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Thermoplastic starch/polyvinyl alcohol (TPS/PVA) films have limitations for being used in long-term applica-
tions due to starch retrogradation. This leads to plasticizer migration, especially when low molecular weight
plasticizers such as glycerol, are used. In this work, we employed mixtures of oligomers based on glycerol citrates
with higher molecular weight than glycerol as plasticizers for potato-based TPS/PVA blends obtained by
melt-mixing. This constitutes an alternative to reduce plasticizer migration while keeping high swelling degree,
and to provide high mechanical performance. The novelty lies in the usage of these oligomers by melt-mixing
technique, aspect not deeply explored previously and that represents the first step towards industrial scalabil-
ity. Prior to the blending process, oligomers mixtures were prepared with different molar ratios of citric acid
(0-40 mol%) and added them. This minimizes the undesirable hydrolysis effect of free carboxylic groups on
starch chains. The results demonstrated that the migration of plasticizers in TPS/PVA blends decreased by up to
70 % when the citric acid content increased. This reduction was attributed to the higher molecular weight (the
majority in the range 764-2060 Da) and the 3D structure of the oligomers compared to using raw glycerol.
Furthermore, the films exhibited a 150 % increase in Young’s modulus and tensile strength without a reduction
in elongation at break, while maintaining a high gel content, due to a moderate crosslinking.

1. Introduction processing. To overcome these limitations, the blending of TPS with

other biodegradable polymers such as polyvinyl alcohol (PVA), has been

Biopolymers such as starch, cellulose or chitosan, are promising
candidates to replace conventional polymers in certain packaging ap-
plications due to their abundance, low cost, and biodegradability [1,2].
Among all biopolymers, starch stands out as one of the most promising
options. Unlike others, it can be easily converted thermoplastic starch
(TPS) by gelatinization using standard thermoplastic processing equip-
ment [3]. TPS exhibits desirable properties such as being odorless,
tasteless, colorless, and non—toxic [4].

There are some main drawbacks associated with pure TPS films.
Firstly, they exhibit poor mechanical performance, resulting in a brittle
material, as plasticizer migration occurs, leading to fast aging [5]. Sec-
ondly, pure TPS films face challenges in consecutive transformation

extensively studied in the literature [6-9]. PVA, the most widely pro-
duced biodegradable synthetic polymer worldwide, has been used in
packaging materials due to its chemical resistance, good film-forming
ability, oxygen barrier properties, compatibility with other materials,
and excellent mechanical properties [4,10,11] Furthermore, PVA has
been approved by the US Food and Drugs Administration (FDA) and the
European Medicines Agency (EMA) for human use, making it safe for
applications in food packaging [6]. TPS/PVA blends exhibit positive
synergies, including improved strength and toughness compared to TPS
and PVA individually [12,13], as well as a lower cost compared to using
PVA alone. The chemical structure of PVA consists of hydrocarbon
chains with polar hydroxyl groups (-OH), which can form
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intermolecular hydrogen bonds with starch facilitating better blending
[14]. However, the presence of a plasticizer is necessary to gelatinize
starch with PVA Traditionally, water has been used as plasticizer, but its
limited processability window (below 100 °C) restricts the properties of
starch/PVA films [15]. Therefore, water is commonly used with other
plasticizers containing hydroxyl groups, such as glycerol [16,17], which
can interact with starch and PVA molecules.

Starch retrogradation serves as the primary driving force behind
plasticizer migration and the subsequent aging of TPS films. Slowing
down this process has been a major objective over the last two decades.
Migration leads to alterations in mechanical properties and crystallinity,
involving the reorganization of gelatinized starch chains and resulting in
unstable samples. Consequently, TPS films often have limitations for
long-term applications. Plasticizer migration is usually favored by low
molecular weight plasticizers such as glycerol, which can be easily
separated from the starch macromolecular chain [9]. One approach to
address this issue is through starch crosslinking, which mitigates starch
retrogradation and reduces water sensitivity [18,19]. The crosslinking
process requires multifunctional chemicals able to react with the hy-
droxyl groups of starch (and/or PVA), resulting in a biopolymer network
with reduced hydrophilicity and a lower retrogradation rate [19]. Apart
from some commonly used but toxic [12] starch crosslinking agents such
as glutaraldehyde [20,21] and epichlorohydrin [22,23], citric acid (CA)
has emerged as a biological, non-toxic and food-safe reagent for TPS
crosslinking [12,18,19,24-26]. CA has three carboxylic groups per
molecule which can undergo esterification reactions with hydroxyl
groups in glycerol, starch, or PVA chains. This increases the hydrophobic
character and the gel content, reduces migration, and then improves
film properties. Early studies on crosslinked starch with CA indicated the
presence of at most two esterified groups per CA at positions 1 and 5
[27]. Around 21 % of the total added CA can form diesters [26,28],
while the remaining portion forms monoesters or remains unlinked, the
latter potentially acting as plasticizer. However, the combined use of
glycerol and CA is preferred to mitigate the excessive rigidity of TPS
films [12,29]. CA esterification occurs above 50 °C, slightly earlier with
glycerol than with TPS [19], while it hardly occurs with PVA [30]. In
some laboratory-scale studies using the casting technique, CA is added
to a pre—gelatinized starch solution at a low temperature to control and
prevent crosslinking. However, in industry—oriented scalable processes
using melt-mixing in an extruder, CA is added together with starch and
the other additives, and gelatinization and crosslinking occur simulta-
neously in a reactive extrusion process where crosslinking is difficult to
control [19] and negative aspects may arise.

