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Abstract. The addition of inorganic fillers into a bioplastic could increase its mechanical properties, which will be influenced
strongly by the type of the clay dispersion. In this work, we have used montmorillonite nanoclays (MMT) to prepare bio-
composites by means of an extrusion process. We present herein the effect of the pH and the addition of montmorillonite
nanoclays (MMT) on the barrier and mechanical properties of wheat gluten based bioplastics. The pH of the samples was
modified by adding aqueous solution of a strong acid or base (H,SO4 and NaOH). Tensile, dynamic mechanical thermal
analysis (DMTA), water absorption and X-ray tests were carried out to study the influence of the above-mentioned variables
on the physicochemical properties and rheological behaviour of bioplastics and biocomposites obtained. Tensile results
showed that both Young’s modulus and tensile strength are higher at unmodified pH. However, the addition of MMT to an
alkaline biopolymer matrix produced remarkable improvements in the rheological and mechanical properties because of a
high exfoliation of the nanoclay noticeable in X-ray results. To summarise, extrusion process and the use of nanoclays present

an excellent opportunity to develop wheat gluten bioplastics able to replace conventional products.
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1. Introduction

Nowadays, a great interest in the development of new
biodegradable polymeric materials from agricultural
resources to substitute synthetic polymer has become
an important challenge due to an awareness of the en-
vironmental impact of conventional plastics. One of
those renewable resources is wheat gluten (WG), a
by-product of the starch industry with a high protein
content (>75 wt%). Gluten proteins possess remark-
able biodegradability [1, 2] and good thermoplastic
properties and processability by extrusion [3], mak-
ing them of interest for packaging and agricultural
applications [4, 5]. Moreover, the use of protein as
raw material proffers the formation of diverse poly-
mer network structures via the wide spectrum of
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chemical functionalities available on the large vari-
ety of amino acids [6].

However, a downside to the use of plant-based pro-
tein material is that their inherent properties are in-
ferior to those of petrochemical based systems. In
addition to introducing chemical diversity, structure
modifications of the amino acid functional groups
through physical (temperature, pressure) and chem-
ical (cross-linking) methods is a very powerful and
versatile tool to tailor protein properties such as
water resistance and mechanical performance [7-9].
Another exciting strategy to enhance and introduce
the innovative features needed for more demanding
and specialized applications is to add certain types
of nanoparticles into the polymer matrix, obtaining
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bio-based composite materials, also known as bio-
composites [10].

Biocomposites, a new type of material formed by the
combination of a natural polymer and an inorganic
solid with at least one dimension in the nanometer
scale, have drawn the attention of many researches
[11-15]. The introduction of nanoreinforcements
into the polymeric matrix of biodegradable polymers
could be an exciting new advance in the develop-
ment of eco-friendly biocomposites since their chem-
ical structures provide significant improvements in
the barrier, mechanical and thermal properties which
can overcome the typical failure of hydrophilic bio-
polymers films [12, 16—18]. The most popular nano-
scale filler consists of nanoclays with layered silicate
structure, such as montmorillonite (MMT) and kaoli-
nite, where a central alumina octahedral sheet is lo-
cated between two silica tetrahedral sheets [12, 19].
However, to observe these effects it is necessary to
achieve a proper dispersion of nanoparticles through-
out the polymer matrix [20]. This is often the main
challenge in obtaining suitable biocomposite mate-
rials [10].

In this study, an alternative means to enhance the
nanoclay dispersion in the gluten protein matrix by
extrusion based on the use of pH modifiers was pro-
posed. It is known that the pH value of the proteins
is an important factor for their functional properties
[21]. This is due to the fact that proteins change their
net charge at a pH value that is different to their iso-
electric point. There is a positive net charge at a lower
pH value and a negative net charge at a higher pH
value [22]. In wheat gluten films, intermolecular in-
teractions such as disulfide bridges, hydrogen bonds,
and hydrophobic interactions are especially influ-
enced by a pH shift [23]. Thus, the conformation of
the protein in the biocomposite and the relevant in-
teractions between clay and protein are the key to
understand the particular properties of biocompos-
ites. So far, the information concerning the effect of
pH on the properties and dispersion of nanoclay of
bioplastics produced from wheat gluten protein
through extrusion and compression moulding process-
es is scarce.

