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Abstract

The mechanical, thermal, physicochemical and structural properties of a thermoplastic
cassava starch obtained by a twin-screw extrusion process were evaluated, using glycerol
and isosorbide as plasticizers at different concentrations (30, 35 and 40% by weight) and
storage times (1, 15 and 30 days) under controlled conditions of relative humidity of 47 ± 2%
and temperature of 25 ± 2 ◦C. The results obtained show a decrease in tensile strength and
modulus of elasticity and an increase in elongation in the initial measurements, suggesting
that, in both cases, a plasticization phenomenon via absorption of humidity predominated
in short times, while at prolonged times, a rigidification of the material occurred due to
the generation of a retrogradation process. Likewise, a higher tensile strength and lower
elongation were found in the materials plasticized with isosorbide. Finally, it was observed
that the retrogradation phenomenon was more evident in the thermoplastic starch samples
made with glycerol, and that the starches plasticized with isosorbide had lower moisture
absorption, higher crystallinity and a predominantly Eh-type crystalline pattern, related to
greater stability over time.

Keywords: thermoplastic starch; retrogradation; cassava starch; glycerol; isosorbide;
mechanical properties

1. Introduction
Population growth and lifestyle changes have led to increased consumption of prod-

ucts and the generation of waste from petroleum-based materials, which cause significant
damage to the environment and well-being. As a result, there is growing interest in creating
biodegradable plastics from biological sources in order to reduce dependence on fossil fuels
and offer a sustainable long-term alternative [1].

Starch is a material with potential for the development of bioplastics, thanks to its
various advantages such as being economical, abundant, renewable, and biodegradable [2].
Among the starches used, cassava starch (Manihot esculenta Crantz) stands out due to
its use in the food sector in tropical and subtropical regions worldwide, as well as its
application in various industries, including the production of thermoplastic starch (TPS) [3].
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Native starch is not intrinsically a thermoplastic polymer, as its degradation temperature is
lower than that required for plasticization. However, when an appropriate plasticizer is
added under controlled temperature and shear conditions, it can undergo a thermal trans-
formation process involving various physicochemical reactions, such as water diffusion,
granule expansion, gelatinization, melting, and crystallization, resulting in a polymeric
material known as TPS [4,5]. In addition to its semi-crystalline structure, it is worth men-
tioning the presence of domains rich in plasticizers and starch in the amorphous regions of
TPS [6,7]. This allows it to be processed like conventional thermoplastic polymers. TPS has
limited applications on a mass scale due to its low mechanical strength, high sensitivity
to water, and brittle nature compared to synthetic materials [8]. In addition to the above,
TPS can undergo retrogradation phenomena, which consist of the reorganization of starch
molecules, which change from a predominantly amorphous state to an ordered structure
with crystalline domains [9], affecting the stability of mechanical properties over time and
the useful life of materials [10,11]. This structural instability is associated with changes in
environmental conditions such as the relative humidity.

To obtain TPS with less tendency to retrogradation and that retain their properties
for longer, one of the alternatives used has been to apply new plasticizers [12]. The
plasticizers used in starches are characterized by small molecules with the ability to diffuse
between starch molecules and possess groups capable of forming hydrogen bonds with the
hydroxyl groups present in starch molecules [13]. During the gelatinization process, the
intermolecular and intramolecular hydrogen bonds between the amylose and amylopectin
chains are replaced by new interactions between the polymer and the plasticizer. This
causes an increase in free volume and greater chain mobility, as well as a reduction in
the glass transition temperature (Tg) [10]. Therefore, both the chemical properties of the
plasticizer, and changes in its concentration are key factors that influence the final properties
of the TPS [11]. The greater the amount of plasticizer in the starch mixture, the more flexible
the material obtained will be. However, the presence of too much plasticizer results in a
very soft, gel-like material [14]. A variety of plasticizers with different functional groups
have been studied for the development of TPS. Examples include polyols (glycerol, xylitol,
sorbitol, maltitol), nitrogen compounds (urea, formamide), and ionic liquids (choline
salts) [9,10].

Furthermore, glycerol is the most widely used plasticizer for starch among polyols due
to its reduced cost, high boiling point, and zero toxicity. However, starch and glycerol do not
interact strongly enough, which causes the starch to frequently recrystallize after a period
of storage, causing the material to undergo retrogradation [13]. Additionally, isosorbide is
classified as an environmentally friendly plasticizer due to its biodegradability and lack
of toxicity. Although its use in TPS has not yet been widely explored, it is reported that
the materials obtained do not undergo retrogradation phenomena, so the use of isosorbide
could make it possible to obtain more durable materials [10,11]. In addition, it has the
advantage of requiring lower processing temperatures compared to glycerol [9].

On the one hand, studies related to isosorbide as a plasticizer have mainly focused
on the development of TPS from corn starch [15] and on obtaining composite materials
developed with this same type of starch [10,11,13,16,17]. On the other hand, work on
the use of isosorbide as a plasticizer in cassava starch TPS is limited. Notably, the study
conducted by Gómez-López et al. [18] used isosorbide as a plasticizer in cassava starch TPS,
considering a co-plasticization approach with glycerol, evaluating the synergistic effect of
both plasticizers mixed in different proportions. Similarly, Arfiathi et al. [19] evaluated the
effect of citric acid on cassava starch TPS plasticized with isosorbide. The aforementioned
studies reported the effect of isosorbide on reducing TPS retrogradation and on starch
composite materials. In this work, a comparative analysis was performed of the effect of
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glycerol and isosorbide as plasticizers on the physicochemical, structural, and mechanical
properties of cassava thermoplastic starch at different storage times.

