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Abstract Different strategies to produce thermoplastic
materials using starch and zein were studied, aiming to
investigate their effect on the compatibility of starch and
zein. Research strategies comprised the use of two different
plasticizers for starch, two different compatibilizing agents,
and two blending procedures. The plasticizers were mixtures of sorbitol and glycerol (SG) or urea and formamide
(UF). UF and maleated starch (MS) were used as compatibilizing agents. The blending procedures included: (1)
thermoextruding starch and zein as premixed powder
materials (TP[Mix]) and (2) coextruding the biopolymers
previously thermoplasticized with suitable plasticizers. As
observed by the tensile tests, scanning electronic microscopy, and dynamic mechanical analysis, segregation of
phases occurred at different extents in all the starch–zein
blends. Materials made with MS through the TP[Mix]
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procedure presented the most severe phases segregation,
while the materials made with UF showed higher compatibility between starch and zein. Fourier Transform
Infrared Spectroscopy (FTIR) suggests that increased zein
content leads to a lower molecular order, which was
ascribed to diminished molecular entanglement. Thermogravimetric analysis and FTIR analysis showed that the
chemical interaction between starch and zein occurred
more extensively in slabs made with UF than those made
with MS. In addition, foamability was evaluated for the
selected materials using supercritical CO2. Neat thermoplasticized starch plasticized with UF and themoplasticized
zein with polyethylene-glycol 400 showed good suitability
to be foamed, producing foams with porosities above 85 %.
Starch plasticized with SG and starch–zein blends yielded
compact structures with low porosity values after foaming.
Keywords Starch  Zein  Compatibilization 
Thermoplastic extrusion  Foaming
Abbreviations
UF
Urea and formamide mixture at 2:1 (wt:wt) ratio
SG
Sorbitol and glycerol mixture at 1.4:1 (wt:wt)
ratio
MS
Maleated starch
MSG
Mixture of native/maleated starch (50:50) and
SG as plasticizer
TPSUF
Native starch thermoplasticized with UF
TPSSG
Native starch thermoplasticized with SG
TPSMSG Thermoplasticized MSG
TPZ
Zein thermoplasticized with PEG400
Mix[TP] Mixing thermoplasticized biopolymers through
thermoextrusion
TP[Mix] Thermoplasticizing powder compositions of
biopolymers and plasticizers
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Introduction
Starch-based bioplastics have been widely studied in the
past to find alternatives to petroleum based polymers [1–3].
Since the 1990s, starch–zein blends have been studied to
obtain materials with better performance than those
obtained with starch alone, based on the hypothesis that
zein would confer better stability to water due to its
hydrophobic nature [4–6].
However, more recent studies have demonstrated that
starch–zein blends exhibit poor adhesion between the two
phases, which results in poor mechanical properties and
poor stability of the resulting material [7–10]. Among the
explanations for the incompatibility of starch and zein,
Chanvrier et al. [11] state that starch–zein blends (in the
glassy state) behave as a particle–matrix model with no
adhesion between its components, where starch is the
matrix and the particles are either zein aggregates or starch
granules that were not destructured during the thermoplasticization process. Moreover, Corradini et al. [12]
suggest that a partition of plasticizer occurs between the
starch and zein phases in blends plasticized with glycerol.
They found by calorimetric techniques that the continuous
starch matrix was in the rubbery state and the dispersed
zein phase was in the glassy state at room temperature.
They assume that, as starch has better affinity with glycerol
because of its hydrophilic nature, it was better plasticized
than zein, which is less hydrophilic.
To address the incompatibility problem, different
methods to compatibilize starch and zein have been
reported elsewhere. For instance, Habeych et al. [4]
reported that the use of aldehyde starch as a compatibilizer
for starch–zein blends plasticized under shear flow led to
improvement of mechanical properties of the resulting
materials. The authors attributed this result to the chemical
interaction between the two phases. Leroy et al. [13]
reported the use of an ionic liquid (1-butyl-3-methyl imidazolium chloride [BMIM]Cl) as a co-plasticizer for
starch–zein blends. Compared with glycerol, this novel
plasticizer showed better efficiency in thermoplasticizing
both phases, although small aggregates of zein were still
observed. In addition, the tensile test results suggested that
[BMIM]Cl induced compatibilization between starch and
zein.
In this work, we evaluate different strategies to produce
thermoplastic starch–zein blends and study their effect on
phase compatibilization by means of mechanical, dynamic
mechanical, and thermo gravimetric analysis (DMA and
TGA), scanning electron microscopy (SEM), and Fourier
Transform Infrared-Attenuated Total Reflectance (FTIRATR) spectroscopy analysis. One of the strategies consisted of thermoplasticizing starch and zein separately with
a suitable plasticizer and then mixing them; this would
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avoid the plasticizer partition problem. Another strategy
was using urea–formamide (UF) and maleated starch (MS)
as compatibilizers taking advantage of their reactive
groups, namely carbonyl and amine moieties that may
promote starch–zein compatibilization. As an added-value
result, we report on the adequacy of some of the resulting
materials to be foamed via supercritical CO2.

Materials and Methods
General Experimental Considerations
The current work presents different strategies to produce
thermoplastic starch–zein blends. Aiming to evaluate the
effect of different compatibilizers and blending procedure
on the phase compatibilization of starch-zein materials, we
conducted the set of experiments schematically shown in
Fig. 1. The experimental design comprised four variables:
biopolymers, plasticizers, compatibilizers, and blending
procedure. The biopolymers were starch (both native and
MS) and zein. The plasticizers were polyethylene-glycol
400 (PEG400) for zein, and sorbitol–glycerol (SG) and UF
for starch. The compatibilizers were MS and UF, which
also worked as a biopolymer and a plasticizer, respectively.
The materials were obtained through three methods: (1)
directly thermoextruding the crude-powder of the biopolymer and the plasticizer to get pellets of thermoplasticized starches (TPS; Fig. 1c) or thermoplasticized zein
(TPZ; Fig. 1c); (2) making mixtures of two crude-powders
(Fig. 1b) and thermoextruding them to generate starch-zein
materials (Fig. 1d; this blending procedure will be referred
to as TP[Mix]); and (3) coextruding pellets obtained
through method 1 at different ratios to get a starch-zein
blend (Fig. 1e; this blending procedure will be referred to
as Mix[TP]). Finally, a selection of samples was submitted
to a foaming procedure; these samples also are indicated in
Fig. 1.
Raw Materials
Native maize starch was purchased from ALMEX (Guadalajara, México). Maize zein (code Z3625) and all plasticizers were purchased from Sigma-Aldrich. The
plasticizers used were UF (2:1 wt:wt ratio) and SG (1.4:1
wt:wt ratio), which have been reported to be adequate
plasticizers for starch [3, 14], and PEG400 for the zein
[15].
Native starch was hydrolyzed with hydrochloric acid
and then chemically modified with maleic anhydride to
obtain the MS. The modification was conducted according
to the method reported by Murúa-Pagola et al. [16] with
some modifications. The hydrolysis and chemical

