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Abstract The objectives of this study were to apply

fabrication techniques for the zein montmorillonite (MMT)

nanocomposite films and characterize the obtained nano-

composite films. Zein MMT nanocomposite films were

successfully produced from solvent casting and blown

extrusion methods. The two methods could mix the zein

MMT resulting in partially exfoliated nanocomposite

structures according to X-ray diffraction and transmission

electron microscopy. The thermal resistant of the zein

nanocomposite films fabricated from both methods

improved as the MMT content increased. However, the

mechanical and barrier properties showed non-linear rela-

tionships with the MMT loadings. The impact of MMT on

properties of zein films strongly depended on the prepa-

ration techniques. This can be the good starting point to

further study in depth insight of the controllable MMT

rearrangement in zein films which will remarkably improve

zein film properties for packaging applications.

Introduction

Synthetic petroleum-based polymers have been used

extensively especially in food packaging applications.

However, they become a major source of solid waste due to

their lack of degradability. The development of biode-

gradable polymers is a promising solution which has been

growing interest during the past decades by the industry.

Several biodegradable polymers have been studied includ-

ing synthetic derived and natural renewable derived

polymers [1, 2]. Proteins are known as heterogeneous

polymers. Their functionalities mainly depend upon their

amino acids components [3, 4]. In general, the protein film

formation involves partial denaturation of polypeptide

chain by chemical and/or physical treatment which is fol-

lowed by arrangement and orientation of the peptide chains

and the formation of new bonds of partial denatured peptide

chains. This results in the formation of protein matrix [2, 3].

Several plant and animal proteins have been studied for

their film formation properties including wheat gluten,

sorghum kafirin, peanut, corn zein, collagen, gelatin, fish

myofribillar protein keratin, egg white, casein and whey

protein [1–4].

Zein, a major protein from corn, is obtained commer-

cially from corn gluten meal (CGM) [5]. Zein has been

proposed as a potential biodegradable packaging material

among other cereal proteins. Zein films can be formed by

different processes including solution casting and thermo-

plastic processing. The solution casting involves dissolving

zein in aqueous ethanol solution, casting or continuous

spreading the solution to a non-sticky surface, and removing

the solvent to obtain thin films [6]. Zein films can also be

formed by precipitating zein solution in cold water and

forming films by blown extrusion [7]. Zein stand alone films

are found to be very brittle hence the plasticizers as oleic

acid, palmitic acid, linoleic acid, glycerol, and polyethylene

glycol are usually added to improve its elasticity [8, 9]. Use

of plasticizers, chemical cross-linking, and laminating with

other protein films are some of the methods which have

been used to improve zein film properties [8, 10, 11].

However, production of zein films which is mechanically

and physically close to synthetic films still remains as a

challenging procedure. Therefore, it is necessary to find a

new strategy to improve zein film properties to increase its

use as food packaging material. Recently, polymer layered
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silicate nanocomposites (PLSN) technique has become

attractive to many researchers which can improve

mechanical, physical, thermal, and barrier properties of

various types of polymer [12–15].

PLSN technique has been used to enhance mechanical

and barrier properties of synthetic polymers [16–18]. The

most commonly used nanoclays are montmorillonite

(MMT), hectorite, and saponite. Natural nanoclay is

hydrophilic, in order to use nanoclay with hydrophobic

polymer, an organically modification is applied. It is

believed that by including small amount (\5 wt%) of

nanoclay could result in an increase in tensile strength and

thermal stability and slower gas diffusion in the treated

polymer [18]. The degree of improvement depends on the

polymer-nanocomposite structure and the distribution of

MMT platelets in polymer matrix [18]. For instant, the

decrease in water vapor permeability of polymer nanoclay

nanocomposite films is mainly attributed to the tortuous

path. Water vapor diffusion due to the impermeable nano-

clay layers distributed in the polymer matrix consequently

increases the effective diffusion path length [19]. In terms of

thermal properties, nanoclay was believed to act as insula-

tors and mass transport barrier to the volatile compounds

generated during the polymer decomposition process [20].