Mengzel et al. [26] prepared a TPS compound with CA and demon-
strated that crosslinking may occur simultaneously with starch hydro-
lysis since the blending process occurs in highly acidic conditions (pH
around 2), resulting in a 20 fold reduction in weight average molecular
weight when using approximately 30 % of CA. Starch hydrolysis leads to
an increase in the plasticizing effect, especially at high CA content,
causing a significant decrease in mechanical strength [12,31]. This
aspect severely limits the usefulness of CA crosslinking since, although it
reduces retrogradation and hydrophilicity and increases gel content,
which are positive effects, it also results in a sharp decrease in me-
chanical performance. Moreover, there is a substantial amount of
carboxyl groups remaining in the compound, which may lead to further
crosslinking in subsequent processing steps.

In this context, it has been proposed a novel approach that involves
the preparation of a new type of three-dimensional plasticizer, which
has a higher molecular weight than glycerol. This plasticizer is based on
an esterified mixture of CA and glycerol, with an excess of glycerol to
yield oligomers of esters, achieving maximum conversion of carboxyl
groups. Therefore, a slower migration process due to steric hindrances
could be expected. Additionally, by reaching maximum conversion of
carboxyl groups, starch hydrolysis can be mitigated in a certain extent,
while the crosslinking process occurs to a lesser extent during TPS
compounding process and post-processing. In this work, TPS/PVA

International Journal of Biological Macromolecules 244 (2023) 125478

compounds with a low plasticizer migration and high gel content are
expected, similar to what is achieved when using CA directly, but with
improved mechanical properties as the starch hydrolysis is mitigated by
the crosslinking process.

The esterification reaction between CA and glycerol has been re-
ported in the literature for other different purposes [32]. Halpern et al.
(2014) [33-36] analyzed the effect of CA/glycerol ratio, temperature
and reaction time, resulting in thermosets whose degradation ability
was markedly dependent on the CA conversion. Moreover, the use of
CA-based esters as plasticizers has been previously reported for both
conventional (PVC) [37,38] and biodegradable polymers (PLA) [39]. In
these studies, bio-based triethyl citrate was used as a plasticizer,
resulting in near-zero plasticizer migration. In this work, the previously
reacted oligomer mixtures (OMs) were characterized and used as plas-
ticizers in potato-based TPS/PVA compounds, maintaining a constant
weight ratio of plasticizers. These compounds were compared with those
containing only glycerol or a directly added CA/glycerol mixture,
evaluating water solubility, migration degree, gel content and me-
chanical properties.

2. Experimental
2.1. Materials

Potato starch was provided by Across Organics (Geel, Belgium) and
was extensively characterized in our previous works [1,15]. Its amylose
content was determined by precipitation method with an amylose/
amylopectin assay kit from Megazyme (Wicklow, Ireland), resulting in
20.5 % amylose. The average molecular weight obtained with gel
permeation chromatography GPC-MALS (Polymer Standard Service,
Mainz, Germany) and phosphorus content of the potato starch quanti-
fied by inductively coupled plasma mass spectrometer (Agilent Tech-
nologies 7700x, Waldbronn, Germany), were 6.95.10” Da and 0.043 %,
respectively. The moisture content determined from the weight at 110
°Cfor 5 h, was 15.1 %. The particle size, surface texture and crystallinity
of potato starch grains were determined by laser diffraction (Malvern
Instruments, model 2000, Worcestershire, UK), scanning electron mi-
croscopy (SEM, Hitachi S3000 N, Tokyo, Japan) and X-ray diffraction
(XRD, Bruker diffractometer D8-Advance model, Ettlingen, Germany).
PVA 20-98 (Mw: 125000) was purchased from Sigma-Aldrich (Madrid,
Spain). Glycerol and CA (99.8 % purity) were supplied by Fisher
Chemical (Geel, Belgium), zinc stearate (ZnStz) by Sigma-Aldrich
(Madrid, Spain) and sodium hydroxide (NaOH), by VWR Chemicals
(Barcelona, Spain). All chemicals were used without further
purification.

