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Abstract: The paper presents the production of thermoplastic starch (TPS) mixtures using potato
starch and two types of plasticizers: glycerol and sorbitol. The effects of plasticizers, citric acid,
organically modified montmorillonite clay nanofiller (OMMT) and an additive based on ultrahigh
molecular weight siloxane polymer on the structure and physical-mechanical and thermal properties
of TPS samples were analysed. Starch mixtures plasticized with glycerol were obtained, where the
starch/glycerol mass ratio was 70:30, as well as starch mixtures plasticized with glycerol and sorbitol,
with a starch/glycerol/sorbitol mass ratio of 60:20:20. The starch gelatinization process to obtain
TPS was carried out in a Brabender Plasti-Corder internal mixer at 120 °C, with a mixing speed of
30-80 rpm, for 10 min. The obtained results indicate that by adding 2% (weight percentage) of citric
acid to the TPS mixtures, there is an improvement in the physical-mechanical properties, as well
as structural changes that can indicate both cross-linking reactions by esterification in stages and
depolymerisation reactions. The sample of TPS plasticized with glycerol, which contains OMMT,
shows an increase in tensile strength by 34.4%, compared to the control sample.
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1. Introduction

In recent years, the development of new biodegradable materials that can partially or
totally replace synthetic polymers in certain applications has been pursued [1-4]. These
types of materials are generally based on natural polymers and have several advantages,
as follows: they are biodegradable, non-toxic, have a low cost, are renewable, do not affect
the environment, etc. [5,6]. Among these, materials based on thermoplastic starch (TPS)
are completely biodegradable and are already used to obtain packaging, in agriculture, the
food industry, the pharmaceutical industry, medicine and other industries [7,8]. Currently,
numerous studies are being carried out regarding the expansion of its use in other fields,
through the development of new types of starch-based biodegradable plastic materials
with suitable properties for different applications [9,10].

Starch is a reserve polysaccharide, specific to plant organisms, which is found both
in photosynthetic tissues and in most reserve tissues (seeds, tubers, etc.). It is a semi-
crystalline polymer that is made up of amylose and amylopectin (Figure S1). Amylose
constitutes approximately 15-30% of starch, does not form a gel if hot water is added, and
is less soluble in water but can be completely hydrolysed by the enzymes x-amylase and
-amylase. Amylose has a straight chain structure (Figure Sla), generated by « 1-4 glyco-
sidic bonds, that has about 300-7000 glucose units and a molecular mass of approximately
1 x 10°-1 x 10° Da [8,11].
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Amylopectin is a highly branched polymer that makes up about 70-85% of starch.
Amylopectin has both « 1-4 glycosidic bonds and o« 1-6 glycosidic bonds that are formed at
the branching points (Figure S1b). It has about 2000-200,000 glucose units and a molecular
mass of about 1 x 10’~1 x 10° Da. Amylopectin is soluble in water, forms a gel when hot
water is added and cannot be completely hydrolysed with the c-amylase and 3-amylase
enzymes [11,12]. Depending on the content of amylose and amylopectin, the characteristics
of starch, such as water absorption capacity, gelatinization, retrogradation and swelling in
different humidity and temperature conditions, are different. For this reason, most starches
used in food or industrial applications are modified to obtain the desired properties [13-15].

In the native starch, a large number of hydrogen bonds are formed, creating strong
intermolecular connections. For these reasons, in order to obtain a starch mixture with
thermoplastic properties, it is necessary to change the internal crystalline structure of
the starch molecule, by breaking these hydrogen bonds. Thus, to reduce the melting
temperature of starch and obtain starch-based mixtures with thermoplastic properties,
several types of plasticizers are currently used. Starch, in the presence of plasticizers, at
high temperatures (90 °C-180 °C), is gelatinized to form a viscous suspension, a process
that leads to the decomposition of the granular material [8,15]. At the same time, the
melting temperature of the starch is reduced, so that at high temperatures and shear forces,
it can be processed by methods specific to thermoplastic materials.

Adding plasticizers plays a very important role because they can form hydrogen bonds
with the starch, replacing the strong interaction between the molecular hydroxyl groups of
the starch, thus transforming it into a material with thermoplastic properties. This type
of plasticized starch is called thermoplastic starch (TPS). In addition to the well-known
plasticizers, the literature also reports some less common substances, such as deep eutectic
solvents (DESs) [16], plasticizers with amide groups (urea and formamide) [17], sugars [18]
or phosphazenes [19]. Among the most used plasticizers used for this purpose, we mention
glycerine and sorbitol. Glycerol (propane-1,2,3-triol), commonly known as glycerine, is a
viscous, colourless, sweet, odourless liquid, soluble in water and alcohol, with a boiling
point of 290 °C. Glycerol hardly evaporates and freezes, it is hygroscopic and absorbs water
vapour from the atmosphere until an equilibrium is established. Sorbitol (with the chemical
formula C¢H140g), also known as glucitol, is a sweet-tasting polyol that can be obtained
following the reduction of glucose, by transforming the aldehyde group into a hydroxyl
group. It has a melting point of 95 °C and a boiling point of 296 °C. Both glycerol and
sorbitol can destroy starch granules to form an amorphous structure [20-22].