With this approach, this work explores the possibil-
ity of using plasticized wheat gluten for the develop-
ment of biodegradable plastics materials. The effect
of pH on the properties of wheat gluten bioplastics
and wheat gluten/montmorillonite (WG/MMT) bio-
composite prepared by extrusion and compression

molding process are presented. The systems were
characterized in terms of their tensile properties, water
uptake, and thermomechanical properties. The pH ef-
fect on dispersion nanoclay in the protein matrix, mor-
phology and mechanical performance of the materi-
als was discussed. Their structures were determined
by X-ray diffraction and transmission electron mi-
croscopy as well.

2. Experimental

2.1. Materials

Commercial vital wheat gluten (WG, with 83 wt%
protein, 8 wt% moisture and 1 wt% ashes) was pur-
chased from Brenntag Quimica S.A. (Barcelona,
Spain). A mixture of glycerol (G) (Guinama, Valen-
cia, Spain) and distilled water (W) was used as plas-
ticizer. Furthermore, sodium hydroxide (SH) (Sigma-
Aldrich, Madrid, Spain) and sulfuric acid (SA) (Pan-
reac Quimica Sau, Barcelona, Spain) as additive were
added to the plasticizer to modify the pH of the end
product. Lastly, a natural montmorillonite (MMT),
Cloisite® Na*, from Southern Clay Products (Gon-
zales, USA) as nanoparticle was used.

2.2. Sample formulation

All formulations prepared are collected in Table 1.
A total of six systems were considered to study the
effect of the pH and nanoclays on the obtained bio-
plastics and biocomposites properties. The pH of the
systems was appropriately adjusted with H,SO4
(0.2 M) and NaOH (0.6 M) aqueous/glycerol solu-
tion. Samples with (1 wt%) and without nanoclays
were prepared at acid (5.4), unmodified (6.1), and
basic (10.8) pH, and were designed as shown in
Table 1. Control WGGW bioplastic without nan-
oclays was prepared at the unmodified pH. The plas-
ticizer consisted of a blend of glycerol (G) and dis-
tilled water (W) at 50 wt%. A protein/plasticizer
weight ratio of 55/45 and 1 wt% of clays was main-
tained, except for the acid system (at 5.4 pH) where
the ratio was modified to 65/35 in order to make the
bioplastics processable (a soft and sticky yellowish
mass was obtained through die extruder when the
WGGW control system was processed with a pro-
tein/plasticizer weight ratio of 55/45).

2.3. Thermoplastic processing

A co-rotating twin screw extruder with ten differen-
tiated zones (EuroLab 16 mm, ThermoFisher Scien-
tific, Massachusetts, USA) equipped with a circular
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Table 1. Composition of bioplastics and nanobiocomposites

investigated.
sampie code | B e pasd on sl PP
WGGW 55/22.5/22.5 6.1
WGGW-MMT 55/22.5/22.5 1 6.1
WGGW-SH 55/22.5/22.5 10.8
WGGW-SH-MMT |55/22.5/22.5 1 10.8
WGGW-SA 65/17.5/17.5 5.4
WGGW-SA-MMT |65/17.5/17.5 1 54

die of 4 mm was used to extrude the bioplastics.
Wheat gluten was introduced by using a twin screw
volumetric feeder (Coperion K-Tron, compact KC,
Switzerland), while the plasticizer and additives
were added with the aid of a feeder pump. All sam-
ples were processed at a constant rotational speed of
100 rpm and with a specific set barrel temperature
profile (50-55-50-45-45-45-40-35-30-30°C from
hopper to die). Extruded samples were pelletized by
using a Haake FLP 16 granulator (Thermo Scientific,
Massachusetts, USA). In addition, nanoclays were
easily added to the polymer matrix with the aid of
the volumetric feeder, which were previously mixed
with the wheat gluten, becoming a good alternative
to process biocomposites. The pH and the visual ap-
pearance of samples after extrusion are collected in
Table 1.

