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ABSTRACT: Sodium alginate (SA)-based poly(ethylene oxide) (PEO) blend films were improved by methyl acrylate (MA) monomer

and c irradiation toward practical application. The films were prepared by a casting method and modified by glycerol (Gol) and mus-

tard oil (MO). The SA-based films were successfully produced with c irradiation (12 kGy) with 10% PEO, 15% Gol, 20% MO, and

7% MA on a mass basis as optimized. The tensile strength (TS), tear strength (TT), elongation at break (EB), Young’s modulus,

moisture content, water vapor permeability (WVP), and structural properties of the blended films were determined. The thermal

properties of the films were characterized by thermogravimetric analysis, dynamic mechanical analysis, and differential scanning calo-

rimetry, and the structural features were examined with Fourier transform infrared spectroscopy. The ultimate results of this study

show a rather remarkable enhancement in the tensile properties (30% TS and 67% TT) and reduction in EB (40%) of the SA-based

films with MA addition and c irradiation. The as-prepared SA-based films demonstrated considerable reductions in the moisture con-

tent and WVP and also conferred a desired stability of the films. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43562.
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INTRODUCTION

To meet the present demand for polymeric materials with desired

properties, cost effectiveness, and ease of processing, the impor-

tance of polymeric blends is gradually increasing. Polymeric

blends are mixtures of various polymers or copolymers that

interact without covalent bonding, such as dipole–dipole forces,

hydrogen bonding, or charge–transfer complexes.1–4 The blend

materials still suffer from drawbacks in meeting all of the com-

plex demands of the biomaterials. Synthetic polymers show high

mechanical properties, transformation processes, and low produc-

tion costs but a poor biodegradability. On the contrary, natural

polymers present good biocompatibility, but their mechanical

properties are not satisfactory. The challenge of preserving the

biological properties of the materials is a current issue; however,

they show adverse effects on complex processing and a high pro-

duction or recovery cost. Therefore, the blending of polymeric

materials based on synthetic and natural polymers is a challenge.5

To overcome the challenges of preparing biodegradable polymeric

materials and to achieve the desired properties of biopolymers,

the advance modification of sodium alginate (SA)-based films

has been achieved through monomer addition and c irradia-

tion.6,7 The effects of a irradiation on molecular bonding and

polymer structures are very crucial, as studied by Wood and

Pikaev.8 A number of routes have been explored to improve the

mechanical properties of natural polymer films; these include

grafting with electromagnetic radiation, such as c rays and UV

light, and free-radical initiators. In the last decade, the applica-

tion of a radiation has emerged as a vital tool in the develop-

ment of polymerization techniques.9,10 The use of a radiation

offers many advantages over the use of UV radiation11; these

advantages include continuous operation, a minimum time

requirement, and design flexibility. Moreover, environmental pol-

lution due to a irradiation is comparable to that produced by

chemical methods.12 On the contrary, radiation can be applied

for polymer degradation (e.g., degradation of pectin, alginate,

milk protein, gelatin, chitosan) to produce low-molecular-weight

substances13–15 and to form film-forming materials.16,17

The state-of-the-art technology of biofilm formation through

blending is to date an unresolved issue. In fact, the modification
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of SA-based films with poly(ethylene oxide) (PEO) followed by

the addition of monomers to the blends for grafting is a wide-

spread technology.18–21 SA, being a polyelectrolyte, has a rigid

molecular chain18 and good film-forming ability, whereas PEO

is a unique class of water-soluble, aerobically biodegradable

thermoplastics.19 The grafting of methyl acrylate (MA) onto

partially carboxymethylated SA is quite promising, as reported

in the literature.6,20,21 The uniform distribution of monomers in

polymer suspensions is very essential for proper grafting.22

Therefore, SA–PEO blends need to be tailored by plasticizers

[e.g., glycerol (Gol)] and emulsifiers [e.g., mustard oil (MO)]

before monomer (MA) addition. MO can stabilize biopolymer

dispersion results with increasing moisture resistance of the

films.23 To the best of our knowledge, SA–PEO blends including

Gol, MO, and MA grafted by c irradiation have not been stud-

ied in detail so far from a practical point of view.

The ultimate goal of this study was to develop biodegradable

polymeric materials, particularly, to improve SA–PEO blend films

by the addition of MA monomer and a irradiation, particularly

with respect to their mechanical properties, water-barrier proper-

ties, thermal stability, and structural features. All of the film-

forming additives and radiation doses were optimized as well.

EXPERIMENTAL

Materials

SA (molecular weight � 200,000 g/mol, Unichem, India), PEO

(molecular weight � 300,000 g/mol, Sigma–Aldrich, United

States), Gol and methanol (Merck, Germany), MA (Fluka

Chemica, Switzerland), and MO (from a local market) were col-

lected for the experiment and were used as received.

