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ABSTRACT

Polyvinyl alcohol (PVA) / starch (S) /Carboxy methyl cellulose (CMC) /
MMT (Montmorillonite) bionanocomposite filmswere prepared from PVA,
MMT, CMC and soluble starch aqueous suspensions by casting method
inthe presence of aplasticizer that contained glycerol. The clay dispersion
in the films was analyzed by XRD (X-ray diffraction). XRD test showed
that the clay nanolayersformed an exfoliated structure. The effect of MMT
loading on the morphol ogy, thermal behavior and mechanical properties of
the films were investigated by means of SEM (Scanning electron micros-
copy), DSC (Differential scanning calorimetry) and tensile testing. SEM
photographs demonstrated a homogeneous dispersion of MMT within
the PVA/S/CMC matrix as well as a strong interfacial adherence between
matrix and fillers, which led to an increase of glasstransition temperature.
With the addition of 1% nanoclay, there was an increase in the tensile
strength. The addition of MMT improved the thermal resistance of
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biocomposites.

INTRODUCTION

In order to solve problems generated by plastic
waste, lotsof effort had been madeto obtain an envi-
ronmental friendly material. Most of theresearchin-
vestigation isfocused on substituting petro-based plas-
ticsby biodegradablematerial swith smilar properties
inalow cost and effective manner. Starchisabiode-
gradable polymer produced in abundance from many
renewable resources. As a consequence, it iseasily
available and very cheap. Being the end product of
photosynthesis, starch isthe major form of stored car-
bohydratein plants*3. Thethermoplagticstarch or plas-
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ticized starchisobtained after disruption and plastici-
zation of native starch, by temperatureand in presence
of water and another plasticizer, such asglycerol. How-
ever, thethermoplagtic starch hassomelimitations: itis
mostly water-soluble and has poor resistanceand low
strength. Theresistanceto water may beimproved by
adding certain synthetic polymers, such aspolyvinyl
acohol and naturd polymerd®, such asligninor carboxy
methyl cellulose. PVA hasbeen used previoudy in ex-
truded thermopl astic starch to improve propertiessuch
aselongation and processability (predominantly through
improving met strength)(®l. Carboxy methyl cellulose
iscellulose ether which exhibitsthermal gelation and
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formsexcellent films. Because of itspolymeric struc-
tureand highmolecular weight, it can beused asfiller in
biocompositefilm production. Carboxy methyl cellu-
lose canimprovethemechanical and barrier properties
of starch-based filmg?. Inaddition, itispossibletoim-
provethemechanica propertiesof thispolymer by add-
ing fillers. These composites could beused in packag-
ing where good barrier and thermal propertiesarere-
quired2319, Development of the polymer/clay
nanocompositesisoneof thelatest revol utionary steps
of the polymer technology. Preparations of blendsor
nanocomposites using inorganic or natural fibersare
among theroutesto improve some of the properties of
bi odegradabl e polymers. The nanocompositesobtained
from adding a low percentage of clay to polymers
showed improvement in the propertiessuch asbarrier,
thermal and oxidativewhen compared with traditional
composites. Clay minerdsarealuminumsilicatesof a
layered type classified asphyllosilicates. Montmorillo-
niteisamong themost commonly used layered silicates
becauseit isenvironmentally friendly and readily avail-
ableinlargequantitieswithreatively low cost. MMT
crystal lattice consistsof 1nmthin layerswith an octa
hedral auminasheet sandwiched between two tetrahe-
dral silicasheets. The aspect ratio isabout 100. The
stacking of the platel etsleadsto aVan der Waals gap
or gdlery betweenthelayers. Thelayersarenegatively
charged and thischargeisbalanced by akali cations
suchasNa', Li* or Ce?* inthegallery betweenthea u-
minosilicatelayers. TheNa-MMT clay ishydrophilic
with ahigh surface ared**?. Theimprovement inthe
polymer properties was reached when the clay was
exfoliated and themgor problemin preparing thecom-
positeswasto separate thelayers of the clay because
they had been initialy agglomerated. Therefore, itis
possibletoimprovethe propertiesof starch by theadd-
ing small amountsof environmentdly friendly filler, to
usethegtarchin morespecia or severesituationg1314,
Thisresearchamsat investigating themechanica, mor-
phologicd andthermd propertiesof glyceral plagticized
PVA/SICMC/MMT bionanocomposites.

