
Research Article

Asmawi Nazrin, Salit Mohd Sapuan*, Mohamed Yusoff Mohd Zuhri,

Intan Syafinaz Mohamed Amin Tawakkal, and Rushdan Ahmad Ilyas

Water barrier and mechanical properties of sugar
palm crystalline nanocellulose reinforced
thermoplastic sugar palm starch (TPS)/poly
(lactic acid) (PLA) blend bionanocomposites

https://doi.org/10.1515/ntrev-2021-0033

received April 27, 2021; accepted May 16, 2021

Abstract: The disposal of non-biodegradable synthetic

plastic wastes is linked with air, land, and marine pollu-

tions. Incineration of plastic wastes released toxic substances

into the air while recycled plastics end up accumulated in

landfill and dumped into the ocean. In this study, novel

sugar palm starch reinforced with sugar palm crystalline

nanocellulose was blended with poly(lactic acid) (PLA)

with various formulations to develop alternative materials

potentially substituting conventional plastics. X-ray diffrac-

tion analysis demonstrated broad amorphous scattering

background with minor diffraction peaks at 2θ of 19.4° and

22° associated with VH-type and B-type crystal structure for

all blend bionanocomposites samples. Higher solubility rates

were observed for PLA20TPS80 (96.34%) and PLA40TPS60

(77.66%) associated with higher concentration of plastici-

zers providing extra space in the polymer chains to be

penetrated by water molecules. Increasing PLA content

was not necessarily enhancing the water vapor perme-

ability rate. Dynamic mechanical analysis presented a sig-

nificant increment in storage modulus (E′) for PLA60TPS40

(53.2%) compared to the trivial changes of PLA70TPS30

(10%) and PLA80TPS20 (0.6%). However, significant

improvement in impact strength occurred only at

PLA40TPS60 (33.13%), and further addition showed minor

improvement between 12 and 20%. Overall, it is noted that

PLA60TPS40 demonstrated adequate functional properties

to be used in food packaging application.

Keywords: dynamic mechanical analysis, impact test,

nanocellulose, polymer blend, poly(lactic acid), thermo-

plastic starch, water barrier properties

1 Introduction

Today, petroleum-based plastics are vastly used in var-

ious industries such as packaging, construction, medical,

textile, and automotive industries [1–3]. Although the

benefits of plastics are wide ranging, massive production

and improper waste management have raised environ-

ment issues. Production growth is expected to reach

500 million tons by 2050 because of the rise in global

population and overall consumption [4]. Single-use

plastic (SUP) including plastic bags, microbeads, cutlery,

straws, polystyrene such as cups and food containers,

and sachet water wrappers are the major contributors

to plastic wastes as they are used once and then dis-

carded [5]. Plastics floating in the ocean often mistook

as food by marine animals causing serious causalities.

Recycling programs are not contributing much in plastic
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waste management because of the high recycling cost

and difficulties in polymer separation [6,7]. The disposal

of plastic wastes through incineration released harmful

substances such as dioxins, mercury, furans, and poly-

chlorinated biphenyls into the atmosphere and even-

tually entered human body system, which were linked

with major health issues such as cancer, heart disease,

asthma, and respiratory failure [8].

In natural environment, the degradation periods for

plastic bags are 10–20 years or 500–1,000 years while

plastic bottles are reported up to 70–450 years [9]. This

non-biodegradable plastic has unfamiliar compound derived

from petroleum making it is inaccessible for microbial

organisms to alter or transform (through enzymatic and

metabolic action) their chemical structures [10]. The

sudden strike of COVID-19 pandemic (a severe acute

respiratory syndrome caused by a novel coronavirus –

SARS-CoV-2) had severely disrupted the plastic reduction

policies because of the consumer concerned over con-

tamination of reusable containers and bags of COVID-19

high transmissibility rate [11]. As the world is concerned

over the problems caused by conventional plastics, scien-

tists and researchers are shifting to biodegradable poly-

mers from renewable sources to tackle the accumulation

of non-biodegradable plastic wastes.

