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Abstract

The binary blend fims of poly (vinyl alcohol) (PVA) were paged with selected biodegradable
polymers (Naalginate, gelatin, chitosan, k-carrageenan and carboxymethyl celujose the point
of their chain entanglement. The water resistancegrwapor permeability and mechanical assays
were considered as a benchmark to select the superior lilendrtie highest water resistant and
water barrier property beloed to the blend that contains x-carrageenan. Introducing the
biodegradable polymers into PVA led to an increase in tersilength, among whichk-
carrageenan being further effective than the othecsorlingly, the influence of conformational
change ofk-carrageenan chain from disordererder mode on PVA matrix was monitored by
hydrophobicity assay-T-IR, FEESEM and XRD. The conformational change ke€arrageenan
increased PVA hydrophobicity. The emergence of new clesisict bands regardingk-
carrageenan found in the fingerprint region of PVA hbwe «-carrageenan coil-overlap
concentration.FE-SEM exhibited that PVA surface became uniform along thiéhdisappearance
of cracks after k-carrageenan inclusion. The pronounceecarrageenan peak appeargd

difiraction pattern of PVA after the conformational time of k-carrageenan chain.
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1. Introduction

There is a growing trend within the food industry toward tlevelopment of the innovative
packaging based on the application of biodegradable polymersy tiadinethe use of the more
traditonal non-degradable oneMikkonen et al., 200)/ A main reason for this tendency is
reducing the environmental impacts of the non-degradable gmsly(iHoagland & Parris, 1996).
Poly (vinyl alcohol) (PVA) is a wel-known biodegradable thepfastic polymer with a wide
range of applications in the food and pharmaceutical inglsisitei, Jie, Jun, & Ruiyun, 1994
PVA hasasemi-crystalline structure with high hydrophilic chaeacdue to the abilty of forming
hydrogen bonding with water molecul&kgist & Miron, 1990 PVA, such as other biodegradable
polymers, is essentially unsuitable for most packaging cagipihs and therefore, needs to be
modified to increase its usefulness and value througly usgmy different physical and chemical
methods. Blending method is a desirable physical approach thesymg a polymeric film when
polymers, in terms of the thermodynamic, are compatible. THermpance of PVA fim through
blending can be modified in relation to resistance againgtrwW@auohua et al., 20Q6increasing
the mechanical strengtand improvement of water barrier propertympan, Prodpran, Benjakul,
& Prasarpran, 2010

The biodegradable polymers from the plant and animal sourcdgling Na-alginate, gelatin,
chitosan k-carrageenan and carboxymethyl cellulose, are broadly ushd #ilsn matrix, which
can also be introduced into the other polyméysmake blend fims. Na-alginate, chitosan and

gelatin are commonly used for modification of the fims Hasmekonjac glucomannarXi¢o, Gao,
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& Zhang, 2000, celulose Kaidu, Sairam, Raju, & Aminabhavi, 200&nd soy protein isolate
(Denavi et al., 2009). Carboxymethyl cellulosad k-carrageenan are also incorporaieth the
various polymers with the aim of improving the physico-mea# properties of the resulting
blend fims Zhang, Zhang, Lu, & Liang, 2013; Paula et al., 2015

The functional properties of a polyneerfim, such as the physical, thermo-mechanical and
structural properties are influenced by the conformation naddlee polymer chains, whether by
if they have a disordered structure, then their chderaiotions relate closely to the degree of
space-occupancy by the chain co®n the other hands, if they exist as ordered molecules, then
they are capable of stable association into compact netwi@konakis & Kasapis, 1995;
Lazaridou, Biiaderis, & Kontogiorgos, 20p3Moreover, the role of the structural conformation
of a polymer chain is of almost prominent in the kineticswater solubility, their water vapor
permeability and their tensie strength of flms formedsbgh polymersKyotani & Kanetsuna,
1972; Lazaridou, Biladeris, & Kontogiorgos, 2003

The coil-overlap concentration (c*) represents the poinrevitiee individual polymer chains begin
to come into contact with each other and can be considerethomdea concentration between the
diute and the semi-dilute regime. During conformation ghaatbove c*, overlapping of the chains
occurs and separate chains become entangled with onesrarbtie to the coil overlap and
entanglement of the strands in this region, thereaag ftrong interactions between polymer
strands under the semi-dilute condition (c>c*). It leads to ftmmation of macrostructure
assemblages and subsequently increasing the rigiditye gddlymer. In contrast, below the coil
overlap (c<c*), the biopolymers have a brittle structure withwveak tensie strengthD@i &

Edwards, 1988
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Although there are many articles in the literature comug the fabrication, development and also
more fundamentally revealing the properties of the biodegedfidk, there are rather limited
published studies that provide the effect of conformatioratsition of polymer chains on the
physico-mechanical and structural properties of fim.

