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Biodegradable and Water Resistant
Poly(vinyl) Alcohol (PVA)/Starch
(ST)/Glycerol (GL)/Halloysite
Nanotube (HNT) Nanocomposite
Films for Sustainable Food
Packaging

Zainab Waheed Abdullah *? and Yu Dong *

1 School of Civil and Mechanical Engineering, Curtin Univetg, Perth, WA, Australia? Technical Engineering
College-Baghdad, Middle Technical University, Baghdad, dq

As a novel biodegradable material, poly (vinyl) alcohol (R)starch (ST)/ glycerol (GL)/
halloysite nanotube (HNT) nanocomposite Ims were prepagk by solution casting at
the HNT contents of 0.25, 0.5, 1, 3, and 5 wt%. Water absorptio capacity and water
solubility of nanocomposite Ims were decreased remarkalyl by 44.24 and 48.05%,
respectively, with increasing the HNT content from 0 to 5 wt%when compared with
those of biopolymer matrices. Moreover, the water contact agle of nanocomposite Ims
increased by 21.36 with the incorporation of HNTs. The presence of HNTs appeart
to reduce the overall migration rates for PVA/ST/GL/HNT naxtomposite Ims when
interacting with either hydrophilic or lipophilic food simlants. However, the migration
rates of HNTs alone were enhanced with increasing the HNT caent in hydrophilic,
lipophilic, and acidic food simulants. On the other hand, tb biodegradation rate and
light transmittance of nanocomposite Ims were reduced liearly by 18.56 and 26.90%
with increasing the HNT content from 0 to 5 wt%. Overall, noMePVA/ST/GL/HNT
nanocomposite Ims in this study offer highly competitive materials with excellent water
resistance, good biodegradability, and acceptable transprency to be potentially used
for sustainable food packaging particularly targeting ligphilic and acidic foodstuffs.

Keywords: polymer blends, nanocomposites, water resistance , migration rate, biodegradability

