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Abstract Bacterial cellulose (BC)-based membrane-like

biodegradable composites were produced by immersing

wet BC pellicles in polyvinyl alcohol (PVA) solution. The

BC content in the BC–PVA composites can be adjusted by

varying the concentration of PVA solution. Chemical

cross-linking of PVA was carried out using glutaraldehyde

to increase the mechanical properties of the composites as

well as to make the PVA partially to highly water insolu-

ble. Examination by scanning electron microscopy indi-

cated that the PVA not only penetrated the BC network,

but also filled the pores within the BC pellicle. Attenuated

total reflectance-Fourier transform infrared spectroscopy

showed that acetal linkages could be formed in the BC–

PVA composites by a cross-linking reaction. Sol–gel

results indicated that cross-linking reaction increasingly

made PVA insoluble in water resulting in higher gel (cross-

linked fraction) content in the PVA. Wide-angle X-ray

diffraction results showed decreased crystallinity in cross-

linked BC and PVA, as expected. It was also found that

crystal size was smaller in PVA after cross-linking. The

BC–PVA composites had excellent tensile properties and

cross-linking increased these properties further. Thermo-

gravimetric analysis showed higher thermal stability for

BC–PVA composites compared to PVA. The cross-linked

specimens, especially the highly cross-linked ones, showed

even higher thermal stability. The methods developed in

this study make it possible to control the PVA content in

the composites as well as the cross-linking level of PVA.

These composites could be good candidates for replacing

traditional non-biodegradable plastics.

Introduction

The past several decades have seen rapid development of

advanced composites with excellent mechanical properties

that have replaced metals in many applications. Most of

these composites are made using petroleum-derived non-

degradable fibers, such as carbon, aramid and polymers/

resins such as polyetheretherketone (PEEK) and epoxy.

These composites are difficult to recycle or reuse, and

hence pose a serious solid waste disposal problem due to

decreasing landfill space, widespread litter, and pollution

of land, air, and marine environments [1–3]. As a result,

significant interest has been generated in developing fully

biodegradable bio-based composites in the past few years

[4–10].

Bacterial cellulose (BC) is a promising biodegradable

green material with excellent potential as reinforcement for

composites. BC is a specific cellulose primarily produced

by Acetobacter xylinum, a Gram-negative, obligately aer-

obic bacterium, in a nutritional fermentation medium at

30 �C. The medium requires carbon sources (mannitol,

sucrose, fructose or, others) and nitrogen sources (peptone,

typtone, yeast extract, etc.), with optimum pH of 5.0. BC

has the same chemical structure as other plant-based cel-

lulose and is produced as fibers with diameters in the range

of 70–90 nm. It displays many unique properties including

higher purity, higher degree of polymerization, higher

crystallinity, higher tensile strength and modulus, and

stronger biological adaptability [11–15]. The BC material

is already being used in many applications including arti-

ficial skin and blood vessels, binding agent for fibers and

other materials, loud speaker diaphragms, high quality

paper, foods, textiles, composite membranes, etc. [15–20].

Polyvinyl alcohol (PVA) is a thermoplastic, biocom-

patible, and biodegradable polymer. With hydroxyl groups
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in its structure, it is hydrophilic and expected to form

hydrogen bonds and acetal linkages with other materials,

such as cellulose and aldehydes [21, 22]. Therefore, BC–

PVA is an excellent reinforcement and resin combination

for fabricating biodegradable composites. BC–PVA-based

composites have been developed previously [21–25].

Hydrogen bonds formed between hydroxyl groups on BC

and PVA have been shown to facilitate fabrication of

homogenous composites [21]. However, BC content in

those composites was low and as a result the properties

were not ideal to replace most of the traditional plastic

materials. If the desired mechanical properties are achieved,

such composites can have great potential for applications as

articular cartilage [22] and aortic heart valve prosthesis

[23, 24].

Both cellulose and PVA have been studied in the past

and shown to be fully biodegradable [26–28]. As a result,

their composites made using the two are also biodegrad-

able. However, biodegradation investigation experiments

involving BC–PVA composites, particularly those using

cross-linked PVA are currently ongoing in our lab, will be

the subject of our next paper.

Research in chemical cross-linking of PVA and cellu-

lose fabrics has been reported earlier [29–36]. PVA can be

cross-linked using glutaraldehyde (GA) in the presence of a

strong acid [29–34]. PVA contains hydroxyl groups that

form acetal linkages with aldehyde groups in the GA

[29–34]. Cotton fibers (cellulose) and cellulose nanofibers

from softwood which are chemically identical have also

been cross-linked using GA to modify their properties [35,

36]. Recently, some research for cross-linking BC and BC/

fibrin using glyoxal or GA has also been reported [37, 38].

However, effects of cross-linking of membrane-like

BC–PVA composites have not been investigated yet.

In the present study, three types of thin membrane-like

BC-based biodegradable composites; BC–PVA composites

and partially and highly cross-linked BC–PVA composites

were developed and characterized. The BC content in these

composites could be easily controlled as desired, by

varying the concentration of PVA solution. A simple

immersion method was used to cross-link the BC–PVA

composites. Further, the extent of cross-linking could be

controlled. The membrane-like composites prepared had

smooth surfaces; their tensile and thermal properties were

excellent, especially those that were highly cross-linked.

Materials and methods

Microorganism and culture media

A. xylinum, ATCC 23769, obtained from the American

Type Culture Collection (ATCC, Manassas, VA) was used

as the model strain and maintained on agar plates con-

taining 25 g/L D-mannitol, 5 g/L yeast extract and 5 g/L

tryptone, and 20 g/L agar. The mannitol culture medium

used for BC production consisted of 25 g/L D-mannitol,

5 g/L yeast extract, and 5 g/L tryptone.

