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Abstract: The present work evaluates the influence of different properties of composite materials
from natural sources. Films were prepared using the evaporative casting technique from corn starch
reinforced with a waste material such as garlic husk (GH), using glycerin as a plasticizer. The results
of the syntheses carried out demonstrated the synergy between these materials. In the morphological
analysis, the compatibility and adequate dispersion of the reinforcer in the matrix were confirmed.
Using Fourier transform infrared spectroscopy (FTIR), the interaction and formation of bonds between
the matrix and the reinforcer were confirmed by the presence of some signals such as S-S and C-S.
Similarly, thermogravimetric analysis (TGA) revealed that even at low concentrations, GH can slightly
increase the decomposition temperature. Finally, from the results of dynamic mechanical analysis
(DMA), it was possible to identify that the storage modulus increases significantly, up to 115%,
compared to pure starch, especially at low concentrations of the reinforcer.

Keywords: starch; garlic husk; evaporation casting; composites; biopolymers

1. Introduction

The planet increasingly faces environmental problems due to the indiscriminate use
of plastics and raw materials derived from petrochemical sources, and these materials are
being used in many sectors of the world economy [1]. The demand and exploitation of
polymers are due to their low production cost, lightness, versatility, and durability (some of
which remain in the environment for hundreds of years) [2]. However, with short periods
of use, they quickly become waste. The accumulation of waste and its disposal produce
a greater ecological footprint and a severe environmental problem with accumulation
in landfills [2]. Additionally, plastic waste represents a threat to marine life and other
wildlife, public health, and the economic, social, and environmental sectors that directly
depend on the health of marine life [3,4]. The problem of waste disposal, which is based
on a linear economy, has worsened over the years due to the greater use of disposable,
durable materials resistant to biodegradation [1,5]. Unfortunately, the current transition
rate from petrochemical polymers to biodegradable polymers is low and inconsistent. For
this reason, the socioeconomic system must be based on a circular economy and the use
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of biodegradable materials to mitigate environmental pollution derived from plastics [2].
On the other hand, waste recycling is considered one of the main processes to significantly
minimize the consumption of virgin materials and increase the amount of recycled waste [6].
Furthermore, using biodegradable and ecological materials is another alternative to mitigate
environmental pollution [7]. Developing new materials based on renewable and sustainable
sources to prepare new packaging, bags, and other products in the industrial sector and in
different fields of materials science would align with the concepts of a circular economy
promoted by different international policies [8,9].

A few researchers have focused on the development of plastic materials that are
friendly to the environment and have searched for combinations of natural polymers,
including proteins, polysaccharides, and synthetic polymers from both chemical and bio-
logical sources, as well as microorganism syntheses [10-14]. Biopolymers represent a group
of materials that are formed from natural sources, which implies that they can be disposed
without significant damage to the nature; therefore, these kinds of materials represent
a good option for applications with a short lifespan. Starch is an important renewable
biopolymer due to its low cost, abundance in nature, and biological and biodegradable base,
which could meet the conditions for minimizing the impact of plastics [15-17]. For example,
75% of this polymer are used to manufacture containers and packaging [18]. Recently,
several application areas have been reported such as green chemistry, water treatments,
medical applications, and electronic industry [19]. However, it has disadvantages, such as
poor mechanical and barrier properties associated with its high affinity for water due to its
hydrophilic character [20,21]. The evaporative casting technique consists of dissolving a
polymer in appropriate solvent and subsequent evaporation to obtain a film. A solution
to improve the starch film properties could be to use different strategies to improve the
properties of starch polymers, such as the incorporation of particles, nanoparticles, and
fibers, thus developing a biocomposite a mixture between a biopolymeric matrix reinforced
with a natural material [22-25]; one of the reinforcers reported for starch composites is the
cassava [26].