INTRODUCTION

Petro-based polymers generally possess good mechanicahathand barrier properties with
easy processability and relatively low cost, which makes thvlely used in di erent industrial
sectors such as construction and building, appliances, anenaatpackaging %iracusa et al.,
2008; Sam et al.,, 2016; Abdullah et al., 20Nevertheless, it is evident that plastic wastes
in 6,300 million metric tons were generated worldwide in 2018d af this production
rate continues without e ective control it will be increased uo 12,000 million metric
tons of plastic wastes by 205Gdyer et al., 20)7 Non-degradable plastic wastes can be
eliminated by recycling, land lling, and incineration reding in high processing cost and
increasing global warmingRay and Bousmina, 2005; Shah et al., 20@nsequently, the
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replacement of petro-based polymers with biopolymers becomgZnO). In addition, cellulose nanocrystals (CNCs) were also
a suitable solution to tackle more severe environmentalised byNoshirvani et al. (2016o reinforce plasticized PVA/ST
issues. Unfortunately, biopolymers have typical materiablend Ims. Water resistance results demonstrated that \tig
demerits including high water/gas permeability, brittlsee and WVP of nanocomposites diminished by 25.19 and 4.85%,
and poor stability during processing as well as lowrespectively, with increasing the CNC content from O to 7 wt%.
heat resistance, so blending with other polymers and/oSimilarly, Guimarées et al., 20).found that theW, and WVP
reinforcing with nano llers can overcome these limitati®on of plasticized PVA/ST/bamboo nano bril nanocomposite Ims
(Sorrentino et al., 2007; Aslam et al., 218 were decreased by 30 and 20%, respectively, at the nano ller
Polyvinyl alcohol (PVA) is a synthetic water-solublecontent of 6.50 wt% when compared with those of plasticized
biopolymer, which possesses good mechanical and thermBNMA/ST blend Ims alone.
properties as well as good transparency and resistance toroxyge Halloysite nanotubes (HNTs) are a good nano ller candidate
permeation. Nonetheless, it has low degradation rates inesonto reinforce biopolymer blends because of their inherentdpdy
environments such as in soil along with relatively high casti  mechanical and thermal propertieSéaz et al., 2017; Makaremi
poor water resistance owing to the presence of hydroxyl groupst al., 201). To our best knowledge, HNTs as typical nano llers
in repeating units of PVA Gupta et al., 2013; Gaaz et al., 2015have rarely been used to reinforce PVA/ST/GL blends despite
Lim et al., 2015; Aslam et al., 2018lending PVA with starch their implementation in other bionanocomposite systems such
(ST) gives rise to the high improvement of biodegradabilityas ST/HNT nanocomposites<{e et al., 2011; He et al., 2012;
and cost reduction Abdullah et al., 2017 ST is a completely Schmittetal., 2015; Ren et al., 2DTBVA/HNT nanocomposites
biodegradable polymer in soil and compost, which is abundanfLiu et al., 2007; Zhou et al., 2010; Qiu and Netravali, 2013;
as a spare storage in plants with non-toxic and relativelydomst ~ Fujii et al.,, 2014; Swapna et al., 2)J1BVA/chitosan/HNT
features. However, it is hard to process due to the high brigss nanocomposites Ali, 2016, soluble soybean polysaccharide
and limited exibility (Avella etal., 2005; Tang et al., 2008; JolantgSSPS)/HNT nanocomposite&l{poormazandarani et al., 20),5
et al., 2018 It is a semicrystalline polymer consisting of amylosePectin/HNT nanocomposites Makaremi et al., 20)7 and
and amylopectin at di erent ratios depending on plant sourcespolylactic acid (PLA)/HNT nanocomposite®¢ng et al., 2015;
Amylose is a linear polymer in which glucopyranosyl repeatingCastro-Aguirre et al., 2018; Chow et al., 2D1BINTs are
units are linked bya(1-4) linkages while the amylopectin is naturally formed tubular nanoclays with a chemical formula
the branched counterpart witta(1-4) linked backbone and Al>(OH)4SkOs nH20. Such a hollow tubular structure for
a(1-6) linked branchesAvella et al., 20055am et al., 20)6 HNTs is derived from warping octahedral and tetrahedral
Plasticized PVA/ST blends have been well-utilized sin@@049 sheets in 1:1-layer clays (also called 1:1 phyllosilicate) avi
(Liu et al., 1999; Tang and Alavi, 2Q01S8uch blends belong to lower number of hydroxyl groups on their outer surfaces to
a widespread material system used in numerous applicationsprove the HNT dispersion within polymer matricessaz
such as biomedical engineering and material packagiryg et al., 201x As compared with other tubular morphological
and Alavi, 2011; Luo et al., 2012; Tanase et al., 2015; Wastyuctures of nano llers like carbon nanotubes (CNTs), HNT
et al., 2015; Zanela et al., 201&lycerol (GL) is one of the are cheap, widely available, and easily disperSedy( et al.,
most popular plasticisers mixed with PVA/ST blends due ta2015; Zhang et al., 20L6Moreover, it is considered as a
their close solubility parameters, which are 22.50, 23.4d, a non-toxic material mainly used for drug delivery in medical
21.10 MP&?2 for PVA, ST, and GL, respectivelg@éhman et al., applications Khoo et al., 2011; Rawtani and Agrewal, 2012;
2010. Many hydroxyl groups in Plasticized PVA/ST blendsSalam et al., 2015; Yuan et al., 20land further for food
yield weak water resistance. To overcome this drawbacl, it packaging applicationsB{ddecia et al., 2016; Makaremi et al.,
essential to reinforce such blends with applicable nancslley  2017; Lee et al., 20)l8onsequently, HNTs were used in this
improve not only mechanical and thermal properties but alscstudy as natural reinforcements for sustainable PVA/STHNT
their barrier properties lensitieri et al., 2011; Wang et al., nanocomposite Ims to improve their water resistance such
2015. For instanceJian et al. (201 7found the water absorption as W,;, Ws and water contact angle as their mechanical
capacity W,) of plasticized PVA/ST blend Ims was reduced and thermal properties were improved previouskb@ullah
by about 20% with the inclusion of 25 wt% montmorillonite and Dong, 201y when compared with those of PVA/ST/GL
(MMT) nanoclays. SimilarlyNoshirvani et al. (2016showed blend matrices.
that the water solubility \Ws) and water vapor permeability When using nanocomposite materials for food packaging
(WVP) of plasticized PVA/ST/Cloisite-Na MMT dropped by  applications, the migration rate of nanocomposite constituents
50.81 and 16.46%, respectively, with increasing the namo lldike nano llers to foodstus should be seriously considered
content from 0 to 7 wt% due to tortuous paths generated withindue to the food safety issueSimon et al., 2008; Gressler
nanocomposite Ims. Metal oxides can be employed to reinforceet al., 2018 The overall migration rate and migration rate of
plasticized PVA/ST blends as well. For instance, nanossilic nano llers are studied widely for packaging materials basaed
dioxide (SiQ) was used byTang et al. (20080 improve petro-based nanocomposites such as low density polyethylene
mechanical properties and water resistance of plasticized DPE) nanocomposites with di erent types of nano llers like
PVA/ST blend Ims. MoreoverAkhavan et al. (2017)eported  nanosilver Hannon et al., 201)5 nanocarbon blackKott et al.,
that the W, of plasticized PVA/ST blend Ims was reduced 20141, nanoclays Echegoyen et al., 20)6and nanotitanium
by 62% with the incorporation of 0.50 wt% nano-zinc oxidenitride (Bott et al., 2014a PLA nanocomposites are also of a
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particular concern in migration studies of bionanocompositeof 1,000 mg/L in nitric acid was provided by ThermoFisher
systems reinforced with di erent nano llers such as sliveased Scienti ¢ Pty. Ltd, Australia. Silicon standard solutiols@with
modi ed MMT nanoclays Busolo et al., 20)0Cloisite nanoclays the same concentration in nitric acid was purchased from High
(Schmidt et al.,, 2009 CNCs ¢ortunati et al., 2012 multi-  Purity Standards, Inc. All materials were used as receiviétui
walled CNTs {elichkova et al., 20)7But very limited migration  further modi cations.
studies have been investigated based on other biopolymers
like PVA and ST for potential material packaging applicationsFabrication of Films
Avella et al. (2005)evaluated the migration rate of MMT Solution casting method was employed to fabricate neat
nanoclays from ST/ 4 wt% MMT nanocomposite Ims in PVA, PVA blends (i.e., PVA/GL, PVA/ST, PVA/ST/GL), and
contact with lettuce and spinach. In a similar manndgquricio-  PVA/ST/GL/HNT nanocomposite Ims. An aqueous solution of
Iglesias et al. (201Cfound di erent quantities of aluminum 5 wt%/v PVA was obtained by dissolving 10g PVA powders
ions (A€) and silicon ions (S$i) in food simulants owing in 190 ml deionised water at 36 to prepare neat PVA Ims.
to the migration of MMT nanoclays from wheat-gluten/MMT The solution was gradually heated up to 85with continuous
nanocomposite Ims. Whereas;ano et al. (2015bgoncluded stirring via an IKA® - RCT basic magnetic stirrer at 500 rpm
that the overall migration rate of PVA/ST/CNC nanocompositefor 3h. Equal amounts of clear PVA solutions were poured
Ims was increased by 26.08% with increasing the CNC conteritito petri dishes (dish diameter: 15cm) to produce thin Ims
from 0 to 5 wt% in 10% ethanol simulant. Nonetheless, thealver with uniform thickness of 0.110-0.125mm. Then these Ims
migration rate was decreased by 66.67% in the isooctandasitnu were subsequently dried at 5D for 24 h. PVA/GL blends were
with increasing the CNC content from 0 to 5 wt%. also fabricated using the same procedure with the addition
According to theSustainable Packaging Coalition (20ahgd of 30 wt% GL as a plasticizer during the last 30 min in the
Magnier and Crié (2015)the sustainable packaging shouldfabrication process. PVA/ST aqueous solution at the blend
meet the following criteria: (i) useful, safe and healthy foratio of 80/20 was prepared by mixing 8g PVA and 2g ST
individuals and communities throughout its life cycle,)(ii at room temperature in powder form, which was followed by
gathering market requirements for performance and cosi) (ii dissolving them in 190ml deionised water according to the
using renewable energy for manufacturing, transportingd an same procedure mentioned earlier. PVA/ST blends were also
recycling, (iv) using renewable or recycled source madteria plasticized with 30 wt% GL to fabricate PVA/ST/GL blends as
(v) using clean production technologies, (vi) made from nal biopolymer matrices for corresponding nanocomposites.
materials healthy throughout their life cycle, (vii) destgl to HNTSs at di erent nano ller contents of 0.25, 0.50, 1, 3, and 5
improve materials and energy, and (viii) e ectively recoveredvt% were mechanically mixed using an IRA RW20 stirrer
and utilized in industrial/biological closed loop cycleky  with 100 ml deionised water at 5@ and 500 rpm for 2h to
this study, PVA, ST, and HNTs were selected as renewahbgepare the HNT aqueous suspension. Subsequently, the HNT
materials for manufacturing nanocomposite Ims using satuti ~ suspension was sonicated using an ultrasonicating bath ELMA
casting as a clean production technology to meet the stringei-H-5 model at 50C for 1 h with the frequency of 25 kHz and
criteria for sustainable packaging. Moreover, PVA/ST/GL/HN power intensity of 90%. The HNTs suspension was added in a
nanocomposite Ims were characterized to investigate theropwise manner to 100 ml PVA/ST/GL blend solution at 80
eect of HNT contents on water resistance, transparencyand 500 rpm with the aid of mechanical stirring for 30 min.
and biodegradability to study their material performancéneT Finally, the prepared mixture solution was further homogexiz
overall migration rates and HNT migration rates were expljci via a magnetic stirrer at 5€ and 350 rpm for 30 min. The
investigated as well for PVA/ST/GL/HNT nanocomposite Ims sonication process continued for extra 30min in the same
with di erent food simulants mimicking hydrophilic, lipophilic  conditions to remove any entrapped air bubbles. Neat PVA, PVA
and acidic foodstu conditions to evaluate theirimpact oiitzral ~ blends, and PVA/ST/GL/HNT nanocomposite Ims were stored
food safety. in a desiccator to dry all materials for at least 1 week priathi®
following experimental characterization.

