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ABSTRACT: In this study, ethylene-vinyl alcohol copolymer (EVOH) nanocomposites were prepared by melt compounding both plant

cellulose nanowhiskers (CNW) and bacterial cellulose nanowhiskers (BCNW) as nanofillers. Electrospinning and a ‘‘dissolution pre-

cipitation’’ method were used as strategies for the incorporation of CNW in EVOH before melt compounding with the aim of

enhancing the degree of dispersion of the nanocrystals when compared with direct melt-mixing of the freeze-dried product with the

polymer. As revealed by morphological characterization, the proposed preincorporation methods led to a significant improvement in

the dispersion of the nanofiller in the final nanocomposite films. Furthermore, it was possible to incorporate concentrations as high

as 4 wt % BCNW without causing significant agglomeration of the nanofiller, whereas increasing the CNW concentration up to 3 wt

% induced agglomeration. Finally, DSC studies indicated that the crystalline content was significantly reduced when the incorporation

method led to a poor dispersion of the nanocrystals, whereas high-nanofiller dispersion resulted in thermal properties similar to those

of the neat EVOH. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

The great interest of using materials obtained from renewable

sources, on which currently many efforts are being focused, is

one of the reasons why the use of cellulosic materials as rein-

forcement agents in nanocomposites has recently gained so

much attention. Cellulose is one of the most abundant biopoly-

mers found in nature, and it is commonly extracted from vege-

tal resources such as wood, cotton, and linter. However, it can

also be synthesized by some bacterial species, such as Gluconace-

tobacter xylinus, which, in a culture medium rich in polysaccha-

rides, are able to produce a layer of bacterial cellulose (BC).

Compared to plant-derived cellulose (PC), BC shows a finer

web-like network structure, higher water holding capacity, and

higher crystallinity.1,2

For their application in nanocomposites, cellulosic materials are

commonly subjected to acid hydrolysis, breaking down the hier-

archical structure of the material into crystalline nanofibers or

nanocrystals, usually known as cellulose nanowhiskers (CNW).

The hydrolysis conditions strongly influence the morphology of

the extracted CNW and their aspect ratio (L/D), which has a re-

markable influence on the reinforcing capacity when incorporat-

ing the nanofiller into a polymeric matrix.3 In addition to the

hydrolysis conditions, the cellulose source has an important

effect on the morphology of the obtained nanowhiskers.

Although CNW extracted from vegetal resources typically have a

length of 100–300 nm and a width of 5–20 nm,4,5 those

obtained from bacterial cellulose (BCNW) may have several

micrometers in length and a width of 5–50 nm.6,7

Because of their fully degradable and renewable character and

good mechanical properties, the use of CNW as reinforcing fillers

for polymeric matrixes has grown considerably. Plant-derived

CNW have been incorporated into a wide variety of materials,

specifically biopolymers such as poly(lactic acid) (PLA),8,9

poly(3-hydroxybutyrate-co-3-hydroxyvalerate),10 starch,11 and

cellulose acetate butyrate.12 Solution casting has been the most

widely used technique for the incorporation of CNW. Neverthe-

less, very few reports exist on the production of nanocomposites

reinforced with CNW via conventional industrial thermoplastic

processing techniques, such as melt-compounding methods.

When aiming at the development of nanocomposite materials

through melt compounding, one of the main issues is to achieve

a good dispersion of the nanofiller within the matrix. An attempt

to prepare nanocomposites of PLA reinforced with CNW by

pumping a suspension of CNW in DMAc/LiCl into the polymer

melt during the extrusion process was reported.13 Nevertheless,
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aggregation and thermal degradation took place to a certain

extent. Thermogravimetric analyses (TGA) showed that DMAc/

LiCl was responsible for the decreased thermal stability of CNW,

which degraded during melt processing. The so-obtained nano-

composites did not show any improvement on the mechanical

properties when compared with pure PLA. However, this was

due to decreased mechanical properties of PLA when processed

with DMAc/LiCl. Compared to PLA treated with DMAc/LiCl,

CNW had a positive effect on the mechanical properties of PLA,

increasing both the elastic modulus and the elongation at break.

Subsequently, the possibility of using poly(vinyl alcohol) (PVA)

as a compatibilizer for the nanowhiskers was investigated, but a

poor dispersion of them was observed in the PLA matrix.14 On

the other hand, the use of an anionic surfactant effectively

enhanced CNW dispersion in PLA by extrusion hence increasing

both tensile strength and elongation at break. However, the addi-

tion of the surfactant caused PLA thermal degradation.15 CNW

were also incorporated into PHBV by melt processing.16 Despite

using polyethylene glycol as a compatibilizer, CNW could not be

homogeneously dispersed within the matrix, and PHBV/CNW

composites exhibited decreased strength. More recently, surface

grafting of poly(e-caprolactone) to cellulose nanocrystals by ring-

opening polymerization has been reported.17 PCL-grafted CNW

were highly dispersed when incorporated into PCL by melt

blending, resulting in improved thermomechanical properties.

In comparison with plant-derived CNW, the use of BCNW is

relatively recent, and it has been less frequently addressed in the

literature.18–26 Nevertheless, this material presents excellent

properties, which make it very attractive as a nanofiller. Trans-

parent composites of acrylic and epoxy resins reinforced with

up to 70% BC nanofibers showed a low-thermal expansion

coefficient and mechanical strength five times that of engineered

plastics.27 Electrospinning has been investigated for the incorpo-

ration of BCNW into poly(ethylene oxide),24 poly(methyl meth-

acrylate),23 and ethylene-vinyl alcohol (EVOH) copolymers.21,22

A previous work21 suggested the use of electrospinning as a

vehicle for the incorporation of highly dispersed nonthermally

stable BCNW into EVOH. It was demonstrated how this meth-

odology of incorporating BCNW within electrospun structures

led to relatively higher stability and dispersion of the BCNW

compared to the direct addition of the freeze-dried nanofiller to

the matrix. Nevertheless, the low-thermal stability of the non-

thermally stabilized nanofiller gave rise to a certain degree of

degradation during melt compounding of the material.

