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ABSTRACT: The eﬀect of alkaline lignin (AL) and sodium lignosulfonate (LSS) on the structure of thermoplastic zein (TPZ) was
studied. Protein structural changes and the nature of the physical interaction between lignin and zein were investigated by means of
X-ray diﬀraction and Fourier transform infrared (FT-IR) spectroscopy and correlated with physical properties. Most relevant
protein structural changes were observed at low AL concentration, where strong H-bondings between the functional groups of AL
and the amino acids in zein induced a destructuring of inter- and intramolecular interactions in R-helix, β-sheet, and β-turn
secondary structures. This destructuring allowed for an extensive protein conformational modiﬁcation which, in turn, resulted in a
strong improvement of the physical properties of the bionanocomposite.
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’ INTRODUCTION
The use of natural polymers for the production of plastics is a
promising approach for substituting oil-based polymers and is
steadily growing.1 Polymers directly extracted from biomass such
as polysaccharides and proteins, besides the natural origin, have
the additional advantage of being biodegradable and/or compostable under speciﬁc environmental conditions. However, when
compared to oil-based polymers, they are inferior in terms of
processing and functional and structural performances. In particular, processing problems are mainly due to reduced plastic ﬂow
properties of these polymers2 and the intrinsically diﬃcult
reproducibility and control over the molecular architecture and
spatial conformation of natural macromolecules.3 Furthermore,
attempts to make plastics from plant materials had the vicious
eﬀect of increasing food prices. One alternative is the use of
biological feedstocks that are the byproduct of the food and
agricultural industries, such as corn zein, wheat gluten, feather
keratin, egg albumin, and lactalbumin.4
Zein is found in corn endosperm and has been the object of
research as well as industrial interest (being commercially available since 19385) for its ﬁlm-forming ability and its unique
hydrophobicity, which is due to its high content of nonpolar
amino acids. Like any other protein, upon isolation from the
native state, zein shows high density and brittle behavior, with
a high modulus and stress to break and a low strain to break.
One popular method for utilizing zein is, then, to plasticize it
with small polar molecules such as water, glycerol, and ethylene
glycol. In this way, although the molecular rearrangement is not
regained, some level of plasticization, mimicking natural hydration, allows for a certain polymer ﬂexibility. A reduction in
the proteinprotein hydrogen-bonding interactions and an
increase of free volume and molecular mobility are the possible
mechanisms proposed in the literature for describing the eﬀects
induced by the presence of the plasticizer. As a matter of fact,
the protein amino acids sequence (primary structure) and molecular
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architecture, its spatial arrangement (secondary and higher order
structure), the intermolecular interactions, and the interactions
with the plasticizer are responsible for the deﬁnition of the ﬁnal
properties of the natural plastic system.
Recently, the combination of proteins and inorganic solids of at
least one characteristic dimension of the order of nanometers (e.g.,
clays) has become an emerging group of hybrid materials, namely,
bionanocomposites. Clay has been successfully used as a nanoscaled reinforcing phase for a wide range of commodity and natural
polymers. Some natural polymer/clay materials with high performance such as mechanical, thermal, and barrier properties have
been achieved by several research groups. Potentials and problems
associated with the use of nanoscaled additives to biopolymers
for food packaging applications have been recently reviewed.68
To have improved properties, dispersion of nanometric additives
in the natural polymeric matrix is a key feature and is achieved
via the control of the possible interactions between the surface of
the nanometric additive and the hydrophobic and/or hydrophilic
domains of the molecule. The conformation of the natural
polymer itself in the bionanocomposite is, in turn, aﬀected by
the presence of the nanometric additive, which, together with the
plasticizer and, of course, processing, plays an additional role in
deﬁning the ﬁnal macromolecular conformation. Possibly, for this
reason, the ﬁnal material performances of the bionanocomposites
are aﬀected by the presence of the nanometric additive to a more
profound extent than in the case of commodity plastics.
In the very recent literature about biopolymers, the control
over inter- and intramolecular weak interactions, which play
a profound role in deﬁning the performances of the materials
because they are responsible for the arrangement at the
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Table 1. Classiﬁcation of TPZ-Based Nanocomposites
TPZ-based composite