Preparation of Pure SA Films

We prepared an aqueous solution of SA (2.5 wt %) by stirring

2.5 g of SA and 97.5 mL of water for at least 2–3 h until the

mixture became homogeneous. Then, we kept the solution at

rest for 1 h to remove bubbles by settling it at room tempera-

ture; we then poured the aqueous solution onto a glass plate to

prepare thin films. The films were dried at 60 8C in an oven in

vacuo until they turned transparent. Finally, the dried films

were stored for characterization.

Preparation of the PEO Solution

We prepared an aqueous solution of PEO (2.5 wt %) by pour-

ing 97.5 mL of water into 2.5 g of PEO and shaking the mix-

ture continuously to prevent agglomeration. Then, the mixture

was placed in an autoclave at 250 8C under 15 psia of pressure

for about 1 h. The solution afterward was taken out of the

autoclave, placed in open air to achieve room temperature, and

finally applied for further preparation.

Preparation of the SA–PEO Blend Films

SA and PEO blend was prepared by the mixture of a formerly

prepared 2.5 wt % aqueous solution of both SA and PEO under

different compositions (0, 5, 10, 20, 30, and 40 wt % PEO and

balance SA). The films were prepared with the same method

applied for the pure alginate films. Then, the films were charac-

terized to optimize the composition of the blends. The best ten-

sile properties were found in the SA–PEO 9:1 w/w blend film,

which was considered in further experiments.

Preparation of the SA–PEO–Gol Blend Films

An SA–PEO–Gol blend was prepared with a previously opti-

mized SA–PEO 9:1 w/w film and Gol with various compositions

(0, 10, 15, 20, 25, and 30 wt %). The method applied for the

preparation of the pure SA films was also followed for this case.

Then, the tensile properties of the films were studied to opti-

mize its composition, and we found the best results with 15 wt

% Gol. So, further work was done with the blend with a com-

position of SA–PEO 9:1 w/w and 15 wt % Gol.

Preparation of the SA–PEO–Gol–MO Blend Films

The SA–PEO–Gol–MO blend was prepared by the earlier opti-

mized SA–PEO 9:1 w/w and 15 wt % Gol and MO of various

compositions (0, 10, 15, 20, 25, and 30 wt %). The same

method was followed to make polymer films as described previ-

ously. Then, we characterized the films by optimization of their

compositions in the blend and found best the properties for 20

wt % MO. So, the films with the blend composition SA–PEO

9:1 w/w and 15 wt % Gol and 20 wt % MO were considered in

the next experiment.

Modification of the SA–PEO Films with MA

The SA–PEO formulated films were modified further with MA

monomer and c irradiation. The previously prepared blend

(SA–PEO 9:1 w/w, 15 wt % Gol, and 20 wt % MO) were

soaked in four different formulations of MA (0, 3, 5, 7, 10, and

15 wt %, and 1:1 v/v balance methanol–water solution). The

casting method was followed to make the SA-based films, and

the films were characterized to optimize the composition in the

blend. The best results were obtained for 7 wt % MA as opti-

mized. Therefore, the films with the blend composition with

SA–PEO 9:1 w/w, 15 wt % Gol, 20 wt % MO, and 7 wt % MA

was considered for c irradiation.

Modification of the SA-Based Films with c-Irradiation

The SA–PEO blends incorporated with Gol, MO, and MA were

treated with a irradiation from a 60Co source at a dose rate of

2.5 kGy/h in the presence of oxygen. The dose rate was deter-

mined with the help of a Fricke dosimeter. The blends were

irradiated with various doses (0, 3, 5, 7, 10, 12, 15, and 20 kGy)

for optimization. The blends with different additives are repre-

sented in this article by the capitalized first letters of each addi-

tive: SP for SA and PEO; SPG for SA, PEO, and Gol; SPGM for

SA, PEO, Gol, and MO; and SPGMM for SA, PEO, Gol, MO,

and MA.

Tensile Property Measurement. The tensile properties of the

films were measured by Testometric Rochdale England

(DBBMTCL-250 kg) with a crosshead speed of 2 mm/min. A

load range of 500 N and a gauge length of 20 mm were used

throughout the experiment. To evaluate the tensile strength

(TS) and tear strength (TT), the ISO 37-1977(E) and ISO 34-

1975(E) methods, respectively, were followed.