In addition to the advantages presented above, most TPS-based materials also present
some disadvantages, such as poor mechanical properties, sensitivity to moisture, high water
vapour permeability, poor processing properties (due to high viscosity and reduced flow in
the melt), the change in properties due to the process of starch degradation, etc. [23,24].

One of the methods analysed in several papers to improve the mechanical properties,
thermal stability and water resistance of TPS consists in adding a small amount (below 5%
by weight) of the nanoclay montmorillonite (MMT) [25-27]. MMT is actually a natural lay-
ered aluminosilicate (from the clay group) of type 2:1, meaning that it has two tetrahedral
sheets of silica sandwiching a central octahedral sheet of alumina. To improve the proper-
ties, a good dispersion of MMT in the TPS matrix with the formation of interfacial bonds is
necessary. In organically modified montmorillonite clay (OMMT), the spaces between the
MMT layers are enlarged by replacing the original inorganic cations in the layer galleries
with organic cations. There are several methods of obtaining polymer nanocomposites
based on OMMT (by in situ polymerisation, by solution intercalation or melt intercalation,
etc.), but the melt intercalation method is the most ecological, economical and more adapted
to the conditions and existing requirements in the plastics and rubber industry [28,29].

Several scientific studies [30,31] have shown that the addition of citric acid to TPS mix-
tures leads to the improvement of the affinity between starch and the other ingredients dur-
ing the thermo-mechanical processing of the mixture. Citric acid (2-hydroxy-1,2,3-propane
tricarboxylic acid CgHgOy) is a tricarboxylic acid that appears as a colourless powder with
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a sour taste, easily soluble in water. Citric acid can react with starch through esterification
reactions that lead both to the formation of cross-linking bonds between the starch chains
and to a partial depolymerisation of the starch [20,30,31]. Additionally, by adding citric
acid, the granular structure of the starch is modified, and in this way, the mechanical
properties of TPS can be improved.

Most of the plasticized starch compositions reported in the literature [32,33] were
manufactured by conventional solution casting procedures. Therefore, such procedures
imply multiple operations on technological flow, with large water consumption and long
required times. By contrast, in the present research, the TPS is obtained by using an internal
mixer, in which starch gelatinization takes place when plasticizers are added at ~120 °C. The
test samples were obtained by compression moulding (a plastic material-specific obtaining
method), using specific moulds and the laboratory electrical press. As a consequence, the
obtaining time is reduced, the water need is eliminated and the technological flow has
fewer steps. In obtaining the mixtures, the starch was plasticized with glycerine or with
a mixture of glycerine and sorbitol. The influence of the introduction of citric acid, the
OMMT nanofiller and an additive (siloxane polymer) on the structure, mechanical and
thermal properties was analysed. The obtained results were compared with other literature
reports for TPS with similar compositions made by the solution casting technique.

2. Materials and Methods
2.1. Materials

Upon obtaining TPS samples, soluble starch obtained from potatoes (with a high
content of amylopectin) and two types of plasticizers, namely glycerine and sorbitol, were
used. At the same time, citric acid was used as a compatibilizing agent, as well as a
montmorillonite clay nanofiller and an additive—Genioplast—to improve the processing
properties. The materials used to obtain the nanocomposites are presented in Table 1.

Table 1. The materials used and their characteristics.

No. Material Producer Role Characteristics
1 So?liisZ?Ch Lach-Ner, Neratovice Polvmer matrix Substance insoluble in water 0.28%, loss on
Czech Republic y drying (at 105 °C) 17.52%
from potatoes
2 Glycerin Lach-Ner Plasticizer Acidity 0.02%, density 1.26 g/cm?
. Thermo Scientific, .. . o
3 Sorbitol Czech Republic Plasticizer D-Sorbitol 97%
Reanal Laborveevszer CgHgOy, molecular mass of 192.13 g/mol,
4 Anhydrous Kft. Buda ;gs}’; Compatibility agent purity 99.8%, 9.8%, sulphate ash < 0.02%,
citric acid rom arp ’ P yag chlorides (Cl) < 0.0005%, sulphates
gary (SOy4) < 0.02%, oxalates (C,Oy) < 0.05%
Nanoclay, surface Contains 0.5-5 wt.%
Y Sigma-Aldrich, St. . aminopropyl-triethoxysilane, 15-35 wt.%
5 modified, . Nanofiller . . . .
Louis, MA, USA octadecyl-amine, matrix: montmorillonite
Nanomer 31PS . . .
clay base material, size < 20 micron
6 Genioplast Pellet Wacker Chemie AG, Additive Ultrahigh molecular weight siloxane
P Plus Munich, Germany polymer 70% and fumed silica 30%

2.2. Obtaining the Samples

The starch gelatinization process took place in the internal mixer Brabender Plasti-
Corder internal mixer 350E (Duisburg, Germany), as reported in [34,35]. The processing
parameters were as follows: temperature of 120 °C, mixing time of 10 min, and mixing
speed of 30 rpm in the first 3 min and then 80 rpm in the next 7 min. Before use, starch was
dried in the oven for 24 h at 80 °C to reduce its moisture content. The ingredients were
weighed according to the formulations, and the mixer was loaded up to 75-80%. They



Polysaccharides 2024, 5

507

were mixed for 5-7 min in a Berzelius beaker and then in the Brabender Plasti-Corder
internal mixer, where the gelatinization phenomenon took place and the TPS samples
were obtained.

