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ABSTRACT: A series of amide-plasticized soy protein iso-
late materials were prepared by hot compression-molding
techniques at 1408C and 20 MPa. The plasticizing efficiency of
amides was in the order of formamide > acetamide > acryl-
amide resulting from scanning electron microscopy, optical
transmittance and differential scanning calorimetry. The
results from torque rheology indicated that flowability and
processability could be improved by adding amide as plasti-
cizers. All of the sheets showed single glass transition tempera-
ture obtained by differential scanning calorimetry, indicating
good compatibility between amide and soy protein. The water

uptake of the plastics sheets and effects of moisture content on
the thermal and mechanical properties were also investigated.
The glass transition temperature and tensile strength
decreased with an increase of moisture content in sheets.
Formamide was considered as the best plasticizer of three
amides because of the higher plasticizing efficiency and water
resistance of SFm sheets. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 106: 130–137, 2007
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INTRODUCTION

Soy proteins, the co-products from the soybean oil
industry, have been used as functional and nutri-
tional ingredients in food. Currently, soy protein-
based plastics,1–5 adhesives,6–8 films,9,10 and coatings
are being considered for applications such as agri-
cultural equipment, marine infrastructure, and civil
engineering.11–14 Soy protein materials have been
extensively researched as environment-friendly, fully
biodegradable, and sustainable ‘‘green’’ alternatives.
In exploring alternative raw materials to replace
the traditional petroleum resources, soy protein
has been considered to be a great potential because
of their renewability, biodegradability, and rela-
tively low cost.

For successful processing of soy protein isolate
(SPI), a simple and effective way is to plasticize soy
protein by polyols such as glycerol, propylene gly-
col, triethylene glycol, ethylene glycol, butane diols,
or by water. The plasticized SPI powder can be ther-
mally pressed or extruded into plastic sheets with
less brittleness.15 However, two inherent problems

have limited the uses of soy protein based plastics,
namely high moisture sensitivity and relatively low
mechanical properties. For example, water and glyc-
erol plasticized soy protein materials increase the
moisture sensitivity and greatly reduce the tensile
strength and modulus.16–18 Amide is a representative
compound for peptide linkage in polypeptides and
proteins since the amide bond makes up the back-
bones of peptides and protein.19 In our previous
paper, a novel plasticizer-acetamide has been suc-
cessfully used as a plasticizer for SPI.20 The results
showed that the acetamide plasticized plastics had
good thermal stability and water-resistance. Herein,
other two amides, formamide and acrylamide, will
be used as plasticizers for SPI to compare with aceta-
mide in this work. So an attempt was made to inves-
tigate the plasticizing efficiency of the three plasticiz-
ers as well as properties of soy protein plastics. In
addition, the effect of the moisture on the properties
of SPI plastics was also discussed.

EXPERIMENTAL

Materials

Commercial SPI was purchased from Dupont-Yun-
meng Protein Technology (Yunmeng, China). The
weight-average molecular weight (Mw) of SPI was
determined by multi-angle laser light scattering
instrument equipped with a He-Ne laser (l 5 632.8
nm) (DAWN1 DSP, Wyatt Technology, USA) and
was found to be 20.5 3 104 g/mol. The original
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moisture content, protein content, and amino acid
compositions of SPI have been investigated in our lab-
oratory.21 Formamide (Mw 5 45.04 g/mol), acetamide
(Mw 5 59.07 g/mol), and acrylamide (Mw 5 71.08 g/
mol) were used as plasticizers, respectively. These
plasticizers were of analytical-grade and were pur-
chased from the Tianjin fiducial Chemical Co. (Tianjin,
China). All the reagents were kept in desiccators with
P2O5 as desiccant during experiment period.

Compression-molded sheets

The amount of plasticizer in the SPI material can be
described in terms of the phr (part per hundred
parts of resin) ratio, here which accounts for the per-
cent mass ratio of the plasticizer to the SPI in grams,
and was defined as:

phr ¼ mass of plasticizer

mass of SPI
� 100 (1)