EXPERIMENTAL WORK
. CHARACTERIZATION METHODS
Materials

PVA (molecular weight: 89,000-98,000 g/mol and hydrolysi¥Vater Absorption Capacity ( Wa)

degree: 99%), soluble ST from potatoes (100% concentratioW)ater absorption capacity (or water uptake) tests were carried
GL solution (molecular weight: 92.09 g/mol and 60-100%vut according to ASTM standard D570-98 with the customized
concentration), and nitric acid with 70% concentration wer modi cation in term of sample size and water amount. Square
purchased from Sigma-Aldrich Pty. Ltd, Australia. Furthem®, ~samples of all materials in size of 2 2 cn? were pre-dried
HNTs were donated by Imerys Tableware Asia Ltd, New Zealanitdh a vacuum oven at 5@ for 24 h, and then cooled to room
in form of as-received ultra ne particles with a relative d#ly ~ temperature in a desiccator prior to weighing them as initigf d
of 2.53 glcrd. Glacial acetic acid with 96% concentrationweight W,). These samples were immersed in 100 ml distilled
was supplied by Merck Pty. Ltd, Australia. Ethanol withwater at room temperature until they reached an equilibrium
100% concentration was provided by Rowe Scienti ¢ Pty. Ltdgondition after 24 h. Further they were removed from watedan
Australia. Aluminum standard solution with the concenti@t  their surfaces were gently dried with paper tissues. Aftergard
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such samples were weighed again to measure their wet weigdimulants. All samples were removed from food simulants gentl
after the immersion\\V;). Three samples for each batch have beeffhe food simulants of initial three samples were evaporated,
tested along with reported average data and associatedssthndand the residues were dried overnight at 105 which were
deviations. Water absorption capacity) could be calculated then weighed after cooling down to room temperature with an

according to the following equation: analytical balance (0.0001 g precision) to calculate the overall
migration rates in mg/kg. Associated results were well coragar
W, (%) D Wt~ Wo 100% 1) with overall migration Iimit_ (OML) of 60 mg/kg (European
Wo Union Commission Regulation (EU) No 10/2011).
- Inductivity coupled plasma-optical emission spectroscopy
Water Solubility ( Ws) (ICP-OES) (PerkinElmer-Optima 8300) was implemented to

All swollen samples from water absorption tests were used t@yajuate the migration rates of Aland SF as a clear indication
calculate the water solubility of materials according toTAB o the HNT migration from nanocomposite Ims. As a result,
standard D570-98. Samples were dried again in avacuum ovengb residues for the other three samples were digested after
60 C for 24 h, then they were cooled down to room temperaturéyeing dried by using 15 ml HN@(solution concentration: 3%)
in a desiccator for about 30 min. The samples were weighed i 95 C for 2.5h. The digestion process was used to convert
acquire the dry weight afterimmersiol\g). The water solubility  {he residues of elements to an ionic state, and meanwhile to

(Ws) was then determined by using the formula below: diminish the e ect of matrices and reduce the contamination

W of equipment with dust. The operation parameters of ICP-
Ws(%)D —2 4 100% (2) OES were listed ifable 1. For ICP-OES calibration, two blank
0 solutions (i.e., distilled water and 3% nitric acid) and gbr
Water Contact Angle standard solutions were used. Each standard solution doeda

Water contact angles of neat PVA, PVA blends Ejm(f)lnequalConcentratlonofboth;@dandS?.Theywere prepared

PVA/ST/GL/HNT nanocomposite Ims were determined y a serial_ dilution of stock standard solutions wit_h the sam
by using a Tensiometer KSV-CAM 101 (KSV Instruments Ltd_concentr_atlon of 1,000 mg/L for both Aland S?’ which were
Ei g further diluted to 1, 5, and 10 mg/L for Aland SF.

inland). The surface hydrophilicity of Ims was evaluated
by dropping 2mL deionised water on their at surfaces using . . .
a Sessile Drop Half-Angi¥ Tangent line method $adegh- S0il Burial Degradation
Hassani and Nafchi, 2014; Alipoormazandarani et al., p0A6  The biodegradability of neat PVA, PVA blends, and
least ve droplets at random places of di erent samples for eact? VA/ST/GL/HNT nanocomposites with di erent HNT contents

material batch were reported for test re“ab'hty was eVaanted by a SO" burial method aCCOI’ding to the SHJdIe
_ carried out byThakore et al. (2001 Plastic containers with the
Uv-Vis Spectra 2L capacity were lled with sieved agricultural soil obtained

The light transmittance of all materials was measured inrayea  from local plant nursery. The square samples (3 cn¥) were
of 200-800 nm on an ultraviolet-visible (UV-vis) spectrontete weighed rst to record their initial weight\\V,), and then were
(Jasco-V670) with a blank glass plate being used as a re¢erertouried at the under-surface depth of 5cm. Such degradation
Light transmittance T%) of Im samples, three samples per tests were conducted at room temperature with 40-50% relativ
material batch, was determined with a scan rate of 200 nm/min humidity (RH). In order to keep the identical conditions, the

. . humidity level was controlled with a humidity meter and pliast
Migration Tests containers were sprinkled with water to maintain the humycitt
The migration rates of nanocomposite Ims were investigatedh constant level throughout the tests. The total testingquewas
according to European Union Commission Regulation (EU) monitored for 6 months (i.e., 24 weeks), in which these sample
No. 10, 201). In this study, three dierent food simulants, \were removed from soil on a weekly basis in the initial 3 months
namely 10% (v/v) ethanol solution (simulant A), 50% (v/V)and then extended to every 3 weeks for the rest of months.
ethanol solution (simulant D1), and 3% (w/v) acetic solatio pjstilled water was utilized to wash samples and remove ary soi

(simulant B) were employed to mimic hydrophilic, lipophilic and from their surfaces. After these samples were dried in a vacuu
acidic foodstu conditions, respectively. Approximately 1 éim

PVA/ST/GL blend Ims and their corresponding hanocomposite
Ims with di erent HNT contents were immersed in individual
glass bottles lled with 100ml food simulant solutions, as
recommended byThe European Standard EN. (200%lass Parameter Value
bottles were tightened and then kept in the oven at@@or 10
days. Six samples were selected for each food simulant, @hwhi
initial three samples were used to calculate overall migrati

TABLE 1 | ICP-OES operating parameters for nano ller migration tests.

