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Abstract

Bionanocomposites based on a Yam Bean (Pachyrhizus spp.) (YB) starch
matrix reinforced by nanocellulose Water Hyacinth Fiber (WHF) were
produced using a casting method. The amount of nanocellulose suspension in
the matrix was varied from 0 to 1 wt%. After gelation, the bionanocomposites
were sonicated for 1 min. The effect of nanocellulose suspension loading on
the YB starch matrix was analysed using tensile tests, Scanning Electron
Microscopy (SEM), X-Ray Diffraction (XRD), Thermogravimetric Analysis
(TGA), Fourier Transform Infrared (FTIR) and moisture absorption. The
fracture surface of bionanocomposites is rougher than pure YB starch film.
Tensile Strength (TS) and Tensile Modulus (TM) were significantly improved
after addition of nanocellulose. The highest values for TS (5.8 MPa) and TM
(403 MPa) were obtained using the highest proportion of nanocellulose (1
wt%). Crystallinity Index (Crl) of bionanocomposite increased more than
200% with additional nanocellulose just lower than 1 wt%. Thermal stability
and moisture resistance were also raised with increasing nanocellulose loading.
This bionanocomposite's mechanical and thermal properties suggest it could be
suitable for food packaging.

Keywords: Bionanocomposites, Nanocellulose, Sonication, Water hyacinth fiber,
Yam bean starch.
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1. Introduction

In the last two decades, pollution due to plastics has become a serious problem on
land, in rivers and also in the ocean. Many researchers have focused their attention
on finding suitable biodegradable material to replace petroleum-based plastics that
do not biodegrade and use non-renewable resources [1, 2]. Bioplastic, such as
thermoplastic starch (TPS) is a good example of biodegradable material to replace
non-biodegradable plastic [3, 4]. TPS is made by subjecting starch to high
temperatures and shear forces and adding glycerol to reduce ductility [3]. However,
pure TPS tends to be hydrophilic, have low mechanical, thermal, and water
resistance properties. To overcome these disadvantages, natural fibers have been
used as a reinforcement material for TPS [5].

Water Hyacinth Fiber (WHF) is one such potential natural fiber being cheap,
nontoxic, and abundant in waterways in many tropical countries including
Indonesia. Generally, WHF is considered a useless troublesome weed [6, 7].
However, this research is using WHF as reinforcing filler for TPS, providing an
environmentally friendly plastic as reported in previous research [8, 9].

Much work is being done on natural fiber reinforced TPS. Sources of fibers that
have been investigated include luffa [3], cassava bagasse [10], rice husks [11], Oil
Palm Empty Fruit Bunch (OPEFB) [12], sugarcane bagasse [13], pineapple leaf
fiber [14], and ramie [15]. All these produce fibers that have been shown to
significantly improve the mechanical properties of a TPS matrix [2, 16]. However,
micro-size fibers are not dispersed well in the TPS matrix, which results in
agglomerations and porosities that are evident in SEM studies of fracture surfaces
[17, 18]. If the fiber is broken down into nano-sized particles these problems can
be effectively overcome as reported by a previous study [15, 19, 20].

Nanofibers have a larger contact surface area, lower density, higher thermal stability
and better mechanical properties than micro-size fiber [21, 22]. It has been shown to be
an effective filler in TPS matrix film resulting in films with high transparency, good
mechanical and thermal properties [2, 17, 23]. The previous researcher reported a
tensile test of a nanocomposite from the TPS matrix from corn starch with 5 wt% cotton
cellulose nanofiber had 150% better TS compared to the pure TPS film. Thermal
properties were also slightly improved [17]. The addition of nanocellulose fiber also
increases water resistance as reported in previous research [5].

However, the dispersion of nanocellulose always a critical factor that highly
influenced the mechanical strength of the TPS composite [17, 24, 25]. To overcome
this issue, the sonication was used during the gelation formation. This is to ensure
the homogeneous dispersion of nanocellulose, reduce porosity, and improve
interfacial bonding between matrix and fiber [12, 18, 26].

Yam Bean (YB) tubers are commonly grown in a number of tropical countries
and have a high starch content. This starch differs from those more commonly used
in bioplastics as it has a particularly high amylopectin content, which generally has
superior mechanical and thermal properties to amylose [27, 28].

There are many kinds of literature reported about natural fiber reinforced TPS
composites. However, the study related nanocomposites made from WHF nanocellulose
and YB starch based TPS matrix are not found in any literature. Hence, the effect of the
addition of the nanocellulose WHF suspension to YB starch matrix composites was
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investigated in the present research. Morphological, mechanical, thermal, crystallinity,
functional group and moisture absorption properties were analysed.