Afterwards, the pellets were moulded by compress-
ing with a 25T hot plate press (MTI Corporation,
Richmond, USA) at 120°C and 100 bar gauge pres-
sure for 12 min, by using a rectangular mould of
220%50x3 mm?. Test specimens for tensile tests ac-
cording to ASTM D638 and 50x10%3 mm? rectan-
gular specimens for thermal analysis were prepared
by means of a die cutting machine (ATS Faar, S.p.A,
Milano, Italy). All samples were stored at 53% RH
and at room temperature.

2.4. Characterization

2.4.1. pH measurements

The pH values of the samples were determined on
die of extruder with a pH meter equipped with an
electrode for solid substances (50 33, Crison Instru-
ment S.A., Barcelona, Spain).

2.4.2. Tensile tests
Tensile tests were carried out by using a Shimadzu
AG-IS testing machine (Shimadzu Corporation,

Kyoto, Japan) with a 1 kN load-cell in accordance with
ASTM D638-10 Standard Test Method for Tensile
Properties of Plastics. [V-type dumbbell-shaped spec-
imens (620.5, 33+0.5 and 2+0.5 mm of width, length
and thickener of narrow section, respectively) were
tested at a single cycle of 50 mm/min and Young’s
modulus, tensile strength and strain at break were
determined for all samples.

2.4.3. Dynamic mechanical thermal analysis
(DMTA)

DMTA tests were performed with a Physica MCR
301 controlled-stress rheometer (Anton Paar, Graz,
Austria) equipped with a SRF12 sensor in torsion
mode. Storage (G’ and loss (G") moduli were ob-
tained as a function of temperature, and the complex
modulus (G*) and loss tangent (tan §) were calculat-
ed as |G*]> = |G')* + |G"|*> and tand = G"/G’ respec-
tively. Temperature sweeps at constant frequency of
1 Hz were carried out inside the linear viscoelastic
region (LVR), in a temperature range from 25 up to
170°C by applying a heating ramp of 2 °C/min.

2.4.4. Water uptake

A simple test was used to determine water absorption
capacity of all samples after their immersion in
50 mL distilled water at room temperature (2 and
48 h). Water on the surface of the samples was re-
moved, and the samples were weighed again ().
The remaining water, containing plasticizers and sol-
uble proteins, was dried in order to quantify the
weight of soluble matter (Ws,). Water absorption
(Ab) was calculated after 2 and 48 h by using Equa-
tion (1):

W =W, t W,

where W, Wy and W are the weights of the wet
specimen, specimen before swelling and water-sol-
uble residue, respectively.

2.4.5. X-ray diffraction (XRD)

A Bruker D8 Advance X-Ray Diffractometer (Bruk-
er, Massachusetts, USA) with a monochromatized
CuKa radiation at 40 kV and 30 mA was used to
carry out X-ray diffraction tests. A scanning range
(20) from 2 to 30° with a step size of 0.05° and a
count time of 15 s per step was applied. Bragg’s law
was used to calculate the clay gallery separation.
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2.4.6. Transmission electron microscopy (TEM)
Specimens for TEM observation were cut from bio-
plastic and biocomposite blocks at —120°C, using a
Leica EM UC7 Ultramicrotome (Wetzlar, Germany),
equipped with a glass knife, to obtain sections with
thickness between 70 and 90 nm. Transmission elec-
tron images were taken with a Zeiss Libra 120 mi-
croscope, at an acceleration voltage of 80 kV.

2.4.7. Statistical analysis

At least three replicates of water uptake capacity and
DMTA tests or five tensile tests (n) were carried out.
Standard deviations were calculated for some select-
ed parameters from water uptake capacity and tensile
test. The data were presented as average (X) + stan-
dard deviation [Y,(x, —X)*/(n — 1)]'?).