Garlic waste materials, such as husk, peel, stem, or straw, are materials that do not
have an industrial application, despite having interesting properties. Some works report
the use of garlic husk (GH) as a source of phenolic compounds [27], for edible films [28-32],
and nanocellulose extraction [33], which are some of the explored options for this waste
material. GH is one of the garlic waste materials that is a promising additive for polymer
matrices. There are various investigations of materials reinforced with natural materials
that evaluate their characteristics and potential as alternatives to the use of synthetic
materials. A few publications refer to GH used as filler for a polymeric matrix, such as
polypropylene [34] or chitosan [35]. The use of GH could provide an advantage due to its
chemical composition, in which some phenolic compounds, mainly acids, were recognized,
i.e., caffeic, hydroxybenzoic, ferulic, p-coumaric, and chlorogenic acids [36].

Thus, this research aims to obtain a new environmentally friendly product from corn
starch reinforced with particles of a GH residue using the evaporative casting method.
In addition, the impact of waste, such as GH, and subsequently the structural, thermal,
mechanical, and thermo-mechanical properties will be evaluated.

2. Materials and Methods
2.1. Materials

Cornstarch was purchased from Maizena (Unilever Manufacturera, Tultitlan, Mexico).
Glycerin was acquired from La Corona industry (Parque Industrial Xalostoc, Ecatepec,
Mexico), and garlic husks (Allium sativum) were obtained from the waste of the production
of homemade food.

2.2. Obtaining Reinforcer

The material used as reinforcer was obtained from Allium sativum. Garlic is used
in the preparation of most Mexican foods. GH, which is a domestic waste product, has
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no application in Mexican cuisine, and is therefore thrown away. GH was crushed in an
electronic mill and sieved through a 60-mesh screen to obtain particles under 250 pum.

2.3. Composites Preparation

The composites were prepared using the evaporative casting technique. A corn starch
solution was made with 2 g of starch, 50 mL of distilled water, and 1 mL of glycerin. GH
particles were added at 2-10% (w/w). The solution was heated at 90 + 5 °C for 10 min with
mechanical stirring [12]. The solution was then poured into silicone molds and allowed to
cool for 24 h at 30 °C. Table 1 shows the corresponding concentrations and nomenclature
used in the synthesis and characterization of composites.

Table 1. Composition and nomenclature of starch-garlic husk fiber composites.

Percentage of GH Particles (% wt) Composites Code
0 starch
2 5G02
4 SG04
6 SG06
8 5G08
10 SG10

2.4. Composites Characterization

Fourier transform infrared (FTIR) spectra of the films were recorded using an atten-
uated total refraction (ATR) accessory with a ZnSe plate. Measurements used an FTIR
spectrometer (Bruker, Tensor 37, Karlsruhe, Germany) with spectral resolution of 1 cm ™!
and 32 scans in the wavelength range of 4000-400 cm~!. Thermogravimetric analysis
(TGA) was carried out with a TA Instrument Q600 analyzer (New Castle, DE, USA) under a
nitrogen atmosphere in a temperature range of 30—600 °C with a heating rate of 10 °C/min
and using platinum pans. Dynamic mechanical analysis (DMA) was performed on a TA
Instruments DMA Q800 analyzer (New Castle, DE, USA) in the multifrequency mode using
a dual cantilever clamp at 1 Hz in frequency. The samples were tested from —50 to 100 °C
with a heating rate of 5 °C/min. The morphology of the composites was observed by
scanning electron microscopy (SEM) using a Hitachi TM-1000 microscope (Tokyo, Japan) at
an accelerating voltage of 15 kV. Samples were mounted on metal stubs and were vacuum
coated with gold at 7 x 102 mbar using argon in an EMS 550 sputter coater. The tensile
tests were carried out on a mechanical Zwick/Roell model Z005 tester (Ulm, Germany),
with a load cell of 5000 N and at a speed of 50 mm/min. Dog-bone shaped specimens were
made according to ASTM D638 [37], and five specimens were performed.

3. Results
3.1. Garlic Husk(GH) Dispersion and Physical Appearance of Composites

Figure 1 shows the starch and the starch—-GH composites. The composites show a
gradual color change associated with the percentage of added particles. In addition, they
do not present saturations or agglomerations when GH particle content increases. This is
apparent by the homogeneous distribution, as has been presented in other investigations in
which natural fibers have been used [12,38,39]. In addition, adding particles up to 10 wt %
allows for good embedding.