Plasma viewing mode Radial and Axial
Plasma gas ow rate 15 L/min

rates and the other three samples were particularly employgg/iary gas ow rate 0-50 L/min
for migration rates of nano llers. After 10 days, the bogtle Nebulisergas owrate 0.60 L/min
were removed from the oven, and then cooled down to roonfUmp oW rate 1.50 mL/min
temperature before opening to reduce the evaporation of fooffadiofreauency 1,400 Watts
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oven at 70C for 24 h, they were weighed to record a dried weigh 200 P
(Wg). As a result, biodegradation rate was calculated from the
weight di erence based on the given equation below: 180 -
. . Wo W [ 50
Biodegredation rate%y D o T 100% 3) 160 1
(0]
0 4
Three samples for each batch were used for test reprodugibilit 14 [ 40
. . g 120 A g
Scanning Electron Microscopy (SEM) « _ ”
The surface morphology of neat PVA, PVA blends and s 100 | < 30 3
PVA/ST/GL/HNT nanocomposite Ims were examined before,
during, and after soil burial degradation tests by using &ONE 80 -
40EsB eld emission scanning electron microscope (FE-SEM) 20
at an accelerating voltage of 2 kV. All samples were xed on 60 1
aluminum stubs and coated with platinum layer (layer thickse " 0
3 nm) to improve the contrast of material constituents. - ('9\ :} 0\ o us us s
AR A R I S e
< Q AV'\ 4@\“ g §\° ~x‘e\° q@\"
RESULTS AND DISCUSSION TP &y e
Water Absorption Capacity Material composition
Since most biopolymers have the high sensitivity to wates, th
study of Wj parameter is essential particularly in relation to| FIGURE 1| Water absorption capacity (W) and Water_solubility (W) of neat
food packaging applicationsadegh-Hassani and Nafchi, 2014] F i PYA Blends: and PUAISTIGLINT nanocomposites at

Aloui et al., 2015 The addition of 30 wt% GL tended to
moderately decrease th&,; from 127.61% for PVA alone to
114.58% for PVA/GL blends, which could be associated with
the strong interaction between PVA and GL resulting in theof 30 wt% as opposed to those of corresponding matrices due to
consumption of free hydroxyl groups of PVA in good agreementhe incorporation of nano llers to a ect the water absorption
with Follain et al. (2005)On the other hand, as illustrated in of matrices. MoreoverAbbasi (2012)stated that theW, of
Figure 1, one could see that PVA/ST blends had the hight#gt  plasticized PVA/ST blend Ims signicantly diminished by
which was ascribed to partial constituent miscibility wittanry ~ 50% with increasing the nano-Si@ontent from 1 to 5 wt%
free sites being occupied by water molecules. As expectdd, higwing to highly active physical interaction between nanadle
hydrophilicity of starch with good water absorption inevitgb and blend matrices to lower the number of hydroxyl groups in
yielded the increase W, for PVA/ST blends Ali, 2016, which  nanocomposite Ims. However, as illustratedfigure 1, theW,
was believed to be associated with typical hygroscopic nafure appeared to show a minor reduction up to 3.69% beyond 1 wt%
starch (\zahari et al., 2011; Ismail and Zaaba, 2011; Salleh et &iNTs. This phenomenon arose from the HNT agglomeration
2017. It was implied that the equilibrium with the environment mentioned in our previous workAbdullah and Dong, 2017
could be reached by water gain and loss. Nonetheless, the Ghe above-mentioned ndings obtained in this study were also
plasticization e ectin PVA/ST/GL blends gave rise to muchéow consistent with relevant results in plasticized PVA/ST/MMT
W, which may bene t from its improvement of phase miscibility nanocomposite Ims {aghizdeh et al.,, 2012; Tian et al,,
and constituent interactions, as evidencedZuyu et al. (2008) 2017 as well as plasticized PVA/ST/nano-Si@anocomposite
to conclude that the presence of GL improved the compatibilitylms (Tang et al., 2008 Overall, the reduction ofW, in
between PVA and ST and reduced th&. nanocomposite Ims could be determined based upon nano ller
The incorporation of HNTs in PVA/ST/GL/HNT contentand nano ller dispersion within polymer matrices.
nanocomposites further reduced th&/; when compared
with that of PVA/ST/GL blends, which could be explainedWater Solubility
by a typical reduction for water di usion in the presence of The W values of neat PVA, PVA blends and PVA/ST/GL/HNT
HNTs within their morphological structuresSadegh-Hassani nanocomposites were also demonstratedigure 1 In general,
and Nafchi, 201y} A drastic decrease W, from 128.23 when material Ims have highwy, they tend to easily dissolve
to 74.23% was attributed to the fact that embedded HNTé& water as well because water molecules are absorbed onto
generated tortuous paths to hinder the water di usion whenhydroxyl groups particularly with hydrogen bonding to make
the HNT content was increased from 0 to 1 wt%. Similar e ectthe Ims easier to dissolveAzahari et al., 2001 As such,W,
of HNTs was reported on chitosan/HNT nanocomposites andand W5 of all Im materials possessed a very similar overall
chitosan/clove essential oil (CEO)/HNT nanocomposites by  trend despite di erent magnitudes of parameters, as observed
et al. (2018)Their results showed that th#&/, of chitosan/HNT  in Figure 1L The high values ofWs were accepted because all
nanocomposites and chitosan/CEO/HNT nanocomposites wathe constituents had hydrophilic nature including PVA, Siida
reduced by 42.17 and 43.31%, respectively, at the HNT conte®L, which was consistent with other studi€ssno et al., 2015a;
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Zanela et al., 20)5TheWg0of neat PVA was decreased by 8.21%
when blended with GL to decrease the number of free hydroxy
groups interacting with water molecules. PVA/ST blendsdgel
the highestWs among all Im materials resulting from the high 50 -
water a nity of constituents according to the studies card out
by Negim et al. (2014)On the other hand, th&Vsof PVA/ST/GL
blends was found to be reduced by 14.89% due to the presen
of GL as a plasticizer to increase the miscibility between PV,
and ST with better interfacial bondingZénela et al., 2015
Canoetal., 2019a