3. Results and discussion

3.1. Mechanical properties

Figure 1 plots the tensile stress-strain response of the
bioplastics and biocomposites studied. All samples
exhibited a plastic tensile behaviour after a small
elastic deformation. This can be most appreciated
from the WGGW-SH system in which the elastic

zone is barely noticeable. All of the polymers showed
an increase in strength at low strain values, followed
by a progressive decrease to a constant stress—strain
slope which concluded with the rupture of samples
at tensile strength value. The characteristic mechan-
ical properties of bioplastics and biocomposites as
obtained from the tensile stress-stain plots are colect-
ed in Table 2

As can be noticed from Table 2, the pH had a signif-
icant effect on the mechanical properties of the sam-
ples. The WGGW sample, with a pH around 6, showed
the highest values for Young’s modulus and the ten-
sile strength (31.9 and 4.1 MPa, respectively). On
the other hand, a drastic decrease of tensile strength
occurred in the samples processed under alkaline
conditions (WGGW-SH) although the strain at break
was not affected. Finally, in acid conditions (WGGW-
SA), the strain at break increased considerably de-
spite the reduction of plasticizer (203.8%).

At pH 6, the WGGW samples are processed at pH
closer to the isoelectric point of wheat gluten (pH of
7.5). The positive charges in the molecule are bal-
anced out by the negative charges at its isoelectric
point, resulting in a net charge of zero in the molecular

Table 2. Mechanical properties of nanobiocomposites as a function of the pH.

Systems H Young’s modulus Strain at break Tensile strengh
¥ P [MPa] [%] [MPa]
WGGW 6.1 31.943.1 175.4421.2 4.1+£0.3
WGGW-MMT 6.1 27.0+£1.8 135.0+12.4 3.8+0.3
WGGW-SH 10.8 7.7£0.3 165.1+15.5 1.8+0.1
WGGW-SH-MMT 10.8 14.7+1.2 136.9+ 15.1 2.54+0.2
WGGW-SA 5.4 15.7+1.3 203.8+18.2 3.0+0.1
WGGW-SA-MMT 5.4 19.8+1.4 150.1+19.9 2.840.1
T T T T T T T T T T T T
4L 4+ 44
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Figure 1. Stress-strain curves for different systems as a function of the pH.
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structure [22, 24-26]. Thus, at pH 6, the non-charged
proteins are able to establish stronger bonds (ionic
bonds and covalent bonds such as peptide and disul-
fide bonds) after thermomechanical processing, which
results in higher modulus values (tensile strength,
and Young’s modulus) if compared to pH 5.4 and
10.8 [27].

During compression-moulding under alkaline con-
ditions, NaOH induces formation of nondisulphide
covalent crosslinks, such as dehydroalanine, lysi-
noalanine and lanthionine [28]. The resulting intra-
and intermolecular crosslinks are stable such that, as
stated by Jansens et al. [29], replacement of disul-
phide bonds with other covalent bonds does not ap-
parently affect the material properties of the end prod-
ucts. NaOH generally accelerates the cross-linking
reaction, thus significantly improving Young’s mod-
ulus, tensile strength, and strain at break. However,
an NaOH content >0.5 wt% could cause adverse ef-
fects at moulding temperatures as high as 110°C
[30]. Jansens et al. [29] reported that alkaline condi-
tions may induce protein degradation, likely caused
by peptide bond hydrolysis, with the formation of
low My protein fragments. This could explain the
decreased values of Young’s modulus and tensile
strength obtained for the WGGW-SH samples.