SPI with desired formamide, acetamide, or acrylam-
ide content (10–50 phr) was mixed in a mortar, and
then was crushed up in a kitchen beater (HR1704,
Philips, Zhuhai, China) for 15 min, respectively. Sub-
sequently, the resultant mixture was placed in a
mold covered with two polished stainless-steel
plates and then was compression-molded with a hot
press as described previously.21 The sheets were
molded at 1408C under the pressure of 20 MPa for
10 min, and then air-cooled to 408C under the same
pressure with the cooling rate of about 38C/min
before the removal from the mold. Three series of
compression-molded sheets were coded as SFm,
SAm, and SAc, corresponding to the formamide,
acetamide, and acrylamide plasticized protein sheets,
respectively. It was worth noting that when formam-
ide content was more than 30 phr, the powder could
not be processed into perfect plastic sheets because
of high flowability. Thus formamide contents were
from 10 to 30 phr, but both acetamide and acrylam-
ide contents were from 10 to 50 phr. All of the
resulting sheets were conditioned in vacuum at 608C
until constant weight, and then stored in dry condi-
tion to provide a 0% relative humidity (RH) with
P2O5 before analysis.

Sample conditioning and water uptake

All the sheets were conditioned in desiccators with
P2O5 as desiccant (0% relative humidity) at room tem-
perature to give an initial weight (W0). The moisture
content of the amide-plasticized SPI sheets was
achieved by conditioning the samples at room temper-
ature in desiccators with CaCl2�6H2O, K2CO3�2H2O,
NaBr�2H2O, NaCl, and CuSO4�6H2O saturated salt sol-
utions to provide a relative humidity (RH) of 35, 43,

58, 75, and 98%, respectively.22–24 The sheets with rec-
tangular dimensions of 20 mm 3 10 mm 3 0.4 mm
were weighed to obtain the weight Wt. The water con-
tent or water uptake (WU) of the sheets was calcu-
lated as following equation25:

WUð%Þ ¼ Wt �W0

W0
� 100 (2)

Characterization

Percent optical transmittance (Tr) of the sheets with
a thickness of about 0.4 mm was measured with an
ultraviolet-visible spectrometer (UV-160A, Shimadzu,
Japan) in the wavelength range from 800 to 200 nm.
Scanning electron microscopy (SEM) images were
taken on an S-570 microscope (Hitachi, Japan). The
dry sheets were frozen in liquid nitrogen and
snapped immediately, and then the fractured faces
of the sheets were coated with gold for SEM obser-
vations.

Haake rheomix test was used to measure the melt
flow property of SFm, SAm, and SAc plastics. Each
of the samples was crushed up into powders by the
kitchen beater. Dry SPI and amide/SPI powder
(about 5 g) were added into a Haake MiniLab (Micro
Rheology Compounder, Germany) to obtain torque
values at 1608C with the shear rate of 50 rpm. Differ-
ential scanning calorimetry (DSC) was carried out on
a Diamond DSC apparatus (Perkin-Elmer, USA)
equipped with a cooler system with liquid nitrogen.
Dry sample (about 10 mg) was placed in pressure-
tight aluminum DSC cells under nitrogen atmos-
phere from 2150 to 2008C with the heating rate of
108C/min. Glass transition temperature (Tg) was
taken as the mid-point of the specific heat increment
at the glass-rubber transition. Thermogravimetric
analysis (TGA) was carried out on a Pyris TGA
linked to a Pyris diamond TA lab system (Perkin-
Elmer) at a heating rate of 108C/min between 25
and 5008C under nitrogen atmosphere. The mass of
the samples for TGA test was approximately 5 mg.

Tensile strength (rb), elongation at break (eb), and
Young’s modulus (E) of the sheets were measured
on a universal testing machine (CMT6503, Shenzhen
SANS Test Machine, Shenzhen, China) with a tensile
rate of 5 mm/min according to ISO 527-3: 1995 (E).
An average value of five replicates of each sample
was taken.

RESULTS AND DISCUSSION

Plasticizing efficiency of amides

Figure 1 shows SEM micrographs of the fractured
surface of the SFm20, SAm20, and SAc20 sheets
conditioned at 0% RH. The SFm20 sheet exhibits
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smoother cross-section than the other two. Generally,
the transparency of the materials is an auxiliary cri-
terion to judge the compatibility of the composites.26

Dependence of Tr on amide contents (from 10 to 30
phr) for the SFm, SAm, and SAc sheets at different
wavenumber conditioned at 0% RH is shown in Fig-
ure 2. During the range of 200–400 nm the Tr values
of the SFm, SAm, and SAc sheets are nearly 0
because aromatic amino acid of soy protein can
absorb ultraviolet light. However, the sheets show
high transmittance in the visible region and their Tr
values increase with an increase of wave number
from 400 to 800 nm. When the content of formamide
is 20 phr, SFm20 sheet exhibit higher Tr values than
other SFm sheets, which means the most homoge-
nous structure occurred in SFm sheets comparing to
others, that is to say the best plasticizing effect was

obtained. Furthermore, the best plasticizing effects
for SAm and SAc sheets were obtained when the
content of acetamide and acrylamide was 30 phr,
respectively. In addition, the Tr value of SFm20 is
higher than SAm20 and SAc20, and even higher
than SAm30 and SAc30.