Preparation of BC pellicles

The strain from the agar plate was inoculated into a conical

flask containing mannitol culture medium as the seed cul-

ture. The initial pH value of the medium was adjusted to

5.0 and was not regulated during the culture. The seed

culture was incubated at 30 �C and 130 rpm on a rotary

shaker for 2 days and 9 mL of this seed culture was

inoculated into a 150-mL culture medium in 1000-mL

conical flask for production of BC. The cultivation was

carried out at initial pH 5.0 and 30 �C in a static incubator

for 10 days. After incubation, the BC pellicles produced on

the surface of mannitol culture medium were harvested and

washed successively with water and 1 % (w/v), aqueous

NaOH at 90 �C for 15 min, washed with deionized water to

remove all microbial product contaminants, and obtain

purified pellicles.

Preparation of BC–PVA composites

PVA powder (Mw 31,000–50,000, 98–99 % hydrolyzed,

Aldrich, St. Louis, MO) was added to deionized water in

3.2 w/v % concentration, and the mixture was then stirred

at 80 �C for 30 min to form the PVA solution. The purified

BC pellicles were immersed into the PVA solution and

kept in a water bath at 80 �C for 2 h, and were then

allowed to remain in the PVA solution at room temperature

for 12 h. The PVA-containing BC pellicles were then

transferred into deionized water for 30 min to remove

superfluous PVA on the surface of the BC pellicles to

obtain BC–PVA prepregs. The BC–PVA prepregs were

dried on a Teflon� plate in an oven at 45 �C for 12 h until

the weights of the BC–PVA composites remained constant.

The BC content in these composites was in the range of

50 %. The percentage BC content mentioned in the man-

uscript has been calculated on dry weight basis. The

BC–PVA composites with varying BC content could be

obtained, if desired, by simply adjusting the concentration

of the PVA solution. BC mass was weighed after removing

PVA from the BC–PVA composites by hot water washing.

BC content in the composites was calculated using PVA

and BC dry weights. BC and PVA were prepared by drying

BC pellicles and casting PVA solution as control, for

comparison. All composites, BC and PVA specimens

prepared in this study were thin, membrane-like. The PVA

solution concentrations used and the resulting BC content

obtained in BC–PVA composites are presented in Table 1.
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Preparation of cross-linked BC–PVA composites

Partially cross-linked BC–PVA composites were prepared

by immersion method using GA–acetone solution. The

BC–PVA composites with 50 % BC content were initially

immersed into the GA–acetone solution which contained

10 % by volume GA solution (25 % solution in water,

Aldrich, St. Louis, MO) and 90 % by volume acetone

(Mallinckrodt Baker, Phillipsburg, NJ). The pH of the

GA–acetone solution was adjusted to around 1.0 using

hydrochloric acid to trigger the cross-linking reaction. The

reason for using acetone as a solvent was to prevent the

PVA from dissolving in water during the cross-linking

reaction [30]. After carrying the cross-linking reaction for

12 h at room temperature, the partially cross-linked spec-

imens (prepregs) were taken out from the GA–acetone

solution and rinsed with water to remove the residual GA

and acetone. The partially cross-linked BC–PVA compos-

ites were then dried in an oven at 45 �C for 12 h until their

weights were stabilized. Same process was used to partially

cross-link BC and PVA specimens individually, to com-

pare their properties.

Highly cross-linked BC–PVA composites were prepared

in GA–water solution using similar method described

above. The BC–PVA prepregs initially were partially dried

at room temperature for 8 h before immersing into the GA–

water solution, and water content in the partially dried

specimens was around 50 %. The partially dried BC–PVA

prepregs were then immersed into the GA–water solution

containing 10 % by volume GA solution (25 % solution in

water, Aldrich, St. Louis, MO) and 90 % by volume

deionized water. The pH value of the GA–water solution

was adjusted to around 1.0 using hydrochloric acid to

trigger the cross-linking reaction. The incomplete drying of

BC–PVA prepregs was to make sure the GA–water solu-

tion penetrated into the inner structures of BC–PVA pre-

pregs and triggered the cross-linking reaction to as

complete as possible. Our preliminary test results had

indicated that the completely dried BC lost a majority of its

porous structure as the individual nanofibers stuck to each

other reducing the penetration of the GA–water solution.

After 12 h of cross-linking reaction at room temperature,

the highly cross-linked BC–PVA prepregs were taken out

from the GA–water solution and rinsed with deionized

water to remove the residual GA. The highly cross-linked

BC–PVA prepregs were then dried between two steel

plates, to retain their flatness, in an oven at 45 �C for 12 h

until the weights were stabilized. Highly cross-linked

BC specimens and highly cross-linked PVA films were

also prepared using the same method to compare their

properties.

Characterization

Scanning electron microscopy analysis

Freeze-dried BC and freeze-dried BC–PVA composites

(50 % BC) were sputter coated with gold and their surface

topographies were observed with scanning electron

microscope (SEM, LEO 1550 FESEM, Oberkochen,

Germany) at an accelerating voltage of 15 kV.

Attenuated total reflectance-Fourier transform infrared

(ATR-FTIR) spectroscopy

The BC–PVA composites, the partially cross-linked BC–

PVA composites and the highly cross-linked BC–PVA

composites were characterized using an FTIR spectropho-

tometer (Nicolet Magna-IR 560, Thermo Scientific, Wal-

tham, MA). ATR-FTIR spectra were taken in the range of

4000–800 cm-1 wavenumbers using a split pea accessory.

Each scan was an average of 64 scans obtained at a reso-

lution of 4 cm-1. BC content in all the composite speci-

mens was in the range of 50 % and the specimens were

dried in an oven at 45 �C for 12 h before spectroscopy.

Reproducibility was confirmed for each type of specimen

by repeating the experiment three times.