In this first study of a series of two works, the use of the elec-

trospinning technique, as well as a solution-precipitation

method, was proposed as means of incorporating homogene-

ously distributed thermally stable BCNW and also plant CNW

into an EVOH matrix. The purpose of this work was to

improve the dispersion of the highly optimized BCNW filler in

the polymeric material obtained after a subsequent melt-mixing

step. In this first work, the morphology and thermal properties

of films obtained through the cited and proprietary meth-

ods28,29 were studied and compared to the films produced by

direct melt-mixing of the thermally stabilized freeze-dried cellu-

losic material. The effect of the nanofiller loading in the mor-

phology of the nanocomposites was also evaluated. Finally, a

comparative study between films incorporating BCNW and

CNW was performed to determine the influence of the cellulose

source in the properties of the obtained nanocomposites. In a

second study, the mechanical and barrier properties of the pro-

duced nanocomposites will be presented and discussed.

MATERIALS AND METHODS

Materials

EVOH grade (Soarnol) EVOH32 (containing 32 mol % of ethyl-

ene) was supplied by The Nippon Synthetic Chemical Industry

Co. (NIPPON GOHSEI) (Japan). Sulfuric acid 96% and 2-propa-

nol were purchased from Panreac (Barcelona, Spain).

BC mats were obtained following a procedure similar to the one

described in a previous work22 and supplied by BioInicia S.L.

(Valencia, Spain).

For the production of plant CNW, a purified cellulose microfiber

(CMF) grade from CreaFill Fibers Corp. (USA), having an aver-

age fiber length of 60 lm and an average fiber width of 20 lm,

was used as a raw material. According to the manufacturer’s spec-

ifications, these fibers had an a-cellulose content in excess of

99.5%.

Preparation of Heat-Stable BC Nanowhiskers

Bacterial cellulose (BC) pellicles were ground in a blender, and

the gel-like material was then compressed in order to remove

most of the absorbed water. The dried material was then treated

with 301 mL sulfuric acid/L water in a cellulose/acid ratio of �7

g/L at 50�C for 3 days until a homogeneous solution was

obtained. The CNWs were obtained as a white precipitate after

several centrifugation and washing cycles at 12,500 rpm and 15�C

for 20 min. After that, the material was resuspended in deionized

water and neutralized with sodium hydroxide until neutral pH

and, subsequently, centrifuged to obtain the final product as a

partially hydrated precipitate. This last step is thought to turn the

filler heat stable. The humidity of the material was determined,

and the yield of the extraction process was estimated to be �80%

with respect to the dried BC. The product was kept refrigerated,

and one fraction was freeze-dried for further analyses.

Preparation of Plant Cellulose Nanowhiskers

Highly purified a-CMF were hydrolyzed in 9.1 mol/L sulfuric

acid, in a 10 g/100 mL cellulose/acid ratio, at 37�C for 130 min,

as previously described in the literature.9,16 After several centrifu-

gation cycles, the turbid supernatant containing CNW was

collected and subjected to neutralization, followed by dialysis.

Subsequently, the suspension was freeze-dried thus obtaining the

CNW. The yield of the process was �5% with respect to the raw

a-cellulose.

Electrospinning

Electrospun hybrid fibers were generated by using 5% (w/v)

EVOH solutions in 70/30 (v/v) 2-propanol/water. Both pure

EVOH and the EVOH solutions containing a concentration of

15% (w/w) BCNW with regard to the EVOH weight were used to

generate electrospun fibers. BCNWs, in the form of a partially

hydrated precipitate, were dispersed in the solvent by intense

homogenization (Ultra-turrax). The optimization of this process

was carried out in previous works.21,22
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The electrospinning apparatus was a FluidnaTek
VR

basic equipment

manufactured by the engineering division of BioInicia S.L.

(Valencia, Spain). Solutions were transferred to 5-mL plastic

syringes and connected through PTFE tubes to a stainless steel

needle (Ø 0.9 mm). An electrode was clamped to the needle tip

and connected to a high-voltage 0–30 kV power supply operating

at 12–14 kV, and polymer solution was fed into the needle at a

rate of 0.6 mL/h by a syringe pump (KD Scientific, Holliston,

USA). The counter electrode was connected to a rectangular plate

covered by aluminum foil, which was placed parallel to the needle

to collect the electrospun fibers. The distance between the needle

and the plate was set at 11 cm, and experiments were carried out

at ambient temperature.30

Preparation of Films

EVOH nanocomposite films were prepared using three different

methods: the traditional method of directly melt-mixing the poly-

meric matrix with the freeze-dried nanofiller and two other pat-

ent-pending methods28,29 of incorporating CNW into the EVOH

matrix, previous to the melt-compounding stage, as explained

below.

The first method consisted in the incorporation of CNW into

EVOH32 fibers by means of the electrospinning technique. Elec-

trospun EVOH fibers containing 15% (w/w) BCNW were melt-

mixed with virgin EVOH32 pellets in order to obtain a diluted

composite having a final concentration of 2 wt % BCNW (sample

code: 2% BCNW ES).