Table 2 shows the compositions of the obtained mixtures. The ratio of starch and
plasticizers were chosen to form two separate series, namely as follows: for mixtures S1-54,
the starch/glycerine ratio is 70:30, and for mixtures S5-S8, the starch/glycerine/sorbitol
ratio is 60:20:20. Other preliminary tests made for the optimization of the compositions
indicated that lower plasticizer quantities leads to stiff samples that will crack and break
too easily. At the same time, larger plasticizer amounts will lead to difficult mixing, with a
tendency to generate lumps and stick to the mixer, with no proper blending being achieved.

Table 2. Formulations and sample codes.

Ingredients Sample Code

S1 S2 S3 S4 S5 S6 S7 S8

Starch (g) 70 70 70 70 60 60 60 60
Glycerine (g) 30 30 30 30 20 20 20 20
Sorbitol (g) - - - - 20 20 20 20
Citric acid (g) - 2 2 2 - 2 2 2
OMMT (g) - - 2.1 2.1 - - 1.8 1.8
Genioplast (g) 21 1.8

Using the Brabender Mixer WinMix software, version 3.2.30, the variations in the
torque and the temperature recorded during the obtaining of the samples can be seen
(Figure 1). One can observe the moment of gelatinization, when the torque reached a
maximum, but also the efficient mixing of the components, as when the torque exhibited
low variations. This method of highlighting the gelatinization process is different from the
standardized one, because, in general, plasticized starch is obtained in aqueous solutions
at certain concentrations, and gelation characteristics were analysed using the Brabender
Amylograph following the standard programme [32,36]. The diagrams presented in Fig-
ure 1 confirm the above observations. Therefore, in the first 3 min, at a rotation speed
of 30 rpm, the ingredients were heated to the temperature of the mixer, starch granules
were intimately mixed with plasticizers (glycerine, sorbitol), starch granules swelled and
the gelatinization process began. In this process, starch granules broke down, hydrogen
bonds broke and, as a result, the viscosity of the mixtures increased, as indicated by the
torque increase (Figure 1). Plasticizer was absorbed faster in the starch granules of the
mixture with a lower amount of plasticizer (sample S2), and the gelatinization process
occurred faster than for the mixture containing a higher amount of plasticizer (sample S7).
In the following minutes, the rotation speed increased to 80 rpm and an increase in torque
can be seen up to a maximum, indicating an increase in viscosity as a result of a greater
number of hydrogen bonds breaking. Starch granules underwent the gelatinization process,
which led to starch solubilisation and resulted in plasticized starch (TPS). A decrease in
viscosity was then noticed (indicated by a decrease in torque) due to the melting of the
crystalline regions of starch [36,37]. The maximum torque and values obtained at the end
of the mixing operation for sample S2 are higher than those corresponding to sample S7,
due to the different content of plasticizers, which led to different viscosities of samples
during processing. The temperature in the mixer chamber decreased after the introduction
of the ingredients that were at room temperature, but increased over time both due to the
temperature in the mixing chamber and due to the friction and shearing forces, which
changed with the increase in the rotation speed from 30 rpm to 80 rpm (Figure 1).
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Figure 1. Diagrams showing the variations in the torque and the temperature versus time, when
obtaining the mixtures using the Brabender Plasti-Corder.

Obtaining Test Specimens

The obtained mixtures were used to prepare compression moulded plates with dimen-
sions of 150 x 150 x 2 mm3 and 50 x 50 x 6 mm?, respectively. The Fontijne laboratory
press, model TP/600 (manufactured by Fontijne Grotnes, Vlaardingen, The Netherlands)
and frame/flash mould were used. Working parameters were as follows: moulding tem-
perature: 140 °C, preheating time: 3 min, preheating pressure: contact, full pressure: 5 MPa,
full pressure time: 3 min, cooling time: 10 min, cooling pressure: 5 MPa and cooling
temperature: 40 °C (cooling speed of ca. 10 °C/min). From compression moulded plates,
the test specimens for determining the properties were obtained by punching, using an
automatic punch.

2.3. Material Characterization (FTIR and TG/DSC)

Fourier Transform Infrared (FTIR) spectra of all the samples were taken with a Nicolet
IS50 FT-IR spectrometer (Thermo Scientific, Waltham, MA, USA) in the wavenumber range
of 4000-400 cm™—1, using attenuated total reflection (ATR). IR spectra were collected at a
spectral resolution of 4 cm ! over 32 scans. For evaluating the short-range ordered structure
of starch samples, the spectra were processed by deconvolution using OMNIC software
(version 9.1.27). The FTIR 2D maps were recorded with a Nicolet iN10 MX microscope
(Nicolet, Waltham, MA, USA).

