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Abstract

Polymer blends of cold water soluble starches (amylose or amylopectin soluble starch) with gela-
tin were prepared using solvent casting method. The solid state miscibility and polymer-polymer
interactions between the constituent polymers were studied by fourier transforms infrared spec-
troscopy (FTIR), X-ray diffraction (XRD), differential scanning calorirmetry (DSC), light optical mi-
croscopy (OP) and scanning electron microscopy (SEM), whereas the thermal stability of the
blends was studied by thermogravimetric analysis (TGA). Furthermore, tensile and water vapor
barrier properties of the blends were assessed. The obtained results exhibited that gelatin was
more miscible with amylose soluble starch than with amylopectin soluble starch. Moreover, en-
hancing mechanical and water barrier properties of amylose soluble starch/gelatin blends were
more pronounced than those of amylopectin soluble starch/gelatin blends. Generally, tensile
strength (TS) and Elongation percentage (E) of the blend films were found to be gradually increas-
ed with increasing the proportion of gelatin. Nevertheless, increasing starch proportion was in
favor of decreasing water vapor permeability (WVP). At equal proportions of starch and gelatin
(1:1), TS was raised up to 8.69 MPa for amylose soluble starch/gelatin blend films while it raised
up to 4.96 MPa for amylopectin soluble starch/gelatin blend films, and so on E was increased to its
maximum by ~179.6% for soluble amylose starch/gelatin blends while it was increased to ~114.5%
for amylopectin soluble starch/gelatin blends. On the other hand, WVP was significantly decreas-
ed to be 6.46 and 12.09 g-mm/m?2-day-kPa for blends of amylose and amylopectin soluble starches,
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respectively.
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1. Introduction

At ends of the last century, development of novel materials from the renewable resources has been receiving
growing attention [1]. Where, natural polymers have replaced conventional synthetic polymers originating from
petroleum resources in various applications because most of the latter are regarded as non-biodegradable which
its widening use has caused serious environmental problems especially when they are used in production of dis-
posable and non-durable items with short period of use in addition to the petroleum is considered exhausted re-
source [2]. Among these natural polymers, starch with its major components, amylose and amylopectin are cur-
rently being used in the production of biodegradable packaging materials. The development of starch-based bi-
odegradable plastic materials is becoming an increasingly attractive alternative to petroleum-based products be-
cause of its renewability and low cost. However, wide application of starch-based films has limited by their mo-
isture sensitivity and brittleness [3]. This constraint has led to the development of the improved properties of
starch-based materials by modifying its starch properties and/or incorporating other polymer materials.

Blending of polymers was a matter of active interest mainly due to being one of the simplest ways to develop
new materials with a variety of designed physical and chemical properties at the lowest cost. The gain in newer
properties depends on the degree of compatibility or miscibility of the polymers at a molecular level. Thus, the
chemical structure of the constituent polymers plays a determining role in the polymer-polymer interactions.
Consequently, polymer-polymer interactions determine the phase behavior of constituent polymers either misci-
bility, phase separation or various levels of mixing in between the extremes (e.g., partial miscibility). Investiga-
ting the phase behavior is of interest in the prediction of the full set of desired specific functional properties of
polymer blends [3] [4].

Miscibility may arise from specific interactions, such as hydrogen bonding, dipole-dipole forces and charge
transfer complexes for polymer mixtures or segment-segment repulsion inside the blends which lead to form in-
teracting single-phase polymer blends [4]. These interactions give rise to negative heats of mixture favoring the
mixing process [5]. However, a majority of known polymer blends are immiscible due to entropic reasons where,
a very small entropy gain in mixing long polymer chains and because of the usually encountered positive heat of
mixing, leading to formation of separated phases.

Since, the functional groups on starch i.e., hydroxyl groups could interact with carboxyl amino, and/or hydro-
xyl groups on gelatin chains via forming attractive hydrogen bonding interactions, blending starch with different
proteins (casein, gelatin, and albumin) to decrease the water vapor permeability of the films and to increase their
tensile strength have been studied. However, casein-based film showed a lower water-vapor transmission rate,
water gain at different relative humidity conditions, and higher tensile strength compared to its counterparts con-
taining gelatin and albumin [6].