The increase in the strain at break value obtained
under acid conditions (WGGW-SA) could be ex-
plained by an increased interaction between plasti-
cizer and protein [31]. Conformational changes in
the molecular structure of wheat gluten are produced
when the pH is modified from its isoelectric point,
generating the movements of the protein chains and
allowing a higher sliding of plasticizer through them.
In addition to the increase in plasticizing effect, how-
ever, the addition of acid prevents the wheat gluten
cross-linking, thus accounting for the lower tensile
strength and Young’s modulus of the WGGW-SA
samples. This trend was also observed by Baldwin
et al. [32] and Jagadeesh et al. [33] for films con-
taining solely plasticizers, whereas the plasticizer
concentration increased, tensile strength was signif-
icantly decreased [34].

The effect of introducing layered silicates (MMT)
in the wheat gluten matrix of WG-based bioplastics
did not exhibit increases in the mechanical proper-
ties. This may be caused by poor clay dispersion
which strongly depends on the protein-clay interac-
tion. At pH 6, close to the isoelectric point of wheat
gluten, the net charge of the molecule is zero and the

protein-clay compatibility decreased giving rise to
the agglomeration of the nanoparticles as is shown
in Figure 6b. As is apparent from Figure 1, only the
WGGW-SH-MMT system presents higher Young’s
modulus and tensile strength values, if compared to
its counterpart without MMT (WGGW-SH).

Since unmodified MMT is hydrophilic and negative-
ly charged, it was supposed to be naturally compat-
ible with the hydrophilic and positively charged wheat
gluten matrix and, thus, appeared suitable for nano-
composite preparation. However, the very low fre-
quency of charged groups on the gluten proteins com-
bined with a rather high frequency of non-polar side
chains [2] indicated that the compatibility between
protein and clay might be improved by modifying
the pH of the medium. At pH 5.4, an external posi-
tive charge balance in the protein chain should take
place as result of the acid medium, allowing its in-
teraction with the clay nanoparticles, which are char-
acterized by an external negative charge inside the
clay platelet [35]. However, for the said sample
(WGGW-SA-MMT), only a slight increase on the
Young’s modulus was actually obtained (from 15.7 to
19.8 MPa), indicating a small degree of interaction
between positively charged gluten molecules and neg-
atively charged nanoclay. Conversely, great differ-
ences in the mechanical properties of bioplastics were
found when nanoparticles were dispersed in alkaline
medium (WGGW-SH-MMT). Young’s modulus sig-
nificantly increased when the reinforcements were
added to the bioplastic, possibly as a consequence of
the exfoliation of nanoclays in the polymeric matrix.
This is consistent with TEM results which show the
dispersion of the clay as discussed later (Figure 6).
Na* cations are located into the inter-layer space,
which are externally exposed when the exfoliation
layers is produced. In this way, a strong interaction
between Na* cations of exfoliated nanoparticles and
the external negative charge of protein in alkaline
conditions could be produced, giving rise to an in-
crease of Young’s modulus of bioplastics (from 7.7
to 14.7 MPa). A better understanding of the internal
chemical interactions between protein and nanoclays
as a function of pH can be seen in Figure 2.

Noteworthy is that the strain at break value of all sam-
ples decreased with the presence of the nanoclays
(see Table 2). The hydrophilic character of MMT
might favour the establishment of hydrogen bonds
with the plasticizer (glycerol), this latter becoming
less available for the plasticization of the wheat
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gluten matrix. A decrease in plasticizer content has
already been found to increase tensile strength values
[36]. Thus, the macromolecular structure of wheat
gluten-based materials can be affected by the nature
of the reinforcing filler, and more precisely, by the
interactions that might be established between the
different constituents [2].

function of pH.

3.2. Water uptake

The water absorption capacity of the bioplastics and
biocomposites can be seen on Table 3 and Figure 3
as a function of pH. As shown, the water absorption
obtained at both pH 5.40 and 10.8 was higher than
that obtained at pH 6.1. That is, the water absorption
capacity was enhanced when the pH was far from the
isoelectric point. These results indicate that the pres-
ence of charges at the protein surfaces must play an
important role in their water uptake capability, with
the best performance being obtained under the strong-
ly alkaline conditions; the system at pH 10.8 showed
a water uptake of 102% after 48 h of immersion.
Table 3 also shows that the presence of MMT in-
creased water resistance in all of the biocomposites
if compared to their counterparts without MMT. Most
markedly, a reduction of the liquid water uptake of
10 wt% occurred for the biocomposite processed at
pH 6.1; that is, a minimum solubility of protein was