MATERIALSAND METHODS

Materials
Soluble starch (ST) was provided by Merck com-
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pany, and polyvinyl acohol withM =72000 and glyc-
erol (M =92/10, grade of pure 78%) purchased from
Merck company. Carboxy methyl cellulosesodium sdlt,
with an average molecular weight of M =295225 was
purchased from FHukacompany. Sodium montmorillo-
nite (Cloisite Na") with a cation exchange capacity
(CEC) of 92.6 mequiv. /100 g clay was supplied by
Nanocor Inc. (Arlington Heights, IL).

Preparation of films

Filmswere obtained by casting method*). First,
PVA (2.5 g) wassolubilized in 50 cc of distilled water
at 75°C for 15 min and starch (2.5, 2, 1.5 g) was mixed
(25°C for 10 min) with distilled water (15 cc). Then,
glycerol (40 cc/100 g starch) was added to 20cc of
boiling water to obtain aclear solution. Carboxy me-
thyl cellulose (0, 0.5, 1g) was solubilized in 75 cc of
distilled water at 75°C for 15 min. On the other hand,
themontmorillonite(MMT) wasdispersedin35ccdis-
tilled water by sonication for 10 min at room tempera-
ture. Theclay ratioswere0, 1, 3and 5 (w/w), relative
todry blend. Then, PVA, starch, CMCand MMT so-
lutionswere mixed together and stirred with by amag-
netic bar at 75°C for 90 min with a reflux condenser.
Then, about 70cc of thesamplewas pouredintoaTeflon
cagtingtray resultinginfilmswith 0.08+0.01 mm thick-
ness, measured with an Alton M820-25 hand-held mi-
crometer with asensitivity of 0.01 mmand thendried
at 60°C in oven to cast the films.

X-ray diffraction (XRD)

X-ray diffraction (XRD) sudiesof thesampleswere
carried out using a Bruker D8 Advance X-ray
diffractometer (Karlsruhe, Germany) operatingat CuK o
wavel ength of 0.1539 nm. The sampleswere exposed
to the X-ray beam with the X-ray generator running at
40kV and 40 mA.. Scattered radiation was detected at
ambient temperaturein theangular region (20) of 1—
20° at arateof 1°/min and astep sizeof 0.05°.
Solubility inwater

Solubility inwater was defined asthe percentage
of thedry matter of filmwhichissolubilized after 24 h
immersioninwater*®, Film specimenswerekeptina
desiccator containing dry calcium sulphate till they
reached constant weight. Afterwards, about 500 mg of
each film wereimmersed in beakers containing 50 mi
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of distilledwater at 23 °C for 24 h with periodical gentle
manual agitation. The Filmswereremoved from the
water and were placed back in thedesiccator until they
reached aconstant weight to obtain thefina dry weight
of thefilm. The percentage of thetotal solublematter
(%TSM) of thefilmswas cal cul ated using thefollowing
equation:
%TSM =[(initial dry W -final dry W )/

initial dry W] x 100 1)
TSM tests for each type of film were carried out in
threereplicates.

Swelling studies

Theextent of swelling was determined by acon-
ventional gravimetric procedure’. In brief; a
preweighed dried piece of ablend sample (0.1 g) was
immersedindoubly digtilled water, and alowed to swell.
By recording thewei ghts of the swollen blendsat de-
sredtimeintervas, it was possibleto monitor the ex-
tent of swelling. Theswel ling processwasexpressed in
termsof theswellingratio, asfollows:
Swellingratio (SR) =Weight of swollen blend/