Moisture Absorption Measurement. The films were cut into a

0.5-cm size. Then, they were dried in an oven and weighed suc-

cessively at 1-h intervals until the weight became approximately

constant. These films were kept at a temperature of 298 K and a

relative humidity of 78% to measure moisture absorption and
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weighed as earlier at 1-h intervals. Then, the moisture absorp-

tion was calculated by the following equation:

Moisture absorption %ð Þ 5 Wm2Wdð Þ=Wd½ � 3 100

where Wm is the weight of the moisture absorbed and Wd is the

weight of the dry films.

Procedure for Determining the Water Vapor Permeability

(WVP). Circular WVP cups made from Perspex were manufac-

tured according to the specifications reported by McHugh

et al.24 Briefly, distilled water (6 mL) was placed in each test

cup, and a film sample was mounted across the cup opening.

The cups were stored under controlled temperature (298 K) and

relative humidity (78%). A constant air velocity of 152 m/min

was maintained over the cups to ensure uniform air movement

across the WVP test cells. Steady-state conditions were reached

within 2 h. The weight losses of the cups were monitored over

a 24-h period, with the weights recorded at 2-h intervals. WVP

was calculated according to the protocol specifications, which

were a modification of the ASTM E-96 standard method25 for

determining WVP (g mm kPa21 d21 m22) of synthetic packag-

ing materials:

WVP 5m3L=A3T3Dp

where m is the weight of water permeated through the film, L

is the thickness of the film, A is the permeation area of the film

(22.62 cm2), T is the permeation time, and Dp is the difference

between the water vapor pressures on both sides of the film.

Thermogravimetric Analysis (TGA)

Dynamic weight loss tests were conducted with a thermogravi-

metric analyzer (PerkinElmer TGA 7). All tests were accom-

plished in a continuous N2 purge (20 mL/min) over the

temperature range 30–500 8C at a scanning rate of 10 8C/min.

Differential Scanning Calorimetry (DSC)

The thermal stability of the films was obtained by DSC meas-

urements (DSC-60, 230 v, Shimadzu Co., Japan, equipped with

a thermal analyzer, TA260 WS) in the temperature range 30–

500 8C at a heating rate of 10 8C/min under an N2 atmosphere

(flow rate 5 200 mL/min). Samples with an average weight of

2 mg were placed in the DSC chamber for each run.

Dynamic Mechanical Analysis (DMA)

The thermal properties of the films were studied by means of

DMA (Triton Technology TTDMA, United Kingdom) from 28

to 200 8C at a heating rate of 4 8C/min and an oscillating fre-

quency of 1 Hz.

Fourier Transform Infrared (FTIR) Spectroscopy

The structural information of the formulated films and pure

precursor materials was attained by an FTIR spectrometer

(Imprestige 21, Shimadzu Co., Japan) equipped with an attenu-

ated total reflectance device in the wave-number range 500–

4000 cm21 at a scanning rate of 20 8C/min and a resolution

4 cm21. The FTIR spectra were taken in a transmittance mode.

RESULTS AND DISCUSSION

Effect of the Additives on the SA-Based Films

The tensile properties of various SA-based films are shown in

Figures 1–3. The TS, elongation at break (EB), and Young’s

modulus (YM) values of the SP, SPG, SPGM, and SPGMM

blend films were examined. The effect of the radiation doses on

the formulated films were predominant; nevertheless, the conse-

quences of the monomer (MA) and PEO in the blends were

clear. Moreover, the addition of plasticizer (Gol) and emulsifier

(MO) affected the tensile properties significantly. In general,

PEO and MA improved TS and YM but reduced EB, whereas

Gol and MO showed the reverse activities on the films. The

compositions of the additives in the blends showed strong

effects on the tensile properties of the films and were

optimized.

Effect of PEO on the SP-Based films

The effects of PEO on the TS, EB, and YM values of the SP

blend films (�) is shown in Figures 1–3, respectively. PEO

increased TS and YM but decreased EB. With increasing con-

centration of PEO in the blend, TS and YM increased up to 139

and 55.84%, respectively, for 10 wt % PEO and then started to

decrease (Figures 1 and 3). Under the same conditions, EB

decreased up to 54.30% and then slightly increased (Figure 2).

Figure 1. TS values of SA-based films modified with various additives

(PEO, Gol, MO, and MA). The SPGMM blend contained 10 wt % PEO,

15 wt % Gol, 20 wt % MO, and a variable amount of MA. MO, Gol, and

PEO were variable additives in the SPGM, SPG, and SP blends, respec-

tively, for optimization.