A STA 449 C Jupiter equipment from Netzsch (Netzsch, Selb, Germany) was used for
the thermogravimetric analysis coupled with differential scanning calorimetry (TG/DSC).
The samples (~20 mg) were placed in an open Al,O;3 crucible and heated up ata 10 °C-min~!
rate until 900 °C in a dynamic atmosphere (flow of 50 mL-min~! of dried air).

2.4. Physicochemical Characterization

Hardness of samples was measured using a hardener tester, on the Shore A scale and D
scale, according to ISO 868 [38]. Samples of 6 mm thickness were used for determinations,
a minimum of 5 hardness measurements were taken in different positions of the test
specimen, and an average value was determined.

Tensile strength tests were carried out with a Schopper strength tester with a testing
speed of 500 mm /min, using dumb-bell-shaped specimens—type IV with a thickness of
2 mm, according to ASTM-D638-14 [39]. Five determinations were made, and the arithmetic
mean of all values obtained was calculated.

3. Results and Discussion
3.1. FTIR Spectroscopy and Microscopy

By adding citric acid, the granular structure of the starch is modified, and in this
way, the mechanical properties of TPS can be improved. In Figure 2, a mechanism of
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the cross-linking reaction of starch in the presence of citric acid through esterification
reactions is proposed. At the temperature required to obtain TPS, citric acid dehydrates
and forms citric anhydride (1). This reacts with the hydroxyl groups in starch to form
starch acetate (Figure 2). It is known that starch contains two types of hydroxyl groups,
primary (6-OH) and secondary (2-OH and 3-OH) (Figure 2), which are able to react with
multifunctional reagents, resulting in cross-linked starches. Due to its linear polysaccharide
structure, amylose is much more susceptible to undergo chemical transformations, unlike
amylopectin, a polysaccharide with a branched structure, with less-accessible reactive
groups. From these considerations, it is assumed that the reaction with citric acid takes
place in a higher percentage at the primary hydroxyl groups in the C-6 position of the
anhydroglucose ring on the amylose chains and, in a lower percentage, at the hydroxyl
groups blocked in the (1-6)-« glycosidic bonds of the amylopectin branches. The reaction
between starch and citric acid can take place in several stages. They consist first of an
attachment of citric acid through an esterification reaction with the hydroxyl group (2),
and its further reaction, also through an esterification process, with another hydroxyl
group of the starch, thus leading to the formation of cross-linking bonds and the formation
of starch citrate (3) (Figure 2). The thermal stability of starch citrate depends on the
amylopectin content and the starch structure. Thus, according to existing studies, starch
citrate with a higher amylopectin content may be more thermally stable than one with a
lower content [30].

In addition to these cross-linking reactions, it was observed that by adding citric acid to
obtain TPS, a partial depolymerisation between C1 and the glycosidic oxygen in starch can
be achieved [30]. Figure 3 presents a mechanism of the hydrolysis reaction of starch with
citric acid that leads to the reduction in the molecular mass of starch. This acid hydrolysis
is assumed to occur at the glycosidic bonds and is induced by the residual moisture that
is available in excess in the starch. In the presence of citric acid, the glycosidic oxygen is
protonated and the resulting glycosyl is further hydrolysed by water molecules to form a
stable product [30].

Figure 4 shows the spectra for the mixtures of starch plasticized with glycerine
(samples S1-54), and Figure 5 shows the FTIR spectra of the samples of starch plasticized
with glycerine and sorbitol (samples S5-58).

Analysing the FTIR spectra of samples S1-S8, a broad band at 3296-3301 cm ! is
observed corresponding to the stretching vibration of the O-H bond associated through
hydrogen bonds and the vibrations of the polar O-H bonds of amylose, amylopectin,
glycerol, sorbitol and absorbed water, respectively [40]. The absorption bands that appear
at 2860-2960 cm ™!, 1461-1462 cm ™! and 1368-1372 cm ™! are due to the stretching vibration
of the C-H bonds, to the deformation vibrations of the methylene groups (-CH;-) and to the
symmetric deformation vibration of the methyl groups (-CHj), respectively [41,42]. The
peak at 1366-1369 cm ™! can assigned to the branches existing in amylopectin (dimethyl,
trimethyl or tert-butyl). The intense absorption bands characteristic of the vibrations of
the C-O polar bonds in alcohols, ethers and esters (vC-O) located in the fingerprint region
appear in the interval 10401250 cm . Among them, several absorption bands are assigned
to C-O bond stretching vibrations in C-O-H (1148-1151 and 1076-1078 cem~ 1) and in C-O-C
(995-997 cm~1, 853-858 cm~! and 758-761 cm~!) of the anhydroglucose ring of the starch
structure [43,44].

The band at 925-926 cm ™! is attributed to C-O-C a-1,4-glycosidic and «-1,6-glycosidic
stretching [45-47]. Paluch et al. [45] showed that the band in the region of 920-938 cm s
derived from oscillations of «-1,4-glycosidic and «-1,6-glycosidic bonds. For starch that
contains a greater number of C-O-C type bonds coming from «-1,6-glycosidic amylopectin,
this band is shifted to higher values of the wavenumber, and for starch with a lower
percentage of amylopectin, the band appears at lower values of the wavenumber. They also
specified the fact that after the plasticization process, the x-1,6-glycosidic bonds are broken
and, therefore, the position of this band appears at lower values of the wavenumber.
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Figure 2. The proposed mechanism of cross-linking of citric acid with starch; green numbers represent
the carbon numbering: citric anhydride formation (1); esterification reaction between citric anhydride
and starch (2); formation of starch citrate by cross-linking (3).