The native starches do not possess the physicochemical attributes necessary to meet the very diverse range of
functional properties required by various applications. Therefore, in most cases, it is necessary to chemically or
physically modify the structure of native starch granules present in the crystalline region, or decrease the size of
crystalline regions to increase reaction activity of starch to improve their cold water solubility that will inevita-
bly have an impact on its functional properties including: viscosity, clarity, water retention, reactivity, freeze-
thaw stability and adhesive properties [7]. Therefore, the objective of this study was to develop biodegradable
polymer blend films from two different types of starches, i.e., amylopectin or amylose soluble starch with gela-
tin using solvent evaporation casting technique. The solid state miscibility was studied by analyzing Fourier
transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC), X-ray diffraction (XRD), op-
tical microscopy (OP) and scanning electron microscopy (SEM) of blend films. The thermal degradation beha-
viors of the blends were studied by thermogravimetric analysis. The studies relating to determination of mecha-
nical properties and water vapor barrier properties of the films were carried out.
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2. Materials and Methods
2.1. Materials

Modified water-soluble potato starch (70% - 75% amylopectin) and modified water-soluble corn starch (70%
amylose) were obtained from (Panreac, a.r., Barcelona, Spain). Gelatin was purchased from Sigma-Aldrich;
Chemie GmbH. An analytical grade with 99.5% purity of glycerol, as a plasticizer, was obtained from Chem.
Supply Pty. Ltd., SA, Australia.

2.2. Preparation of Blends

Aqueous film-forming solutions with selected amounts of soluble starch, gelatin, and glycerol were prepared in
accordance with the experimental design (Table 1). Blend films were prepared as previously proposed by Soli-
man et al. [8]. The solutions were heated 90°C + 2°C with mixing using mechanical stirrer on a hot plate for 30
min. Each solution was casted onto polystyrene casting plates (Figure 1) and dried at 30°C + 2°C in a vacuum
oven. Finally, the detached blend films from casting plates were conditioned at 60% + 2% RH and 27°C + 2°C
in controlled environment chamber.

2.3. ATR-FTIR Spectroscopic Analysis

ATR-FTIR spectroscopic analysis was carried out using Shimadzu AIM8400 FTIR spectrometer equipped with
ATR-8400M objective (Shimadzu Co, Ltd., Tokyo, Japan). This system adopted a germanium prism tip. The
spectra were recorded over a range of 500 - 4000 cm * with a resolution of 2 cm™ and averaged 32 scans.

2.4. Differential Scanning Calorimetric (DSC) Analysis

Glass transition temperature (T,), enthalpy (AH) and mass fraction crystallinities for the obtained blends were
measured using Shimadzu DSC-60A calorimeter (Shimadzu Co. Ltd., Kyoto, Japan) equipped with a data pro-
cessor. DSC was first calibrated with indium, and purged with nitrogen gas atmosphere. The samples (10 mg)
were weighed in an aluminum pan, allowed to equilibrate to 25°C, and scanned from 25°C to 350°C at a constant
heating rate of 5°C/min. Crystallization degree for melt and for each of the polymer blend constituents was cal-
culated by the following equation:

Table 1. Content of film-forming components.

Trial Starch (w/w%) Gelatin (w/w%) Glycerol (w/w%)

1 0 7.0 0.2
2 35 35 0.2
3 4.2 2.8 0.2
4 4.9 21 0.2
5 5.6 14 0.2
6 6.3 0.7 0.2
7 7.0 0 0.2

T

.

Solution ;PS Petri dish

Figure 1. Casting technique.
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AH .
Xo ="+ AH; %100 (9]

c

where, AH. denotes the melt crystallization enthalpy of each one of the blend constituents, w, refers to the
weight fraction of this constituent, and AH,, is the enthalpy of fusion of 100% crystalline component which
based on the proven data reported in the literature (AH, = 211.4 J/g for chitosan, 69.8 J/g for PVA, 62.05 J/g
for gelatin and 128.8 J/g for potato starch [9]). The same equation in which AH. is replaced with cold crystalli-
zation enthalpy was applied to estimate the degree of crystallinity for solid state.

2.5. X-Ray Diffraction (XRD)

X-ray diffraction analysis for plain and blend films were obtained using a Shimadzu XRD-7000 diffractometer
(Shimadzu Co. Ltd., Japan) (30 kV, 30 mA) with Cu Ka, Ni-filtered radiation and equipped with the computer
application software (DP-D1, Shimadzu Co. Ltd.). The film specimen was layered on a sample holder and
scanned from 4° - 60° at rate of 2°/min. The crystallinity is calculated by separating intensities due to amorphous
and crystalline phases on diffraction phase. Since computer aided curve resolving technique is used to separate
crystalline and amorphous phases of diffractogram. Total area on X-ray diffraction pattern can be divided into
crystalline (Ac) and amorphous components (Aa) (Figure 2). Crystallinity percentage (Xc%) can be assigned by
proportion of crystalline area to total area as indicated in the following equation;

Ac
Ac+ Aa

Xc% =

%100 [10]

where;
Ac = Area of crystalline phase
Aa = Area of amorphous phase
Xc = Degree of crystallinity

2.6. Thermogravimetric Analysis (TGA)

The thermal analysis was performed by using Shimadzu TGA-50 Analyzer (Shimadzu Co. Ltd., Kyoto, Japan).
Specimens (10 mg) were thermally scanned from 25°C to 900°C in open corundum crucibles under nitrogen
with flow rate of ~200 ml/min at scanning rate 10°C/min.

