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Abstract Environmentally friendly thermosetting composites were successfully prepared by conventional blending wheat
gluten as matrix, glycerol as plasticizer and silica as filler followed by thermo-molding of the mixture at 120°C. The strong
interfacial interaction between silica particles and gluten proteins leaded to an increase in storage modulus and a decrease in
loss factor as revealed by dynamic mechanical analysis. The moisture absorption and elongation at break decrease while
Young’s modulus and tensile strength increase with increasing silica content from 0 to 10 wt%. However, the moisture
absorption and mechanical properties show discontinuous changes at a silica content of 6 wt%. The glycerol content also has
a marked influence on the moisture absorption and mechanical properties of the composites with a constant gluten-to-silica
ratio.
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INTRODUCTION

Due to the potential limitation of petroleum resources as well as increasingly stringent environmental concerns,
biodegradable materials made from renewable agricultural resources such as carbohydrates, starch and proteins
have attracted much attention for sustainable development and environmental conservation. Plant proteins from
soy'"?, corn® ¥, cottonseed™ and wheat!®'"! show the advantage for usage as films and plastics because of their
abundant resources, low cost, good biodegradability and suitable properties.

Industrial wheat gluten contains more than 75% proteins with 40%-50% gliadins and 35%—45% glutenins.
Gliadins are single-chain polypeptides with a molecular weight of 20—70 kg/mol, whilst glutenins are multiple-
chain polymeric proteins interlinked by intermolecular disulphide and hydrogen bonds having molecular weight
in a range from 107 kg/mol to well beyond 10° kg/mol'" 2. Wheat gluten can fully biodegrade after 36 days in
aerobic fermentation and within 50 days in farmland soil without releasing toxic products, which makes it an
ideal candidate for development of biodegradable materials!'>. Wheat gluten has been studied as a film former
due to its cohesive and elastic properties!'*. Reactive side groups of wheat proteins susceptible to physical,
chemical or enzymic modifications!” '*~'"! make them possible to obtain a three-dimensional network with
appropriate strength and functional properties!'®..

Wheat gluten containing plasticizer is able to form network upon thermosetting' ' so that it can be
processed into degradable bioplastics conveniently through thermal molding®2*!. Glycerol as a plasticizer can
reduce intermolecular forces and the glass transition so as to increase chain mobility of proteins’® and allow
melt processing!®. Strong shearing during mixing at low temperatures facilitates viscous flow of plasticized
gluten due to depolymerization of protein macromolecules through disulfide-thiol interchange reactions'>> *%!,
On the other hand, heat treatment of gluten induces an aggregation reaction by covalent crosslinking through
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disulfide bonding that stabilizes the protein network?” .

The application of bioplastics is severely limited due to their low stiffness and strength properties as well as
their strong tendency to absorb moisture. Native fibers or inorganic particles have been used to reinforce plant
proteins so as to prepare green biocomposites with improved mechanical properties and water resistance!” ™',
Unidirectional basalt fibers have been used to reinforce wheat gluten and to prevent the brittle failure™®. A low
content of natural or organically modified montmorillonite can significantly reduce the water permeability of
glycerol-plasticized wheat gluten films with appropriate improvement of mechanical properties™>®..

Silica (Si0,) is widely used in polymer composites for improving mechanical properties and reducing cost.
Amorphous silica in nature is very weak, whereas it makes very strong biocomposites when combined with
proteins and self-organized into highly ordered structures!*. The surface silanol groups on silica can interact
through both electrostatic interactions and hydrogen bonding with the active groups in protein
macromolecules*". Silica/protein composites or gels have been prepared via in situ polymerization™* or sol-gel
processt*>*®1. In the present paper, silica is incorporated with the wheat gluten containing glycerol as plasticizer
to form a composite using the conventional mechanical mixing and the thermo-molding methods for the first
time. Influences of silica and glycerol contents on the moisture absorption, glass transition and tensile
mechanical properties of the composites are discussed.