The first aim of the current work is to designate theesar binary blend from PVA with several
biodegradable polymers at the point of their coi-overlap coratiemt by using conventional
physical and mechanical assays. The second is to tdsttbeior of the superior PVA blend film
under the effect of conformational changes of biopolymer nehiom diute to semi-dilute
regimes by some of the most structural experimental. i@l ihypothesis is based on the fact
that the disordete-order transition of the biodegradable polymer chains camgehthe physico-

mechanical and structural properties of the PVA-basedirilia profound manner.

2. M aterials and methods

2.1. Materials

The commercial Na-alginate (580 kDa), gelatin (43 kDa with bloom 93) angtarrageenan (25-
30 kDg were purchased from Sigma-Aldrich (St. Louis, MO, USA). Thb@gmethyl celulose
(90 kDa with the degree of substitution ~Q.ahd low molecular weight chitosan (45 kDa and
>75% deacetylated) obtained from Merck Co (Merck, Germany). kA average molecular
weight of 72000 g/mol (~1600 polymerization) and moisture contenlld®% was kindly

provided from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Coil-overlap point, intrinsic viscosity and coil-overlap parameter
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The point of coi-overlap concentraton was considered foorgaraton of the selected
biodegradable polymers into the PVA matrix. Coiloverlap coratianh (c*), intrinsic viscosity
(m) and coil overlap parameters c[n] were measured by an Ostwald viscometer with nominal
constant 0.011 mm%(Witeg Co., Germany) that's equipped with a thermostatiervimth under
precise temperature control. Various amounts of the biodegeagaiWymers (0.05-0.45 g/dL)
excluding chitosan, were dissolved in deionized water to dieespan of concentrations from
diute to the semi-dilute regions. Chitosan although ing®lub water at pH=7, is nonetheless
soluble in acetic acid solution. The chitosan was dissalvelPs6 (v/v) of acetic aqueous solution
and stirred at 60°C for 30 min to obtain a homogeneous solfitarting with, exactly 2 ml of
each solution, the system was manually diuted afteergéing at least three efflux time readings
at each concentration. Then, the relatwigcosity (nrel), reduced viscosity (nred and the inherent

viscosity (ninh) Were calculated by using Egs. (1), (2) and (3), respective fpllaws:

n t p
=1-tr 1
el = T, 1)
( re -1)
Nreda = nTl (2)
In (Mye))
oy = 11022 ®

where, t/ and p/po are the ratio of efflux time of solution to solvent and i@ rof the density of
the solution to the solvent, respectively. (nre-1)is specific viscosity (nsp) and concentration of the
biopolymers is represented as C.

The intrinsic viscosity is obtained from the extrapolation of Ln (nref)/c and nsp/C to infinite diution
according to the Huggins’s equation (4) and Kraemer’s equation (5) as folows Kuggins, 1942;

Kraemer, 1938

%2 = [n]+ Ky [n]2C )
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Lt — [g] 4K, [n]C ®

Here, Kiand Ko are the Huggins’s and the Kraemer’s constants, respectively (Morris, Cutler, Ross-

Murphy, Rees, & Price, 1931

2.3. Preparation of blend films

PVA as a fim matrix was prepared by the casting methd@. FVA powder was dissolved in
deionized water (4 g/dL) at 76 for 2 h. Separately, the specific concentraton of each
biodegradable polymers, in the accordance with its c*, dissolvei@iamized water (in the case of
chitosan, 1% (v/iv) of acetic acid) and heated atC7binder constant stirring. The each
biodegradable polymer solutions were incorporated into the RN(fiom to obtain binary blend
solutions and keep stirring for 2 h att@s

Aifter the assessment, 20 ml of each soluton was pouredhitglass plate and transferred into
the oven set at 248 and a RH of 40%. The fims were peeled off the glass s 18 h, and

conditoned for 36 h at 45% RH in the ambient temperature fefurexperiments.

2.4. The blends comparison

The tensile strength and elongation at break from tlehangal assay, water vapor permeability
and water resistance from the physical ones were pedofareselecting the superior blend of
PVA with biodegradable polymers. Then, the behavior of the eimbiend flm was designated

for further physical and structural experiments.

2.4.1. Water solubility (WS)
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The WS value of the fim or total soluble matter was esped as the weight percentage of the
flm solubiized after 24 h immersion in distiled water. Tihes were cut in 5x5 cm and dried at
105°C for 24 h. Then, they were placed in a Meyer flask (contai@id@ ml distiled water) and
vigorously shaken for 24 h. The film specimens were drieth a&jal03C for 24 h. WS values

were determined according to EQ):(6

WS = (6)

where, S is the insoluble dry matter angdisSthe initial dry matter (intial sample weight x dry

matter).

