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Cellulose-based nanopaper with high moisture and thermal resistance and high tensile

properties has many applications in the food packaging industry, electronics, and biosen-

sors.  The objective of the present work is to produce and characterize the disintegrated

bacterial cellulose-based nanopaper film and its ZnO bionanocomposite prepared without

and with compression. Addition of ZnO nanoparticles into nanopaper and compression

improved the tensile and thermal properties and moisture resistance of the bionanocom-

posite. Compressed nanopaper film with 1.2 wt% ZnO had the highest tensile strength (TS)

of  94.2 MPa and tensile modulus (TM) of 10.1 GPa. These TS and TM values were 109% and

172% higher than those of non-compressed film due to an increase in the crystal struc-

ture. Surprisingly this bionanocomposite also demonstrates higher elongation at break

in  comparison to the nanopaper film. All samples show good rollability and bendability.

Compressed bionanocomposite had higher moisture resistance than non-compressed one.

This work promotes an environmentally friendly bionanocomposite film which has good
potential for food packaging applications.

©  2020 The Author(s). Published by Elsevier B.V. This is an open access article under the

Y-NC
CC  B

1.  Introduction
Nanopaper and nanocellulose based bionanocomposites have
been attracting attention for their foldability, biodegradability,
lack of adverse ecological impact, and potential commercial
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applications [1]. Nanocellulose from renewable sources has a
high specific strength and modulus, large specific surface area,
high aspect ratio, environmental benefits and low cost. Gen-
erally, nanocellulose has been isolated from natural sources
such as pineapple leaf [2], water hyacinth fiber [3], sugar palm
fibers [4,5], and ramie fiber [6] using acid hydrolysis. This disin-

tegrated cellulose has been used to harvest energy from both
ambient thermal and mechanical sources [7] and electrodes
of flexible electronics [8].
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2.3.3.  Tensile  properties
A Com-Ten testing machine 95 T (Comten Industries Inc.,
j m a t e r r e s t e c h n o l

Pure nano-sized cellulose can also be obtained from bac-
erial cellulose (BC) without the need for acid hydrolysis
roviding more  environmental benefits (fewer chemical and
hysical treatment steps), and lower cost (less energy con-
umption) in comparison to the isolation of the nanocellulose
rom plant cell walls. One economical source of BC is Ace-
obacter xylinum, a bacterium commonly used in South East
sia to produce a food product Nata de coco. This is com-
osed of BC in the form of a pellicle formed from a porous
ridimensional network of cross-linked fibers immersed in a
iquid matrix. BC has some unique properties with a high
egree of crystallinity, high mechanical strength and a highly
ure nanofibrillar network structure [9]. BC has fiber diam-
ters range from 10−15 nm and a low coefficient of thermal
xpansion [10,11].

The potential of this bacterial nanocellulose has been
xplored in a wide range of applications for, i.e., blood vessels
12], skin and meniscus replacements, and wound-dressing

aterial [13], and flexible substrates for electronic devices
14,15], flexible organic light-emitting diode (OLED) devices
16]. Preparation of a film from disintegrated BC can be car-
ied out using a compression method to increase the tensile
nd physical properties of the film. These resulting properties
lso can be improved when added with ZnO nanoparticle [17].
ecently, ZnO nanoparticle was used for the development of
C/ZnO bionanocomposite with improved thermal and tensile
roperties [18].

Although many  works have reported characterizations
f BC-based bionanocomposites, however, the role of com-
ression treatment in the increase of tensile and thermal
roperties of disintegrated BC/ZnO nanoparticle bionanocom-
osite remains unclear [19–22]. Therefore, the aim of the
resent work is to prepare and characterize the disintegrated
acterial cellulose-based nanopaper film and its ZnO bio-
anocomposite without and with compression. Morphology
f these films is observed using both field emission scanning
lectron microscopy (FESEM). Tensile properties were mea-
ured. Fourier-transform infrared spectroscopy (FTIR), X-ray
iffraction (XRD), transparency, thermal resistance, and mois-
ure absorption of the nanopaper and bionanocomposite film
re characterized.