2.2. Synthesis of oligomer mixtures (OMs)

Initially, a set of mixtures containing a total of 40 g with 40 mol% CA
and 60 mol% glycerol, plus 2 g of ZnSt= as catalyst [40], were thoroughly
mixed in a 100 mL vial and placed in a heated and stirred vessel at 110
°C (following Halpern et al. [32]) at different times (0.15, 0.5, 1, 2, 5, 10,
24, 48 and 72 h). The conversion of CA, which acts as the limiting
reactant, was determined by standardized NaOH titration (by triplicate)
of the remaining carboxyl groups following the procedure previously
described [41,42], with slight modifications. Beside to these mixtures, a
set of six samples with different CA-glycerol molar proportions were
used, all of them with a total of 40 g plus 2 g of ZnSt> and reacted in the
same way as described above for 10 h, determining the CA conversion
once they are cooled down to room temperature. The molar concen-
trations of CA were 0.5, 2.5, 5, 14, 28 and 40 mol%, always having
excess of glycerol. Once reacted and converted into OMs, 24 g of each
one were used as a plasticizer in further TPS/PVA compounds, were the
role of ZnSt: is first as catalyst in the esterification reaction, and later as a
lubricant. OMs samples with a higher initial concentration of CA
resulted in more viscous mixtures, as expected, due to the lower free
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glycerol content present in the mixture.

2.3. Characterization of the reaction mixtures by nuclear magnetic
resonance (NMR) and infrared (IR) spectroscopy

H and '3C NMR were used to identify the different species present in
the OMs, in terms of structure and an extrapolation of the average
molecular weight. NMR spectra were recorded on a Bruker Avance 500
MHz equipped with a 5 mm SmartProbe (BBFO 'H/BB-19F). 'H and '3C
chemical shifts & are referenced relative to tetramethylsilane (TMS).
NMR samples for molecular weight estimations using diffusion NMR
were prepared by simply adding 1.0-1.3 mg of each blend together with
0.5 mL of D50 in oven-dried 5 mm NMR tubes. PGSE NMR diffusion
measurements were performed using the stimulated echo sequence and
bipolar pair pulses [43]. A smoothed rectangular shape (SMSQ) was
used for the gradient pulses, and their strength varied automatically
during the experiments. The diffusion coefficient values (D values) were
determined according to a method [44] described in the Supplementary
information, where molecular weight distribution is calculated accord-
ing to calibration with standards and applying several algorithms
[45,46]. IR spectra were collected with a BRUKER IFS 66 Infrared, using
an attenuated total reflectance ATR attachment.

2.4. Processing of TPS/PVA blends

TPS/PVA compounds and their corresponding films were prepared
by melt-mixing following a standard procedure for TPS previously
described by Domene-Lopez et al. [9] with some modifications and
subsequent thermoconformation. A total mass of 80 g containing potato
starch (25%wt.), PVA (25%wt.), water (20%wt.) and OMs as plasticizer
(30%wt.), were weighed and manually premixed at room temperature
for 3 min. Then, the blends were processed at 110 °C in a Haake™
PolyLab™ QC Modular Torque Rheometer (ThermoFisher, Waltham,
MA, USA) for 10 min; the first 5 min at 50 rpm and the last 5 min at 100
rpm. Blends obtained were subsequently processed by compression
molding in a hot plates press at a pressure of 7 tons for 10 min at 160 °C,
yielding 1 mm thickness sheets. Finally, the samples were cooled under
pressure for 5 min. Samples were conditioned in a controlled atmo-
sphere of relative humidity of 50 % for 48 h prior its further charac-
terization, since the humidity affects the TPS properties [47].

A total of six different TPS/PVA blends were produced using the OMs
synthesized with different CA concentration, i.e., CA0.5, CA2.5, CA5,
CA14, CA28 and CA40, where the numbers denote the molar percentage
of CA in the resulting OM. Two other blends of TPS/PVA were produced
for comparison purposes: i) one blend in which only glycerol is used as
plasticizer instead of OMs and therefore crosslinking is not expected.
The weight fraction of glycerol is the same as the previous blends (30 %),
referred to as CAO. ii) Another blend was prepared using a mixture of 40
mol% CA and 60 mol% glycerol as plasticizer referred to as CA40NP.
This mixture was not previously reacted. All blends produced have the
same total amount of plasticizer. CAO is a standard sample using only
glycerol, which is a low molecular weight plasticizer without any
crosslinking properties. On the other hand, CA40NP is a standard sample
that uses both glycerol and CA. CA could act on the one hand, as a
crosslinker and, on the other hand, as an acid able to promote starch
chains hydrolysis. In contrast, OMs exhibit a higher molecular weight,
with a high level of carboxyl groups reacted. Consequently, this kind of
molecules would have a lower crosslinking efficiency together lower
hydrolyzing power.