J Polym Environ
Fig. 1 Experimental scheme.
The compositions, thermocompounding conditions, and
blending procedures used are
indicated. Gray arrows indicate
the materials foamed under
supercritical CO2 blowing
conditions. Numbers in
parenthesis indicate % weight/
weight of the blend in dry basis

modification were conducted in a fully instrumented control reactor (Applikon Biotechnology model EZ, Schiedam,
the Netherlands) using eccentric agitation as described in
Bulnes-Abundis and Alvarez [17] and Sánchez Cervantes
et al. [18].

centrifuged for 20 min at 4,500 rpm. The precipitated was
washed and centrifuged three times and dried for 24 h in a
convection oven at 45 °C. The dried MS was milled and
sieved to obtain a 150-mesh powder. The degree of substitution of the MS was 0.039 ± 0.002, determined by the
volumetric method reported in Murúa-Pagola et al. [16].

Hydrolysis of Starch
Compositions and Processing
A dispersion of 40 g of starch on a dry weight basis (d.b.)/
100 mL of distilled water was prepared using constant
stirring at 500 rpm. Concentrated HCl (12.1 M) solution
was added at a final concentration of 3.4 g of HCl/100 g of
starch (d.b.). The reaction was kept at 50 °C and 500 rpm
for 6 h, and then the pH was adjusted to 5.0 ± 0.2 by
adding concentrated sodium hydroxide solution. The dispersion was centrifuged for 20 min at 4,500 rpm in a
centrifuge (Thermo Scientific IEC CL40R, Waltham, MA),
washed three times with distilled water, and dried in a
convection oven at 45 °C for 48 h. The hydrolyzed starch
was hand-milled and sieved to obtain a 150-mesh powder.
Modification of Starch
A dispersion of 585 g of hydrolyzed starch (d.b.)/1.3 L of
distillated water was prepared at 500 rpm. The pH was
maintained at 8.5–9.0 using 1 M of NaOH solution. About
2 g of maleic anhydride/50 g of starch (d.b.) were slowly
added over 2 h. Agitation was increased as needed,
reaching 1,000 rpm when the slurry was very viscous. The
reaction was maintained for 6 h and stopped by lowering
the pH to 4.8–5.2 using 1 M HCl solution. The MS was

Biopolymers, namely native starch, MS, or zein, and
plasticizers were premixed with a spatula to yield a crude
blend. The water content was determined for all starches
and zein through TGA (TGA Q5000, TA Instruments,
USA) to make the formulation blend on a d.b. The moisture
content of the starch compositions was adjusted to 10 %
(d.b.) by the addition of distilled water. Additionally, SG
and UF at 30 % wt (d.b.) were used as plasticizers for the
starch, and PEG 400 at 25 % wt (d.b.) was used as plasticizer for the zein. Besides its function as a starch plasticizer, UF was also considered a reactive compound to
compatibilize starch and zein. The MS was also used as a
compatibilizer by mixing it (1:1) with native starch. Since
SG was used as a plasticizer for this mixture, the materials
produced with MS will be referred to as MSG throughout
this paper.
The thermoplasticization of the blends was performed in
a twin conical screw mini-extruder (Haake MiniLab,
Thermo Scientific, USA). Preliminary experiments were
conducted to find suitable processing conditions for each
composition starting with values reported for similar
materials [3, 8, 15]. Ideally, to conduct a fair comparison of
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all the materials, it would be desirable to use the same
processing conditions. However, in this particular case, we
were unable to identify a set of equal conditions for all of
the compositions that would produce comparable plasticized materials. For instance, the composition made with
MS showed much lower viscosity when processed in the
mini-thermo-compounder than its counterpart made with
native starch; therefore, to increase the shear stress and
promote starch granule destructuration, a higher screw
rotation speed was used. Furthermore, when attempting to
process native starch at higher screw rotation speed, the
torque increased beyond the limit of the operating ranges of
the mini-thermo-compounder. Figure 1 shows a scheme of
the blend compositions, blending procedures, and extrusion
conditions. Here, TP[Mix] refers to mixing the biopolymers (starch and zein with their respective plasticizers) as
powdered raw materials and then thermoextrude them; and
Mix[TP] refers to mixing the biopolymers which has been
previously thermoplasticized. Two modalities of extrusion
were conducted: open and closed modes (Fig. 1). The open
mode consisted of feeding about 30 g of material slowly
and continuously into the mini-extruder; it was done
manually assisted by an iron rod to press the material into
the barrel and continuously collecting the extruded material
at the exit die. The process lasted for about 24–28 min
from the first amount fed into the mini-compounder to the
last extruded material collected. The closed mode was used
only for the Mix[TP] procedure. This mode consisted of
manually feeding 7 g of the mixture of the pellets (of the
corresponding thermoplasticized materials) into the minicompounder over 5 ± 0.25 min, mixing (with recirculation) the sample for three more minutes, stopping the
mixing, and opening the extruder to rapidly collect the
sample. Each process was conducted at least three times to
ensure reproducibility. The thermoextruded materials were
pressed at 20 MPa for 4 min with a P300P (Collin, Germany) at the same temperature used for extrusion and then
cooled to 35 °C under pressure.
Foaming
Foaming experiments were carried out on selected slabs
(Fig. 1) according to the method reported in Marrazzo et al.
[19]. The samples were solubilized with CO2 in an autoclave (HiP, Erie, Pennsylvania, U.S.A.) for 4 h at 70 °C
and 150 MPa and subsequently rapidly cooled to 45 °C
with a controlled temperature profile. The pressure was
quenched in the atmosphere at a pressure drop rate of
700 bar/s, allowing sample foaming. The autoclave was
rapidly cooled to the ambient temperature and the foam
was immediately removed from the vessel. Only one set of
foaming experiments was conducted.
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The foam microstructures were analyzed by SEM, and
their porosity was calculated according to the following
equation:
Porosityð%Þ ¼ ½1  ðqa =qb Þ  100
where qa and qb are the densities of the materials after and
before foaming, respectively, calculated as the mass to
volume ratio. The mass was measured using an analytical
balance (Mettler AE240, Mettler Toledo, Highstown,
USA). The volume was determined as the product of the
area by the thickness of the sample.
Tensile Testing
Tensile tests were performed in order to assess the effect of
the different experimental strategies on the materials’
mechanical properties. The tensile strength and the elongation properties of the slabs were evaluated using standard
microtensile test specimens according to ASTM D1708.
The mechanical tests were carried out on slabs conditioned
at room temperature (about 25 °C) and 50 % RH for 24 h
prior to testing using a Universal Testing Machine (Tensile
T2020, Alpha Tecnologies, USA).
SEM
The effects of the compositions and blending procedures
on the slab microstructure were studied by SEM. The slabs
were liquid nitrogen-fractured to preserve the structure of
the cross-sectional surface. The morphologies of foams,
which were cross-sectioned by a razor blade, were also
analyzed. All of the samples were vacuum-metallized with
gold–palladium using a Baltec MED 020 Coating System
and analyzed by SEM (FEI Quanta 200 FEG, Eindhoven,
the Netherlands).
DMA
The glass transition temperature (Tg) was measured using
dynamic mechanical tests according to Oliviero et al. [20]
using a DMA Tritec 2000 (Triton Technology, U.K.) in tensile-deformation mode. Temperature scan tests were performed by applying a tensile displacement of 10 lm at a
frequency of 1 Hz and a heating rate of 4 °C/min from -80 to
120 °C. Tg was determined as the tan d maximum. The sample
dimensions were 8.8 mm wide and 0.5–0.56 mm thick
(depending on the sample), and the gauge length was 10 mm.
TGA
TGA measurements were conducted to evaluate the effect
of compatibilizers and the blending procedure on the
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thermal decomposition of the materials produced. The
experiments were carried out using a TGA Q5000 (TA
Instruments, USA) over a temperature range from * 35 to
700 °C at 10 °C/min under an inert atmosphere.
FTIR-ATR
FTIR analysis was used to investigate the effects of compatibilizers, blending procedures, and zein content on
structural differences. Infrared spectra of plasticized slabs
were acquired by an FTIR spectrophotometer (Nicolet
6700, Thermo Scientific, USA) with a diamond horizontal
ATR sampling device (Thermo Scientific, USA). Spectra
(16 scans at a 4 cm-1 resolution) were collected within the
frequency range 4,000–650 cm-1. The empty diamond was
used as the background. All spectra were automatically
baseline-corrected using the Spectrum 5.3 software. The
ratio of absorbance *1,016/999 cm-1 (R 1,016/999) was
used to assess the molecular order; the precise peak positions were determined by the automatic peak finding
feature.
Statistical Analysis
One-way ANOVA tests and pairwise comparisons with
Tukey’s test, using a significance level of p \ 0.05, were
conducted throughout the study.