Figure 2. EB values of SA-based films modified with various additives

(PEO, Gol, MO, and MA). The SPGMM blend contained 10 wt % PEO,

15 wt % Gol, 20 wt % MO, and variable amounts of MA. MO, Gol, and

PEO were variable additives in the SPGM, SPG, and SP blends, respec-

tively, for optimization.
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As a result, 10 wt % PEO was considered as an optimum value

for the SA–PEO 9:1 w/w blend. During the modification of SA

with PEO, they combined together by intermolecular hydrogen

bonding between the hydroxyl groups (AOH) of SA and oxygen

atoms of PEO.26 Similar results were also reported for blend

films of silk fibroin/SA27 and polyacrylamide/SA.28 Therefore,

TS and YM increased more than those of the pure alginate

films, and EB decreased as well. Nevertheless, with more than

10 wt % PEO, the tensile properties showed overturned effects

because of the fact that at a higher concentration of PEO, a

denser network structure was formed; this restricted the mobil-

ity of the molecules. As a result, TS and YM decreased, and EB

increased.29

Effect of Gol on SPG Films

Figures 1–3 show that with increasing concentration of Gol in

the SPG blend (�), TS and YM decreased, but EB increased up

to a 15 wt % concentration, which was regarded as the opti-

mum value. With further increases in the concentration of Gol,

the SPG films showed adverse effects on the mechanical proper-

ties. Gol, as a plasticizer, was added to the blends and improved

the flexibility of the films; alginate–PEO films plasticized with

Gol showed better water permeability and flexibility as they

exhibited higher deformations and elongations than the SA–

PEO blend. The water permeability of the SP blend films

increased with increasing Gol contents; this may have been due

to decreasing intermolecular attractions and increasing molecu-

lar mobility in the film matrix, which resulted from the addi-

tion of Gol molecules between polymer chains. The increased

mobility resulted in a greater free volume in the matrix; this

facilitated the migration of water molecules through the

films.20,30,31 The high hydrophilicity of Gol molecules, which

was favorable to the adsorption of water molecules, could also

contribute to the increase in the film’s water permeability.29

Additionally, at a high Gol concentration, Gol could cluster

with itself to open polymer structures; this enhanced the perme-

ability of the film to moisture.32 Moreover, the addition of Gol

(>33.3%, dry basis) resulted in sticky, wet films. The concentra-

tions of Gol needed for forming blend films fell into the range

15–60 wt %, the same used for forming other biopolymer films,

depending on the properties of the polymers and the purpose

of their applications.21,29,33 Further modification was done with

monomer grafting to improve the mechanical properties of the

films.

Effect of MO on the SPGM Films

To improve flexibility and homogeneity in the SPGM blend (•),

MO was used as an emulsifier. We found that the incorporation

of MO of up to 20 wt % in the blend further decreased TS and

YM (Figures 1 and 3) and increased EB (Figure 2). In addition,

MO altered the properties of the base polymer (SP blend) in

the same manner. So, 20 wt % MO was selected for further

processing.

Effect of MA on the SPGMM Films

The SPGM blend (�) was mixed with MA monomer with dif-

ferent compositions (0, 3, 5, 7, 10, and 15 wt %), and we char-

acterized the mechanical properties of the films to optimize

them by monomer addition. The TS, EB, and YM values of the

blend films as a function of the blend composition are pre-

sented in Figures 1–3. TS and YM were found to increase with

increasing concentration of MA; they reached maximum values

for 7 wt % MA. In contrast, EB gradually decreased up to the

value as optimized. The tensile properties of the SPGMM films

varied when equipped with 15 wt % MA.

Effect of the Radiation Doses on the SPGMM Films

As the best tensile properties were obtained for 7 wt % MA, the

TS, TT, and EB values of the SPGMM irradiated films were

studied as a function of the radiation dose for 7 wt % MA. The

TS (�), TT (�), and EB (•) values of the irradiated films as a

function of the radiation dose (0, 3, 5, 7, 10, 12, 15, and 20

kGy) are shown in Figure 4. TS and TT increased with increas-

ing radiation dose and reached maxima of 43.38 MPa and 61.89

N/mm for a 12-kGy radiation dose. When the radiation dose

was greater than 12 kGy, the values of the SPGMM films

decreased. Moreover, the radiation dose increased the tensile

properties of the SPGMM films by about 30% compared to

those of the nonirradiated films. We expected that with the

Figure 3. YM values of SA-based films modified with various additives

(PEO, Gol, MO, and MA). The SPGMM blend contained 10 wt % PEO,

15 wt % Gol, 20 wt % MO, and variable amounts of MA. MO, Gol, and

PEO were variable additives in the SPGM, SPG, and SP blends, respec-

tively, for optimization.

Figure 4. TS, TT, and EB values versus the radiation doses (0–18 kGy) of

SA-based films modified with various additives (10 wt % PEO, 15 wt %

Gol, 20 wt % MO, and 7 wt % MA).
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increase in radiation dose, some radicals were generated in SA.