.  Experimental  details

.1.  Materials

ata de coco pellicle in the form of cubes
250 mm × 150 mm × 25 mm)  was purchased from a pro-
uction home industry in Padang, Indonesia. Analytical grade
odium hydroxide (Brataco Brand), ≥98%, and distilled water
sed in the purification of the pure BC were supplied by the
ndeska Laboratory and PT. Brataco, Padang, Indonesia. ZnO
anoparticles (<100 nm particle size (TEM)), ∼80% Zn basis
ere obtained from Sigma-Aldrich Pte. Ltd. Singapore.
 0;9(4):8754–8765 8755

2.2.  Preparation  of  sample

2.2.1.  Preparation  of  disintegrated  BC  nanopaper  without
and with  compression
The preparation of disintegrated BC nanopaper was conducted
as described previously [23]. Briefly, the nata de coco pellicle
was rinsed with distilled water until pH 7 then cut into rect-
angles (50 mm × 100 mm)  with a steel knife. The clean pellicle
was soaked in 5% NaOH for 12 h and rinsed repeatedly with
distilled water until pH 7. The wet pellicle was pressed in a
mould and rinsed with distilled water until pH 7 then disinte-
grated in a wet electrical blender (Philips, HR2115, Nederland)
at 12000 rpm for 1 h. A 400 mL  suspension of this was soni-
cated using an ultrasonic probe (Ningbo Yinzhou SJIA-1200W,
China) at 600 W,  100% amplitude and 20 kHz for 1 h. The tem-
perature of the suspension due to ultrasonication was limited
to a maximum of 60 ◦C using thermocouple integrated to the
equipment. 110 mL  of this disintegrated BC suspension was
poured onto Teflon dish (120 mm diameter), then dried in a
drying oven (Memmert UN-55) at 60 ◦C for 24 h. The resulting
dried nanopaper was the sample prepared without compres-
sion. For the nanopaper sample with compression, the dried
film was clamped using a metal flange which was further com-
pressed using a hydraulic press at a pressure of 86.7 MPa for
5 min  at 25 ◦C. The clamped film was stored with the metal
flange still in place in a drying oven (Memmert UN-55) at 100 ◦C
for 72 h for further drying of the film.

2.2.2.  The  preparation  of  disintegrated  BC/ZnO
nanoparticle  bionanocomposite  without  and  with
compression
The preparation of the BC/ZnO bionanocomposites without
and with compression was similar to the preparation of the
nanopaper. A 400 mL  suspension of disintegrated BC was
mixed with 1.2 wt% ZnO. The mixture was prepared with and
without compression as for the pure BC nanopaper samples.

2.3.  Characterization

2.3.1.  FESEM  observation
The samples were placed on the FESEM sample stub and
coated with carbon followed by gold for two min  to reduce
the electron charge. A model JFIB 4610 SEM from JEOL, Japan
was used with 5 kV to optimize observation of the surface
morphology of the sample.

2.3.2.  Film  transparency
The transparency of films was measured using a spectropho-
tometer (Shimadzu UV 1800, Japan). Rectangular samples
10 mm x 25 mm were prepared and placed in the spectropho-
tometer. ASTM D1003-00 was used as a testing standard [24].
Transmittances were measured at wavelengths from 400 to
800 nm.  The process was repeated three times for each film.
Manufacturer in Pinellas Park, Florida) was used to measure
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tensile properties (tensile strength, tensile modulus, and elon-
gation at break) performed with a tensile speed of 5 mm/min
at room temperature. ASTM D638- type V is the standard used
for tensile testing [25]. Before testing, all samples were con-
ditioned for 48 h at 50 ± 5% relative humidity and 25 ◦C in a
desiccator. Thickness and width of the film were measured
using a dial micrometre to 1 �m accuracy. Tensile tests were
repeated five times for each sample.

2.3.4.  FTIR
The aim of FTIR characterization was to determine the func-
tional groups of the bacterial cellulose nanopaper prepared
without and with ZnO and compression. It was performed
by using PerkinElmer Frontier equipment (PerkinElmer, Inc.,
Waltham, MA,  USA). The dried samples were formed into a
sheet film and scanned at a frequency range of 4000–600 cm−1.