Figure 1. (a) Alkali lignin (AL) and (b) lignosulfonic acid sodium salt
(LSS).

macromolecular level (protein conformation), is referred to as
supramolecular design. By programming weak forces such as
H-bondings, hydrophobic interactions, and ionic interactions,
biopolymers may achieve mechanical properties that synthetic
polymers still cannot rival.9
Lignin is one of the most abundant organic substances on
earth, and large amounts are easily available from, for example,
bioethanol production.10 Lignin is primarily a structural material
adding strength and rigidity to cell walls and constitutes between
15 and 40% of the dry matter of woody plants. Lignin in the
scientiﬁc literature is known as “insoluble plant polymer” with
aromatic and highly cross-linked structure. From the chemical
point of view, lignin can be deﬁned as a very reactive macromolecular compound, because of its functional groups such as
aromatic rings, phenolic and aliphatic alcohol groups, and
methoxy groups that are possible sites for chemical modiﬁcation
and/or reaction. For this reason, lignin is able to interact with
many polymers, by inducing relevant changes in their wettability,
ﬁre resistance, and mechanical properties.1113 However, the
complexity of the possible chemical interactions between lignin
and polymers (in particular, natural polymers) remains, nowadays, an important challenge. In particular, several authors1113
investigated the eﬀect of ligninnatural polymer interactions on
the functional and mechanical properties of natural polymers. In
these studies, the variation/improvement of the characteristic is
strongly dependent upon the chemical functional groups of both
lignin (alkaline lignin and lignosulfonate) and natural polymers
(soy protein, starch, and others).
In this work, we utilized lignin as a highly interactive additive
in thermoplasticized zein to gain a supramolecular control over
the structure of zein and, in turn, produce a true bionanocomposite. To this aim, we investigated the eﬀect of two kinds of
lignin on the structural arrangement of the protein as well as on
the ﬁnal dynamical mechanical, water absorption, and mechanical properties. The structural investigation has been performed
via Fourier transform infrared (FT-IR) and X-ray diﬀraction
(XRD) analyses, which highlighted the changes induced in the
R-helix, β-sheet, and β-turn structures of zein.

’ MATERIALS AND METHODS
Materials. Maize zein powder (code Z3625, lot 065K0110) was
purchased from Sigma-Aldrich, Italy. Poly(ethylene glycol), PEG
(Mw = 400, code 81170, Sigma-Aldrich, Italy) was used as plasticizer
for zein to prepare thermoplastic zein (TPZ). To investigate the effect of
lignin on zein structure, two different ligninic systems were used, alkali
lignin (average Mw = 28000 ca., code 370959, Sigma-Aldrich, Italy),
hereafter denoted AL, and lignosulfonic acid sodium salt (average
Mw = 52000 ca., code 471038, Sigma-Aldrich, Italy), hereafter denoted
LSS, with two different functional groups (see Figure 1). All of the
materials were used as received from the suppliers.

AL (wt %)

LSS (wt %)