2. Materials and Methods
2.1. Materials

Native cassava starch (Manihot esculenta cv. M-Tai) was used to produce TPS, which
was supplied by the company Almidones de Sucre S.A.S (Induyuca®, Sincelejo, Colombia).
The amylose content was determined using an enzymatic method following the method-
ology described by Ren et al. [20], finding that it was 29.91%, with the remainder being
amylopectin with a content of 70.09%. The physicochemical characterization of cassava
starch determined a moisture content of 12.006 ± 0.073%, an ash content of 0.283%, an
acidity of 0.0989%, and a pH of 6.86. A techno-functional characterization of cassava starch
was performed, determining the water adsorption index (WAI), water solubility index
(WSI), and swelling power (SP) method proposed by [21]. The WAI was 2.368 ± 0.080
(g gel.g−1 sample), the WSI was 0.345 ± 0.090 (g soluble.g−1 sample), and the SP was
2.377 ± 0.080 (g gel.g−1 sample).

The glycerol used as a plasticizer is an industrial-grade material with a purity of 99.8%
and was purchased from Químicos del Valle Uno A S.A.S. (Cali, Colombia). Isosorbide C6

H10O4, with a purity of 98%, a melting point of 60 ◦C, and a molar mass of 146.14 g·mol−1,
was supplied by Haihang Industry Co., Ltd. (Jinan, China).

Table 1 shows the codes corresponding to the type and content of plasticizer used to
prepare the TPS. All samples were based on the dry weight of the starch.

Table 1. Compositions used for the development of TPS with cassava starch.

Code Type of Plasticizer Plasticizer Content (%)

TPS/G30 Glycerol 30
TPS/G35 Glycerol 35
TPS/G40 Glycerol 40
TPS/I30 Isosorbide 30
TPS/I35 Isosorbide 35
TPS/I40 Isosorbide 40

2.2. Obtaining Thermoplastic Cassava Starch

To obtain the TPS samples, the cassava starch was initially dried at 80 ◦C for
24 h and mixed with the corresponding plasticizer. The mixing process was carried out
for 10 min using a high-speed mixer (Kitchen Aid Professional Troy, OH, USA). The mix-
ture was then stored in high-barrier plastic bags for 48 h. The TPS were developed in a
16 mm co-rotating twin-screw extruder with an L/D ratio of 25 (Thermo Scientific, Haake
Rheomex CTW 100 Polylab OS, Karlsruhe, Germany). The screw speed was set at around
100 rpm, and the temperature profile in the heating zones was set around to the type
of plasticizer used, given that glycerol interacts more with the hydroxyl groups of the
starch, which hinders initial plasticization; while isosorbide facilitates this process at lower
temperatures, reducing the energy required to break down the native starch. For TPS made
with glycerol, it was set between 95 and 120 ◦C, while for TPS made with isosorbide, it
was set between 85 and 110 ◦C. The TPS strands were left to cool in the air, pelletized,
and then ground until they passed through a sieve with an average opening of 1 mm [22].
Subsequently, plates were produced using a semi-automatic press equipped with heating
plates and a forced water circulation cooling system. The pressing process was carried
out at a temperature of 130 ◦C and a pressure of 11 tons for 39 min, consisting of a
24 min heating stage and a 15 min cooling stage under pressure. To finish, the plates were
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subjected to a die-cutting process to obtain standardized test specimens, following ASTM
D638-14 (Figure 1). The TPS samples obtained were dried at 60 ◦C for 12 h and then stored
in glass desiccators containing potassium carbonate to establish a relative humidity (RH) of
47 ± 2%, in accordance with ASTM E104-02, keeping the samples at a constant temperature
of 25 ± 2 ◦C. The physical–chemical, mechanical, and structural properties of the TPS
samples were characterized during a month of conditioning.

Figure 1. Process for obtaining TPS plasticized with glycerol or isosorbide.

2.3. Characterization Techniques
2.3.1. Moisture Absorption

The TPS samples were dried in an oven at 60 ◦C for 24 h and then stored at a relative
humidity of 47 ± 2% and a temperature of 25 ± 2 ◦C using glass desiccators containing
calcium carbonate salt. Moisture absorption (H) was calculated using mass gain as a
function of time (Mt), the initial weight, and the mass obtained after oven drying (Md) as
indicated in Equation (1) [23,24].

Moisture absorption (%) =
(Mt − Md)

Md
× 100 (1)

2.3.2. Scanning Electron Microscopy (SEM)

The microstructure and morphology of the TPS were studied by SEM with a scanning
electron microscope (JEOL SEM model JSM-6490, Akishima, Tokyo, Japan), operated at an
acceleration power of 20 kV. The samples were previously metallized with a gold layer using
a Denton Vacuum Desk IV STANDARD A PHENOM cold sputter coater (Moorestown, NJ,
USA) and analyzed in high vacuum mode [25,26].

2.3.3. Fourier Transform Infrared Spectroscopy (FT-IR)

A Jasco spectrophotometer (FT/IR-4100) Type A (JASCO Manufacturing, Portland,
OR, USA) was used to analyze the TPS samples on days 1, 15 and 30 of storage, employing
the attenuated total reflectance (ATR) mode with an ATR PRO450-S accessory. The spectra
were recorded using 100 scans between 4000 and 1000 cm−1 [12,25]. All micrographs were
obtained on the same day and under the same experimental conditions.