These radicals may have reacted with MA to form a copolymer

of alginate and MA. As a result, the TS and TT increased.

Moreover, radicals could also form from MA; this promoted

homopolymerization. At higher radiation doses (>12 kGy),

homopolymer formation was dominant, and this suppressed the

reaction between SA and MA. Higher radiation doses also

caused the degradation of the polymers.10,34,35 Thus, at higher

radiation doses, the film became hard and brittle, and TS and

TT decreased. On the contrary, EB of the films decreased with

increasing radiation dose up to the optimum value and then

slightly decreased. At radiation doses higher than 12 kGy, EB

values increased; this might have been due to the fact that after

c irradiation, the treatment rigidity of the films increased, and

this caused a decrease in EB. At the optimum radiation dose

(12 kGy), the films became less flexible and gained a minimum

EB (39.76%); this might have been due to the maximum inter-

action between the polymers.

The effect of MA monomer addition to the blend was already

explained by the tensile property studies (Figures 1–3); however,

the properties were further examined with respect to the radia-

tion dose. At a low monomer concentration, the monomer–

polymer backbone reaction occurred (as shown in Scheme 1).

Tuhin et al.34 also reported the reaction mechanism of chito-

san–starch films with 2-hydroxyethyl methacrylate. As the

monomer concentration increased up to 7 wt %, more MA

reacted with SA to give an extended carbon chain, and the ten-

sile properties increased. In this situation, both the copolymer-

ization and homopolymerization could increase. At a higher

concentration of MA (>7 wt %), because of the dominant

recombination process, this could create homopolymer rather

than a monomer–polymer backbone reaction.36,37 As a result,

TS decreased:

Initiation:

SA (c radiation) ! SA8 (primary free radical)

SA8 1 MA ! SA–MA8 (chain free radical)

Propagation:

SA–MA8 1 nMA ! SA–MAn118 (graft growing chain)

Termination:

SA–MAn118 1 CH3OH ! SA–MAn11 (graft copolymer)

where n defines number of moles of MA monomer reacted in

the polymerization reaction, SA stands for sodium alginate and

MA stands for methyl acrylate.

Effect of the Moisture Absorption and WVP on the

SPGMM Films

The moisture absorption capacity and WVP of the SPGM,

SPGMM, and irradiated SPGMM films at 12 kGy were studied

for a 24-h immersion period, and the results are shown in

Figure 5. All of the samples showed two peaks: one with a

shorter contact/immersion period (ca. 1 h, less intense) and the

other with a longer period (16–24 h), which demonstrated the

maximum absorption capacity. We observed that the SPGM

films showed a lower moisture absorption capacity (10.22%)

than both SPGMM (24.50%) and the irradiated SPGMM

(18.20%) films for 24 h, and the WVP showed almost similar

trends. In contrast, the fact that the response to WVP of the

SA-based films was faster than the moisture absorption may

have been due to the effect of forced convection during the

rather complicated WVP experiment over the natural convec-

tion mode. The addition of MO may have reduced the hydro-

philicity, moisture absorption capacity, and WVP of the films.

The water-uptake values of the irradiated SPGMM films were

slightly higher than those of the SPGM films but were still

lower than those of the SPGMM films. This may have been due

to the strong affinity of the MA monomer to water. The hydro-

philic nature of MA decreased the hydrogen bonds between the

polymer chains, and this resulted in a greater intermolecular

space and increased the permeability of the film to moisture

and oxygen. So, after the addition of MA, the moisture absorp-

tion increased for the SPGMM films. However, the radiation

reduced the absorption capacity of the films. When the films

were modified with MA and radiation, the moisture/vapor con-

tent values were lower because monomer grafting (copolymer-

ization) occurred, and this strongly reduced the permeability of

the film to water.34 An interesting approach to reduce WVP val-

ues is to develop multilayer or laminate films; this resembles the

production of multilayer synthetic packaging films.38,39 In addi-

tion, the particle size, molecular weight, pH, nature of the ions,

Scheme 1. Mechanism of the grafting of MA onto SA by c irradiation

induced grafting.

Figure 5. Rates of moisture absorption and WVP values of SPGM,

SPGMM, and irradiated SPGMM films. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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ionic strength, and so on are the key factors in moisture uptake

into the polymer structure.22,40 A reduced particle size may

increase the moisture-barrier properties of a biopolymer film

because of the creation of tortuous pathways by which water

molecules are transported through the film.41 Mollah et al.40

reported that SA-based films could be broken down into smaller

molecules during a irradiation, and reduced absorption capacity

resulted as well. Thus, modified films showed improved water

stability. It was also observed that the water-uptake values

of the films started to decrease with increasing immersion

time; this might have been due to the degradation of the swol-

len films.

