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Abstract: This study was driven by the stringent environmental legislation concerning the con-
sumption and utilization of eco-friendly materials. Within this context, this paper aimed to examine
the characteristics of starch and fibres from the Dioscorea hispida tuber plant to explore their potential
as renewable materials. The extraction of the Dioscorea hispida starch and Dioscorea hispida fibres was
carried out and the chemical composition, physical, thermal, morphological properties, and crystal-
linity were studied. The chemical composition investigations revealed that the Dioscorea hispida
starch (DHS) has a low moisture t (9.45%) and starch content (37.62%) compared to cassava, corn,
sugar palm, and arrowroot starches. Meanwhile, the Dioscorea hispida fibres (DHF) are significantly
low in hemicellulose (4.36%), cellulose (5.63%), and lignin (2.79%) compared to cassava, corn hull
and sugar palm. In this investigation the chemical, physical, morphological and thermal properties
of the Dioscorea hispida fibre and Dioscorea hispida starch were examined by chemical composition
investigation, scanning electron microscopy (SEM), particle size distribution, thermogravimetric
analysis (TGA), X-ray powder diffraction (XRD), and Fourier transform infrared (FTIR), respec-
tively. It was found that Dioscorea hispida waste is promising alternative biomass and sustainable
material with excellent potential as a renewable filler material for food packaging applications.

Keywords: Dioscorea hispida tubers; starch; natural fibres; polymer from renewable source;
sustainable materials

1. Introduction

Non-renewable materials have caused critical environmental issues in many coun-
tries in the world regarding waste disposal [1-3]. This problem is overwhelming for coun-
tries with limited landfill resources. A hierarchy of waste handling has been proposed to
ensure long-lasting supervision that comprises recycling, reduction in waste, reuse, and
landfill [4,5]. The production rate of plastic wastes is very much exceeding the plastic deg-
radation rate, consequently presenting an ecosystem imbalance. This phenomenon could
cause waterborne illnesses resulting from water pollution as plastic waste leachate leaks
into water supply areas, e.g., artificial and natural lakes, and impoundment developed
from a dam or water storage [6,7]. Therefore, to overcome the problem, there is a need to
sequentially switch or replace petroleum-based plastics with bioplastics to minimize the
reliance upon fossil-based energy as well as to contribute to an easier end of life disposal.
The word “bioplastics” arises from the need to build new sustainable systems without
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renouncing some essential physicochemical characteristics [8-10]. This situation has initi-
ated researchers to find alternative materials originating from biofibres and biopolymers
[11-14].

Recent environmental regulation has forced production industries to seek for other
potential materials for the development of their product that are more environmentally
friendly than synthetic materials (i.e., petroleum-based polymer composites and glass fi-
bres) [15,16]. In recent years, the implementation of agricultural wastes as sustainable
filler materials has grown, initiated from the researchers and industrial players. The rec-
ognized benefits of these materials are low density, reduced tool wear, and low cost that
favour the manufacturing industry [17]. The eligibility of multiple natural waste catego-
ries as reinforcements in polymer composites has been realised, e.g., sugar palm [6,18],
cassava [19], corn [20], and others. Recent studies have developed the abilities of other
fibres to use in polymer composites, such as oil palm, sugarcane, roselle, kenaf, ginger,
and bamboo [21-27]. The advances in implementing the methods used for biomaterial
design focus on those derived from formulations based on fruit and vegetable by-prod-
ucts [28,29].

Biocomposites are changing the research activities carried out in the scope of material
engineering because the number of beneficial properties proven, such as biodegradability,
lightweight, low energy consumption, usability, and eco-friendly [30-33]. There are some
disadvantages associated with these lignocellulosic fibres, along with a variety of ad-
vantages as reinforcements. The compatibility between lignocellulosic fibres and other bi-
opolymers has been improved in a large number of studies [9]. This compatibility is im-
peded by the hydrophilicity and heavy crosslinking of lignocellulosic fibres, resulting in
both weak interfacial adhesion and mechanical properties [34]. The dimensional stability
of these bioplastics, when exposed to moisture, is limited. Surface modifications are com-
monly used to improve the efficiency of lignocellulosic fibres and to encourage improved
adhesion between the natural reinforcement and the polymeric matrix [35-38]. By elimi-
nating the complicated lignin, most of the surface modifications are based on cellulose. As
a result, lignin is typically used to generate residual waste, while cellulose is used in bio-
plastics [39]. The high aspect ratio of cellulose fibres (up to 1 um length), the chemi-
cal-modifiable surfaces, and high elasticity properties due to their great crystallinity can
be prepared using relatively inexpensive development procedures which offer great po-
tential to produce many functional structures in biocomposite materials based on cellulo-
sic derivatives [40,41].