<
A Table 3. Water absorption capacity of samples.
Abs
Systems pH [wt%]
2h 48 h
WGGW 6.1 42.8+1.1 62.7£3.2
WGGW-MMT 6.1 34.3+0.8 43.2+1.3
WGGW-SH 10.8 74.842.3 102.0+5.3
WGGW-SH-MMT 10.8 69.9+1.8 91.9+4.9
Figure 2. Chemical behaviour of protein and MMT as a | WGGW-SA 54 | 49.0+0.8 69.8+0.5
WGGW-SA-MMT 54 50.4+0.8 68.5+0.8
1 1
2 hours 48 hours

WGGW-SA [

69.9
WGGW-SH

74.8

WGGW [

[__| Without MMT

o ZA ] With MMT
Soluble mass
PR 1 PR 1 1 " 1 " P Y I’f’ PR I TN IR ST S N
30 45 60 75 90 03 15 30 45 60 75 90

[wt%]

Figure 3. Water absorption capacity of bioplastics and nanobiocomposites.
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achieved at their isoelectric point, increasing as the
pH value is distanced [22]. Thus, aggregation of the
protein molecules close to the isoelectric pH in
WGGW sample was favoured, hampering water pen-
etration in the system and reaching the lowest water
absorption values.

On the contrary, the presence of MMT in the
WGGW-SA and WGGW-SH samples did not impact
the water sensitivity since equilibrium parameters
were not significantly different from values obtained
for the neat matrix (Table 3). However, the presence
of MMT in the WGGW-SH matrix significantly in-
creased soluble mass (Figure 3) and altered the prop-
erties of the gluten-based biocomposite, possibly be-
cause of the protein degradation previously reported.

3.3. Thermomechanical behaviour

Figure 4 depicts the complex modulus |G"| and loss
tangent (tan d) as a function of temperature, obtained
from the DMA experiments of the bioplastics and
biocomposites. As can be noticed, higher complex
modulus values were obtained in those samples at
pH 6.1 (control WGGW sample) and pH 5.4
(WGGW-SA sample). For these samples, |G"| de-
creased with increasing temperature up to 120°C, fol-
lowed by a short temperature interval where |G'| lev-
els off, thus extending this rubbery-like plateau from

120 up to 160°C. Note that the acid addition clearly
resulted in an extension of the plateau region in the
WGGW-SA and WGGW-SA-MMT samples For pro-
tein based systems, this plateau region has been at-
tributed to a situation that falls between a temporary
entangled network and covalent crosslinking [37],
as hydrophobic interactions usually act not at a point
on the chain as covalent crosslinks do, but involve
more extended ‘junction zones’. Thus, an extension
of this region — as was obtained under acid condi-
tions — results in decreased susceptibility of the bio-
plastic to temperature. This effect became more
marked with increasing acid content due to the in-
creased number of sites available for interactions
amongst the chains, probably by inhibiting protein ag-
gregation, as has been previously reported [38].

The values of |G"| were lower for the bioplastic at
10.8 pH (WGGW-SH) than for the control in the
whole temperature range studied. In this case, a lower
temperature (80°C) was needed for starting the plateau
region, which was extended from 80 up to 110°C,
followed by a high-temperature decrease of |G”|.
Low My fragments and protein denaturation under al-
kaline conditions (as discussed in Section 3.1) result-
ed in lower viscoelastic properties of the system.