2.3.4. X-Ray Diffraction (XRD)

The TPS samples were analyzed on days 1 and 30 of storage, using a diffractometer
(Malvern-PANalytical Model Empyrean 2012). The analysis was performed with CuKα

radiation (λ= 1.5418 Å) generated at 45 kV and 40 mA. The spectra were acquired at an
angular range of 2 and 60◦ with a step size of 0.02 ◦and a speed of 52 s/step. To determine
the relative crystallinity of the TPS, the methodology proposed by [27] was followed. In
this methodology, baselines were drawn on the X-ray diffractograms in the region from
4◦ to 30◦ (2θ), and the area of the amorphous region (Aa) and the area of the crystalline
region (AC) were determined using Origin® software version 8.0 (OriginLab Corporation,
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Northampton, MA, USA). The relative crystallinity index (RC) was determined following
the model described in Equation (2).

RC =
Ac

Ac + Aa
(2)

2.3.5. Differential Scanning Calorimetry (DSC)

The thermal behavior of the TPS was analyzed using a calorimeter (TA Instruments,
model DSC25, New Castle, DE, USA). Approximately 5 mg of the dry sample was placed in
sealed aluminum capsules, which were then placed in the DSC thermal chamber. The tests
were performed at a heating rate of 10 ◦C.min-1 in a temperature range of 30–250 ◦C in a
protective nitrogen atmosphere with a flow rate of 50 mL.min-1. Results were obtained for
glass transition temperature (Tg), melting temperature (Tm), and melting enthalpy (∆Hm)
for the TPS studied on days 1 and 30 of storage [28,29].

2.3.6. Mechanical Properties

The mechanical tensile properties of the TPS samples were determined using a Tinius
Olsen H50KS universal testing machine (Horsham, PA, USA), equipped with a 10 kN load
cell, following ASTM D638. The test was performed using type IV specimens with a head
displacement speed of 5 mm.min−1 at a temperature of 25 ± 1 ◦C. Four samples were
used for each material investigated, and the average values and corresponding standard
deviation were calculated. This test provided the values of Young’s modulus (E), elongation
at break (ε), and maximum tensile strength (σmax) on days 1, 15 and 30 of storage [15,24,30].

2.3.7. Statistical Analysis

The experimental results of the mechanical properties were analyzed using analysis
of variance (ANOVA), followed by Tukey’s comparison test (p < 0.05) in order to identify
significant differences between the mean values of the mechanical properties of the TPS.

3. Results and Discussions
3.1. Moisture Absorption

Figure 2a,b show the graphs of the moisture absorption isotherms at 47% RH and 25
◦C for the TPS samples made with glycerol and isosorbide, respectively. In both figures,
it can be seen that, in the slope of the curve related to the absorption rate of the material,
there is a rapid increase in mass during the first days of conditioning, showing high-speed
moisture absorption kinetics on days 0–5 for TPS with glycerol and on days 0–9 for TPS with
isosorbide. Subsequently, a decrease in moisture absorption is observed until equilibrium is
reached approximately 7–9% for samples made with glycerol and 3–5% for materials made
with isosorbide, at the different plasticizer concentrations used. It should be noted that
TPS plasticized with isosorbide showed significantly lower moisture absorption than those
made with glycerol. This is probably because this plasticizer has a larger molecular size
and only has two hydroxyl groups in its structure [15]. Likewise, the above behavior may
be facilitated because in TPS plasticized with isosorbide, stronger interactions are achieved
between the starch chains and the plasticizer molecules compared to those prepared with
glycerol [18]. In this sense, a stronger plasticizer–starch interaction hinders the mobility of
the polymer chains, making it difficult for water molecules to diffuse through the starch
matrix [13]. The high moisture absorption capacity produced especially in the initial
days of the conditioning period facilitates molecular mobility and is associated with rapid
retrogradation [12]. This could have affected the mechanical properties, where an increase
in tensile strength and modulus of elasticity was found, while elongation decreased.
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(a)  (b) 

Figure 2. Moisture absorption isotherms for TPS samples made with different concentrations of
plasticizers: 30, 35, and 40%, for (a) glycerol, (b) isosorbide.

The moisture absorption results for TPS/G35 (8.42%) were lower than those obtained
by Teixeira et al. [31], who reported 11.2% for a TPS made from cassava starch plasticized
with 35% glycerol conditioned at 53% RH. As for TPS made with isosorbide, moisture
absorption values of 4.36 and 4.90% were found in the TPS/I35 and TPS/I40 formulations,
respectively, which were below the 7.8 and 8.2% reported by Area et al. [11] for cassava
starch plasticized with 35 and 40% isosorbide, respectively, conditioned in an atmosphere
of 54% RH. It should be noted that the differences found in the scientific literature regarding
moisture absorption contents are associated with the botanical source of the starch, the type
and amount of plasticizer used, and the conditioning conditions of the material, such as
relative humidity and time, in addition to the drying conditions used before the stabilization
of the material, among others [12]. Therefore, studies generally report significant variations
in moisture absorption values for TPS. For both types of plasticizers, it can be observed
that equilibrium moisture absorption increases as the plasticizer content used increases.
This may be associated with a higher presence of hydroxyl groups in the TPS structure
when there is a higher plasticizer content [12,32], which probably leads to greater mobility
of the starch chains, favoring the diffusion of moisture in the material [11]. Similar results
were reported by Jatmiko et al. [33] in sugar palm starch films using glycerol and sorbitol
at different concentrations.