The second method involved the preparation of EVOH32 solu-

tions containing a 15% (w/w) of CNW or BCNW. Partially

hydrated BCNW and freeze-dried CNW were dispersed in water

by means of homogenization (Ultra-turrax) and sonication. This

aqueous dispersion was mixed with 2-propanol, so that the final

ratio was 70/30 (v/v) 2-propanol/water, and a 5% (w/v) EVOH

was dissolved together with the nanowhiskers. These solutions

were then quenched and precipitated by adding liquid nitrogen,

and the obtained product was then dried at 60�C until complete

evaporation of the remaining solvent and subsequently ground

into a powder. This powder was then used to produce films by

melt-mixing the adequate amount of it with virgin EVOH32 pel-

lets in order to obtain films containing 1, 2, and 3 wt % CNW

(sample codes: 1% CNW FD-P, 2% CNW FD-P, and 3% CNW

FD-P) and 1, 2, 3, and 4 wt % BCNW (sample codes: 1% BCNW

P, 2% BCNW P, 3% BCNW P, and 4% BCNW P). Additionally,

films containing 2 wt % of freeze-dried BCNWs and BC were

prepared by repeating the same process as described immediately

above (sample codes: 2% BCNW FD-P and 2% BC FD-P,

respectively).

Regarding the traditional method, films containing 2 wt % of

CNW and BCNW were produced by melt-mixing the freeze-dried

material with the required amount of EVOH32 pellets (sample

codes: 2% CNW FD and 2% BCNW FD, respectively).

All the blends were prepared in a Brabender Plastograph mixer

during 3 min at 100 rpm and 185�C. The batches were subse-

quently compression molded into films using a hot-plate hydrau-

lic press (180�C and 2 MPa for 4 min) and rapidly cooled down

using air and water. The films produced had a thickness of �100

mm, and each film was characterized using a Mitutoyo microme-

ter by averaging four measurements.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was conducted on a Hitachi

microscope (Hitachi S-4100) at an accelerating voltage of 10–15

kV and a working distance of 12–16 mm. Electrospun fibers and

films cryofractured after immersion in liquid nitrogen were sput-

tered with a gold–palladium mixture under vacuum before their

morphology was examined using SEM. Fiber diameters of the

electrospun fibers were measured by means of the Adobe Photo-

shop CS3 extended software from the SEM micrographs in their

original magnification.

Transmission Electron Microscopy

One drop (8 lL) of a 0.001% aqueous suspension of CNW and

BCNW was allowed to dry on a carbon-coated grid (200 mesh).

The crystals were stained with a 2 wt % solution of uranyl ace-

tate. Additionally, ultrathin sections of microtomed composite

sheets were observed through TEM. The samples were also

stained with uranyl acetate. TEM was performed using a JEOL

1010 equipped with a digital Bioscan (Gatan) image acquisition

system at 80 kV.

Transmission and Attenuated Total Reflectance FTIR analysis

Transmission FTIR experiments were recorded in a controlled

chamber at 21�C and 40% RH using a Bruker (Rheinstetten, Ger-

many) FTIR Tensor 37 equipment. The spectra were taken at 1

cm–1 resolution averaging a minimum of 10 scans. Analysis of the

spectra was performed using Grams/AI 7.02 (Galactic Industries,

Salem, NH) software. Samples of �2 mg of electrospun fibers

were ground and dispersed in 200 mg of spectroscopic grade KBr.

A pellet was then formed by compressing the sample at �150

MPa. A calibration curve was obtained by recording the IR spec-

tra of pellets containing 6 mg of EVOH-BC nanowhiskers samples

with nanowhiskers0 concentrations ranging from 10 to 40 wt %.

The detailed procedure can be found elsewhere.22 Briefly, the

intensity of the band at 1165 cm–1, which was chosen as charac-

teristic for cellulose, was divided by the intensity of the band at

838 cm–1, which was assigned to the EVOH contribution. Subse-

quently, the IR spectra of the electrospun fibers were analyzed,

and the percentages of BCNW incorporated into the fibers from

the solutions were estimated.

ATR–FTIR spectra of CMF, BC, CNW, BCNW, and all the

obtained films were collected in the same environmental condi-

tions as the transmission experiments, coupling the ATR accessory

GoldenGate of Specac (Orpington, UK) to the above-mentioned

FTIR equipment. All spectra were recorded by averaging 20 scans

at 4 cm–1 resolution.

X-Ray Diffraction

X-ray diffraction was carried out on a D5005 Bruker diffractome-

ter. The instrument was equipped with a Cu tube and a secondary

monochromator. The samples were examined over the angular

range of 5�–45� with a step size of 0.02� and a count time of 4 s

per point.

Peak fitting was carried out using Igor software package (Wavemet-

rics, Lake Oswego, OR). Gaussian function was used to fit the ex-

perimental diffraction profiles obtained. For the fitting procedure,

the reflections considered were (i) three at 14.8�, 16.4�, and 22.5�

2y (corresponding to the 101, 101
�

, and 002 crystal planes, respec-

tively) assigned to the cellulose I allomorph and (ii) the amor-

phous halo centered at �18.5� 2y. The crystallinity index CI

(XD) was determined by the method reported by Wang et al.:31
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CI XDð Þ ¼
P

ACrystal

ATotal

� 100

where ATotal is the sum of the areas under all the diffraction

peaks and RACrystal is the sum of the areas corresponding to

crystalline peaks.

