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ABSTRACT: Crosslinked nanocomposite films of sodium alginate (SA) and silicon dioxide (SiO2) with different SiO2 loading values

were prepared by in situ synthesis. Biocomposite films were produced by solution casting and solvent evaporation with glycerol as

the plasticizer and calcium chloride as the crosslinking agent. The effects of the addition of nano silicon dioxide (nano-SiO2) in SA

on the microstructural, physical, mechanical, and optical properties of the nanocomposite films were characterized. The results show

that nano-SiO2 was dispersed homogeneously in the SA matrix; it thereby formed a strong interfacial interaction between the nano-

SiO2 particles and the matrix. The transparency of the bionanocomposite films was enhanced. Thermogravimetric analysis also

revealed that nano-SiO2 improved the thermal stability of the SA films. The incorporation of SiO2 further reduced the water vapor

permeability and swelling degree and significantly increased the tensile strength and elongation, which are parameters important for

packaging industries. Finally, the lower light transmission of UV light from 200 to 250 nm indicated that SA/SiO2 nanocomposite

films could potentially be used to prevent lipid damage by UV light in food conservation. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2016, 133, 43489.
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INTRODUCTION

Edible and biodegradable films from biopolymers, which offer

an attractive solution for environmental problems caused by

nondegradable plastic packaging materials, have received signifi-

cant interest from the scientific and industrial communities

because of increasing concerns about environmental protection

and the use of renewable materials. These biopolymers can be

used as an alternative to petroleum-based polymers in film

preparation because these materials feature more degradability,

nontoxicity, biocompatibility, and reproducibility compared

with traditional materials.1 Alginate has gained considerable

attention because of its other fascinating properties, such as its

low price, availability, and bioadhesive ability.2,3 Alginate and

alginate-based biocomposites can be readily extracted from the

cell wall of brown algae and brown seaweed, and alginate is the

only polysaccharide that naturally includes carboxylic groups in

every constituent residue.4,5 Alginate consists of (1–4)-linked b-

D-mannuronate (M) acid and a-L-guluronate (G) acid, which

can be arranged as mannuronate dyads (MM), guluronate dyads

(GG), and heterodyads (MG); the variation of the relative pro-

portion of M units and G units is dependent on the source of

alginate in terms of age, species, or part of the brown algae and

seaweeds. The most prominent property of alginate is its colloi-

dal property, which allows the formation of an insoluble gel

through gelation with calcium cations.6

Sodium alginate (SA), which is a water-soluble linear polysac-

charide, can be widely used as an adsorbent for ionic dyes,7

food additives,8 antibacterial films,9 wound-healing materials,10

and stimulus-response drug and releasing materials.11 In addi-

tion, alginate-based biocomposites exhibit a high potential to be

further developed for packaging applications. However, these

composites lack desired mechanical properties, such as a high
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strength, good gas-barrier ability, and water resistance. To

improve the mechanical properties of alginate-based biocompo-

sites, scholars have developed various strategies, such as cross-

linking,3 blending with hydrophilic materials (including

synthetic or natural polymers),12,13 and nanoreinforcement to

produce nanocomposites. Nano silicon dioxide (nano-SiO2)

particles, which feature a large specific surface area and multiple

hydroxyl groups substituted on the surface, can form hydrogen

bonds with the polymer matrix. In the past few years, nano-

SiO2 has been used as an additive for organic polymers to

improve their mechanical properties, thermal and chemical sta-

bility, and water resistance.14,15 The incorporation of nano-SiO2

into alginate has been reportedly used for biocatalysts,16 cell

encapsulation,17 and building blocks18 by the direct addition of

nano-SiO2 particles or by in situ hydrolysis and polycondensa-

tion of tetramethoxysilane in alginate solution. However, cross-

linked alginate/silicon dioxide (SiO2) films have not been

prepared, and the effects of SiO2 on the properties and structure

of alginate have not been reported in detail. In this study, a tet-

raethylorthosilicate (TEOS)/ethanol mixture was first combined

with a lower concentration of SA solution; the solution pH was

regulated to 4 by 0.15 mol/L hydrochloric acid (HCl). After-

ward, the alginate power was added step by step to achieve the

required concentration. Through this method, nano-SiO2 could

be incorporated well into the alginate solution to obtain the

sodium alginate/silicon dioxide (SASI) nanocomposite films.