2. Materials and Methods
2.1. Materials

Locally grown YB tubers were purchased in Padang, Indonesia. Starch was
extracted from the tubers. The amylose and amylopectin content was measured to
be 43% and 57%, respectively. Water hyacinth plants were obtained from a river
in Payakumbuh, Indonesia and processed to extract the WHF as explained in
section 2.3. Glycerin (Brataco brand)(density: 1.255-1.260 g/ml) was purchased
from PT. Brataco, Padang. Other chemical reagents were supplied by the Mechanic
and Metallurgy Laboratory, Andalas University.

2.2. Extraction of YB starch

YB tuber was cleaned and peeled, cut into small pieces and crushed by a “Slow
Grinding Fruit Juicer” machine (model: SKG-J-1001). The bagasse of YB tubers
and YB suspension were separated in the juicer machine. YB suspension was
filtered through a 200 um mesh sieve and then precipitated out and dried in a drying
oven at 50 °C for 24 h. The YB starch was collected in the form of a powder.

2.3. Preparation of nanocellulose WHF

WHF was washed with distilled water and dried in the drying oven at 60 °C for 12
h until constant weight. After drying, it was cut into about 1 cm lengths with
scissors. The dried WHF was immersed into a 15% sodium hydroxide solution and
cooked in a digester (high-pressure reactor). Then, it was bleached by a solution of
NaClO,: CH3COOH (in ratio 4:1). It was washed with distilled water until pH 7.
The bleached WHF was treated again with 5 mol of the hydrochloric acid solution
at 50 °C for 12 h to produce a cellulose suspension. This suspension was sonicated
for 1 h (600 W) and maintained below 50 °C.

2.4. Fabrication of bionanocomposites

10 wt% YB starch, 2 ml glycerol, 100 ml distillate water and nanocellulose WHF
suspension (0, 0.1, 0.3, 0.5, and 1 wt% from dry starch weight basis) were mixed
in a glass beaker. The mixture was heated and stirred at 60 °C and 500 rpm for 30
min until gelatinized. Then, it was sonicated using an ultrasonic probe (SJIA-1200
W, diameter: 20 mm) for 1 min (600 W) at below 60 °C. The mixture was poured
into a petri dish (diameter 15 cm) and dried in a drying oven at 50 °C for 20 h before
characterization as suggested by a previous report [29].

3. Characterization of Bionanocomposites

3.1. Morphological surface investigation

The morphology of nanocellulose WHF was examined using a Transmission
Electron Microscopy (TEM) JEM-JEOL 1400 instrument with an operation voltage
of 100 keV. The fracture surface of bionanocomposite samples were observed
using a SEM VEGA3 TESCAN with an operation voltage of 10 kV. Before testing,
the SEM samples were coated with Palladium-Gold (Pd-Au).
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3.2. Mechanical properties

All bionanocomposite samples were prepared and cut according to the ASTM D882-
97 standard. Samples were prepared with five repeats for each concentration of WHF.
The thickness and width of each sample were measured using a micrometer
instrument (accuracy 0.001 mm) at five points for accuracy. Mechanical properties
of bionanocomposite films were determined by the tensile test using COM-TEN 95T
Series 5K (maximum capacity: 5000 pounds). The output of the tensile test was a
tensile strength, tensile modulus, and elongation at break. Before testing, all
bionanocomposite samples were conditioned at a relative humidity (RH) 55% in a
desiccator for 2 days. Tensile tests were conducted at 25 °C and at 5 mm/min.

3.3. Thermal degradation

The thermal characteristics of 2.5 mg samples of YB starch film with and without
WHF nanocellulose were investigated using a TGA/DTG-60 (Serial no.
C30565000570) from 30-550 °C under a nitrogen atmosphere (flow rate: 50
ml/min). The heating rate was 20 °C/min.

3.4. Crystallinity index measurement

The XRD pattern of all studied samples was performed by using a PAN analytical
Xpert PRO. The operation voltage and current were 40 kV and 35 mA, respectively.
The diffraction intensity was recorded at (26= 10-40°), (A=0.154 nm). Segal et al.
[30] determined Crystallinity index of the fiber as in Eq. (1):

1 -1
Cr[:[ 002 ~Lam

] x 100% (1
)
where, looz maximum peak intensity at (26 = 22.6°) and lan diffraction intensity at
(26 = 18°). Meanwhile, the crystallinity index of YB starch and the
bionanocomposite films according to Vu-type crystallinity, which calculated using
the height ratio of diffraction peak (Vu-type at 26= 19.6°) and B-type at 2= 16.8°),
as in previous reports [17, 31]. Hulleman et al. method [31] corresponds to the
calculation of crystallinity as according to Eq. (2):

H,
Cil = 2= X 100% 2
where H; was the distance between the maximum peak at (20= 19.6°) with its
baseline. Ha was the distance between baseline Hc with its baseline at (26 = 16.8°).