2.7. Mechanical Properties Testing

Tensile strength (TS) and elongation (E) at break were measured with a Shidmadzu AG-I 5 kN universal testing
machine (Shimadzu Co. Ltd., Kyoto, Japan) according to ASTM D882-00 Standard Method [11]. Ten film spe-
cimens of 2.54 cm x 12 cm, were cut from ten tested films. Initial grip separation and crosshead speed were set
at 50 mm and 50 mm/min, respectively. Tensile strength was calculated by dividing the maximum force by ini-
tial specimen cross-sectional area, and percent elongation at break was calculated as follows:

E= (dafter - dbefore )/dbefore =100

| ey
5 10 15 20 25 30

Diffraction angle (26)

Figure 2. Schematic diagram presenting the
relative degree of crystallinity.
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where, d was the distance between grips holding the specimen before or after the break of the specimen.

2.8. Water Vapor Permeability (WVP) Measurement

Water vapor transmission rate (WVTR) of blend films was determined by using Permatran W600 (Macon Inc.,
Minneapolis, MN). This measurement was done according to ASTM E 96-00 standard method [12]. It is Six-
station computer-monitored system. Blend film specimens were tested at 23°C, 60% RH gradient over 0% RH
on one side of the film with air flow of 10 mL/min. Permatran was calibrated with Mylar film 0.13 mm (5 mil)
thick. Stainless-steel masks were used to adjust the transmission area to 20 cm?. WVP was calculated and ex-
pressed as g-mm/m?-day-kPa. Four replicates were tested for each tested film.

2.9. Light Optical Microscopy

Morphology of the prepared films was examined by using an Olympus BH2-UMA microscope attached with
Canon photometric high resolution digital camera. The specimen was first stained with iodine solution before
examination. Magnification power used in examination was 500 or 1000x.

2.10. Scanning Electron Microscopy (SEM)

The microstructure of the plain and blend films was characterized by JEOL JSM-6360 LA scanning electron mi-
croscope (JEOL Ltd., Rigaku, Tokyo, Japan). Examination was performed at an acceleration voltage of 15 kV
with magnification power of 1000 - 3000x. Film samples were first coated with gold using JFC-1100E sputter-
ing coater.

2.11. Statistical Analysis

A completely randomized experimental design was used to study the component ratios on the properties of bio-
degradable starch/gelatin blend films. Analysis of variance (ANOVA) was used to determine the effect of type
of soluble starches and their ratios. Multiple comparisons were performed using Duncan’s Multiple Range Test
(DMRT).

3. Results and Discussion
3.1. Compositional Properties

FT-IR spectra of plain films of soluble starch (ASS and ApSS) and gelatin (G) are shown in Figure 3(A)(a),
Figure 3(B)(a) and Figure 3(A), Figure 3(B)(c) respectively. It can be concluded that amylose and amylopectin
cannot be distinguished by IR spectroscopy. In FT-IR spectrum of both types of soluble starches, a broad ab-
sorption band appeared at ~3300 cm %, assigned to -OH stretching frequency, and a band at 2940 cm™* attributa-
ble to C-H stretching vibrations. The presence of a strong absorption band at 1638 cm * confirms the presence of
water. The bands around 1414 and 1338 cm™* are assigned to -CH, bending in plane and C-OH bending vibra-
tions, respectively. The band at 1148 cm™ is due to C-O-C anti-symmetric bridge stretching. In despite of oc-
currence some differences in the intensity of certain adsorption bands and shift, these IR spectra cannot distin-
guish amylose and amylopectin soluble starches [13]. FTIR spectrum of gelatin films exhibited absorbance
bands at 1631 and 1538 cm* assigned to C=0 stretching (amide 1), and angular deformation of N-H (amide 1),
respectively. In addition to adsorption bans appeared at 1448 cm™* due to C-H deformation. The absorption band
at 1236 cm ' is attributed to C-N stretching and the vibrational band of N-H (amide 111). The broad band from
3600 - 3100 cm* was the O-H and or N-H stretching [14]. The band at 2930 cm* was C-H stretching [15].