Then, the nanocomposite films were crosslinked by Ca21 to fur-

ther improve the water resistance. In this study, we aimed to

develop an efficient and outstanding material and explore the

effect of nano-SiO2 on the physical and mechanical properties

of alginate nanocomposite films.

EXPERIMENTAL

Materials

TEOS [analytical reagent (AR)], HCl (AR), and absolute etha-

nol (AR) were purchased from Sinopharm Chemical Reagent

Co., Ltd. (Shanghai, China). SA (average molecular

weight 5 2.1 3 106 g/mol) was supplied by Jiejing Seaweed Co.,

Ltd. (AR, Rizhao, Shandong Province, People’s Republic of

China). All of the aqueous solutions were prepared with deion-

ized water. All of the glassware was thoroughly cleaned with

deionized water and dried in an oven.

Preparation of the Samples

Preparation of the Crosslinking SA Film. SA powder (3.0 g)

was added to deionized water (200 mL). The mixture was then

stirred vigorously under mechanical agitation (300 rpm) at

60 8C until complete dissolution to produce an SA solution

(1.5% w/v). The solution was added to glycerol (25% w/w algi-

nate), and the mixture was stirred for 1 h. Briefly, 55 mL of the

solution was cast into Petri dishes (u 5 15 cm) on a leveled flat

surface and allowed to dry in the oven at 40 8C from approxi-

mately 8 to 10 h. The dried film was peeled from the Petri

dishes and immersed in 30 mL of calcium chloride solution at

5% w/v for 30 min to implement the crosslinking of alginate.

The film was washed with distilled water, and the residual water

was removed with filter paper. Before testing, the film was

stored in a desiccator with a 52.89% relative humidity over a

saturated solution of magnesium nitrate.

Preparation of the SASI Nanocomposite Films by In Situ

Synthesis. The SA nanocomposite film was prepared through in

situ synthesis through the following steps. Under mechanical

agitation at 40 8C, 1 g of alginate was dissolved in 200 mL of dis-

tilled water. The solutions of TEOS/absolute C2H5OH (in 4 mol

of TEOS) at different ratios were added dropwise to the alginate

solution under vigorous agitation. An appropriate quantity of

0.15 M HCl was added slowly and continuously to the solution

until a pH of 4–5 was reached. The solution was stirred at 60 8C

for 2–4 h until it became clear and transparent. Another batch

of alginate (2 g) was added to the solution, and the mixture was

stirred vigorously at 40 8C for 4 h. Glycerol (in 25% w/w algi-

nate) was then added to the solution; the solution was then agi-

tated at 40 8C for another 1 h. Finally, the nanocomposite

solution was degassed for 20 min with an ultrasonicator (Shang-

hai Kudos SK3300H, China). The solution was then cast into

Petri dishes and dried in a thermal oven from 8 to 12 h. The

processes of crosslinking and storage were similar to those used

to prepare the SA films.

Measurement of the Sample Properties

Film Thickness. The film thickness was measured with a man-

ual digital micrometer (0.01 mm, dial thickness gauge 7301,

Mitutoyo Co., Japan). The average value of 10 measurements in

different regions of each sample was calculated and was used to

determine the mechanical properties, water vapor permeability

(WVP), opacity, and light transmittance.

Mechanical Properties. The tensile strength and elongation at

break were evaluated at room temperature (23 8C) and at 50%

relative humidity with a model WDW-5 microcomputer control

electronic universal testing machine (Jide Mechanical Engineer-

ing Corp., Jinan, China) according to ASTM D 882. The films

were cut into strips (100 3 15 mm2) and settled between the

tensile grips of the instrument. The initial grip separation was

set at 50 mm, and the crosshead speed was set at 1 mm/s. All of

the samples were used for triplicate experiments.