Figure 4 shows that the addition of nanoclays result-
ed in an increase in the complex modulus of all the

L T T T T T T T T
[ = WGGW
[ WGGW-MMT
® WGGW-SH
O WGGW-SH-MMT
WGGW-SA
107k 1 WGGW-SA-MMT J 107
T : T
a, a,
%) [ 0]
1] I o]
10°F + {100
[
0.35F T+ {035
0.30} L {030
=} [ =}
c r c
8 . 8
0.25f T {025
3
020} L {020

40 80 120

160

40 80 120 160

T[°C]

Figure 4. Frecuency dependence of the complex modulus (G*) and loss tangent (tan 8) for bioplastics and nanobiocomposites

as a function of the pH.
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Figure 5. X-ray diffraction patterns.

systems. Nevertheless, the presence of reinforcements
in the alkaline system allowed obtaining the greatest
increase of complex modulus values as result of a
better interfacial interaction between polymeric ma-
trix and exfoliated nanoparticles (see Figure 5). On
the contrary, MMT intercalates into the matrix at 5.4
and 6.1 pH, which does not induce an enhancement
in viscoelastic properties, presenting small to no dif-
ferences in the complex modulus.

Finally, from the loss tangent curves presented in Fig-
ure 4, the glass transition temperatures may be iden-
tified. As may be observed, two well defined peaks
were obtained for all the samples. The first peak, Ty,
located close to 70°C was attributed to a glass tran-
sition temperature of the plasticized wheat gluten
[39, 40], whereas the second peak, T, at around
130°C, would be mainly related to an internal re-
arrangement of the material. The system prepared in
alkaline conditions (WGGW-SH) showed a lower
Ty (67°C) and a higher T}, (125°C) compared with
the rest of systems (around 80 and 115°C, respective-
ly), likely due to a rearrangement of the material at
a higher temperature through interfacial interactions.
A significant shift of 7, values toward higher tem-
peratures for biocomposite at 10.8 pH was noted, in-
dicating that the presence of MMT strongly restrict-
ed the protein chain mobility. Overall, these results
show that the presence of nanoclays can affect the
glass transition temperature of wheat gluten-based

0[]
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materials, with the biggest changes occurring in al-
kaline medium systems.

3.4. Microstructural analysis

The morphology of wheat gluten-based materials was
evaluated using XRD analysis (Figure 5) combined
with TEM observations (Figure 6). To go further in
this investigation, characterization of the nanostruc-
ture by TEM and XRD appeared essential in order
to support all the hypotheses proposed above.

The degree of clay dispersion is usually character-
ized by XRD. Figure 5 shows the XRD patterns for
the original clay (MMT) and the WGGW-MMT nano-
composites at different pH. As can be observed, the
MMT clay layers showed a strong peak at 7.5° (20),
giving a dgg; spacing of 11.70 nm which is associat-
ed with the spacing between the silica layers that
constitute the clay structure. On the other hand, the
XRD patterns of the bioplastic and biocomposites
changed dramatically in comparison with montmo-
rillonite clay, with no sharp peaks being observed.
In fact, the peak at 7.5° (20) disappeared when the
nanoparticles were introduced into the wheat gluten
bioplastics.

In general, the absence of diffraction peaks in the
XRD pattern can be attributed to two possible rea-
sons: (a) exfoliated structure and (b) partially exfo-
liated-intercalated structure. In either instance, this ex-
foliation confirms the existence of a high dispersion
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‘ 1 um

e) f)

Figure 6. TEM images of (a) WGGW, (¢) WGGW-SH and (¢) WGGW-SA samples without nanoclays, and the corresponding
systems with MMT (b), (d) and (f), respectively.
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degree of nanoclays within the polymeric matrix of
all systems. However, slight differences can be no-
ticeable. Diffraction patterns (7.5°) of bioplastics at
10.8 pH (WGGW-SH) showed no differences com-
pared with their biocomposites (WGGW-SH-MMT),
which might be a confirmation of the total exfolia-
tion of reinforcement in the polymeric matrix.
Figure 6 shows that the TEM images of the wheat
gluten bioplastics are clearly different from their as-
sociated biocomposites. All of the bioplastics pos-
sessed pores associated with aggregated proteins (Fig-
ure 6a, 6¢, 6¢). These pores could also be ascribed to
combined phenomena including air incorporation
during the extrusion process and/or a rapid water
evaporation in the die, resulting in material expansion
[2]. However, this is unlikely for these wheat gluten
bioplastics given that the same pores are not present
in TEM images of the samples containing clays in
their formulation (Figure 6b, 6d, 6f).