The crystallite sizes were estimated from the 101, 101
�

, and 002

lattice planes of cellulose I using the well-known Scherrer equa-

tion:

DðhklÞ ¼
k � k

BðhklÞ � cos h

where DðhklÞ is the size of the crystallite (nm), k is the Scherrer

constant (0.94), k is the X-ray wavelength, BðhklÞ is the full-

width at half-maximum of the reflection hkl, and 2h is the cor-

responding Bragg angle.

Differential Scanning Calorimetry

DSC experiments were carried out in a Perkin-Elmer DSC-7 calo-

rimeter. The sample treatment consisted of a first-heating melting

step from 30 to 220�C, a subsequent cooling down to 30�C, and

a second-heating melting step up to 220�C. The heating and cool-

ing rates for the runs were 10�C/min, and the typical sample

weight was around 3 mg. Calibration was performed using an in-

dium sample, and the slope of the thermal scans was corrected by

subtracting similar scans of an empty pan. All tests were carried

out, at least, in duplicate.

The crystallinity (%) of the EVOH was estimated from the cor-

rected enthalpy for the EVOH content in the nanocomposites,

using the ratio between the enthalpy of the studied material

and the enthalpy of a perfect EVOH crystal, that is,

Xcð%Þ ¼ DHf

DH0
f

� 100, where DHf is the enthalpy of fusion of the

studied specimen and DH0
f is the enthalpy of fusion of a totally

crystalline material. The DH0
f used for this equation was 216.6

J/g for the EVOH.32

Thermogravimetric Analysis

Thermogravimetric (TG) curves were recorded with a TA Instru-

ments model Q500 TGA. The samples (�20 mg) were heated

from 50 to 600�C at a heating rate of 10�C/min under nitrogen

atmosphere. Derivative TG curves (DTG) express the weight loss

rate as a function of temperature.

RESULTS AND DISCUSSION

Characterization of Bacterial and Plant Cellulose

Nanowhiskers

The overall objective of this study was to optimize the disper-

sion of the cellulosic nanofillers in the polymeric matrix when

producing films by the melt-compounding technique. In addi-

tion to different pre-incorporation methods, the effects of the

nanowhiskers’ loading and of the cellulose source on the ther-

mal properties of the materials were also evaluated in this first

study.

The morphology of the two different nanofillers used in this

work, that is, plant CNW and BCNW, obtained through sulfuric

acid hydrolysis, was studied by TEM (cf. Figure 1). BCNWs

were extracted by the optimized method developed in a previ-

ous work33 and showed the same morphology as observed ear-

lier, with an average cross-section of �18 nm and length of

�570 nm. On the other hand, the CNWs extracted by the

standard extraction method8,9 displayed a morphology of

shorter whiskers of �287 nm length and �24 nm cross-section,

which were aggregated to a greater extent, because they had

been previously subjected to a freeze-drying process, which was

not applied to the BCNWs. Furthermore, the length of the pro-

duced CNWs was in the same range as that previously reported

after using similar extraction procedures,8,34 but with a wider

cross-section, probably because the applied hydrolysis tempera-

ture was lower than that reported in previous works.

The expected increase in the overall crystallinity of the resulting

nanowhiskers as a result of the sulfuric acid digestion of the

native bacterial or plant cellulose was assessed by XRD and

FTIR analyses.

The XRD patterns of BC, plant CMF, and the corresponding

nanowhiskers obtained after acid treatment are shown in

Figure 2. In the case of BC, three major diffraction peaks were

observed at 14.5�, 16.4�, and 22.5� 2h which, according to the

literature,35 are ascribed to the cellulose I crystallographic planes

Figure 1. TEM micrographs of CNW (A) and BCNW (B). Scale markers correspond to 1000 nm in picture (A) and 500 nm in picture (B).
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101, 101
�

, and 002, respectively. On the other hand, the diffrac-

tion patterns obtained for the plant microfibers and nano-

whiskers correspond to those previously reported for PC,34,36

showing one major diffraction peak located at 22� 2h and a

shoulder in the region 14�–17� 2h. Crystallinity indexes and

crystallite sizes determined from the XRD data are compiled in

Table I. As expected, the applied acid hydrolysis produced an

increase of 16–19% in the crystallinity index of both materials.

Additionally, the average crystallite size calculated from the crys-

talline planes of cellulose I increased after the hydrolysis, thus

suggesting that smaller and/or more defective crystals were

hydrolyzed during the acid treatment (cf. Table I). BC presented

a crystallinity value similar to that previously reported for BC

with37 and without22,38 sonication treatment, whereas BCNW

obtained through the optimized method applied in this work

presented higher crystallinity index than that reported for less

Figure 2. X-ray diffraction patterns of (A) plant cellulose microfibers (MFC) and the extracted cellulose nanowhiskers (CNW) and (B) bacterial cellulose

(BC) and bacterial cellulose nanowhiskers (BCNW).
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severe acid hydrolysis conditions.38 On the other hand, plant

CNW presented a crystallinity index lower than that reported

for microcrystalline cellulose (�87%)37 or nanowhiskers

extracted from Avicel (�81%),39 because the raw CMF used in

this work presented lower crystallinity than the raw materials

used in the mentioned studies. It is worth noting that the crys-

tallinity index of BC was noticeably higher than that of the PC

microfibers, hence highlighting the convenience of BC when

aiming at obtaining highly crystalline whiskers.