These spectra of blend films (AAS/G and ApSS/G) have characteristic traits of both starch and gelatin films,
both starch-gelatin blend films exhibited the same characteristic FT-IR spectra (Figure 3(A), Figure 3(B)(b)).
However, it was observed that ASS confers its characteristic traits on the spectrum of the resultant blend than
what did amylopectin. This can be attributed to specific interactions like dipole-dipole forces, hydrogen bonding
and charge transfer complexes that are responsible for good miscibility at molecular level between amylose so-
luble starch and gelatin in the blend film matrix. On the contrary, amylopectin soluble starch could not be the
dominant in its blends with gelatin. This can be explained on the basis of the partial miscibility because of po-
lymer-polymer interactions normally lose their capacity of to return to their native forms [16].
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Figure 3. ATR-FTIR spectra of the ASS ((A)(a)), ApSS ((B)
(@) and G ((A)(c) and (B)(c)) plain films and ASS/G (50/50)
((A)(b)) ApSS/G (50/50) ((B)(b)) blend films.

3.2. Thermal Capacity

Differential scanning calorimetry (DSC) is a useful technique to reveal the variation in the thermal flow and to
obtain the thermal critical points like melting point, enthalpy, specific heat or glass transition temperature. The
variation of glass transition temperature (Tg) is another effective indicator of the compatibility of polymers. DSC
Thermograms of plain films of starch, gelatin, as well as starch/gelatin blend films were at different ratios of
starch/gelatin are shown in Figure 4. It is worth noting, DSC in this study was taken place by performing one
cycle of heating. However, the first heating scan cycle can be done in order to eliminate thermal history in the
sample and also to eliminate moisture content, where starch and gelatin properties in solid state depend critically
on the thermal history [17]. Generally, DSC thermograms for all of the plain and blend films, were typical of
partially crystalline materials presenting a glass transition (Tg) related to the amorphous part of the material, fol-
lowed by endothermic peak, related to the melting (T,,) of the crystals (see Table 2). It is worth noting, dehy-
drated gelatin properties in solid state depend critically on the thermal history [18]. DSC thermogram of ASS
showed two weak endothermic peaks for glass transition and melting at 94°C and 274°C, respectively. However,
distinct two endothermic peaks at 110°C and 283°C in case of ApSS. The appearance of these endothermic
peaks in thermograms of both types of starches can be due to occurrence of micro-crystallites that are held to-
gether by extended micellar network of associated polysaccharide molecules [18]. Since, the area under the en-
dothermic peak expressed the heat of fusion of crystalline structure. The smaller area in case of ASS explains
the lower crystallinity of ASS film. On the other side, two endothermic peaks represent glass transition of gela-
tin; the first is minor and appeared at 63°C while the second was more intense and appeared at 128°C. These
peaks were followed by melting peak appeared at 248°C. These findings can be explained on the basis that the
pure gelatin films are partially crystalline. Whereas, the glass transition endothermic peaks are associated to the
sol-gel (helix-coil) transition. The block copolymer model for the amino acid content of the gelatin explains this
occurrence [19]. The first glass transition temperature is associated with the glass transition of a-amino acid
blocks in the peptide chain, while the second glass transition temperature is represents the blocks of imino acids,
proline, hydroxyproline with glycine. However, the following peak represents the fusion of the gelatin crystals,
indicating the presence of a triple helical structure.
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Figure 4. DSC thermograms of ApSS (a), ASS (f) and G (h) plain
films and blend films; ApSS ApSS/G (90/10) (b); ApSS/G (80/20) (c);
ApSS/G (70/30) (d); ApSS/G (60/40) (e) and ASS/G (50/50) (g).

Table 2. Crystallinity percentage calculated on basis of DSC and XRD analyses.

Film type AH: (J/9) Xc (%)? DSC Xc (%)° XRD

Gelatin —21.89 33.63 36.48
ASS —41.70 32.38 35.23
ApSS —54.65 34.97 37.82
50% (ApSS) -56.61 29.66 32.66
60% (ApSS) ~56.90 29.81 32.66
70% (ApSS) ~61.94 32.46 34.45
90% (ApSS) -75.11 39.36 42.27
50% (ASS) -59.95 27.46 30.31

ApSS = Amylopectin soluble starch, ASS = Amylose soluble starch; “The crystallinity was calculated by dividing the melting enthalpy with fusion
energy of 100% crystallinity for both of soluble starches and gelatin; "The crystallinity was calculated from the area under the amorphous peak and
crystalline peaks of X-ray diffractogram.