The incorporation of HNTs to PVA/ST/GL blend Ims
appeared to reduce th&sin a monotonically decreasing manner
from 40.45 to 21.10% with increasing the HNT content from Q
to 5 wt% accordingly. This nding may be associated with the 10 1
hydrophobic nature of HNTs resulting from a low number of
hydroxyl groups on HNT surfaces (U et al., 201}t Moreover, o
SiQ; groups in HNTs had the ability to form strong hydrogen
bonds by consuming free hydroxyl groups of polymer matrices
and reduce the number of interaction sites with water molesu
(Sadegh-Hassani and Nafchi, 2D.IPheWs reduction was more
pronounced when the HNT content was in range of 0.25-1
wt% as shown irFigure 1, because of good HNT dispersion FIGURE 2 | Water contact angles of neat PVA, PVA blends, and
within blend matrices in nanocomposite Ims. Whereas, such pva/ST/GL/HNT nanocomposite Ims at different HNT contents.
a decrease tendency became insigni cant in range from 22.64
to 21.10% when increasing the HNT content from 1 to 5 wt%
owing to the same HNT agglomeration issue mentioned i
previousWj, results. Our nding was in good accordance with
those in plasticized PVA/ST/nano-SihvanocompositesTang
et al., 2008 and plasticized PVA/ST/CaCOnanocomposites
(Kisku et al., 2014

60

40 A

m

Water contact angle (°)

B>}

30 1

20 A

Material composition

"Such a nding further coincided with the increases W, and
W;of PVA blend Ims as compared to those of neat PVA.

On the other hand, a signi cant increase in water contact
angles of nanocomposite Ims was pronounced from 25.57 to
46.93C with increasing the HNT content from 0 to 5 wt%. This
was attributed to relatively hydrophobic nature of HNTs wih

low number of hydroxyl groups leading to a decrease in water
Water Contact Angle absorption capacity so that nanocomposite surfaces tended to

Water contact angle of neat PVA, PVA blends, and o : .

; ' - be less hydrophilicl(u et al., 2014Sadegh-Hassani and Nafchi,
PVA/ST/GL/HNT nanocqr_nposnes were meas_ured n orOIer2014Alipoormazandaranietal.,20).EMoreover,well-dispersed
to evaluate the hydrophilic nature of all material surfacks.

is well-known that low water contact angles90 is referred HNTs within blend matrices could use some free hydroxyl groups
o ; o oo to build h bondi t them. It is well-k that
to as the high material wettability whilst high contact aegl 0 build hydrogen bonding between them. It is well-known tha

90 dto| ttability insteady qL the presence of nano llers can lead to increasing the surface
201 clgrretipcr)r:N rg OIWWW\E ?r“ynltnstean I(Jan anld ieer;i roughness of polymer matrices in nanocomposit€xunlan

. 9. In othe woras, 1o ater contact angles could sig fyet al., 200RTherefore, the surface roughness of nanocomposite
higher hydrophilic nature of material surfaces and vice aers

. . . . Ims was enhanced in the presence of HNTs resulting in the
(Sadegh-Hassani and Nafchi, 2(_)134|_poorma_12andaran| etal, further increase in water contact angle based on Wenzel's
2015. Apparently, neat PVA, which is considered as a popula{ eory (Wenzel, 1949 According to this theory, the surface
water-soluble polymer, had a very low water contact angle q_F : ’

. X . . hobici I i ith i ing th f
28.35 in good agreement with the previous resuirp et al., ydrophobicity would be improved with increasing the surface

2019. The addition of GL to PVA only slightly increased the roughness as follows((ibiak et al., 2041

water contact angle for PVA/GL blend Ims by 0.33, which cos m D r cog (4)
could be interpreted by their insigni cant reductions W, and

Ws. Moreover, with the incorporation of ST, the hydrophilic level Where , and are the measured and ideal contact angles,
of PVA/ST blend Ims was further improved, as evidenced byrespectively, which can be calculated from perfect smoottasarf
a decrease in water contact angle by 9.@@mpared with that like mirror, and r is the roughness ratio where D 1 for

of neat PVA counterpart, as illustrated igure 2 Moreover, smooth surfaces and 1 for rough surfacedqubiak et al., 201)1

an angle reduction of 2.7&€ was reported for PVA/ST/GL Similarly,Biddecia et al. (2016pund the water contact angle of
blend Ims as opposed to that of neat PVA counterpart. Thepectin/modi ed HNT nanocomposite Im surfaces was increased
remarkable hydrophilic improvement for PVA blends, whenby 6 C as compared with that of neat pectin matrices due to
compared with that of neat PVA, could be associated with moréncreasing the surface roughness of nanocomposite Ims viigh t
hydroxyl groups existing in PVA blends with the addition of ST addition of HNTSs.
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PVA/ST/GL/HNT nanocomposite Ims were still within the images of Curtin University logo observed through each of Im

hydrophilic-material range though their water contact amglas batches were displayedkigures 3A,B respectively.

increased up to 21.5C compared with that of PVA/ST/GL Neat PVA in possession of high crystallinity led to relatively

blends. The increased water contact angles for nanocongositigh T% in range of 99-100.0%, which was close to previously

Ims were correlated well with corresponding reductions freir ~ determined results elsewher@\{pta et al., 200)3Depending on

W, andWs, with increasing the HNT contents. the phase miscibility, PVA/ST/GL had a slightly reducé of
95.76-98.72%, which was believed to be induced by the irtciden
light loss from the light transmission, scattering, absampt

UV-Vis Spectra re ection and refraction when striking an interface whilectua

One of important features in food packaging for considerationloss was increased especially at interfacial a@aiss( al., 2016

is the Im transparency in terms of light transmittancd%). Regardless of di erent wavelengths used, nanocomposite Ims

Typical light transmittance curves for neat PVA, PVA blendsla yielded a signi cant decrease o when the HNT content was

PVA/ST/GL/HNT nanocomposites as well as respective digitahcreased from 0 to 5 wt%, which was mostly pronounced at

A 105

95

85

75

Transmittance (T %)

65

(@) PVA e (b) PVA/GL

= === (c)PVA/sT = « = (d) PVA/ST/GL
— — — () 0.25 wt% HNTs () 0.5 wt% HNTs
— - —(g) 1Wt% HNTs ~  ==----- (h) 3 wt% HNTs
eessees (i) 5 wt% HNTs

200 350 500 650 800
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Curtin
University

Curtin Ci ; Curtin
Jnversity ) ‘

FIGURE 3 | (A) UV-vis spectra curves, and(B) digital images for the Im transparency of neat PVA, PVA blers] and PVA/ST/GL/HNT nanocomposites at different
HNT contents.
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the higher content level of 5 wt%. Apparently, nanocompositeliminish as earlier mentioned. On the other hand, strong
Ims with higher HNT contents inevitably led to higher suda interfacial bonding between HNTs and blend matrices was
roughness due to the inclusion of highly agglomerated ndlecs  another plausible reason to reduce the mass transfer while in
resulting in increased light scattering site&r(nlan et al., contact with food simulants. Therefore, it was clearly intéch
2003, as also con rmed by other studies in plasticized PVA/STthat optimal HNT contents of 1 and 3 wt% had signi cant
nanocomposite Ims {ang et al., 20Q8Akhavan et al., 20)7 impact on the remarkable reductions of overall migrationest

On the other handee et al. (2018gonsidered this reduction by 47.41 and 45.85% in food simulant A, respectively, as opposed
of T% as an advantage for food packaging applications sina® that of PVA/ST/GL blends. Notwithstanding that the oviéra
the UV-barrier properties of chitosan/CEO/HNT nanocomposite migration rate of nanocomposite Ims with the inclusion of 5
Ims could be improved leading to better protection of foodssu  wt% HNTs was increased again by 30.97% possibly due to the

against nutrient loss, decolonization and lipid oxidation. HNT agglomeration, it was still lower than those of PVA/ST/GL
. . blends and nanocomposites at the HNT contents of 0.25 and
Overall Migration Rate 0.50 wt%. Such a nding was further proven Iliyano et al.

