softening them. A similar phenomenon
was reported for nylon 6 and poly(l-leucine-co-glutamic
acid) [22].

3.3. Water absorption

Fig. 3 shows the water absorption of soy protein sheets
after different immersion times. The water absorption of the
soy protein sheet after 20 h immersion was up to ca. 180%,
and most of the water uptake occurred in the first few hours.
With the presence of two parts of ZnSO4, the water absorp-
tion of soy protein sheets was significantly reduced (ca.
30%). There was no clear relationship between water
absorption and the concentration of cross-linking reagents
(epichlorohydrin and glutaric dialdehyde) present in the soy
protein sheets, as shown in Tables 5 and 6. This could be
attributed to the fact that cross-linking did not change the
hydrophilic nature of soy protein. In addition, at such low
concentrations of cross-linking agents, degrees of cross-
linking were not sufficient to reduce the swelling and
water uptake during immersion. Thus, it was demonstrated
that covalent cross-linking reactions were not effective in
reducing water absorption of soy protein plastics.
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Table 6
Effect of glutaric dialdehyde as cross-linking agent on mechanical properties of soy protein sheets (formulation: SPI 760 (100 parts), water (80 parts), glycerol
(30 parts))

Glutaric dialdehyde (parts)s y
a (MPa) sb

b (MPa) P.E.Y.c (%) P.E.B.d (%) Strength (MPa) Ee (MPa) Toughness (MPa) Water absorption %, 2 h

0 12.6^ 0.2 14.1̂ 0.4 11.5̂ 0.4 119̂ 12 14.3̂ 0.5 257̂ 24 16.0̂ 1.9 92^ 2
0.1 17.0̂ 0.5 15.5̂ 1.1 10.0̂ 0.6 131̂ 21 16.3̂ 0.5 450̂ 82 19.7̂ 3.6 106̂ 7
0.2 16.2̂ 0.6 16.2̂ 0.4 10.5̂ 0.3 148̂ 16 16.3̂ 0.4 550̂ 80 22.2̂ 2.5 107̂ 8
0.4 16.9̂ 7.8 16.5̂ 1.0 9.4^ 0.4 137̂ 24 17.3̂ 0.6 545̂ 45 21.0̂ 4.1 109̂ 6
0.6 15.3̂ 0.8 15.6̂ 0.9 10.8̂ 0.5 146̂ 8 15.8^ 1.2 494̂ 55 21.0̂ 1.6 90^ 3

a s y is the stress at yield point.
b sb is the stress at break point.
c P.E.Y. is the percentage elongation at yield point.
d P.E.B. is the percentage elongation at break point.
e E is Young’s modulus.



4. Conclusions

The soy protein sheet was usually in its glassy state and
showed relatively high strength and modulus unless it
contained high moisture and glycerol as plasticizers. Methyl
glucoside could be used to partially replace glycerol for
making rigid sheets. Zinc sulfate, epichlorohydrin, and
glutaric dialdehyde all increased rigidity and other
mechanical properties of the soy protein sheets through
cross-linking, but they also led to poor processibility at
high concentrations. The dynamic mechanical behavior of
soy protein plastics was complicated because of the loss of
water during DMA scanning at different temperatures.
Thus, glass transition temperatures of soy protein sheets
with different moisture contents determined by using
DSC were more reliable than that obtained by using
DMA. At very low temperatures (, 2 508C), water
and glycerol showed an antiplasticization effect. Cross-
linking of soy protein sheets by using covalent cross-
linking reagents did not reduce the water absorption of
the plastics.
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