On the other side, both of two types of soluble starch/gelatin blend films exhibited higher Ty and T, values
than basis of those for plain starch or gelatin films. Furthermore, they were increased with increasing starch
content. This increase was more pronounced in case of amylopectin starch. When amylose soluble starch was
blended with gelatin at ratio of 50/50, the melting peak was indistinct in the obtained thermograms. So, a single
endothermic peak indicates high miscibility of amylase soluble starch with gelatin and homogeneity of the films.
This is because the incorporation of starch into gelatin the matrix hinder its ability to form the triple helical
structure (crystalline micro-domain), and consequently decreases the crystallinity of gelatin, resulting in a de-
crease in the degree of crystallinity and the heat of fusion of the blend films (see Table 2). On the other side, a
sharp single endothermic glass transition peak in case of amylopectin soluble starch/gelatin films appeared in the
range of 100°C - 150°C. Thus, appearing a more intense melting peak with slight shift to higher temperatures
based on starch proportion. These findings confirm the partial miscibility of amylopectin soluble starch with ge-
latin with assumption of remaining the micro-crystallites of amylopectin soluble starch after its blending with
gelatin [20].

3.3. Crystallinity
X-ray diffractograms (XRD) of plain soluble starch (ASS and ApSS), gelatin and blend films were shown in
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Figure 5. Amylose soluble starch films displayed a V-type XRD pattern (Figure 5(A)(a)) with characteristic
peaks at 20 = ~18° and 20° correspond to single helical conformation. However, the diffractogram obtained for
amylopectin soluble starch (Figure 5(B)(a)) showed characteristic peaks located at 20 = ~16° and 19° which
confirm that this type of soluble starch is amorphous with occurrence of some granular structure (pseudo-crys-
talline). Crystallinity degree (X.%) of soluble starch films estimated by measuring the area under the characteris-
tic peaks of X-ray diffractogram where, it was found that the crystallinity index was ~40% and 35% of amylo-
pectin and amylose soluble starch film (Figure 6). These findings can be attributed to the integrity of some mi-
cro-crystalline domain in swollen granules that may be didn’t completely disperse. The percentage of micro-
crystallites can be higher in ApSS comparing with that in ASS. Furthermore, negative charges of amylose single
helices block their reorganization (retrogradation) with exerting a tension on neighboring crystallites of starch
molecules and tended to distort those [21]. On the other side, gelatin film presented an X-ray diffraction pattern
characteristic of a partially crystalline material, with a broad peak located at 26 = ~20°, a sharp peak with low
intensity located at 20 = ~28°, and other in the region of 26 = 7° to 8° (Figure 5(f)). These characteristic peaks
indicated the slight reconstitution of the collagen-like triple-helix structure.

Diffractograms of amylase soluble starch-gelatin films are shown in Figure 5(A)(b), Figure 5(A)(c), Figure
5(A)(d), and Figure 5(A)(e). A peak appeared more clearly defined at 10°, 22°, and 30°. However, the crystal-
line peaks (at 18° and 20°) of amylase soluble starch film were suppressed when the gelatin proportion in the
blend film increased. The crystalline peaks of the blend films decreased because the added gelatin blocked the
rearrangement of amylose strands. A broad amorphous peak with lower intensity observed in these patterns, de-
monstrating an interaction between these two components [22]. The decrease of crystallinity degree of the blend
films was clearly noticed at polymer components ratio of 50/50 as shown in Figure 6. This decrease in crystal-
linity of the AAS/G blend films is mainly attributed to starch-gelatin interactions, where the polysaccharides
could form networks with gelatin molecules between anionic domains of the polysaccharides and cationic do-
mains of the gelatin. Therefore, the resultant ASS/G blend films were considerably more amorphous than

Intensity (a.u.)

. I :
0 10 20 30 40 50 60
2 Theta (degree)

Figure 5. XRD diffractograms of the plain and ApSS/G (A)
and ASS/G (B) blend films; plain ApSS and ASS films (Aa
and Ba); plain gelatin film ((A)(f) and (B)(f)); ((A)(c)-(e) and
(B)(c)-(e)) blends at starch/gelatin ratio of 90/10, 80/20, 70/30
and 50/50, respectively.
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Figure 6. Effect of starch percentage on the degree of crystal-
linity (Xc%) in ApSS/G (A) and AAS/G (B) blend films.

plain amylose soluble starch films. Similarly, blending of gelatin with amylopectin soluble starch/gelatin blend
films, the intensity of the characteristic peaks of crystalline region of gelatin decreased with increasing the per-
centage of amylopectin soluble starch in their blends. These results can be explained on the basis that the incor-
poration of amylopectin can block the reconstitution of the gelatin helical structure. However, the amylopec-
tin-gelatin interactions appeared to be less than those occurring between amylose and gelatin. Since the behavior
of both of gelatin and amylopectin phases are to a higher extent independent. Therefore, the miscibility and
compatibility of amylopectin soluble starch was found to be lower than those with its counterpart of amylose
[23], Classically, a polymer-polymer interaction between polymer constituents of blend be at the expense of
their crystallization process or is not in favor of crystalline domain formation for each of pure macromolecules.
The crystallinity percentage in plain film of gelatin and soluble starch (ASS and ApSS) as well as starch/gelatin
blend films were calculated based on DSC and XRD analyses and tabulated in Table 2.