Currently, biocomposites are used in various applications, e.g., automotive, aircraft,
building materials, sports equipment, and food packaging [42]. From the perspective of
the packaging industry, starch-based composites products are gaining greater recognition
for different packaging applications in the bio-based polymer industry [29,43]. The use of
natural fibres as reinforcement in polymer composites provides the composites them-
selves with more environmentally friendly characteristics [8]. The natural fibres are ex-
tracted from plant that composed of chemical constituents like cellulose, hemicellulose,
lignin, ash, and wax [44,45]. The mechanical strength, chemical compositions, thermal sta-
bility, and crystalline properties of the natural fibres are influenced by the environmental
conditions [46—48]. Furthermore, other elements affecting the properties of the fibres are
the maturity of the plant, method of extraction, and extracted parts of the plant, such as
stem, leaf, stalk, and root [47,49]. However, the fraction of the amorphic (lignin, hemicel-
lulose, wax) and crystalline (cellulose) in natural fibres might differ with the location and
the condition of the grown plant [50]. The fraction of amorphic content in the fibre influ-
ences the properties of the materials, so it is necessary to decrease the amorphic fraction
in the natural raw fibres before utilizing them as reinforcements [51].

Dioscorea hispida plants, also known as Ubi Gadong in Malaysia is a poisonous tuber
plant that contains the alkaloid of dioscorine [52]. Recent studies reported over 600 Di-
oscorea sp. discovered in numerous parts around the globe, specifically in the subtropical
and tropical regions [53]. Studies have proven that an alkaloid compound from the tubers
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can cause vomiting, sleepiness in humans, dizziness, and nausea [54]. The starch from
Dioscorea hispida tubers is edible after the removal of the dioscorine compound [55]. It re-
quires approximately five days of immersing the tuber in distilled water for full detoxifi-
cation of the dioscorine [56]. The knowledge on the Dioscorea hispida starch is largely based
upon empirical studies that investigated its use as a crude drug for inflammation [57].
Previous studies of Dioscorea hispida starch demonstrated the hydrogel created from the
starch functioned as an antibacterial agent to prevent microorganism activity [58]. Addi-
tionally, starch is known as an eco-friendly alternative material and offers the most bene-
ficial prospect for continuous use [32]. This is because of its availability from renewable
sources, low cost, and wide application possibilities in non-food and food products
[32,46]. Generally, carbohydrate, the main stored substance in starch exists naturally as
granules [59]. These granules are commonly obtained in stems, tubers, seeds, and leaves
with diameters range between 1 pm to more than 100 pm with various shapes, e.g., po-
lygonal, polyhedral, irregular, spherical, oval, and angular [60,61].

Up to now, several studies have been carried out on various parts of Dioscorea hispida
plants. Tuber parts have been particularly identified and some of the recent research
works published are tabulated in Table 1. It is evident from Table 1 that farming Dioscorea
hispida plants can also generate large quantities of sustainable lignocellulosic materials
every year, which can be used for the production of starch, bioplastic, and potential bio-
composites to minimize environmental impact and renewability.

Table 1. Previously published studies on Dioscorea hispida tuber biomass.

Parts of Dioscorea hispida Tubers References

Dioscorea hispida tuber starch-polyacrylamide wood coating [52]
characterization

Dioscorea hispida tuber flour [62]
A review on Dioscorea hispida tubers plant [56]
Study on The Starch Granules Morphology [63]
Dioscorea hispida as filler [64]
Modified Dioscorea hispida starch [58]
Tubers as a functional food [65]
Distribution of Dioscorea hispida [66]
Dioscorea hispida starch for edible coating [67]
Chemical Composition of Dioscorea hispida [53]

According to the literature, limited studies have been conducted on the investigation
of the native starch and fibre solid wastes from Dioscorea hispida species as filler materials.
In this study, the chemical, physical, morphological, and thermal properties of the Di-
oscorea hispida fibre and Dioscorea hispida starch were examined by Chemical Composition
Investigation, Scanning Electron Microscopy (SEM), Particle Size Distribution, Thermo-
gravimetric analysis (TGA), X-ray Powder Diffraction (XRD), and Fourier Transform In-
frared (FTIR). To the best of our knowledge, no previous study had proposed Dioscorea
hispida as a promising material with strong potential in the development of biodegradable
films. In comparison with other natural fibres and starch, the objective of this work was
to characterize novel starch and fibre from Dioscorea hispida tuber as renewable materials
for food packaging applications. It must be noted that the Dioscorea hispida tubers used in
this study were chemically treated to remove the toxin.
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2. Materials and Methods
2.1. Materials

The native Dioscorea hispida was collected from a local farm M Abd Halim Enterprise
in Kuala Terengganu, Malaysia. Dioscorea hispida starch and fibres were extracted from the
fresh tubers. All samples were characterized in powder form.