TGA

The TGA thermograms of the formulated SPGM, irradiated

SPGM, and irradiated SPGMM films are shown in Figure 6 to

clarify the effects of the monomer addition and radiation dose.

We observed that the thermal stability of the SPGM films was

improved by radiation and further improved by MA monomer

addition. The thermograms of the films showed weight losses

mainly in three regions: 30–210, 210–250, and 250–390 8C. The

total weight loss of the SPGM films without radiation from 30

to 210 8C was found to be 10.75 wt % in the first step, whereas

the weight losses of the films with radiation (12 kGy) and irra-

diated films with monomer (MA) in this range were found to

be 9.74 and 9.40%, respectively. This was due to the loss of

absorbed or residual moisture.6,34,42 The second-stage weight

loss was referred to as the pyrolysis step. These three films

showed sharp weight losses (�40%) in the temperature range

210–250 8C; this was due to the residual ungrafted SA. Caykara

et al.26 reported that the weight loss of pure SA occurred in the

temperature range 229–243 8C. The degradation of the grafted

copolymer probably occurred in the third step (250–390 8C).

The weight loss of the pure PEO began at 360 8C and continued

up to 395 8C. Moreover, the initial thermal degradation temper-

atures of the blends may have been affected by SA, PEO, Gol,

MO, and the MA monomer, as reported earlier for SA–PEO. At

higher temperatures (>390 8C), weight loss occurred because of

carbonization. It was also evident from the TGA curve that a

50% weight loss of the grafted copolymer was detected at

305 8C; this temperature was higher than that for ungrafted

polymer (270 8C).

The gradual thermal degradation of pure SA was examined by

Yang and Chiu;43 they found that there were two stages of ther-

mal degradation. The first stage was due to the elimination of

side groups at about 240–300 8C, and the second stage occurred

at about 620–670 8C (this was not found in our case because of

instrumental restriction). The second stage was due to the

breakdown of the polysaccharide backbone of SA. Except for

the elimination of water molecules at about 50–150 8C, two

stages of thermal degradation were also found for pure poly(vi-

nyl alcohol) (PVA). The first and the second stages were due to

the elimination of side groups at about 290–460 8C and the

breakdown of the polymer backbone of PVA at about 500–

570 8C. Finally, the dual effects of the monomer and radiation

dose on the SA-based films were tested quite successfully

through examination of the thermal stability of the films, even

far beyond the normal temperature.

DSC Analysis

Figure 6 shows the three DSC curves of SPGM, irradiated

SPGM, and MA-integrated irradiated SPGMM films to illustrate

the effect of the monomer on thermal stability. All of the curves

exhibited particular endothermic peaks around 30–40 8C; this

was followed by second and third exothermic peaks located at

203–234 and 377–396 8C, respectively. It has been reported that

the detected endothermic and exothermic peaks corresponded

to dehydration and decomposition, respectively.44,45 The second

and third exothermic peaks corresponded to the decomposition

of SA at 229–243 8C and that of PEO at 360–395 8C, as illus-

trated earlier by TGA. Moreover, the SA–PEO blends degraded

in two distinct steps around 240 and 408 8C.26 Yang and Chiu43

reported that the melting point of SA–PVA films deceased with

increasing SA content in the films. In addition, a polymer with

a higher crystallinity had a higher melting point and a higher

heat of fusion.43 The crystallinity in the SA–PEO films

decreased with increasing content of SA in the films. Because of

the conformation of the amorphous chain of SA in the PVA–SA

membrane, the crystalline area of the PVA–SA membrane was

destroyed in comparison with that of the pure PVA.7 As a

result, the melting point of PEO in the SA–PEO blend films

might have decreased (240 8C) from that of the pure form

(360 8C). The DSC curves did not display any peak attributed

to the intermediate additives (Gol and MO). This suggested

that their effect was insignificant; probably because of the low

molecular weight of the conjugated molecules, which limited

their influence on the polymer properties.45 These results were

in agreement with those obtained from TGA, where dehydration

was observed at temperatures up to 210 8C. Furthermore, the

first decomposition step was detected around 250 8C for all of

the samples. Similar results were also reported by Pinhas and

Peled.45

The thermal characteristics of the pure SA, PEO, and their

blends are available in the literature.6,7,16,26,45 The endothermic

peaks in our case were obtained at 30–40 8C, whereas in

Figure 6. TGA plots of the weight and DSC curves of the heat flow versus

temperature for the SPGM, irradiated SPGM, and irradiated SPGMM

films. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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previous investigations, they were detected at around 60 8C,26,45