Sol–gel analysis

The cross-linked PVA, either in the form of cross-linked

PVA film or the cross-linked BC–PVA composites (50 %

BC), was dried in a moisture-meter (CW Brabender Instru-

ments, Inc., South Hackensack, NJ) at 105 �C for 12 h

before conducting the sol–gel test. The specimens were

weighed to obtain their initial dry weights and then

immersed in distilled water in 150-mL glass bottles. The

mixtures in the glass bottles were then placed on a shaker

table (MAXQ 4450, Thermo Scientific, Waltham, MA) at

80 �C and 175 rpm for 12 h. The solid contents for all

specimens were then washed three times and filtered using a

Whatman� filter paper (Number 4, 20–25 lm pore size,

qualitative) to obtain final residues. The water-soluble por-

tion (sol) and particles smaller than the pore size of the filter

paper were removed. The final residues of the cross-linked

PVA, either in the cross-linked PVA or the cross-linked BC–

PVA composites, were kept in the moisture-meter at 105 �C

Table 1 BC content in BC–PVA composites

Concentrations of PVA solution for BC

pellicle treatment (w/v%)

BC content in BC–PVA

composites (wt%)

1.5 75 ± 4

3.2 50 ± 4

6.0 25 ± 3
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for 12 h again to obtain their final dry weights (gel). Ratios

of the gel weights of the cross-linked PVA to their corre-

sponding initial dry weights were used to determine the PVA

gel (cross-linked) percentages. The BC weights in the cross-

linked BC–PVA composites were regarded as constant

values before and after the test.

X-ray diffraction (XRD) studies

Wide angle X-ray diffraction (WXRD) was used to eval-

uate the crystallinity and/or crystal sizes of the BC, the

PVA, the highly cross-linked BC and the highly cross-

linked PVA. All specimens were dried in an oven at 45 �C

for 12 h before WXRD studies. The general area detection

diffraction system (GADDS, Bruker-AXS, Inc., Madison,

WI) was used at 45 kV and 40 mA. The XRD patterns of

all the specimens were obtained using a Scintag theta–theta

powder diffractometer (PAD X, Scintag, Inc., Cupertino,

CA) with a solid-state intrinsic germanium detector. All

specimens were scanned from 2� to 30� at 3�/min

employing the Cu Ka X-ray radiation with a wavelength of

1.54 Å.

Tensile property characterization

Tensile tests of various specimens were performed using an

Instron tensile testing machine (Instron, model 5566,

Canton, MA). The specimens for BC, PVA, BC–PVA

composites and their corresponding cross-linked specimens

at different levels of cross-linking were cut into 10-mm

wide and 60-mm long strips using a precise cutter. Young’s

moduli of all specimens were determined from the tensile

test results conducted according to ASTM D-882-02. Two

ends of the specimens were placed between the upper and

lower grips of the Instron, leaving a gauge length of

30 mm. The strain rate of 0.02/min was maintained for all

specimens. All specimens were conditioned at 21 �C and

65 % RH for 3 days before tensile test.

Thermogravimetric analysis (TGA)

TGA (TA instrument, Model No. 2050) was used to ana-

lyze the thermal properties of BC, PVA, BC–PVA com-

posites (50 % BC) and their corresponding cross-linked

specimens at different levels of cross-linking. All speci-

mens were dried in an oven at 45 �C for 12 h before

conducting the test. All TGA analyses were performed

between 25 and 600 �C, and at a ramp rate of 20 �C/min

under a nitrogen atmosphere by maintaining a flow rate

of 10 mL/min.

Results and discussion

SEM images of BC and BC–PVA composites

Figure 1a, b show the SEM images of freeze-dried BC and

freeze-dried BC–PVA composite (50 % BC) specimens,

respectively. Both specimens were not hot pressed to pre-

serve their structure. In Fig. 1a, the porous BC network

structure is clearly visible. Since these specimens were

freeze dried, the porous structure has been maintained.

Based on the diameter measurements of 100 BC-nanofibers

and 100 pores in the SEM image of the BC, the mean

diameter of BC-nanofibers was found to be less than

100 nm and the pore diameters ranged from several dozens

to several hundred nanometers. It is clear from Fig. 1b that

the PVA penetrated the BC network structure and filled

many of the pores. The diameters of the BC-nanofibers

became larger since they were covered by the PVA. Many

BC-nanofibers were embedded within the PVA layers, thus

forming uniform composite structures with excellent

properties. Similar surface topography of BC–polyethylene

glycol (PEG) composite reported previously showed that

PEG not only coated the surface of BC pellicles but also

penetrated into the BC fiber network [39]. It has also been

reported that structural modification can occur as the

water surrounding polyglucosan chains are displaced and

Fig. 1 SEM images of freeze dried BC (a) and freeze dried BC–PVA composite (b)
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hydrogen bonds are formed between the hydroxyl groups

of BC and PEG and of BC and PVA [21, 40, 41].