TPZ

0

0

TPZ1AL

1

TPZ3AL

3

TPZ5AL

5

TPZ10AL

10

TPZ1LSS

1

TPZ3LSS

3

TPZ5LSS
TPZ10LSS

5
10

Methods. TPZ-Based Nanocomposites Preparation. TPZAL
nanocomposites were prepared by using a melt mixing method. AL
was first added to PEG in amounts such that the final concentrations of
AL were 1, 3, 5, and 10 wt % of zein+PEG system. The PEG+AL mixture
was magnetically stirred in a beaker at room temperature for 3 min to
allow a good dispersion of AL into the plasticizer. Subsequently, zein
powder (moisture content, as determined by thermogravimetric analysis, equal to 7 ( 0.3 wt %) was added into the PEG+AL system and
mixed in a beaker using a spatula to provide a crude blend. The amount
of PEG was 25 wt % of the zein+PEG system. The crude blend was then
subjected to temperature and shear stresses in a twin counter-rotating
internal mixer (Rheomix 600 Haake, Germany) connected to a control
unit (Haake PolyLab QC) for thermoplasticization. Mixing temperature,
speed of rotation, and mixing time were 70 °C, 50 rpm, and 10 min,
respectively.3 Finally, the molten composites were extracted from the mixer
and compression molded at 70 °C and 5 MPa into slabs with a thickness of
1 mm by a hot press (P300P, Collin, Germany). The same procedure was
used to produce the bionanocomposites with LSS in place of AL. Neat
TPZ was subjected to the same mixing procedure for proper comparison.
The classification adopted for samples is reported in Table 1.
TPZ-Based Nanocomposites Characterization. Because the use of
lignin has been proposed to improve mechanical properties and water
sensitivity of TPZ, the effects of different contents of AL and LSS on the
structure and properties (mechanical, dynamic mechanical, and water
uptake) of TPZ-based nanocomposites were investigated and compared
with neat TPZ. Knowledge of the structure of different nanocomposites
supports the understanding of the changes occurring in composites'
properties. In particular, the crystalline phase (R-helix) of TPZ was
investigated by wide angle XRD.14 FT-IR was used to investigate the
effects of lignin on the secondary structure (R-helix, β-sheet, and
β-turns) of TPZ.
XRD. The X-ray patterns of the different bionanocomposites were
obtained by using a diffractometer PW1710 (Philips, The Netherlands)
with a nickel-filtered Cu KR radiation of wavelength 1.54 Å at a voltage
of 40 kV and a current of 20 mA. Samples were examined in a range
of diffraction angles, 2θ = 360°, at a scanning rate of 0.6°/min with
0.01°/s steps. XRD signals were deconvoluted with OriginPro 8.0
software by using Lorentzian sum fitting.
FT-IR. FTIR measurements were carried out at room temperature by
using a Nicolet apparatus (Thermo Scientific, Italy) and selecting a
wavenumber resolution of 4 cm1 for 64 scans from 4000 to 600 cm1.
The FTIR spectra were collected in absorbance mode on transparent
pellets obtained by dispersing the sample in the form of powder in
KBr (2 wt %/wt). To estimate the content of the various secondary
structures, the absorption of the amide I band15 in the range 1800
1600 cm1 was used. The spectral region analyzed was deconvoluted
with OriginPro 8.0 software by using the best fits by Lorentzian sum and
specifying the positions of the peaks corresponding to the different
conformations (R-helix, β-sheet, and β-turns)15 in secondary structures.
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Dynamic Mechanical Analyses (DMA). Dynamic mechanical tests
were carried out by means of a DMA Tritec 2000 (Triton, U.K.) in
tensile deformation. Temperature scan tests were performed by applying
a tensile amplitude of 10 μm at 1 Hz frequency and at heating rate of
3 °C/min from 80 to 100 °C. The samples sizes were 20 mm long,
8 mm wide, and 0.5 mm thick, and the gauge length was 10 mm.
Sample Conditioning and Water Uptake. Rectangular samples
(2 mm  1.5 mm  0.2 mm), previously dried overnight at 50 °C,
were weighed and conditioned in a desiccator at 50% relative humidity
(RH) and ambient temperature using a saturated salt solution. The
amount of water absorbed by the samples was determined by weighing
them periodically until a constant weight was attained (indicating water
uptake, WU). These experiments were performed in triplicate. The WU
of the samples was calculated as16
WU ð%Þ ¼

Mt  M0
 100
M0
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Table 2. X-ray d-Spacings and Glass Transition Temperatures for Neat TPZ and TPZ-Based Nanocomposites
TPZ-base composite

a
b

d0a (Å)

dia (Å)

Tgb (°C)

TPZ

4.6

8.3

46.1

TPZ1AL
TPZ3AL

3.9
4.6

11.3
10.0

42.2
37.8

TPZ5AL

4.6

9.6

53.0

TPZ10AL

4.5

8.6

45.6

TPZ1LSS

4.6

9.2

40.1

TPZ3LSS

4.6

9.3

39.5

TPZ5LSS

4.6

9.5

50.4

TPZ10LSS

4.6

8.2

44.0

Samples were analyzed in triplicate. Standard deviation of 0.1.
Samples were analyzed in triplicate. Standard deviation of 1 °C.