Usually, glass transition temperature (Tg) of plas-
tics can reflect plasticizing effects of the plasticizer.
DSC curves of pure SPI, SFm20, SAm20, and SAc20
conditioned at 0% relative humidity are shown in
Figure 3 and obtained Tg values of the SFm, SAm,
and SAc sheets from DSC are summarized in Table I.
It has been reported that polyols such as glycerol-
plasticized SPI plastics showed at least two Tgs
assigned to glycerol-rich and protein-rich domains,
respectively. It meant that obvious phase separation
happened.17 In this work pure soy protein shows no

Figure 1 SEMmicrographs of the fractured surface of the SFm20 (a), SAm20 (b), and SAc20 (c) sheets conditioned at 0% RH.

Figure 2 Dependence of Tr on amide contents for the SFm, SAm, and SAc sheets at different wavenumber conditioned
at 0% RH.
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glass transition. However, soy protein materials plas-
ticized by amides (SFm, SAm, and SAc) exhibit sin-
gle glass transition and imply homogenous structure.
This can be explained that the structure and polarity
of three amides are similar to protein polypeptides
resulting in a good compatibility between them. As
shown in Table I with an increase of plasticizer con-
tents, the Tg values decreases. Although good plasti-
cizing effect is obtained, different effect stems from
different plasticizer. Tgs of the sheets are in the order

of SAc20 > SAm20 > SFm20, and even Tg of SFm20
is lower than any other SAm and SAc sheets, indi-
cating better plasticizing efficiency of formamide
than other amides. Changes in heat capacity incre-
ment (DCp) have usually been regarded as the char-
acteristic thermodynamic signature of order–disorder
transitions in homogeneous systems, particularly
those comprising hydrogen-bonded networks.27 As
shown in Table I, the DCp of the materials increases
with the plasticizer content, and SAc sheets exhibit
higher DCp values than SFm and SAm sheets. As we
know, strong intra- and intermolecular interactions
in SPI caused by extensive hydrogen bonding limit
the mobility of the protein molecular chain. How-
ever, amide plasticizers can penetrate into the pro-
tein chains and interact with soy protein by hydro-
gen bonding, which has been evidenced by the FTIR
in early work.20 It is not difficult to find that the
hydrogen bond-forming abilities of three amides are
different. At first, formamide has lower molecular
weight and less steric hindrance than acetamide and
acrylamide. Furthermore, the double bonding conju-
gate structure of acrylamide also weakened hydro-
gen bonding with protein. Therefore, the hydrogen
bond-forming abilities of three amides are in the order
of formamide > acetamide > acrylamide. Hydro-
gen-bonding interaction between formamide and SPI
is stronger than others, and thus formamide easily
penetrate into protein, screen strong interaction
between protein chains, and make protein chains
move more easily. Thus, the plasticizing efficiency
of three amides are in order of formamide > aceta-
mide > acrylamide.

Effects of amide on the properties
of plasticized SPI

Torque rheometer can provide quantitative informa-
tion on the melt flow behavior of the macromolecu-
lar materials. The pure SPI could not melt well at

Figure 3 DSC thermograms of SFm20, SAm20, SAc20,
and pure SPI.