3.2. Scanning Electron Microscopy (SEM)

Figure 3 shows the SEM morphological characterization of cassava starch used in the
plasticization process and TPS developed with glycerol or isosorbide. The geometry of
the starch granules was similar throughout the sample, with a spherical shape and some
truncated granules. They had a smooth and uniform surface, with heterogeneous sizes
and some asymmetrical agglomerations of granules. Average diameters between 10.1 and
10.7 µm were found, which were similar to the 10.4 and 10.2 µm found by Medina, J., &
Salas [34], and Akonor et al. [35], respectively. Starch granules are organized into small
particles whose morphology, chemical composition, and molecular structure are charac-
teristic of each species [36]. The original discrete shape of the starch granules undergoes
a physical change in the presence of a plasticizer, under conditions of temperature and
shear, which are characteristic of the extrusion plasticization process [37]. This change
results in the breakdown of the granular structure, revealing a smooth, wavy surface
(Figure 3b–g). These physical changes have been demonstrated in various studies [37–39]
when processing materials based on cassava starch. The uniformity of the matrix in TPS is
a relevant indicator of its structural integrity [40]. Furthermore, it suggests the complete
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loss of the ordered structure of cassava starch plasticization under the extrusion processing
conditions used [11]. However, there is evidence of some granules that are not completely
destructured, highlighted in red circles, indicating that the granular structures were not
completely melted [41] and that it is possible to further improve the process of obtaining
the material [12]. Granules that failed to gelatinize may affect the mechanical and thermal
properties of the material.

 

   

(b)  (c) 

(a) 

(d) 

   

(e)  (f)  (g) 

Figure 3. SEM micrographs of (a) unplasticized starch, (b) TPS/G30, (c) TPS/G35, (d) TPS/G40,
(e) TPS/I30 and (f) TPS/I35; (g) TPS/I40. The red circles show some granules that are not
completely destroyed.

In general, microphotographs of TPS-G have shown a smooth surface with few starch
granules (Figure 3b–d). A similar morphological structure was observed by Area et al. [16]
in materials developed with glycerol. In TPS plasticized with isosorbide, it can be observed
that as the plasticizer content increases, the surfaces appear smoother. Specifically, TPS/I40
exhibits smooth surfaces with few pores (Figure 3g). Similar results were observed by
Area et al. [11] when obtaining TPS from corn starch plasticized with 35 and 40% isosorbide
through a melting process. These characteristics can be attributed to molecular reorga-
nization between the polymer chains of the starch and other smaller organic molecules,
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such as plasticizers, which allows miscibility thanks to the formation of physical bonds like
hydrogen bonds [42,43].

3.3. Fourier Transform Infrared Spectroscopy (FT-IR)

The plasticization process promoted shifts in the bands of all the TPS studied compared
to native starch. A decrease in the wavenumbers corresponding to the -OH group was
observed, from 3354 cm−1 in starch to 3300 cm−1 in TPS. Likewise, decreases were observed
in the wave numbers assigned to the stretching of the C–O of the C–O–H bond from 1078
and 1152 cm−1 in starch to 1077 and 1150 cm−1 in the plasticized samples (Figure 4 and
Table 2). The above behavior is related to the incorporation of plasticizers, which causes
modifications in the interactions of the hydroxyl groups in the material, establishing
new hydrogen bond links with less steric hindrance and greater mobility of the polymer
chains. This contributes to the vibrations of the hydroxyl groups being exhibited at lower
frequencies in plasticized materials compared to unplasticized starch [44]. In all TPS studied
and during their storage period, a band around 3300 cm−1 was observed, attributed to
the stretching of O–H groups, associated with the formation of hydrogen bonds between
molecules. Bands at 2922 cm−1 were also identified, corresponding to the stretching of
the C–H bond. The peak at 1648 cm−1 was assigned to the bending vibration of absorbed
water. Additionally, the peaks at 1150 and 1077 cm−1 were related to the stretching of
the C–O bond of the C–O–H functional group present in cassava starch. The results
coincide with those reported for cassava starch-based films plasticized with glycerol, used
as a control in the study of various plasticizers [40]. It was also possible to observe the
1016 and 997 cm−1 bands, which correspond to the C-O of the C-O-C. Specifically, the
1016 band is associated with the process of plasticization, and its presence reflects a low
degree of crystallinity [18]. Specifically, TPS/I30 showed a significant decrease in the
intensity of the bands corresponding to 3315, 2922, 2853, and 1648 cm−1 (Figure 4a). The
low intensity presented in the 2922 and 2853 cm−1 bands is usually associated with a
low concentration of plasticizer and a low degree of plasticization. Meanwhile, the low
intensity of the 3315 and 1648 cm−1 bands is associated with more rigid materials and low
moisture content, respectively. This finding parallels the results obtained in the tensile and
moisture absorption tests, where the highest modulus of elasticity was obtained, and the
low moisture absorption content (Figure 2b) were in the TPS/I30 sample.

Table 2. Characteristic bands found in cassava starch and TPS plasticized with glycerol or isosorbide.

Vibrational Assignment
Wavenumber (cm−1)

Native Starch TPS

Stretching vibration of the
hydroxyl bond (-OH) 3354 3300

Asymmetric stretching vibration
(C–H) 2972 2922 2922

Bending vibration O–H of
absorbed water 1650 1650

C–O stretching vibration (C–O–H
bond) 1152 1078 1150 1077

C–O stretching vibration (C–O–C
bond) 999 1016 998
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(a)  (b) 
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Figure 4. Infrared spectra for TPS/G30, TPS/G35, TPS/G40, TPS/I30, TPS/I35, TPS/I40, stored for
(a) 1, (b) 15, and (c) 30 days.