Water Content. The water content was measured with a modi-

fied method from Galus and Lenart.19 The cut samples of the

films (4 3 4 cm 2) were dried in air for at least 3 days at a tem-

perature of 20–25 8C and weighed (Wi). Then, they were dried

in an oven at 105 8C for 8 h to obtain the finial weight (Wf).

The water content was determined in triplicate for each film

and was calculated with eq. (1):

Water content 5½ðWi2Wf Þ=Wi�3100% (1)

Swelling Degree Test. The swelling degree of the film was

determined with the approach reported by Xu et al.20

Water Solubility Evaluation. The solubility of the films in

water was determined by the following steps. The samples were

cut in a square (4 3 4 cm2) form and then dried at 105 8C for

about 8 h to measure the constant weights of the initial dry

matter of the films. The samples were then agitated (250 rpm)

for 24 h in 50 mL of distilled water at 25 8C. The films were

dried again at 105 8C for 8 h to measure their dry weights. Film

solubility (%) was calculated with eq. (2):
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Solubility ð%Þ5 Initial dry weight2Final dry weight

Initial dry weight
3100%

(2)

The samples were analyzed three times, and the results were

expressed as the percentage of solubility of the samples.

WVP. WVP of the films was measured gravimetrically according

to the ASTM E 96 desiccant method, as described by Alboofeti-

leh et al.21 Glass permeation cups with an internal diameter of

25 mm and containing distilled water (relative humid-

ity 5 100%; vapor pressure at 20 8C 5 2.337 3 103 Pa) up to

1.03 cm from the film’s underside were covered with the films

and then placed in a desiccator. The cups were maintained at

20 8C and 1.5% relative humidity (water vapor pressur-

e 5 28.044 Pa) with silica gel under air circulation. The cups

were recorded at intervals of 1 h for 8 h. The slope of the weight

loss versus time was obtained by linear regression to estimate

the water vapor transmission rate. The measured WVP was cal-

culated with eq. (3):

WVP5
WVTR

DP
3L (3)

where WVTR is the measured water vapor transmission rate of

the cup with the specimen (g m22 s21), L is the mean film

thickness (m), and DP is the partial water vapor pressure differ-

ence (Pa) between the two sides of the film. This test was

repeated three times for each film specimen.

Characterization

X-ray diffraction (XRD; DX2700, China) measurements of the

pure SA film and the SASI nanocomposite films were performed

with Cu Ka radiation (k 5 1.5418 Å) at a scan rate (2h) of 1 8/

min at an accelerating voltage of 40 kV and an applied current

of 30 mA from 5 to 60 8. The fractured surface morphologies of

the alginate/SiO2 composite film was examined with field emis-

sion scanning electron microscopy (SEM; JEOL-7500F, Japan),

and the surface elemental analysis of the films was performed

with an energy-dispersive spectrometer. The films were frozen in

liquid nitrogen and immediately fractured. The fractured surfa-

ces of the films were sputter-coated with platinum to enhance

the surface conductivity, and the accelerating voltage was 2 kV.

Transmission electron microscopy (TEM) images were obtained

with a microscope (Hitachi HT7700) at an accelerating voltage

of 100 kV. The composite specimens were prepared by the drop-

casting dispersion of nano-SiO2 within alginate on carbon-

coated copper grids, which were dried under ambient conditions.

Fourier transform infrared (FTIR) spectroscopy was recorded on

a spectrometer (Nicolet 5700), and the spectra were scanned in

the range 400–4000 cm21 at a resolution of 4 cm21. Thermogra-

vimetric analysis was performed with an HCT microcomputer

differential thermal balance (Beijing Henwen Scientific Instru-

ment Factory) at a heating speed of 10 8C/min from 25 to

700 8C under air flow (8 mL/min).