2.2. Extraction of Dioscorea hispida Starch and Fibres

The extraction of Dioscorea hispida starch and fibre from the Dioscorea hispida tuber
was conducted with a number of processes (Figure 1). Initially, the tubers were washed,
peeled, and sliced [56]. Then, the slices were mixed with distilled water and crushed in a
lab blender (HR2115/02, Phillips, Selangor, Malaysia) to obtain the minimum size. Later,
the blended fractions were filtered through a cheesecloth. Finally, the white starch precip-
itate was separated and sun-dried. Meanwhile, the Dioscorea hispida fibres were obtained
using a similar method but dried in an oven (Venticell 22, Planegg, Germany) at a tem-
perature of 60 °C. The fibres were shredded, sieved through a 300 um mesh sieve (Matest
A060-01, MATEST S.p.A, Ancore, Italy) and characterized prior to application as filler in
the Dioscorea hispida starch biocomposites.

Dioscorea hispida
tuber

‘Washing &
Peeling

Slicing tuber &

crushing

Filtering the blend Dioscorea hispida

using cheesecloth fibre

Dioscorea
bt \“} Dioscorea hispida
ispida starch i

L starch
precipitate

Starch

drying
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Figure 1. Extraction of Dioscorea hispida starch (DHS) and Dioscorea hispida fibres (DHF).

2.3. Chemical Composition Analysis

The analysis was conducted to investigate the moisture, ash, starch, crude protein,
energy, and carbohydrate contents of Dioscorea hispida starch. The procedures used to
study acid detergent fibre (ADF), neutral detergent fibre (NDF), ash, lignin (LIG), hemi-
cellulose, and cellulose of Dioscorea hispida fibres were adapted from [41]. The ADF and
NDF were used in the determination of the chemical composition of Dioscorea hispida fi-
bres. The most practised procedure was used for evaluating the amount of fibre constitu-
ents, such as hemicellulose, cellulose, and lignin. The amount of hemicellulose and cellu-
lose were determined by using Equations (1) and (2), respectively.

Cellulose = ADF - lignin (1)
Hemicelluloses = NDF — ADF (2)

2.4. Density

The density was determined using an AccuPyc II 1340 pycnometer gas (Micromerit-
ics Instrument Corp., Norcross, GA, USA) intrusion using helium gas flow. The samples
underwent oven drying at a temperature of 105 °C for 24 h to eliminate the moisture con-
tent within the fibres and starch. Then, the samples were placed inside a desiccator to
remove water traces from the dried sample before putting inside the pycnometer. Sam-
ples” densities were calculated from measurements at a temperature of 27 °C using Equa-
tion (3).

= 3
P=y (©)
where, m = mass (g), V =volume (Cm3)

2.5. Moisture Content

The moisture content investigation was performed with fibres and starch samples.
The samples were heated in an oven at 105 °C for 24 h. The samples were weighed before,
Wi and after, Wt the heating to evaluate the moisture content using Equation (4)

MC (%) = (Wi — We)/Wi) x 100 (4)

2.6. Particle Size Distribution (PSD)

The instrument Mastersizer 2000 E Ver. 5.52 (Malvern Instruments Ltd., Worcester-
shire, UK) was used to identify the particle size distribution for all samples through a
built-in Q-space powder feeder. Prior to distribution analysis, the particle size for the
tested samples was investigated with a 1000 pm sieve.

2.7. Scanning Electron Microscopy (SEM)

The instrument scanning electron microscope (Hitachi 5-3400N, Nara, Japan) was
used to determine the samples’ surface morphology. The samples were coated with a layer
of gold and 20 kV voltage was passed through at high vacuum condition to produce an
electron beam. The electrons were connected with the sample atoms and produced signals
giving a report on the surface topography, by generating images of high resolution.

2.8. Thermogravimetric Analysis (TGA)

The thermogravimetric analyser (Q500 V20.13, Build 39, Bellingham, WA, USA) was
applied to analyse the thermal behaviour of the samples. The samples with the range of
mass 5-10 mg were placed in platinum crucibles and the temperature was raised to 600

Polymers 2021, 13, 584. https://doi.org/10.3390/polym13040584 www.mdpi.com/journal/polymers



Polymers 2021, 13, 584

6 of 19

°C from room temperature under a heating rate of 10 °C/min in a nitrogen atmosphere
with flow rate, 50 mL/min.