The spectra show a progressive increase in the intensity of the band at 3300 cm−1

associated with hydroxyl (-OH) groups as the days of storage increase and the plasticizer
content increases. This could be related to the greater amount of water absorbed by the
TPS over time, which becomes more evident in materials developed with higher plasticizer
content [12]. This behavior is consistent with the results previously observed in the mois-
ture absorption analysis (Figure 2). Similar results were reported by Liu et al. [45], who
observed an increase in the band corresponding to -OH in a cassava starch (TPS)/nanosilica
(SiO2) thermoplastic compound over time during retrogradation. High moisture absorp-
tion facilitates retrogradation in thermoplastic materials, evidenced by changes in their
crystalline structure [46]. However, the wave number showed fewer changes in TPS-I,
indicating better stability of hydrogen interactions in its molecular structure compared
to TPS-G.

The absorption band located at 1650 cm−1, present in the native starch, showed a
decrease in intensity in TPS as the plasticizer content decreased. This behavior is associated
with lower water absorption in the amorphous regions of the plasticized starch, since
this band corresponds to the vibrations of the water bonds [18], as corroborated by the
results obtained in the moisture absorption tests. Likewise, the intensity of this band was
lower in TPS plasticized with isosorbide compared to those developed with glycerol, which
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is consistent with the lower moisture absorption observed in materials with isosorbide
(Figure 2).

3.4. X-Ray Diffraction (XRD)

The crystallinity study was performed by X-ray diffraction analysis of TPS plasti-
cized with glycerol and isosorbide on days 1 and 30 of conditioning (Figures 5 and 6).
Cassava starch showed an A-type diffraction pattern with four main peaks at angles 2θ
of 15.0, 17.0, 17.8, and 22.9◦ (Figure 5). Some of these peaks have also been reported by
Figueroa-Flórez et al. [47] and Lozano et al. [48], who worked with native cassava starches
that also exhibited type-A crystallinity. These diffraction peaks correspond to the pro-
portion of the structured component, composed of the amylopectin side chains and the
amylose chains arranged in a helical form that make up the crystalline zones present in
the granular structure, in relation to the unstructured component that represents the amor-
phous zone [49]. Cassava starch showed a relative crystallinity of 31.4%. These results are
consistent with those found by Mina Hernández [12], and Gómez-López et al. [18], who
report crystallinity of 32.60 and 29.05% in cassava starch, respectively. However, relative
crystallinity values for cassava starch close to 46% have also been reported [47,48]. This
parameter is strongly related to the starch variety, the amylose and amylopectin contents,
and the analysis methods and calculations used [12,50]. In the TPS diffractograms, the
characteristic peaks of the native starch disappeared, evidencing the destruction of the
type-A crystalline structure during processing, indicating that both plasticizers were suit-
able for plasticizing the starch under the processing conditions used (Figures 5 and 6).
However, some residual crystallinity, type B, C or V, was found, resulting from incomplete
fusion of the granules, as well as processing-induced crystalline structures, namely type
Vh and Eh [10,16,51]. Compared to unplasticized cassava starch, all samples showed a
significant reduction in the crystalline area in the diffractograms. This decrease is due
to the breakdown of the granular structure of the starch during extrusion, a process in
which high temperatures, shear stress, and the presence of plasticizers cause a loss of
structural order, resulting in a continuous amorphous matrix, characteristic of TPS [48]. The
two types of plasticizers used changed the crystalline pattern of the materials. In TPS made
with glycerol as a plasticizer, a main peak can be observed at 2θ angles of 19◦ and a smaller
peak at 13◦ (Figures 5 and 6b). This crystalline structure is represented by a Vh-type pattern,
which becomes more evident in materials plasticized with glycerol after 30 days of storage.

Figure 5. X-ray diffractogram for native cassava starch.



Polysaccharides 2025, 6, 112 11 of 19

 
(a)  (b) 

 
(c)  (d) 

Figure 6. X-ray diffractogram for TPS. (a) TPS-G on day 1; (b) TPS-G on day 30; (c) TPS-I on day 1;
(d) TPS-I on day 30.

However, in the case of TPS plasticized with isosorbide, the peak was located at
an angle 2θ of 18◦, relating to an Eh-type crystalline structure. In addition, a second
low-intensity peak is observed at a 2θ angle of 11.9◦, which could be attributed to resid-
ual starch crystallinity (Figure 6c,d). The Eh-type structure belongs to simple seven-fold
amylose helices complexed with plasticizer molecules, while the Vh-type structure is a
simple six-fold amylose complex. These differences in the patterns found in TPS are
related to the larger size of the isosorbide molecule compared to that of glycerol. The
size of the molecule could limit the availability of more plasticizer molecules to com-
plex the amylose chains, favoring the development of an Eh-type structure in materials
plasticized with isosorbide [16]. Similar results were reported in studies conducted by
González et al. [10], who found this same trend in composite materials with glycerol and
isosorbide as plasticizers and attributed this finding to higher shear stresses achieved
during extrusion with TPS-I, which was due to the increase in melt viscosity due to the
higher molecular weight and bulky geometry of the D-isosorbide molecule.