Light Transmission and Transparency of the Films

The light transmission and transparency of the pure SA and

SASI nanocomposite films were evaluated with a Shimadzu

UV3150 UV–visible spectrophotometer according to the method

of Norajit et al.8 Samples of the films were cut into rectangular

shapes (10 3 35 mm2) and then placed in the spectrophotometer

cell. The light-barrier properties were determined by scanning

of the film samples at wavelengths between 200 and 800 nm

with air as a reference. The opacity of the films was calculated

with eq. (4):

Opacity5
Abs600

x
(4)

where Abs600 is the absorbance at 600 nm and x is the film

thickness (mm). Three samples were measured for each

condition.

Surface Color Measurement

The color of the alginate/nano-SiO2 nanocomposite films was

recorded with a color meter (BYK Gardner). The measurements

were performed by the placement of the film specimens on a

standard white plate [L* 5 94.50, a* 5 20.43, and b* 5 1.21,

where the color parameters are L* (luminosity), a* (red/green),

and b* (yellow/blue)]. The color difference (DE) and whiteness

index (WI) were calculated on the basis of the standard plate

parameters with eqs. (5) and (6), respectively:

DE5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDa�Þ21ðDb�Þ21ðDL�Þ2

q
(5)

WI51002

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1002L�Þ21ða�Þ21ðb�Þ2

q
(6)

Statistical Analysis

All of the data are expressed as the means plus or minus the

standard deviations. One-way analysis of variance and Duncan’s

multiple range tests were conducted with SPSS 17 software to

identify significant differences among the variables. A value of

p< 0.05 was considered significant.

RESULTS AND DISCUSSION

SiO2 Content

The maximum SiO2 content could not exceed 18 wt % by in

situ synthesis; otherwise, phase separation occurred, and a uni-

form and transparent film could not be obtained.

Film Thickness

The films presented thickness values in the range 59.3–51.2 lm.

As illustrated in Table I, the composite films’ thicknesses

decreased after the incorporation of nano-SiO2. Furthermore,

the thickness decreased significantly (p> 0.05) at the higher

loading level of nano-SiO2 (12 wt % for the SANI films); this

was attributed to the degradation of alginate and the strong

interaction of SA and nano-SiO2.

Mechanical Properties

The mechanical properties (i.e., tensile strength and percentage

elongation at break) were examined for the SASI nanocompo-

site films. These properties were drastically affected by the

nano-SiO2 content (Table I). A previous study showed that the

mechanical properties were improved by the interfacial interac-

tion between alginate and nano-SiO2
22 For the SANI films, the

elongation at break increased significantly (p< 0.05) and

reached a maximum value of 10.28 6 0.28 when the nano-SiO2

content was 6%, and the tensile strength reached a maximum

value of 122.2 6 4.08 MPa when the SiO2 content was up to
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9%. This was attributed to the good dispersion of the nanoscale