By far, poly(lactic acid) (PLA) is the most extensively

used polymer in the production of biodegradable plastics

[12–14]. Unlike other polymers such polyvinylchloride,

polyethylene, polypropylene, and epoxy derived from

petroleum hydrocarbons, PLA is produced through the

fermentation of corn, rice, and sugarcane in the form of

lactic acid [15]. However, it is deemed non-economical for

such expensive material to be used in the production of

SUP applications [16]. The incorporation of starch was

used as a means of reducing raw material costs [17] while

facilitating biodegradability of PLA [18]. Donate et al. [19]

incorporated biodegradable and biocompatible materials

namely calcium carbonate and beta-tricalcium phosphate

into PLA results in faster degradation using proteinase K

enzymes compared with neat PLA. Manipulating the addi-

tives loading could adjust the degradation rate required in

3D scaffolds to match the growth rate of new bone tissue.

Sugar palm starch (SPS) is yet another promising

bioresource used in the manufacturing of bio-based starch

films and proven to yield promising features such as bio-

degradable, colorless, non-toxic, odorless, tasteless, and

isotropic [20]. Nevertheless, their brittleness, retrograda-

tion, and low mechanical and water barrier properties

have limited their applications [21]. Combination of var-

ious plasticizers seemed to reduce starch retrogradation,

starch embrittlement, and long-term plasticizer migration

and improve water barrier properties [22]. Sanyang et al.

[23] reported that SPS incorporated with 30% (starch

basis) of the combination of glycerol and sorbitol (1:1)

improved tensile strength and thermal and water barrier

properties compared to glycerol and sorbitol used alone.

The reinforcement of plant-based natural fibers in

polymer matrix has become a rising trend because of its

outstanding features. Some of their advantages are cheap,

low density, biodegradable, renewable, remarkable energy

recovery, vibration resistance, and less skin and respira-

tory irritation [24]. In addition, nanocellulose fibers iso-

lated from sugar palm fibers possess excellent mechanical

properties, high surface area (100m2 g−1), high aspect ratio

of 100, light weight, and low density compared to other

commercial fibers [25,26]. Even at low content, nanoscale

cellulose materials can provide a more effective reinforce-

ment for tensile strength, tensile modulus, and impact

strength compared to macroscale natural fiber [27]. In

food packaging, using bio-nanocellulose such as sugar

palm crystalline nanocellulose (SPCNC) is safer compared

to synthetic nanomaterials [28]. Besides, starch and fiber

from the same botanical origin seem to have a high affinity

of 3D hydrogen bonding networks, thus improvingmechan-

ical strength and water barrier properties.

In this research, water barrier, thermal mechanical,

impact properties, and crystallinity behavior of SPCNC

reinforced TPS/PLA blend bionanocomposites were ana-

lyzed with regard to their formulation to identify certain

extensions and limitations in developing safer, cheaper,

and environmentally friendlier food packaging plastics.

To the best of author’s knowledge and from the above

literature review, no study has been carried out in the

past on the performance of SPCNC reinforced thermo-

plastic sugar palm starch (TPS)/(PLA) blend bionano-

composites. In addition to our previous study [29] that

focused on mechanical, physical, and thermal properties,

it is crucial to highlight water barrier and thermal mecha-

nical properties, as the exposure to heat and moisture is

inevitable in food packaging application causing dete-

rioration in mechanical strength of the material.

2 Materials and methods

2.1 Materials

SPS used in this research was extracted from the core of

sugar palm trees located at Kuala Jempol, Negeri Sembilan,

Malaysia. PLA resin (NatureWork 2003D), glycerol, and

sorbitol were purchased from Mecha Solve Engineering,
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Petaling Jaya, Malaysia. Glycerol and sorbitol were used

to improve SPS processability. SPCNC was supplied by

Laboratory of Biocomposite Technology, Institute of Tropical

Forestry and Forest Products (INTROP), Universiti Putra

Malaysia, Selangor, Malaysia. Table 1 shows the physical

properties of SPCNC.