EXPERIMENTAL

Materials

Commercial wheat gluten with a protein content > 75% and an ash content < 0.95% was supplied by Shanghai
Wangwei Food Co. Ltd. Glycerol purchased from the Shanghai Chemical Co., China was of analytical grade.
Silica powder (Ultrasil VN3 GR) with pH = 5.4-7.0, average diameter 20 nm and special surface area 155-195
m’® ¢! was supplied by Degussa Co.

Composite Preparation

Wheat gluten, glycerol and silica powder were hand-mixed in a mortar and then mixed on a three-rolling mixer
at room temperature. The resultant material was cold-pressed into dumbbell shape with a thickness of 1 mm and
a width of 6 mm in a multicavity mold at 10 MPa for 5 min, followed by a thermo-molding at 120°C and 10
MPa for 15 min. Two sets of samples were prepared. In the first set, the ratio of gluten to glycerol was 7:3 in
weight while the silica content was controlled at 0 wt%, 2 wt%, 4 wt%, 6 wt%, 8 wt%, and 10 wt% |,
respectively, with respect to the total mass of the composites. In the second set, the ratio of gluten to silica was
9:1 while the glycerol content was controlled at 20 wt%, 30 wt%, and 40 wt%, respectively, with respect to the
total mass of the composites. The crosslinking degree of the thermo-molded gluten was determined to be about
1.05 x 10* 'mol m™ by using the water swelling method.

Moisture Absorption

The specimens were preconditioned in a desiccator containing allochroic silica gel powders for 72 h at room
temperature of 20°C. After drying, the specimens were transferred into desiccators and allowed to reach
moisture equilibrium with two different saturated salt solutions of sodium bromide and sodium chloride giving a
relative humidity of 52% and 75%, respectively, at room temperature for 72 h. The moisture absorption was
evaluated on a dry basis and was reported as the average of three replicates at each relative humidity condition.

Mechanical Testing

Tensile test was performed on a universal testing machine (CMT-4204, Shenzhen SANS Test Machine Co. Ltd.,
China) with an extension rate of 10 mm min™" at 75% relative humidity at 20°C. Tensile strength, elongation at
break and Young’s modulus were evaluated from at least three duplicates for each product.

Scanning Electron Microcopy
The morphology of tensile break surface was observed with a field emission scanning electron microscope
(SIRION, FEI Co., Netherlands) at 5 kV.
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Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was performed at 1 Hz at a strain amplitude of 30 um using the single
cantilever clamp mode on a Dynamic Mechanical Thermal Analyzer Q800 (TA Instruments, USA) at a heating
rate of 5 K min~'. The specimens were rectangular shaped with a size 20 mm x 5 mm x 2 mm. Relative humidity
in the sample cell varied with increasing temperature, and it was hard to control at a constant value during the
testing. The DMA testing was performed at 65% relative humidity of the surroundings at 20°C.

RESULTS AND DISCUSSION

Moisture Absorption

In biopolymer-based plastics, the effect of moisture absorption on the thermal and mechanical properties is of
great importance to the ultimate usability of the material. Moisture absorption has a great impact on the glass
transition temperature of wheat gluten proteinsi*’). Figure 1 shows the moisture absorption of the gluten
composites with a gluten-to-glycerol ratio of 7:3 and containing various percentage of silica. Moisture
absorption strongly depends on the relative humidity, the values at a relative humidity of 75% being almost
double of those at a relative humidity of 52%. On the other hand, moisture absorption decreases very slightly
with increasing filler content. The influence of filler content is therefore negligible in comparison with that of
the relative humidity. Specific interactions of water with the gluten matrix and the glycerol plasticizer are
responsible for the substantial moisture uptake. There is a discontinuous change at filler content of 6 wt%, which
might be caused by a change in the dispersion of silica particles or the morphological change in the composite.
At higher silica contents, the aggregation of silica particles causes a reduction in moisture uptake.
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Fig. 1 Influence of silica content on moisture absorption of