3.2. Morphology of Composites Studied by SEM

Figure 2a shows the surface of the starch film, in which a smooth surface is observed.
Figure 2b—d show the starch—-GH composites. In the images, you can see the absence of
separation of the composite, where the reinforcement is completely wet by the matrix,
which indicates that the films have a good interaction and compatibility, as has been
reported in other investigations where starch has been reinforced with hibiscus or keratin
fibers [12,38].
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Figure 1. Physical appearance of starch—garlic husk composites. (A) Starch, (B) SG02, (C) SG04,
(D) SG06, (E) SG08, and (F) SG10.

C140048 2021/05/26 x500 200um  AA020002 2022/06/06 x500 200 um
CGEO, UNAM CGEO, UNAM

(c) (d)

AA060009 2022/06/06 x500 200um  AA100016 2022/06/06 x500 200 um
CGEO, UNAM CGEO, UNAM

Figure 2. SEM micrographs of starch-garlic husk composites. (a) Starch, (b) SG02, (c) SG06, and
(d) SG10.

The images corroborate the results of the physical appearance presented in Figure 1.
Therefore, it is attributed that there are no agglomerations related to the amount of rein-
forcer used because there are no areas with saturations, as have been presented in other
investigations, where the reinforcer was not well dispersed and had areas with a high
amount of fiber [38,39].

3.3. FTIR Analysis

The structural changes in starch biobased films were recorded by FTIR analysis, where
pure starch, GH, and starch—-GH composites were analyzed. Figure 3 shows the spectra
obtained from the pure components and the composite films at different concentrations
of GH ranging from 2-10% (w/w). Pure starch displayed the following main peaks: a
fingerprint broadband centered at 3299 cm ™! (-OH) of polysaccharides, a 2930 cm~! peak
attributed to stretching, as well as a 1330 cm ™! bending peak belonging to alkane bands
(C-H), and a 1646 cm ! (CH,-OH) stretching vibration which only appears in pure starch,
all of which are associated with cross-linking of water and starch [40]. Peaks at the 1150 and
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1010 cm ! stretching vibrations are related to the C-O-C glucose monomer of starch [41,42].
In the case of pure GH, the signals correspond to cellulose, hemicellulose, and pectin
polysaccharides, as well as lignin compounds. Bands at 2930 cm~! and 2849 cm™! are
assigned to symmetric and asymmetric alkyl (CH) stretching bands, respectively. Other
frequencies include a 1740 cm ™! (C=0) stretching vibration from polysaccharides and
cellulose compounds, 1603 cm~! (C=C) alkene double bonds (conjugated), and a weak
signal at 1570 cm ™! that is attributed to the C-N stretching vibration of the amide II peptide
group. A 1010 cm~! (C-O-H) peak is associated with the carbohydrate groups present in
GH [43].

1570

1347 1010

2930 2849 1740

Transmitance (a.u.)
1
3 ’
o

, . . . . . . . . . , . . .
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FTIR spectra for starch-garlic husk composites, with 2-10 wt% of particles.

When starch matrix and GH reinforcer are blended through the casting technique,
the linking interactions between them cause shifts and changes in their individual bands.
Composite films present an intense band at 3299 cm~! due to OH stretching vibrations
from the polysaccharide starch matrix and GH (derived from plants as proteins and car-
bohydrates) due to the linking process among these components [43]. A proportional
increase in the CH) stretching band was observed at 2930 cm~ L nevertheless, at 2846 cm ™1
(C-H), the alkane asymmetric group shifted to 2880 cm ™! due to a high sensitivity of this
group to establish a linkage with the starch matrix. The pronounced band intensity is
correlated to the highest concentration of GH at 10%. The signal at 1646 cm~! assigned
to the -OH molecule flexion is associated with the water hygroscopic state of starch. An
important linking point between matrix and GH is observed when the band at 1570 cm !
(GH) is combined with the band at 1646 cm ™ (starch), finally presenting a single band at
1637 cm~! from aliphatic and aromatic double bonds as well as alcohol groups [44]. This
corroborates that starch is working as a matrix in the composite. The combination of bands
at 1410 cm ! and 1330 cm ™! (C-OH) corresponds to an alcohol deformation vibration of
the glycoside monomer. But, it is important to highlight here that this group comes from a
starch alcohol, where a peak is first observed at 1347 cm~! (-CH,-OH) on the pure starch
spectra. Nevertheless, when linkage occurs with GH reinforcer, hydroxyl bonding takes
place [43,44]. The increasing intensity of the band at 1023 cm ™! is related to a (C-C-O)
alcohol asymmetric stretching vibration of the glucose unit group and is the result of the
union of the glycosidic groups of starch and GH, confirming that the specific monomer is
an active site. The intensity of the band is directly proportional to the increase in the weight
percent of the included particles. Meanwhile, the symmetric stretch peak at 858 cm ™!
(C-0O-C) is attributed to ether linkage from the starch matrix [43]. Finally, the signals around
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858-764 cm~! can be related to S-S and/or C-S polysulfide groups, which also participate
in the bonding process among starch matrix and garlic husk reinforcement [43].