where Mt is the weight at time t and M0 is the dry weight before exposure
to 50% RH.
Tensile Tests. Tensile tests were performed at room temperature
according to ASTM standard D1708-02 by using a 4204 Universal
Testing Machine (Instron, USA) equipped with a 1 kN load cell. Force
and displacement were measured by the apparatus and recorded to
evaluate maximum stress (σM) and elongation at break (εB). Five
samples for each composition were tested, and the average values were
reported. Because the mechanical properties of these materials are
known to be strongly affected by water content, samples were preconditioned at room temperature and 50% RH for 48 h before testing.

’ RESULTS AND DISCUSSION
XRD. As reported by Oliviero et al.,3 the XRD diagram of zein

and TPZ typically shows two peaks, at 2θ = 9.5 and 20°, which
correspond to two characteristic d-spacings around 4.6 Å (d0)
and 8.96 Å (di) and which are generally attributed to the average
backbone distance within the R-helix structure of TPZ and the
spacing of R interhelix packing, respectively.14,1618 TPZ-based
bionanocomposites containing AL or LSS show similar peaks,
but with different peak areas and d-spacings, suggesting possible
TPZ organization changes in the presence of lignin.18 The
parameter used to evaluate possible structural changes of TPZ
was the area ratio of both peaks (Ai/A0), as measured from
deconvoluted XRD patterns (the 2θ values corresponding to
d-spacings at 4.6 Å, d0, and 8.96 Å, di, were used in the Lorentzian
fit procedure as input data), as reported by Wang et al.18 The
d-spacings for different TPZ-based nanocomposites as a function
of lignin (AL or LSS) content are summarized in Table 2, and
the corresponding area ratio Ai/A0 are given in Figure 2. Both
systems showed a decrease of Ai/A0 with increasing lignin
content up to 3 wt %. Because the average backbone R-helix
structure (d0) in zein is stable and not easily changed,18 this
decrease of the area ratio should be attributed to a disruption
phenomenon of interhelix packing (di).19 These results suggest
that, at these low percentages, both lignins induce a new
arrangement of interhelix packing of zein14 with an insertion of
the lignin macromolecule within the layers (see schemes reported in Figure 3a). This arrangement could be induced by the
formation of the hydrogen bonding between the amino acids of
zein (CdO, OH, RNH) and the functional groups (OH, SH) of
lignin fragments, favored by the hydrogen bonding between
R-helixes in the secondary structure of the protein. An analogous
effect in R-zein treated with oleic acid was observed by Wang
et al.18 The authors justified their results by citing the higher

Figure 2. Peak area ratio Ai/A0 as a function of lignin content (0, AL;
9, LSS) for diﬀerent TPZ-based nanocomposites.

affinity of zein with polar surfaces, as observed elsewhere.20,21 At
higher lignin content (starting from 5 wt %), the Ai/A0 values for
TPZ-based bionanocomposites with AL were close to or slightly
higher than that of TPZ, suggesting the existence of a certain
degree of phase separation between the ligninic-rich phase and
the zein phase.12 This implies that higher contents of lignin were
not able to modify the hierarchical structure of the protein in
TPZ. Similar results have been observed by Wei et al. for soy
protein based plastics filled with lignin.14 The Ai/A0 value of
TPZ5LSS was higher than that of neat TPZ; this behavior is
related to an increase of R interhelix packing order (because the
R-helix structure zein is stable18) promoted by the interaction
with LSS at 5 wt %.11 Another interesting feature is that, at 1 wt %
of AL, there was a decrease of d0-spacing (see Table 2). This
evidence suggested that (only) at this concentration is the AL
able to modify the R-helix backbone. This effect could be induced
by the formation of strong hydrogen bonding between the amino
acids of zein and the SH group (mainly) present in AL. Such
strong interactions do not form in samples containing LSS lignin
because of the absence of SH groups, which results in unchanged
d0-spacing.
FT-IR. As described under Materials and Methods, the
measured FT-IR spectra were deconvoluted in the region
(18001600 cm1) related to the amide I frequency range22
to evaluate possible changes in zein secondary structure induced
by the presence of the different contents of AL and LSS. In this
10064
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Figure 3. Proposed mechanism of interaction between lignin and diﬀerent secondary structures of zein: (a, top) R-helix; (b, bottom) β-sheet.