ATR-FTIR analysis of BC–PVA composites

and cross-linked BC–PVA composites

Figure 2 shows the ATR-FTIR spectra of the BC–PVA

composites (50 % BC) and BC–PVA composites cross-

linked to different levels. All spectra were normalized based

on bands observed at 1058 cm-1 wavenumber associated

with C–O stretching. ATR-FTIR spectrum 2(a) is for the

BC–PVA composite. ATR-FTIR spectrum 2(b) is for the

partially cross-linked BC–PVA composite using the GA–

acetone solution, while spectrum 2(c) is for the highly cross-

linked BC–PVA composite using the GA–water solution. As

mentioned earlier, the BC content in all three specimens was

around 50 %. A broad band at 3200–3500 cm-1, wave-

number seen in all three spectra, is a result of the hydroxyl

(O–H) stretching vibration resulting from the strong

hydrogen bonds of intra-molecular and inter-molecular type

[31, 32]. The absorption band observed between 2820 and

3000 cm-1 wavenumber is due to the stretching of aliphatic

C–H bond [32]. Compared to spectrum 2(a), the absorbance

intensity at 3200–3500 cm-1 band in the spectrum 2(b) is

much lower. The normalized absorbance intensity ratio of

bands for O–H to C–H decreased from 1.60 for spectrum

2(a) to 1.20 for spectrum 2(b). In the spectrum 2(c), the

absorbance intensity ratio of bands for O–H to C–H

decreased even further to 0.83. This spectral change indi-

cates reduction in the O–H groups on the specimens as a

result of cross-linking reaction with the GA [32]. Normal-

ized absorbance of bands at 1700–1750 cm-1 in the spectra

2(a) and (b) were 0.13 and 0.20, respectively. While they are

not sharp, they still demonstrate the presence of carbonyl

(C=O) group in the composites from the remaining non-

hydrolyzed vinyl acetate group of the PVA [31, 42]. In

spectrum 2(c), however, a significantly sharp absorption

(normalized absorbance of 0.57) observed at 1700–1750 cm-1

wavenumber indicates stronger stretching vibration of C=O in

the composites. This means that in addition to the remaining

non-hydrolyzed vinyl acetate groups, some residual aldehyde

groups from the GA also existed in the highly cross-linked

BC–PVA composites, both of them contributing to the stron-

ger C=O absorption. This confirms the earlier observation that

the GA–water solution can penetrate into the inner cavities of

the BC–PVA composites network and part of the residual GA

may still be trapped in the highly cross-linked BC–PVA

composites even after wash. This is very likely when only one

aldehyde group from GA reacts and the other end remains

unreacted. The absorption at 1050–1150 cm-1 wavenumber

seen in spectrum 2(a) is due to the presence of C–O stretching

vibration from the acetate group [31, 32, 42]. The same

absorption band for

C–O stretching vibration was much broader in spectrum

2(b) than in spectrum 2(a), resulting from the formation of the

acetal linkages upon reaction of the PVA with the GA. In the

spectrum 2(c), the band of C–O stretching vibration became

the broadest one in three spectra due to the high cross-linking

level and the formation of more acetal linkages.

Overall, the ATR-FTIR results indicate that the BC–

PVA composites were partially or highly cross-linked

based on the decreased intensity of bands for O–H

stretching vibration combined with the increased intensity

of bands for C–O stretching vibration. Our preliminary

ATR-FTIR study had shown that both BC and PVA are

able to be cross-linked using either GA–acetone or GA–

water solutions. The cross-linking reactions can occur

between hydroxyl groups of the BC, between hydroxyl

groups of the PVA, or between BC and PVA. These results

also confirm that a higher cross-linking level can be

achieved for BC–PVA composites with GA–water solu-

tion. This is mainly because the GA–acetone solution can

hardly penetrate into the fully dried BC–PVA composites,

whereas the GA–water solution has the ability to penetrate

the BC–PVA prepregs well and trigger a cross-linking

reaction inside the BC–PVA prepregs and form highly

cross-linked BC–PVA composites.

Sol–gel analysis of cross-linked PVA and BC–PVA

composites

Sol–gel analysis was performed for PVA as well as for the

resin in BC–PVA composites that were cross-linked to

different levels. Table 2 presents the sol–gel test results for

partially and highly cross-linked PVA (the resins from

partially and highly cross-linked BC–PVA composites) as

well as control PVA. The results indicate that the gel

(cross-linked) percentage of the partially cross-linked PVA

was about 10 %. The values were close in both the partially

Fig. 2 Normalized ATR-FTIR spectra for BC–PVA composites (a),

partially cross-linked BC–PVA composites (b) and highly cross-

linked BC–PVA composites (c)
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cross-linked PVA and the resin present in the partially

cross-linked BC–PVA composites. Approximately 90 % of

the PVA was noncross-linked, and thus could be dissolved

in deionized water during the sol–gel test. The results of

this test confirm that the cross-linking reaction using the

GA–acetone solution occurred mostly on the surfaces of

the PVA and the BC–PVA composites. This was mainly

because the GA–acetone solution could not penetrate into

the PVA with a sufficient quantity to trigger the cross-

linking reaction inside the PVA. The results also indicate

that the gel (cross-linked) percentage of the highly cross-

linked PVA could be over 90 %. The levels of cross-

linking were also close in both the highly cross-linked PVA

and the resin in the highly cross-linked BC–PVA com-

posites. While both resin and composite specimens were

swollen after being exposed to water, they remained intact.

The results of this test further demonstrate that the cross-

linking reaction with the GA–water solution occurred on

the surface as well as inside of the specimens as a result of

easy penetration of the GA–water solution into the PVA.

WXRD of BC, PVA and their highly cross-linked specimens

WXRD was used to evaluate the crystallinity and the

crystal sizes of the BC, the PVA, and their corresponding

highly cross-linked specimens. The crystallinity (%) values

for individual specimens were calculated using a ratio of

crystalline area to the combined crystalline and amorphous

areas in the WXRD patterns [43]. The crystal sizes

(d-spacing) were calculated by means of the WXRD pat-

terns by analysis software (Scintag, Inc., Cupertino, CA)

based on Scherrer Equation.

Figure 3A(a, b) illustrate WXRD patterns obtained for

BC and highly cross-linked BC, respectively. Both WXRD

patterns showed distinct peaks at 2h values of 5.5�, 14.5�,

and 22.5�. Figure 3A also shows that the crystallinity of the

BC decreased from 62.5 (Fig. 3A(a)) to 12.7 % (Fig. 3A(b))

after the cross-linking reaction. The reduction in the crys-

tallinity is mainly because the cross-linking within the BC

that changes the morphology and destroys the crystallites.

Figure 3B shows WXRD patterns of the control PVA

(a) and highly cross-linked PVA (b). Both the WXRD

patterns show a distinct peak at 2h values of 20�. Figure 3B

indicates that the crystallinity of the PVA decreased from

61.7 (Fig. 3B(a)) to 4.9 % (Fig. 3B(b)) after cross-linking

and the average crystal size of the PVA at 208 decreased

from 45 (Fig. 3B(a)) to 14 Å (Fig. 3B(b)). It should be

noted that the transparency of highly cross-linked PVA was

slightly higher than the noncross-linked PVA further con-

firming the reduction in crystallinity after cross-linking.