2.2 SPS extraction and preparation

The mixture of starch and woody fibers was purchased

from Hafiz Adha Enterprise at Kampung Kuala Jempol,

Negeri Sembilan, Malaysia. The mixture was transferred

into a container and left 1 day for the starch to settle at

bottom while woody fibers floated at the top. The floating

fibers were removed and starch was collected. Strainer

cloth was used to filter smaller size of wood fibers mixed

with starch. Next, the wet starch was taken out from the

container and kept in an open air for a moment. The

remaining moisture in the starch was removed by drying

in air circulating oven at 120°C for 24 h to obtain starch

powder with a mean diameter of 36.308 µm and a particle

size distribution ranging from 0.0020 to 1,000 µm. The

starch extraction method was adapted from Sahari et al.

[30].

2.3 Preparation of SPCNC reinforced TPS/

PLA blend bionanocomposites sheet

TPS was prepared using solution casting method. First,

0.5 g of SPCNC (0.5%) and 15 g of both glycerol (15%)

and sorbitol (15%) were added into beaker filled with

1,000mL of distilled water. The mixture went through

sonication for 15 min to agitate the SPCNC in promoting

an even dispersion. Then, the beaker was placed inside

the water bath at temperature of 80°C. Gradually, SPS

was added into the beaker and stirred continuously for

30–45min so that the starch gelatinized uniformly. After

a semi-fluid consistency was acquired, the gelatinized

starch was poured into glass petri dishes and left dried

up in the oven at 60°C for 24 h. The dried TPS was

crushed into granule-size before being melt blended

with PLA using Brabender Plastograph (Model 815651,

Brabender GmbH & Co. KG, Duisburg, Germany) at 170°C

for 13min with a rotor speed of 50 rpm. TPS and PLA were

mixed in five different ratios as follows: 80:20, 70:30,

60:40, 40:60, and 20:80 (Table 2). The blend bionanocom-

posites were once again crushed into granule-size before

being hot pressed (Technovation, Selangor, Malaysia) at

170°C for 17min into 150mm × 150mm × 3mm sheet.

Figure 1 shows the schematic representation of overall

process to prepare PLA/TPS blend bionanocomposites.

2.4 X-ray diffraction (XRD)

The XRD analysis was conducted using 2500 X-ray dif-

fractometer (Rigaku-Tokyo, Japan). The device was man-

aged by 0.02 (θ) s−1 scattering speed within 5–60° (2θ)

angular range under operating voltage and current of

40 kV and 35mA, respectively. The crystallinity index

(Ci) was measured based on the calculus of crystallinity

area (Ac) and amorphous area (Aa) in diffractogram using

equation (1).

( ) = [ /( + )] ×C A A A% 100.i c c a (1)

2.5 Moisture content

The moisture content of each sample was determined by

the gravimetric method. The sheet samples were stored

inside a zip lock plastic bag to prevent moisture absorp-

tion from surrounding humidity. Before oven drying, the

initial weight (M1) of the sample was measured. Then, it

was left inside an oven at 100°C for 24 h. After 24 h, the

final weight was measured (M2). For each sample, the

Table 1: Physical properties of SPCNC

Properties Value

Diameter (nm) 9

Density (g/cm3) 1.05

Degree of crystallinity (%) 85.9

Degree of polymerization 142.86

Moisture content (wt%) 17.90

Molecular weight (g/mol) 23164.7

Pore volume (cm3/g) 0.226

Surface area (m2/g) 14.47

Table 2: The composition of PLA/TPS blend bionanocomposites

Samples PLA (%) TPS (%)

PLA20TPS80 20 80

PLA40TPS60 40 60

PLA60TPS40 60 40

PLA70TPS30 70 30

PLA80TPS20 80 20

PLA100 100 0
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experiment was conducted in triplicate. Moisture content

of the sample was evaluated as the percentage of the

initial weight removed during drying, as shown in equa-

tion (2).

( ) = [( )/ ] ×M M MMoisture content % – 100.1 2 1 (2)

2.6 Water solubility

Solubility test was conducted following the method of

Irissin-Mangata et al. [31]. Before the test, initial weight

(W1) of each sample (10 mm × 10 mm × 3 mm) was mea-

sured. The samples were immersed in water at 25°C under

continuous stirring for 24 h. After 24 h, the insoluble

remains of the samples were dried at 100°C for another

24 h. Finally, the insoluble dried samples were weighed

(W2). For each sample, the experiment was conducted in

triplicate. Water solubility of each blend bionanocompo-

sites was calculated using equation (3).