wheat gluten composite at two different relative humidities
Morphology
Figure 2(a) shows an SEM micrograph with a magnification of 5000 x taken at the break surface of the 30 wt%
glycerol plasticized gluten. The fracture surfaces are rather coarse and fluctuant due to cavitation. Nanoscale
pores and microcracks can be observed on the micrograph. Spherulite-like or irregular domains with a size less
than 10 pm are present, which might be residual starch granules or might come from poor mixing of gluten
proteins with glycerol. Figures 2(b), 2(c) and 2(d) show the SEM micrographs for the composites containing
4 wt%, 6 wt% and 10 wt% silica, respectively. Introduction of the filler particles at 4 wt% and 6 wt% leads to
considerable size reduction of the spherulite-like domains. Accordingly, the size and the number of the
nanoscale pores are also reduced. At higher filler levels such as 10 wt%, on the other hand, the composites
become very inhomogeneous in morphology and there appear large spherulite-like domains with a size of 8-25
pm. Morphological observation is hard to characterize the dispersion of the silica particles with a size much less
than the aggregated structure in the gluten phase.
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Fig. 2 SEM micrographs taken at the tensile break surface for the 30 wt% glycerol plasticized gluten
(a) and for the composites containing silica 4 wt% (b), 6 wt% (c) and 10 wt% (d), respectively

Dynamic Mechanical Analysis

Figures 3(a) and 3(b) show the storage modulus E' and the loss factor tano as a function of temperature for the
30 wt% glycerol plasticized gluten and for the composites containing different fractions of silica, respectively.
With increasing temperature, the samples traverse the glassy region and the transition region (tand peak and
modulus drop) in the temperature range investigated. In the glassy region, E’ displays a typical value of 10° Pa,
and a dramatic decrease in E’ is observed at the wide glass-to-rubber transition. The tand curve of the glycerol
plasticized gluten shows a low temperature mechanical loss peaks located at —44.7°C and two high temperature
peaks at 53.6°C and 77.3°C, respectively. Gluten proteins exhibit a wide transition region that is commonly
observed in heterogeneous biopolymerst **). For wheat gluten this may be due to the presence of protein
subunits of different molecular weights and in a wide variety of degree of order, as well as a low content of
residual nonproteinic molecules. The strong hydrogen bonding intermolecular interactions between gluten
proteins and glycerol result in a significant change in molecular motion of proteins. However, the plasticizing
effect is different for different wheat proteins so that the system still presents a wide distribution of chain
mobility at a scale from the molecular level to 20-30 nm*!. The high temperature peaks are associated with the
glass transition temperature (T,) of plasticized gluten proteins, which is much lower than T, of unplasticized
gluten proteins ranging from 124°C to 145°C™*”. The low temperature transition is likely associated with T, of
glycerol-rich phase, which is higher than T, of pure glycerol at —93°C!® %% The appearance of the low
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Fig. 3 Temperature dependence of storage modulus E' (a) and loss tangent tand (b) for the 30 wt%
glycerol plasticized gluten and for the gluten composite containing 2 wt%, 8 wt% and 10 wt% silica
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temperature peak might indicate the phase separation into a gluten-rich and a glycerol-rich phases, while the two
high temperature peaks reveal the different mixing degrees of glycerol with proteins in the gluten-rich phase.
The phase separation might occur due to the presence of protein subunits of different molecular weights.

In comparison with the 30 wt% glycerol plasticized gluten, introduction of silica particles to the
gluten/silica composite causes a significant increase of E’ in the rubbery region. Meanwhile, tand in this region
is lowered considerably. The position of the low temperature transition peak is shifted to high temperatures with
increasing silica content. The composite containing 2 wt% silica still exhibits two high temperature tand peaks at
32°C and 76°C, respectively. However, the composites containing 8 wt% and 10 wt% silica shows only one
broad and flat tand peak with a maximum located at 55°C. In the entire temperature range investigated, E' of the
composites containing 8 wt% and 10 wt% silica is higher than that of the plasticized gluten plastics. On the other
hand, the tand curves of the composites containing 8 wt% and 10 wt% silica are lower than that of the
plasticized gluten plastics. This might be ascribed to the strong interfacial interaction between the silica particles
and the gluten matrix which restricts the molecular motion of protein macromolecules®. The interfacial
interaction is facilitated via electrostatic attraction and hydrogen bonding of silanol groups on silica surface with
the reactive polar amine groups of gluten proteinst**!.