2.4.2. Water barrier properties

The water vapor transmission rate (WVTR) of the fimsas determined by using the E398-03
method with slight modifications (ASTM, 2003b). The dried spa@mé.5 cm) were attached to
a poly (methyl methacrylate) permeation cell with an ind@meter of 50 mm containing dry
siica gel and the permeation cell were placed in a apebamber. Relative humidity was
controlled to be 32% using MgCht 40C on one side of the fim. The weight of each cup was
regularly recorded every 2 h during on 18 h. The weight \gaisus time was plotted and WVTR
obtained from its slope by linear regression. The WVP (g/m.snRa calculated by the following

equation:

WVTR XL

> (7)

WVP =

where, L is the film thickness (mm) and AP (Pa) is the partial pressure difference between two

sides of the fim.

2.4.3. Mechanical properties



158 Tensie strength (TS) and elongation at break (EB) werdneltdy using a texture analyzer (TA,
159  TA-XT plus, UK) according to the ASTM D882-02 (ASTM, 2002). Thetamegular strips of the
160 fims (8x1 cm) were preconditioned at’swith a RH of 50% for 24 h. Then, they were subjected
161 to the tensie shearing in the grip of the TA. The Intisstance of grip separation was set at 6 cm
162 and the speed was set at 20 mm/min. TS value was deternamadh& maximum force recorded
163  prior to breakage divided by the cross section of the recangglecimens. Elongation at break
164  value was obtained from change in the intial length6afm. Al the data were analyzed by
165 Exponent Lite Software (version 6.1.4).

166

167  2.5. Structural properties

168 2.5.1. Infrared spectroscopy

169 Infrared spectroscopy (Thermo Nicolet Avatar, 370 FT-IR insntin was used to study the
170  surface structure of the fim. The samples placed iKBepelets for scanning spectral region at
171  wave number ranges of 400 and 4000!¢rand 50 scans were recorded with 'amsolution of
172 the sample.

173

174  2.5.2. Surface hydrophobicity

175  Contact angle (CA) at a point of the three phase coltactbetween a sold phase (S), a liquid
176 (L) and its vapor (V) is related to the three intedaanergies between these phases are described
177 by Young-Dupre equation:

178  y,y X cosO = yg, — Vg, (8)
179  where yLv, ysv and ysL are the interfacial tensions of the liquidpor, soldvapor and solid

180 liquid, respectively (Young, 1805; Dupre, 1869
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The flm was transferred into a flat surface angdl ®lrops of the tested liquids (Mili-Q water,
glycerol, methlethylene iodide and toluene) and fim forming tisaluwith a Hamiton syringe

(100 pul, Hamitton, Switzerland) placed on the flm surface. Thetact angle was measured with
a contact anglemeter (OCA 20, Dataphysics, Germany) aéinadbt after 30s. The images were

analyzed by Dino Lite Pro software.

2.5.3. Surface tension and critical surface tension determination

The surface tension of the blend fim solutions) (vas obtained through the sessie drop method
and LaplaceYoung estimation (Song & Springer, 1996). The estimation efctitical surface
tension {.) of the PVA fim and PVA blends was determined throwgkirapolation from the
Zisman plot (Zisman, 1964). Zisman plots were obtained by plottiegcosine of the contact
angles (co9) of a series of the four different liquids (two of whicle golar) include MiliQ
water, glycerol, methlethylene iodide and toluene, as weheaim forming solution on the film
surface against the surface tension of the same liqUids extents of, of the flms are the mean
of the extrapolation of cakat the intercept for the liquids that forms a straigig. IExtrapolation

of this line to the point where co8)(= 1, yields they.value, which is almost equal to the liquid

surface tensiony{) at this point.

2.5.4. Surface free energy and wettability

The OwensWendt method (Owens & Wendt, 1969) was employed for obtaining tlagesdree
energy and wettability based on the linear relationship leetvlee contact angle and the surface
tension of the fim whose polayX) and dispersive y£) interfacial energy components according

to Egs. (9) and (90



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

Vs =¥ +Vs

V(1 +cos8) =2 [( ¥ + [ ¥v))°°] (10)
where,y? and;” are dispersive and polar surface tension of the speqifi@ licomponents.

There is a two unknowns in this equation y8.andyf, so determination of the surface free
energy is inadequate to obtain these two components. It is délowessible to attain the polar and
dispersive component of the surface tension from the apierand slope of the curve. Rearranging

Eq. (10) yields:

P
(1+62059) % ﬁ = /yf X ﬁ + ’VSD (11)
147 L

It has been proposed that the interfacial tension of-igajbr is the sum of contributions from
different intermolecular forces, according to existing aative forces at a specific interface
(Dupre, 1869). In the case apure liquid, when polar and dispersive interactions are knomdh, a
when the contact angle between the pure liquid and aisaldtermined, the interaction can then
be defined using the adhesion coefficientaf\\as given using Dupre equation (Dupre, 1869):
Wy = WP +ys = 2[5 v + [ v)*1 =7,.(1+ cos ) (12)
and the cohesion coefficient @)V gven by:

We = 2y (13)
Then, the extent of spreading coefficient dvér a liquid upon a solid is the sum of adhesion and
cohesion coefficients obtained by:

Ws= Wy =We =¥sy = Vv — Vs (14)
This is the work required to separate the liquid and sadich fbeing in contact at a liquid-solid
interface. It is noteworthy that the equiibrium spreadiagficient can only be positive or zero

for a fuly wetting case, or can be negative or equal o feera partially wetting liquid.