3.4. TGA Analysis

The TGA technique is commonly used to analyze the thermal stability and degra-
dation of materials. When GH particles are added to starch biocomposites, they may
exhibit different thermal properties than pure starch due to the presence of constituents
of GH particles. Incorporating GH into the starch polymers leads to a change in the TGA
thermogram, which is observed in Figure 4. The TGA thermograms of the composite films
demonstrate a gradual weight loss around 80-130 °C due to the vaporization of physically
and chemically bound water, with a weight loss of approximately 15% wt in that region [45].
The second weight loss range, which exhibits a loss between 210 and 350 °C, corresponds
to the structural degradation of the starch films/GH particles due to the pyrolysis of starch
and cellulose present in the biocomposite, resulting in a weight loss of about 70% wt, which
is the highest weight loss stage for the composites film. The weight loss above 350 °C could
be attributed to the decomposition of the remaining organic matter [46]. Total weight loss
was >90% wt at 600 °C. In summary, films reinforced with garlic husk particles exhibit a
lower thermal stability compared to pure starch only; the SG02 is evidenced in the light
increase in decomposition temperature in the analysis. Additionally, the amount of carbon
residue in each composite is influenced by the GH particles.

100 4,
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S 60
o
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SG04
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0 SG10

I ' ' ! ' ! ' 4 4 ! ! ' 1
50 100 150 200 250 300 350 400 450 500 550 600
Temperature (°C)

Figure 4. TGA thermograms for starch-garlic husk composites, with 2-10 wt % of particles.

The DTG peak represents the medium decomposition temperature and helps to iden-
tify how quickly a material decomposes. Figure 5 depicts the weight loss derivative (DTG)
curve of TGA thermogram, and it is possible to identify the three decomposition peaks,
similar to those previously described, the first between 50 and 100 °C, which is due the
dehydration of films, and the second peak between 160 and 250 °C, which indicates the
decomposition of polysaccharides present in starch and GH [34,47]. It is evident that this
peak is lower for starch and it increases when GH is added; this can be associated with
the composition of GH which includes pectin, hemicellulose, and other polysaccharides,
as previously reported [34]. The third peak (310 °C) is associated with the decomposition
and depolymerization of cellulose, with lignin being present in GH and other organic
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components being present in starch. Another interesting observation is that peaks may
vary according to the GH content, which indicates that susceptibility to the decomposition
may vary. When the peak increases, this indicates that the material lost more weight. In
this case, the peak at 310 °C decreases when GH increases in the formulation in comparison
with starch; therefore, these components are less susceptible to decompose.

1.5 -
o
§°/ 1.0 -
<
Ko
(0]
=
Z starch
305 - - - SG02
SG04
----- SG06
1Y SG08
N SG10
X N
0.0 . \“.’”/ . ]

' I 4 I ' I ' I ' I I
50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Figure 5. DTG thermograms for starch-GH composites, with 2-10 wt % of particles.

3.5. DMA Analysis

Figure 6 shows the DMA thermogram for starch and GH composites, and it is possible
to observe the effect of addition of GH reinforcement. In this figure, it is possible to observe
that the typical dynamic mechanical behavior of storage modulus for starch can be seen
under a temperature range, and it is evident that the stiffness decreases as a function of
the temperature. In addition, it is regarded as a material ability to store applied energy
for future purposes, which provides information about the stiffness of the material under
cyclic stress [46,48-51]. Usually, the addition of a reinforcer material in a polymer matrix
improves its mechanical properties because the applied stress can be transferred to the
reinforcement, which helps the polymer matrix during the mechanical stress and associates
the filler dispersion and compatibility between the materials to be mixed.