TABLE I
Tg and DCp Values of the SFm, SAm, and SAc Sheets Obtained from DSC at Different Relative Humidity

0% RH
35% RH
(Tg; 8C)

43% RH
(Tg; 8C)

58% RH
(Tg; 8C)

75% RH
(Tg; 8C)

98% RH
(Tg; 8C)Tg (8C) DCp (J/g 8C)

SFm10 51.9 0.233
SFm20 44.6 0.268 28.2 210.5 225.1 247.2 262.3
SAm10 80.2 0.354
SAm20 77.5 0.445 32.1 25.6 220.7 252.1 269.8
SAm30 75.1 0.471
SAm40 72.8 0.525
SAm50 71.4 0.533
SAc10 111.0 0.614
SAc20 97.2 0.683 63.3 32.4 1.5 224.7 266.7
SAc30 90.2 0.848
SAc40 79.6 0.909
SAc50 76.7 0.917
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1608C, but its melting behavior could be improved
at 2008C. With addition of amides, the plasticized
SPI samples were melted well at 1608C. Figure 4
shows torque against time plots of SFm20, SAm20,
and SAc20 at 50 rpm and 1608C. With a progress of
measurement, the torque increases rapidly to a
maximum and then decreases to a stable value
accompanying with the phenomena that the solid
powder turned into melt fluid state. With an
increase of the plasticizer content the torque
decreases sharply. The torque development is asso-
ciated with a change in consistency from a powder
to a cohesive and elastic material.28,29 Figure 5
shows the effect of amide plasticizer on maximum
torque and equilibrium torque of SFm, SAm, and
SAc. The maximum torque and equilibrium torque
values are in the order of SFm < SAm < SAc at the
same plasticizer content. The equilibrium torques of
SFm, SAm, and SAc change slightly, indicating fully
plasticization after the phr contents of formamide,
acetamide, and acrylamide reach 20, 20, and 30,

respectively. Accordingly, the time to achieve the
peak torque and the time to achieve the equilibrium
torque for SFm20 are shorter than others as
observed from Figure 4. On the basis of above
results it can be concluded that formamide is more
effective in reducing the processing temperature
and improving the flexibility of soy protein.

TG and DTG curves of pure SPI, SFm, SAm, and
SAc sheets conditioned at 0% RH are shown in Fig-
ure 6. SPI degrades by a two-step process whereas
degradation of the amide-plasticized soy protein
consists of three weight loss steps. The weight loss
in the first stage (below 1508C) is assigned to the
evaporation of residual moisture, and the second
step from 150 to 2508C can be attributed to the evap-
oration of a part of plasticizer, and the final step is
mainly due to the degradation of soy protein. With
the increase of amide content the weight loss of the
second step and the last step increases. The weight
loss from 150 to 2508C of SFm20, SAm20, and SAc20
are 8, 10.6, and 11.9%, respectively. Although the
boiling point of formamide is lower than acetamide
and acrylamide, the evaporation of SFm20 is rela-
tively low, indicating compact adhesion action
between formamide and SPI. Amide-plasticized SPI
materials have similar thermal degradation and have
good thermal stability as observed by the mass frac-
tion of residues.

Water uptake on solid-state protein is a result of
the hydrophilic and ionized groups of the protein.
The amount of water in the protein is determined by
equilibration of samples at a given relative humidity
and has a significant impact on the properties of
protein.30 Figure 7 shows the water uptake isotherm

Figure 4 Torque-time plots of SFm20, SAm20, and SAc20
at 50 rpm and 1608C.

Figure 5 Effect of amide contents on the maximum tor-
que and equilibrium torque of SFm, SAm, and SAc.

Figure 6 TG and DTG thermograms of the SFm20,
SAm20, and SAc20 sheets as well as pure SPI conditioned
at 0% RH.
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of the SFm, SAm, and SAc sheets conditioned at 35%
RH and ambient temperature. Water uptake iso-
thermal curves are broadly similar in form to Type
II isotherm described by Brunauer.31–33 Water
uptake of the sheets (except SFm10 and SAm10)
exhibit two-stage water sorption profiles. In the
first step, there is an increase in water uptake with
time until maximum value and then decrease in
values till equilibrium is reached. In fact the
absorption of water was fast at short times (t <
100 h), and then adsorptions took place at
extended times. The maximum water uptake of the
sheets increases with an increase of the plasticizer
contents, and their values for SFm20, SAm20, and
SAc20 sheets are 3.6, 10.5, and 32.8%, respectively.

Obviously, SFm20 exhibits a better water-resist-
ance than SAm20 and SAc20 as a result of more
compact structure of SFm20 sheet than others as
shown in SEM micrographs.