SiO2 particles in the SA matrix.23 The decreases in the percent-

age elongation at break and the tensile strength with a higher

content of SiO2 were caused by the agglomeration and nonuni-

form dispersion of nano-SiO2 at high loading values for the

self-association of nano-SiO2. After agglomeration, the nanopar-

ticles lost their nanoeffect, and this resulted in the absence of

interfacial interactions between the polymer matrix and nano-

SiO2. The heterogeneous blend could lead to an uneven disper-

sion of nano-SiO2 in the nanocomposite films and, thereby,

reduced the tensile strength and percentage elongation at break

of the nanocomposite film. A similar phenomenon was

observed in the polyurethane/SiO2 nanohybrid membrane.24

Water Solubility and Water Content

The water solubility (WS) of SA was determined to measure the

water resistance of the SA film sample. WS of the alginate film

without crosslinking was 99.55 6 0.24%;25 this was almost com-

pletely soluble for its highly hydrophilic nature. After crosslink-

ing with Ca21, WS of the alginate film decreased rapidly to

0.94 6 0.02 because of the formation of crosslinking between

bound calcium ions and carboxyl groups on the surface of the

alginate film. Nano-SiO2 incorporation into alginate matrix

decreased its WS from 1.04 6 0.75 to 2.52 6 0.96. The results

show that the films were practically insoluble after immersion

in distilled water for 24 h. Compared with the Ca21 crosslinking

alginate films, the WS values of the SASI composite film sam-

ples did not significantly change (p< 0.05), although the nano-

SiO2 content was lower than 9% (Table II). However, with

increasing nano-SiO2 content to 12–18%, the WS values of the

films increased significantly (p< 0.05). The reason for that was

the reduction of the SA content with the increase in the nano-

SiO2 content, and nano-SiO2 can solubilize easily in water.

Meanwhile, the increase in WS could also be ascribed to the

degradation of SA for longer reaction times during the incorpo-

ration of nano-SiO2.14

The results in Table II show that the water content of the SA

film was 19.42 6 1.13; this decreased significantly (p< 0.05)

after the incorporation of nano-SiO2 exceeded 3 wt %. This was

presumably because of the strong interaction between SA and

nano-SiO2. After the incorporation of SiO2, AOH groups at the

surface of SiO2 could interact with the ACOO2 and AOH

groups of SA to formulate new H bonds; this decreased the

additional active sites for the binding of entering water mole-

cules. A similar result was observed in a study of alginate/cellu-

lose nanocomposite films.26 The possible mechanisms and

performance of the crosslinking of SA and SiO2 are shown in

Scheme 1.

Swelling Degree and WVP

The swelling degree was used as a measure of the extent of

crosslinking. Generally, the swelling degree decreases with

increasing crosslink density.3 The swelling degree of the SASI

films was dependent on the nano-SiO2 content, and the swelling

degree decreased considerably with decreasing nano-SiO2 con-

tent (p< 0.05; Table II). The swelling degree of the SA film was

Table II. Effects of SiO2 and Different Preparation Methods on the WS, Water Content, Swelling Degree, and WVP Values

Sample WS (%) Water content (%) Swelling degree (%)
WVP (310210

g m m22 Pa21 s21)

SA 0.94 6 0.02a 19.42 6 1.13f 108.66 6 5.34j 0.478 6 0.005d

SASI-3 1.04 6 0.75ab 19.34 6 0.23f 96.35 6 1.06h 0.407 6 0.003a

SASI-6 1.06 6 0.54ab 17.36 6 0.12c 83.33 6 0.76e 0.402 6 0.007a

SASI-9 1.04 6 0.98ab 18.45 6 0.87e 72.37 6 0.23d 0.396 6 0.010a

SASI-12 2.05 6 0.65c 17.15 6 0.11b 60.42 6 1.54a 0.390 6 0.002a

SASI-15 2.23 6 1.04d 17.67 6 0.14d 67.60 6 0.67c 0.430 6 0.011b

SASI-18 2.52 6 0.96e 16.78 6 0.21a 65.70 6 1.86b 0.447 6 0.011c

The data are presented as the means plus or minus the standard deviations. The same letters in the same column indicate no significance between the
values (p>0.05).

Table I. Effect of SiO2 on the Film Thickness, Elongation, and Tensile Strength

Sample Thickness (lm) Elongation (%) Tensile strength (MPa) SiO2 (wt %)