59 8C,46 67 8C,47 and 55 8C,48 depending on the details of the

experimental protocol (heating rate, type of gas used, gas flow

rate, etc.).44 In addition, we obtained two exothermic peaks at

203–234 and 377–396 8C; these values corresponded with those

reported in published articles. Similar characteristic peaks at

260 8C47 and 256 8C42 were detected for the alginate films. How-

ever, the peaks detected at higher temperatures (377–396 8C)

have rarely been explained in the literature and may have been

due to the decomposition of the SA-based polymer backbone of

the films, as elucidated by TGA.7 The fact that these values were

little higher than our findings may have been due to the effects

of the plasticizer (Gol) and emulsifier (MO) addition. A com-

parison of the thermograms obtained for the SA-based conjuga-

tion blend suggests that PEO–MA grafting retained the

characteristic decomposition of alginate. The intensity of the

peaks was reduced because of the lower alginate mass ratio in

the sample; this was a consequence of the high molecular

weight of PEO (molecular weight � 300,000 g/mol).40

In addition, the characteristic melting peak of the irradiated

SPGMM was shifted to a higher temperature; that of irradiated

SPGM shifted upward, and all of the peaks became broader.

Laurienzo et al.48 also detected a smaller and shifted melting

peak of poly(ethylene glycol) (PEG) conjugated with alginate.

The shift was attributed to the hampering of the crystallization

process through the reduced mobility of the PEG chains due to

the grafting reaction. Similar behavior was also detected in

PEG/alginate blends.16,45 Moreover, the degree of crosslinking in

the SA-based samples may have resulted in the temperature

range with little variation, as verified by the peak broadening

and the small shoulder.

In general, a good correlation was found between the results

obtained by the two techniques used to analyze the thermal

behavior, TGA and DSC. The previous results show that the

grafting of PEO to alginate influenced its thermal behavior and

increased its hydrophilicity. Nevertheless, this modification did

not decrease the thermal stability at temperatures below 400 8C.

Because stability tests of food-packaging materials are usually

performed at temperatures of up to 100 8C, the SA–PEO–Gol–

MO–MA films could be safely used from a practical viewpoint.

DMA

The glass-transition phenomena and viscoelasticity of the poly-

meric materials are important factors for determining the

dynamic mechanical properties of the films. The glass-transition

temperature (Tg) is often measured by DSC, but the DMA tech-

nique is more sensitive and yields more precise data. DMA can

also be used to investigate the frequency-dependent nature of

the transition. Therefore, DMA was used to explore the behav-

ior of the alginate films in this study.

Figure 7 shows the change in the dynamic moduli of the formu-

lated films (SPGM, irradiated SPGM, and irradiated SPGMM)

with temperature. Each curve showed two distinct peaks: one at

lower temperatures (centered at 45–65 8C) and the other at

higher temperatures (centered at 150–165 8C; the peak corre-

sponding to SPGM was ambiguous because of its very low

intensity). Moreover, drops in the moduli were observed in all

of the cases. The initial moduli also did not exhibit similar

trends. We observed that the MA-monomer-incorporated

SPGM blend films demonstrated a higher modulus than that of

SPGM. The storage modulus of the irradiated SPGMM films

increased up to about 65 8C and then showed a downhill trend.

This transition is called the a transition, and its value, around

38 to 102 8C in this case, was defined as the glassy region. The

alginate films showed two-step transitions: the first transition of

the films at a lower temperature was related to its behavior

changes because of water evaporation; this was followed by the

second transition at a higher temperature, called Tg, at which

the alginate film changed its behavior from glassy to rubbery. A

sharp drop in the storage modulus was detected in the Tg

region, and in this region, the behavior of alginate films moved

to a leathery-state plateau region known as the noncrystalline

region caused by the micro-Brownian motion.

Three relaxations may be measured by DMA but in this study

only a relaxation is discussed that is, >0 8C. Relaxation in the

Tg region of SA depended on water, which acted as a plasticizer.

First transition of water-plasticized SA observed by the broad

water desorption peaks in the vicinity of 38–102 8C. The free

and physically absorbed water molecules are removed easily

from the system by heating up to 120 8C.23,49–51 Pure SA film

showed two peaks at 65 and 155 8C. Results reported else-

where52,53 are analogous to this study. The first a-relaxation

peak might be formed by intramolecular moisture; second one

indicates Tg of SA. Caykara et al. showed that melting point of

SA:PEO 5 9:1 (w/w) blend films is 64 8C26 and Tg of pure SA

has been reported 158 8C.52 Moreover, we observed that the

temperature of first a-relaxation peak for SPGM films compared

to that of MA treated SPGM films was increased from 44 to

65 8C. This might be due to the presence of monomer in the

blend, reduced hydrophilicity of the films.