Additionally, differences in crystallinity between bacterial and

PC were evaluated by means of ATR–FTIR analyses. The shape

of the bands at 4000–2995 cm–1, 2900 cm–1, 1430 cm–1, 1375

cm–1, and 900 cm–1 has been previously related to the amount

of crystalline versus amorphous fractions in cellulose, that is,

broadening of these bands was related to greater molecular dis-

order in the polysaccharide phase morphology.40 From Figure 3,

it can be observed that the intensity of these bands was higher

in the case of BC and, moreover, that the applied acid

treatments gave rise to an increase in the crystallinity of both

materials. Therefore, in agreement with the XRD results, the

efficiency of the sulfuric acid treatments and the higher crystal-

linity of BC are confirmed.

The thermal stability of the obtained nanocrystals was studied

through TGA. As shown in Figure 4, BCNW presented greater

thermal stability than CNW. Degradation began at 186�C for

the CNW, whereas the onset temperature for BCNW was

226�C. This increased thermal stability of BCNW was probably

a result of its higher crystallinity. Nevertheless, none of the

materials underwent thermal degradation at 185�C, which was

the temperature applied during the melt-mixing processing of

the materials for the production of nanocomposite films. It has

been previously demonstrated that the neutralization step

applied after the acid treatment is essential for obtaining a more

thermally stable material. No mention to neutralization is pro-

vided in most of the literature dealing with CNW.4,10,12,41 From

our experience, even after extensive washing cycles, if neutraliza-

tion is not applied, the material remains acid.21,33 However, this

may not have been a noticeable issue, because solution casting

has been the main processing method for this filler in most of

the existing literature. Thus, the greater thermal stability

achieved for the cellulose nanofillers is one of the differentiating

features of this work compared to previous published results.

Various strategies were developed in this work to obtain EVOH

films incorporating thermally stable CNW and to ascertain the

most suitable incorporation method, which leads to a better dis-

persion of the nanofiller. Because bacterial and plant-derived

CNW presented differences in crystallinity, morphology, and

thermal properties, EVOH films with different characteristics

were expected to be obtained when incorporating them as

nanofillers. The following part of this study deals with the mor-

phological and thermal characterization of the polymeric films

obtained through the different incorporation methods using

both reinforcing materials.

It should be noted that previous works21,22 published by our

group that made use of BCNW were carried out with a less sta-

ble form of BCNW (not neutralized BCNW) and, therefore, this

study reports for the first time on the morphology and proper-

ties of EVOH nanocomposites containing thermally stable

BCNW. EVOH is a relatively high-temperature processing poly-

mer, and, therefore, thermally stable fillers are required when

melt-compounding routes are devised. The additional interest

in this polymer arises, because it can be solubilized in polar sol-

vents, and, thus, high loadings of water/alcohol dispersible fillers

can be incorporated in this polymeric matrix. Moreover, EVOH

can undergo melt compounding for later dilution of the filler

using conventional plastics melt-processing techniques. So, in a

way, it is an excellent carrier for polar nanofillers, which are

aimed to be later dispersed into this or into any other polymer

matrices to reinforce them.

Nanocomposite EVOH Films Reinforced with BC

Nanowhiskers

In the case of bacterial cellulose (BC), two main incorporation

methods were developed in order to compare their efficiency in

dispersing the nanowhiskers. Both the previously described elec-

trospinning technique and a precipitation method were used.

The precipitation method was carried out using both partially

hydrated nanowhiskers, just as done for the electrospinning

method and, additionally, freeze-dried nanowhiskers (cf.

Table I. Crystallinity Index [CI (XD)] and Crystallite Sizes (D(101),D(10̄1),

and D(002)) Determined from the XRD Patterns of Native Cellulose

Microfibers (CMF) and Bacterial Cellulose (BC) and of the Obtained

Nanowhiskers (CNW and BCNW)

CMF CNW BC BCNW

CI (XD) (%) 41.4 (0.1) 60.2 (0.1) 79.1 (0.4) 95.3 (0.3)
Dð101Þ(nm) 0.5 (0.0) 1.0 (0.0) 0.8 (0.0) 1.0 (0.0)
Dð1�01Þ(nm) – – 1.7 (0.1) 1.6 (0.0)
Dð002Þ(nm) 0.7 (0.0) 0.8 (0.0) 1.1 (0.0) 1.2 (0.0)

Table II. DSC Maximum of Melting (Tm1), Melting Enthalpy (DHm1), and Degree of Crystallinity (Xc) of Neat EVOH and Materials Incorporating 15 wt

% BCNW, Obtained from the First Heating Run and Melting Temperature (Tm2), Melting Enthalpy (DHm2), and Glass Transition Temperature (Tg),

Obtained from the Second Heating Run

Tm1 (�C) DHm1 (J/g EVOH) Xc (%) Tm2 (�C) DHm2 (J/g EVOH) Tg (�C)

EVOH pellets 182.8 6 0.4 74.8 6 1.8 34.5 6 0.8 183.8 6 0.1 58.4 6 1.2 60.9 6 0.3

Electrospun EVOH 184.5 6 0.4 72.4 6 2.3 33.4 6 1.1 183.5 6 0.5 60.9 6 3.1 57.6 6 0.2

Precipitated EVOHþ15% BCNW 181.0 6 0.5 49.0 6 2.7 22.6 6 1.2 179.3 6 0.4 33.7 6 1.1 58.3 6 0.2