The lower crystallinity is largely because of the cross-links

formed in the PVA that restrict crystallization. The cross-

links are also known to play the role of defect centers

impeding the folding of the macromolecular chains, and

thus decrease the size of the crystals [44, 45].

Tensile properties of BC, PVA, BC–PVA composites,

and their corresponding cross-linked specimens

Table 3 presents the tensile test results for BC, PVA, and

BC–PVA composites with varying BC contents (25, 50 and

75 %). For comparison, theoretical values calculated, using

the rule of mixture, for Young’s modulus and fracture

stress are also presented in Table 3. The Young’s modulus

of the BC membrane was 3424 MPa, while the Young’s

modulus of the PVA was 12.8 MPa. The Young’s modulus

values of the BC–PVA composites were between those

obtained for BC and PVA as expected. With the increase in

BC content (or decrease in PVA content), the Young’s

modulus of the BC–PVA composites increased as well. For

composites with BC content of 25 %, the Young’s modulus

was only around 731.6 MPa, and when the BC content

Table 2 Sol–gel test results of PVA at different levels of cross-linking

Specimens PVA Partially cross-linked

PVA

PVA in partially cross-linked

BC–PVA composites

Highly cross-linked

PVA

PVA in highly cross-linked

BC–PVA composites

Gel percentage in specimens 0 10.8 9.6 90.2 88.9

0
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A B
Fig. 3 WXRD patterns A BC

(a) and highly cross-linked BC

(b); B PVA (a) and highly

cross-linked PVA (b)
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increased to 50 and 75 % the Young’s modulus values

increased to 1590 and 2473 MPa, respectively. The frac-

ture stress values for BC and PVA were 63.7 and 5.4 MPa,

respectively. It is clear that BC–PVA composite fracture

stress values are between those of BC and PVA and

increase as the BC content in the composites increases.

This is again as expected. While the fracture stress values

for composites increased with the BC content, they did not

show a direct correlation with BC content as the modulus

values did. This is due to the decreased fracture strain of

the composites with increase in BC content. The fracture

stress values ranged from 22.9 MPa for composites with

BC content of 25 % to 44.6 MPa when the BC content was

75 %. For the fracture strain, the value of the PVA was

234.3 %, which was much higher than BC’s fracture strain

of 5.8 %. However, most fracture strain values of the BC–

PVA composites were close to or even lower than that

obtained for BC. This is likely due to the two components

in composites having extremely good bonding resulting in

a brittle composite [46, 47].

Table 4 presents tensile test results for BC, PVA, BC–

PVA composites (50 % BC), and their corresponding

cross-linked specimens at different cross-linking levels.

The Young’s modulus values of partially cross-linked BC

and highly cross-linked BC increased to 4243 and

5107 MPa, respectively, from 3424 MPa obtained for BC.

The Young’s modulus values of partially cross-linked and

highly cross-linked PVA increased to 54.1 and 270.1 MPa,

respectively, from 12.8 MPa obtained for the control

(noncross-linked) PVA. The Young’s modulus values of

the partially cross-linked and highly cross-linked BC–PVA

composites increased to 1875 and 2429 MPa, respectively,

from 1590 MPa obtained for the BC–PVA composites.

While the increase in Young’s modulus values is due to the

cross-linked structure and increased molecular weight in

the case of PVA, the cross-linking of BC makes the

structure rigid when cross-linked [48]. The reduction in

moisture content from 9.1 % of the PVA to a lower range

of 3.8–6.0 % for the cross-linked specimens may also

partially contribute to the increased Young’s modulus. As

is expected, higher cross-linking level leads to higher

modulus. From data presented in Table 4, it is clear that

with increased cross-linking, all three specimens, PVA,

BC, and the composites, become brittle with lower fracture

strain values. This affects their fracture stress values which

Table 3 Tensile properties for

BC, PVA, and BC–PVA

composites with varying BC

content

Values in the parentheses are %

coefficient of variation values

Specimens Young’s

modulus (MPa)

Rule of

mixture (MPa)

Fracture

stress (MPa)

Rule of

mixture (MPa)

Fracture

strain (%)

BC 3424

(8.2)

63.7

(50.4)

5.8

(44.7)

PVA 12.8

(36.3)

5.4

(3.4)

234.3

(14.4)

BC–PVA composites

(25 % BC)

731.6

(1.1)

754.8 22.9

(6.5)

18.1 3.7

(1.6)

BC–PVA composites

(50 % BC)

1590

(12.0)

1565 32.6

(10.9)

31.9 2.4

(26.1)

BC–PVA composites

(75 % BC)

2473

(5.2)

2449 44.6

(13.3)

47.0 2.0

(18.9)

Table 4 Tensile properties for BC, PVA, and BC–PVA composites

at different levels of cross-linking

Specimens Young’s

modulus

(MPa)

Rule of

mixture

(MPa)

Fracture

stress

(MPa)

Rule of

mixture

(MPa)

Fracture

strain

(%)

BC 3424

(8.2)

63.7

(50.4)

5.8

(44.7)

Partially cross-

linked BC

4243

(14.6)

61.6

(17.5)

1.9

(27.9)

Highly cross-

linked BC

5107

(11.2)

43.8

(37.6)

1.0

(41.1)

PVA 12.8

(36.3)

5.4

(3.4)

234.3

(14.4)

Partially cross-

linked PVA

54.1

(15.8)

7.9

(9.2)

59.6

(11.1)

Highly cross-

linked PVA

270.1

(19.6)

19.2

(5.1)

19.9

(22.9)

BC–PVA

composites

(50% BC)

1590

(12.0)

1565 32.6

(10.9)

31.9 2.4

(26.1)

Partially cross-

linked BC–

PVA

composites

(50% BC)

1875

(15.2)

1938 31.9

(30.4)

32.3 2.0

(34.2)

Highly cross-

linked BC–

PVA

composites

(50% BC)

2429

(4.7)

2471 31.6

(14.3)

30.4 1.5

(39.3)

Values in the parentheses are % coefficient of variation values
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do not show a correlation seen for Young’s modulus. For

example, cross-linking reduces the fracture stress of BC,

whereas cross-linking increases the fracture stress of PVA

and for the BC–PVA composites, there is almost no effect.