9)
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2.5.5. Morphological behavior by FE-SEM

The surface and cross section morphologies of the blensl firere evaluated using a field-
emission scanning electron microscope (S-4700, Hitachi, Japanjhe case of surface
morphology, the specimens were coated with a thin layer of gelin preparing any non-
conducting material and 20.00 kX magnification objectives ubedhe case of cross sectional
assay, the film samples were first immersed in liquidogen to freeze and then rapidly broken.
Next, the specimens were attached on aluminum stubs by &-ckiid tape, and coated with
thin layer of gold at 20 mA for 2 min (JEOL JFC-1600, Auto Finet€odokyo, Japan) and 3.00
kX magnification objectives were used. All tests werdopmed with an accelerating voltage of

5 kV.

2.5.6. Crystallinity of the blend film
Crystalline property of the fims asinvestigated by XRD (PHILIPS X-PERT PRO, Netherland)
with 40 kV energy, 30 mA current ar@o Ko irradiation (A= 1.54056 A). The samples were

irradiated in the angle range of 2-90° and scanned at a sp8eXll8f/min at room temperature.

2.6. Statistical analysis

After conducting the measurements, an analysis of dat&R@nvi@s carried out using the analysis
of variance (ANOVA), folowed by Duncan's test procedurSRSS software (Version 19, SPSS
Inc., Chicago, IL). A value of p<0.05 was considered to be stdtigtisgnificant. The results of
all the experiments were analyzed in triplicate andntkan and standard deviation of the data

were reported.
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3. Results and discussion

3.1. Rheological characteristics

In order to reveal the appropriate concentration of each eohaimed at incorporation into the
PVA matrix, first we need to determine the chain entargignof these polymers. The coil-overlap
concentration was determined by plotting the zero sheatfispescosity (msp)o as a function of
biodegradable polymer concentratiolRig(19. There is a master curve, which encompasses all the
polymers used in this work, although the data fit is infefar the lower concentrations. It can be
found from Fig. la that there are two regions in the cumigch can be characterized by the two
different slopes in each curve. The first slope behavigr ehinear trend, where the individ ual
chains are extant as the separated cois, related toetheith a slope of ~ 1.4. Another slope
curve has been introduced as the overall hydrodynamic vohfntiee individual separate chains
more than the volume of the soluton. The slope of theesuohanged sharply at a particular
concentration, where a much more rapid increase founkde ispecific viscosity. This point was
considered as the polymer coiloverlap concentration, anddeal@ihate, gelatink-carrageenan
(KC), chitosan and carboxymethyl celulose (CMC) determined drOut5, 0.175, 0.275, 0.325
and 0.375 g/dL, respectively.

It is indicated that the change of macromolecules confarmaipon the coil overlap cause to the
formation of the entanglementd/d@rris et al., 198). Therefore, an aggregation in the chain causes
by an entanglement involves reptation motion leads to ageham the chain conformational
interaction Doi & Edwards, 1988 At c<c*, individual coils are separated and have little mutua
interference, which fow behavior is Newtonian. Above c* (@>the chains become highly
entangled that can move by reptating through the networkhandacrostructure entanglement of

those polymer formed due to the chain-chain interaction. Vjgb§mer concentration is the equal



273 or higher than its coil-overlap concentration, the chaire forced to interpenetrate and form an
274  entangled system, which expected rigidity and tightlyemsed. This is more prominent in the
275 some features of a polymeric fim such as mechanical piegewhere rigidity can increase the
276  tensile strength of the fim.

277  The intrinsic viscosity is a relationship between volunssoaiated with a given mass of the
278 polymer and coil overlapAccording to the Huggins and Kraemer’s equations, the intrinsic
279  viscostty is obtained from the mean value of the extrapolaif (nrei-1)/C and/or Ln (nrel)/C to
280 zero concentration. As can be seen, the higher valudeoihtrinsic viscosity belongs to Na-
281 alginate with a value of 30.59 dL/g, and thever one pertains to the gelatin about 2.57 dL/g
282 (Table 1. The intrinsic viscosity values for KC and gelatin weyesome extent higher than that
283  of other findings by some author8réeman, Snoeren, & Payens, 1980; Brown, Foster, Norton, &
284  Underdown, 199p6

285  The zero shear specific viscosity (nsp)o versus the concentration of a polymer varies depends on
286  the molecular weight and its conformation due to the spamding changes in the coil overlap
287  (Doi & Edwards, 1988). Thdogarithmic curve of the cedverlap parameter, as shown by c[n],

288  against (nsp)o exhibits two distinct districts Fig. 1b. It indicates an extent of the overall volume
289  occupied by all cois within a biopolymeiKyotani & Kanetsuna, 197%2It can be found fronfrig.