Weight of dry blend 2

M echanical properties

Ultimatetendlestrength (UTS) and strainto break
(SB) thefilmswas determined at 21°C+1°C using a
tensiletester (Zwick/Roell model FRO10 Germany)
according to ASTM standard method D882-9111¢1,
Threedumbbelly formsfilms (8 cmx0.5 cm) were cut
from each of samples and were mounted between the
gripsof themachine. Theinitial grip separation and
cross-head speed were set to 50 mmand 5 mm/min,

respectively.
Thermal properties

Thethermal property of thefilmswasdetermined
by differential scanning calorimetry (DSC) (Modd F3
200 DSC Netzsch, Germany). The film samples (5
mg+3 mg) were cut in small pieces and were placed
into asampl e pan of DSC equipment. Thereference
wasan empty pan. Theglasstrangtiontemperature (Tg)
of thedifferent filmswas measured at aheating scan
rate of 10°C/min from 0°C to 300°C and identified as
the midpoint temperature of a step-down shift in
basdline, dueto changein heat cgpacity upon glasstran-
stion. Alsothemelting point (T, ) of thefilmswas de-
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termined. The T and T _ of the each film was deter-
mined induplicate and theresultswere averaged.

Scanning electronic microscopy (SEM)

Themorphology of the surface of thefilmswasin-
vestigated using ascanning el ectronic microscope of
XL30type(Netherland). Thefilmswerecovered with
puremetallicAu. Thelaying down of Auwascarried
out by evaporating the metal under ahigh vacuum, to
reach athicknessof around 100 °A.

RESULTSAND DISCUSSION

X-ray diffraction

Inorder to investigatethe dispersion of theMMT
layersin polymer matrix, X-ray diffractionandyseswere
performed on the nanocomposites. Figure 1 showsthe
XRD patternsof the pristineand ultrasonically treated
MMT, the PVA/SICMC/MMT bionanocomposites.
PVA/SICMC/MMT showsno peak inthe study range
whileMMT exhibitsasingle001 diffraction pesk around
7.3°. The XRD patternsreveded that when MM T was
treated by ultrasonic, therewasno any sharp 001 pesk.
Asweknow, starchisalinear molecule consisting of
ring-like monomer with size of about 0.55nm™ (that is
equal to d-spacing difference of pristineclay). Some
researchersreported that, starch chains can be exfoli-
ated completdly inthe starch-unmodified MMT223,

PVA/S/CMC/MMT3%

PVA/S/CNIC/MMTL %

S
PV.V/SICMC/MMTS%

Figurel: XRD patternsfor theprisineM M T, ultrasonically
treated MM T, PVA/SCM C/MM T bionanocomposites

AsshowninFigurel, therewasno any sharp 001
peak in XRD pattern of PVA/SICMC/MMT
nanocomposite. Thisresult confirmsthe extensvedif-
fusonof polymer chainsingdegdleriesof nanoclay and
starch, CMC and PVA chainsexfoliated completely in
the PVA/SICMC/MMT nanocomposites.
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Solubility inwater

Thewater solubility of thePVA/SICMC/IMMT films
asafunctionof MMT contentisshowninFigure2.In
all concentrations, theaddition of MMT decreased the
water solubility of garchfilms. The%TSM was46.27%
for the samples without MMT, which decreased to
43.72%, 40.21% and 35.28% for thefilms containing
1, 3and 5% W/W MMT, respectively. Thisfinding
confirmsthe author?! who investigated the effect of
MMT onthesolubility thermoplagtictarcdCMC/IMMT
inthewater and found that whenfiller content increased,
thesolubility inwater valuesdecreased gradualy.
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Figure2: Water solubility of thePVA/SSCM C/MMT filmsas

afunctionof MM T content

o

Thehydroxyl groupsof MMT canform strong hy-
drogen bondswith the hydroxyl groupson PVA, starch
and the hydroxyl and carboxyl groupson CMC; thus,
improving theinteractionsbetween the mol ecul es, the
cohesivenessof biopolymer matrix and decreasing the
water sengtivity.

Swelling studies

Water sengitivity of starch-based material isakey
chdlengetowardsthesubstitution of traditiona plastics
for commodity, most precisaly, for packaging applica-
tions. TABLE 1 shows the swelling ratio of the
bionanocompositesasafunction of theMMT content.
Theadditionof MMT, inall concentrations, decreased
the SR of PVA/SICMC/MMT films. Thisfinding con-
firmstheauthor® who investigated the effect of MM T
ontheswdlingratio of thestarch/CMC/MMT and re-
ported that when filler content increased, the swelling
ratio valuesdecreased gradually.

