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The goal of this work is to produce nanocomposite film with low oxygen permeability by casting an 
aqueous solution containing xylan, sorbitol and nanocrystalline cellulose. The morphology of the 
resulting nanocomposite films was examined by scanning electron microscopy and atomic force 
microscopy which showed that control films containing xylan and sorbitol had a more open structure 
as compared to xylan-sorbitol films containing sulfonated nanocrystalline cellulose. The average 
pore diameter, bulk density, porosity and tortuosity factor measurements of control xylan films and 
nanocomposite xylan films were examined by mercury intrusion porosimetry techniques. Xylan 
films reinforced with nanocrystalline cellulose were denser and exhibited higher tortuosity factor 
than the control xylan films. Control xylan films had average pore diameter, bulk density, porosity 
and tortuosity factor of 0.1730 μm, 0.6165 g/ml , 53.0161% and 1.258, respectively as compared to 
xylan films reinforced with 50% nanocrystalline cellulose with average pore diameter of 0.0581 μm, 
bulk density of 1.1513 g/ml, porosity of 22.8906% and tortuosity factor of 2.005. Oxygen 
transmission rate tests demonstrated that films prepared with xylan, sorbitol and 5%, 10%, 25% 
and 50% sulfonated nanocrystalline cellulose exhibited a significantly reduced oxygen permeability 
of 1.1387, 1.0933, 0.8986 and 0.1799 cm3�μm/m2�d�kPa respectively with respect to films prepared 
solely from xylan and sorbitol with a oxygen permeability of 189.1665 cm3�μm/m2�d�kPa. These 
properties suggested these nanocomposite films have promising barrier properties. 
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Biobased plastics have generated increasing interest to replace 

petrochemical based polymers in light of their ready availability, 

sustainability, limited environmental impact and simplified 

end-of-life disposal issues [1-4]. High barrier packaging 

materials require low oxygen permeability with good mechanical 

strength. Replacing existing oxygen barriers such as aluminum 

and synthetic polymers with biopolymers is a research topic of 

increased interest.  Early studies examined the use of chitosan, 

starch and cellulose derivatives to address these challenges and 

were shown to have good film forming properties [5]. 

Acetylated galactoglucomannan (AcGGM) hemicellulose 

was found to be an excellent candidate for making new 

renewable barrier materials [6]. The oxygen barrier permeability 

of the AcGGM films were found to be similar to, or lower than, 

the values reported on oxygen barrier films made from 

glucuronoxylan [7] and other polysaccharides, such as starch [8], 

chitosan [9] and mixtures of various polysaccharides [10]. 

Hartman reported oxygen permeability of 2.0 cm3�μm/m2�d�kPa 

for GGM-sorbitol film [6]. The oxygen barrier properties of 

films obtained from a mixture of O-acetyl-galactoglucomannan 

and either alginate or carboxymethylcellulose were also studied. 

The reported values of oxygen permeability of GGM/alginate/ 



Nano-Micro Lett. 2, 235-241 (2010)                             236                                           Amit Saxena et al 

DOI:10.3786/nml.v2i4.p235-241                                                                        http://www.nmletters.org 

glycerol blend were 4.6 cm3�μm/m2�d�kPa [6]. The oxygen 
permeability of the GGM films was lower than that of 

glycerol-plasticized amylose and amylopectin films [11], but not 

as low as that of sorbitol-plasticized aspen glucuronoxylan films 

[7,12]. The oxygen permeability of oat spelt arabinoxylan films 

plasticized with 40% sorbitol was 4.7 cm3�μm/m2�d�kPa, which is 
slightly lower than that of GGM films [13]. Biobased 

free-standing films and coatings with low oxygen permeability 

of 1 cm3�μm/m2�d�kPa have been also prepared from a wood 
hydrolysate [14]. Films made from these polysaccharides are 

brittle and therefore to form cohesive films requires plasticizers 

such as sorbitol and xylitol. However, even with the plasticizers, 

the mechanical properties of these films have been considered to 

less than desirable. Nanocrystalline cellulose has been studied as 

reinforcements of various synthetic and some natural polymer 

matrices [15-17] to improve the strength properties owing to 

their high bending strength of 10 GPa, and elastic modulus of 

143 GPa [18-19]. Lagaron et al. [20] discussed the role of 

crystalline structure of polymers and emphasized that high 

crystallinity improves barrier properties. Nanocrystalline 

cellulose is greater than 60% crystalline [21-22] and this 

property together with the resulting rigid hydrogen-bonded 

network of nanocrystallinecellulose can cause an increase in 

tortuousity and smaller pore size for nanocomposites which may 

be utilized to create high barrier materials. In a recent study, 

spruce galactoglucomannans (GGM) and konjac glucomannan 

(KGM) were mixed with nanocrystalline cellulose (NCC) to 

study the mechanical and barrier properties of the films [23,24]. 