( ) = [( )/ ] ×W W WWater solubility % – 100.1 2 1 (3)

2.7 Water vapor permeability (WVP)

WVP was conducted in accordance with ASTM E96-95

[32]. Before the test, the samples were conditioned inside

a desiccator under the set of working parameters of

53 ± 1% RH and 23 ± 2°C ambient temperature. The

experiment was repeated thrice. Initially, the mouth of

the cup (20mm by diameter) was filled with 10 g of silica

gel. Samples were cut into round shapes and mounted on

the mouth of cylindrical cups, leaving around 3mm

vacuum to the topmost part. Then, the initial weights of

the test cups were measured and recorded before placing

them in a steady relative humidity chamber (25°C, 75%

RH). The weights of the test cups were measured at reg-

ular intervals until the equilibrium state was reached.

Finally, the balanced weight of the test cups was mea-

sured, noted, and used in the evaluation of WVP as

shown in equation (4).

( )
= [( × )/( × × )]m d A t P

Water vapor permeability %

,
(4)

Figure 1: Schematic representation of overall process to prepare PLA/TPS blend bionanocomposites.
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where the increased weight of the test cup is m (g), the

sample thickness is d (mm), the exposed surface area of

the sample is A (m2), the permeation time interval is t (s),

and the partial pressure is P (Pa).

2.8 Dynamic mechanical analysis (DMA)

DMA Q800 (New Castle, DE) from TA Instruments was

used for the evaluation of the dynamic mechanical

thermal behaviors of the composites. DMA was con-

ducted in accordance with ASTM D5053-15 [33]. Samples

were cut into rectangular shape with the dimensions of

60mm (L) × 10mm (W) × 3 mm (T) and subjected under

three-point bendingmode in a temperature range between

30 and 150°C at a heating rate of 5°C/min under controlled

sinusoidal strain at 1 Hz frequency to determine the tem-

perature dependence of the storage modulus (E′), loss

modulus (E″), and loss tangent (tan δ). The test was per-

formed in three replications.

2.9 Impact test

Impact test measures the strength of a material under

dynamic loading. Izod impact test was conducted according

to ASTM D256 [34] at a temperature of 23 ± 1°C and rela-

tive humidity of 50 ± 5%. Samples were fabricated into

V-notched with a depth of 2 mm and an angle of 45° using

hot press with dimensions of 64 mm (L) × 13 mm (W) ×

3 mm (T). The test was performed in three replications

using a digital INSTRON CEAST 9050 (Instron, Norwood,

MA, USA) pendulum impact tester. For Izod test, the sam-

ples were fixed in vertical position for the pendulum to

strike. The impact strength was calculated based on the

impact energy required to fracture the sample and cross-

section area of the sample as shown in equation (5).

= ( )/ ( )Impact strength Impact energy J area mm .2 (5)

3 Results and discussion

The results and discussion of the performance of SPCNC

reinforced PLA/TPS blend bionanocomposites are pre-

sented in the following sections.