290  1b, the point of critical coibverlap parameter (c*[n]) of Na-alginate, KC and chitosas obtained
291 around ~4 (sedable ), which is similar to the onset of calerlap parameter for the random
292  coil polysaccharides that reported in previous studiddrifs et al., 198). Moreover, the attained
293  zero specific viscosity for the chitosamd KC at c*[n] was somewhat lower than the report of
294  Morris and co-workers (1981). These authors reportedhat (nspo of the random-coil

295 polysaccharides have a value of ~10 at the intersectiont. pli the some cases, the rigid
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biopolymers can be more efficiently pack&mmidsrad & Haug, 19791Hence, the lower shear
specific viscosity value regardinghiosan and KC at point of c¢*[n] may be attributable to the

more rigid conformation of the biopolymers structure.

3.2. Physical properties of the blend films

3.2.1. Water solubility (WS)

The resistance against water or water solubility cadebermined by measuring the total soluble
fraction of the flm (Rhim, 2012). As PVA is highly soluble water, any improvement in the
withstanding against water is extremely essentialit #8n be seen in Table 2, the water solubility
of PVA decreased as a function of the incorporation tezadtnwith a considerable decrease
regarding PVA/KC blend. Overalhé WS value of the PVA from 48.9% decreased4.0% after
introducing of gelatin, and when Na-alginate and CMC amporated further decrease observed
to around 40.5%. Comparison between the neat PVA and PVA/chiftreanexhibited that WS
much more reduced to 29.4%. The development of hydrogen bondsdsamrchibtroducing may
be inaccessible the hydrophilic groups of PVA from watdthofgh, some authors believe that
increasing the number of the amino groups on the blendldlids to a decrease in W®/u,
Zhong, Li, Shoemaker, & Xia, 2013)here is a greater decreasa\ts of the PVA/KC compared
the other blends, which allows the WS value decreased to 25.8%nfdngled KC chains can be
formed more hydrogen interactions with PVA strands, irchviihe polar groups of PVA less

exposure to water moleculeSh@hbazi, Rajabzadeh, Ettelaie, & Rafe, 2016

3.2.2. Water barrier properties
Water vapor permeability (WVP) test is a common method #duse the potential of vapor

penetration into the packaging, which is congideas an important parametén design the
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packaging flm Binsi, Ravishankar, & Srinvasa Gopal, 201Bable 2shows the changes in WVP
of the PVA fim with respect to incorporation of the vasiobiodegradable polymers. In our
permeability study, a considerable increase in the barmgyepty was observed in the fims that
containing Naalginate, KC and chitosan. Conversely, the incorporationgefitin had a
detrimental effect on the barrier property of PVA flm, cantrast to that of the intact flm. It is
may be due to increasing the free-volume of the blend mesiits from the bulkier anionic side
groups of the gelatin(Tong, Xiao, & Lim, 2008) It is worth noting that WVP value regarding
PVA/CMC blend was almost similar to the neat PVA fim. Apiovement in the barrier property
noticed after chitosan incorporation, where WVP from dialinvalue of 7.42x10 g/m.s.Pa
reduced to 1.03x10g/m.s.Pa. In the case of PVA/Na-alginate blend, the WalBev fell
dramatically down to 0.11x10g/m.s.Pa. The Na-alginate chains at the entanglement ¢
have more strong interaction with PVA strands. This prevadenser structure in the flm matrix,
where HO molecules hardly pass through the film matrix. Paulal.et(2015) reported that
incorporation of Na-alginate into KC matrix leads to a Inetadecrease in WVP by 90%. The
WVP results also represent a prominent resistance to ploe tvansitionin the PVA/KC fim. The
development of relatively tough structugea result of linkage between hydrophilic groups of KC
and PVA, which block the paths of water transport due reeductionin the free volume of the

film matrix (Xu, Kim, Hanna, & Nag, 2005

3.2.3. Mechanical properties
The intermolecular and intramolecular interactions betweiopolymer chains are the main

factors affecting the film mechanical properties. Theterantions relate to the arrangement and
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orientation of the chains in the biopolymer matrix, whaen can be improved by the synthesis
of blend flms (Cuq, 2002).