The samples containing citric acid show a band at ~1722 cm ™~ specific to the ester bond
(R-COO-R), but which has a very low intensity. This could indicate the effectiveness of the
citric acid cross-linking of plasticized starch. At the same time, it is also observed that the
hydrogen bonds between starch and the plasticizer (glycerol, sorbitol) were improved by
the presence of citric acid (the intensity of the peak at 3300 cm ™! increases in S2 compared to
51 by approx. 2.1%, and for S6 it increases by 17.6% compared to S5). Seligra et al. [48] and
Shi et al. [49] showed that the relationship between the intensity ratio of the hydroxyl group
(-OH) at 3300 cm ™! (I3300) and that of the peak at 1150 cm ™! that is attributed to the C-O
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Transmittance (%)

stretch in the C—OH group (I1150) can be used to identify the ester group of starch chains
with citric acid. Table 3 shows the peak intensities of specific functional groups and their
calculated ratios. It can be observed that the ratios between the peak intensities (I3300/11150)
for the mixtures containing citric acid are lower than those of the mixtures without citric
acid. Thus, the I3300/11150 values for mixtures S2, S3 and S4 decrease compared to that of
mixture S1, as well as, for mixtures S6, S7 and S8, the ratios decrease compared to the value
of the ratio obtained for mixture S5. The reduction in the intensity ratio is related to a lower
amount of -OH groups in the citric acid-modified starch mixtures, as a result of the reaction
of the -COOH groups with the OH group of starch and glycerine and sorbitol, respectively,
by esterification [48-50].
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Figure 4. FTIR spectra of samples S1-54.
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Figure 5. FTIR spectra of samples S5-S8.

Table 3. Values of peak intensity ratios (13300/11150, 11022/1995, 11044/11022) for analysed mixtures.

Sample 3300111150 T1022/1995 Tioaamo22
S1 1.054 1.2163 0.9668
S2 1.013 1.0654 0.7222
S3 1.049 1.0645 0.7229
S4 0.930 1.1853 0.9079
S5 1.301 1.1526 1.1606
S6 1.233 0.9400 0.7655
S7 1.186 0.8224 1.0003
S8 1.230 0.7906 0.9176

Mixtures containing Genioplast ultrahigh molecular weight siloxane polymer (54 and S8)
may contain absorption bands due to ultrahigh molecular weight siloxane polymer at
1373 cm~! (CH) def, at 1019 cm™~! (Si-O) str, at 1264 (s) cm ! (Si-CH3) ((-CH) sym def, at
800 cm~! (Si-C) str; however, they have a low intensity and overlap with other bands [51].

Amylose and amylopectin associate with each other through hydrogen bonds and are
arranged radially in layers to form the starch granule. The starch granule is presented as an
amorphous matrix in which crystalline areas are scattered. The crystalline areas are made up
of short linear chains of amylopectin, which contain about 15-25 glucose units, grouped in
the form of a parallel double helix. Amylose forms most of the amorphous regions, which
are randomly distributed between the amylopectin clusters. The branching regions are made
up of the amorphous layer that separates the crystallites from each other [8]. The bands
in the region 1100900 cm ! are sensitive to the changes in the structure of starch. Several
authors [52-54] showed the fact that the IR absorption band at 1042-1049 cm ™! is sensitive
to the amount of crystalline starch, and the band at 1015-1022 cm ! is influenced by the
amount of amorphous starch, and it is caused by the formation of hydrogen bonds between
plasticizers and starch. The band from 994-1000 cm ™! indicates intramolecular hydrogen
bonds of the hydroxyl group from C-6, which are sensitive to hydration, and it is more
pronounced in the higher crystalline samples [55]. This led to the use of the intensity ratio for
these bands in several studies [56,57], to evaluate changes in the ordered molecular structure
over short distances. It was observed that the ratio between the intensity of the band at
1022 em ™! and that of the band at 995 cm™! (1922 /Ig95) provides information on crystallinity
and hydration. Thus, some studies have suggested that changes in the I, /Ig95 ratio upon
hydration of crystalline starch are the result of a nematic—smectic transition [56,57].

For these reasons, to study the effect of ingredient interaction and gelatinization on the
amorphous and crystalline structures of the starch used, the spectral region 900-1100 cm ™!
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was analysed. Since this region included several overlapping bands, their deconvolution was
performed using the OMNIC software. Two absorption band intensity ratios were calculated,
namely Ij022/Igg9s and I1oa4a /I1022 cm~! (Table 3), which could provide information regarding
the order in the more crystalline regions and, respectively, the state of organization of the
double helices located inside the crystallites [57]. From the data presented in Table 3, it
can be seen that the most significant changes in the two ratios occur by introducing citric
acid in the TPS samples. In these samples, a decrease in the 1105 /Iggs ratio can be observed,
which may be due to the increase in the weight of intramolecular H bonds of the hydroxyl
group from C6. These could contribute to improving the compatibility between starch
and plasticizer, obtaining mixtures with a more homogeneous structure, and favouring
the hydration of crystalline starch through nematic-smectic transitions [55]. At the same
time, after the introduction of citric acid, a decrease in the Ijp44 /11022 ratio is observed,
which indicates a decrease in the weight of the ordered crystalline phase in the samples.
So, it can be assumed that by adding citric acid, changes occur that may indicate a more
advanced hydration of the crystalline phase of the starch as a result of some nematic-smectic
transitions [53]. Our results are consistent with those reported in other works [55,57].