2.5. Characterization of the starch/PVA blends

2.5.1. Migration degree

The migration degree of the plasticizer to the film surface was
quantified using a procedure described by Marcilla et al. [48], with some
modifications. Circular specimens with a diameter of approximately 7
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mm and a thickness of 1 mm were prepared. These specimens were
placed between two flat glasses with absorbent papers tissues on top and
bottom. They were subjected to mild pressure (16.5 kPa) and kept in an
oven at 60 °C for one week. The mass of the migrated plasticizer was
determined by triplicate, by weighting specimens at different times (1,
2, 5 and 7 days) and calculating the weight loss with respect to the initial
weight (Eq. (1)).

Migration degree (%) = <%) x 100 (€D)
0

where mo and my are the initial and final masses, respectively.

2.5.2. Mechanical and thermal properties

The tensile properties of the films were determined with an Instron
3344 Universal Test instrument (Norwood, MA, USA) equipped with a
2000 N load cell, following the ASTM D882-12 [49] standard. A mini-
mum of 8 specimens per sample were tested.

Thermomechanical analysis (TMA) was carried out using a TA In-
struments Q400 model (New Castle, USA). The samples were subjected
to an expansion test, where they were heated from 25 to 180 °C
(maximum allowed temperature) at a rate of 5 °C.min L. The heating
was carried out under a nitrogen flow of 50 mL-min?, and a constant
force of 0.5 N was applied. A circular and flat probe with a diameter of 3
mm was used for the analysis.

Thermogravimetric analysis (TGA) was performed using a Met-
tler-Toledo TGA/SDTA851e/SF/1100 model (Barcelona, Spain). Sam-
ple were heated from 25 to 700 °C at a rate of 5 °C-min”!, with a
nitrogen flow of 100 mL-min~1,

Dynamic thermomechanical analysis (DMTA) analysis was con-
ducted on a DMA 1 Instrument (Mettler-Toledo, Barcelona, Spain) using
a dual cantilever clamp. They analysis was carried out over a tempera-
ture range of —100 °C to 60 °C, while maintaining a frequency of 1 Hz.
The specimens used for this analysis had dimensions of 8.5 x 25 x 1
mm.

2.5.3. Hydration properties

The moisture content and water solubility of the films were deter-
mined using 1 x 1 cm? specimens following the procedures described in
the literature [1,9]. Moisture content, expressed as percentage (grams in
100 g of sample), was calculated as shown in Eq. (2), by the difference
between the initial mass of the sample (mo) and the mass after drying at
110 °C for 5 h (m;). Measurements were taken in quintuplicate.

Moisture content(%) = <M> x 100 2)
my

After that, the water solubility of each sample was measured by
placing the dried films individually in 10 mL tubes filled with 9 mL of
distilled water. The tubes were capped and stored at 25 °C for 24 h.
Subsequently, they were taken out and dried again at 110 °C for 5 h to
determinate the final dried mass (my). Therefore, the solubility in water
was calculated from the weight loss of soluble matter as follows (Eq.

(3)).
Solubility in water (%) = <u> x 100 3)
my

The results were obtained in quintuplicate.

The gel content in water was determined by placing specimens (with
dimensions of 2 x 2 cm?), previously dried at 110 °C for 5 h, in 250 mL
of distilled water at 80 °C for 24 h under stirring. The gel content (Eq.
(4)) was calculated from the difference between the weight of the dried
starting sample (ms) and the dried weight of the remaining specimen
that did not pass through a stainless-steel mesh with an aperture of 50
pm, used as a filter, after 5 h at 100 °C (my).
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Gel content (%) = <%> x 100 (@)
1
Furthermore, the swelling degree (Eq. (5)) was determined from
weight of the dried starting sample (ms) and weight of the undissolved
samples (when possible), after removing surface water using a tissue
paper (mz), and before its last dried for 5 h in an oven used to determine
the gel content [18]. Measurements were taken in quintuplicate.

Swelling degree (%) = (%) x 100 5)

1

3. Results and discussion
3.1. Characterization of OMs

Fig. S1 shows the evolution of the conversion degree of OMs over
time, using an initial CA concentration of 40 mol%. Glycerol is in excess
due to, on the one hand, each CA molecule has three carboxyl groups
that can react with an equivalent number of hydroxyls in glycerol and,
on the other hand, the literature reveals that each CA molecule might
form up to two esters [27]. After 72 h, the maximum conversion ach-
ieved is 61.4 % (1.80 ester groups per CA molecule). However, at 10 h, a
conversion of 55 % (1.65 ester groups per CA molecule) has already been
reached. This result indicates that most of the esterification occurs
within the first 10 h. This observation is further supported by the peak at
1180 cm™! in the ATR-FTIR spectra of samples reacted at different
times, as shown in Fig. S2.

On the other hand, the 'H NMR spectrum reveals that OMs starting
with 40 mol% of CA for 10 h of reaction exhibit an average of 1.7
glyceryl units per citric moiety unit. It is worth noting that the reaction
conditions are similar to those employed in the subsequent process used
for blend production. Therefore, it is not expected that a significant
number of additional ester groups are formed during the subsequent
TPS/PVA compounding.