region, the assignment of the β-sheet, R-helix, and β-turn
stretching vibrations at 1623, 1651, and 1676 cm1, respectively,
was done according to refs 3 and 19. The deconvolutions of the
analyzed spectral region for TPZ-based composites with AL or
LSS are reported in Figure 4. Results show that the presence of
both AL and LSS induced both shifting in frequencies and
changes of band area corresponding to the different secondary
conformations (β-sheet, R-helix, and β-turn). In particular, the
effects of lignin content (AL and LSS) on amide vibration peaks
are detailed in Figure 5 (as suggested by Athamneh et al.,4 the
R-helix and β-sheet conformations are considered as “ordered”
phases, whereas β-turns are “disordered” phases). In Figure 5, it
is possible to observe an overall shift toward lower vibration
frequencies for ordered conformations with the increase of lignin
content to 3 wt % content (both LSS and AL) and a corresponding shift toward higher frequencies of disordered conformations.
The shift toward lower frequencies could be attributed to the
formation of hydrogen bondings between amino acids of zein
and functional groups of lignin, which are favored with respect to
the R-helix/R-helix and β-sheet/β-sheet hydrogen bondings
(see the schemes reported in Figure 3), as already discussed
in the previous section. Moreover, for the TPZ1AL and
TPZ3AL composites, it is possible to observe that the β-sheet

absorption peak disappeared, suggesting that, for these concentrations, the β-sheet aggregates were totally disrupted. The
reduction, in the secondary structures, of proteinprotein
hydrogen bondings induced by small polar molecules (i.e., water,
ethylene glycol, glycerol) has been already observed. 4,23 In
particular, Athamneh et al. and Gao et al. noted that, by
increasing the glycerol content, the proteinprotein hydrogen
interactions decreased and glycerolprotein interaction occurred, whereas, at higher glycerol concentrations, the glycerolglycerol and proteinprotein interactions were again
favored. In fact, we also observed an increase of peak wavenumber for ordered conformations and a decrease of peak wavenumber for disordered conformations with the increase of lignin
content above 5 wt % (Figure 5). An overall description of the
relative content of “ordered” and “disordered” conformations
can be drawn by reporting the ratio of β-sheet + R-helix on
β-turns (R = β-sheet + R-helix/β-turns) (Figure 6). It is possible
to observe that the presence of lignin determined a sharp
reduction of this ratio with respect to neat TPZ, proving a strong
effect on the protein overall structure. In particular, the lowest
value of R is attained when 3 wt % of lignins is used. In summary,
the lignin content influenced in different ways the arrangements
of secondary structure of zein in TPZ. In particular, we
10065
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Figure 5. Amide I peak positions in the FT-IR spectra of nanocomposites TPZAL (0, O, 4) and TPZLSS (9, b, 2) (the lines are guide
to the eye only).

Figure 6. Eﬀect of lignin content (0, AL; b, LSS) on the ratio R of peak
areas of order and disorder phases of TPZ secondary structure.

Figure 4. Deconvoluted spectra (solid lines, R-helix, β-sheet, β-turns)
and reconstituted spectra after ﬁtting (dashed lines) in the amide I
region of neat TPZ and TPZAL and TPZLSS nanocomposites.