2.9. Fourier Transform Infrared Spectroscopy (FTIR)

The infrared spectrometer (Bruker Vector 22, Lancashire, UK) was used to obtain the
FTIR spectrum for samples at frequencies over a wide spectral range, 4000 cm™ to 400 cm™!
with 4 cm™ of spectral resolution. The sample preparation was conducted using the po-
tassium bromide (KBr) disc method, and the scan per specimen used was 16 scans.

2.10. X-ray Diffraction (XRD)

XRD analysis was conducted using a 2500 X-Ray diffractometer (Instrument-Rigaku,
Tokyo, Japan) with an angular range from 5° to 60° (20) at scattering speed of 0.02 (0) s™.
The operating current and voltage were set to 35 mA and 40 kV, respectively.

3. Results
3.1. Chemical Composition

Table 2 compares the chemical composition between Dioscorea hispida starch and
other natural starches. There were notable differences observed between the starch sam-
ples with regards to the ash, crude fat, crude protein, and starch amounts. Starch is widely
found in the seed, root, and tubers of plants [68]. However, the chemical composition in-
vestigation revealed that the Dioscorea hispida starch (DHS) and starch had low moisture
contents of 9.45% and 37.62%, respectively compared to cassava, corn, sugar palm, and
arrowroot starches. Meanwhile, the Dioscorea hispida fibres (DHF) were significantly low
in hemicellulose (4.36%), cellulose (5.63%), and lignin (2.79%) compared to cassava, corn
hull, and sugar palm. The composition of these components could affect the characteristics
of thermoplastic starch-based film composites, including the water barrier properties [69].

Table 2. Comparative chemical compositions of Dioscorea hispida starch/natural starch.

Ash Crude Fat Crude Protein Moisture Starch Density

Natural Starch %) %) %) %) %) (g/cm?)
Dioscorea hispida ~ 2.33 0.02 5.55 9.45 37.62 1.74
Cassava [70] 0.31 - 0.56 12.66 58.82 1.48
Corn [61] 0.62 7.13 7.70 10.45 79.78 1.32
Sugar palm [30] 0.2 0.27 0.1 9.03 - 1.54
Arrowroot [71]  0.31 - =0 13.20 99.32 -

In addition, the ash content in the Dioscorea hispida starch was relatively high due to
the presence of phosphate groups. In terms of metals, the ash of native starches consists
mainly of potassium, calcium, sodium, and magnesium [72]. Carbohydrates content was
more than 80% in Dioscorea hispida tuber composition, even though they differed accord-
ing to genetic, ecological, and agronomic factors [39,67]. This was represented in the starch
obtained from the chemical composition analysis, which had a carbohydrate content of
83% that was positively similar to the value provided in previous studies [73]. Since the
aim was to extract the starch, high carbohydrate values were extremely significant.

The most important factor in the materials selection process is the molecular weight
of the materials since it could affect the performance of the products [6]. Moreover, the
density is the main criterion that correlates directly to this property. Dioscorea hispida
starch showed slightly higher density, 1.74 g/cm? compared to other natural starches
shown in Table 2, respectively. The density value decreased due to the increase in volume
with loss in weight of the starch.

The critical finding for Dioscorea hispida fibre is the amount of cellulose, hemicellu-
lose, and lignin in the fibre. The results of this study were compared to other studies’
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findings, as tabulated in Table 3. This increasing trend could be ascribed to the main com-
ponents of the fibres, e.g., hemicellulose, and lignin. Moreover, it was shown that the hem-
icellulose (4.36%) and cellulose (5.63%) contents in Dioscorea hispida fibre were considera-
bly low compared to other fibres. Furthermore, the lignin content (2.79%) in the Dioscorea
hispida fibre was comparatively lower than the other samples’ lignin contents, as shown
in Table 3. This amount was slightly lower by 57%, as previously discovered by Hamid et
al. [53]. This result might be associated with the method of extraction for removing the
toxin in Dioscorea hispida tubers. Apart from that, Dioscorea hispida fibre density (1.47 g/cm?)
values were smaller compared to sugar palm fibres but higher than cassava and corn hull
fibres [61,70].

Table 3. Comparative chemical compositions of Dioscorea hispida fibre/natural fibre.