3.5. Functional group determination

All film samples were cut into 1 cm x1 cm squares and dried in drying oven at 50
°C overnight before characterization. The functional groups of all
bionanocomposite samples were observed using FTIR mixed with KBr powder and
pressed to become the transparent KBr-sample pellet. The spectrum was recorded
using a Perkin-Elmer Frontier between wave numbers 600-4000 cm™ under
resolution 4 cm™.

3.6. Moisture absorption testing

All samples tested were cut 1.5 cm x 1 ¢cm and dried until constant weight in a drying
oven. Initial and final weight was (Wo) and (W), respectively. The moisture absorption
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test was conducted in the moisture chamber (relative humidity 75% and temperature 25
°C) for 7 h. W; of the sample was measured at 30 min intervals. The percentage moisture
absorption of all tested samples was calculated according to Eq. (3) [12]:

Moisture Absorption = [W’TOW('] x 100% 3)

4. Results and Discussion
4.1. Morphological of nanocellulose

TEM images of nanocellulose WHF are displayed in Fig. 1. The fibers are short
with diameter and length 15 and 150 nm, respectively. They appear to be distributed
homogeneously due to probably the high-power intensity sonication. This result is
similar to that previously reported for cassava bagasse cellulose nanofiber [10].
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—

Fig. 1. TEM images of nanocellulose WHF.

4.2. Fracture surface of bionanocomposites

Figures 2(a) to (e) show the fracture morphology of all bionanocomposites using
SEM. Pure YB starch film had a smooth surface and showed no aggregations (Fig.
2(a)). This indicates a good interaction between the YB starch and glycerol [11,
20]. The addition of nanocellulose suspension changes the morphology. As in
previous studies, bionanocomposites have a rougher surface due to the presence of
nanocellulose in the matrix. [11, 32]. It can be seen, the nanocellulose did not
appear clearly. However, SEM is of limited use when used with nanosized fibers
[2]. According to previous reports, SEM cannot be used to accurately determine
the homogeneity of the dispersion of nanofiller throughout the matrix. [2, 20, 33].
This can be more easily inferred from the mechanical properties.

At the addition of 0.5 wt% of fiber, starch granules are visible in several places
due to incomplete gelation of the starch during the fabrication process (see Fig.
2(d)). Similar insoluble starch has been reported in previous studies and has been
found to decrease mechanical properties [34, 35]. The mobility of the nanocellulose
polymer chain is obstructed within the starch matrix resulting in less effective
reinforcing [12, 18, 26, 34].

Meanwhile, the bionanocomposites with 0.3 and 1 wt% WHF show beach mark
fractures. According to previous reports, this is an indication of homogenous
dispersion of nanocellulose and glycerol in the matrix and shows a good interaction
between the hydroxyl groups of the matrix and the fiber [2, 22]. However, the
presenting of nanocellulose in bionanocomposites gives brittle properties than YB
starch film [5]. This phenomenon was supported by mechanical properties.
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(&) Owt% nanocellulose in matrix. (b) 0.1 wt% nanocellulose in matrix.

-

(c) 0.3 wt% nanocellulose in matrix. (d) 0.5 wt% nanocellulose in matrix.

(e) 1 wt% nIIue in matrix.
Fig. 2. Fracture surface of all bionanocomposites by SEM.

4.3. Mechanical properties

Three aspects of the mechanical properties of the bionanocomposites were
conducted; Tensile Strength (TS), Tensile Modulus (TM) and Elongation at Break
(EB). The TS of bionanocomposites increased with the addition of nanocellulose
(Fig. 3(a)). The addition of 0.1 wt% nanocellulose increased TS 80% compared to
pure YB starch film and increased it to 360% and 480%, with the addition of 0.3
and 1 wt%, respectively. This pattern of increasing improvement is expected and
probably indicates strong bonding between nanocellulose and the YB starch matrix
[1, 11]. This result for nanocellulose WHF loaded YB starch film was better than
that achieved by the previous report with nanocellulose cotton loaded corn starch
TPS. The maximum TS for the latter was 0.35 MPa at 5 wt% compared to 5.8 MPa
at 1 wt%. The addition of nanosized WHF improved TS of YB matrix by 400%
compared to only 150% for cotton fiber loaded corn starch [17]. Biofilms
reinforced with kenaf bast fiber nanocellulose had less than half the TS compared
to the strongest bionanocomposites film in this present study [36].