Furthermore, the diffractograms show that the crystallinity in materials made with
isosorbide is higher than in samples with glycerol. Similar behavior has already been
reported in materials made with these plasticizers [4,10]. The higher crystallinity values for
TPS plasticized with isosorbide could be attributed to the increase in shear stress applied
during the plasticization process of these samples. High shear stresses favor the orientation
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of the amylose chains complexed with the plasticizer, increasing in the crystallinity of the
sample [16]. Although crystallinity was higher in the isosorbide samples, its variation
over time was lower compared to the materials developed with glycerol. The above
suggests that retrogradation has a lesser effect on TPS-I. These results show that the type of
plasticizer plays an important role in the retrogradation process; the structure of isosorbide
hinders chain mobility and decreases the likelihood that the material can reorganize over
time [12,18]. With increased storage time, TPS samples show an increase in crystallinity
when using both plasticizers and at all concentrations evaluated in this study, considered
only as a trend, as seen in the diffractograms corresponding to TPS after 30 days of storage
compared to day 1 (Figure 6). This phenomenon can be attributed to structural changes
resulting from the rearrangement of polymer chains, leading to slight increases in signal
intensities [12], which are located at 2θ angles of 19, 13, and 22◦ for TPS plasticized with
glycerol (Figure 6a,b), and at peaks corresponding to angles 2θ of 18, 13, and 19◦ for TPS
plasticized with isosorbide (Figure 6c,d). In both cases, a similar trend is observed, although
the intensity of the peaks associated with the retrogradation process after 30 days of storage
is lower in TPS with isosorbide compared to those with glycerol.

3.5. Differential Scanning Calorimetry (DSC)

The thermal properties of TPS plasticized with glycerol and isosorbide were studied
using DSC curves, which are shown in Figure 7a,b. The glass transition temperature (Tg),
melting temperature (Tm), and melting enthalpy (∆Hm) of all samples are presented in
Table 3. The values associated with the Tg of the TPS are around 34 and 37 ◦C for day 1.
Similar results were reported by Ghanbari et al. [51] in a corn starch TPS plasticized with
glycerol. The results obtained show that TPS formulated with the highest plasticizer content
has the lowest Tg values. This decrease in Tg can be attributed to increased molecular
mobility, an effect commonly associated with increased plasticizer content in the polymer
matrix [15]. In particular, TPS/G30 had a higher Tg compared to the other TPS, which could
be attributed to a less homogeneous distribution of the plasticizer and greater structural
organization, reducing chain mobility and raising the Tg. Similar behaviors have been
reported by De Graaf [52], and Leroy et al. [53], who observed that small variations in
the homogeneity of plasticization can generate specific deviations in the thermal behavior
of TPS. In addition, it is observed that materials plasticized with glycerol have a lower
Tg compared to those formulated with isosorbide. This difference could be attributed to
greater mobility of the starch chains, favored by interactions between the hydroxyl groups
of the polymer and the glycerol molecules, as well as by the generation of greater free
volume between the polymer chains [54]. As a result, materials with glycerol exhibit lower
stiffness than those plasticized with isosorbide in equal proportions, as will be evident
later in the tensile strength tests (Figure 8b). Together, glycerol-plasticized TPS reached
equilibrium in moisture absorption in a shorter time (0–5 days) (Figure 2), a behavior
consistent with the reduced Tg values observed in these materials. Tg is a fundamental
property in polymeric materials and is influenced by various structural factors, such as
molecular weight, intermolecular interactions, degree of branching, and flexibility of the
polymer chains [51]. These parameters determine the mobility of the chain segments and
therefore directly influence the thermal behavior of the material.
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(a)  (b) 

Figure 7. DSC heating curves of TPS plasticized with glycerol and isosorbide at concentrations of 30,
35, and 40% during (a) 1 and (b) 30 days of storage.

Table 3. Thermal properties of TPS plasticized with glycerol or isosorbide at concentrations of 30, 35,
and 40% after 1 and 30 days of storage.

Sample
Day 1 Day 30

Tg (◦C) Tm (◦C) ∆Hm (J.g−1) Tg (◦C) Tm (◦C) ∆Hm (J.g−1)

TPS/G30 36.9 173.2 2.9 92.8 154.5 27.6
TPS/G35 37.4 178.0 2.9 69.6 166.7 10.8
TPS/G40 34.9 193.6 1.0 68.8 90.4 7.5
TPS/I30 37.1 154.6 2.0 69.8 136.8 18.2
TPS/I35 37.4 155.7 1.9 69.9 146.4 10.6
TPS/I40 36.5 158.1 8.3 69.3 141.3 32.3

 

(a)  (b) 

 
(c) 

Figure 8. Mechanical properties for TPS/G30, TPS/G35, TPS/G40, TPS/I30, TPS/I35, TPS/I40,
(a) Elongation at break (EL); (b) maximum strength and (c) modulus of elasticity.
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Throughout conditioning, the transition peaks show specific shifts. An increase in the
Tg results obtained on day 30 compared to day 1 of the study was observed. For their part,
Castañeda-Niño et al. [43] reported a reduction in macromolecular mobility evidenced by
the increase in the Tg of TPS made with banana starch and glycerol with the progress of
conditioning time, which they associated with the retrogradation of the starch polymer
chains and the migration of the plasticizer. Likewise, greater stability was observed in the
Tg of materials developed with isosorbide, indicating greater thermal stability compared
to glycerol TPS. The chemical structure of isosorbide could form many hydrogen bond
interactions, resulting in reduced matrix mobility and also preventing early release of the
plasticizer [10].