SA 59.3 6 0.01d 5.03 6 0.29a 92. 52 6 3.54d 0

SASI-3 54.0 6 0.02c 7.84 6 0.28cd 98.88 6 7.48e 3

SASI-6 59.2 6 0.02d 8.40 6 043d 122.2 6 4.08i 6

SASI-9 57.8 6 0.03d 10.28 6 0.28e 109.67 6 7.89g 9

SASI-12 52.9 6 0.02bc 6.53 6 0.28bc 93.57 6 2.93d 12

SASI-15 50.6 6 0.11a 6.33 6 0.76ab 89.83 6 2.46c 15

SASI-18 51.2 6 0.01ab 5.60 6 0.57ab 87.20 6 1.77b 18

The data are presented as the means plus or minus the standard deviations. The same superscript letters in the same column indicate no significance
between the values (p>0.05). The percentage of SiO2 was calculated under the assumption that all TEOS was hydrolyzed completely.
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108.66 6 5.34, whereas the SASI-12 had the lowest swelling

degree at about 60.42 6 1.54. When the nano-SiO2 content

exceeded 12%, the swelling degree of the films increased, but it

was still significantly lower than that of the SA film. Nano-SiO2

addition enhanced the crosslinking density of the films; this was

attributed to the hydrogen bonding between the carbonyl

groups on the alginate chains and the residual hydroxyls on

SiO2
25

Alginate has poor water-vapor-barrier properties because of its

high hydrophilicity.12 The water-vapor-barrier properties of the

nanocomposite films were significantly altered with the addition

of SiO2 to the film matrix (p< 0.05), as shown by the results in

Table II. As such, the WVP properties of the alginate-based

films were significantly improved after the addition of the

nano-SiO2 reinforcements. The WVP value of the control film

was 0.478 6 0.005 3 10210 g m m22 Pa21 s21. This value was

lower than those reported by Rhim.3 The difference may have

been caused by the addition of glycerol and the longer cross-

linking time. WVP of the nanocomposite films decreased signif-

icantly (p< 0.05) by 6.5–18.41%, depending on the SiO2

concentration. Such a phenomenon of reduction in WVP with

the incorporation of SiO2 was observed with starch/polyvinyl

alcohol (PVA).27 The improvement of the WVP properties of

the SiO2-reinforced alginate films was believed to be caused by

the presence of ordered dispersed nano-SiO2 layers with a large

aspect ratio in the SA matrix.28 They enhanced the roughness of

the film, and this resulted in an increase in the effective path

length for diffusion of the water molecules to follow a tortuous

path through the SA matrix surrounding the SiO2 particles.26

Characterization with XRD, SEM, TEM, and FTIR

Spectroscopy

The structures of the SA and SASI nanocomposite films pre-

pared by in situ synthesis were verified through XRD analysis,

and the results are shown in Figure 1(A), respectively. The

amorphous structure of SA was confirmed by the broad diffrac-

tion peaks at 2h 5 14.28 of the SA film.29 However, a new dif-

fraction peak at 2h 5 22.18 was observed in the XRD of the

SASI films; this was attributed to the diffraction of amorphous

nano-SiO2 particles.20 The XRD patterns of the SASI nanocom-

posite films indicated that the combination with nano-SiO2

yielded an amorphous structure, whereas the intensity of the

peak at 2h 5 14.28 weakened with the increase in the SiO2 con-

tent; this reflected the fact that the crystallinity of alginate was

reduced by the addition of SiO2. For SANI-18, the reflection

peak at 2h 5 14.28 disappeared; this showed that the formation

of an exfoliated structure for interaction occurred. This became

a disagreement that could not be detected by XRD. The results

were in agreement with the result of Alboofetileh et al.21 for the

incorporation of MMT in an alginate film.

The microdomain structures of the pure alginate and alginate/

SiO2 nanocomposite films were analyzed by FTIR spectroscopy,

and the results are shown in Figure 1(B), respectively. The

broad absorption band from 3210.13 to 3497.25 cm21 corre-

sponded to the complex stretching vibrations of the

Scheme 1. Possible mechanisms and performance of the crosslinking of

SA and SiO2.