Electrospun EVOHþ15% BCNW 182.9 6 0.1 91.0 6 2.1 42.0 6 1.0 181.9 6 0.6 67.7 6 2.6 57.9 6 0.2
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‘‘Materials and Methods’’ section for more details). The product

batches obtained through these methods were then melt-mixed

with EVOH in order to obtain films with 2 wt % BCNW and

were compared to the traditional method of directly melt-mix-

ing freeze-dried BCNW with EVOH. The reason for using a 2 w

% CNW loading was that previous works found it to be the

optimum reinforcing level in cellulose-based nanocomposites

for barrier enhancement.9

With the aim of assessing that the incorporation of BCNW into

the EVOH matrix was similar in the case of the electrospinning

and precipitation methods, that is, 15 wt % BCNW, FTIR analy-

ses were carried out. Just like in previous works,21,22 the ratio

between the intensity of the band at 1165 cm–1 and the band at

838 cm–1, which correspond to the CAOAC asymmetric

stretching42 and to skeletal vibrations and CH2 rocking of

EVOH,43 respectively, was calculated in order to estimate the

BCNWs incorporation degree by applying the previously

obtained calibration curve. The obtained spectra are shown in

Figure 5, where it is clearly observed how the cellulose charac-

teristic bands, that is, those at 1164, 1111, 1055, and 1035 cm–1,

are present both in the electrospun fibers and in the material

obtained after precipitation. The estimated BCNWs0 incorpora-

tion was 15% in the case of the precipitated material, whereas it

was �12% in the case of the electrospun fibers.

Morphology and Thermal Properties of Electrospun and

Precipitated Hybrid EVOH-BCNW Materials. The morphol-

ogy and thermal properties of the materials obtained by the two

incorporation methods were analyzed before the melt-mixing

step. As observed in Figure 6, the morphology of electrospun

fibers was altered by adding BCNW, that is, a more homogene-

ous and less-beaded fibers were obtained when compared with

the pure EVOH fibers. By averaging �100 measurements of the

fibers cross-sections obtained from SEM micrographs, it was

observed that the mean diameter of electrospun fibers decreased

from 182 6 79 nm, for pure EVOH fibers, to 132 6 53 nm

when incorporating 15% BCNW. This reduction in the average

diameter of electrospun fibers has been previously reported and

ascribed to an increase in the conductivity of the electrospin-

ning solution when incorporating CNW.22,44

When incorporating neutralized BCNWs, an increase in the

melting enthalpy of electrospun fibers was observed compared

to pure EVOH fibers, just as deduced from Table II. On the

contrary, the melting enthalpy of the material subjected to the

precipitation method was noticeably decreased when compared

with pure EVOH, because, in this case, the polymeric matrix

was quenched, so that the crystallization process of EVOH was

impaired.

Morphology of EVOH Nanocomposite Films Containing 2 wt

% BCNW. Figure 7 shows the photographs of the obtained

EVOH-BCNW films. First, it is observed that all the films pro-

duced through the precipitation method presented a similar

contact transparency, which was not apparently modified with

respect to the pure EVOH film, thus indicating that a good dis-

persion of the nanofiller must have been achieved. However, the

sample with 4 wt % showed a darker color probably due to the

high content of the nanofiller. Excellent contact transparency

Figure 5. FTIR spectra of electrospun EVOH32 fibers, electrospun

EVOH32 fibers containing 15 wt % BCNW and EVOH32 incorporating

15 wt % BCNW by means of the precipitation method.

Figure 3. ATR–FTIR spectra of, from top to bottom, cellulose microfibres

(CMF), CNW, native bacterial cellulose (BC), and BCNW.

Figure 4. DTG curves of plant cellulose and bacterial cellulose nano-

whiskers (CNW and BCNW, respectively).

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38433 7

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


was also observed for the sample with 2 wt % BCNW incorpo-

rated through electrospun fibers. On the other hand, brown

spots were observed in the films obtained by the direct addition

of freeze-dried BCNW (cf. Figure 7F). Nevertheless, when using

the precipitation method for incorporating freeze-dried BCNW

(Figure 7E), those brown spots completely disappeared, thus

indicating that the dispersion of the nanofiller may be signifi-

cantly enhanced by this procedure. When using freeze-dried BC

microfibers instead of whiskers as the filler, white agglomerates

were clearly observed in the obtained films even though the fil-

ler was incorporated through the precipitation method (image

not shown).

To thoroughly study the morphology and the dispersion of the

nanofiller in the nanocomposite films, cryofractured surfaces

were observed by SEM. BCNW could be easily identified in

Figure 8, because they appeared either as white dots or forming

bundles in Figure 8D. The filler seemed to be homogeneously

distributed within the matrix presenting a similar morphology

to that observed for starch nanocomposites reinforced with

tunicin whiskers45 and for PVA reinforced with cellulose

nanofibers.46

When comparing the fracture surface of the different 2 wt %

samples (Figure 8), the first noticeable observation was that the

dispersion of the nanofiller was poor when directly melt-mixing

the freeze-dried BCNW with the EVOH matrix. In this specific

case, BCNWs were aggregated presenting an average cross-sec-

tion of 157 nm, and there were some nanowhiskers bundles

having cross-sections up to 560 nm. Surprisingly, when applying

the precipitation method, the dispersion of the freeze-dried

product was significantly improved, presenting a cross-section

of 75 6 26 nm with no visible bundles.

Another interesting result is that the dispersion of the nanofiller

was very similar when using both partially hydrated or freeze-

dried BCNW and applying the precipitation method. A very

good dispersion was also achieved when incorporating 2 wt %

BCNW through electrospinning, being the average nanofiller

cross-section of 46 6 14 nm versus 81 6 20 nm for the samples

obtained through the precipitation method.

In any case, the determined cross-sections were much higher

than the BCNW’s diameter, which could be due to a charge

concentration effect caused by the emergence of BCNW from

the examined surface.45 In conclusion, all the developed incor-

poration methods represented an improvement compared to the

direct melt-mixing of freeze-dried BCNW. Even when using

untreated freeze-dried BC as the filler, smaller agglomerates

were observed, and the dispersion was enhanced by means of

the precipitation step.