Degree of crystallinity was calculated for pure gelatin film using DSC as previously reported based on the
following equation:

X, % =AH,, /AH 100% re-natured = AH , /AH collagen [9] [24]
where, AH for collagen = 62.05 J/g.

3.4. Thermal Stability

TGA thermograms of plain films of amylopectin and amylose soluble starch and gelatin as well as their blend
films (in the temperature range 50°C to 800°C under nitrogen) are shown in Figure 7. In case of soluble starch
films (ASS or ApSS), the initial weight loss at approximately 100°C was due to evaporation of water, while the
second range (200°C - 450°C) corresponded to a complex process including depolymerization, dehydration of
the saccharide rings. As shown in these thermograms, the starch films are stable up to ~200°C, with a maximum
rate of decomposition occurring at 360°C or 410°C for amylopectin and amylose soluble starch films, respec-
tively. The high amylopectin degradation rate larger than amylose starch may be related to the molecular size
and branching fork structure of amylopectin, in addition to relatively higher crystallinity of amylose comparing
with that of amylopectin starch as proven by findings of DSC and XRD analyses. On the other side, the TGA

1048
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Figure 7. TGA thermograms of plain films of soluble starch and ge-
latin and starch/gelatin blend films.

thermogram of the gelatin films exhibit two regions of weight loss. The first weight loss at 30°C - 150°C is at-
tributed to mainly the loss of water, whereas the second weight loss takes place at 260°C - 450°C which is asso-
ciated with the protein chain breakage and peptide chain rupture. Further, the TGA thermograms of the blend
films showed that the plain soluble starches films have earlier initial decomposition temperature than those for
the plain gelatin and blend films. Thus, the initial thermal decomposition temperature shifted to a higher tem-
perature with increasing the gelatin content in the blend films. The high thermal stability of these blends can be
explained on the basis of increasing dissociation energy owing to numerous interactions occurring between the
polymer blend constituents besides those acquired from gelatin addition [23].

3.5. Mechanical Properties

The results of the mechanical properties; tensile strength (TS) and elongation percentage (% E) of the plain films
of amylose soluble starch (ASS), amylopectin soluble starch (ApSS) and gelatin (as control) and soluble star-
ches/gelatin blend films prepared in this study are shown in Figure 8(A), Figure 8(B) Since, Figure 8(A)(a)(b)
showed that TS values were 1.79 MPa and 2.23 MPa for plain ASS film and ApSS film, respectively. However,
TS for plain gelatin film of 7.5 MPa. TS value of the blend films was increased with increasing gelatin propor-
tion in the blend films. Thus, this increase was more pronounced in case of ASS than those in case of ApSS. At
equal proportion of starch and gelatin (1:1), TS value for ASS/gelatin blends was measured by 8.69 MPa while,
it was 4.96 MPa for ApSS/gelatin ones. However, this difference became relatively negligible at higher starch
proportion (>90%) so that TS values were comparable for both of two types of blend films. In order to get a bet-
ter insight of the observed differences of tensile strength, it is noteworthy that the quaternary systems obtained
by plasticization the soluble starch-gelatin systems with glycerol/water behave in a so complicated way where,
interactions in starch/gelatin/water/polyol systems are polysaccharide/protein chains, polymer/water and poly-
mer/polyol molecules, as well as between polyol/polyol or water/polyol molecules. Polysaccharides-protein in-
teraction is made up from an average over the large number of different intermolecular forces arising between
the various segments and side-chains on the two macromolecules [25]. Depending on the aqueous environmental
conditions, the distribution of the different kinds of groups (charged, hydrophobic, hydrogen bonding, etc.) and
the ratio of polymer constituents, the overall polysaccharide-protein interactions may be net attractive or net re-
pulsive that govern miscibility of polymer constituents. The possibilities of gelatin or starch hydrogen-bonding
within the blends are greatly enhanced by the introduction of comparatively small molecules such as water and
polyols [26]. On the hand, temperature preparation and relative humidity greatly affect the tensile strength and
percentage elongation of biopolymer films [27]. In the low-temperature film preparation, a two-stage process
has been suggested: 1) formation of a gel and 2) its modification by contraction on drying. Conversely the high
temperature method is known as the “one stage method”. In this case, the molecules are considered to be in a
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closely packed condition at the time so that intermolecular bonding takes place. Consequently, any further
growth in size of these bonded areas should be very limited because the molecules become entrapped in a ran-
domly contracted state. Thus, thermal treatment or their previous thermal history affects significantly the me-
chanical properties of films via its impact on distribution and density of inter-molecular and intra-molecular in-
teractions, which depend on the arrangements, and orientation of polymer chains in the network [28].