Mechanical Properties

Figure 4 shows stress-strain relationship for the gluten composites with different silica contents. The samples
show yielding-like deformation where stress increases rapidly at small strains and much slowly after yielding at
strains of ca. 15%. This kind of deformation dominates in the temperature region of the glass transition of the
amorphous gluten matrix. After yielding, stress increases almost linearly with strain up to break, and the slope of
stress against strain representing the strain-hardening behavior increases with increasing silica content.
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Fig. 4 Stress-strain curves of the gluten composites

Effects of filler content on Young’s modulus (E), tensile strength (o), and elongation at break (sg,) are
shown in Fig. 5. E and o, increase from 21.8 MPa to 55.2 MPa and from 3.5 MPa to 5.9 MPa, respectively, with
increasing silica content from 0 wt% to 10 wt%. On the other hand, &, decreases from 221% to 145%. This
indicates that the strong interfacial interaction restricts the deformability of the gluten matrix. There are
discontinuous changes of E, o, and &, at a filler content of 6 wt%, which is much more marked in comparison
with the change of moisture uptake behavior in Fig. 1. The discontinuous changes in both mechanical properties
and moisture uptake may be related to the morphological changes of the composites, as seen in Fig. 2. E as a
function of silica content is fitted to the Guth-Gold model™"!

E=E,(1+2.5p+14.1p%) (D)

Here E, is the Young’s modulus of the plasticized gluten, and ¢ is the volume fraction of silica in the composite.
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The theoretical curve of Eq. (1) is plotted in Fig. 5. It is seen that a change in E at silica content below 6 wt%
can be well described by Eq. (1) while E deviates from the theoretical prediction at higher silica contents. It is
suggested that silica particles with content below 6 wt% are finely dispersed in the matrix, therefore E varies
according with the Guth-Gold model. There exists strong hydrogen bonding interaction between silanol groups
on silica surface, which causes aggregation of silica particles at content above 6 wt% in the highly
inhomogeneous composites. The silica aggregation significantly influences the mechanical behavior and also the
moisture uptake. The reinforcing effect at high silica contents might be governed by the percolation mechanism.
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Fig. 5 Effects of silica content on Young’s modulus (E), tensile strength (o)
and elongation at break (g,) for the gluten composites

Influence of Glycerol Content
As commonly shown for biopolymers, films obtained from gluten/silica without the addition of any plasticizer
are brittle and cannot be handled. In this study a minimum glycerol content of 20 wt% was necessary to
overcome the brittleness of the composites. Figures 6 and 7 show the influences of glycerol content on moisture
absorption and mechanical properties of the gluten composite with a gluten-to-silica ratio of 9:1. Moisture
absorption and &, increase while E and oy, decrease as the amount of glycerol increases, which is in agreement
with previous findings in plasticized glutens! '* >, Glycerol is very hygroscopic and tends to uptake water
molecules into the gluten composites. The variations of mechanical properties against glycerol content agree
with the plasticizing effect that causes a decrease in glass transition temperature of gluten'*® **! and lowers the
cohesiveness of protein chains, resulting in improvements in segmental mobility and the free volume of the
network. Consequently, a large amount of plasticizer reduces the strong intra/intermolecular interactions among
wheat protein macromolecules and therefore improves the flexibility and the extensibility of the resultant
composites[s’ 24,48, 53-55]
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Fig. 6 Influence of glycerol content on moisture absorption of the
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Fig. 7 Influences of glycerol content on Young’s modulus (E), tensile
strength (oy,) and elongation at break (g,) for the gluten composite

CONCLUSIONS

Silica particle reinforced wheat gluten composites containing glycerol plasticizer can be obtained using
conventional mixing and thermo-molding methods. The silica filling restrains the molecular motion of gluten
protein due to the strong interfacial electrostatic interactions and hydrogen bonding, which increases the storage
modulus and lowers the loss tangent in a wide temperature range. The moisture and mechanical properties of the
gluten composites can be tailored through adjusting the contents of silica and glycerol.
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