2.3.5.  X-ray  diffraction
PANalytical Xpert PRO (Philips Analytical, Almelo, The Nether-
lands) at 25 ◦C, 40 kV and 30 mA  was used to perform X-ray
diffraction testing. The samples were scanned from 2� = 5◦

to 60◦. The crystallinity index (CI) percentage was measured
using Eq. 1 [26]:

CI (%) = (I200 − Iam)
I200

× 100 (1)

where I200 (22◦) is the intensity of the peak corresponding to
cellulose I, and Iam (18◦) is the intensity of the peak of the
amorphous fraction.

2.3.6.  Thermogravimetry  analyzing  (TGA),  derivative
(DTG),  and  differential  scanning  calorimetry  (DSC)
This method is similar to the one reported in more  detail
in a previous study [27]. A thermal analysis instrument
Mettler-Toledo AG, Schwerzenbach, Switzerland was used to
measure TGA, and DTG of samples. The sample was input
into the instrument which was set up with a nitrogen flow
rate of 20 mL/min. The heating rate was 10 ◦C/min. DSC was
measured using TA Instrument (Model Q20) from room tem-
perature up to 500 ◦C at 10 ◦C/min with nitrogen flow rate of
50 mL/min. The weight of each sample was 5–10 mg.

2.3.7.  Moisture  absorption
A method for measuring the moisture absorption (MA) was
based on work described in a previous study [27]. All sam-
ples were dried in a drying oven (Memmert Germany, Model
55 UN) at 50 ◦C until a constant weight was achieved. The
dried sample was stored in a closed chamber with 75% relative
humidity at 25 ◦C. After 300 min  in the chamber, the samples
were weighed every 30 min  for 3 h with a precision balance
(Kenko) with a 0.1 mg  accuracy. MA  was measured five times
of each sample and calculated using Eq. 2.

MA  = (wh − wo)/wo (2)
where wh is the final weight and wo is the initial weight of
the sample. MA  determination was repeated 5 times for each
sample.
2 0 2 0;9(4):8754–8765

2.3.8.  Statistical  analysis
Experiment data were analyzed using IBM SPSS Statistics 25.0
(IBM Corporation, Chicago, USA). One-way analysis of variance
(ANOVA) and p-test were used to identify the significance of
any effects of treatment on tensile properties and moisture
absorption of the bacterial cellulose nanopaper prepared with-
out and with ZnO and compression. Duncan multiple range
test was used using a 95% (p ≤ 0.05) confidence level. The val-
ues with statistically significant differences were marked with
different letters.

3.  Results  and  discussions

3.1.  FESEM  morphology

Fig. 1 shows the FESEM morphology of the fractured surface of
the tensile specimen. The dried nanopaper without compres-
sion (Fig. 1a) displays many  layers of cellulose fiber networks
and crevices between the layers (red arrow). Compression and
heating at 100 ◦C for 72 h allow the increased connection of
the fibers through hydrogen bonding (red arrow in Fig. 1b).
Both these treatments provided more  energy for increas-
ing the amount of the intra- and interconnected polymer
chains. Fig. 1c shows good dispersion of the nano-sized ZnO
(red arrow) resulting from ultrasonication treatment which
effectively destroyed the agglomerations of ZnO [28]. The
mechanism of the interconnection of BC nanofiber and ZnO
nanoparticle has been reported previously [29]. The presence
of this ZnO in the sample was also evidenced by diffrac-
tion peaks at 2� of 32◦, 34◦, 36◦, 48◦ and 56◦ in the XRD
pattern (Fig. 4). Some ZnO were bonded strongly via hydro-
gen bonds presumably between the oxygen atoms and the
hydroxyl groups on the fiber surface (red arrow in Fig. 1d)
and others can be trapped among two fibers [30]. Evidence
of this hydrogen bonding can be observed from the shifting
OH functional group bands in FTIR spectra (see Fig. 3). This is
in agreement with previous work [31]. The greater amount of
hydrogen bonding between fibers and the increased number of
hydrogen-bonded and trapped ZnO nanoparticles result in an
increase in obstruction for fiber mobility. Even unbonded ZnO
nanoparticles can prevent fiber movement. A fiber passing
around a ZnO particle even if it is not bonded to it must follow
a longer tortuous path. These phenomena lead to an increase
in the tensile and physical properties of the bionanocomposite
film.