PLSN technique has been recently applied to some protein-

based polymers including soy protein isolate [13, 21], wheat

gluten [15], whey protein [13], and gelatin [22, 23].

There are a great number of ways to form PSLN

including in situ polymerization, solution, and melt pro-

cessing [16–18]. The melt processing has become very

attractive as it could completely exfoliate nanoclays [24].

This process involves heating the polymer and nanoclays

above the glass transition temperature of the polymer with

or without the aid of shearing force. The PSLN formation

strongly depends on the thermodynamic interaction

between the polymer segments and the nanoclay surface

[25]. Therefore, it is still a challenge to create suitable

methodology for fabricating polymer–nanoclay hybrid

which could result in great properties improvement.

To the best of our knowledge, there is no study in the

literature on the synthesis of zein nanoclay nanocomposite

films. Therefore, the objectives of this study were to pre-

pare zein nanoclay nanocomposite films and characterize

the structure and properties of the obtained films. Modified

MMT was the nanoclay that used in this study and the term

MMT will be used in the rest of this paper. There were two

methods that were developed for fabricating zein MMT

nanocomposite films; the solvent casting and blown

extrusion. The solvent casting was a basic film preparation

technique. On the other hand, the blown extrusion involved

precipitating zein protein from solution into zein resin

(above glass transition temperature of zein mixture) and

blowing into zein balloon, which resembled the melt

intercalation method. This technique has been designed to

avoid zein decomposition from high temperature [7]. After

that, the structure and properties of the zein MMT nano-

composite films were investigated.

Experimental

Materials

Zein powder (90% crude protein dry weight basis) was

purchased from Sigma-Aldrich (Milwaukee, WI, USA).

The MMT clay used in this study was Nanomer� I.34

TCN, which is surface-modified MMT containing 25–30

wt% methyl dihydroxy ethyl hydrogenated tallow ammo-

nium. The Nanomer� I.34 TCN was supplied from Sigma-

Aldrich (Milwaukee, WI, USA). Polyethylene Glycol 600

(PEG) was purchased from Alfa Aesar (Ward Hill, MA,

USA) and Glycerol (GLY) was purchased from Fisher

Scientific Inc. USA. Ethanol (95%) was purchased from

Decon Laboratories Inc. (King of Prussia, PA). Magnesium

nitrate, anhydrous phosphorous pentoxide, and oleic acid

were obtained from Sigma-Aldrich (Milwaukee, WI,

USA).

Zein/MMT nanocomposite films preparation techniques

Two different preparation techniques, solvent casting and

blown extrusion, were used for fabricating zein MMT

nanocomposite films. The plasticizers used in each prepa-

ration methods were different regarding the compatibility

of the plasticizers to each method. Polyethylene glycol and

glycerol were used in solvent casting method, whereas

oleic acid was used in blown extrusion method.

In solvent casting method, zein MMT nanocomposite

films were prepared with 0, 1, 3, 5, and 10 wt% modified

MMT (noted SC-0 to SC-10). In this process, 8 g of zein,

0.12 g of PEG, and 0.12 g of GLY were dissolved in

40 mL of warm (45–50 �C) 75% aqueous ethanol solution.

The certain amount of MMT was dissolved separately in

12 mL of 75% ethanol solution and sonicated for 5 min.

The two mixtures were then mixed together and heated

until 60 �C. The ratio of zein to ethanol solution was 1:6.5

(w/v). The zein MMT mixture was then sonicated for

2 min before casting. The ready solution was poured onto a

Petri dish and left dried for 24 h at room temperature.