Tables 3 and 4 also present theoretical values for

Young’s modulus and fracture stress values calculated

using the rule of mixtures [49]. The densities of cellulose

and PVA used were 1.52 and 1.27 g/cc, respectively [50],

and the BC content in the BC–PVA composites varied

from 25 to 75 % by weight. It is clear that the theoretical

values and the experimentally obtained values for both

Young’s modulus and fracture stress are very close to each

other.

Figure 4 shows typical stress versus strain plots of BC–

PVA composites (a) and partially (b), and highly cross-

linked (c) BC–PVA composites. The BC content in all the

three specimens is around 50 % by weight. Figure 4a for

BC–PVA composite shows an initial elastic behavior fol-

lowed by a plastic yielding. The yielding may be due to

PVA’s high ductility and breaking of some BC nanofibers

that are in the stress direction and possible alignment of the

remaining nanofibers. Once that process was over, BC–PVA

composites showed elastic behavior until the fracture point.

Figure 4b, c indicate no obvious yielding for partially or

highly cross-linked BC–PVA composites. Once the PVA

becomes cross-linked it loses its ductility. As can be

expected, Fig. 4 also indicates that higher cross-linking level

leads to higher modulus and lower fracture strain values.

It is interesting to note that both Young’s modulus and

fracture stress values for the BC–PVA composites and the

cross-linked BC–PVA composites are close or higher than

many traditional plastic materials, including polyethylene

(Young’s modulus: 800 MPa; fracture stress: 15 MPa),

polypropylene (Young’s modulus: 1900 MPa; fracture

stress: 40 MPa), and nylon 6 (Young’s modulus: 1800 MPa;

fracture stress: 70 MPa) [51]. As a result, the BC–PVA

composites, both cross-linked and noncross-linked, have the

potential to replace these traditional non-biodegradable

plastic materials in many applications, including racket

frame, ski pole, circuit board, automobile inside, etc. These

degradable composites may be easily protected from water

by applying varnish or other water-resistant coatings to

increase their durability.

TGA of BC, PVA, BC–PVA composites, and their

corresponding cross-linked specimens

Figure 5A presents typical TGA thermograms of BC,

partially cross-linked BC, and highly cross-linked BC

specimens. Figure 5A(a), the TGA thermogram for BC,

shows the onset decomposition temperature (Td) at 260 �C.

Weight losses for BC were 30 % at 284 �C, 50 % at

303 �C, and 80 % at 600 �C. It has been reported that two

competing reaction pathways, low-temperature pathway

and high-temperature pathway ([300 �C), occur simulta-

neously during the thermal degradation of cellulose [52].

The low-temperature pathway is mainly responsible for the

water loss. The primary reaction in the high-temperature

pathway is depolymerization, as the cellulose structure can

absorb enough energy to activate the cleavage of the gly-

cosidic linkages to produce glucose, which is dehydrated to

levoglucosan and oligosaccharides. The production of

volatile compounds is complete when the temperature

reaches around 450 �C. The continuing weight loss is due

to degradation when all other elements are driven off and

the char (carbon) remains [52]. The thermogram for the BC

indicates that the weight loss of cellulose is the result of a

combination of both low-temperature and high-temperature

pathways. Thermogram 5A(b), for partially cross-linked

BC, showed a Td at 285 �C. Weight losses for the partially

cross-linked BC were 30 % at 309 �C, 50 % at 334 �C, and

about 83 % at 600 �C. Thermogram 5A(c) for highly cross-

linked BC showed a Td at 315 �C with weight losses of

30 % at 329 �C, 50 % at 346 �C, and about 80 % at

600 �C. These results indicate that the cross-linking makes

the BC thermally more stable.

Figure 5B presents typical TGA thermograms for PVA

and partially and highly cross-linked PVA. Thermogram

5B(a) for the PVA shows two decomposition onset tem-

peratures, Td1 and Td2, at 255 and 400 �C, respectively.

Weight loss for the PVA was 30 % at 267 �C, 50 % at

279 �C, and up to 93 % at 600 �C. Two-step degradation

of PVA has been reported earlier [50]. A likely explanation

for this is that PVA first degrades into small molecular

weight polymer at approximately 250 �C, and then further

degrades into carbon char at temperatures above 350 �C.

These results confirm the earlier findings of Peng and Kong

[53]. Thermogram 5B(b) for partially cross-linked PVA

shows a single Td at 325 �C. Weight losses observed were

30 % at 340 �C, 50 % at 364 �C, and about 97 % at

Fig. 4 Stress versus Strain plots for BC–PVA composites (a),

partially cross-linked BC–PVA composites (b), and highly cross-

linked BC–PVA composites (c)
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600 �C. Thermogram 5B(c), for highly cross-linked PVA,

shows Td at 330 �C. Weight losses observed for highly

cross-linked PVA were 30 % at 348 �C, 50 % at 370 �C,

and about 97 % at 600 �C. The two-step degradation pat-

tern was not so obvious in the thermograms for partially

and highly cross-linked PVA.