The tensile strength of unplasticized KGM films increased by 

30% but the mechanical properties of the plasticized films were 

not affected with increased in nanocrystalline cellulose. The 

presence of 5% of nanocrystalline cellulose did not significantly 

affect the oxygen permeability of the films.  

Xylan is one of the most common hemicelluloses, is the 

most abundant polysaccharide in nature after cellulose, and is an 

attractive resource for film production [25-27]. Prior studies by 

Saxena et al. [28] have shown that the addition of 7% 

nanocrystalline cellulose to xylan-sorbital films increased the 

tensile energy absorption of the resulting films by 445% and the 

tensile strength of the film by 141%. Recent studies 

demonstrated that films with 10% nanocrystalline cellulose 

exhibited a 74% reduction in specific water transmission 

properties with respect to films prepared solely from 

xylan/sorbitol, and a 362% reduction in water transmission rate 

with respect to xylan films reinforced with 10% softwood kraft 

fibers [29]. The objective of the current study is to evaluate the 

oxygen barrier properties of xylan-nanocrystalline cellulose 

composite films. 

Materials and Methods 

Materials 

Oat spelt xylan was obtained from Aldrich and was 

determined to contain 81.0% xylose, 9.8% arabinose, 7.6% 

glucose, 1.4% galactose and 0.2% of mannose. A commercial 

elemental chlorine-free (ECF) bleached softwood (SW) kraft 

pulp was used as received.  Dialysis tubes were purchased from 

Spectrum Labs. All other reagents and solvents were purchased 

from Aldrich and used as received. 

Preparation of Nanocrystalline Cellulose 

Nanocrystalline cellulose was prepared following the 

procedure outlined by Pu [30]. In brief, softwood kraft pulp was 

ground in a Wiley mill to pass through a 20-mesh screen. The 

acid hydrolysis of the milled pulp was accomplished with 64 

wt % sulfuric acid at 45°C for 45 min with stirring.  The 

reaction was halted by adding a 10-fold excess of deionized (DI) 

water. After standing overnight, the water was decanted and the 

settled cellulosics were collected with a minimal amount of 

water.  Excess acid was removed with a water wash (200 ml), 

and centrifuged for 20 min at 11,000 rpm.  The aqueous phase 

was discarded and the wash cycle was repeated an additional two 

times. The solids suspension was then dialyzed against DI water 

for 3 days using regenerated cellulose dialysis tubing with a 

12000-14000 molecular weight cut off until the pH of the 

solution reached 7. Sonication was performed on the neutral 

nanocrystalline cellulose solution for 35 min with an Ultrasonic 

Processor GEX-500 sonicator with standard titanium alloy probe 

(tip diameter 1.27 cm) at 28 Watts power input while immersed 

in an ice bath. The average yield of nanocrystalline cellulosic 

was 35%. Conductometric titration was used to measure the bulk 

charge on nanocrystalline cellulose following the method 

described by Katz (1984) [31]. A known amount of 

nanocrystalline cellulose (0.31% of suspension containing 0.50 g 

of whisker) was taken and mixed with 5.00 ml of 0.01 M NaCl 

before measurement. The solution was titrated with 0.05 M 

NaOH.  

The change in conductivity was recorded with a 

conductometer. The bulk charge for the nanocrystalline cellulose 

was found to be 9.73 mmol acid groups/100 g. The bulk 

carboxylic acid group content of the fibers was measured by 
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conductometric titration methodology. Air-dried fibers 

equivalent to 1.50 g of oven-dried fibers were added to 300.00 

ml of 0.10 M HCl and stirred for 1 h. The pulp was filtered using 

a vacuum flask and then washed with at least 400 ml of deionized 

water. The washed pulp was treated with 0.001 M NaCl and 1.50 

mL of 0.10 M HCl, stirring and bubbling nitrogen through the 

solution. The treated pulp was finally titrated with 0.05 M NaOH 

in 0.25 ml aliquots. The change in conductivity was recorded 

with conductometer. The bulk charge for the starting cellulose 

fibers was found to be 3.82 mmol carboxylate groups/100 g.  