The blown extrusion films were prepared with 0, 1, 3,

and 5 wt% modified MMT (noted as BE-0 to BE-5). The

blown extrusion technique, as shown in Fig. 1 was adapted

from Wang and Padua [7]. It is composed of two major

steps: (i) resin formation (steps 1–3 in Fig. 1) and (ii) film

formation (steps 4–5 in Fig. 1). The resin was formed by

first dissolving 100 g of zein, 30 g of oleic acid, and certain
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amount of MMT in 650 mL of ethanol solution. The

mixture was stirred for 10 min after they reached

60–65 �C. Then, the solution was poured into an ice water

bath for precipitation. The precipitate zein was collected

and then formed into dough-like resin. The resin was hand

kneaded until it was not sticky. To get rid of the excess

water, the resin was passed 4 times through a single screw

extruder (Model EPL-V501, C.W. Brabender, Hackensack,

NJ). No heat was applied during the extrusion process.

Zein resin was extruded to a balloon by the help of a

blowing head. However, the sample with 5% MMT could

not form into a balloon since the high amount of MMT has

reduced the extensibility of the resin which could not

facilitate balloon formation. The small piece was obtained

from this sample which was enough just for a structure

characterization. Uniform sampling from each type of films

was done by measuring thickness with digital calipers. The

thicknesses of the films were 0.04–0.08 mm for both cast

film and blown films.

Characterization

X-ray diffraction (XRD) patterns were carried out by

Rigaku D/Max diffractometer using Cu Ka radiation

(k = 1.5418 Å) at a generator voltage of 45 kV and a

generator current of 20 mA. The samples were scanned in

the range of diffraction angle of 2h = 2�–10� at a rate of

0.48�/min.

Transmission electron microscope (TEM) was used to

investigate the nanocomposite structure of the film sam-

ples. The film samples were fixed with a series of fixative

agents including Karnovsky’s fixative, osmium tetroxide,

potassium ferricyanide, and uranyl acetate, then dehydrated

in an ethanol gradient, and embedded in epoxy resins. The

ultra thin sections were cut with an ultramicrotome dia-

mond and mounted on holey carbon grids. The samples

were characterized by Phillip CM12 TEM (Mahwah, NJ) at

120 kV.

Measurements

Thermogravimetric analysis (TGA) was used to monitor

the effect of MMT content on thermal properties of zein

MMT nanocomposite films. The TGA was performed on

Q50 TGA (TA instruments, Delaware, USA) in nitrogen

atmosphere. The samples were heated from room temper-

ature to 500 �C at a heating rate of 10 �C/min.

The tensile strength (TS) and percentage of elongation at

break (%E) of films were determined using TA.HD Texture

Analyzer (Stable Micro Systems, Surrey, UK) with a 30 g

load cell. The films were cut into 2 cm by 7 cm strips and

the samples were conditioned for 48 h at 52% relative

humidity at 25 �C before analysis. The cross-head speed

was 1 mm/min.

The water vapor permeability was measured using

modified ASTM method. The film samples with

0.06 ± 0.018 mm thick were conditioned at 52% relative

humidity (RH) and 25 �C for 48 h before testing. Each

specimen was sealed by vacuum grease and 4 screws on

Plexiglas cups containing 8 mL of distilled water each. The

cups were 50 mm (inner diameter), 80 mm (outer diame-

ter) and 10 mm (depth) with an exposed film area of

Fig. 1 The steps of the blown

extrusion technique including

1 zein MMT solution, 2
precipitation, 3 resin formation,

4 cold extrusion, and 5 balloon

formation
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1964 mm2. The cups were placed in desiccators containing

a desiccant (phosphorus pentoxide), thus creating the RH

gradient of 100%. The sample cups were weighed using

four-digit balance every hour over 8-h period until the

steady state of vapor flow was reached. The weight loss of

sample cups was plotted over time. At least three samples

of each film were tested and the test temperature was

25 ± 2 �C. The water vapor transmission rate (WVTR)

was obtained from:

WVTR ¼ slope

area
g/days m2
� �

ð1Þ

where slope is the slope of the linear regression of weight

lost versus time (g/d) and area is an open mouth area of the

cup (m2).

The water vapor permeability (WVP) was calculated

from the following equation:

WVP ¼WVTR� d

DPð Þ g mm=days m2 kPa
� �

ð2Þ

where DP is the difference water vapor partial pressure

across the test cups (kPa) and d is the film thickness (mm).