Results and Discussion
We ran numerous experiments using different strategies to
produce starch/zein thermoplasticized composite materials.
In general, our results support four main findings: (a) the
use of different compatibilizers and blending procedures
had a significant effect on the mechanical properties,
microstructure, viscoelastic properties, chemical structure,
and foaming capacity of the produced materials; (b) the
addition of zein decreases the overall performance of the
materials, (c) slabs containing UF showed better properties
than slabs made with SG and MSG, and (d) the Mix[TP]
procedure was more effective in developing tougher
materials with a more homogeneous microstructure than
the TP[Mix] procedure. In the following sections, we
present and discuss the supporting experimental evidence.
Tensile Properties
The effects of the blending procedure and the compatibilizers used on the tensile strength and strain at break of the
produced slabs are summarized in Fig. 2. The tensile
strength values were in the range of 0.56–3.2 MPa. The
strain at break values were in the range of 3.9–217.6 %,

Fig. 2 Effect of compatibilizers and blending procedure on slab
tensile properties. Bars are standard deviations of at least 5 replicates.
Letters indicate statistical differences calculated with a t test
(p \ 0.05): the regular font letters indicate differences in the group
closed by the dashed rectangle, and the italic letters indicate
differences between the samples joined by the dotted lines

comparable but in general lower than those previously
reported for starch–zein blends plasticized with glycerol [4,
12, 13].
Different trends are evident in the tensile properties of
the slabs produced. While the presence of zein leads to an
increase in the maximum strength in the slabs made with
SG and UF, the slabs made with MSG show a decrease in
the same parameter. The higher tensile strength observed in
TPSMSG may be due to crosslinking within the starch
matrix, as proposed elsewhere for thermoplasticized
chemically modified starch [4]. In agreement with previous
reports for starch–zein blends plasticized with polyols [12,
13], the addition of zein decreased the strain at break in all
of the studied systems.
The effect of the TPZ content in blends elaborated with
different compatibilizers on the maximum tensile strength
and the strain at break are shown in Fig. 3. For
Mix[TP]MSG samples, it was observed that both tensile
strength and strain at break decreased as the TPZ content
increased. Mix[TP]UF slabs also decreased in strain at
break as the TPZ content increased. However, in
Mix[TP]UF materials, a positive slope in the tensile
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Fig. 3 Effect of the TPZ content on the tensile properties of TPS–
TPZ blends. a Mix[TP]MSG; b Mix[TP]UF. Bars are standard
deviations of at least 5 replicates. Letters indicate statistical differences calculated with a t test (p \ 0.05)