The overall migration rates in three dierent food simulants (2015b) when dealing with PVA/ST/CNC nanocomposite Ims.
namely 10% ethanol (simulant A), 50% ethanol (simulant D1)with respect to simulant D1, overall migration rates of both
and 3% acetic acid (simulant B) were presentedrigure 4,  p\A/ST/GL blends and nanocomposites were unanimously well
which represented typical hydrophilic, lipophilic and acidic helow the OML of 60 mg/kg. The overall migration rates of
foodstu s. It was evident that overall migration rates sexhto nanocomposites were decreased at HNT contents of 0.25-3
be much higher in PVA/ST/GL blends especially when contactinwtos, relative to that of PVA/ST/GL matrices and the maximum
with simulant A as opposed to those of nanocomposite Imsreduction by 19.93% was recorded at the lowest HNT content
which stemmed from water soluble characteristic of PVA, S-Bf 0.25 wt%. Fina"y’ the lowest overall migration rates were
and GL constituents in their blendsVauricio-lglesias et al., recorded in food simulant B to mimic acidic foodstu s at the
2010. The overall migration rate of PVA/ST/GL blend and pH |evel below 4.50. There was a clear modestly increasing tren
their nanocomposite Ims exceeded the OML of 60 mg/kgfor overall migration rates of nanocomposites from 1.29 td9.1
in food simulant A except those nanocomposites at HNTmg/kg when increasing the HNT content from O to 5 wt%.
contents of 1 and 3 wt%, which could be applicable to safghe overall migration rates of PVA/ST/GL/HNT nanocomposites
food packaging. The hydrophilic nature of PVA/ST/GL blendsyere highly inuenced by the selection of food simulants
and their nanocomposite Ims could improve their solubility in which they possessed a higher sensitivity to hydrophilic
in any hydrophilic solution like food simulant A. It was easil foodstu s, followed by lipophilic foodstus and then acidic
understood that with the addition of HNTs as hydrophobic foodstu s with the least impact. In view of safe food packaging
nano IIerS, the SOlUbI'Ity of PVA/ST/GL blend matrices ddu all po|ymer blend and nanocomposite Ims were satis ed with
the OML criterion to be used for lipophilic and acidic foodstu
packaging while only nanocomposite Ims at the HNT contents
of 1-3 wt% were suitable for hydrophilic foodstu s.

120

[10% Ethanol Migration of HNTs
100 - HI50% EthSnot The HNT migration was evaluated by detecting the presence

I B3% Acetic acid of AI® and SF in migrated materials. There were no traces of
: AI€ and St detected in migrated materials from PVA/ST/GL
g0 { [ E I blend Ims. In other words, the overall migration rate of such

: : . polymer blend Ims clearly re ected the quantities of migrated
: 2 : oML { polymeric molecules to di erent food simulants. On the other
o TE-------1}----—-"--—"----- - - - hand, dierent quantities of A and St were found in all

B : : I } 2 migrated materials based on nanocomposite Ims, as shown
B 8 2 in Figures 5A,B respectively. The migration rates of both%Al
and Sf were in good agreement with the overall migration
rates in di erent food simulants. That means higher quangtie
of AI® and St were detected in food simulant A, which
was followed by food simulant D1 along with their lowest

40 4 =

Oveall migration rate (mg/kg)

20 4 [

: = : : : § quantities in food simulant B. Such a nding could be due to
o LENIL Eil lm [ 18 HIR the hydrophilic nature of food simulant A, which worked as
PVA/ST/GL 0.25wt% 0.5wt% 1wt%  3wt% 5wtk solvent-like water on nanocomposite Ims resulting in incsézg
HNTs  HNTs  HNTs  HNTs  HNTs the chain mobility of polymeric molecules and improving the
Material composition release of nano llers from nanocomposite Imd.ee et al.

(2018)discussed similar results based on the migration of CEO
in chitosan/CEO Ims and chitosan/CEO/HNT nanocomposite
Ims by migrating simulant molecules from external surfaces

FIGURE 4 | Overall migration rates of PVA/ST/GL blends and
PVA/ST/GL/HNT nanocomposites in three different food simulas.
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rate results mentioned earlier. Such phenomenal results may
D10% Ethanol be interpreted by two dierent mechanisms afi usion for
—— the penetration of food simulants in nanocomposite Ims,
I P— { and embeddingto represent intermolecular forces between
71 g penetrated molecules and Im materials according to the
2 dual sorption theory uang et al., 2011; Farhoodi et al.,
2019. Since the diusion process could be much faster than
embedding counterpart, the di usion of hydrophilic molecules
in PVA/ST/GL/HNT nanocomposite Ims further enlarged
interconnecting spaces between polymeric chains to better
facilitate the HNT release from nanocomposite Ims. As
such, fast diusion in Im materials played a leading role in
controlling migration rates, which tended to be much higher
in hydrophilic foodstu s as opposed to those in lipophilic and

Migration rate of Al* (mg/kg)

1 § acidic counterparts.
o : : . : : According toEuropean Union Commission Regulation (EU)
PVA/ST/GL 0.25wt% O05wt%  1wt%  3wth 5wt No. 10 (2011)there was no speci ¢ migration limits for Al
HNTs HNTs HNTs HNTs HNTs and St that could be followed for comparison. However,
Material composition HNTs were classied as a natural, biocompatible, non-toxic

and EPA 4A listed materialk@mble et al., 2012; Kryuchkova
et al., 2016; Lvov et al., 201€onsequently, HNTs were widely

o]
©

010% Ethanol used for medical applications such as drug delivery partityular
8 1| Q5o Ethanol for non-injectable drug formula, bone cement, dentist resin
o E tissue sca olds, cosmetics, and antiseptic treatment of hakspit
7 1 3% Acetic acid : (Kamble et al., 2012; Lvov et al., 2016: Fizir et al., 2018
6 3 Numerous studies were carried out on the toxicity of HNTs by t
2 in-vitro andin-vivoexperiments. Their results showed that HNTs
5 1 3 did not possess the toxicity up to a concentration offfmL
ol JI- and about 90% of tested cells were still viablergaro et al.,