Results and discussion

Characterization of zein MMT nanocomposite films

The zein MMT nanocomposite films prepared by both

solvent casting and blown extrusion methods are displayed

in Figs. 2 and 3. The film samples obtained from both

methods are glossy yellowish and translucent. It is clearly

seen that MMT content do not affect the translucency of

the films prepared from both techniques. Similar observa-

tion was found by Chang et al. [26] that the inclusion of

MMT and synthetic mica (at 4–6 wt%) did not influence

the translucency of the polylactic nanocomposite films as

the disperse phase of MMT and synthetic mica had an

average size smaller than the wavelengths of light.

The XRD patterns of solvent cast and blown extruded zein

MMT nanocomposite films are shown in Figs. 4 and 5,

respectively. The interlayer spacing was calculated from the

diffraction peak using Bragg’s equation (nk = 2d sin h) It

can be seen that the Nanomer� I.34TCN MMT had dif-

fraction peak at 4.8� 2O– with the interlayer spacing of

18.27 Å
´

(peak f of Fig. 4 and peak d of Fig. 5) which was in

Fig. 2 Photographic pictures of

zein MMT nanocomposite films

prepared from solvent casting

method (SC = solvent casting

method, number = MMT

content (wt%))

Fig. 3 Photographic pictures of

zein MMT nanocomposite films

prepared from blown extrusion

method (BE = blown extrusion

method, number = MMT

content (wt%))
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agreement with the literature (19 Å) [27]. It is also found that

the MMT peaks were absent in the XRD patterns of the

hybrid films prepared from both techniques regardless of

MMT content. The vanishing of MMT peaks can be a result

of the lost of interlayer association which means that the

MMT layers become apart or the MMT interlayer becomes

larger than the XRD detection limit [28]. Moreover, there are

some other factors which can also cause MMT peaks to

vanish in XRD pattern including loss in periodicity of MMT

[29]. Therefore, the XRD result alone could only imply the

possibility of some degree of exfoliated nanocomposite

structure presented in zein MMT hybrid cast and extruded

films.

Along with the XRD results, the dispersion of MMT

platelets in zein nanocomposite films prepared from

solvent casting and blown extrusion were also visually

investigated using TEM (Fig. 6a, b). The TEM images of

zein hybrid films prepared from both techniques show dark

streaks of MMT platelets dispersed in zein matrix (light

background). It is clearly seen that the single platelets were

observed together with multilayered nanostructure within

the zein matrix. This indicated some degree of MMT

exfoliation and intercalation in zein matrix regardless of

the preparation technique used.

The combination of XRD and TEM results suggested that

the zein MMT nanocomposite film prepared from solvent

casting and blown extrusion techniques could lead to the

formation of partially exfoliated nanocomposite structure.

Measurements of zein MMT nanocomposite film

properties

Thermal stability

The TGA was used to investigate the thermal stability of

zein MMT nanocomposite films by measuring loss of mass

Fig. 4 XRD patterns of various MMT contents of zein nanocom-

posite films prepared by solvent casting method

Fig. 5 XRD patterns of various

MMT contents of zein

nanocomposite films prepared

by blown extrusion method
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which is caused by the volatile compound formation after

thermal degradation as a function of temperature. The TGA

curves as shown in Figs. 7 and 8, in general, exhibit two

stages of thermal degradation under inert condition. The

first stage corresponded to the loss of low molecular mass

compounds, i.e., plasticizers and solvent from 70 to

200 �C. The second stage (250–300 �C) was associated

with the protein degradation.