Cellulose Hemicellulose Lignin Ash Moisture Density

Natural Fibres %) (%) (%) %) %) (g/cm?)
Dioscorea hispida 5.63 4.36 279 128 9.15 1.47
Cassava [70] 10.04 29.26 312  3.36 14.92 1.45
Corn hull [61] 15.30 404 287 0.88 8.59 1.32
Sugar Palm Fibre [7]  43.88 7.24 3324 1.01 8.36 1.50
Oil Palm Fibre [74] 43.70 29.02 13.33  3.31 - -
Kenaf [75] 53.8 51.83 14.38 4 - -
Sugarcane [76] 46.0 27.0 23.0 - 8.36 -

Ibrahim et al. [61] reported that the lignin content was measured to determine the
proportion of resistant components in the fibrous residue that performed a major function
in producing strength to the fibre walls, as well as flexibility, and stiffness. The cellulose
content in Dioscorea hispida fibres was relatively low compared to the other samples. The
current study found that the relative amounts of different compounds discovered in nat-
ural fibres varied with each plant, including different parts of the same plant [60]. Gener-
ally, the mechanical strength of the natural fibres increased with the rising cellulose con-
tent of the fibres [77]. Previously published studies on the investigation of the natural fi-
bres and their polymer composites have shown that the holocellulose contents consisting
of hemicellulose and cellulose in natural fibres constituted 60-80% of the fibres, while the
lignin composition was below 20% [78]. Similar results were also found for other natural
fibre biomass wastes, e.g., the leaf, seed, and leaf stem [39,47].

Fibres are assumed to be natural source composites mainly consisting of holocellulose
(hemicellulose, cellulose) and lignin, with low sugar, starch, protein, extractives, and ash
content [46]. The incorporation of high cellulose quantities that allowed better matrix inter-
actions, led to increased composite tensile strengths [32]. The mechanical properties were
greatly improved when natural fibres were blended with thermoplastic starch and its blends
[77]. The chemical similarity between starch and fibres was related to this fact, offering suit-
able composite compatibility [60]. Many studies found that the optimal performance of bi-
odegradable starch/fibre film composites provided by corn starch and glycerol plasticizers
was 10% lignin content [29,61]. The inconsistency in fibres might be attributed to the various
compositions or origins of lignin and the various bioplastic preparation methods [79-82].

3.2. Thermogravimetric Analysis (TGA)

Thermal stability is frequently assessed by identifying the thermal decomposition’s
onset temperature. Figure 2 displays relative thermal stability values of the Dioscorea his-
pida starch and Dioscorea hispida fibre samples. It was apparent that considerable weight
loss occurred up to ~100 °C in all of the samples as shown in Table 4. Increasing the tem-
perature (>100 °C) resulted in a significant increase in the weight loss over a small tem-
perature range as indicated by the lower slopes. However, the onset temperatures when
weight loss started were similar to Dioscorea hispida starch and Dioscorea hispida fibre. For
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example, Dioscorea hispida starch sample’s onset thermal degradation temperature was
about ~41.3 °C, while for samples of Dioscorea hispida fibre was ~40.7 °C. It might be due
to the amount of moisture content of the samples (Tables 2 and 3). The evaporation of the
moisture from the Dioscorea hispida fibre was completed at 117.5 °C, which was lower com-
pared to the Dioscorea hispida starch of 118.1 °C. This was due to the higher moisture con-
tent of Dioscorea hispida starch, which resulted in a greater mass loss (14.9%) than Dioscorea
hispida fibre, as presented in Table 3. Visibly, Figure 2 shows that the earliest decomposi-
tion took place at a temperature lower than 100 °C, due to the evaporation of water or
moisture [74]. Initially, as starch and fibres were heated, a reduction in the weight of the
materials was noticed. This was due to the water and volatiles loss, which moved to the
surface of the Dioscorea hispida starch and Dioscorea hispida fibre. The migration of volatile
materials occurred as a result of the movement of water from the lower interior part of the
starch and fibres to a better water potential region, at the surfaces of Dioscorea hispida
starch and Dioscorea hispida fibre, as the water molecules on the surface of samples were
evaporated. Hence, this movement of water indirectly moved the volatile materials, leav-
ing them on the Dioscorea hispida starch and Dioscorea hispida fibre surfaces [32].

a) TGA [ — Fibre b) DTG —Fibre
100 4 —— Starch 0.0000 4 —— Starch
o
i > -0.0005
R
g z
£ k=
5 601 g 00010 -
(]
2 2
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Figure 2. (a) TG and (b) DTG curves for Dioscorea hispida starch and Dioscorea hispida fibres.

Table 4. Onset temperature (Tonset), thermal degradation on the maximum weight-loss rate (Tmax), weight loss (W) and
char yield for Dioscorea hispida fibres and Dioscorea hispida starch obtained from the TG and DTG curves.