According to Figure 6, the SG04 composite is the only one that shows an improvement
over the evaluated test range temperature in comparison with the starch film. The rest of
the composites show an interesting behavior of increasing the storage modulus around
20 °C, and then slightly diminishing. It is obvious that only the SG04 showed an increase
of 115% compared with the pure starch at —50 °C, indicating that at a lower percentage of
reinforcement, the dispersion of the GH into the starch matrix is desired. This behavior
remains even at room temperature (25 °C), showing an increase compared to the raw
starch. Both observations are very relevant because this composite presents higher stiffness
in the temperature, which is usually employed by packaging-type bags for foods (sub-
ambient and room temperature). This behavior is also observed for starch and composites
5G02, SGO06, and SGO08. Additionally, it is attributed to a plasticized effect and a possible
evaporation of water, which is due the hydrophilic nature of the polysaccharides that
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reflects an absorption of water [52]. Also, at higher particles content, it is possible that the
agglomeration generates poor stress distribution and a decrease in stiffness [53].

1000 ~

100

] starch "~ P "~
{--sGo2] T .

SG04

—-—- SG06

104 SG08 el

Storage modulus (MPa)

' 1
-40 20 0 20 40 60 80 100
Temperature (°C)

Figure 6. DMA thermogram of storage modulus starch-GH composites, with 2-10 wt % of particles.

Although there are no reports on the use of GH as reinforcement in starch, there is
a work that reports the use of GH as reinforcement in polypropylene (PP); in this study,
they found an increase in the storage modulus by including GH in a PP matrix, even at
high reinforcement percentages at sub-ambient temperature [34] or in biopolymers as the
chitosan, where the results showed good compatibility. These results were attributed to the
presence of phenolic compounds in the GH, with OH groups forming a hydrogen bond
with the pure chitosan [35]. In the same way, in another study, starch was reinforced with
cellulose obtained from garlic stalks. In all samples, the modulus was higher than the raw
starch which is attributed to the presence of hydroxyl groups of the cellulose and in the
starch, promoting the formation of hydrogen bonds [45].

In Figure 7, Tan § curve from DMA is plotted, which represents the relationship
between the loss and storage modulus. A high Tan 6 value indicates a material with high,
non-elastic strain component and a low value indicates high elasticity. Also, this signal can
be used to evaluate the interaction level between the matrix and reinforcer [54]. The onset
of this curve shows a shift of the transition observed around —50 °C, which is attributed
to the glycerol-rich-phase (B relaxation) [55-57]. As can be seen, the curve of SG04 and
5G10 evidenced a shift in the valley at —15 °C. From these results, a displacement in the
peaks of the plasticizer-rich phase can be inferred from the GH interaction, which reflects
(TPB) [58]. Another signal is observed between —5 and 20 °C, which can be attributed to the
« relaxation due to the altered chains due to the presence of GH; this signal appears clearly
for SG06 and SG08, while for the other composites, it can just be observed as a shoulder.
The Tan 8 of SG06 and SGO8 confirms that the higher percentages of added GH evidenced
poor mechanical properties, as noted in the storage modulus and tensile test. The glass
transition for starch—-GH composites appeared from 50 to 90 °C, which is consistent as
reported by other authors [51,52]. Starch evidenced a peak at approximately 90 °C, then a
reduction in Tan 8. As reported by Pavon et al. [55], a reduction in the T can be related to
an increment in chain mobility due to the plasticizer effect [59,60]; in the case of SG02, there
is a positive effect as the storage modulus and tensile response are evidenced. However,
as the percentage of GH increases, the plasticizer effect changes to a negative effect on the
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performance of composites due to possible particle agglomerations. Also, the high polarity
of starch is diminished by the GH, which allows for the high motion chains [49].

0.35
0.30

0.25

tan delta
o o
= ()
[6)] o
1 1

0.10

0.05

0.00

T ' T T
-40 -20 0 20 40 60 80 100
Temperature (°C)

Figure 7. DMA thermogram of Tan & starch-GH composites, with 2-10 wt % of particles.