3.1 XRD

Figure 2 shows the diffraction patterns of neat PLA and

PLA/TPS blend bionanocomposites. Neat PLA exhibited a

sharp crystal peak centered at 2θ of 16.8° ascribed to the

helical 103 chain of PLA [35]. This peak was not visible for

the sample with the lowest PLA content (PLA20TPS80),

but as PLA contents were increased, the peak gradually

appeared indicating its correlation with the content of

PLA in the blend. Incorporation of PLA into TPS seemed

to form large amorphous scattering background with new

minor diffraction peaks at 2θ of 19.4° and 22°. The diffrac-

tion peak at 2θ of 19.4° indicated that VH-type crystal

structure was formed by the complexing of plasticizers

with amylose [22]. Cotiprayon et al. [36] found out that

higher content of PLA in PLA/TPS blend composites

formed lower and wider diffraction peaks because of

the dilution of PLA and migration of glycerol from TPS

into PLA matrix. Referring to Figure 2, this diffraction

peak disappeared for the samples having more than

50% of PLA content. This implied that all blend bionano-

composite samples were amorphous as PLA obstructed

hydrogen bond formation between starch chains by PLA

side groups, causing loose packing structure [37]. Diffrac-

tion peak at 2θ of 22° corresponded to B-type crystal

structure typically for high amylose starches extracted

from fruits, stems, and tubers (banana, sago, and pota-

toes) [38]. The SPCNC reinforcement is also associated

with diffraction peak at 2θ of 22° and its lower intensity

is linked to the low concentration of SPCNC used in

this study [6]. Table 3 shows the crystallinity index of

neat PLA and PLA/TPS blend bionanocomposites.

Increasing PLA content in the blend seemed to promote

the crystallinity

Figure 2: The XRD patterns of neat PLA and PLA/TPS blend

bionanocomposites.
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3.2 Moisture content

In Table 4, it can be observed that moisture content

decreased as PLA content was increased. The hydro-

phobic nature of PLA stabilized the moisture content of

the blend bionanocomposites. As expected, TPS (which is

known for its hydrophilic nature) retained its moisture,

which is greatly responsible for the moisture content. In

this study, moisture content of the blend bionanocompo-

sites was solely contributed by TPS content. Plasticizers

and SPCNC are the factors that manipulated the moisture

content of the TPS. Plasticization by combining glycerol

and sorbitol is more stable compared to the case when

they were used alone. Adhikari et al. [39] reported that

plasticization using multiple plasticizers might promote

strong plasticizer–plasticizer interaction bonds. The pre-

sence of SPCNC promoted a stabilization effect in the

starch matrix by creating 3D cellulosic network, which

hindered the chain mobility and decreased the avail-

ability of hydroxyl groups thus resulting in the reduction

of moisture absorption [6]. PLA20TPS80, which demon-

strated the highest TPS content (80%), undoubtedly con-

sisted of the highest concentration of glycerol, sorbitol,

and SPCNC. Li and Huneault [22] reported that additional

concentration of glycerol in starch/fiber composites

increased their equilibrium moisture but decreased as

fiber content was increased. Meanwhile sorbitol did not

have any significant increment in equilibrium moisture.

However, various authors [21,36,40–42] working on PLA/

TPS blend composites found out that glycerol did migrate

from TPS into PLA matrix leaving behind sorbitol-rich

starch. Higher solubility and lower molecular weight of

glycerol (92 gmol−1) compared to sorbitol (182 g mol−1)

are more prone to migrate to PLA matrix during melt

mixing process [43]. Therefore, primary plasticized TPS

using the combination of glycerol and sorbitol was trans-

formed into glycerol-rich PLA/sorbitol-rich starch micro-

structure [44]. Another important factor that affects the

moisture content is the morphology of the blend itself. In

previous work [29], because of the absence of compatibi-

lizer to improve the homogeneity of the blend, some

blends (above 50% TPS content) displayed slight starch

agglomeration on the structure of tensile fracture surface

under SEM images. This result shows that the samples,

which were formulated using more than half of TPS con-

tent in the blend bionanocomposites, provided extra

hydroxyl groups for water molecules to interact.

3.3 Water solubility

The water solubility of a substance is closely related to

biodegradation properties of a material. As shown in

Table 4, the solubility of all blend bionanocomposites

was influenced by the TPS content. It is observed that

PLA20TPS80 has the highest solubility rate (96.34%)

and the solubility is decreasing linearly as PLA content

increased. A higher PLA content will decrease the amount

of hydroxyl groups in the blend, as stated by Muller et al.