In general, the higher loading of nanocellulose resulting in the higher value of
TS except for the addition of 0.5 wt% of nanocellulose. This unexpected decrease

Journal of Engineering Science and Technology September 2018, Vol. 13(9)



2706 M. Asrofi et al.

must be due to the presence of insoluble starch at several fracture points of the
bionanocomposite due to poor mixing during fabrication leading to inferior
incorporation of the nanocellulose into the YB starch matrix at these points [27].
This phenomenon was supported by SEM analysis (see Fig. 2(d)).

The addition of nanocellulose suspension also increased the TM of YB starch
film. The TM with the addition of 1 wt% (Fig. 3(b)) was almost 8 times higher than
of YB starch films. This was due to good nanocellulose dispersion as indicated by
SEM and supported by previous reports [7, 23].

However, EB of YB starch film decreased with the increasing of nanocellulose
suspension. Figure 3(c) shows EB of bionanocomposites with a different variation
of addition nanocellulose. YB starch film had higher EB than bionanocomposites.
This indicates that the bionanocomposite films are more brittle than untreated
bionanocomposite films due to the decreasing mobility chain of starch [5].
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Fig. 3. Mechanical properties of YB starch reinforced
nanocellulose WHF based bionanocomposites.
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4.4. Crystallinity index

Figure 4 presents the XRD diffraction pattern of nanocellulose WHF, YB starch
film and bionanocomposites for 260=15-30°. The nanocellulose diffraction pattern
(Fig. 4(a)) has two characteristic peaks at 20=22.6° and 18° corresponding to
crystalline and amorphous structures, respectively. The crystallinity index is
82.5%. This result was higher than the previous one reported for nanocellulose
garlic stalks [20].
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The bionanocomposite films (Figs. 4(b) to (f)) have three main peaks [2, 13].
The characteristic peak at 26 around 16.8° corresponds amylopectin
recrystallization (B-type crystallization).

The intensity peak at 26 around 19.6° corresponds to VH-type recrystallization
of amylose during cooling after fabrication (retrogradation) because of the presence
of lysophospholipids, isopropanol and glycerol. This result is expected having been
observed in similar biocomposites [10, 17]. The peak at 26 around 22.6° is due to
the presence of nanocellulose WHF in YB starch film [13]. This peak did not appear
in unreinforced YB starch film. The XRD patterns observed are similar to previous
studies with other starch biocomposites [10].

Hulleman et al. [31] method was used for the crystallinity index for all
bionanocomposite films’ calculation as shown in Table 1. The nanocellulose in the
YB starch matrix increased the crystallinity index of the bionanocomposites
resulting in improved mechanical and thermal properties (see Figs. (3) and (5)).
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Fig. 4. XRD pattern of all samples studied.
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Table 1. Crystallinity index of all bionanocomposites samples.

Nanocellulose
suspension  Hc(a.u) Ha(a.u) Crl(%0)

(Wt%o)

0 10 262 23
0.1 182 198 48
0.3 380 193 66
0.5 372 249 60
1.0 284 163 64

4.5. Thermal stability

The thermogravimetric analysis (TGA) and differential thermal gravimetry (DTG)
curve show the thermal characteristics of the bionanocomposites (Figs. 5(a) and
(b)), respectively. As expected, there are three stages of degradation [37, 38]. All
bionanocomposite films have higher thermal stability than YB starch film.

In the first region (60-140 °C) in Fig. 5(a) and Table 2, the major weight loss
was due to moisture loss and was 12% in YB starch film; more than in any of the
bionanocomposites due to the higher moisture content of the pure starch matrix [3,
39]. This phenomenon was agreement with the DTG curve (Fig. 5(b)) shows a
small trough around 100 °C for the same reason.

All samples show major weight loss (up to 50%) in the second region between
210-350 °C as glycerol, starch and cellulose structure were all degraded. The onset
temperature point of pure YB starch film was the lowest at 239 °C. This increased
by 41, 51, 53, and 55 °C with addition of 0.1, 0.3, 0.5, 1 wt% nanocellulose,
respectively (Table 2). At 1 wt% of nanocellulose in YB starch has higher onset
temperature point than others nanocellulose loaded in bionanocomposite films,
probably due to the good interaction of glycerol in the starch matrix and fiber [40,
41]. This result was agreement with SEM, XRD, and mechanical properties. The
similar phenomenon was reported by the previous report for TPS from rice starch
reinforced by cotton fiber [40].