Fig. 4 Effect of
compatibilizers, blending
procedure, and zein content on
material toughness
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strength (increasing tensile strength with increasing TPZ
content) suggests that UF may induce compatibilization
between starch and zein [13].
Figure 4 summarizes toughness values, calculated as the
area under the stress versus strain curves. These data allow
a robust comparison among samples at three levels: effect
of compatibilizers (UF, MSG, and SG as a control), effect
of zein content, and the effect of the blending procedure.
Comparing compatibilizers, the UF system rendered higher
toughness values than the MSG system. In some cases, the
SG control rendered tougher slabs than the UF and MSG
treatments. However, they were less flexible and more
fragile materials, probably because starch destructuration
was not achieved totally in these samples. Added zein
decreased the toughness in all systems; the higher the TPZ
content, the lower the toughness value observed. However,
this trend was less evident in the UF system than in the
MSG and SG systems. Indeed, there is no significant difference between the toughness of the TPSUF and the
Mix[TPS]UF (95:5) slabs, nor between the Mix[TPS]UF
(95:5) and the Mix[TPS]UF (90:10) slabs. Moreover, the
blending procedure affected the toughness of the studied
systems differently. While MSG slabs were not affected
significantly by the blending procedure, SG and UF systems were. For both systems, toughness of the slabs made
through the Mix[TP] procedure was notably greater than in
those obtained by TP[Mix]. Mix[TP]SG slabs were ca. sixfold larger than TP[Mix]SG slabs, and Mix[TP]UF slabs
were 32 % tougher than TP[Mix]UF slabs. Furthermore,
note that among materials made through the TP[Mix]
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blending procedure, slabs made with UF exhibited considerably greater toughness than their SG and MSG
counterparts (Fig. 4).
The expected effect of the blending procedure was
observed in UF and SG slabs, as tougher slabs were
obtained through Mix[TP] than by the TP[Mix] procedure.
The Mix[TP] procedure seems to minimize, to some extent,
the occurrence of the mechanisms to which zein/starch
incompatibility is attributed: the matrix-particle effect and
the partition of the plasticizer. On the one hand, the presence of particles that weaken the matrix is reduced when
both phases are mixed as previously plasticized materials.
On the other hand, the partition of the plasticizer was also
avoided since each biopolymer was processed with a
plasticizer that had a high and stable affinity with its
respective biopolymer, namely SG or UF with starch and
PEG400 with zein.
The strategies used here to improve starch/zein compatibility did not lead to the expected evident improvement
in the mechanical properties of the slabs tested. On the
contrary, slabs such as Mix[TP]MSG (80:20) showed an
inferior mechanical performance compared to their counterparts where no compatibilizer was used. Interestingly, in
the UF system, the presence of zein decreased the toughness of materials, but this trend was less pronounced than
in the SG and MSG systems. Moreover, UF was the only
system in which tensile strength increased with the addition
of TPZ, suggesting that interaction between phases
occurred to some extent. Leroy et al. [13] reported similar
observations, namely an increase in tensile strength and a
decrease in strain at the break for compatibilized starch–
zein blends plasticized by an ionic liquid at zein content
below 50 %. Moreover, the four-fold larger toughness of
TP[Mix]UF slabs compared with their SG and MSG counterparts may be also be attributed to the compatibilization
between phases and to better plasticization of the biopoymeric blend matrix by the UF.
SEM
The effect of compatibilizers and the blending procedure
on the microstructure of the produced materials is shown in
Fig. 5. The microstructure features were congruent with
the tensile tests results; in general, the slabs with more
homogeneous microstructures performed better in terms of
mechanical properties and vice versa. For instance, neat
TPS slabs where tougher than starch/zein blends (Fig. 4),
and consistently they showed more homogeneous and even
surfaces at the micro-scale.
The blending procedures rendered very different microstructures in the starch/zein blends. Micrographs of
TP[Mix] samples (Fig. 5e–g) exhibited segregated structures in which starch granules and zein bodies can still be

clearly observed. These micrographs show that the destructuration of starch granules was only scarcely achieved,
especially in TP[Mix]SG and TP[Mix]MSG; both complete
and transverse-cut compacted starch granules are evident in
Fig. 5e, f. Zein, observed as embossed domains of
0.5–3 lm in these samples, are more defined in the
TP[Mix]SG sample. In TP[Mix]MSG and TP[Mix]UF, zein
domains are more vanished, suggesting better integration
and plasticization of both phases in these samples. Mix[TP]
originated materials with more homogeneous microstructures than TP[Mix]. Compared to the TP[Mix] samples, the
Mix[TP] samples presented few or no complete starch
granules since they were previously destructured in the TPS
production process, allowing better integration between the
starch and zein. UF systems originated smoother and more
homogeneous microstructures than their SG and MSG
counterparts. This difference is more evident in samples
produced through the TP[Mix] procedure. UF appears to be
able to plasticize and reach some degree of compatibilization even when this blending procedure was used.
DMA
Figure 6 shows the curves of the damping factor (tan d)
versus the temperature and the dynamic storage modulus
(E0 ) versus the temperature of different thermoplasticized
biomaterials. Decreases in E0 and tan d peaks are related to
the Tg of materials. A decrease of E0 with increasing
temperature was observed in all samples as an effect of the
softening of the materials at higher temperatures. A sharper
decrease in E0 and higher tan d peaks were observed for
neat thermoplasticized biopolymers (TPSSG, TPZ,
TPSMSG, and TPSUF). Sharp decreases in E0 are typical of
amorphous polymers; gradual decreases in the same
parameter are related with semicrystalline polymers,
whereas the tan d peak height is usually related to the
molecular mobility [12, 21].
All the samples presented at least two Tg’s. The occurrence of multiple Tg’s in plasticized biopolymers have been
attributed to various factors, such as the coexistence of
different molecular weights biopolymer units, differences
in molecular mobility, and the segregation of polymers. For
instance, Leroy et al. [13] reported three tan d peaks for
starch/zein materials plasticized with glycerol, which were
attributed to the different phases: (1) glycerol, (2) starch,
and (3) zein. Huang et al. [22] and Lourdin et al. [23]
attribute the low Tg’s to small mobile units (short chains,
side groups, and branch chains in the biopolymer backbone) rather than to the plasticizer. Corradini et al. [12] and
Wu et al. [24] related the two Tg’s observed for TPZ to two
zein subfractions with different molecular weights.
Since different behaviors in DMA curves were observed
for the diverse systems studied, we assign the multiple Tg’s
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Fig. 5 Slab SEM micrographs, 93,000: a TPZ, b TPSSG, c TPSMSG, d TPSUF, e TP[Mix]SG, f TP[Mix]MSG, g TP[Mix]UF, h Mix[TP]SG,
i Mix[TP]MSG, j Mix[TP]UF