Although there is limited information in the literature regarding the
structural NMR characterization of poly(glycerol citrate) itself, some
reports provide insight into the acid ester ratio based on '3C NMR data
[50,511, or the ratio of glycerol units to citrate units in the final
hyperbranched oligomer based on 'H NMR spectral integrals [52]. In
this study, 'H NMR spectrum confirms that OMs starting with 40 mol%
of CA and 10 h of reaction exhibit an average of 1.7 glyceryl units per
citric moiety unit. The detailed justification for this finding is described
in the Supplementary information. This confirms the result obtained
from the conversion of 1.65 esters per CA. Therefore, once again, it is not
expected that a significant number of additional ester groups are formed
during the subsequent TPS/PVA compounding.

Molecular weight analysis of the OM with 40 mol% CA was also
conducted using NMR spectroscopy, as described in previous studies
[45,46,53]. Table 1 shows the estimated values of D, hydrodynamic
radii and average molecular weight obtained from diffusion NMR
measurements. Fig. 1 shows the weight-average molecular weight on

Table 1
Diffusion coefficients (D), hydrodynamic radius (ry) and weight-average mo-
lecular weight (M,,), at 295 K in Dz0.

D (107° m2s~1)° 4 (A) M,, (Da)” Fraction (%)
0.2203 9.8+ 0.5 2060 + 194 13.6
0.3170 6.8+ 0.3 1086 + 72 29.8
0.3871 5.6 + 0.2 764 + 44 22.4
0.5324 41402 436 + 38 10.0
0.6082 3.5+0.1 345 + 15 10.0
0.7371 2.9 +0.2 249 + 22 7.2
1.0828 2.0+0.1 125+ 8 7.0

# The experimental error in the D values is -2 %.
b Determined by H PGSE diffusion NMR according to procedure described
and discussed in Supplemental information.
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different fractions. Approximately, 7%wt. of the OM corresponds to
non-reacted glycerol, while all other fractions contain bonded moieties.
Interestingly, more than 65 % of the oligomers exhibit higher molecular
weights within the range of 764-2060 Da, with the most prevalent
population being 1081 Da representing a 30 % of the overall species.
This population roughly corresponds to four CA molecules diesterified
alternatively with glycerol.

3.2. Film characterization

The visual appearance of the films obtained by hot pressing of
melt-mixed TPS/PVA compounds is shown in Fig. 2. The texture of the
films is transparent when only glycerol is used as plasticizer, and it
becomes yellowish when using CA in OM, the higher the CA concen-
tration, the higher the yellowish intensity. In addition, the highest
yellowish intensity is observed for CA40NP sample, where the CA was
directly added to the formulation, which is in good agreement with
other researchers [20,29,54,55]. These yellowish intensities were
confirmed and metrically measured by applying CIELab color space
analysis to the specimens shown in Fig. 2, shown in Table S3 of the
Supplementary information. It is stated, for all the specimens, middle
values in lightness parameter (L) and white neutral ones for a* were
obtained; rather, there is a clear increase for b* from slightly white
shade into more intense yellow shade as far as CA increases its con-
centration in OMs, with the highest value when CA is directly added to
the compound. This could be attributed to the potential formation of
dextrins resulting from starch hydrolysis by the action of CA [25,56].
Interestingly, the color in the CA40NP sample is much more intense than
in CA40 film, indicating a reduced extent of starch hydrolysis when the
OM with an equivalent CA-glycerol ratio is used.

Fig. 3 shows the evolution of the migration degree in TPS/PVA
blends over time for all the blends tested. The migration rate is higher in
the first 24 h of testing, and thereafter, the degree remains relatively
constant, approaching a plateau. As it can be observed, there is a clear
correlation with the initial CA content in the OM. In the first place, the
films without OM (i.e., CAO and CA40NP), show higher migration de-
grees, resulting in weight losses of 10.6 and 9.7 %, respectively. In
contrast, all the films processed with OM show lower migration, with the
migration degree decreasing as the initial CA concentration in the OM
increases. Thus, it can be noticed a reduction in migration of 6.98 % for
CA40 film, corresponding to a relative reduction of 70 % compared to
the CAO sample. These results can be attributed to the increase in the
molecular weight of the new plasticizer [9,39], as well as the steric
hindrance caused by the three-dimensional structure of some of the
oligomers. The CAO sample showed higher migration due to two main
factors: firstly, glycerol (used as plasticizer) has a lower molecular
weight compared to the other OMs produced; and secondly, the CAO
sample contains a higher amount of glycerol than the others. The film
plasticized with glycerol and CA (CA40NP) shows a high migration
degree as well, which can be explained by prominent starch hydrolysis
that leads to a significant reduction in starch molecular weight. Addi-
tionally, the excess of CA acts as an internal and external plasticizer
[57,58], facilitating its migration to the surface of the biomaterial. Since
migration occurs through the retrogradation of starch, this phenomenon
is more likely to happen when the starch chains are shorter and more
flexible, which precisely occurs after the hydrolysis [59].