The elongation percentage (% E), a measure of the flexibility, was recorded by ~58.9%, ~49.2% and ~247.3%
for plain films of ASS, ApSS and gelatin, respectively (Figure 8(B)(a)(b)). Moreover, these results indicated
that the different ratios of two biopolymers i.e. soluble starch (ASS or ApSS) and gelatin in blend films plasti-
cized with a certain level of glycerol resulting in a significant effect on % E, where the film flexibility (% E) in-
creased when gelatin content was increased in all samples. However, this increase was also as TS more pro-
nounced in cases of ASS blends. At soluble starch: gelatin ratio of 1:1, E% was ~179.6% and ~114.5% for
ASS/G and ApSS/G blend films, respectively. The findings of this study suggested that despite of a reasonable
plasticization effect of glycerol, gelatin seemed to act as a co-plasticizer which enhanced film flexibility and re-
duced brittleness. Since, findings of several researches reported that glycerol as a small size molecule that can
penetrate between the polymer chains, and weaken the interaction between polysaccharides and proteins [29]
[30]. However, others reported that the polysaccharide macromolecules with relatively long chains can cross-
link with gelatin, leading to increased TS, and also possibly macromolecular relaxation leading to increase % E
[15] [31] [32]. Forasmuch an increase in relative crystallinity was detected with increase in starch proportion,
particular in case of ApSS, it can be concluded that the strength and flexibility of the prepared soluble starch/
gelatin blend films could be modified by determining type of starch, the ratio of starch to gelatin and the prepa-
ration temperature.

3.6. Barrier Properties

Water vapor permeability (WVP) of plain films of ASS, ApSS and gelatin (as control) and series of soluble
starch/gelatin blend films with various ratios of their components was examined at water vapor pressure gradient
across the films of 0/60% RH. The WVP values of plain and blend films were presented as a function of soluble
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starch/gelatin ratio in Figure 9(a), Figure 9(b). WVP was ~23.13 and 17.65 g-mm/m?-day-kPa for plain films of
ASS and ApSS, respectively. However, WVP values were gradually decreased with increasing the percentage of
gelatin in the blend films. Moreover, this decrease was more pronounced for ASS/G blend films than their cor-
responding ones of ApSS/G. Furthermore, the blend films of ASS/G, in general had a lower WVP values than
those of ApSS/G counterparts. Where at starch/gelatin ratio of 90/10, WVP values recorded for blend films of
ASS/G ApSS/G were ~9.33 and ~15.45 g-mm/m*day-kPa, respectively. These values were found to be ~6.46
and ~12.09 g-mm/m?day-kPa for corresponding ones prepared with starch/gelatin ratio of 50/50.

These findings are is in contrast with those obtained by Jongjareonrak and others who reported that higher
WVP was found with gelatin films containing greater protein content. Since forasmuch gelatin contained a wide
range of hydrophilic amino acids, films with a higher amount of protein and thickness could absorb more water
molecules from the environment [33]. Thus, the film with higher protein content was most likely to be hygros-
copic, compared with that containing the lower protein content [34]. In other study, it has been reported that in-
creasing protein content in the films that have varying the starch to gelatin ratio from 5:1 to 2:1 did not affect the
WVP of both films with added sorbitol or glycerol [20]. However, Pranoto and his colleagues reported that the
addition of gellan to gelatin films significantly reduced the WVP that may due to the ionic interaction between
gelatin and gellan that formed a denser polymeric matrix, thus hindering water molecule transfer through the
film. K-carrageenan was also found to form ionic complexes with gelatin but weaker than that of gellan/gelatin
matrix [32].

WVP depends on many factors such as the ratio between crystalline and amorphous zone, polymeric chain
mobility and specific interaction between the functional groups of the polymers and the gases in the amorphous
zone [35]. Thus, WVP may be related to the difference in water molecule diffusion and hydrophilic/hydrophobic
ratio [35] [36]. In the light of aforementioned, the findings obtained in this study can be explained on the basis
that soluble starch-gelatin interactions was in favor of formation of compact dense network structure making the
pathway of the permeate complex and decreasing its diffusion through the film matrices, and subsequently re-
duces the WVP. By other way, hydrophilic-hydrophilic interactions occurring between the biopolymer compo-
nents of these blends can be transformed into more hydrophobic ones by thermal treatment leading to a decrease
in WVP of the resultant films. On the other side, the difference in conformation of these two types of starch
along with type and intensity of the potential starch-gelatin interactions are responsible for the noticeable differ-
rences in the WVP of the obtained two blend films.