Effect of BCNW Loading on the Morphology of EVOH

Nanocomposites. In addition to the 2 wt % BCNW films,

different concentrations of partially hydrated whiskers were

incorporated by the precipitation method (1, 3, and 4 wt %

Figure 6. SEM micrographs of electrospun EVOH32 fibers and electrospun EVOH32 fibers containing 15 wt % BCNW.

Figure 7. Photographs of films containing: (A) Pure EVOH; (B) EVOH þ
2 wt % BCNW precipitated; (C) EVOH þ 4 wt % BCNW precipitated;

(D) EVOH þ 2 wt % BCNW ES; (E) EVOH þ 2 wt % BCNW freeze-

dried/precipitated, and (F) EVOH þ 2 wt % BCNW freeze-dried. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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BCNW). The ATR–FTIR spectra of all the produced films were

recorded, and it was observed that the previously mentioned

characteristic bands from cellulose were only apparent for con-

centrations greater than 3 wt % BCNW (results not shown). It

was observed by visual examination of EVOH-BCNW films that

the films containing more than 2 wt % BCNW had a yellowish

color, but still maintained good optical characteristics (cf.

Figure 7C). The effect of increasing the BCNW concentration in

the dispersion when applying the precipitation method was

studied by TEM. No significant agglomeration effect was

observed when increasing the nanofiller concentration up to 4

wt %, as seen in Figure 9. As calculated from the cryo-SEM

images (not shown), the BCNW were distributed within the

matrix presenting cross-sections of 44 6 16 nm, 81 6 20 nm,

37 6 14 nm, and 44 6 35 nm, respectively, for the 1, 2, 3, and

4 wt % precipitated BCNW films.

Thermal Properties of the Various EVOH Nanocomposites

Developed with BCNW. With the aim of investigating the

effects of the BCNW addition on the thermal properties of the

EVOH nanocomposites, DSC analyses of all the samples were

carried out. The melting temperature (Tm) and melting enthalpy

(DHm) normalized to the EVOH content of the nanocomposite

films were obtained from the DSC first-heating run, whereas

the glass transition temperature (Tg) was determined from the

second-heating run (see Table III).

Figure 8. SEM micrographs of the cryofractured section obtained from EVOH films: (A) Pure EVOH; (B) 2% BCNW P; (C) 2% BCNW ES; (D) 2%

BCNW FD; (E) 2% BCNW FD-P, and (F) 2% BC FD-P. Scale markers correspond to 2 lm.
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A general trend of decreasing melting enthalpy is observed

when incorporating BCNW or BC into the EVOH matrix

through melt-mixing, regardless the method of incorporation or

the loading amount, thus indicating that the nanofiller is some-

how hindering the crystallization process of the polymer. The

same result has been previously observed for poly(oxyethylene)

reinforced with tunicin CNW and was attributed to an increase

in the viscosity of the polymer melt caused by the presence of

whiskers, which leads to an increase in the activation energy

needed for the diffusion of the chains.47 Regarding the Tg, no

significant changes are produced in comparison with the pure

EVOH film.

When comparing the different incorporation methods for a

fixed concentration of 2% BCNW, it is observed that the 2%

BCNW P and 2% BCNW ES films displayed slightly higher

melting temperatures than the rest of the 2% BCNW films, sug-

gesting that bigger or denser EVOH crystals were formed in

both cases. However, a decrease in the crystallinity of the films

obtained through the precipitation method was observed when

compared with the pure EVOH. Similarly, lower crystallinity

Figure 9. TEM micrographs of EVOH films containing: (A) 1 wt % BCNW precipitated; (B) 2 wt % BCNW precipitated; (C) 3 wt % BCNW precipi-

tated, and (D) 4 wt % BCNW precipitated. Scale markers correspond to 500 nm.

Table III. DSC Maximum of Melting (Tm), Melting Enthalpy (DHm), Peak Width, and EVOH Crystallinity (Xc) of EVOH Films, Obtained During the

First Heating Run and Glass Transition Temperature (Tg), Obtained During the Second Heating Run

Tm (�C) DHm (J/g EVOH) Peak width Xc (%) Tg (�C)

EVOH 177.7 6 1.5 76.5 6 0.1 7.1 6 0.5 35.3 6 0.0 59.5 6 0.8

1% BCNW P 177.7 6 0.5 67.0 6 10.5 7.8 6 0.2 31.0 6 4.8 59.9 6 0.2

2% BCNW P 178.5 6 0.2 68.9 6 4.4 7.1 6 0.4 31.8 6 2.0 58.6 6 0.0

3% BCNW P 176.8 6 0.0 64.4 6 5.2 7.7 6 0.1 29.7 6 2.4 59.7 6 0.7

4% BCNW P 177.2 6 0.2 72.1 6 1.2 9.6 6 0.0 33.3 6 0.6 58.7 6 0.5

2% BCNW ES 178.0 6 0.0 75.8 6 2.3 7.3 6 1.7 35.0 6 1.1 58.6 6 0.1

2% BCNW FD 177.4 6 0.1 71.9 6 0.9 6.0 6 0.2 33.2 6 0.4 58.5 6 0.1

2% BCNW FD-P 177.9 6 1.1 75.4 6 3.2 8.8 6 0.1 34.8 6 1.5 60.1 6 0.3

2% BC FD-P 177.3 6 0.1 67.2 6 8.0 8.3 6 1.1 31.0 6 3.7 59.9 6 0.7
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values were also observed for the films containing 2% BCNW

FD and untreated BC, although it should be emphasized that

there was a high variability of the data (compare with standard

deviation values) precluding to draw any conclusion.