to general statements that may have particular explanations
depending on the system. We attribute the different transitions to three different domains from lower to higher temperature: small mobile units, amorphous biopolymers, and
higher molecular order rich domains. For instance, TPSSG
(Fig. 6a, b) show two Tg’s, one at -25 °C and another at
32 °C, which could be attributed to SG and TPS rich
domains respectively. In addition, a shoulder after the second transition is observed in the tan d versus temperature
curve. This shoulder may be attributed to higher molecular
order domains caused by partially destructurated starch
granules that remained in the sample, as observed by SEM
(Fig. 5a, b). A similar behavior was observed in TPSMSG,
although the second Tg appeared at a lower temperature
(18 °C), suggesting that SG had an enhanced plasticizer
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efficiency in compositions containing MS. TPZ also
showed three Tg’s, which could be attributed to the plasticizer (-55 °C), and to two different molecular weight zein
fractions, as reported elsewhere for TPZ plasticized with
glycerol [12]. Unlike Corradini et al. [12], we observed two
defined sharp decreases in E0 , and the height of the second
tan d peak (a shoulder in their work) was higher and better
defined than the first one. These differences could be due to
different interaction fashions of PEG400 with the two
fractions of zein. Moreover, no exudation of the plasticizer
was observed in the TPZ produced in this study, unlike the
TPZ produced by Corradini et al. [12], which suggests that
PEG400 has a good affinity with zein.
Huang et al. [22] also report DMA curves for starch
thermoplasticized with urea and formamide. The transition
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Fig. 6 Damping factor (tan d)
versus temperature and the
dynamic storage modulus (E0 )
versus temperature curves of
different thermoplasticized
biomaterials: a TPSSG and TPZ
tan d versus temperature curves;
b TPSSG and TPZ E0 versus
temperature curves; c MSG
system tan d versus temperature
curves; MSG system E0 versus
temperature curves; d UF
system tan d versus temperature
curves; e UF system E0 versus
temperature curves

temperatures reported by the authors are not in agreement
with those obtained in this study, since the process conditions and compositions are not comparable, but they also
report three tan d peaks, which can be related to: (1) the
plasticizers, (2) amorphous thermoplasticized domains, and
(3) cross-linked semicrystalline domains. This last transition showed a very moderate loss of E0 , which is typical of
semicrystalline polymers. In agreement with the SEM
micrographs (Fig. 5) and mechanical properties (Fig. 2),
the DMA results indicate that TPSUF was better thermoplasticized than TPSSG and TPSMSG since the second Tg
was lower (9 versus 32 and 19 °C, respectively) and its
corresponding tan d peak was sharper.
In the MSG and UF systems, the presence of zein shifted
the second Tg to higher temperatures and increased the E0
(Fig. 6). This was consistent with the mechanical properties results since the neat TPS slabs (tested at room temperature) showed higher strain at break values than starch–
zein blends. This effect was also observed by Corradini
et al. [12]. The lower Tg of blends compared with neat TPS
suggests that the molecular motion was diminished by the

presence of zein, whether by enhanced molecular order by
interaction with starch or through motion restriction within
the matrix. The latter effect has been also stated elsewhere,
i.e. for TPS-montmorillonite composites [22].
The blending procedure had an effect on the DMA
results. The TP[Mix] slabs show more transitions than
Mix[TP] slabs, which indicates the segregation of the
plasticizers and biopolymers in the material, consistent
with the micrograph observations and tensile properties.
Contrary to UF blends, MSG blends show sharp decreases
in E0 at the end of the curves (Fig. 6d). In the Mix[TP]MSG
slab, this transition is in agreement with that shown by TPZ
in the same temperature range. Moreover, as suggested by
the microstructure observed by SEM in TP[Mix]MSG
(Fig. 5f), this transition is more likely due to the starch
granules and protein domains that remained un-thermoplasticized. The segregation of plasticizers is more evident
in TP[Mix]UF since more peaks are shown in its tan d
versus temperature curve at temperatures below 0 °C.
Moreover it is worth noting that Mix[TP]UF had a more
even and smoother behavior than TP[Mix]UF at the same
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Fig. 7 TGA and differential
TGA (DTGA) curves of a,
b single-biopolymer slabs and c,
d starch–zein blend slabs

tan d curve zone, which may be attributed to interactions
between the UF and TPZ.
TGA
Figure 7 shows the TGA and differential TGA (DTGA)
curves of single-biopolymer slabs (Fig. 7a) and starch–zein
blend slabs (Fig. 7b). As reported by several authors for
similar systems [25–27], the TGA curves can be divided
into three stages: (1) volatilization and degradation of both
water and plasticizers; (2) major polymer degradation by
weaker bond cleavage; and (3) polymer degradation by
stronger bond cleavage. The onset and midpoint temperature of major degradation stage (Tdo and Tdm) and the
percentage weight of the final residue can provide information on the thermal stability of the materials obtained.
For instance, TPZ presented a Tdo of around 245 °C and a
Tdm of 324 °C, which was very similar to the results
reported by Oliviero et al. [28] for TPZ plasticized with
PEG400. The TPZ final residue was 1.5 %, but an important weight loss, more than 25 % of its initial weight,
occurred in the third stage. Moreover, Tdo and Tdm were
lower in TPSMSG (215 and 304 °C, respectively) and
TPSUF (260 and 314 °C) than in TPSSG (265 and 322 °C)
slabs, indicating that the use of MS and UF reduces the
thermal stability. In particular, the earlier onset temperature
of TPSMSG could be due to the degradation of low
molecular weight starch chains produced during the acidic
hydrolysis process. The residues at the final test temperature of TPSMSG and TPSUF (8 and 19 %, respectively) were
higher than that of TPSSG (0.4 %). This suggests that MS
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and UF enhance the incarbonization; they were chemically
bonded to the starch backbone [29]. Supporting this statement, the rates of percentage weight loss with respect to
temperature in the DTGA curves were lower in the second
stage for TPSMSG and TPSUF than for TPSSG, which means
that, during the second stage, TPSSG lost more weight than
TPSMSG and TPSUF.
TGA and DTGA curves of starch–zein 80:20 blends
obtained through different blending procedures are shown
in Fig. 7c, d. It can be observed that the effect of the
compatibilizer (UF or MS) is more evident in the curve
behavior than the blending procedure. As for their TPS
counterparts, the residual weights of UF blend slabs are
again higher than those of MSG blend slabs (*20 vs.
*10 %), and the presence of zein, regardless of the
blending procedure, increased the weight residue by 1 and
2 % for UF and MSG blend slabs, respectively. Compared
with their TPS equivalents, the Tdo remained close to the
same temperatures, but Tdm occurred earlier in all blend
slabs, which indicates that the latter are more sensitive to
thermal degradation. Furthermore, the DTGA curves show
that starch–zein blend slabs degrade at a greater rate than
their TPS counterparts. Likewise, this rate was greater in
blends made by the TP[Mix] procedure than by Mix[TP]
(Fig. 7d), suggesting that stronger interactions occurred
within the components of blends made by Mix[TP]. The
Mix[TP]UF 80:20 DTGA curve shows a peak at 415 °C
that is not observed in the other blend samples. This peak
could be related to the occurrence of strong chemical
bonds that occurred within the biopolymer matrix when
UF was used.
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Fig. 8 FTIR spectra of
thermoplasticized slabs: solid
gray line TPSMSG; solid black
line TPSSG; dotted black line
TP[Mix]MSG; double black line
Mix[TP]MSG (80:20); dot-dash
black line TPZ multiplied by a
factor of 0.2