Figure 5C presents typical TGA thermograms for BC–

PVA composites and partially cross-linked and highly

cross-linked BC–PVA composites. As mentioned earlier,

BC content in all the BC–PVA composites was around

50 %. Thermogram 5C(a) for BC–PVA composites shows

two decomposition temperatures, Td1 and Td2 at 257 and

380 �C, respectively. Weight losses observed were 30 % at

273 �C, 50 % at 283 �C,and about 90 % at 600 �C. When

thermograms for BC and BC–PVA composites are com-

pared, it is clear that BC reinforcement is able to increase

the thermal stability of the PVA. Two distinct and well-

separated degradation onsets can be seen in thermogram

5C(a) for BC–PVA composites. As a result, this degrada-

tion can also be regarded as a two-step-degradation and

could be a result of the PVA. Thermogram for partially

cross-linked BC–PVA composites presented in 5C(b)

shows much better thermal stability than the BC–PVA

composites. The Td for the partially cross-linked BC–PVA

composites was at 307 �C and the weight losses were 30 %

at 331 �C, 50 % at 352 �C, and about 94 % at 600 �C.

Thermogram 5C(c) obtained for highly cross-linked BC–

PVA composites showed the highest thermal stability

among the three BC–PVA composites, as expected. The Td

for the highly cross-linked BC–PVA composites was

313 �C and weight losses were 30 % at 337 �C, 50 % at

372 �C, and about 90 % at 600 �C. The two-step

degradation pattern was not obvious in the thermograms

for partially and highly cross-linked BC–PVA composites.

These results clearly indicate that cross-linking can

increase the thermal stability of BC, PVA, and BC–PVA

composites. Other researchers have obtained similar results

for soy flour, collagen, and chitosan after cross-linking

[54–56]. These results also confirm that the BC–PVA

composites and their cross-linked specimens, particularly

the highly cross-linked ones, can exhibit excellent thermal

stability in addition to their high tensile properties. The

final char weights of the cross-linked specimens in TGA

tests were slightly less than those of the specimens without

cross-linking treatments. The lower char weight of the

cross-linked specimens is probably due to volatilization of

the residual GA trapped in the cross-linked specimens

during the TGA test.

Conclusions

The biodegradable membrane-like BC–PVA composites

with differing BC contents were produced by simple

immersion methods. The SEM images indicated that the

PVA not only penetrated into the BC network, but also

filled in the pores present within the BC nanofiber mem-

brane. The ATR-FTIR results showed that acetal linkages

were formed in the BC–PVA composites after a cross-

linking reaction. The sol–gel results showed cross-linked

PVA to be water-insoluble, and a good correlation between

cross-linking level and insolubility was observed. The

WXRD results indicated a reduction in crystallinity as a

result of cross-linking for BC and PVA as well as a
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Fig. 5 TGA thermograms

A BC (a), partially cross-linked

BC (b), and highly cross-linked

BC (c); B PVA (a), partially

cross-linked PVA (b), and

highly cross-linked PVA (c);

C BC–PVA composite (a),

partially cross-linked BC–PVA

composite (b), and highly cross-

linked BC–PVA composite (c)
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reduction in the crystal size of the PVA. The tensile test

results showed good mechanical properties for BC–PVA

composites indicating the ability of the BC to reinforce the

PVA. The TGA showed higher thermal stability for

the BC–PVA composites than the PVA. This was because

the BC itself is thermally more stable. Cross-linking of

PVA was shown to increase the Young’s modulus and

thermal stability of the BC–PVA composites. At the same

time, the fracture strain decreased significantly with cross-

linking. The methods developed in this study make it

possible to control the PVA content in the composites as

well as the cross-linking level of PVA.

Acknowledgements This work was partly supported by the

National Textile Center (NTC) and the Wallace Foundation. The

authors would like to thank Profs. Dan Luo, John March, and Antje

Baeumner of the Cornell University for allowing the use of their

laboratory facilities. The authors also thank the Cornell Center for

Materials Research (CCMR) for the use of their facilities.