hypothesized that, at lower concentrations (especially 1 wt %) of
lignins specific functional groups are able to create strong
hydrogen bonding with the polar group of amino acids in the
zein protein, thereby inducing new arrangements of the whole
secondary structure.
DMA. The thermomechanical properties of neat TPZ and
TPZ-based nanocomposites were analyzed by DMA. Figures 7
and 8 show the temperature dependence of storage modulus, E0 ,
and loss tangent, tan δ, for TPZ-based composites with AL and
LSS, respectively. All samples pass through the glassy region, the
glass transition region (tan δ peak and modulus decrease) and

the rubbery region, with the temperature rise. In biopolymers,
the transition from a rigid to a rubbery structure is usually
associated with the main R-relaxation phenomenon, which is
considered to be equivalent to the glass transition.24,25 The glass
transition temperatures of samples, Tg, determined as the
temperature corresponding to the maximum of the tan δ peak,24
are reported in Table 2. The addition of lignin in different
amounts (AL and LSS) induced significant changes in the
thermomechanical properties of TPZ, mainly in the glass transition region (see Figures 7 and 8), and two cases, as discussed
above, can be distinguished: low (1 and 3 wt %) and high (5 and
10 wt %) lignin content. In particular, at low lignin (AL and LSS)
content, samples presented a remarkable decrease of the E0
values in the glass transition region with respect to neat TPZ,
and a corresponding shift of Tg toward lower temperatures, in
addition to an increase in the height of the tan δ peak. In view of
the results from FT-IR and XRD analyses, these trends are
governed by the reduction of hydrogen bondings in secondary
structure of the zein as a consequence of modification of R-helix
structure and the disruption of the β-conformation through
the insertion of the lignin (see Figure 3). As also reported by
Mizuno et al.,26 the intermolecular interactions may prevent
the local molecular motion; therefore, when these interactions
are reduced, the mobility of TPZ-based nanocomposites
might increase with a corresponding decrease in Tg. In particular,
10066
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Figure 7. Temperature dependence of storage modulus E0 (a) and loss tangent tan δ (b) for neat TPZ and TPZAL nanocomposites.

Figure 8. Temperature dependence of storage modulus E0 (a) and loss tangent tan δ (b) for neat TPZ and TPZLSS nanocomposites.

authors related Tg depression of soy proteins cross-linked by
microbial transgutaminase (MTG) treatment to the modification of the state of the secondary structure of the protein, especially to the disruption of the β-structure induced by MTG
treatment.
Furthermore, the decrease in storage modulus at Tg of low
lignin content samples is >3 orders of magnitude (Figures 8 and 9),
analogous to amorphous polymers from fossil resources,27 in
agreement with the reduced order in secondary structures with
respect to neat TPZ. Conversely, high lignin content samples
presented a decrease in storage modulus at Tg <2 orders of
magnitude (Figures 8 and 9), showing a behavior similar to that
of cross-linked systems or semicrystalline polymers with high
degrees of crystallinity,24,27 due to a high number of interactions
between zein structure and lignin functional groups.
Water Uptake. Water uptake values of TPZ-based nanocomposites with LSS and AL are presented in Figure 9 and compared
with neat TPZ. As expected, the presence of LSS did not reduce
the water sensitivity of TPZ, because the sulfonic acid groups of
LSS are hydrophilic. Conversely, the introduction of hydrophobic AL efficiently restricted the water uptake, especially at an
AL content of 1 wt %. This is a consequence of the interactions
taking place at this AL concentration between the hydroxyl
groups of zein and OH and/or SH groups of AL, which led to
a significant decrease in the concentration of hydrophilic amino

Figure 9. Water uptake (percent) at 50% RH for TPZ and TPZ-based
nanocomposites with AL (gray bars) and LSS (white bars).

acids residues in zein and resulted in reduced sorption sites for
water molecules, as also reported by Talja et al.28
Mechanical Properties. The effects of the lignin content on
σM and εB for the neat TPZ and TPZ-based nanocomposites
with AL and LSS are shown in Figure 10, panels a and b,
10067
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Figure 10. σM (a) and εB (b) of TPZ-based nanocomposites as a function of AL (O) and LSS (9) content.