FTIR-ATR
The effects of different factors on the chemical structure of
materials, namely composition and blending procedure,
were studied using FTIR. Figures 8, 9, and 10 show the
FTIR spectra of selected materials. Changes in both MSG
and UF systems were observed.
MSG and SG Systems
Chemical differences between TPSSG and TPSMSG were
detected by the FTIR-ATR analysis. Figure 8a shows a
broad band at *1,765 cm-1 (stretching C=O of carboxylic
acids) and a shoulder at *1,735 cm-1 (stretching C=O of
ester), observed in TPSMSG. This is attributed to chemical
groups grafted by the maleation process, as reported elsewhere [1, 16, 30, 31].
In addition, bands at 1,687 and 1,587 cm-1 were present
in TPSMSG but not in TPSSG. The former band is attributed
to C=O stretching, and the latter has been related to the
carboxylate group and C=C bonds in the maleate moiety
[16, 31]. Moreover, a band at 1,261 cm-1 was present in
both the TPSSG and TPSMSG spectra (Fig. 8b), but it was
evidently larger and sharper in the later. This band is

attributed to C–O–C stretching and C–H deformation [32],
which may also be a result of the chemical changes derived
from the hydrolysis and maleation process. This band is
also present in the Mix[TP]MSG spectra but not in those of
TP[Mix]MSG. Therefore, this signal may be related to C–O
interactions between the biopolymers and plasticizer rather
than to grafted groups from maleation, considering that
plasticization was better achieved in the materials that
showed this band, as shown by the DMA and SEM results.
Figure 8c shows that, as expected, the spectra of slabs
containing zein presented defined peaks in the amide I
(1,600–1,700 cm-1, attributed to C=O stretching) and II
(1,510–1,580 cm-1; N–H bending and C–N stretching).
Comparing the blend spectra with TPZ spectra (multiplied
by a factor of 0.2 to normalize with respect to the concentration of zein in the blends), shifts of the amide II peak
were observed (TPZ: 1,540 cm-1; TP[Mix]MSG:
1,541 cm-1; and Mix[TP]MSG (80:20) cm-1: 1,542 cm-1).
These shifts may be due to an interaction between the
hydroxyl groups of starch and the amino groups of the
protein, as suggested by Liu et al. [33], who observed a
similar behavior for starch–chitosan blends. Mechanical
testing showed that this interaction is not strong enough to
yield tougher materials than their neat components.
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Fig. 9 FTIR spectra of
thermoplasticized slabs: solid
black line TPSUF; dotted black
line TP[Mix]UF; double solid
line Mix[TP]UF; solid gray line
TPZ

Figure 8d shows the spectra of selected SG and MSG
slabs in the 1,070–960 cm-1 range, associated with C–C
and C–O stretching and to the C–H bending mode bond
energies [33]. As reported elsewhere, the absorbance
increases of the band at 1,022 cm-1, which is presented at
1,011–1,019 cm-1 in the spectra of this work, is associated
with decreasing molecular order [34]. The R 1,016/999 was
calculated to study the degree of molecular order in the
materials [35]. Table 1 shows the absorbance ratios and the
precise frequency of the peaks considered for this calculation. At higher zein concentrations, higher values of
R 1,016/999 and, hence, less molecular order were
observed. In addition, note that both peaks, *1,016 and
*999, shifted to higher frequencies proportionally to the
zein content. This suggests that C–O bonds were stronger
in neat TPS samples and became weaker as zein was added
[25].
Generally, lower Tg’s and higher strain at break values
would be expected in materials with lower molecular
orders (amorphous materials). However, in these particular
materials, such a correlation did not occur, but an opposite
trend was observed. For instance, TPSMSG and
TP[Mix]MSG (80:20) had a Tg of 19 and 28 °C, respectively. Therefore, a higher R 1,016/999 would be expected
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in the former as an indicator of its amorphous state.
Instead, the R 1,016/999 was 0.97 for TPSMSG and 1.15 for
TP[Mix]MSG (80:20). As observed by the tensile and DMA
tests, the R 1,016/999 in these particular systems is an
indicator of molecular order from the perspective of
entanglement within the polymeric matrix rather than from
the occurrence of an amorphous or crystalline state. From
this angle and in accordance with the tensile DMA tests,
increases in zein content led to a more segregated polymeric matrix. Thus, the results suggest that an effective
compatibilization was not achieved by the use of MS under
the conditions used in this study.
UF System
Figure 9 shows the spectra of selected slabs made with UF.
In general, the presence of zein, the concentration of this,
and the blending procedure had an effect on the chemical
spectra of these materials. Figure 9a shows the spectra in
the region of O–H and N–H stretching energy bonds. The
peak at 3,350 cm-1 in TPSUF slab spectra is attributed to
the NH2 groups of UF. This peak shifts to a smaller
wavenumber (3,347 cm-1) and decreases in sharpness in
starch–zein blends with UF, suggesting that zein interacted
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Fig. 10 Comparison of original
FTIR spectra of TPS and starch/
zein blend slabs made using UF
and arithmetically calculated
spectra from originals. The
operations conducted are
indicated in the corresponding
legends within the graph chart