Effects of RH on properties of
amide-plasticized SPI

Effect of RH on the equilibrium water uptake values
of SFm20, SAm20, and SAc20 sheets is shown in Fig-
ure 8. The equilibrium water uptakes of SFm20,
SAm20, and SAc20 sheets decrease with a decrease
of RH from 98% to 35%. Obviously, increasing the
RH and plasticizer contents led to relatively high
water uptake of the plastic sheets. Comparing to
SAm20 and SAc20, the equilibrium water uptake of
SFm20 is much lower, which resulted from the com-
pact structure in SFm20. Therefore, formamide-plas-
ticized soy protein materials exhibited higher water
resistance than SAm and SAc.

Typical DSC thermogram curves of the SAm20
sheet under different RH are shown in Figure 9 and

Figure 7 Water uptake isotherm of the SFm, SAm, and
SAc sheets conditioned at 35% RH and ambient tempera-
ture.

Figure 8 Effect of different RH levels on the equilib-
rium water uptake of SFm20, SAm20, and SAc20 sheets
at ambient temperature.

Figure 9 DSC thermograms of SAm20 sheets under dif-
ferent RH.
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the resulting Tgs of SAm20, SFm20, and SAc20 are
listed in Table I. Single Tg exhibits in every SAm20
sheet with different water uptake and it shifts to
lower temperature with the increase of RH because
the adsorbed water acted as a plasticizer. The endo-
thermic peak at about 1008C indicated the amount of
water in the SAm20 sheet. Its peak areas increased,
whereas the temperature at peak position decreased
with the increase of RH. A small endothermic peak
at about 08C, existing in DSC curve of SAm20 at
98% RH, was a crystal-melt peak of water. It is the
fact that at high moisture a lot of free water lied in
the interior or surface of sheets except much bound
water. In high moisture condition Tgs of SFm20,
SAm20, and SAc20 sheets are below 08C as shown in
Table I. This indicates that Tg values of the amide
plasticized SPI plastics are dependent on moisture
content to some extent.

Amides and water all play a role of plasticizer in
natural polymer system,34,35 such as soy protein
plastics. Mechanical properties of the plasticized SPI
sheets have been analyzed at ambient temperature
as a function of nature of the plasticizer and mois-
ture content. Tensile strength (rb) and elongation at
break (eb) of plasticized SPI sheets at different RH
levels are shown in Figure 10. At low RH level (less
than 58% RH), the rb value of SFm20 is lowest,
whereas its elongation at break is highest of SFm20,
SAm20, and SAc20 plastics. The increasing trends of
brittleness shift from SFm20, SAm20, to SAc20 repre-
senting high rb but low eb of the SAc20 sheets, which
is in good agreement with the fact that Tg of SAc20
is higher than others. At high RH level (more than
58% RH), rb and eb values of the sheets sharply
decreases with the increase of moisture contents.
Although at high RH levels rb and eb values of
SFm20 are higher than that of SAm20 and SAc20 on
account of better water resistance, actually rb and eb

values of SFm20, SAm20, and SAc20 are relatively
low. Therefore, it can be concluded that at low mois-
ture content, amide plasticizers is the major factor
that influence mechanical properties of soy protein
plastics. However, at high moisture content,
absorbed water as a plasticizer dominantly take into
action. Always, the moisture content at about 60% is
considered as ‘‘safe moisture content’’ for pure soy
protein.36,37 For amide plasticized soy protein mate-
rials 58% RH can be regarded as a ‘‘safe relative hu-
midity’’. Therefore, amide plasticized soy protein
materials only controlled under 58% RH should be
utilized as plastics possessing good mechanical per-
formances.

CONCLUSIONS

Formamide and acrylamide were successfully used
as plasticizers for soy protein besides acetamide. Rel-
atively good plasticization effect was achieved when
SPI were plasticized by formamide, acetamide, and
acrylamide with 20, 30, and 30 phr, respectively. Sin-
gle Tg of the SFm, SAm, and SAc sheets indicated
homogenous structure and good compatibility. Com-
paring to acetamide and acrylamide, formamide was
a high efficient plasticizer as a result of its smaller
molecular weight, less steric hindrance, stronger
hydrogen-bonding interaction with soy protein. The
optical transmittance, flowability, and flexibility
were significantly improved by adding amide as a
plasticizer. Mechanical proprieties of soy protein
plastics were also highly influenced by moisture con-
tent. At low RH, the mechanical property was
mainly influenced by the nature and content of
amides, whereas at high RH the tensile strength
decreased sharply with increasing relative humidity
as a result of the plasticization of water. Thus, it was
suggested that it was safe to use these protein mate-
rials just under relative humidity of 58%.
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