From the TEM images of the wheat gluten bioplas-
tics, it can be seen that the WGGW sample (Figure 6a)
possessed a larger number of pores, which would re-
sult in a coarser and expectedly less rigid structure
than that found at the other pH values (10.8 and 5.40)
(Figure 6¢ and 6e, respectively). This behaviour may
be related to its proximity to the protein isoelectric
point, at which the protein molecules are slightly more
aggregated, with lesser molecular interactions.

On the other hand, the TEM images of biocompos-
ites at different pH (Figure 6b, 6d, 6f), show that the
introduction of nanoparticles involves noticeable
structural changes. Figure 6d shows that most of the
clay layers were disorderly dispersed within the pro-
tein matrix at basic pH (WGGW-SH-MMT). The de-
laminated silicate lamellas in the bioplastic are fur-
ther randomized, disordered and shifted during the
extruding process. This indicates strong mixing of the
nanoparticles with the negatively charged protein
molecules. As presented in Section 3.1, this likely re-
sults from strong ionic interactions between the Na*
ions of the nanoclay and the negative charges on the
protein under the strongly basic conditions. In the case
of the sample WGGW-SA-MMT (Figure 6f) it was
apparent that the clay layers were orientated and pre-
sented an intercalated-exfoliated dispersion. This is
consistent with the small degree of interaction expect-
ed between the positively charged gluten molecules
and the negatively charged nanoclay previously dis-
cussed in Section 3.1. The system WGGW-MMT
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also displayed an intercalated-exfoliated dispersion;
however, we can observe in Figure 6b stack-like
structures, which are consistent with even less inter-
action between the uncharged gluten molecules and
the nanoclay particles; recall from Section 3.1 that
at pH 6, close to the isoelectric point of wheat gluten,
the net charge of the molecule is zero. Furthermore,
at this pH the protein is most crosslinked, further re-
stricting ability of the nanoparticles to intercalate into
the protein compared to the systems at other pH. This
results in agglomeration of the nanoparticles with
each other, as is shown in Figure 6b.

In general, the effect of pH value on clay dispersion
is subtle but can be directly visualized by comparing
TEM images and XRD patterns of biocomposites.

4. Conclusions

Bioplastics and biocomposites were successfully
prepared by using an extrusion process at low tem-
peratures. The processing pH exerted a significant
influence on the properties of these materials, with a
reduction in the plasticizer/protein weight ratio being
necessary when acid conditions were used. An in-
crease in the mechanical and rheological properties
of the bioplastics occurred at pH close to the isoelec-
tric point of wheat gluten (pH = 7.5), which were
drastically reduced in alkaline conditions. However,
a good interaction between nanoclay and protein was
reached on alkaline biocomposites (pH > 10), giving
rise to high exfoliation of reinforcements inside poly-
meric matrix and thoroughly improving the mechan-
ical and rheological properties. The presence of inter-
calated-exfoliated nanoparticles structures took place
in the rest of the systems. Nanoclay dispersion can
be confirmed by means of XDR patterns and TEM
images. Rheological response for all bioplastics
showed two glass transition, 65 and 130°C, which
were raised and overlapped with the use of nanopar-
ticles at alkaline pH, resulting in a better dispersion
of their compounds. Finally, the water absorption val-
ues indicate that the clay platelets effectively acted as
geometrical obstacles in the wheat gluten matrix.
Overall, we have presented a method for the prepa-
ration of biocomposites via pH-induced nanoclay dis-
persion. Our method allows for the use of the con-
ventional equipment to obtain these biocomposites,
thus reducing the barriers from lab to commercial
scale up for the production of synthetic biodegrad-
able composites from renewable sources.
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