Figure 1. (A) XRD patterns of the SA and SASI films: (a) SA, (b) SASI-3, (c) SASI-6, (d) SASI-12 and (e) SASI-18. (B) FTIR spectra of the SA and SASI

films: (a) SA, (b) SASI-3, (c) SASI-9, and (d) SASI-12. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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intramolecular hydrogen bond (intra), the intermolecular hydro-

gen bond (inter), and free hydrogen bonds, and the absorption

bands at 1604.51, 1420.11, and 1035.13 cm21 were relative to the

asymmetric and symmetric stretching vibrations of the carbonyl

group and the CAO bond of the carboxylate group on the poly-

meric backbone. The band at 2926.18 cm21 was assigned to the

CAH stretching vibrations.30,31 In addition, new peaks at 472.48

and 471.49 cm21 were observed in the FTIR spectra of SASI-9

and SASI-12, respectively; this demonstrated the formation of

SiAOAC bonds between SA and nano-SiO2,24,27

SA and SASI nanocomposite films with different SiO2 contents

were flexible and homogeneous. All of the film samples had rel-

atively smooth surfaces, with no pore or cracks observable by

the naked eye. The distribution quality, uniformity of the nano-

composite, presence of voids, agglomeration, and sedimentation

of the fractured surface of the SASI composite films were exam-

ined by SEM in a more extensive morphological investigation.

The morphology of the fractured surface at 10,000 and

30,000 3 of the nanocomposite films with 0, 6, and 18% nano-

SiO2 are shown in Figure 2(a–f). All films showed crackled

structure; however, the fracture surface of SASI became slightly

rougher compared to that of the neat SA film. Figure 2(b–f)

also shows that nano-SiO2 was almost uniformly dispersed in

the alginate matrix and that no obvious exfoliation or holes

were exhibited. This phenomenon was ascribed to the strong

interfacial adherence between the alginate and nano-SiO2; this

was beneficial to the mechanical properties of the nanocompo-

site films.

The investigation of TEM images (Figure 3) showed that nano-

SiO2 was well dispersed in the alginate matrix, and the diameter

of nano-SiO2 was approximately 20–30 nm for SASI-3 and

approximately 100–120 nm for SASI-9.

Analysis of the Thermal Stability

The thermal properties of the pure alginate and SASI nanocom-

posite films, such as SA, SASI-6, SASI-12, and SASI-18, were

studied through thermogravimetric analysis (TGA) under air

flow. The TGA results are presented in Figure 4(A).

Figure 2. SEM micrographs of the fractured surfaces of the (a,b) SA and (c–f) SASI films: (a) SA, (b) SA magnified, (c) SASI-6, (d) SASI-6 magnified,

(e) SASI-18, and (f) SASI-18 magnified.
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Nano-SiO2 considerably influenced the thermal properties of

the alginate films, as shown in Figure 4(A), and the thermog-

ravimetry curves revealed that the weight of all of the films

decreased in four distinct steps. The first step occurred from 50

to 190 8C and was a consequence of film dehydration. The sec-

ond step of thermal degradation occurred at 200–280 8C. It was

attributed to the thermal destruction of the glycosidic bond and

the elimination of the adjacent hydroxyl group and resulted in

the formation of the intermediate material.32,33 The third step

occurred at 300–400 8C, during which time the intermediate

further decomposed and CO2 was released simultaneously. The

last step occurred at approximately 500 8C, and during this

time, the carbonide of the alginate underwent further oxidiza-

tion and decomposition. Among these four steps, the second

step had the most significant effect on the thermal stability of

the alginate.34 The TGA results suggest that nano-SiO2 helped

to increase the thermal stability of the films with decreasing

weight of the films and increasing decomposition onset temper-

ature. The decomposition onset temperature of the SA was

52.2 8C; this value shifted to 51.9, 63.9, and 69.9 8C for SASI-6,

SASI-12, and SASI-18, respectively. The weight loss of SA was

found to be 63.73% at 380 8C, whereas SASI-6, SASI-12, and

SASI-18 lost 55.51, 43.71, and 42.77% of their weights, respec-

tively, at the same temperature. The increase in the thermal sta-

bility of the SASI nanocomposite films under oxidative

atmosphere was attributed to the high thermal stability of

nano-SiO2 compared to that of alginate. As Pu et al.23 reported,

the decomposition onset temperatures of the nanocomposites

shifted toward a higher temperature scope with increasing inor-

ganic material content. At 700 8C, the thermograms for the films

showed 11.92, 12.22, 32.88, and 33.03% residual matter,

respectively.