For FTIR microscopy, we have chosen the 2D maps at three wavenumbers: 2929 cm™
assigned to C-H stretching from CHj moieties, 1150 cm ™! attributed to the C-O stretch in
the C-OH and 1015 cm ! assigned to the hydrogen bond formation between plasticizers
and starch. The micrographs are presented for samples S1-54 in Figure 6 and for samples
55-58 in Figure 7.

1

2929 cm! 1015 cm!

-
<
(=1
L) . -
ol Mo
1015 cm’!

a
|

2929 cm! 1150 cm!

Figure 6. FTIR maps of samples S1-54 (red areas indicate the highest absorbance, while blue areas
correspond to the lowest absorbance).
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1150 cm! 1015cm?

Figure 7. FTIR maps of samples S5-S8 (red areas indicate the highest absorbance, while blue areas
correspond to the lowest absorbance).

The blue zones correspond to the regions with lower absorbance and the red zones
correspond to higher absorbance regions. For all samples, we can observe a good homo-
geneity, but there is a clear difference between the 51-54 series vs. the S5-58 series. The
introduction of sorbitol as a plasticizer negatively influences the sample homogeneity, with
the apparition of small, micrometre size, cluster agglomerations being favoured.

3.2. Thermal Analyses

The TG and DSC curves for all samples up to 900 °C are presented in Figure 8. The first
endothermic effect takes place between 90 and 100 °C for the S1-54 samples and between
88 and 92 °C for the S5-58 samples and corresponds to the elimination of water humidity
from the TPS mass. Samples containing citric acid exhibit an increase in the temperature at
which water is eliminated when compared to the S1 and S5 samples, indicating that cross-
linking by citric acid makes the water elimination more difficult [58]. After the elimination
of humidity up to 140 °C, the samples continue to lose mass slowly until ~250 °C, when the
principal mass loss event occurs. The main oxidative degradative process takes place after
250 °C, and is generated by a complex process (Figure 52); on one hand, the fragmentation
of the polymeric backbone occurs, and on the other hand, the oxidation of smaller molecular
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mass fragments happens. The complexity of the degradation mechanism can be deduced
from the multiple shoulders and peaks on the DTG curves (Figure S2 and Table 4). The
oxidation process is predominant, as indicated by the overall exothermic effect on the DSC
curve. After 320 °C, the carbonaceous residual mass is slowly burned away, as indicated by
the strong, broad and asymmetric exothermic effect, with multiple peaks in the region of
400-600 °C. The higher residual mass obtained for the samples S3-54 and S7-58 is due to
the presence of inorganic fillers (OMMT and SiO, generated by Genioplast).

TG % DSC /(mW/mg)
100 T exo 4.5
4.0
80 S1.dsu 3.5
TG
...... DSC 3.0
S2.dsu
60 TG 2.5
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40 ...... DSC 1.5
S4.dst_1rG 1.0
200 77T bsc 0.5
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Figure 8. TG-DSC curves of samples S1-54 (a) and S5-S8 (b).

The most important numerical data are presented in Table 4. Analysing these data,
some conclusions can be drawn. The temperatures Tse, (corresponding to 5% mass loss)
and Tqg9, present different variations for the S1-54 and S5-S8 series. For the 51-54 series,
the addition of citric acid leads to a small decrease in the Tge, and Tygo, (~5-8 °C), most
probably due to acid-induced structure fragmentation. The successive addition of fillers,
OMMT and Genioplast, leads to an increased thermal stability (~11-25 °C). This effect of
inorganic filler on thermal stability was reported before [41,42]; these particles act as an
adsorbing energy shield. A somewhat similar but diminished effect can be noticed for Ty,
for the S5-58 samples. After an initial decrease of 9 °C from S5 to S6 due to the addition of
citric acid, the stability increase induced by fillers is modest, of 3-4 °C, for the S7 and S8
samples. This can be an indication of some agglomeration of the fillers, but can also be due
to a higher content of plasticizers. In the case of Tse, for the S5-S8 samples, a slow increase
in stability can be observed (~2-5 °C).
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Table 4. Principal numerical data from thermal analysis of S1-S8 samples.