The shift in the Tg of the irradiated SPGMM blend films at

lower temperature because of the evolution of amorphous prop-

erties through distortion of crystallinity of the films studied by

TGA and DSC. The composition dependent shift in Tg of the

blends after the addition of hydroxyethyl cellulose followed the

same trends as observed in the crystalline/amorphous portion

of the polymer blends.54,55 With the exception of the

Figure 7. DMA plot of the storage modulus versus temperature for the

SPGM, irradiated SPGM, and irradiated SPGMM films. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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composition of the blends, a number of reasons were responsi-

ble for shifting the value of Tg; these included the heating rate,

working environment (e.g., under an air or N2 atmosphere),

properties of the additives (e.g., plasticizer, emulsifier), and

choice of sample holders (e.g., platinum or ceramic crucible).

The most important outcome of the DMA studies was that the

first transition of the film increased after modification; this

might be useful for food-packaging purposes.

FTIR Analysis

The FTIR spectroscopic analysis of the irradiated SPGMM and

SPGM films including pure SA, PEO, and MA were performed

to investigate the interaction of MA with SA (Figure 8). In a

comparison of the spectra, we noted in general that some

phases were depleted and some were grown up and that the

intensity of the irradiated films decreased enormously. The

important discrimination was observed between the irradiated

films at wave numbers around 1665 and 680 cm21. The SA–

MA copolymer showed an absorption band at 1665 cm21; this

was attributed to the carbonyl group (C@O) of MA. Such

bands were not present in the spectrum of SPGM. Thus, the

presence of an additional band in the graft copolymer provided

evidence of grafting. Patel et al.6 found an absorption band at

1740 cm21 for the grafting of MA onto a partially carboxyme-

thylated SA as well. An extra peak was obtained at the low-

energy end of the spectrum (fingerprint region) at 680 cm21;

this was due to @CH2 functional groups and was indicative of

MA (range 5 1000–650 cm21) present in the sample.

The spectroscopic outcomes from pure SA showed mainly three

characteristic peaks at 3896, 2893, and 2505 cm21; these corre-

sponded to its hydroxyl group (AOH), the asymmetric stretch-

ing of COOA, and the symmetrical stretching of COOA
functional groups. These peaks also existed in synthetic copoly-

mers with a lower intensity, and subsequent peak positions

shifted to 3637, 2350, and 2153 cm21.56 FTIR analyses of pure

SA and SA–PEO blends are available in the litera-

ture.6,16,26,54,57,58 A sharp peak was obtained around 1543 cm21;

this was due to the stretching of AOH groups. In addition, the

peaks of pure PEO disappeared during the polymerization of

MA with SA. As shown in the figure, the intensity of the

monomer-incorporated blend showed a lower intensity, and the

peaks shifted slightly; this pointed out that MA monomer took

part in the reaction and the reduction of highly reactive func-

tional groups (e.g., AOH, @CH2).23 Caykara et al.26 elucidated

the fact that the intensity of the hydrogen-bond band depends

on the alkalinity of the proton acceptor, the acidity of the

hydrogen in the proton donor, and the possibility of their close

contact. As a result of hydrogen bonding, the covalent character

in the donor and acceptor is weaker; hence, the energy barrier

for angle deformation becomes higher. Because these experi-

ments were carried out by means of c irradiation and compared

with pure precursors as references, the effect of the monomer

on the SA-based films was obvious.

CONCLUSIONS

PEO-incorporated SA-based films were successfully prepared

with an MA monomer and c irradiation. The films were modi-

fied by the addition of a plasticizer (Gol) and an emulsifier

(MO). All additives and the irradiation dose were optimized for

best results. The mechanical properties, thermal stability, and

structural features of the films were examined effectively. TGA

and DSC studies showed strong correlations with their out-

comes because PEO grafting to alginate decreased its crystallin-

ity and melting point with increasing SA content in the films

and increased its hydrophilicity. However, this modification did

not decrease the thermal stability at less than 400 8C. The Tg of

pure SA obtained by DMA was found to be 155 8C. FTIR stud-

ies indicated a clear grafting reaction between MA and SA. The

mechanical properties of the SA-based films were investigated,

and we found much improvement with MA addition and radia-

tion dose. To produce efficient and cost-effective biocompatible

food-packaging films, further investigations, such as biological

testing, toxicity testing, and morphological analysis, are under

consideration for the sustainable development of the SA-based

films.
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