The influence of the various biodegradable polymers on tisdetestrength (TS) of PVA fimis
summarized in Table 2. As can be seen, the TS value BMAdiim was almost unchanged after
incorporation of CMC (about 33 MPa). On the other hands, ttenterf TS decreased when
gelatin incorporatednto the PVA matrix. The decline in the TS of a blend systambe ascribed
to increased stress in the continuous phase (PVA) oteiibe lack of the stress transfer across
the blend matrix interface. Table 2 showed that the TGevalf PVA flm increased after
introducing the Na-alginate, KC and chitosan, among theen ldlvest value belonged to
PVA/chitosan fim. Increase in the TS value is more puoned, particularly concerning the
PVA/KC flm. The TS value of the neat PVA fim was obtained 33.4aMBut increased to 71.2
MPa regarding PVA/KC fim. The more improvement in s of the blend flm may be
attributed to the formation of hydrogen bonds between biopolyn@ecules. This makes the
structure of the blend fim to be much denser than tae mee (Cheftel, Cuq, & Lorient, 1985).
The biopolymers dependency of elongation at br&&} for the blend fim is also presented in
Table 2. There is no significant difference in the BRraincorporation of CMC (p<0.05). The
lowest EB belongd to the films containingNa-alginate and KC. It is observed that the EB value
of the neat flm from 28% decreased to 21.2 and 17.4% atfter blending with Na-alginate and KC,
respectively. To explain this phenomenon the authors bel@tethe polar groups of biopolymers
can form hydrogen bonds, which results in some degree istaree against stretchingXigo,

Lim, & Tong, 2013.

3.3. Structural evaluation of PVA/KC blend
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The obtained results already verified that the PVA/K&S &s a superior blend in term of physico-
mechanical properties. The folowing six sections are dedictt describan-depth some of the
most structural properties of PVA fim after incorporatioithviKC at the lower and upper the coil-
overlap point of KC chains, in particulddT-IR spectroscopy, contact angle and wettability assays

surface free energy, microstructural evaluationFBYSEM and X-ray diffraction.

3.3.1. FT-IR spectroscopy

FT-IR spectra of neat PVA, pure KC and their blends are greRig. 2. In the IR spectrum of
KC, several noticeable characteristic peaks, ranging from 40d@0a cmt, are observed. The
characteristic peak of KC shows a maximum at 1228.cfhis can be attributed to the-3
asymmetric vibrational mode. Similarly, a band detected in 110D cm' region is due to CO
and C-OH vibrations (Matsuhiro & Rivas, 1993). Furthermore, a-deiined band at 84850
cm'! correspondso o (1-3)-D-galactose QO--S vibration.

The incorporation of KC up to 0.2 g/dL into PVA did not initiatay ahits of the peaks for the
blends or caused the appearance of any new bands. In prinogre,this shows that there are no
significant interactions between PVA and KC chainsthiat level of KC. The intensity of the
typical peak of PVA fims containing 0.3 and 0.4 g/dL KC did dewcdie first region (3700-2850
cml). This is also somewhat trie the second area (1800-15009mFor example, the intensity
of C=0band at around 17461! observed to decrease after KC incorporation due to consumption
of further free carbonyl groups. In the fingerprint regidm tR spectrum of PVA drastically
changed with KC introducing at the level of the coil-dagr concentraton. The appearance of
several new characteristic bands regarding KC on tha Bjéctrum observed at 122%n?!

(assigns to 0 vibrational mode), 1070 chnand 850cm! (regards to CO-S vibrational mode),
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which is a result of KC incorporating at the levels of 0.3@ddy/dL. This proves the presence of

the higher degree of substitution of o (1-3)-D-galactose bond of KC in the blend structure.

3.3.2. Contact angle

The wetting property is determinative of the abiity ofjaid to maintain contact with a surface
of a solid, which corresponds to the intermolecular intenagtibetween biopolymers in a film.
Commonly, contact angle (CAg used to evaluate the change in the surface hydropholo€ity
blend fim.

Table 3 shows the CA values of the four solvents (watgcergl, methlethylene iodide and
toluene), as well as the film forming soluton drops onRMA flm surface, which the highest
value belonggo water(6=56.8°). Water hasmuch stronger interaction with PVA fim than with
the others, confrming that the PVA-based film has moatlydrophilic nature. The opposite is
observed with toluene, which is a very apolar solvent, lhssthe lowest value @A (6=18.2°).
The influence of various KC contents on the water comtage of the PVA flm can be seen in
Table 4. The CA value of the PVA flms consist 0.1 and 0.2 g/dL®fsKsimilar to the neat PVA
film (0=56-58°). An increase in the water contact angle of thé& B by a value of 11.3°
observed, when KC at the point of its entanglement incagabriato the flm matrix. Among the
PVA flms that have undergone the incorporation treatméne film contains 0.4 g/dL KC was
accompanied by the highest CA value=76.5°). This improvement essentially results from the
formation of hydrogen bonds in the blend, leading to furtfiggality of the film matrix.

The effect of KC on th€A of the biodegradable fim has rarely been addressed by tesesahe

one study conducted by Rhim (2012), the blend flm based on agar/K@antus ratios prepared
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and the results showed that the ratio of 75/25 agar to K@ lyreater value of CAlhis author

also found that increase in KC amount did not affect tHacsu hydrophobicity of the blend.