It was observed that the swelling ratio of PVA/S
CM C biocompositeswas higher than that of PVA/SY
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CMC/MMT bionanocomposites. Aswater molecules
can easily diffuse to H bonds with OH-groups of
glucosyl unitsaongthe polymer chains. Approximately
19.74% reductionintotal swelling ratiowasachieved
by al% MMT additioninthefilm, andit wasfurther
reduced to more than 31.98% when the MMT con-
tent reached 3%. At thelevel of 5% MMT, thefilms
showed thehighest swelling ratio va ues. Theseresults
indicated that the addition of MM T improved thewa
ter resistance of the PVA/S/ICM C matrix. Thereason
could be that the PVA, starch and CMC are ableto
form hydrogen bondswith the hydroxyl groupsof the
MMT layersand thisstrong structure could reducethe
diffusion of water moleculesinthemateria. Theequi-
librium water uptake val ue depends on hydrophilic
character aswell asmorphol ogy (macro-voids, free
volume, crystal sizeand degree of crystallinity). The
clay producesatortuous path-way and a so adiminu-
tion of thelength of freeway for water uptake. Similar
results have been obtained by other authors who ob-
served a diminution in the water absorbed by
nanocompositesmadewithMMT or kaolin compared
with the native starchi$2>27,

TABLE 1: Theswelingratio of thePVA/SICM C/IMMT films
asafunctionof MMT content

PVA% /starch%/ MMT

Temperature Swelling

CMC% (% WMWhblend) 7 () ratio
50%/3096/20% 0% 68 25  1656:1.72
50%6/3096/20% 1% 68 25  12.7650.63
50%6/3096/20% 3% 68 25  11.96£0.19
50%/3006/20% 5% 68 25 12008044

Mechanical properties

Mechanica propertiesof the PVA/SSCMC/MMT
filmsresulted fromthetensletest areshownin Figures
3-5and TABLE 2. The curves reported in Figure 3
show animprovement of themechanica strengthwith
theincreaseof MMT content.

TheUTSand SB asthefunctionof MMT concen-
tration are shown in Figures 4, 5 and TABLE 2. An
increaseinthe UTSwas observed when 1- 5% (w/w)
of MMT was added to the PVA/S/ICMC. With the
increase of theMMT concentrationfrom 0t 0 5%, the
UTSincreased 5from 18.36 to 20.38 M Pa, however,
the SB decreased noticeably from 35.56 t0 5.22%. A
similar behavior wasalso observedinthe UTSincre-
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ment by other authorg1321.232428 0 pl asticized starch/
clay and starch/CM C/clay systems. Thisbehavior was
expected and was attributed to the resistance exerted
by the clay itself and to the orientation and aspect ratio
of theintercd ated dlicatelayers. In addition, the stretch-
ing resi stance of the oriented backbone of the polymer
chaininthegallery bonded by hydrogeninteraction aso
contributed to enhancethetenslestrength. Thelayered
silicate actsasamechanical reinforcement of starch
reducing theflexibility of thepolymer. Themainreason
for thisimprovement inthemechanica propertiesisthe
stronger interfacia interaction between thematrix and
layered silicate dueto the vast surface exposed of the
clay layers. During the processing and drying of the
composites, the original hydrogen bondsformed be-
tween the starch mol eculeswere replaced by the new
hydrogen bondsformed between the hydroxyl groups
in PVA and starch molecules, the hydroxyl and car-
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Figure5: Thestraintobreak (SB) of the PVA/ISCMC/MMT
filmsasafunction of MMT content.

TABLE 2: Theultimatetensilestrength (UTS) and strainto
break (SB) of PVA/SICM C/MMT filmsasafunctionof MM T
content.