Preparation of xylan- sulfonated nanocrystalline cellulose 
nanocomposite film 

Xylan composite films were formed by adding an aqueous 

suspension (35.00 ml) of sulfonated nanocrystalline cellulose to 

xylan (0.25 g). The solid nanocrystalline cellulose content was 

0.0, 5.0, 10.0, 25.0, and 50.0 wt% of the total mixture of sorbitol, 

xylan, and nanocrystalline cellulose. Sorbitol (0.25 g, 1.37 mmol) 

was then added to the mixture with stirring and this solution was 

heated to 95ºC for 15 min. The whole solution was then poured 

into polystyrene petri dishes (4.60 cm in radius) and allowed to 

dry at room temperature for three days. The thickness of 

resulting composite films for xylan-sulfonated nanocrystalline 

cellulose films with 10%, 25% and 50% sulfonated 

nanocrystalline cellulose was 0.0812 mm, 0.0877 mm, 0.1312 

mm, respectively.  

Characterization 

The cross-section and surface morphology of the composite 

films were analyzed by Hitachi S800, thermally assisted field 

emission (TFE) scanning electron microscope (SEM) with an 

accelerating voltage of 12 kV. The samples were sputter-coated 

with gold prior to examination. Nanocrystalline cellulose and the 

composite films were analyzed using Dimension 3100 scanning 

probe microscope and Nanoscope III controller. The images 

were acquired in tapping mode in air using a 1–10 Ω cm 

phosphorus (n) doped silicon tip with the cantilever resonance 

frequency of 150 kHz. Scans were done at 5 microns.  

Oxygen permeability Analysis 

The oxygen transmission of the films was measured using a 

Mocon Ox-Tran 2/21 l apparatus (Modern Controls Inc., 

Minneapolis, USA) with a coulometric sensor in accordance 

with ASTM method D 3985-95 [32]. 

Mercury Intrusion Porosimetry Analysis 

Micromeritics' AutoPore IV 9500 Series was used to 

measure the porosity, bulk density, and average pore diameter 

and tortuosity factor of the control and nanocomposite films. 

Results and Discussion 

This study examines the oxygen barrier properties of 

xylan-nanocrystalline cellulose composite films. By AFM 

analysis, the sulfonated nanocrystalline cellulosic were observed 

to have rod like structure with an average length of 150-200 nm 

and a width of less than 20 nm (Fig. 1). AFM images, acquired 

using tapping mode, of the xylan/sorbitol films reinforced with 

nanocrystalline cellulose show well dispersed sulfonated 

nanocrystalline cellulose on xylan surface in comparison to more 

open structure of xylan/sorbitol control films (Fig. 2).  

The specific oxygen transmission rate of the xylan 

nanocomposite films are shown in Table 1. The transmission rate 

decreased drastically upon reinforcement with nanocrystalline 

 

FIG. 1. AFM image of sulfonated nanocrystalline cellulose with a concentration 

of 0.7% by weight. 

Table 1 Effect of sulfonated nanocrystalline cellulose dosage on oxygen 

transmission rate of xylan film. 

Samples 
Specific oxygen 
transmission rate 

(cm3/m2�day) 

Control (Xylan) 354.950 

Xylan + 5% sulfonated nanocrystallinecellulose 1.442 

Xylan + 10% sulfonated nanocrystalline cellulose 1.364 

Xylan + 25% sulfonated nanocrystalline cellulose 1.038 

Xylan + 50% sulfonated nanocrystalline cellulose 0.139 

EVOH 3-5 

Polyester, oriented, Polyvinylidene chloride (PVdC) 
coated 

9-15 

MFC film 17.0-18.5 
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cellulose. The measured oxygen permeability is lower or 
comparable to the often used barrier plastic ethylene vinyl 

alcohol (EVOH) [33] and the films made from microfibrillar 

cellulose [34], see Table 1.  

Oxygen permeability values were calculated by dividing the 

oxygen transmission rates by the differential partial pressure of 

oxygen across the film (1 atm or 101.3 kPa) and multiplying by 

the film thickness in microns [5]. Table 2 summarized the 

oxygen permeability of some of the literature work and current 

work. The oxygen transmission rates as summarized in Table 1 at 

25% and 50% dosage of nanocrystalline cellulose decreased 

drastically with respect to control xylan films and are the two 

lowest values that we obtained in this study.  It will be an 

interesting subject to explore the porosity, bulk density and 

tortuosity factor at these two levels and the control xylan films. 

As summarized in Table 3, the density and tortuosity factor of the 

composite film increased while the pore diameter and porosity 

decreased as the loading of sulfonated nanocrystalline cellulose 

increased in the xylan-based films.  

SEM images of the control xylan film surface showed 

agglomerated structures on the surface in comparison to a more 

uniform surface for the nanocrystalline cellulose-xylan films 

(Fig. 3 (a) and 3 (b)). 