2010; Fiziretal., 2018; Santos et al., J0Mhereas, other studies
further extended such a concentration to I@gymL (Lvov et al.,
2016, and 200mg/mL (Guo et al., 2012 As such, the migrated
= amounts of HNTs from PVA/ST/GL/HNT nanocomposite Ims
were well within the safe limits (based on the part per million
(ppm) as a scale for comparison) without any toxic e ect on the
L : : L nanoparticle intake by human bodies. Overall, no great di eren
PVA/ST/GL 0-:;';“ ‘;’:% Oﬁ':"Ts% 1 wt% HNTs3 wt% HNTs5 wtd% HNTs was shown between the quantities ofAdnd SF migrated in
Material composition each food simulant as a result of similar element contents of
Al (20.90%) and Si (21.76%) detected in the HNT composition
FIGURE 5 | Migration rates of(A) AIC and (B) SIC obtained from PVA/ST/GL (Abdullah et al., 201)7 It was expected that increasing the HNT
blends and PVA/ST/GL/HNT nanocomposites in three different fid simulants. content from 0.25 to 5 wt% inevitably enhanced the quarttitie
of AI® and Sf despite various increasing levels depending on
the use of three di erent food simulants. The consistently higthe
quantities of migrated A1 and SF with the inclusion of 5
of the Ims to internal Im structures, which resulted in wt% HNTs in nanocomposite Ims might also be described by
weak and lost bonding networks between Im constituents. Aghe detrimental e ect of nano ller agglomeration at high HNT
such, active agents trapped by continuous polymer matricesontent levels to induce their poor interfacial bonding with
could be easily released, particularly when polymeric maéscu blend matricesAbdullah and Dong, 201)Avhen compared with
were soluble in simulants. The amounts of migrated® Al well-dispersed HNTs at the low contents, as showiFigure 6.
and SF in food simulant A were increased by 766.67 andConsequently, the release of highly agglomerated HNTs td foo
424.82% with increasing the HNT content from 0.25 to 5simulants appeared to be much easier than those well-dispersed
wt%, respectively, which was followed by 381.82 and 202.87NTs embedded in matrices in nanocomposite Ims.
in simulant D1 as well as 162.79 and 290.38% in simulant
B accordingly. Once again, food simulant B had the weake&O0il Burial Degradation
interaction with nanocomposite Ims especially for migratatf ~ The biodegradability of most biopolymers was highly related
related to the inert nature of Al element to acidic foodstu s to the W, and Ws since their degradation was initiated with
and this nding was consistent with the overall migration the water absorption on their surfaces, and then followed

Migration rate of Si* (mg/kg)

A |
o
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FIGURE 6 | Schematic diagram of released HNTs from PVA/ST/GL/HNT nanocoposite Ims in a typical food simulant based on(A) well-dispersed HNTs at low
nano ller contents and (B) agglomerated HNTs at high nano ller contents.

by the growth of microorganism like bacteria and fungi. Onbiodegradation (ale et al., 2007 However, polymeric chains
the other hand, high material solubility also accelerated t of PVA were cleaved, decreased in molecular weight and
biodegradability, which was particularly the case in sGilihua  nally consumed by microorganisms due to the enzymatic
et al.,, 2006; Zanela et al., 201Fhe digital images of Ims oxidation of hydroxyl and carbonyl groups, which was then
before and after 24-week biodegradation tests clearly ateic  followed by the hydrolysis of these grougsa(e et al., 2007
that PVA/ST, PVA/ST/GL blends and PVA/ST/GL/HNT Nonetheless, blending GL with PVA in Im materials was found
nanocomposite Ims diminished in size and intended to becomeo increase their biodegradation rate up to 23.33% becduse i
more fragile and wrinkling Ims, as depicted iffigure 7A.  increased the chain mobility of PVA molecules with the furthe
Neat PVA and PVA/GL blend Ims possessed relatively goodmprovement of water di usion through their morphological
transparency after biodegradation tests. Whereas, PVA/S3iructures. Moreover, the addition of ST, when considered as a
PVA/ST/GL blends and PVA/ST/GL/HNT nanocomposite Ims fully biodegradable polymeiQuohua et al., 2006; Azahari et al.,
tended to undergo a great color change and become morg01]), inevitably further increased the biodegradation rate up
yellowish after biodegradation tests. This phenomenon @oulto 39.54%, which was attributed to easier microorganisncétta
be associated with the presence of potato-based soluble 8I'ST material structures than those of neat PViAe(ri et al.,
prone to the strong attack by microorganism when compared®®013 Kale et al., 2007 It was well reported that increasing
with the former PVA and PVA/GL blends Hejri et al., the ST content could improve the biodegradation rate of
2013. PVA/ST blends in a linear mannerJdyasekara et al., 2003;
Biodegradation rates of neat PVA, PVA blends andAzahari et al., 2011; Tanase et al., J0Mith respect to the
PVA/ST/GL/HNT nanocomposites were evaluated as a functiobiodegradability of nanocomposite Ims, it was manifested
of time over 24-week periods, as shown Rigure 7B, which  that their biodegradation rate dropped linearly from 56.94 to
could be clearly divided into an “active-state period” in the41.28% with increasing the HNT content from 0 to 1 wt%,
initial 3 weeks where most materials degraded in very rapigvhich directly bene ted from the formation of hydrogen bosd
pace as well as “steady-state period” for the rest of time dtetween well-dispersed HNTs and blend matrices so that water
a relatively slow rate until the end of tests, as con rmed bydi usion, mass transfer and in ltration speed of microorgams
other studies Guohua et al., 2006; Hejri et al., 2013; Singhavere restricted Tang et al., 2008 At the HNT contents of 3
and Kapoor, 201 Azahari et al. (2011stated that such a and 5 wt%, the biodegradation rates were modestly increased
phenomenon could take place in soil and compost degradatioto 45 and 45.80%, respectively, due to the agglomeration
due to the composting process including active composting andf HNTs, which were still more signi cant when compared
curing stages. In the active stage, a strong microbial iactiv with that of neat PVA, in good agreement with other results
happened due to rising temperatures resulting from oxygetfimam et al., 2005; Tang et al., 2008; Heidarian et al.,2017
availability. In comparison, as the temperature decreased in
the curing stage, the degradation process continued witSEM Analysis
a relatively slow rate. Neat PVA Ims possessed the lowesleat PVA, PVA blends and PVA/ST/GL/HNT nanocomposites
biodegradation rate of 5.87% among all materials after 2Zk&/e were also examined via SEM analysis to understand structura
in this study, which suggested that PVA had high resistaoce tdamage due to soil burial degradation over dierent time
biodegradation in soil, and this slight weight loss was eiséed  periods, namely at initial week (0W), during the active-state
with its typical characteristic of hydrolysabilitynfam et al., periods after 1 week (1W) and 3 weeks (3W) as well as at
2005; Guohua et al., 2006; Kopcilova et al., 0Normally, the end of the degradation tests (i.e., after 24 W), as shown i
carbon backbone polymers like PVA are not susceptive t&igures § 9. Only morphological structures of nanocomposite
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FIGURE 7 | (A) Digital images before and after biodegradation tests, an¢B) biodegradation rates of neat PVA, PVA blend and PVA/ST/GL/HNTamocomposite Ims.