3.2.  Flexibility  and  transmittance  value

Fig. 2 shows the flexibility and transparency of each film. All
samples are rollable (Fig. 2a), and bendable (Fig. 2b). This is
probably attributed to strong inter- and intra-molecular hydro-
gen bonds [32]. When compressed, the transmittance value of
the film (Fig. 2c) increased as a result of a decrease in the frac-
tion of the cavities [33]. This higher translucence can also be

attributed to more  ordered molecular structure as observed
using X-ray diffraction (XRD) for the compressed film. Table 1
shows an increase in CI value after compression. The pres-
ence of ZnO nanoparticles scatters the light leading to the
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Fig. 1 – The fracture surface of non-compressed nanopaper film (a), Compressed nanopaper film (b), Well-dispersed ZnO in
cross-section of compressed bionanocomposite (c), ZnO nanoparticle bonded on fiber surface (red arrow) of compressed
bionanocomposite (d).

Table 1 – CI (from Fig. 4), To, Tm (from Fig. 6b) of all
samples.

Samples (abbreviation) CI (%) To (oC) Tm (oC)

Compression + ZnO (WC + ZnO) 83.4 337 361
Without compression + ZnO

(WOC + ZnO)
79.4  330 358

Compression and without ZnO
(WC)

82.3  315 348
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Without compression and
without ZnO (WOC)

78.7 314 347

ionanocomposites having lower transparencies. This trend
s also in agreement with past report [34].

.3.  FTIR  spectra

ig. 3 displays the FTIR spectra of the functional groups from
he average values of three measurements on FTIR spectra for
ach sample. All FTIR curves show a similar pattern (Fig. 3a).
ore  detailed changes in the functional groups can be seen in

he Fig. 3(b–f).
Fig. 3(b) is the band at about 3325 cm−1 assigned to O H
tretching vibration [35,36]. The non-compressed films had
he strongest intensity. The peak shape was the broadest
s a result of the strongest disruption of crystal structure
ue to ultrasonication [37]. Wavenumber value was shifted
from 3337 cm−1 (WOC film) to 3339 cm−1 (WOC + ZnO film)
resulting from the increasing interlayer spacing. After com-
pression, the WC  + ZnO film displays the sharper peak shape
and the weaker peak intensity. The wavenumber of this film
was shifted to a lower value (3336 cm−1) attributed to the
reduction of interlayer spacing and the formation of hydrogen
bonding interaction between cellulose and ZnO [38,39]. This
reduced wavenumber corresponds to a decrease in molecular
vibrations in the OH groups, the decreased number of free OH
groups available in the sample, and the increased hydropho-
bicity of the bionanocomposite [40–42].

Fig. 3(c) is the band at about 2900 cm−1 corresponding
to C H stretching vibration [43]. The peak position of the
non-compressed films was the most left with a wavenum-
ber of 2900 cm−1 (WOC film) the intensity was the strongest
and the shape the broadest. These functional groups were
under nonhomogeneous strain condition and the crystals
highly disoriented. The peak of the band shifted to the lower
wavenumber value about 3–4 cm−1, the shape became sharper
due to an increase in crystal after compression and addition
of ZnO nanoparticles.

A similar phenomenon with O H stretching vibration is
also presented by peaks at the region of 1644–1647 cm−1
assigned to O H of absorbed water (Fig. 3d) [44]. The shift-
ing wavenumber to lower value about 1 cm−1 was observed
on the compressed bionanocomposite film compared to non-
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Fig. 2 – The appearance of the flexibility of the samples during rolling (a), bending (b), and the transmittance value (c) of the

film.

compressed one. This corresponds to the increasing intra-
and interconnection among the fibers as well as between ZnO
nanoparticles and fiber via hydrogen bonding after compres-

sion [45,46]. This higher intersections of OH groups cause
a lower molecular vibration as a result of a decrease in
the number of free hydroxyls [47]. The weakest intensity
was observed in the WC  + ZnO film, probably caused by the
lowest degree of hydrophilicity. This result is in good agree-
ment with result in Fig. 7 showing the lowest MA  for this
film.