Oxygen transmission rate at 5% and 10% charge of 

nanocrystalline cellulose doesn’t differ much but a significant 

drop of transmission rate as compared to control. We studied 

xylan-10% nanocrystalline cellulose film under SEM (Fig. 3) 

and AFM (Fig. 2b) and found that control xylan film surface in 
Fig. 3 (a) shows agglomeration in comparison to well dispersed 

sulfonated nanocrystalline cellulose on xylan surface in Fig. 3 

(b). The uneven structure and agglomeration of the xylan can be 

the cause of higher oxygen transmission rate of control xylan 

film in comparison to xylan reinforced with 10% sulfonated 

nanocrystalline cellulose.  

 

SEM cross-section images of freeze fracture of control 

xylan films showed a rough texture with small cracks in the film 

as summarized in Fig. 4(a) and 4(b). The same analysis for the 

xylan film reinforced with nanocrystalline cellulose exhibited 

smooth fractured surface and less porous structure (see Fig. 4(c) 

and Fig. 4(d)).  

 
FIG. 3. SEM surface images of the (a) control xylan, (b) xylan reinforced with 

10% sulfonated nanocrystalline cellulose. 

 

FIG. 2.  AFM images of (a) control xylan (b) 10% sulfonated nanocrystalline cellulose film (c) 50% sulfonated nanocrystalline cellulose film. 

Table 2 Oxygen Permeability of biopolymer films. 

Sample 
Oxygen permeability 
(cm3�μm/m2�d�kPa) 

GGM-sorbitol 2.0[6] 

GGM/alginate/glycerol blend 4.6[6] 

Oat spelt arabinoxylan films plasticized with 40% 
sorbitol 

4.7 [13] 

Biobased free-standing films and coatings from a 
wood hydrolysate 

1.0 [14] 

Xylan + 50% sulfonated cellulose whiskers 0.1799 (current study) 

 

Table 3. Mercury intrusion porosimetry measurements of control xylan and 
nano-composite films. 

Sample 
Average pore 
diameter (μm) 

Bulk density  
(g/ml) Porosity (%) 

Tortuosity 
factor 

Control (Xylan) 0.1730 0.6165 53.0161 1.258 
Xylan+25% 
sulfonated 

nanocrystalline 
cellulose 

0.1301 0.8705 40.8501 1.700 

Xylan+25% 
sulfonated 

nanocrystalline 
cellulose 

0.0581 1.1513 22.8906 2.005 
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The dense structure of composite films with reduced 
surface porosity is due to the combination of the nanocrystalline 

cellulose and the resulting rigid hydrogen-bonded network 

within the nanocrystalline cellulose and with the matrix [2].  

This causes an increase in the tortuosity factor and bulk density 

with decrease in porosity and average pore diameter of the 

composite films resulting in lower oxygen transmission rates of 

composite films in comparison to the control.  

Nanocrystalline cellulose have been reported to have 

crystallinity values greater than 60% [21] which would further 

reduce the transmission of oxygen molecules through these 

nanocomposite films. The tortuosity factor measurements from 

mercury porosimetry techniques showed that the control xylan 

films have a tortuosity factor of 1.258 whereas the xylan films 

containing 50% nanocrystalline cellulose had a tortuosity factor 

of 2.005.  The combination of 50% nanocrystalline cellulose 

and xylan showed the lowest oxygen transmission rate of 0.139 

cm3/m2�day). Figures 5 and 6 show the rate of oxygen 
transmission rate for the control xylan and xylan reinforced with 

50% nanocrystalline cellulose respectively. Control xylan films 

have much higher rate of oxygen transmission than xylan 

reinforced with nanocrystalline cellulose films.  

 
FIG. 4. SEM fracture images of the cross-sections of membranes of (a) and (b) control xylan, (c) and (d) xylan reinforced with sulfonated nanocrystalline cellulose. 

 

FIG. 5. Oxygen transmission rate for control xylan films. 

 

 

 

FIG. 6. Oxygen transmission rate for control xylan reinforced with 50% 

nanocrystalline cellulose. 
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Conclusions 

Nanocrystalline cellulose was incorporated into xylan 

slurry to prepare high oxygen barrier biodegradable films. It 

appears that the high degree of crystallinity of nanocrystalline 

cellulose and the dense composite structure of the formed films 

with nanocrystalline cellulose and xylan leads to a film that has 

reduced transmission properties.  These effects were attributed 

to a rigid hydrogen-bonded network of hydrogen bonded 

nanocrystalline cellulose to form an integrated matrix as 

described by percolation theory. 
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