It is believed that the temperature at which the polymer

starts to degrade is the most important criteria to evaluate

the thermal stability of polymer [23]. In this case, the

temperature at which the weight loss of 20% occurred was

focused. The temperature at 20% weight loss of zein MMT

nanocomposite films prepared by solvent casting (Fig. 7)

increased as the MMT content increased. The sample with

10 wt% MMT loading lost its 20% weight at about 10 �C

higher than the unfilled sample. The remarkable impact of

MMT on thermal stability of zein film was found in sam-

ples prepared by blown extrusion (Fig. 8). The temperature

at 20% weight loss dramatically increased as the MMT

loading increased. The inclusion of only 5 wt% MMT

could delay about 10 �C. The delay in the mass loss in

nanocomposite was also in accordance with the literatures

including gelatin/MMT nanocomposite films [22], wheat

gluten/MMT nanocomposites [15], and polylactic acid

MMT nanocomposites [30]. The improvement of thermal

stability in polymer nanocomposite is caused by the

increase in combustion gas diffusion pathway created from

the dispersed MMT layers which act as insulators [16].

It was shown that the zein MMT films prepared by blown

extrusion were more sensitive to MMT loadings than the

samples prepared by solvent casting. This could indicate that

the MMT platelets were well-distributed within zein poly-

mer by blown extrusion method. So the nanoclay platelets

provided thermal barrier throughout the zein matrix and

eventually delayed the thermal degradation of zein films.

This could suggest that the MMT content influenced the

thermal stability of zein films. Moreover, the blown

extrusion technique could provide highly dispersed and

distributed MMT layers within zein polymer matrix which

led to greatly thermal stability improvement.

Fig. 6 TEM images of

a solvent cast zein MMT

nanocomposite films with

5 wt% of MMT, and b blown

extrusion zein MMT

nanocomposite films with

5 wt% of MMT

Fig. 7 Effect of MMT contents on TGA curve of zein MMT

nanocomposite films prepared by solvent casting method

Fig. 8 Effect of MMT contents on TGA curve of zein MMT

nanocomposite films prepared by blown extrusion method
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Mechanical properties

Mechanical properties of zein MMT nancomposite films

prepared by solvent casting and blown extrusion methods

were represented in Figs. 9 and 10, respectively. The

general trend for both film production techniques was

similar. As MMT increased, there was an increase in the

elastic modulus. The zein MMT nanocomposite films

prepared by solvent casting were quite brittle as compared

to blow extrusion films. The brittleness of the cast films has

been attributed to its glass transition temperature which is

close to material temperature (room temperature in this

case) [31]. The glass transition of the solvent casting zein

MMT nanocomposite films as measured by modulated

differential scanning calorimeter (data not shown) was

around 36 �C. In order to obtain more ductile films, the

higher level of plasticizers should be applied to the formula

[32]. The effect of MMT content on mechanical properties

of zein MMT nanocomposite films prepared by solvent

casting was expressed in the relative values to the control

film (SC-0) as shown in Fig. 9. The zein MMT nanocom-

posite films (SC1–SC10) had greater Young’s modulus and

tensile strength than SC-0. It is obvious that it was not a

linear relationship between the test values and MMT con-

centrations. The tensile strength which is the maximum

tensile stress that the sample is capable of carrying,

improved the most in SC-5 (2.5 times greater than SC-0)

then leveled off in SC-10. The same observation was found

in wheat gluten nanocomposite films prepared from solvent

casting [15] and gelatin nanocomposite films [27]. This

indicated the solvent casting technique has a critical MMT

percentage where the dispersion of MMT is better. It could

be concluded that at 5 wt% of MMT is the optimal level

which could lead to a good interaction between MMT and

zein matrix prepared by solvent casting and resulted in high

tensile strength. In contrary, the percentage elongation at

break values of zein MMT nanocomposite films dropped as

the MMT level increased.

The zein MMT nanocomposite films prepared from

blown extrusion, on the other hand, were not as brittle as

the samples prepared by solvent casting. The relative

mechanical properties blown extrusion nanocomposite

films were slightly greater than of unfilled sample (Fig. 10).

Unlike solvent casting nanocomposite films, the blown

extrusion nanocomposite films had higher elongation at

break than the control films, especially at 1 wt% MMT

loading (*3 times). The extrusion process caused entan-

glement of zein molecules [33] which could result in zein

network formation that corresponded to the better elonga-

tion than in samples prepared from solvent casting method.