−1
The band at 1430 cm (Fig. 3e), assigned to CH2 bend-
ing vibration, is known as the crystallinity band [48]. The
least intensity of this band reflects the lowest degree of
crystallinity in the WOC sample [49]. After compression
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Fig. 3 – FTIR curves of the bacterial cellulose nanopaper prepared without and with ZnO nanoparticles and compression; (a)
the full spectrum from 4000-250 cm−1, (b-f) sections of the spectrum expanded to show changes in peaks related to specific
f

a
h
t
i

unctional groups.

nd/or addition of ZnO, the intensity of the samples became

igher which corresponds to higher crystallinity index in

he samples. The C O stretching band at about 1031 cm−1

s associated with the backbone structure of cellulose as
shown in Fig. 3(f) [50]. The broadest shape was observed

on WOC sample related to the lowest crystal structure and
the most highly disoriented crystal probably due to ultra-
sonication treatment. This sample had a wavenumber value
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Fig. 4 – X-ray diffraction patterns of the bacterial cellulose
nanopaper prepared without and with ZnO nanoparticle
and compression.

tion of ZnO nanoparticles and compression both increased
of 1031 cm-1 lower than WC  film (1032 cm−1). For the WC
film, the shape was sharper and the intensity was reduced
probably due to an increase in hydrogen bonding after com-
pression at 100 ◦C for 72 h. The lowest wavenumber value
and the weakest intensity of WC  + ZnO film represent the
highest degree of hydrogen bonds between ZnO and cellu-
lose.

3.4.  X-ray  diffraction

Fig. 4 shows the X-ray diffraction pattern of nanopaper and
bionanocomposite without and with compression. BC film has
typical cellulose I diffraction pattern with peaks at 2� = 14◦,
16.6◦ and 22◦ [23] corresponding to (−101), (101) and (002)
crystal plane respectively [6,51]. This is consistent with the
diffraction pattern type reported previously [52]. Bionanocom-
posite film exhibits diffraction peaks at 2� of 32◦, 34◦, 36◦, 48◦

and 56◦ which correspond to the presence of ZnO nanoparti-
cles [53]. Each sample shows an obvious difference in intensity,
shape and diffraction angle of these peaks (see inset). WOC
film had the lowest peak intensity and broadest shape cor-
responding to the lowest crystallinity index (Table 1). This
phenomenon is attributable to the greatest disruption of the
cellulose crystal structure due to ultrasonication during sam-
ple preparation [54–56]. Compression of BC film led to an
increase in crystallinity index as shown by WC  film with
greater intensity and sharper peak shape than WOC film. The
cellulose chains of WC  film became more  closely packed in an
ordered and parallel arrangement. Compression also caused
a shift of the peak at 2� = 14.5◦ and 22.6◦ to a higher 2� value.
This corresponds to a decrease in interlayer spacing of the
crystal structure, consequently, the molecular structure of the
WC film was strained compressively [57]. In this case, WC
film had higher compressive residual stress than WOC film
[54,58]. The presence of ZnO nanoparticle in WC film led to

an increase in CI of 83.4%. The peak shift of WC  + ZnO film
to lower 2� value resulted from an increased crystal plane
spacing [20,59].
2 0 2 0;9(4):8754–8765