References

1. Chou TW, Frank KK (1989) Composite materials series, 3.

Textile structural composites. Elsevier, New York, p 1

2. Mohanty AK, Khan MA, Hinrichsen G (2000) Compos Sci

Technol 60(7):1115

3. Stevens ES (2001) Green plastics: an introduction to the new

science of biodegradable plastics. Princeton University, Prince-

ton, p 15

4. Netravali AN, Huang X, Mizuta K (2007) Adv Compos Mater

16(4):269

5. Netravali AN, Chabba S (2003) Mater Today 6(4):22

6. Kim JT, Netravali AN (2010) J Biobased Mater Bioenergy

4(4):338

7. Nakamura R, Goda K, Noda J, Netravali AN (2010) J Solid Mech

Mater Eng 4(11):1605

8. Huang X, Netravali AN (2009) Compos Sci Technol 69:1009

9. Huang X, Netravali AN (2007) Compos Sci Technol 67:2005

10. Lodha P, Netravali AN (2005) Polym Compos 26(5):647

11. Iguchi M, Yamanaka S, Budhiono A (2000) J Mater Sci

35(2):261. doi:10.1023/A:1004775229149

12. Baeckdahl H, Helenius G, Bodin A, Nannmark U, Johansson BR,

Risberg B, Gatenholm P (2006) Biomaterials 27(9):2141

13. Klemm D, Schumann D, Udhardt U, Marsch S (2001) Prog

Polym Sci 26(9):1561

14. Klemm D, Heublein B, Fink HP, Bohn A (2005) Angew Chem

Int Ed 44(22):3358

15. Fink HP, Weigel P, Purz HJ, Ganster J (2001) Prog Polym Sci

26(9):1473

16. Wan Y, Hong L, Jia S, Huang Y, Zhu Y, Wang Y, Jiang H (2006)

Compos Sci Technol 66(11–12):1825

17. Fontana JD, De Souza AM, Fontana CK, Torriani IL, Moreschi

JC, Gallotti BJ, De Souza SJ, Narcisco GP, Bichara JA, Farah

LFX (1990) Appl Biochem Biotechnol 24–25:253

18. Shibazaki H, Kuga S, Onabe F, Usuda M (1993) J Appl Polym

Sci 50(6):965

19. Svensson A, Nicklasson E, Harrah T, Panilaitis B, Kaplan DL,

Brittberg M, Gatenholm P (2005) Biomaterials 26(4):419

20. Westland JA, Stephens SR, Johnston WC Jr, Rosenkrans HJ

(1993) Bacterial cellulose binding agent. United States, Weyer-

haeuser Company, Tacoma, 5207826. http://www.freepatents

online.com/5207826.html. Accessed June 2011

21. Wang J, Gao C, Zhang Y, Wan Y (2010) Mater Sci Eng C 30:214

22. Millon LE, Oates CJ, Wan WK (2009) J Biomed Mater Res B

90B(2):922

23. Millon LE, Wan WK (2006) J Biomed Mater Res B 79B(2):245

24. Mohamadi H, Boughner D, Millon LE, Wan WK (2009) Proc Inst

Mech Eng H J Eng Med 223:697

25. Ghiciudean TG, Stoica A, Dobre T, Tooren MV (2011) UPB Sci

Bull B 73(2):17

26. Yang HS, Yoon JS, Kim MN (2004) Polym Degrad Stabil 84:411

27. Chiellini E, Corti A, Antone SD, Solaro R (2003) Prog Polym Sci

28:963

28. Chen L, Imam SH, Cordon SH, Greene RV (1997) J Environ

Polym Degrad 5(2):111

29. Kim KJ, Lee SB, Han NW (1994) Korean J Chem Eng 11(1):41

30. Yeom CK, Lee KH (1996) J Membr Sci 109:257

31. Gohil JM, Bhattacharya A, Ray P (2006) J Polym Res 13:161

32. Mansur HS, Sadahira CM, Souza AN, Mansur AAP (2008) Mater

Sci Eng C 28:539

33. Tang C, Saquing CD, Hardiing JR, Khan SA (2010) Macromol-

ecules 43:630

34. Wang Y, Hsieh Y (2010) J Appl Polym Sci 116:3249

35. Yang CQ, Wei W (2000) Text Res J 70(3):230

36. Mathew AP, Oksman K, Pierron D, Harmad MF (2012) Cellulose

19:139

37. Quero F, Nogi M, Lee KY, Poel GV, Bismarck A, Mantalaris A,

Yano H, Eichhorn SJ (2011) ACS Appl Mater Interfaces 3:490

38. Brown EE, Laborie MPG, Zhang J (2012) Cellulose 19:127

39. Cai Z, Kim J (2010) Cellulose 17:83

40. Alberto S, Giovanni T, Anna MB, Erinestina DP, Elena S, Bruni

M (2001) Macromol Mater Eng 286(9):524

41. Brown EE, Laborie MG (2007) Biomacromolecules 8:3074

42. Kim JH, Moon EJ, Kim CK (2003) J Membr Sci 216:107

43. Young RJ, Lovell PA (2011) Introduction to polymers, 3rd edn.

CRC Press, Boca Raton, p 591

44. Mtshali TN, Krupa I, Luyt AS (2001) Thermalchim Acta 380:47

45. Kim JH, Kim JY, Lee YM, Kim KY (1992) J Appl Polym Sci

45(10):1711

46. Chamis CC (1974) In: Pluddemann EP (ed) Interfaces in polymer

matrix composites. Academic Press, New York, pp 31–77

47. Netravali AN, Henstenburg R, Phoenix SL, Schwartz P (1989)

Polym Compos 10:226

48. Zhang L, Chen P, Huang J, Yang G, Zheng L (2003) J Appl

Polym Sci 88:422

49. Warner SB (1995) Fiber science. Prentice Hall, Upper Saddle

River, p 205

50. Lodha P, Netravali AN (2005) Compos Sci Technol 65:1211

51. Tensile property testing of plastics—MatWeb (2011) http://www.

matweb.com/reference/tensilestrength.aspx. Accessed June 2011

52. Schniewind AP (1989) Concise encyclopedia of wood & wood-

based materials, 1st edn. Pergamon Press, Elmsford, p 271

53. Peng Z, Kong LX (2007) Polym Degrad Stab 92:1061

54. Chabba S, Matthews GF, Netravali AN (2005) Green Chem

7:576

55. Rodrigues FT, Martins VCA, Plepis AMG (2010) Polimeros

20(2):92

56. Liu BS, Yao CH, Fang SS (2008) Macromol Biosci 8(5):432

J Mater Sci (2012) 47:6066–6075 6075

123

http://dx.doi.org/10.1023/A:1004775229149
http://www.freepatentsonline.com/5207826.html
http://www.freepatentsonline.com/5207826.html
http://www.matweb.com/reference/tensilestrength.aspx
http://www.matweb.com/reference/tensilestrength.aspx

	Bacterial cellulose-based membrane-like biodegradable composites using cross-linked and noncross-linked polyvinyl alcohol
	Abstract
	Introduction
	Materials and methods
	Microorganism and culture media
	Preparation of BC pellicles
	Preparation of BC--PVA composites
	Preparation of cross-linked BC--PVA composites
	Characterization
	Scanning electron microscopy analysis
	Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy
	Sol--gel analysis
	X-ray diffraction (XRD) studies
	Tensile property characterization
	Thermogravimetric analysis (TGA)


	Results and discussion
	SEM images of BC and BC--PVA composites
	ATR-FTIR analysis of BC--PVA composites 	and cross-linked BC--PVA composites
	Sol--gel analysis of cross-linked PVA and BC--PVA composites
	WXRD of BC, PVA and their highly cross-linked specimens

	Tensile properties of BC, PVA, BC--PVA composites, and their corresponding cross-linked specimens
	TGA of BC, PVA, BC--PVA composites, and their corresponding cross-linked specimens

	Conclusions
	Acknowledgements
	References