Ims reinforced with 0.25 and 5 wt% were demonstrated ador PVA/ST blends. The latter observation was related to the
two typical cases for low and high HNT contents. As seen irincompatibility between PVA and ST as two separate constitient
Figure 8 neat PVA and PVA/GL blend Ims revealed similar in blend Ims with the absence of plasticizers such as GL,
smooth surface morphology as reported elsewh&enp et al., which was in good agreement witlCano et al. (2015c)
2015b,¥, which was completely dierent from a multitude Such partial phase miscibility e ect in PVA/ST blends in this
of globular structures with much higher surface roughnesstudy was believed to cause their high&g and Ws. It was
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also interesting to note that smooth surface morphology tooKCONCLUSIONS
place in PVA/ST/GL blend Ims instead mainly because better
compatibility between PVA and ST could be obtained in theBiopolymers were widely used to reduce plastic wastes for
presence of GL with their resu|ting S||ght reductions \bfy environmental sustainability. PVA has been considered as on
and Ws when compared with those of PVA/ST blend Ims. of attractive synthetic biopolymers over a few decades. P&\ wa
The addition of HNTs also increased the surface roughness #lended with ST and GL to improve its biodegradability and
nanocomposite Ims particu]ar|y with the inclusion of 5 wt% CompatlblhtyWhIlSt reduce material cost. PVA/ST/GL blenth$
HNTs in comparison with that of PVA/ST/GL blend Ims, as had poor water resistance because all the components belonged
depicted inFigure 9. to hydrophilic materials.

In particular, neat PVA Ims did not show clear surface The incorporation of HNTs improved the water resistance
changes during the testing periods, as conrmed with theof PVA/ST/GL/HNT nanocomposite Ims by reducing thé/a
Im appearance inFigure 8 “Branched traces” could be found and Ws by 44.24 and 48.05%, respectively, with increasing
slightly on the surfaces of PVA/GL blend Ims, but more HNT contents from O to 5 wt%. The relatively hydrophobic
clearly observed on the surfaces of PVA/ST blend Ims andature of HNTs in addition to the generation of hydrogen
PVA/ST/GL blend Ims, which are known as “fungal hyphae.”bonds between polymeric matrices and nano llers could restri
According to Qiu and Netravali (2015these fungal hyphae the diusion of water molecules through polymer matrices.
could be commonly generated during the biodegradation psece These ndings were evidenced by decreasing the hydrophilic
at a suitable temperature level. The number and extensiofature of nanocomposite Ims with the incorporation of HNTs,
of these fungal hyphae increased with time by crossing eadthich was re ected by increasing the water contact angle of
other to form grooves, as indicated elsewhefar(g et al., hanocomposite Ims by 21.3€ when compared with that of
200). The presence of fungal hyphae could be associatddVA/ST/GL blend Ims. Small HNT contents between 0.25
with high degradation rates during the rst weeks of active-and 1 wt% had higher in uence on the improvement of water
state periods. Nanocomposite Ims had rough surfaces afteiesistance due to good HNT dispersion compared with typical
1 week, but the HNTs prevented the formation of theseHNT agglomeration at high nano ller content levels beyond

fungal hyphae because the presence of nano llers reduced tHeWt%, thus resulting in the reduction of tortuous e ect for
in Itration speed of microorganisms in good accordance withwater di usivity. The use of PVA/ST/GL/HNT nanocomposite

Tang et al. (2008) Ims still demonstrated the good transparency at an acceptable

Neat PVA Ims possessed much rougher surfaces after evel despite its reduction from 96.23 to 70.48% when the HNT
weeks while PVA/GL blend Ims demonstrated considerablecontent was increased from O to 5 wt% at the wavelength of
Changes such as the formation of pores with average p0|550 nm. The similar trend was also observed with respect to
diameters in range of 0.12—1.6%. The presence of GL assistedthe biodegradation rate of such nanocomposite Ims decregsin
in the Chain-mobi]i[y improvement of po|ymeric molecules from 56.94 to 41.28% with increasing the HNT contents from

(Talja et al., 2007; Ismail and Zaaba, 2)¥urther increased O to 1 wt% where HNTs were well-dispersed. This result is in
the in Itration Speed of microorganisms within blend |mS, contrast with a further increase up to 45.80% with the inos
and in turn enhanced the biodegradation rate when compare@f 5 Wt% highly agglomerated HNTs despite being still higher
with that of neat PVA counterparts. The degradation proceshan that of PVA/ST blend Ims. HNTs had signi cant e ect on
induced by fungal hyphae was much faster in PVA/ST blendlecreasing the overall migration rates of nanocomposite Ims
Ims and PVA/ST/GL blend Ims than that in neat PVA in 10% ethanol food simulant as opposed to PVA/ST/GL blend

Ims a|ong with the existence of many small open pores|mS. Furthermore, the overall migration rates of nanocomﬂeSi
in some surface areaﬁ\]égim et a|_, 20])4 Nanocomposite Ims in 50% ethanol and 3% acidic food simulants were lower
Ims revealed a relatively small number of pores as comparethan the OML to meet stringent food safety requirements
with PVA/ST/GL blend Ims despite their bigger average poredlong with very low risk of nanoparticle migration of HNTs.
diameters in range of 0.21-3.68n. After 24 weeks, ne porous Consequently, PVA/ST/GL/HNT nanocomposite Ims could be
structures were manifested for the surface morphology ot ne®otentially used as versatile thin- Im materials with higrater
PVA Ims with average pore diameters in range of 0.06-resistance, good biodegradability, acceptable transpgrand
0.72mm, which were more or less uniformly distributed around overall migration rates to target sustainable food packggin
PVA Im surfaces with low degradation rates. Nonethelessparticularly for lipophilic and acidic foodstu s.

surface morphological structures of PVA/ST and PVA/ST/GL

blends as well as PVA/ST/GL/HNT nanocomposites werddUTHOR CONTRIBUTIONS

observed to deteriorate progressively from Im external augs

to their internal layers. Finally, the presence of ST hadlA did the experimental work and preparation, characterizatio
remarkable e ect on morphological structures of PVA/ST,and property measurements of material samples. ZA
PVA/ST/GL, and nanocomposite Ims as opposed to those ofnd YD analyzed the data and jointly prepared the
neat PVA Ims. research manuscript.
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