Analysis of the Light Transmission, Opacity, and Color

of the Films

The optical properties, including the light transmission and film

opacity, were also examined; these parameters significantly affect

the appearance of packaged material and are highly important

for packaging materials.35

The results of the spectroscopic scanning of the SASI nanocom-

posite films at wavelengths between 200 and 800 nm are shown

in Figure 4(B). Although the transmittance of the SASI film

determined through UV absorption at wavelengths between 200

and 800 nm decreased slightly with increasing nano-SiO2 con-

tent, the result was higher than that of the pure SA film. Hence,

the nanoparticles did not influence the photopermeability. Fur-

thermore, the films containing nano-SiO2 demonstrated lower

light transmissions of UV light from 200 to 250 nm. This

Figure 3. TEM images of the SASI films: (a) SASI-3 and (b) SASI-9.

Figure 4. (A) Thermogravimetry curves of the SASI films: (a) SA, (b) SASI-6, (c) SASI-12, and (d) SASI-18. (B) Transmittance (%)–wavelength graph

for the SASI films: (a) SA, (b) SASI-3, (c) SASI-9, and (d) SASI-18 (T 5 temperature). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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finding indicated that alginate films containing nano-SiO2 could

potentially be used to prevent lipid damage by UV light in food

conservation.

The opacity values of the alginate/SiO2 nanocomposite films are

presented in Table III. The opacity of the pure alginate film was

5.53; this implied its high transparency. After the addition of

nano-SiO2, the opacity value of the SASI film did not signifi-

cantly improve, and it decreased when the nano-SiO2 content

exceeded 12%. This indicated that the nano-SiO2 could have

been well dispersed in the SA matrix. The improvement in the

transparency have been due to the effect of covalent linkages

formed by the tetraethoxysilane groups and the hydrogen bond-

ing between the hydroxyl of SiO2 and the carboxyl of alginate

during hydrolysis.36 The result for film opacity was consistent

with the results of FTIR spectroscopy and SEM.

When an SA film is used as a packaging material, the color

properties affects food appearance and consumer approbation,

which are important for the packaging industry. The L*, DE,

and WI values of the SASI film did not significantly change

compared with those of the control film. The color of the film

gradually became yellowish and reddish, as the b* value changed

from 20.72 for pure SA to 1.92 and the a* values changed

from 21.39 to 3.16 with increasing nano-SiO2 content. The WI

value of SASI showed that the incorporation of nano-SiO2 did

not change the transparency of the films.37

CONCLUSIONS

A number of alginate/SiO2 nanocomposite films were prepared

with glycerol as the plasticizer through in situ synthesis. These

nanocomposite films were then crosslinked with calcium chlo-

ride to obtain crosslinked biocomposite films. The morphology

of the fractured surface of the films implied that the nano-SiO2

dispersed homogeneously in the SA matrix. The tensile strength

and elongation of the SASI composite films with 0–18 wt %

SiO2 were improved compared with those of the SA film and

reached maximum values at 9 and 6 wt %, respectively. The

incorporation of SiO2 into the composite films reduced the

weight loss at 380 8C and improved the residual mass at 700 8C;

this indicated that the thermal stability of the composite films

was enhanced. On the other hand, the addition of SiO2 caused

reductions in the WVP and swelling degree of the composite

films. Furthermore, all of the SiO2 composite films had a higher

transparency than the SA film. Finally, the lower light transmis-

sion of UV light from 200 to 250 nm indicated that SASI nano-

composite films can potentially be used to prevent lipid damage

by UV light in food conservation.
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