[45]. The solubility of PLA20TPS80 and PLA40TPS60

seemed to be higher than the proportion of TPS in the

blend bionanocomposites, suggesting a poor homo-

geneity. The SEM images reported in ref. [29] verified

that both of these samples showed a slight agglomeration

of starch granules, which might be the cause of the high

solubility. The solubility is directly proportional to the

TPS content in the blend bionanocomposites as PLA is

insoluble in water. Similar to moisture content, the addi-

tion of plasticizers reduced the polymer molecule inter-

action in return providing greater space in the polymer

chains to be penetrated by water molecules, thus maxi-

mizing the blend bionanocomposites solubility [46]. The

effect of higher moisture content promote starch gelati-

nization and uniform dispersion in the PLA matrix, thus

Table 3: Crystallinity index of neat PLA and PLA/TPS blend

bionanocomposites

Sample Crystallinity index, Ci (%)

PLA20TPS80 46.08

PLA40TPS60 53.40

PLA60TPS40 54.35

PLA70TPS30 56.38

PLA80TPS20 59.93

PLA100 71.73

Table 4: Moisture content, solubility, and water vapor permeability

of neat PLA and PLA/TPS blend bionanocomposites

Sample Moisture

content (%)

Water

solubility

(%)

Water vapor

permeability, 10−11

(gm/m2 s Pa)

PLA20TPS80 7.41 96.34 1.33

PLA40TPS60 6.72 77.66 1.12

PLA60TPS40 4.97 39.43 1.02

PLA70TPS30 3.46 23.16 1.10

PLA80TPS20 2.51 10.27 1.15

PLA100 0.71 0.57 0.90
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increasing surface contact area of the starch phase at the

interface [47]. Correspondingly, the contact area of the

starch with water on the surface of the sample increased.

Both low and high solubility materials benefited various

types of application. Low solubility materials are deemed

useful in applications, which need protection frommoisture

and water loss. Meanwhile, high solubility materials can be

used as single-use applications such as drug capsulation

and biodegradable packaging [48–50]. Lin et al. [51] studied

the degradation modeling of poly-L-lactide acid (PLLA) as

bioresorbable stent or biodegradable stent to serve as a

temporary scaffold and found out that the stent kept its

mechanical integrity during the first 3 months even though

the outer surface of the stent demonstrated degradation.

3.4 Water vapor permeability

As expected, the highest WVP (1.33 × 10−11 g s−1m−1 Pa−1)

rate is associated with the sample of the highest TPS

content (PLA20TPS80). Based on Table 4, it can be

observed that the WVP rate decreased as PLA content

was increased up to 60% content. At 70% (PLA70TPS30)

and 80% (PLA80TPS20) of PLA contents, WVP rates were

1.10 × 10−11 g s−1m−1 Pa−1 and 1.15 × 10−11 g s−1m−1 Pa−1,

respectively. This speculated that there might be some

passages for water vapor to pass through those samples.

The previous work [29] on the SEM analysis showed

visible crack-spreading areas within tensile fracture sur-

face of these samples. Ilyas et al. [52] fabricated TPS film

using SPS reinforced with 0.5% of SPCNC, and the com-

posites improved the WVP significantly by 19.94% com-

pared to neat film (9.58 × 10−10 g s−1m−1 Pa−1). However,

after blending with PLA, WVP rate elevated even further.

Substituting 20% of TPS with PLA was proven to promote

WVP rate of the blend bionanocomposites by 98.6%. The

reinforcement of SPCNC could not be evaluated in detail

because the presence of PLA contributed tremendous

impact on WVP. It seems that the main factor that

strongly influenced WVP rate is the morphological fea-

ture of blend bionanocomposites itself. Unlike moisture

content and solubility, dominant PLA content was not

necessarily improving the WVP rate. Rather, the compat-

ibility of these two materials is far more crucial in devel-

oping homogeneous and uniform distribution of micro-

structure to prevent particles or gases to pass through it.

It seemed that other formulations besides PLA60TPS40

are unable to achieve a decent cross-linking reaction,

which increased the chain entanglements of the two

polymers.

3.5 DMA

DMA is yet another important method in the characteri-

zation of polymer material to determine the miscibility in

polymer blends. Sample was exposed to oscillatory defor-

mations under the increment of temperature. It is related

to the changes in polymer chains movement, which left

some sort of gaps or pores within the polymer chains known

as free volume. As temperature rose, tightly packed

molecules began to loosen up increasing the free volume.

Figure 3a shows the storage modulus (E′) for neat

PLA and PLA/TPS blend bionanocomposites as a function

of temperature. All curves display a similar trend, where

the value of E′ dropped sharply within a small tempera-

ture range between 50 and 60°C indicating the transition

phase of glass into rubber state [53]. In this phase, the

molecules expand as they get warm promoting higher

molecular chain motions thus changing free volume.