with the NH2 groups of UF. Moreover, TPZ spectra show a
defined peak at 3,300 cm-1, attributed to the intramolecular hydrogen bonding of the zein [33] and its interaction
with the plasticizer. This signal appears as a shoulder at a
higher energy frequency (3,278 cm-1) in starch–zein
blends. These shifts suggest that interactions between
hydroxyls and amino groups of starch and zein took place
in the dual-biopolymer slabs, assisted by UF.
Figure 9b
shows
the
C–H
stretch
region
-1
(2,850–3,000 cm ), which also comprises the H–C=O
stretch vibration signals (2,695–2,830 cm-1). It can be
observed that Mix[TP]UF slabs presented a narrower peak
compared with TP[Mix]UF and TPSUF, which indicates that
a smaller distribution of bond energies occurred in the
former [36]. This suggests that TP[Mix]UF contains segregated components that contribute with diverse bond
energies to the wide peak, while in Mix[TP]UF, fewer

classes of bond energies are consolidated in a narrower
peak due to the interaction between the biopolymers.
Moreover, a shoulder at 2,855 cm-1, attributed to H–C=O
stretching signals, is observed in Mix[TP]UF spectra, which
suggests that interactions occurred between the TPZ and
TPSUF, yielding carbonyl groups, i.e. amide-carbonyl
groups.
As observed in MSG slabs, Fig. 9c shows that TPSUF
and Mix[TP]UF slabs present a peak at *1,261 cm-1.
Considering the DMA and SEM results, this reinforces the
statement that this band may be related to C–O bonds
between the plasticizers and biopolymers.
The effect of TPZ content on the molecular order of UF
slabs was also assessed by calculating the R 1,016/999
(Fig. 9d). Table 1 shows that increases in zein content also
yielded lower molecular order in these slabs. As discussed
above for the MSG system and in agreement with the
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Table 1 FTIR data to calculate the ratio of the absorbance *1,016/*999 cm-1 for TPS and starch–zein blends slabs
y1

(abs max)

x2
(cm-1)

y2

(abs max)

y2/y1
R 1,016/
999

997

0.66

1,012

0.64

0.98

TP[Mix]SG

1,000

0.45

1,019

0.50

1.12

Mix[TP]SG
TPSMSG

1,000
997

0.45
0.69

1,018
1,011

0.50
0.67

1.12
0.97

TPSSG

Mix[TP]MSG (95:5)

999

0.62

1,015

0.62

0.99

Mix[TP]MSG
(90:10)

999

0.52

1,016

0.54

1.04

Mix[TP]MSG
(80:20)

1,000

0.45

1,018

0.49

1.09

TP[Mix]MSG

1,000

0.40

1,020

0.46

1.15

TPSUF

997

0.65

1,015

0.68

1.05

Mix[TP]UF (95:5)
Mix[TP]UF (90:10)

997
999

0.63
0.5

1,015
1,016

0.67
0.54

1.06
1.08

Mix[TP]UF (80:20)

999

0.46

1,018

0.53

1.15

TP[Mix]UF (80:20)

1,000

0.43

1,019

0.49

1.14

1.2

1.0
TPS
TP[Mix]
Mix[TP] (80:20)
TPS
Mix[TP] (95:5)
Mix[TP] (90:10)
Mix[TP] (80:20)
TP[Mix]
TPS
Mix[TP] (95:5)
Mix[TP] (90:10)
Mix[TP] (80:20)
TP[Mix] (80:20)

x1
(cm-1)

R 1016/999

Sample

SG

MSG

UF

The precise peaks positions and their corresponding maximum absorbance are indicated

tensile tests results, this ratio seems to be an indicator of
molecular order, understood as molecular entanglement for
the UF system. It was observed that the trend of the ratio
R 1,016/999 at higher zein contents (increasing) is the
opposite to that of toughness (decreasing). Notice that, as
in the toughness data, the UF system presents a softer slope
in the toughness decrease at higher zein contents than that
of the MSG system, in which this trend is sharper. As
stated concerning the mechanical tests, although the presence of zein does not favor the overall behavior of the
blends; these results suggest again that UF acts as a compatibilizer to some extent.
Furthermore, as in the MSG system, the *1,016 and
*999 bands shifted to higher frequencies proportionally to
the zein content in UF slabs, again suggesting that zein
weakens the C–O bonds in the matrix [25]. Consistently,
the gap in these shifts is narrower in the UF system (from
1,015 to 1,019 cm-1) than in the MSG system (from 1,011
to 1,020 cm-1; see Table 1).
Figure 10 shows the spectra in the amide I and II
regions. The UF contribute importantly with signals to the
amide I region due to the amide groups in their chemical
structure. As in the MSG system, the amide II peak is of
special interest to evaluate the starch and zein interaction,
although this peak is not well defined in the slabs made
with UF because the strong signals given by the UF in this
region cover the amide II peak of zein. To expose this peak
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in the starch–zein blends, a spectra subtraction was carried
out. The TPSUF spectrum was multiplied by a factor of 0.8
times to examine the content in the blend and was subtracted from the corresponding blend spectra. The TPZ
spectrum was multiplied by a factor of 0.2 to elucidate the
results expected from the subtractions. As shown in
Fig. 10a, the subtractions render spectra that matched the
peaks of the TPZ spectra. As expected, shifts on the amide
I and II peaks were observed in the blends spectra compared with the neat TPZ spectra. The amide I peak shifted
from 1,538 (TPZ) to 1,537 (TP[Mix]UF) and to
15,340 cm-1 (Mix[TP]UF). These results suggest that
interaction occurred between the hydroxyl groups of starch
and the amino groups of the zein [33]. The magnitude of
the shift suggests that the interaction occurred to a greater
extent in Mix[TP]UF. Moreover, the amide II peak shifted
from 1,649 (TPZ) to 1,626 (TP[Mix]UF) and to 1,626
(Mix[TP]UF). Note that the entire amide I peak shifted to
lower frequencies, which suggests that changes in the
conformation of the proteins occurred. Signals around
1,650 and 1,620 cm-1 are typical of a-helices and b-sheets,
respectively [28]. Thus, the spectra obtained from subtractions suggest that the zein in blends underwent more
ordered structures (b-sheets) than the neat TPZ. Moreover,
note that Mix[TP]UF subtracted spectra present a smaller
and narrower amide I peak and a sharper and larger amide
II peak than TP[Mix]UF. This amply suggests that, in
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Fig. 11 Foam SEM micrographs, 91,000: a TPZ, b TPSUF, c TPSSG, d Mix[TP]MSG, e Mix[TP]UF