3.7. Morphological and Topographic Properties

Light microscopy was used to characterize the morphological and topographic of soluble starch/gelatin blend
films (Figure 10(a)-(d)). The findings of this study showed that the starch and gelatin appeared clearly by two
distinct colors in these films where, starch portion appeared to be stained by dark purple color (lodine solution

= 25
ay
)
oy
< 20+
g »
g 15 (a)
20
>
= 10
0
<
[}
- ®
ay
5
S o . .
0 20 40 60 80 100

Starch %

Figure 9. Effect of starch percentage on water vapor per-
meability (WVP) of AAS/G (a) and ApSS/G (b) blend

films.



E. A. Soliman, M. Furuta

Figure 10. Light microscope photographs of soluble starch/gelatin blend films (ASS/G (50/50)
(a) and (c) or ApSS/G (50/50) (b) and (d) at 500 and 1000x, respectively.

staining), while gelatin portion was unstained. By examination of these photographs, it is interesting to notice
that such continuous amylose or amylopectin soluble starch networks (dark domain) are either entirely or par-
tially surrounding by gelatin (light portion). Furthermore, no phase separation was noticed in both of blend films
(50% starch). These observations are in agreement with the results obtained from DSC thermograms of these
blend films that revealed one endothermic peak. And thus with tensile curves that appeared to be synergetic in
case of ASS/G blend films or even additive in case of ApSS/G blend films. Even though all aforementioned re-
sults prove that both of ASS and ApSS are miscible with gelatin, higher miscibility can be observed between
ASS and gelatin that can be indicated from homogeneous distribution in the three dimensional structure of the
blend films with surface was relatively smooth with less perturbations. This can be explained on the basis that
both of amylopectin or amylose soluble starches are differently interacting with gelatin in their blends because
of conformational changes in the macromolecular structure for ASS and ApSS. However, these results are not in
agreement with those reported previously by Van Soet with others [37] who have confirmed that native starch
and gelatin are considered immiscible polymer constituents that form separate phases. Further increase in pro-
portion of gelatin component in the blend (10% starch) led to increase homogeneity of the resultant films, whe-
reas surface of these films appeared to be smooth. This can be attributed to that gelatin constituent forms the
continuous phase (main domain), however the amylose or amylopectin soluble starch chains is the disperse
phase that completely coved by the gelatin matrix.

3.8. Micro-Structure Properties

The surface and microstructure of soluble starch/gelatin films was examined using scanning electron microscopy.
Based on the mechanical property results, a soluble starch blended film with 50% concentration of gelatin was
chosen for surface and microstructure analysis. The scanning electron micrographs of these blend films are
shown in Figure 11. The SEM micrograph of blend film (Figure 11(a)) showed a relatively smooth and conti-
nuous surface without pores and cracks, which confirmed a dense and homogeneous structure. Further, there is
no phase separation as observed by light microscopy. However, surface roughness with perturbations disap-
peared in samples of blend films containing high proportion of gelatin (90%) (Figure 11(b)).
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Figure 11. SEM micrographs of surface of blend films (ASS/G (90:10) (a) and ASS/G (50:50)
(b)) and cross-section of ASS/G (50:50) at 1000x% (c) or 3000% (d).

On the other side, microstructure micrographs of ASS/G blend film (1:1) exhibited that amylose chains ap-
pear in form of helices packed in regular arrays covered with a continuous phase of drawn gelatin. Conformation
of dehydrated binary starch/gelatin systems is mainly amorphous network of helical amylose strands interacting
with their counterparts of gelatin chains with formation of micro-crystallites that can act as mobile and non-
permanent cross-links. This conformation can be attributed to the compatibility of amylose and gelatin, consti-
tuents of blend films [13].

4. Conclusion

Blending of amylose and amylopectin soluble starches with gelatin to produce biodegradable films was a matter
of this research. The physicochemical characterization, performed by Fourier transform infrared spectroscopy,
differential scanning calorimetry, thermogravimetric analysis and scanning electron microscopy revealed pres-
ence of specific interactions among the functional groups of amylose soluble starch and gelatin resulting a good
miscibility between these polymers which has lower than that occurred between amylopectin soluble starch and
gelatin. The good miscibility in case of amylose soluble starches with gelatin acquired the resultant blend films
good functional properties where, the tensile and water permeability resistance properties were enhanced. These
improvements depended on starch/gelatin ratio.
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