Sample

Tso,

T10%

Inflection

Am (250 °C)

Endo

Exo

DTG Peak (°C)

S1

173 °C

225°C

149.8 °C

12.42%

156.9 °C

434.7 °C

288.7sh/308.2

S2

168 °C

217 °C

147.1°C

15.58%

155.5/165.4°C

436.3 °C

272.6/312.8

S3

175°C

228 °C

150.7 °C

14.00%

159.7/172.4°C

4264 °C

263.8sh/302.0

54

179 °C

242 °C

158.2 °C

11.63%

172.8 °C

499.3 °C

266.3/290.1/296.9

S5

174 °C

227 °C

156.6 °C

12.08%

166.8 °C

452.3°C

291.6/321.1

S6

176 °C

218 °C

162.9 °C

15.46%

168.2/181.4°C

410.6 °C

298.7/308.8

S7

179 °C

221 °C

153.6 °C

14.76%

160.4/186.4 °C

418.8 °C

289.4/310.2/316.2

S8

179 °C

222 °C

151.7 °C

14.80%

157.4/179.6 °C

505.5 °C

286.0/294.1/308.6

TG /%

100
99
98
97
96
95
94
93
92

The mass loss up to 250 °C increases for S2 and S6 samples when compared to the S1
or S5, respectively. This is related to the presence of citric acid, which generates a partial
hydrolysis of starch (Figure 3), with the fragments being easier to degrade. The presence
of fillers OMMT and Genioplast leads further to a smaller mass loss, as the inorganic part
will not degrade, but also as it acts as anchoring points for smaller fragments, slowing
the degradation process. The S7 and S8 samples with larger plasticizer amounts will also
present a larger mass loss compared to the S3 and 54 samples.

The DTG curve indicates the temperatures at which the maximum mass loss rate
occurs (due to decomposition and oxidation). For both series, the samples with OMMT and
Genioplast present the maximum mass loss rate on the DTG curve under 300 °C, despite
an initial better thermal stability.

The detailed information for the temperature interval 20-200 °C is presented in
Figure 9. The most important feature is the inflection point in the region 150-160 °C,
which separates two different mass loss events. At lower temperatures, the absorbed
water molecules (residual humidity) are eliminated, while at higher temperatures, a more
complex degradation occurs, as indicated by the multiple endothermic effects on the DSC
curves. This second event is mostly generated by the elimination of structural water
molecules from the starch and the breaking of the hydrogen bonds between starch and
plasticizers [30]. Similar inflection points are presented in other reports [30]. The sorbitol
addition in the S5 sample leads to an increase in the inflection temperature point, from
149.8 to 156.6 °C, due to increasing intermolecular hydrogen bonds that trap the water
molecules [30].
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Figure 9. Cont.
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Figure 9. Detail of TG-DSC curves of samples S1-54 (a) and S5-S8 (b).

3.3. Physical-Mechanical Properties

TPS retrogradation is a complex phenomenon that consists in the reorganization (re-
crystallization) of starch macromolecules (amylose and amylopectin). This recrystallization
occurs at a high speed in the case of amylose and at a much slower speed in the case of
amylopectin. Crystal formation is accompanied by an increase in rigidity and a separation
of the polymer/solvent phases [59,60]. To eliminate the retrogradation, there is a need
for chemical, physical or enzymatic modifications of the starch, the use of different types
of plasticizers or the addition of some ingredients (such as nanowires or other thermo-
plastic materials) to improve these properties [60,61]. For the obtained plasticized starch
samples 51-S8, the physical-mechanical characteristics are presented in Table 5.

Table 5. Physical-mechanical characteristics of plasticized starch samples.

Sample Code Hardness Hardness Tensile Strength  Elongation at Break
° ShA ° ShD N/mm? %
S1 97 £ 0.577 46 + 0.577 2.64 + 0.096 140 + 6.666
S2 96 £ 0.577 43 £ 0.577 5.17 £ 0.01 120 £ 11.547
S3 91 £ 0.577 32 £0.577 6.95 £+ 0.186 60 + 6.666
S4 87 £0.882 34 £0.577 2.84+0.1 100 £ 5.773
S5 93 £ 0.577 39 +0.577 2.37 £0.255 100 £ 6.666
S6 90 £+ 0.577 31£0.577 4.21 +0.041 40 £+ 4.409
S7 88 £ 0.577 29 £0.577 4.24 + 0.035 40 £ 6.666
S8 86 + 0.882 33 +£0.577 4.22 £ 0.045 60 + 6.666

The results show that the samples plasticized with glycerine and sorbitol have a
lower hardness than those plasticized only with glycerine, the hardness differences being
0-6° ShA and 1-7° ShD, respectively. This aspect can be explained by the fact that the
samples containing both sorbitol and glycerine have a higher plasticizer content. The
fact that the average values of the tensile strength are better for the S1-54 mixtures (with
a smaller amount of plasticizer) compared to the S5-S8 mixtures can be explained in
the same way. The values of these characteristics are comparable to those obtained by
other researchers [32,33,62,63], who used conventional TPS-obtaining methods. It can be
seen from Table 6 that the reported values were not greatly influenced by the obtaining
method, but are rather dependent on the starch/plasticizer ratio and the starch origin or
plasticizer type.
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Table 6. Mechanical properties values reported in the literature.

Tensile

Starch Type Plasticizer Obtaining Method Strength Elongaiog Ref.
N/mm? at Break, %

Corn starch glycerol (30% w/w) Solution casting 2.53 40 [32]
glycerol, sorbitol 1:1 . .