Nanocomposite EVOH Films Reinforced with Plant Cellulose

Nanowhiskers

With the purpose of comparing the effect of adding bacterial

and plant CNW, films were produced by incorporating the latter

ones through the precipitation method, obtaining final concen-

trations of 1, 2, and 3 wt % CNW. Additionally, the method of

directly melt-mixing EVOH with freeze-dried CNW was also

carried out for obtaining a film with 2 wt % CNW.

Morphological Characteristics of EVOH Nanocomposites with

Plant-Derived CNW. The visual aspect of the obtained films is

shown in Figure 10. As observed, no aggregates were detected in

the films obtained by means of the precipitation method,

although black spots, typical from thermal degradation, were

present in the film obtained through direct melt-mixing of

freeze-dried CNW. Just as observed for the BCNW, when

increasing the nanowhiskers loading, the films got a yellowish

color. When comparing the 2 wt % CNW FD-P film with the 2

wt % BCNW FD-P, the former appeared to be slightly darker,

but it still showed a very good contact transparency.

As observed by SEM of cryofractured film sections, a good dis-

persion of the nanofiller was attained using the precipitation

method, although small agglomerates were detected (see Figure

11A). The sizes of CNW’s cross-sections were determined from

SEM pictures of cryofractured surfaces and corresponded to 39

6 16 nm, 60 6 25 nm, and 139 6 74 nm for the 1, 2, and 3%

CNW FD-P, respectively. When comparing the 2% CNW FD-P

with the film obtained exactly through the same incorporation

method, that is, 2% BCNW FD-P, no significant differences

were detected in the cross-section dimensions of the nanofiller.

Similarly to what was observed for the BCNW films, in the case

of direct melt-mixing of the freeze-dried nanowhiskers, bundles

were observed in the fractured section of the film (see Figure

11B). In this case, they presented a cross-section of 112 6 63

Figure 10. Photographs of films: (A) 1% CNW FD-P; (B) 2% CNW FD-

P, and (C) 2% CNW FD. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 11. SEM micrographs of the cryofractured section obtained from films: (A) 2% CNW FD-P, (B) 2% CNW FD, (C) 1% CNW FD-P, and (D) 3%

CNW FD-P. Scale markers correspond to 2 lm.

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38433 11

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


nm and appeared to be much shorter than the ones observed in

the BCNW film. The difference in the nanowhiskers length was

probably due to the different production method used for each

material. In the case of BCNW, they were obtained from the

centrifugation precipitate, whereas CNW were recovered from

the centrifugation supernatant where the shorter nanowhiskers

are concentrated.

Thermal Properties of EVOH Nanocomposites with Plant-

Derived CNW. Thermal properties of films incorporating CNW

are gathered in Table IV. Although no significant differences

were observed for the melting temperature and Tg of the nano-

composites obtained through the precipitation method, a slight

decrease in the melting enthalpy of the materials was seen when

increasing the CNW concentration. This could be related to the

increased agglomeration observed when increasing the CNW

loading, which led to a certain disruption of the EVOH crystal-

line phase. This effect was not observed for BCNW, because no

significant agglomeration took place for the range of concentra-

tions studied.

In contrast, a significant decrease in the melting temperature

and melting enthalpy of the nanocomposite incorporating

freeze-dried CNW was observed compared to the pure EVOH,

because the agglomerated nanocrystals effectively distorted the

EVOH crystalline network, resulting in smaller or more defec-

tive crystals. It is also worth noting the increase in peak width

observed for this latter material, pointing out the greater heter-

ogeneity of EVOH crystals present in the nanocomposite

obtained through the traditional method.

CONCLUSIONS

In this first study, EVOH/CNW composite films were produced

by melt-mixing, and the effects of the cellulose source, nanofil-

ler concentration, and pre-incorporation method in the visual

aspect, morphology, and thermal properties of the generated

materials were investigated. Both bacterial and plant-derived

CNW were used as nanofillers, being the cellulose source not a

relevant factor for the degree of dispersion attained within the

EVOH matrix. Non-hydrolyzed BC fibers were also used to gen-

erate nanocomposites, and, even though the size of the filler

was considerably greater, a good dispersion was also seen. Most

importantly, the method for incorporating the nanowhiskers

before the melt compounding step largely determined the mor-

phology of the obtained nanocomposites. Thus, except for the

case of direct melt-mixing of the polymer with the freeze-dried

nanomaterial, which resulted in agglomeration of the fillers, a

homogeneous dispersion of the fillers was encountered

using the two pre-incorporation strategies developed in this

work.

In terms of thermal properties, the evidenced agglomeration

observed for the films incorporating 2 wt % freeze-dried CNW

and BCNW was reflected in a decrease in the melting tempera-

ture and melting enthalpy, indicating that non-homogeneously

dispersed nanofiller hindered EVOH crystallization. The

agglomeration effect observed when increasing the CNW load-

ing, which was not observed for BCNW in the range screened,

resulted in decreased crystallinity of the EVOH matrix as well.

In the case of the nanocomposite containing BC, the bigger size

of this filler also affected the thermal properties of the matrix

decreasing both the temperature and enthalpy of fusion. These

results evidence the adequacy of techniques such as electrospin-

ning or precipitation using liquid nitrogen for the incorporation

of CNW into EVOH matrices before a melt-mixing step in

order to obtain EVOH nanocomposites showing a good disper-

sion of the cellulose fillers.
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