Figure 11. Relative σM (a) and relative εB (b) of zein-based nanocomposites as a function of ﬁller content.

respectively. The value of σM increased with AL content, and a
significant improvement was observed, in particular, at low AL
content (1 wt %). The σM increased by about 150% from 1.79
MPa for neat TPZ to 4.53 MPa for the TPZ1AL bionanocomposite. However, a further increase of AL content resulted in
a slight decrease of the σM. Conversely, the percentage elongation at break values showed a slight decrease as the AL content
increased. A significant reduction of this property was observed
only when the content of AL was 1 wt %. The increase of σM and
decrease of εB when the content of AL was 1 wt % can be again
attributed to the optimal interaction between lignin and protein
molecules, in particular, to the formation of the strong hydrogen
bondings between the amino acids of the zein (CdO, OH,
NH) and the functional groups (OH and, mainly, SH) of
AL, as already discussed.29 The slight decrease of σM of the
bionanocomposites when the content of AL exceeded 1 wt % is
due to the reduction of the intramolecular interactions, in R-helix
conformation, between TPZ and AL as observed in the XRD
discussion. At 10 wt %, the AL can be simply considered as
reinforcing filler for TPZ. An improvement of the mechanical
properties of TPZLSS nanocomposites was observed only for
LSS content from 5 to 10 wt %. Compared with LSS, AL
exhibited a greater reinforcement effect on TPZ, mainly for the
presence of SH groups, capable of forming stronger hydrogen
bonding rather than simple protein/protein interactions. Similar

results have been reported by Huang et al.11,12 on the effect of
alkaline lignin and lignosulfonate on properties of soy protein
plastics. The authors observed, however, only a 50% increase in
σM with the addition of 30 wt % lignin. They hypothesized that
the observed behavior might have been due to inadequate mixing
of lignin with protein and suggested improvement of the affinity
of the two phases by using methylene diphenyl diisocyanate
as compatibilizer30 or by using a chemically modified lignin.14 In
our work, a remarkable improvement of mechanical properties
was observed even at low lignin content (1 wt %). We believe that
the PEG in which the lignin has been dispersed reduced the
degree of self-association between lignin molecules and favored
a good mixing and interaction of AL with zein molecules.31
In Figure 11 is reported a comparison among the mechanical
properties of TPZAL nanocomposites and the mechanical
properties of other zeinmontmorillonite (MMT) nanocomposites found in the literature, prepared by solvent casting,32 film
blowing of a resin obtained by the precipitation of zein from
an aqueous ethanol solution,32 and melt mixing8 methods. The
effect of filler content on σM and εB was expressed as the relative
values with respect to the neat system. These data clearly
evidence the high efficiencies of AL with respect to MMT, even
at very low lignin content (1 wt %).
Conclusions. Two types of lignin (AL, LSS) were blended into
TPZ through melt mixing to develop a potential biodegradable
10068
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polymer with better mechanical performance than that of neat
TPZ. The structure and properties of the composite materials
were characterized by XRD, FT-IR, DMA, and mechanical and
water absorption tests. The addition of 1 wt % of AL resulted in
an improvement of 150% in maximum stress and in a reduction
of 33% of water uptake with respect to neat TPZ, as a consequence of the partial disruption of the zein secondary structure
(inter/intramolecular interactions in R-helix and β-conformations)
induced by strong H-bondings established between the functional groups of AL and the amino acids of zein. As the
AL content increased, phase separation occurred in the bionanocomposite because proteinprotein interactions were again
favored with respect to ligninprotein interactions.
Variation in zein comformations strongly inﬂuenced the
mechanical and thermal properties of TPZAL composites.
Dynamic mechanical analysis showed that the addition of lignin
into TPZ induced a shift of Tg toward lower temperatures along
with a steeper modulus decrease at low lignin concentration,
whereas, at high concentrations, the storage modulus drop was
less pronounced than that of neat TPZ, with an apparent
shift from amorphous-like (low lignin content) to cross-linkedlike (high lignin content) polymer behavior. Compared with
TPZAL bionanocomposites, the TPZLSS bionanocomposites presented similar mechanical and thermal properties, even
though molecular interactions between LSS and zein were
weaker with respect to AL due to diﬀerent functional groups.
This work proved that, by modifying the hierarchical structure
of zein with the use of a highly interactive additive such as lignin,
it is possible to achieve a supramolecular design of the protein
and obtain bionanonocomposites characterized by enhanced
mechanical performances and speciﬁc functional properties
(from hydrophilic to hydrophobic behavior) suitable for speciﬁc
applications (from biomedical uses to food packaging).
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