3.6. Tensile Tests

GH waste constitutes around a fifth part of the total garlic production in the world,
resulting in approximately 3 million tons of waste per year [61]. It is chemically com-
posed of 41-45% cellulose, 7.6-17.5% hemicellulose, and 25-34% lignin, among other
components [62]. This high content cellulose material could be used as an additive in
biodegradable composites, avoiding its final disposal [52]. Starch is an abundant natural
polymer; however, it tends to have poor mechanical properties [63]. As other authors have
reported [64], cellulose-based materials with phenolic compounds such as GH can be used
to improve the mechanical properties of starch [65,66].

Stress—strain curves for both starch and composites are shown in Figure 8. Young’s
modulus and the tensile strength of composite films were measured. Also, Table 2 summa-
rizes the values obtained from Figure 7. As can be seen, the incorporation of GH influences
most of the composite’s properties to lower values for Young’s modulus, tensile strength,
and the calculated area. Chaudhary et al. (2021) [35] reported that chitosan films with
similar amounts of GH increased their mechanical properties due to interactions with
phenolic compounds. However, the SG02 sample exhibited higher modulus, around 11%
more than starch. As was observed in the physical appearance of films, the GH was better
dispersed in the matrix. This could be the reason for the higher stress transmission from
the matrix to the cellulose. In addition, the amylose and amylopectin -OH groups could
form hydrogen bonds with phenolic compounds in GH [23,35]. Then, after the addition of
4 wt % of GH, the mechanical properties decreased as shown in Figure 7. Zhang et al. (2023)
mentioned that phenolic compounds could bind to starch; thus, in the presence of rich
hydroxyl content material, starch could aggregate due to the alteration of its microstruc-
ture [23]. Liu et al. (2020) reported an experiment during the gelatinization of starch, and
they mentioned that hydrogen bonds and Van der Walls forces tend to form intermolec-
ular aggregates in starch composites. Also, the molecular size, number, and distribution
influence the intermolecular interactions from the materials added to starch [67].
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Figure 8. Stress—strain curves for starch-GH composites, with 2-10 wt % of particles.
Table 2. Mechanical properties of starch-GH composites.
Sample Young's Yield Stress Tensile Stress at % Elongation
P Modulus (MPa) (MPa) Break (MPa) at Break
Starch 82.33 +£10.40 1.04 +0.12 4.09 £0.23 22.87+0.13
SG02 91.49 £4.90 1.53 +0.08 5.58 £0.25 17.25 £ 0.14
SG04 19.6 +2.48 0.32 +£0.03 0.86 +0.14 8.86 4 0.04
SG06 35.84 + 0.99 0.54 £ 0.00 1.64 +0.03 13.15 + 0.09
SGO08 26.23 £2.70 0.44 £ 0.04 1.45 +0.13 14.94 £ 0.06

4. Conclusions

In this work, composite materials were obtained from the combination of starch and
GH particles. GH, considered as waste, was used as a reinforcing material. Films were
obtained using an evaporative casting technique. The morphology of the films through
images and micrographs showed a good distribution of the reinforcer particles. The
increase in reinforcer particles did not result in agglomerations and the adhesion and
interaction between both materials were confirmed. The structural changes in the films
were identified through FTIR spectra, in which the interaction and formation of bonds were
verified. These interactions caused displacements and changes in individual bands due to
the high sensitivity of the reinforcer group to establish bonds with the starch matrix. TGA
showed that the films reinforced with the minimum concentration of GH particles showed
a slight increase in decomposition temperature in the analysis compared to pure starch.
On the other hand, according to DMA, the composite SG04 showed an increase of 115%
compared to pure starch and an interesting behavior at low temperatures, which can be a
possibility for packing food applications. The mechanical tests of the composites showed
a less rigid behavior than the starch matrix. Finally, the composites obtained could be an
environmental alternative using non-synthetic materials from waste, and contribute to a
circular economy. Therefore, research into this type of material would offer an alternative
to materials science and industry, avoiding an increase in carbon footprint due to the use of
single-use and petroleum-based plastics.
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