Samples Water Evaporation 1st Thermal Degradation 2nd Thermal Degradation  Char Yield
Tonset (°C) Tmax (°C) WL (%)  Tonset (°C) Tmax(°C) WL (%)  Tonset (°C)  Tmax (°C) Wi (%) W(%)
DHS 41.3 118.1 14.9 260.4 309.7 66.1 - - - 20.6
DHF 40.7 117.5 13.4 203.9 240.5 4.3 255.1 315.4 64.3 20.8

Nevertheless, the temperatures of the first thermal decomposition were about 260.4
°C for onset temperature of Dioscorea hispida starch and 203.9 °C for Dioscorea hispida fibre.
The results showed that the initial heat tolerance of Dioscorea hispida starch was consider-
ably greater than Dioscorea hispida fibre. It was revealed that when temperatures reached
140 °C, the inorganic materials and lignin of Dioscorea hispida fibre were degraded after
the thermal decomposition of hemicellulose, cellulose, and volatiles [74]. The first phase
of the Dioscorea hispida starch began with the decay of the water-soluble amylopectin at
the onset temperature and continued until achieving a weight loss of approximately
66.1%. The highest rate of thermal degradation of Dioscorea hispida starch occurred at

Polymers 2021, 13, 584. https://doi.org/10.3390/polym13040584 www.mdpi.com/journal/polymers



Polymers 2021, 13, 584

9 of 19

about 310 °C and left 20.6% residue of ash. These results were in good agreement with the
findings in previous works [61,70].

When the temperatures were increased in the range of 200-300 °C, the observed deg-
radation of Dioscorea hispida fibre was consistent with the degradation of hemicelluloses. The
remarkable weight loss was due to the degradation of significant elements of lignocellulose,
including hemicellulose, cellulose, and finally, lignin, which normally degrades at the tem-
perature of higher than 140 °C [32]. Remarkably, when the temperature was raised from 350
°C to 550 °C, the degradation took place because of the presence of cellulose. It was ascribed
with the dissipation of non-combustible gases, e.g., carbon monoxide and carbon dioxide
that were present in the DHF samples. However, the devolatilization of these three compo-
nents was seen to intersect, hence, these elements were considered as pseudo-components
in Dioscorea hispida fibre, similar to other lignocellulosic material decompositions [23,74]. In
addition, the residual mass of the Dioscorea hispida starch and Dioscorea hispida fibre samples
were found to be in the range of 20% to 25% at a higher temperature (550 °C) (Tables 2 and
3). This was possibly contributed to by the carbonaceous leftover in the nitrogen atmos-
phere, and a similar residue amount was reported in previous work [40]. Furthermore, sev-
eral studies indicated that the wide decomposition temperature range was reported in other
works and some researchers who studied the combustion kinetics of natural source materi-
als demonstrated that the lignocellulose materials decompose between 300 °C to 350 °C
[75,83]. Recent studies have revealed that lignin decomposition occurred over a wide tem-
peratures range up to 900 °C [84]. The DTG curve of raw Dioscorea hispida starch and Di-
oscoreq hispida fibre exhibited an earlier weight loss starting at 41.3 °C and 40.7 °C. The Di-
oscorea hispida fibre reached its highest peak at 315.4 °C because of the low hemicellulose and
lignin decomposition temperature [6]. Hemicellulose was easily eliminated from the main-
stream and consequently degraded to CO, COz, and hydrocarbons at a low-temperature
range, between 200 °C and 315 °C. As a result, the hemicellulose composition composed of
different saccharides, e.g., galactose, mannose, xylose, glucose, and amorphous structure
showed up as random and full of branches [85]. These results were consistent with the re-
sults obtained from the chemical composition investigations, FTIR and XRD.

3.3. Morphology and Particle Size Analysis

SEM images of Dioscorea hispida starch and Dioscorea hispida fibre samples are dis-
played in Figure 3. The Dioscorea hispida starch appeared as a polyhedral shape obtained
from the raw starch isolated from the Dioscorea hispida tubers with a range of size from 1.8
pm to 3.5 um. The shape was different from other Dioscorea sp. due to the dissimilarity in
biological sources and the environments of plant growth [86]. Previous studies reported
comparable shapes of the Dioscorea sp. starch and found that Dioscorea alata had three dif-
ferent shapes; triangular, ellipsoid, and polyhedral [87]. In addition, other studies ex-
plored the irregular shapes of Dioscorea opposita starch such as cake-shaped, oval, and
ground granules. Jiang et al. [88] published a paper describing the morphology of native
starches relying on the biosynthesis of the starch granules, including several enzymes
such as starch synthase, starch debranching enzyme, ADP-glucose pyro-phosphorylase,
and starch branching enzyme together with the physiology of the plant-like amylose con-
tent, light transmittance percentage, swelling power, and water holding capacity [88]. The
Dioscorea hispida fibre sample showed the presence of a polyhedral shape and exhibited
individualized irregular granules with a clear smooth surface and no evidence of any fis-
sure. The fibres were much bigger than Dioscorea hispida starch granules in this study with
a range of size from 3.1 pm to 5.1 pm.
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Figure 3. Scanning electron microscopy of magnification (a) DHF-500x, (b) DHF-2000x, (c) DHS-500%, (d) DHS-2000x.