Therefore, it is concluded that the problem of plasticizer migration to
the surface of the TPS/PVA films can be reduced in an effective way by
using these three-dimensional OMs as plasticizer.

The tensile properties of all TPS/PVA compounds studied are shown
in Fig. 4. It can be observed that samples with low CA content in the OM,
i.e., CA0.5, CA2.5 and CA5 samples, exhibit a slight decrease in Young’s
modulus, constant tensile strength, and a mild increase in elongation at
break compared to the reference film plasticized with glycerol (CAO).
Jiugao et al. [60] reported a plasticizing effect of CA at relatively lower
CA contents (up to 3 %), which was attributed to the strong interactions
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Fig. 3. Migration degree as a function of time and CA content of TPS/PVA blends using the OM as plasticizer.

between the acid and starch, disrupting the interactions between starch observed with higher CA content in the OM. The Young’s modulus
molecules. However, the acid concentrations employed in the present shows a sharp increase from 10 MPa for the blend plasticized with only
work are relatively higher, and based on the results, the observed glycerol to 26 MPa for CA28 and 21 MPa for CA40.Interestingly, higher
behavior in Fig. 4A for CA5 and below can be also attributed to starch tensile strength and elongation at break for both samples compared to

hydrolysis promoted by the acid. Nevertheless, a different trend is CAO were exhibited, indicating significantly improved toughness.
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Similar trends were reported by Zdanowicz et al. [61] who used choline
citrate (instead of CA) and glycerol to prepare starch films. It is worth
noting that the CA40NP sample, sample plasticized with both CA and
glycerol, exhibits the lowest Young’s modulus and the highest elonga-
tion at break. The stiffest sample is the CA28 sample, which is attributed
to the use of a high molecular weight plasticizer with a three-dimen-
sional structure and some crosslinking ability. The CA40 sample shows a
slight decrease in modulus but an increase in both tensile strength and
elongation. This can be due to the presence of more available free
carboxyl groups in the CA40 sample, which hydrolyze the starch,
resulting in a slight decrease in performance compared to the CA28
sample (Fig. S9). On the contrary, when CA is directly added to the
formulation, as the case of CA40NP, the presence of free carboxyl groups
promotes extensive starch hydrolysis, leading to the transformation of
starch into smaller molecules. This makes the higher crosslinking irrel-
evant, as indicated by the lowest modulus and the observed yellowish
color in Fig. 2. Therefore, it seems that a high content of free carboxyl
groups leads to a major hydrolysis of the starch and the resulting mol-
ecules act as plasticizer, modifying the mechanical properties, i.e.,
diminishing the Young’s modulus and increasing the elongation at
break. Comparing the mechanical properties found in this work with
results reported by other authors such as Trinath et al. [62] who have
also worked with TPS/PVA compounds, it is possible to state that sam-
ples obtained in the present work show a remarkable much higher
values of elongation at break (up to 600 %).

Thermomechanical analysis (TMA) is a technique used to measure
the dimensional deformation in films [63] providing information about
potential changes in the softening point of samples [64]. The relation-
ship between the thickness of the sheets during heating and its initial
value (I/lp) as a function of temperature is shown in Fig. 5. The CAO and
CAS5 samples exhibit the typical behavior of samples with a progressive
softening process which occurs around 160 °C. In the case of CA5, the
softening point is shifted to lower temperatures, probably due to the
plasticizing effect of the acidic pH, leading to starch hydrolysis caused
by the small amount of the OM. However, the OMs with higher CA ra-
tios, i.e., CA28 and CA40, and sample plasticized with both glycerol and
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CA, i.e., CA40NP, show a significant reduction in probe penetration at
high temperatures. Their TMA curves display less dependence on tem-
perature, exhibiting the typical behavior of a thermoset. The CA28
formulation seems to be less crosslinked than CA40 and CA40NP. These
results suggest that crosslinking occurs at acid concentrations above
CA28. The OM used in the CA28 formulation seems to produce fewer
intercatenary insertions with the starch chains compared to the OM
synthetized with 40 mol% CA, where acid hydrolysis yields smaller
insertion spaces. This effect is more pronounced when CA is directly
added to the formulation (CA40NP).

Furthermore, a small volume change can be observed in the curve of
the CAO sample around 170 °C. If the TMA pattern is correlated with the
DTGA curve (inset picture of Fig. 5), it is possible to confirm that this
change in the CAO sample corresponds to the loss of intrinsic moisture
and the loss of glycerol, which is more prone to migration. When
comparing the changes in all curves, this behavior is only observed in
the case of CAO, which uses glycerol as the sole plasticizer.