However, this improved thermal stability with the addition of nanocellulose is
expected and is a result of improved adhesion bonding with the YB starch matrix
[17, 42]. The final weight loss occurred at over 350 °C, at which stage, all samples
were perfectly decomposed to become CO; and volatile hydrocarbons [42, 43].

Table 2. Onset temperature of all bionanocomposites samples.

Nanocellulose Temperature (°C)

suspension First Second Third
(Wt%o) region region region

0 92 239 341

0.1 95 280 363

0.3 96 290 365

0.5 106 292 368

1.0 111 294 371
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Fig. 5. Thermal characteristic of nanocellulose loading in YB starch matrix.

4.6. Functional groups

Figure 6 shows FTIR results for the bionanocomposite. Troughs appear at
wavenumber 3500-3000 cm (-OH stretching), 2800-2900 cm™ (C-H stretching)
and 1600-1700 cm* (absorbed water groups) [3, 44, 45].

The wavenumber associated with functional groups of OH around 3000 cm™ was
reduced due to the formation of new hydrogen bonds between matrix and fiber [37, 46].
A similar result was reported by previous research who explain it in terms of weakened
hydrogen bonding due to the delocalization of electrons [3, 44, 47]. The C-H stretching
trough appeared at range wavenumber 2800-2900 cm™ in all bionanocomposite
samples indicating that they all contain aliphatic saturated components [48].

While the wavenumber of the -OH absorption water peak (1648 cm™) does not
change, the transmittance of this peak increases steadily from 64.6% for pure YB
starch film to 74.5%, for 1 wt% of reinforcing fiber indicating that water absorption
is inversely proportional to the proportion of nanocellulose used [3, 49, 50].
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4.7. Moisture absorption

Figure 7 shows the moisture absorption of all samples tested. YB starch with the
addition of 0, 0.1, 0.3, 0.5, and 1 wt% nanocellulose suspension absorbs 19.1, 19.0,
18.7, 18.6 and 18.3% moisture respectively. Pure YB starch film is clearly more
hydrophilic than the bionanocomposite films as the nanocellulose WHF forms a
barrier preventing the water molecules from diffusing freely throughout the YB
starch matrix [8, 37, 51]. Similar results have been reported by other researchers
[21, 37, 50]. This result is supported by the FTIR transmittance data at wavenumber
1648 cm* (water absorption functional group) as discussed in the previous section.
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Fig. 6. FTIR of all bionanocomposite samples.
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Fig. 7. Moisture absorption of all bionanocomposite samples.
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5. Conclusions

Fabrication of bionanocomposites was successful through adding the nanocellulose
in the form of a suspension in YB starch matrix followed by gelation and brief
sonication. The addition of nanocellulose suspension in YB starch matrix given a
brittle fracture formation of bionanocomposites. Sonication after gelation was also
effective to disperse the nanocellulose homogeneously throughout the matrix as
demonstrated by the measurements of mechanical properties. The maximum TS and
TM were in the samples with the 1 wt% nanocellulose loading. This loading value
improved tensile strength and resulted in good thermal stability, high crystallinity
index, and decreased moisture absorption. The mechanical and thermal properties are
comparable to that of plastics that are already being used for food packaging. The
bionanocomposites are clear and manufactured from materials that are not only
renewable but safe for human consumption. The addition of low amount
nanocellulose fiber in YB starch matrix also resulting in significant improvement of
their properties. Therefore, the potential of YB/WHF bionanocomposites could well
be suitable for food packaging applications.
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Nomenclatures

Crl Crystallinity index, %

Ha Distance between baseline Hc with its baseline at (26=16.8°)
Hc Distance between maximum peak at (26=19.6°) with baseline
looz The crystalline intensity at (26=22.6°)

lam The amorphous intensity at (26=18°)

Wo Initial weight

Wh Final weight

Greek Symbols
0 Bragg angle, deg.
A Wavelength in XRD testing, nm

Abbreviations

DTG  Differential Thermal Gravimetry
EB Elongation at Break

FTIR  Fourier Transform Infra-Red Spectroscopy
SEM  Scanning Electron Microscope
TEM  Transmission Electron Microscope
TGA  Thermogravimetric Analysis

™ Tensile Modulus

TS Tensile Strength

WHF  Water Hyacinth Fiber

XRD  X-ray Diffraction

YB Yam Bean
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