Water vapor permeability

The WVP of zein MMT nanocomposite films prepared by

solvent casting and blown extrusion is shown in Table 1.

The WVP decreased as the MMT content increased up to

SC-5 then the WVP rose up to be higher than control

sample (SC-0) in SC-10. The WVP decreased the most

about 60% in SC-3. In contrast, the blown extrusion sam-

ples showed that the WVP of filled sample was lower than

the unfilled one. The BE-1 showed the lowest WVP. It is

obvious that the improvement in barrier properties has a

non-linear relationship with the MMT contents in samples

prepared from both solvent casting and blown extrusion

methods.

Fig. 9 Effect of MMT contents on the relative mechanical properties

of zein MMT nanocomposite films prepared by solvent casting

method

Fig. 10 Effect of MMT contents on the relative mechanical proper-

ties of zein MMT nanocomposite films prepared by blown extrusion

method
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The improvement of water vapor barrier property of zein

MMT nanocomposite films is due to the impermeable

MMT layers distributed in the polymer matrix conse-

quently increases the effective diffusion path length [19].

The level of improvement depends not only on the nano-

composite structure (intercalated, exfoliated or some

intermediate) but also greatly depends upon the relative

orientation of the sheets in the matrix. The MMT layers

orientation which can result in highest tortuosity occurs

when the MMT layers arrange perpendicular to the direc-

tion of diffusion. Any kind of deviation from those

arrangements could result in inferior in barrier properties

[34]. It could be that the solvent casting and blown

extrusion techniques were able to exfoliate the MMT lay-

ers, but could not orient the layers alignment in the way

that could have great impact on the barrier properties of the

nanocomposite films.

Conclusions

The solvent casting and blown extrusion techniques have

been applied to fabricate zein MMT nanocomposite films.

The effects of MMT contents on their properties were also

investigated. Solvent casting method was able to partially

exfoliate MMT as monitoring by XRD and TEM. The

thermal stability of cast zein MMT films improved as

MMT content increased. However, the improvement of

mechanical and barrier properties of the films were not in

linearly relationship with MMT content. The critical MMT

content which could result in tensile strength improvement

was at 5 wt%, while it was at 3 wt% for water vapor

permeability. The blown extrusion technique could fabri-

cate thin zein MMT nanocomposite films, but the limita-

tion of this technique was that it could apply at low amount

of MMT (1–3 wt%). This technique could also result in

partially exfoliated nanocomposite structure. The thermal

resistant of the films increased dramatically with the MMT

content. Like solvent casting, the effects of MMT loadings

on the mechanical and barrier properties of the films were

non-linear relationships.

It is recommended that the selection of the preparation

technique to prepare zein MMT nanocomposite films

should base on the desire final properties of the nano-

composite films. The blown extrusion technique is good for

preparing zein MMT nanocomposite films with thermal

resistant improvement. On the other hand, the solvent

casting technique can be used for preparing zein MMT

nanocomposite films with improved tensile strength. These

novel approaches should provide a better understanding

of the mixing processes that can exfoliate some of the

MMT platelets in zein protein which result in properties

improvement.

Acknowledgements XRD and TEM results were carried out in the

Center for Microanalysis of Materials, University of Illinois, which is

partially supported by the U.S. Department of Energy under Grant

DEFG02-91-ER45439. Thai government was acknowledged for their

financial support to Jarupat Luecha through the Royal Thai Govern-

ment Scholarship.