Fig. 6 shows the variations of the loss tangent (tan §) and the storage
modulus (G) in the temperature sweep ranging from —100 to 60 °C at a
constant frequency (1 Hz). The tan § behavior of the films is presented in
Fig. 6A. For samples with low CA content in the reaction (CAO, CAO0.5,
CA2.5 and CA5), tan § exhibits two maxima corresponding to two
different relaxations very probably attributed to the fact that at certain
glycerol concentrations, percolated paths of glycerol can be formed,
obtaining a less well-dispersed system and potential phase separation
which could eventually be reflected in two different glass transitions/
relaxations.

The first peak, known as the p-relaxation, placed at —68 °C and could
be attributed to a glycerol-starch-rich phase. The second peak, the
a-relaxation, placed at a temperature between —30 and —10 °C and
corresponds to starch/PVA [9]. According to Zdanowicz et al. [61] the
B-relaxation is assigned to a movement of small molecules of plasticizers
and moisture. The higher content of CA the higher temperature of the
B—peak and the lower intensity related to movement restriction caused
by e.g., crosslinking, or higher compatibility. In addition, according to
the literature, when the glycerol concentration is below 25 % no
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Fig. 6. Evolution of A) loss tangent (tan 8) and B) storage modulus with temperature for all TPS/PVA samples studied at a constant frequency of 1 Hz.

anisotropy and good dispersion is observed [65], and hence the absence
of glass transition at low temperatures in DMTA (Fig. 6) could explain in
terms of relative low concentrations of unreacted glycerol. For instance,
at CA ratios above 14 mol% in the synthetized OM, the availability of
glycerol decreases, suggesting that glycerol may not be in clear excess.
As a result, the —68 °C peak diminished at CA14, and disappears for
higher CA contents. These results could indicate that, as expected, in the
case of the CA40 sample, glycerol has extensively reacted during OM
synthesis. In the case of CA40NP, crosslinking and reaction between
carboxylic CA groups and starch hydroxyl groups have occurred, as re-
flected in the TMA results (Fig. 5).

The second peak in tan & shows a progressive shift to higher tem-
peratures as the CA concentration in the OM is increased. This aspect
suggests that starch interacts with a plasticizer of higher molecular
weight in addition to the possibility of some crosslinking. It is worth
mentioning that in the case of CA40NP the transition occurs at a tem-
perature slightly lower than in the case of CA40. This could be due to the
fact that CA40 uses OM of relatively high molecular weight, sample
where starch has not been hydrolyzed in the same extent than in the case
of CA40NP which higher ratio of free acid groups seems to have pro-
moted starch hydrolysis. This is clearly evidenced by the sharp decrease
in storage modulus observed in CA40NP compared to the other samples
(Fig. 6B). This is also reflected in tensile modulus results shown in
Fig. 4A.

Table 2 shows the results obtained for the hydration properties.
Water content and solubility in water are important properties since
they can be limiting factors of the material to determine its final

Table 2
Moisture content, solubility, gel content and swelling degree corresponding to
all TPS/PVA compounds studied.

Sample Moisture Solubility in Gel content Swelling
content (%) water (%) (%) degree (%)

CAO 14.6 +£ 0.2 41.9 £ 0.8 7.16 + 2.01 NA

CA0.5 18.6 £ 0.5 42.0 £ 0.2 0.910 + NA
4.839

CA2.5 16.8 + 0.4 49.2 + 0.6 1.02+£5.26 NA

CA5 15.0 +£ 0.4 56.0 + 0.5 0.563 + NA
0.437

CAl4 9.72 £0.15 55.1 £ 0.7 0.784 + NA
6.699

CA28 7.33 £ 0.41 49.6 + 1.4 385+ 3.5 431 + 54

CA40 7.15 £ 0.31 47.0 £ 0.5 47.3 +£1.9 217 + 23

CA40NP  7.90 + 0.14 43.8 + 0.4 51.1 £ 0.9 129+ 3

NA (not available): the sample was disintegrated, and its swelling behavior
could not be determined.

application.

As CA content is increased in the OM, the likely hydrolysis, visually
shown by the yellowish color in Fig. 2, could promote a slight or almost
negligible increase of the moisture content in CA0.5, CA2.5 and CA5
samples (14-18 %). As crosslinking increases due to the presence of
more available carboxyl groups, the formation of a network structure
leads to an increase in gel content and a decrease in moisture content.
This is attributed to the increased difficulty of water to diffuse within the
network. Thus, water content significantly decreased for higher CA
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concentrations reaching a value of 7.15 % when using 40 mol% of acid.

Concerning solubility in water, the inclusion of OMs in the formu-
lation leads to an increase of this parameter. Similar results were found
by Zdanowicz et al. [61] using a system of TPS plasticizers based on
choline citrate and glycerol. This increase in solubility is probably due to
the presence of unreacted carboxyl groups, which contributes to the
polar stability of the samples and consequently enhance their solubility.
Among the samples studied, CA5 and CA14 exhibit the highest solubility
values, with 56.0 % and 55.1 %, respectively.