Mix[TP]UF, secondary amines were formed at expenses of
primary amines, and as expected, the blending procedure
had an effect on the molecular order and the formation of
bonds between the biopolymeric phases.
To further understand the chemical changes that
occurred in the blends, an additional evaluation was conducted. Figure 10b shows comparisons between the original spectra versus calculated spectra. The original spectra
correspond to the Mix[TP]UF slabs with different TPZ
concentrations, and the calculated spectra are the pondered
sums of TPSUF and TPZ neat spectra (Fig. 10b). Differences were observed mainly in the 1,710–1,640 cm-1
range. The arithmetic additions, which represent the case of
a blend that did not interact, showed stronger and wider
signals in this region, which is attributed to the UF amide
groups in TPSUF, while in all of the real spectra, these
signals consistently diminished. This amply suggests that
zein chemically interacted with the amide groups of UF
extant in TPSUF. Actually, the Mix[TP]UF (90:10) and
80:20 spectra showed increased signals in the amide II
region, which again suggests that secondary amines were
formed at the expense of primary amines.
Foam Characterization
Finally, some of the thermoplastic materials produced here
were exposed to supercritical CO2 to produce foams. The

selected slabs were neat thermoplasticized biopolymers
(TPSUF, TPSSG and TPZ) and starch–zein blends slabs
produced by the Mix[TP] blending procedure and 80:20
TPS/TPZ weight ratio. Figure 11 shows the SEM micrographs of foamed materials. TPZ and TPSUF were the most
suitable materials to be foamed under the conditions tested
in this work (Fig. 11a, b). Highly porous microstructures
were obtained for these single-biopolymer thermoplasticized slabs, reaching porosities above 85 % (Table 2).
TPSSG slab, although a single-biopolymer sample, presented a more compact structure with scarce and small
micro-fractures. This suggests that TPSSG was too rigid to
allow the CO2 to blow the matrix [37]. Moreover, both
Mix[TP]MSG (80:20) and Mix[TP]UF (80:20) slabs processed with supercritical CO2, developed a cracked fashion
structure, although some structural differences were
observed, probably related to how starch and zein are
distributed locally within the sample and how they interact.
Mix[TP]MSG (80:20) exposed to supercritical CO2 presented a more heterogeneous microstructure, suggesting
that CO2 was solubilized in randomly distributed zones
within the samples; those zones are probably the boundaries between starch and zein domains within the materials.
Furthermore, the Mix[TP]UF slab exposed to the foaming
process, developed porosity in the form of oriented fractures, suggesting that the starch–zein phases within this
material are disposed in a more aligned and ordered way
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Table 2 Porosity of different materials after foaming under CO2
supercritical conditions
Sample

Porosity (%)

TPZ

88.5

TPSUF

85.4

TPSSG

11.8

Mix[TP]MSG (80:20)
Mix[TP]UF (80:20)

4.8
10.4

than in Mix[TP]MSG slab. The poor foamability of these
blends may be attributed to a weak interface between their
components; such weak interface possibly representing a
path for CO2 loss. Results on foam porosity are presented
in Table 2. Consistent with the SEM micrographs, TPZ and
TPSUF rendered the highest percentage porosity values.
Moreover, TPSSG, Mix[TP]MSG (80:20) and Mix[TP]UF
(80:20) also exhibited certain degree of expansion but to an
importantly lesser extent.

Conclusions
Thermoplasticized slabs from starch, zein, and their blends
were produced using different techniques, and the resulting
materials were assessed for different characteristics. When
evaluated by mechanical testing, performances were comparable but, in general, lower than those previously
reported for similar materials. The use of different compatibilizers and blending procedures investigated here had
a significant effect on the mechanical properties, microstructure, viscoelastic properties, chemical structure, and
foaming capacity of the produced materials. In general, the
methods employed in this work were unable to originate
starch–zein blend slabs with overall better performance
than the neat thermoplasticized biomaterials. However, the
use of UF as a plasticizer and compatibilizer and the
Mix[TP] blending procedure seemed to better approach the
aim to compatibilize starch and zein blends. The use of MS
and the TP[Mix] blending procedure yielded weaker and
segregated materials, as shown by the tensile test, SEM,
and DMA results. SG and UF slabs obtained through the
Mix[TP] procedure showed better mechanical performance
than those obtained by TP[Mix]. This effect suggests that
the matrix weakening due to the matrix-particle effect and
the partition of the plasticizer were avoided though the
Mix[TP] procedure. The TGA results revealed a major
effect of the reactive agents (UF and MS) on the thermal
stability of the produced slabs. As observed by the
remaining residue after the TGA test and the onset temperature of major degradation, UF was more effectively
chemically bonded into the starch backbone than MSG. In
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addition, the TGA results suggest that Mix[TP] rendered
more thermally stable slabs than the TP[Mix] procedure.
The tensile tests results suggest that compatibilization
between starch and zein occurred, to some extent mediated
by the UF, especially when the Mix[TP] procedure was
used. At higher contents of zein, the slabs made with UF
showed a positive slope, but the strain at the break was
notably diminished. When comparing toughness data, the
tendency of this parameter to drop at higher zein content is
observed in all of the strategies studied. Interestingly, this
tendency is particularly smooth in the slabs made with UF.
The FTIR results suggest that, in slabs made with UF, zein
interacted with starch by forming secondary amines at the
expense of primary amines, mediated by the reactive
amides of UF. The FTIR analysis in the C–O–C stretching
region shows that increases in zein led to lower molecular
orders; based on the toughness and SEM results, this
behavior was attributed to diminished molecular entanglement. Finally, neat TPSUF and TPZ showed good
foaming capacity through a supercritical CO2 blowing
method, producing foams with porosities above 85 % and
densities of 0.1 g/cm3. Starch plasticized with SG and
starch–zein blends yielded compact structures with lower
porosities after foaming processing.
From the materials that resulted from the experiments
described in the present report, those produced from neat
biopolymers (starch or zein) and from starch–zein blends
produced through the Mix[TP]UF strategy seems to be
suitable for food packaging or biodegradable dishware
applications. Further characterization, such as analysis of
barrier properties and sensitivity to water, is needed to
validate this assumption. Future work should address
potential uses of TPSUF and TPZ foams for cell-culture
applications.
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