Endothermic peaks related to melting were observed between 126 and 190 ◦C
(Figure 7). Peaks below 180 ◦C could be related to the enthalpy of evaporation of strongly
adsorbed water, which is released between 80 and 180 ◦C [55]. The second peak can be
attributed to the melting of remaining crystalline domains and the formation of crystalline
structures resulting from co-crystallization between amylose and amylopectin during the
material extraction process. Crystalline regions tend to form due to the reorganization of
starch molecules in the presence of water and with the passage of time [18]. The smallest
variations in Tg and Tm over time and higher Tg values were found in TPS/G35 and
TPS/I35, indicating greater thermal stability during the storage period. As for Tm, a
decreasing trend is observed over time in all samples at different concentrations of the
plasticizers used. This behavior can be associated with the presence of absorbed water,
which acts as a plasticizer, facilitating chain mobility and promoting the formation of less
thermally stable crystals, which is an expected behavior during the initial stage of the
retrogradation process [56]. The above results are consistent with the moisture absorption
data (Figure 2), which shows an initial increase in moisture absorption of the materials
over time until stability is reached. This is related to the effect that absorbed water has
on the crystallization of starch chains, since the short- and long-term reorganization of
amylose and amylopectin is lower when the water content is reduced [18]. The results
obtained show an increase in ∆Hm throughout the conditioning time. This considerable
increase in enthalpy could be due to starch retrogradation, which involves a reorganization
of the polymer chains and favors the formation of a more orderly and stable crystalline
structure [46]. This trend is consistent with the results obtained by XRD, where an increase
in crystallinity is observed. As TPS films age, the crystalline structure develops more
clearly, requiring more thermal energy to melt, which is reflected in an increase in ∆H. This
behavior is characteristic of starch retrogradation during storage.

3.6. Mechanical Tensile Properties

Figure 8 and Table 4 show the mechanical properties related to elongation at break,
maximum strength, and modulus of elasticity, evaluated by tensile testing for TPS plasti-
cized with glycerol or isosorbide, as a function of storage period. It can be observed that,
as the plasticizer content increases significantly (p-value < 0.05), the tensile strength and
modulus of elasticity decrease significantly (p-value < 0.05). This may be associated with
structural modifications of the starch when plasticizers are added, which involve increase
in free volume and a consequent decrease in the density of the material [32]. The greater
amount of small plasticizer molecules may have caused a reduction in the interaction
forces between the starch chains, leading to greater mobility and resulting in a decrease
in the maximum strength and modulus of elasticity values, along with a notable increase
in elongation at break [11,38]. A similar trend was reported for cassava starch plasticized
with different proportions of glycerol and mixtures of glycerol and water [57].
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Table 4. Mechanical properties of TPS made with glycerol or isosorbide, stored for 1, 15, and 30 days
under controlled conditions of relative humidity of 47 ± 2%.

Mechanical
Properties Sample Day 1 Day 15 Day 30

Elongation (%)

TPS/G30 38.1 ± 1.7 (Aa) 50.2 ± 1.0 (Aa) 59.7 ± 8.0 (Aa)

TPS/G35 46.1 ± 4.0 (Ab) 63.5 ± 1.7 (Ab) 63.0 ± 0.2 (Ab)

TPS/G40 52.4 ± 2.1 (Ac) 68.5 ± 3.6 (Ac) 71.2 ± 8.7 (Ac)

TPS/I30 2.6 ± 0.6 (Ba) 3.3 ± 0.3 (Ba) 10.3 ± 0.4 (Ba)

TPS/I35 3.6 ± 0.1 (Bb) 13.8 ± 0.7 (Bb) 17.6 ± 0.7 (Bb)

TPS/I40 7.5 ± 0.3 (Bc) 42.4 ± 5.7 (Bc) 40.9 ± 3.1 (Bc)

Elasticity
Modulus

(Mpa)

TPS/G30 212.5 ± 8.6
(Aa) 4.9 ± 0.2 (Aa) 6.1 ± 0.5 (Aa)

TPS/G35 117.5 ± 19.8
(Ab) 3.2 ± 0.2 (Ab) 4.4 ± 0.3 (Ab)

TPS/G40 60.1 ± 6.2 (Ac) 7.3 ± 0.7 (Ac) 8.7 ± 0.7 (Ac)

TPS/I30 318.9 ± 47.6
(Ba)

246.8 ± 38.5
(Ba)

288.3 ± 8.0
(Ba)

TPS/I35 197.7 ± 77.7
(Bb)

181.7 ± 22.1
(Bb)

158.6 ± 6.4
(Bb)

TPS/I40 213.1 ± 25.3
(Bc) 38.4 ± 7.6 (Bc) 52.5 ± 11.3 (Bc)

Tensile (Mpa)

TPS/G30 6.3 ± 0.3 (Aa) 1.4 ± 0.1 (Aa) 1.3 ± 0.1 (Aa)

TPS/G35 3.5 ± 0.1 (Ab) 1.4 ± 0.1 (Ab) 1.4 ± 0.1 (Ab)

TPS/G40 2.5 ± 0.4 (Ac) 1.4 ± 0.0 (Ac) 1.6 ± 0.1 (Ac)

TPS/I30 11.8 ± 1.1 (Ba) 10.7 ± 1.8 (Ba) 11.0 ± 1.3 (Ba)

TPS/I35 7.8 ± 0.9 (Bb) 5.5 ± 0.1 (Bb) 5.6 ± 0.2 (Bb)

TPS/I40 6.3 ± 0.6 (Bc) 2.4 ± 0.0 (Bc) 2.9 ± 0.1 (Bc)
Values expressed as mean ± SD. Different capital letters in the column indicate significant differences (p < 0.05)
between plasticizers, and lowercase letters indicate significant differences between concentrations.