3.3.3. Surface tension and critical surface tension

This experiment was intended to evaluate the compatibifty?VA/KC fim forming solutions
whenKC in a range close to c* incorporated into the PVA matrix. Niogortantly, to confirm
the sufficient bonding, spreading and wetting, the fim ifogmblend solution should have a liquid
surface tensiony{) higher than the critical surface tensioyy. )(of the PVA-based flm forming
solution.

Fig. 3 shows a Zisman plot wittos 0 plotted against surface tension for the tested liquids, ks we
as the fim forming solutions of PVA and PVA/KC blends. Tigh hydrophilicity of water and
glycerol canlead toa strong interaction between these two liquids with PVA mpely After
incorporating KC atthe levels of 0.3 and 0.4 g/dL, the valug. afecreased notably (that indicated
by y.,). The formation of entangled chains in KC molecule detrates this diference. The
interaction of KC with PVA consumes more hydroxyl group$dA, leading tcadecrease of the
surface tension. By comparing the critical surfaceidenbetween the blends containing KC at the
levels of 0.3 and 0.4 g/dL, it found that PVA containing 0.4 g/dKC hadalower y, value than
0.3 g/dL sample. In general, the result of Fig. 3 revealedtibaal fim forming solutions had a
ycvalue in the range of 26-29.19 mN/m, which is very comparable to those for the common
polymers (Han, Zhang, & Buffo, 2005). According to the Zisman, fidptids with y, < y, will

fuly spread on the fim surface, thus wetting theam@f Therefore, itanbe inferred that the
liquids with ¥, <26.1 mN/m can wet the fim effectively. Since the incorporabf KC at the point

of c* decreased the fim surface tension, the wettpbditthe PVA-based flm decreases. It must
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be borne in the mind tha4. is the critical surface energy of wetting and not edoighe actual
surface energy of the flms, which actually is highibany,, particularly when considering the
polar character of PVA.

Optimization of the wettabilty coeficienfWs) requires optimization of adhesion work ()\and
cohesion work (W). Cohesion force causes the shrinkage and adhesion oreeghdrigpreading
of the liquid. The wettability results are presented indahlThe higher \Wfound in the case of
the flm forming solution droplet of the neat PVA and thedowne relates to PVA containing 0.4
g/dL KC. Higher cohesive value of a film forming solution resuli the contraction of the droplet
and hence preventing its spreading. So, it is expectedhth&MA fim forming solution consists
0.4 g/dLKC, with the lowest W, more wet the film surface than the other fim formsgutio ns
But since this sample clearlyad a lowest adhesion work, soaWalue actedas a dominant factor
for preventing from spreading. ThesWalue of neat PVA flm forming solution decreased notably
with the inclusion of KC at the levels of 0.3 and 0.4 g/damf -2.5 down to -2.8 and -3.2,

respectively.

3.3.4. Surface free energy

The values of the surface free energy and disperselepalar components of the neat and blend
PVA flms are shown in Fig. 4 and data summarized in Tablerhg pure PVA fim, the surface

free energy and the polar component were found to be higheoniparison to the blend films.

This demonstrates the abilty of PVA to take part in paitaractions with polar liquids. The

existence of more hydrophilic functional groups in the P\ fed to an increase of the interfacial
free energy with water, raising the polar phase. The K& lavel of 0.1 and 0.2 g/dL had no

prominent effect on the surface free energy relativéhabof the neat PVA. In contrast, the films
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containing 0.3 and 0.4 g/dL KC showed a lower interfacial feeergy and reduced polar
component comparet the neat PVA. These results confirm that the incorjporadf KC at the
entangled point, contributéo the increase in the film hydrophobicity. Conversely, K@ich
which are preseetl as the disordered form, below its entanglement concentratios, nof

noticeably change the interfacial energy of the puré Riw.

3.3.5. Microstructural evaluation

FE-SEM photographs of the neat PVA film and PVA/KC blends s@vn in Fig. 5. The neat
PVA fim has a non-uniform and rough structure with ynapparent micro-cracks and gaps on its
surface (Fig. 5a). This can be further supported with a restlite lack of a suitable plasticizer in
the neat PVA fim. The plasticizers with decreaseiitramolecular force between chains leads
to the further mobility of the chain strands. This leadstm@ease in the flexibility and elasticity
of the flm matrix.