Corn starch (30% w,/ ) Solution casting 5.74 55 [32]
glycerol, sorbitol 1:1 . .

Corn starch (45% /) Solution casting 2.8 70 [32]
glycerol, sorbitol 1:1 . .

Sugar palm starch (45% w,/ ) Solution casting 3.99 39 [62]

Sugar palm starch glycerol (30% w/w) Solution casting 2.5 61.6 [62]

Potato starch glycerol (33% w/w) Solution casting 3.05 70 [63]

Rice starch glycerol (33% w/w) Solution casting 1.8 49 [63]

Potato starch glycerol (30% w/w) Solution casting 242 46.6 [33]

The samples containing citric acid (samples S2 and 56/52-54, and S6-S8, respectively)
have better values of tensile strength compared to the control samples (S1 and S5, respec-
tively), while hardness is a few degrees lower; this can be due to a better homogenization
of the mixtures through the introduction of citric acid as a compatibilizing agent, as well
as due to the partial depolymerisation of starch [20]. A more significant improvement
(95.8% for tensile strength) was observed for the sample plasticized only with glycerine
(52 compared to S1).

Depending on the strength of the interfacial interactions between the polymer matrix
and MMT, three types of nanocomposites can be formed, namely the following: (1) inter-
calated nanocomposites for which the polymer matrix is inserted into the layered silicate
structure in a crystallographic, regular way; (2) flocculated nanocomposites that have struc-
tures identical to the intercalated ones, but the silicate layers are sometimes flocculated due
to the interactions of the hydroxylated ends of the silicate layers; (3) exfoliated nanocom-
posites for which the individual layers of clay are separated inside the polymer matrix,
with a distance between the layers that depends on the degree of clay loading [27,64,65].
To obtain intercalated or exfoliated polymer nanocomposites that lead to an improvement
in properties, we have added an organically modified montmorillonite clay (OMMT) in
the samples S3, 54, S7 and S8. As in the OMMT, the spaces between the layers are en-
larged; higher molecular weight polymers might enter the clay galleries. Some studies have
shown that for TPS/OMMT nanocomposites, only the plasticizer (glycerol) can effectively
intercalate between the OMMT layers, and starch macromolecules can be more difficult to
intercalate. Nevertheless, different compatibilizing agents, such as citric acid, can improve
both TPS plasticity and OMMT dispersion in the TPS matrix [65-67].

When adding the OMMT nanoarray (samples S3 and S7/53-54 and S7-58), a decrease
in hardness can be observed of 2-5° ShA and 2-11° ShD, respectively, which could indicate
a change in the morphology of the samples. For the samples plasticized only with glycerine,
an improvement in the tensile strength by 34.4% was observed, which may indicate the
formation of an intercalated or exfoliated nanocomposite that led to the improvement of
mixture properties [68]. This is in agreement with other published works that emphasized
the fact that clay would interact preferentially with glycerol because it has a lower molec-
ular mass. In addition, it was observed that for mixtures plasticized only with glycerol,
the temperature at which the gelation process takes place is higher and, therefore, the
morphology and characteristics of the TPS are different from those of TPS in which there
are two types of plasticizers (Figure 2) [60].

For the samples containing the Genioplast additive, hardness changes of approx.
2-5° ShA and 2—4° ShD, respectively, can be noticed, which can be determined by both
the improvement in processing properties and by the reduction of the crystalline phase
through the addition of polymer siloxane.

The values of elongation at break are small, 40-140%, for all samples and are in
agreement with the results obtained by other researchers [32,62,63]. These values can be
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influenced by the existence of chemical or physical cross-links, by the reinforcement with
OMMT that restricts the mobility of the polymers, by the proportion of the crystalline and
amorphous phase, etc.

Thermoplastic mixtures based on starch and plasticizer do not have good mechanical
properties (aspect confirmed by other works [68,69]), but by adding citric acid and OMMT,
an improvement in tensile strength is observed, and the hardness decreases by max 6° ShA.
These aspects may indicate that in the control mixtures (51 and S5, respectively), there may
be residual starch granules in the amorphous matrix of amylase and amylopectin, which
increased the stiffness of the mixtures by creating some physical cross-links. When adding
citric acid and the other ingredients, it is possible that the amount of starch granules is
reduced, thus reducing the hardness of the mixtures and leading to an improvement of the
other characteristics [67].

4. Conclusions

The thermoplastic starch mixtures made, both those based on starch and glycerine (in
a mass ratio of 70:30) and those based on starch, glycerine and sorbitol (in a mass ratio of
60:20:20), do not present good mechanical properties, but with the addition of citric acid
and the OMMT nanofiller, an improvement in the tensile strength is observed, while the
hardness decreases by max 6° ShA. FTIR analyses show that by adding 2% (mass percent-
age) citric acid in TPS mixtures, cross-linking reactions can take place through stepwise
esterification and depolymerisation reactions, as well as a more advanced hydration of
the crystalline phase of the starch due to some nematic—smectic transitions, with reduced
structural order. Further studies on the introduction of obtained TPS mixtures in food
packaging, biodegradable polymeric blends, 3D printing filaments, etc. can determine the
domains in which such blends can be used.
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