References

1. Yang KK, Wang XL, Wang YZ (2007) J Ind Eng Chem

13(4):485

2. Rhim JW, Ng PKW (2007) Crit Rev Food Sci Nutr 47:411

3. Cuq B, Gontard N, Guilbert S (1998) Cereal Chem 75(1):1

4. Hernandez-Izquierdo VM, Krochta JM (2008) J Food Sci

73(2):30

5. Shukla R, Cheryan M (2005) Crops Prod 13:171

6. Lai H-M, Padua GW (1998) Cereal Chem 75:194

7. Wang Y, Padua GW (2003) Macromol Mater Eng 288:886

8. Lai H-M, Padua GW (1997) Cereal Chem 74:771

9. Lai H-M, Padua GW, Wei LS (1997) J Appl Polym Sci 71:1267

10. Kim S, Sessa DJ, Lawton JW (2004) Ind Crops Prod 20(3):291

11. Ghanbarzdeh B, Oromiehi AR (2009) J Food Eng 90(4):517

12. Wang SF et al (2005) Polym Degrad Stab 90:123

13. Haung S, Netravali AN (2006) Biomacromolecules 7(10):2783

14. Hedenqvist MS, Backman A, Gallstedt M, Boyd RH, Gede UW

(2006) Compos Sci Technol 66:2350

15. Tunc S, Angellier H, Cahyana Y, Chalier P, Gontard N, Gastaldi

E (2007) J Membr Sci 289:159

16. Alexandre M, Dubois P (2000) Mater Sci Eng 28:1

17. Singha Ray S, Bousmina M (2005) Prog Mater Sci 50(8):962

18. Hussian F, Hojjati M, Okamoto M, Gorga RE (2006) J Compos

Mater 40(17):1511

19. Rhim J, Hong S, Ha C (2009) Lwt-Food Sci Technol 42:612

20. Cho JW, Paul DR (2001) Polymer 42:1083

21. Chen P, Zhang L (2006) Biomacromolecules 7:1700

22. Martucci JF, Vazquez A, Ruseckaite RA (2007) J Therm Anal

Calorim 89(1):117

23. Zheng JP, Li P, Ma LY, Yao KD (2002) J Appl Polym Sci

86(5):1189

24. Paul DR, Robeson LM (2008) Polymer 49:3187

25. Vaia RA, Jandt KD, Kramer EJ, Giannelis EP (1996) Chem

Mater 8:2628

26. Chang JH, An YU, Cho D, Gianelis EP (2003) Polymer 44:3715

27. Feng W, Ait-Kadi A, Riedl B (2002) Polym Eng Sci 42(9):1827

Table 1 Water vapor permeability (WVP) of zein nanocomposite

films

Sample WVP (g mm/days m2 kPa)

SC-0 11.58 ± 1.59

SC-1 7.17 ± 0.82

SC-3 4.56 ± 1.02

SC-5 10.20 ± 1.56

SC-10 14.80 ± 0.86

BE-0 8.15 ± 2.2

BE-1 4.77 ± 1.33

BE-3 6.27 ± 0.26

Properties are given with their standard deviation values

3536 J Mater Sci (2010) 45:3529–3537

123



28. Rao Y (2007) Polymer 48:5369

29. Nawani P (2008) Polymer layered silicate nanocomposites:

structure, morphology, and properties. Ph.D. Thesis, Stony Brook

University

30. Paul M, Alexandre M, Degee P, Henrist C, Rulmont A, Dubois P

(2003) Polymer 44:443

31. Slade L, Levine H (1991) Crit Rev Food Sci Nutr 30(2–3):115

32. Gontard N, Gilbert S, Cuq JL (1993) J Food Sci 58(1):206

33. Lau M (2007) Effect of mechanical energy and moisture content

on the rheology properties of zein-oleic acid dough during

kneading, mixing, and extrusion. M.S. Thesis, Rutgers University

34. Bharadwaj RK (2001) Macromolecules 34:9189

J Mater Sci (2010) 45:3529–3537 3537

123


	Synthesis and properties of corn zein/montmorillonite nanocomposite films
	Abstract
	Introduction
	Experimental
	Materials
	Zein/MMT nanocomposite films preparation techniques
	Characterization
	Measurements

	Results and discussion
	Characterization of zein MMT nanocomposite films
	Measurements of zein MMT nanocomposite film properties
	Thermal stability
	Mechanical properties
	Water vapor permeability


	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