The particle size distribution of Dioscorea hispida samples showed a single mode distri-
bution profile for their sizes. The graph was analyzed to approximate the gradation size
range of the Dioscorea hispida fibre and Dioscorea hispida starch particles. According to the
refractive guideline for the sample taken from the Malvern Instrument Mastersizer 2000, the
refractive index value was denoted as 1.334. Thus, the particle size distribution of Dioscorea
hispida fibre and Dioscorea hispida starch are presented in Figure 4. The graph showed that
10% of Dioscorea hispida fibre particles had dimensions of less than 18 um and the majority
sizes of the particles were 333 um. Meanwhile, 10% of Dioscorea hispida starch particles had
less than 3 pum and 877 pum for the majority sizes of the particles. However, the findings of
the current study were unparalleled with the previous research of corn starch [29,61]. These
results were likely to be related to the chemical composition properties of the materials.
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Figure 4. Particle size distribution of (a) Dioscorea hispida starch and (b) Dioscorea hispida fibre.

The results indicated that the mean particle size of starch powder for the volume-
weighted mean was 167 pum. The mean particle diameter demonstrated crystallinity pat-
tern and degree of hardness inside the starch granules [89]. Recent evidence indicated that
the higher particle size in native starch provided greater resistance of starch granules to
mechanical force because of the intermolecular and intramolecular hydrogen bonding
forces and the formation of a double helix between the amylopectin and amylose chains
molecules [87].

Moreover, the particle size distribution of the fibres indicated that the volume-
weighted mean was 344 um. The Dioscorea hispida fibre sample presented a larger particle
size compared to Dioscorea hispida starch due to the morphological structure related to the
samples. Nonetheless, the findings of this study strengthened the idea that it can convey
an excellent dispersion behaviour that is significant in reinforcing composites.

3.4. FTIR Spectroscopy Analysis

The FTIR spectra for raw Dioscorea hispida starch and fibre waste are portrayed in
Figure 5. The curve of the FTIR spectra was divided into four main areas for interpretation
of the analysis. The first stage occurred at wavenumbers below 800 cm™, the second stage
was between 800 cm'to 1500 cm™, followed by the third stage within the C-H stretch area
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(2800 cm™ to 3000 cm™). The final stage showed intense peaks indicating the O-H groups’
presence in every filler part associated with the hydroxyl group discovered in hemicellu-
lose, cellulose, and lignin [61]. Thus, the FTIR spectrum of the Dioscorea hispida starch and
Dioscorea hispida fibre showed behaviour patterns below 800 cm™ in the region related to
the vibrations of the glucose pyranose unit [61]. The peak at 1149-1414 cm™! in the FTIR
spectrum of Dioscorea hispida fibre was mainly ascribed to the C=0O stretching vibration of
the ester linkage of the carboxylic group of ferulic and p-coumaric acids of hemicellulose
and lignin [90]. It can be seen that both DHS and DHF roughly exhibited similar trends
due to the differences related to the deviation in the samples’ chemical compositions. Fur-
thermore, the peaks in the 1420-1410 cm™' were shown as aromatic skeletal vibrations of
the operative lignin group in DHF, while the band observed at 1635 cm™ corresponded to
lignin composition. These findings were supported by determining the chemical compo-
sition of Dioscorea hispida fibres as shown in Table 2. The peaks at 1414-1640 cm™ indicated
the structural polymer stretching of the aromatic groups existing in the lignin form. From
Figure 4, the absorbance peaked between 16302930 cm™ reflected the stretching of the C-
H and O-H groups, correspondingly. Peaks found in the 3300-3000 cm™ region were at-
tributed to the adsorbed water. The absorbance bands around 856, 930, 996, 1077, 1149,
and 1242 cm™ were related to the C-O stretching, C-H rocking vibrations, and C-O-C
asymmetric valence vibration, respectively, and these peaks indicated cellulose in the car-
bohydrates [91]. The Dioscorea hispida starch appeared to have complex spectra in the sec-
ond region with outstanding overlapping originating from the monomer glucose units C-
O vibrational stretching. This result might explain that the presence of the C-O-H bend-
ing mode was due to the band appearance at 1078 cm™, while the coupling modes of C-C
and C-O stretching exhibited the peak at 1148 cm™. However, the peak at 1339 cm™ of the
infrared wavenumbers indicated CH: bending modes [61]. In addition, the peak at 1638
cm! was related to the water fragment vibrations in the amorphous region of the starch
granules, while another possible explanation for this was the emergence of broad infrared
bands. The intense peaks at 3262 cm™ meant the presence of O-H groups in Dioscorea his-
pida starch. A possible explanation for this might be the Dioscorea hispida starch that was
very sensitive to water molecules due to the presence of hydroxyl groups. It can be noted
that the fourth vibration in the region of the O-H stretch hydroxyl groups resulted in the
formation of the last band [6].
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Figure 5. FTIR spectra of Dioscorea hispida starch and Dioscorea hispida fibre.