The micrographs clearly displays that the surface marghobf PVA fim become uniform with
an even morphology after blending with KC (Figs. 5c-d). Althouk, PVA fim containing 0.1
g/dL KC retains uneven with some cracks on its surface (FigBi#®).micrograph in Fig.5¢c shows
the blend containing 0.2 g/dL of KC. This blend has a fairly smaathflat morphology without
any fracture in the flm matrix. It is clear thaetlracks have all but disappeared and the surface
has become more uniform with the addition of 0.3 g/dL KC to ¥ iatrix (Fig. 5d). The most
prominent effect of KC introducing at the level of 0.4 g/dlo ithe PVA was the loss of film
integrity and turns it into a rough structure (Fig. 5éis Ttan be explained by the development of
same aggregates of KC chains with further addition of KCtau0.4 g/dL when incorporated into

the PVA matrix.
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Fig. 6 ilustrates the cross-sectional micrographs of the ffviAand its blends with KC. Uneven
fracture cross sections are apparent in the neat RWwAafid PVA containing 0.1 g/dL KC (g
6a and 6b). On the other hand, the cross-sectional microstruofi?VVA containing 0.2 g/dL KC
showed that some degree of roughness, but have a faidynurhomogeneous texture (Fig 6c).
In the cross section micrograph of PVA containing 0.3 gKIC, the blend showed a more
homogeneous texture without any prominent phase separatiggessng a good level of
miscibilty between PVA and KC (Fig. $dWhenKC was incorporated at the level of 0.4 g/dL, a

rough structure in the blend flm observed (Fig. 6e).

3.3.6. XRD assay

The XRD pattern of the PVA flm and its blends are shanwirig. 7. Pure PVA showed a sharp
characteristic diffraction peak at an angle of 26=19.6°, which is also observed for the other blends.
As can be seen in Fig. 7, the diffraction pattern of K€ dopronounced peak at 26=6.2°, along
with another broad hump in the range26$9.4-27.7°, which indicatecan amorphous or somewhat
semi-crystalline form of KC structure. The crystalyniof KC mostly depends on the oriented
packing of the chain helices in this biopolymer (Andersonnilel, Harding, Rees, & Samuel,
1969). The PVA pronounced peak after blending with 0.1 and 0.2 g/dLWKE found not to
change or emergence new peak. This is attributed to d¢k® tfat at these concentrations, KC
chains have a coil-lke conformation and has not as yetiapped with each other. As already
mentioned, in the diute region, KC chains exist as a spatially s#pandividual coil and the
molecular conformation has an amorphous state. The phasgidra from amorphous to semi-

crystaline state occurs at a concentration above ¥eé & critical coil-overlap point. So, KC at



501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

the levels of 0.1 and 0.2 g/dL stil retains its amorphous natode therefore, has no effect on the
peaks arising from PVA in the spectra.

The deeper change was hapgzkim the XRD pattern of PVA, when KC incorpagdtat the point

of c*. With the additon of KC at the levels of 0.3 and 0.4 g/dLjgaifeant peak appeared at
26=6.2° on PVA peak, corresponding to the characteristic pe&ICofThe interaction and binding
between biopolymer strands, i.e. PVA and KC, gives rise to airceiegree of crystallinity in the
blend structure, as characterized by the distinctive pemoaheta of 6.2°.

In the case of d-spacing of PVA layersoffl, the KC at the lower point of its coi-overlap could
not be changed d-spacing of the PVA layers, but at this lef®.3 and 0.4 g/dL, the extent @bd
value was decreased notably. The peak thiicased at 26=19.6° regarding the neat PVA film
and those containing 0.1 and 0.2 g/dL KC, have comparablesphcing value (5.1A). This result
indicates that the crystalline structure of the PV&blfilms was not significantly affected by KC
at the disorder state. In contrast the:dalue of the sample contains 0.3 g/dL KC from an initial
value of 5.1A fell down to 4.6A. A further decrease i®bservedin the sample contains 0.4
g/dL KC, which in this, d-spacing considerably decreased to 4Btteangle of 26=19.6°. This

is an indication that the intermolecular interactbetween PVA and KC happens in the crystalline

region of PVA.

4. Conclusion

Binary blend films of poly (vinyl alcohol) were developed ussglected biodegradable polymers
based on Na-alginate, gelatin, chitosarcarrageenan and carboxymethyl celulose. Prelminary
results showed that the binary blend fims exhibited ivelgt good water barrier property and

resistance against water, as well as somewhat good maedhg@roperties, except poly (vinyl



524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

alcohol)/gelatin fim. Among the biodegradable polymers thatewntroduced into poly (vinyl
alcohol) matrix, k-carrageenan was highly suitable to form a binary bldmd due to low water
solubility and water vapor permeabilty values, as wel hgh tensie strength parameter
Therefore, the effects of disorderorder transition chains of-carrageenan on poly (vinyl
alcohol) matrix were performed by structural studies. Hydrophgbbf poly (vinyl alcohol) film
increased withk-carrageenan incorporating, especialy at the point ofhisnccoil-overlap or
higher. It can be concluded that the characteristic psgdeding k-carrageenan was appeared in
the fingerprint region of poly (vinyl alcohol) at théove point of chain entanglement of «-
carrageenan. The coiloverlap effedtk-carrageenan was refiected in the surface morphology of
poly (vinyl alcohol), where micro-cracks were eliminated.t#&point of k-carrageenan entangled
chains or higher, the new pronounced peak appeared on poly &laofiol) pattern as shown by

X-ray diffraction.
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