Neat PLA or PLA100 has the highest E′ value and

increasing the incorporation of TPS content into PLA/

TPS blend bionanocomposites reduced E′. The sorbitol

rich starch within the cross-linked polymers were finely

dispersed thanks to their homogeneous ratio, which

responsible for PLA60TPS40 (53.3%) significant increase

in E′ while PLA70TPS30 (10%) and PLA80TPS20 (0.6%)

showed trivial changes in E′. As temperature rose, E′

dropped indicating the loss in rigidity. The effect of gly-

cerol migration into PLA promoted the chain mobility of

the amorphous phases. However, the significant effect of

glycerol-rich PLA can only be observed for PLA60TPS40.

It is suspected that for PLA70TPS30 and PLA80TPS20,

glycerol transfer into PLA matrix was insufficient to

enhance the chain mobility which led to minor improve-

ment in E′. The onset temperature where material started

to show mechanical failure demonstrated that among all

PLA/TPS blend bionanocomposite samples, PLA60TPS40

(63.6°C) had the highest onset temperature comparable

to neat PLA (62°C). This shows that the composition of

PLA60TPS40 has better compatibility compared to other

formulations, thus promoting its thermal stability.

Figure 3b displays the changes in loss modulus (E″)

of neat PLA and PLA/TPS blend bionanocomposites. It

provides the magnitude of energy released by the sample

caused by molecular chain mobility. All blend bionano-

composite samples showed low intensity peak of E″

within the temperature range of 55–70°C. PLA40TPS60,

PLA80TPS20, and PLA100 have quite similar peaks

approximately at 62°C but with different values of E″

approximately 50, 200, and 550MPa, respectively. The

addition of PLA seemed to increase the intensity peak

and temperature only up until PLA60TPS40. At PLA70TPS30,
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the peak shifted to lower temperature; meanwhile, there was

only a minor increase in PLA80TPS20 temperature, which

did not exceed PLA60TPS40. The addition of more rigid and

stiffer material reduced the molecular mobility of polymeric

chains within thematrix and promoted good frictional resis-

tance, which led to higher loss modulus [54]. Similar

increasing trend was achieved by Nurazzi et al. [55], where

loss modulus of unsaturated polyester hybrid composites

increased as sugar palm and glass fibers were increased.

Figure 3c shows the damping factor (tan δ) and glass

transition temperature (Tg) for neat PLA and PLA/TPS

blend bionanocomposites. Neat PLA has the highest

intensity peak, which were followed by PLA/TPS blend

bionanocomposites from the lowest to the highest of PLA

content. tan δ peaks of all bionanocomposite samples

observed to be in the temperature range of 60–80°C. An

early increasing trend can be observed within the Tg

values of PLA20TPS80, PLA40TPS60, and PLA60TPS40,

which were 65, 72, and 76°C respectively. Further addi-

tion of PLA decreased the Tg for both PLA70TPS30 and

PLA80TPS20, which were 71 and 67°C respectively. With

regard to partial miscible polymer blends, the Tg of their

components were shifted towards each other gradually.

In the case of immiscible polymer blends, the components

kept their own Tg. The damping peaks of PLA20TPS80,

PLA40TPS60, and PLA60TPS40 were low and within the

range to each other. This proved that the fine dispersion

of TPS into PLA matrix has the benefit of restricting the

segmental motions of polymer during the transition.

Akrami et al. [56] reported the incorporation 10 phr of

synthesized compatibilizer induced esterification to TPS

molecules, which results in the reduction of tan δ repre-

senting better compatibility of two phases. The damping

peaks were shifted to higher value for PLA70TPS30

and PLA80TPS20 indicating poor interfacial adhesion

between the polymers. It was also observed in WVP where

the poor compatibility of these two samples increased

WVP rates even though PLA content was increased. A

large area under graph presents the high degree of mole-

cular mobility indicated that the material can absorb and

Figure 3: (a) Storage modulus, (b) loss modulus, and (c) tan δ of neat PLA and PLA/TPS blend bionanocomposites.
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dissipate energy better. On the contrary, reduction in the

intensity of damping peak means that the material acts

more elastic and it has better potential to store load

rather than dissipating it.