As the crosslinking becomes more pronounced in the formulation,
the polar character of the samples decreases, resulting in a moderate
reduction in solubility for CA28 (49.6 %) and CA40 (47.0 %). Addi-
tionally, in the case of CA40NP, which exhibits both a high starch hy-
drolysis rate and a significant crosslinking degree, the polar character
decreases further, leading to a slightly lower solubility of 43.8 %.

It is worth noting that the solubility of biopolymer-based films is
closely related to their biodegradability [66]. Therefore, the inclusion of
OMs in the formulation promotes faster degradation under water
immersion.

Table 2 also shows the gel content and swelling degree of the sam-
ples. It is important to note that the determination of swelling degree
was possible only for those specimens that maintained their integrity.
Both properties are closely related since the gel content is related to the
mass of biopolymer involved in the formation of a crosslinked network,
while the crosslinking density of this network influences the swelling
degree [22].

It was observed that the formulation without CA cannot be fully
dissolved in water, showing a gel content of approximately 7.2 %. When
CA isincluded in the formulation (CA5), the gel content decreases, likely
due to starch hydrolysis, in good agreement with the yellowish
appearance of the samples in Fig. 2. Gel content is almost cero in a wide
range, but when CA content reaches a value (CA28), crosslinking could
overcome hydrolysis provoking a marked increase in gel content up to
38.5 % (CA28) and 47.3 % (CA40). This suggests that the presence of
free CA and free acid species in the oligomer promotes crosslinking to
some extent, as expected. When a mixture of glycerol and CA is directly
included in the formulation (CA40NP) a slightly higher gel content is

B
OH

o}
OH
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observed, indicating the presence of a highly crosslinked compact
network with highly hydrolyzed and degraded starch. This observation
is consistent with the swelling values, which are lower for CA40NP than
CA40.

The swelling value of CA28 is twice that of CA40, result that has a
great relevance from the point of view that high molecular weight
crosslinkers result in less compact structures, allowing for greater
swelling. CA28 presents high swelling, low moisture content, and
appreciable gel content, indicating crosslinking (as also shown by TMA
in Fig. 5). The presence of a crosslinked structure with low—density in-
terconnections (resulting from the high molecular weight crosslinker
with limited hydrolyzed starch) creates voids among branches to
accommodate more solvent. Consequently, the degradation rate under
water is higher; at the same time, CA28 formulation was also the stiffest
one.

These results can be interpreted according to Fig. 7, which compares
the crosslinking density achieved using a low molecular weight and
aggressive crosslinker, resulting in high crosslinking but low swelling,
low stiffness in part promoted by starch hydrolysis. Additionally, the
results have allowed noticing that high molecular weight plasticizers
with some crosslinker effect, provide certain stiffness, integrity and
swelling, while maintaining low moisture content.

On the contrary, the swelling of CA28 and CA40 samples decreased
as the content of OM increases, indicating that these films also have a
more compact network by the own structure of the new plasticizer. The
OM has a three-dimensional structure, and its average molecular weight
is higher than raw CA or glycerol.

4. Conclusion
The following conclusions have been stated in the present work:
e The preparation of OMs based on polyesterified citrates, in a separate
and previous step from glycerol and CA, resulted in valid plasticizers
for TPS/PVA compounds, with highly improved properties compared

to directly using CA and glycerol in the TPS gelatinization, blending
and compounding.
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Fig. 7. Scheme of the structure of TPS plasticized with OM and TPS with CA: A) structure of thermoplastic starch (TPS); B) chemical formula of CA; C) TPS with 6
molecules of CA on its structure; D) chemical formula of a 1,3-linear glyceridic unit (1,3L); E) TPS plasticized with OM of 6 acids.
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e The OMs, which are synthetized in excess of glycerol and have a
three-dimensional structure, present a composition where 65 % of
them have molecular weights between 764 and 2060 Da. Regardless
molar excess of glycerol, the maximum yield with respect carboxyl
groups was around 60 %, a close value to the maximum reported of
two esters per CA molecule.

TPS/PVA compounds prepared using these OMs as plasticizers, of
high molecular weight, some crosslinking activity, and low acid-
ic—polar character, present many advantages with respect using raw
crosslinkers: it performs higher stiffness, lower migration degree,
lower moisture, higher swelling and maintained degradability upon
water immersion.

Nevertheless, further studies are required to improve some of the
features of the materials designed in this study in order to expand their
applications. On the one hand, an increase of the maximum tensile
strength can be interesting to obtain materials that can be used as high
resistance bioplastic packaging. On the other hand, a moderate increase
of the gel content could lead to more durable materials for long-term
packaging applications. As conclusion, a new generation of plasticizers
can be developed, with higher molecular weight, which considerably
reduces the plasticizer migration and provide mechanical consistence
and stability to TPS based compounds.
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