Among the different samples studied, TPS/I30 showed the highest strength of
11.8 MPa and the lowest elongation at break of 2.60%, recorded on the first day of mea-
surement. After a storage period of 15 days, the strength decreased to a value of 8.45
MPa and the elongation at break increased to 3.25%. This behavior may be associated
with the fact that water molecules present in the environment are integrated into the TPS
through the formation of secondary hydrogen bond-type links. Likewise, the water ab-
sorbed during conditioning acts as a plasticizing agent in the structure of the material [44].
In TPS formulated with glycerol, the highest tensile strength values were recorded on day 1,
reaching 6.34, 3.50, and 2.44 MPa for concentrations of 30, 35, and 40% glycerol, respectively.
These samples had elongation at break values of 38.04, 46.05, and 52.36%. These results
exceed those reported by González et al. [57] for TPS with the same glycerol concentrations,
produced by injection molding and conditioned at 53% RH. Regarding the values obtained
in the modulus of elasticity, TPS/G30 showed a value of 212 MPa in the first measurement,
which decreased to 4.85 MPa on day 15 of the experiment. A similar behavior was observed
in TPS using glycerol with an initial value of 297 MPa, which decreased to 43 MPa. They
also report that, despite this initial decrease, the modulus of elasticity is the parameter
that varies the least with the retrogradation phenomenon that prevails during prolonged
storage [12]. As the days of storage pass, an initial decrease in the mechanical strength and
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elastic modulus of the TPS can be observed after 15 days of experimentation, followed by
an increase. This behavior could be explained by the presence of two opposing phenomena:
initially, a plasticization process due to moisture absorption that causes softening, followed
by retrogradation that tends to harden the material [12]. The phenomenon of plasticization
by moisture has also been reported in the study of thermoplastic starches subjected to
different relative humidities [24]. The increases observed in the mechanical strength and
elastic modulus of TPS suggest that, at this stage, retrogradation becomes the predominant
phenomenon. Likewise, the results obtained in relative crystallinity measured by XRD
show increases in the values reached on day 30 of the experiment compared to the initial
measurement, which translates into an increase in mechanical strength due to the greater
rigidity associated with a more compact molecular structure.

The results show significant differences (p-value < 0.05) in elongation at break, maxi-
mum strength, and modulus of elasticity between TPS plasticized with glycerol and those
plasticized with isosorbide, demonstrating the influence of the type of plasticizer on the
mechanical properties of the material. In TPS plasticized with isosorbide, tensile strength
and modulus of elasticity values are higher than those obtained in TPS formulated with
glycerol. Similar results have been reported by González et al. [10] in corn starch-based TPS
using both plasticizers. This behavior can be attributed, as expected, to the larger molecular
size of isosorbide compared to glycerol, which restricts the mobility of the polymer chains
and leads to more rigid materials. These results could also indicate a stronger interaction
between the starch chains and isosorbide, possibly facilitated by the presence of hydroxyl
and ether groups, which favor specific interactions through hydrogen bonds between the
plasticizer and the starch molecules, increasing the rigidity of the material [13]. These
findings suggest that isosorbide provides greater structural stability, albeit at the expense
of lower ductility. Morphological analyses obtained by SEM showed more homogeneous
plasticization in TPS with isosorbide compared to those with glycerol, suggesting a more
efficient plasticizing effect. In TPS with glycerol, the higher moisture content (Figure 2)
probably contributed to the greater initial decrease observed in mechanical strength and
elastic modulus. Among the plasticizers used in this study, glycerol promoted the most
significant changes in modulus of elasticity after 30 days of storage, compared to materials
plasticized with isosorbide at the same concentration. This behavior can be attributed to the
smaller molecular size of glycerol, which allows it to interact more easily with the polymer
chains of starch. As a result, retrogradation is more evident in materials with glycerol, due
to the reorganization of molecular structures that were destroyed during the extrusion
and plasticization process [45]. One of the main effects of gelatinized starch retrogradation
is the strengthening of the material, along with an increase in the modulus of elasticity,
associated with reorientation and recrystallization that restrict chain mobility [17,58]. This
effect was evident in the TPS after 15 days of storage, being more pronounced in TPS-G
after 15 days of storage. These results coincide with the XRD analyses, which showed that
TPS-G films exhibited the greatest increase in crystallinity over time.

4. Conclusions
In this study, the effects of glycerol and isosorbide on the development of thermoplastic

cassava starch were compared, evaluating different concentrations over 30 days of storage.
TPS plasticized with isosorbide exhibited higher tensile strength, higher elastic modulus,
and lower elongation. A high moisture absorption capacity was observed in TPS-G, with
values between 7 and 9%, while TPS-I showed values between 3 and 5%. The high moisture
absorption capacity, produced mainly in the first days of storage, is associated with rapid
retrogradation, which suggests that this process is less evident in TPS-I. In line with the
above, it was found that the crystallinity of materials made with isosorbide was higher,
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and a predominantly Eh-type crystalline pattern was observed, which is more stable over
time and reduces the effects of retrogradation. These differences in the patterns found in
TPS are related to the larger size of the isosorbide molecule compared to that of glycerol.
The results obtained are promising and represent a significant advance in the development
of biodegradable materials that better retain their properties over time, indicating the
potential use of TPS-I in biodegradable packaging applications requiring greater stability
during storage.
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