3.6 Impact test

Impact strength is one of the important mechanical data

to evaluate material capabilities in various practical appli-

cations. It determines the deformation ability of a material

when subjected to high deformation rate. Figure 4 shows

an increasing trend of impact resistance for neat PLA and

PLA/TPS blend bionanocomposites. Initially, it was specu-

lated that the impact resistance of those of blend bionano-

composite samples is higher than the neat PLA itself.

Because of the effect of glycerol migration during blending

with PLA, higher molecular weight of sorbitol left behind

formed strong bond with starch molecular chains, thus

restricting its chain mobility and become more rigid

leading to the inability to resist deformation. A significant

change was observed at PLA40TPS60 (33.13%), while

PLA60TPS40 (12.09%) and PLA70TPS80 (12.92%) demon-

strated minor changes in impact strength. PLA80TPS20

(19.31%) and PLA100 (20.31%) displayed better improve-

ment in impact strength owing to dominant properties of

PLA. The reduction in impact resistance is closely related

to the increase in rigidity of a material. Several authors

[21,22,57] reported that sorbitol plasticized TPS had better

tensile strength but lower elongation at break, while gly-

cerol plasticized TPS had lower tensile but better elonga-

tion at break. Sanyang et al. [23] studied the effect of

different plasticizers (sorbitol and glycerol) and reported

that the elongation at break of SPS plasticized by 15% of

sorbitol and glycerol were 5.38 and 26.52% respectively.

Sahari et al. [58] worked on the different concentrations

of glycerol (15, 20, 30, and 45%) on SPS and reported

that flexural strength and impact resistance increased

as glycerol concentration was increased up until 30% of

concentration. In addition, SPCNC formed strong interfa-

cial interactions between large surface areas of nanofil-

lers and the starch matrix, which also lead to the increase

in the rigidity [59]. Zhang et al. [60] worked on PLA/

bamboo particle (BP) biocomposites and found out that

smaller particle size of BP dispersed uniformly in the PLA

matrix and increased cross-linking segment in the PLA

matrix, which restricted the molecular chain mobility and

consequentially reduced the resistance ability to deform.

In theory, the flexibility of TPS was expected to sustain

the stresses around the PLA particles, which act to with-

stand any deformation changes. Unfortunately, in this

case, the rigidity of TPS is far greater than the PLA itself,

which can be clearly observed in the increment of impact

resistance as TPS was substituted by PLA. Because of this

occurrence, the increment of impact resistance is asso-

ciated with sorbitol-rich TPS. In addition, it was observed

that high moisture content can be linked to the lower impact

strength becausemoisture or water deteriorates themechan-

ical properties of starch-based polymer. A high solubility

sample proved that the increased surface area contacts of

the starch with moisture weaken the sample structure stabi-

lity leading to the deterioration of sample.

4 Conclusion

Generally, the formulation of the PLA/TPS blend bionano-

composites greatly influenced its properties. The ideal

ratio to develop food packaging plastic with adequate

properties is 60:40 (PLA:TPS). XRD analysis results

showed large amorphous scattering background indi-

cating an amorphous structure for all blend bionanocom-

posite samples because of PLA side groups obstructing

hydrogen bond formation between starch chains causing

loose packing structure. The superior properties of PLA

overwhelm the minor reinforcement of SPCNC in terms of

thermomechanical and impact strength properties. The

migration of glycerol into PLA matrix reduced the blend

flexibility but an ideal ratio and fine dispersion of TPS by

sorbitol promoted the blend homogeneity. In case of

water barrier properties, improvement in homogeneity

promoted the interfacial adhesion between the PLA and

TPS lowering water molecules penetration. In addition,
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Figure 4: The Izod impact strength of PLA100 and neat PLA/TPS

blend bionanocomposites.
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PLA/TPS blend bionanocomposites can also be used in

other applications that prioritize biodegradability, ade-

quate water barrier, and mechanical properties such as

drug delivery capsule, plastic wrap, and mulching film.
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