PVA%/S%/

MMT

CMC%  (owiw film) YTS(MPa)  SB (%)
BO%/30%20% 0%  18.28:0.68 34.50:0.93
B0%/30%/20% 1%  20.2950.54 26.25:1.99
50%/300620% 3%  1917:041 14.3242.01
50%/300620% 5%  2016:0.35 5.12+0.86

boxyl groupsin CMC and thehydroxyl groupsinMMT.
Theexistenceof these new hydrogen bondswould im-
provethemechanica properties.

Thermal properties

The DSC thermograms of the PVA/SICMC and
PVA/SICMC/MMT bionanocompositesfilmsexhibited
sharp endothermic peaks (typical of asemi-crystaline
polymeric system) at the range of 230°C to 250 °C.
These endothermi c peaks have been associated with
themelting of crystalline starch, CMC and PVA do-
mains. Themelting peak of PVA/S/CM C wasaround
241.1°C. As shown in Figure 6, melting peak of PVA/
SICMC/MMT bionanocomposites was higher than
PVA/S/ICMC biocomposite and it was raised by in-
creasing MMT contents. Thetemperature position of
the melting peak increased from 241.1t0 247.3°C as
MMT content increased from 1 to 3% (w/w) blend.
But temperature position of themelting pesk decreased
from 247.3t0 238.2 °C as MMT content increased
from 3 to 5% (w/w) blend. Thechangein the position
of thispeak indicatesthat MMT contentsfavor thefor-
mation of larger crystal domainsand lower themobility
of thebiopolymer chains. Theseresultsindicateexfo-
liationof MMT layerswithinthestarch chainsinamor-
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phousregions, and thisinduceswell ordered arrange-
ment and good organi zation of chainsin amorphous
regionswhichinturnincreasesthedegreeof crystalin-
ity. Therefore, by reducing amorphousregionsand form-
ing compact crystalline sections caused by MMT in-
corporation, themelting temperatureincreased. Hence,
MMT isableto increase the PVA/S/CMC matrix co-
hesveness.

Scanning electr onic microscopy (SEM)

Figure 7 showsthe morphology of PVA/S/ICMC
and their nanocompositeswith MMT. The addition of
MMT did not significantly change themorphol ogy of
PVA/S/ICMC composite. Blends PVA/S/ICMC and
PVA/SICMC/MMT had auniform morphol ogy, with
no evidence of phase separation. Homogeneousdistri-
butionsof theMMT inthe PVA/S/CM C matrix were
observed in al nanocompositefilms, implying good
adhesion betweenfillersand matrix. Thisisattributed

(3% W/W film) ()
CONCLUSIONS

The present study showstheroleof MMT onthe
physicmechanicd propertiesof PVA/SICMCfilms. The
additionof MMT to PVA/starch/CM C blendsimproved
the mechanical propertiesof theresulted starch based
composites. MMT (0-5% W/W film) could increase
theUTSof PVA/SICMC/MMT nanocompositefilms
compared tothe PVA/S/ICMC films, and decrease SB
of PVA/SICMC/MMT nanocompositefilmscompared
tothePVA/SICMCfilms.

Solubility of thefilmsdecreased from 46.24%to
35.28%. By addition of 1 and 3% MMT (W/W film),
T, increased from 241.1 to 247.3°C. In addition, by
increasing MMT content, external properties of the
compositefilmsimproved appreciably. Based on these
results, the PVA/S/ICMC/MMT bionanocomposite

Figure7: SEM micrograph of thecompositesof PVA/SCMC (a) PVA/ SSCM C/MMT (1% W/W film) (b) PVA/SICM C/MMT
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to thegood compatibility resulting from the chemical
similarities between starch and carboxy methyl cellu-
lose and the hydrogen bondinginteractionsexistingin
theinterface between fillersand matrix. Such an even
anduniformdigtribution of thefillersinthematrix could
play animportant roleinimproving themechanical per-
formanceof theresulting nanocompositefilms.

DSC /(mW/mg)

20 MMT1%
41

PMA50%/S30%/CMC20%

05

0.0

200 220 240 260 280
Temperature /°C

Figure6: Thermogram of thePVA/SCM C/MMT filmscon-
taining different amount of MM T.

films show better physicomechanical propertiesthan
PVA/SICMCfilmsand they can bepotentialy replaced
of PVA/SICMCfilms.
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