3.5. X-ray Diffraction Analysis (XRD)

XRD Analysis is frequently used to investigate the percentage of crystallinity and the
structure as for the samples in this study. Figure 6 displays the XRD patterns for Dioscorea
hispida starch and Dioscorea hispida fibre samples. The fibres characterization was per-
formed via the XRD diffractograms. Dioscorea hispida fibres are primarily composed of
cellulose, hemicellulose, and lignin, while the lignin is amorphous having a benzene ring
with cellulose existing in a crystalline form in nature [88]. Based on Figure 6, the fibres
and starch primarily indicated reflections at 20 = 17.2° and 24.2° in the diffraction spectra,
revealing that the forms of fibres and starch were almost similar, in terms of crystalline
structure. However, the Dioscorea hispida starch possessed 27.5% crystallinity index, which
was lower than Dioscorea hispida fibres of 39.0%. This was probably due to the difference
in the samples’ contents, which was referred to the investigations of the chemical compo-
sition. The crystallinity index of Dioscorea hispida starch and Dioscorea hispida fibre sup-
ported the agreement of Ibrahim et al. [61] which revealed the crystallinity index of corn
starch and fibres. Furthermore, the main crystalline peak at ~17.2° appeared equally as
sharp for both Dioscorea hispida fibres and Dioscorea hispida starch samples. This might be
attributed to the contents of lignin, cellulose, hemicellulose, moisture, and amylose of the
fibres [6,74]. The highly crystalline nature of the samples contributed to their rigid struc-
ture which might favour the manufacture of thermoplastic starch composites, especially
for food packaging application. Previous studies reported a higher amylose content of
starch and a lower degree of crystallinity of starch. The results of this study were in keep-
ing with previous observational studies of other groups of Dioscorea sp. which agreed on
the crystallinity of the starches of Dioscorea hispida starch [87]. Therefore, the crystallinity
value depends on the various types of plants and the preparation process to produce
starch and fibres. It is noted that there is a relationship between the value of the crystal-
linity degree region and the properties of the materials, where the increment in the value
of the crystallinity region increases the strength of the materials [6]. According to Han et
al. [92], the modifications or treatment of starch and fibres are capable of destroying the
crystalline region of materials by providing higher energy for the reaction between the

Polymers 2021, 13, 584. https://doi.org/10.3390/polym13040584 www.mdpi.com/journal/polymers



Polymers 2021, 13, 584

14 of 19

granules and water molecules. Further investigations should be conducted to confirm this
matter in the future.

Starch

Intensity (Count)

T T T T T T T d
10 20 30 40 50 &0

26 (Degree)
Figure 6. X-ray diffraction patterns of DHS and DHF.

4. Conclusions

Dioscorea hispida starch and Dioscorea hispida fibres were successfully extracted from
Dioscorea hispida tubers after removing the dioscorine compound in the tubers. The chem-
ical composition investigations, particle size distribution, scanning electron microscopy
(SEM), X-ray powder diffraction (XRD), thermogravimetric analysis (TGA), and Fourier
transform infrared (FT-IR) of DHS and DHF samples were explored, and their chemical
composition, thermal properties, and morphologies were compared. The chemical com-
position investigations revealed that Dioscorea hispida starch has low moisture (9.45%) and
starch content (37.62%) compared to cassava, corn, sugar palm, and arrowroot starches.
Meanwhile, the Dioscorea hispida fibres (DHF) are significantly low in hemicellulose
(4.36%), cellulose (5.63%), and lignin (2.79%) compared to cassava, corn hull, and sugar
palm Thermogravimetric analysis (TGA) showed that the Dioscorea hispida starch maxi-
mum decomposition temperature was 309.7 °C, and for Dioscorea hispida fibres, it was
315.4 °C. The particle size determination and SEM analysis results also contributed to the
excellent thermal stability of Dioscorea hispida starch and Dioscorea hispida fibres. The crys-
tallinity index of Dioscorea hispida starch was 27.5%, which was lower than that of Dioscorea
hispida fibres of 39.0%. This experiment revealed that Dioscorea hispida waste could be
promising alternative biomass and sustainable material with excellent potential as a re-
newable filler material for food packaging applications. Tests with other geographical or-
igins of Dioscorea hispida tubers should be conducted in a future study to determine the
best characteristics for the production of biodegradable packaging films.
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