3.5.  Tensile  properties

Fig. 5 shows the tensile properties of the nanopaper and bio-
nanocomposite prepared without and with compression. The
error bars represent the standard deviation of five tests. The
range of these bars is related to the different values from
testing. The treatments of this present work results in a sig-
nificant increase (p ≤ 0.05) in the tensile properties of the film.
BC nanopaper after compression had the higher TS (56.4 MPa)
than that before compression (44.3 MPa) an increase of 27%.
This is what might be expected considering the increased
hydrogen bonding and CI after compression as shown in
Table 1 [7]. The presence of the compressive residual stress
which is presented in Fig. 4 also contributes to improving
the tensile properties [54]. The external tensile stress must
overcome the compressive residual (negative tensile) stress
before the crack tips experience sufficient tensile stress to
propagate. After the addition of 1.2 wt% ZnO, the TS was
significantly increased (p ≤ 0.05) to almost twice that of BC
nanopaper. This is because the hydrogen-bonded and trapped
ZnO nanoparticles obstructed the movement  of individual cel-
lulose nanofibers. As shown in Fig. 5(a), the maximum TS was
obtained on the compressed bionanocomposite (92.4 MPa)  cor-
responding to a higher fraction of hydrogen bonds among
fibers and an increase in the number of hydrogen-bonded
ZnO nanoparticles after compression [60]. Similarly, TM of
the bionanocomposite almost tripled from 3,708.7 MPa to
10,105.8 MPa after compression. This result is in agreement
with previous work [61]. Even though TS and TM increased,
elongation at break (EB) of the bionanocomposite was also
increased. This is attributable to the longer tortuous paths
of the cellulose nanofiber due to the presence of the trapped
ZnO. This result is consistent with the high flexibility of film
as shown in Fig. 2a, and 2b. However, the EB value decreased
after compression resulting from an increase in the number
of hydrogen-bonded ZnO nanoparticles.

3.6.  Thermal  properties

Fig. 6(a–b) show TGA and DTG curves of nanopaper and bio-
nanocomposites as a function of temperature. All curves have
a similar pattern (3 stages of weight loss of the sample). How-
ever, the peaks at the first and second stage in Fig. 6(b) were
shifted and affected by the presence of ZnO and compression.
The first weight loss region below 100 ◦C is due to the release of
moisture present in the sample [62,63]. Each sample displays
different weight losses resulting from the different amounts
of water evaporated. The non-compressed bionanocomposite
had the highest evaporation as evidenced by the deepest peak
at this first step (Fig. 6b). This is because this film has the high-
est number of voids in the structure for the water to escape
through. The weight loss for the second stage at 250−360 ◦C is
related to the decomposition of the ZnO and cellulose [64,65].
In the temperature range of 360–570 ◦C a third weight loss
was measured due to a final decomposition to ash [38,66].
The nanopaper shows the lowest thermal resistance. Addi-
it (Fig. 6a and b). This was evidenced by the temperature of
the onset of degradation (To) and the maximum decomposi-
tion rate (Tm) were shifted from 314 to 337, and 347–361 ◦C,
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Fig. 5 – The average value of a) tensile strength (TS), b) tensile modulus (TM), and c) elongation at break of each sample as a
function of adding ZnO and compression; RH 50% 25 ◦C. Different letters a, b, c, d in the vertical bar chart indicate significant
d

r
e
s
a
p
p
i
r
p
s
p
n
1
T

ifferences at p ≤ 0.05.

espectively. This shift corresponds to the higher activation
nergy for decomposing the bionanocomposite, resulting from
tronger bonding energy among fibers as well as between ZnO
nd fibers, and the presence of ZnO which has higher thermal
roperties than pure fiber [67]. This is consistent with FTIR
attern (Fig. 3b) showing the formation of hydrogen bonding

nteraction between cellulose and ZnO. The increased thermal
esistance was also affected by the increase in CI after com-
ression (Table 1) and is in good agreement with a previous
tudy [68]. A similar result is demonstrated by Fig. 6(c) dis-
laying the DSC curves of each sample. The non-compressed

anopaper shows the lowest peak in regions between 50 and
25 ◦C, corresponding to the highest water vaporization [69].
he presence of ZnO and compression in the films decreased
the intensity of the endothermic peaks in the DSC curve
between 325 and 375 ◦C due to higher thermal stabilization.

3.7.  Moisture  absorption  (MA)

Figure 8 shows the average MA at saturation point for all sam-
ples measured every 30 min  for 3 h. The error bars indicate the
standard deviation of five tests. The large size of some of these
error bars, particularly for the addition of ZnO and without
compression, could be due to the non-homogenous dispersion

of the ZnO nanoparticles (1.2 wt%) throughout the sample. The
change of weight gain for all samples is typical of Fickian dif-
fusion behaviour [70]. As expected, the highest MA is found in
non-compressed bionanocomposite. The presence of trapped
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Fig. 6 – a) TGA, b) DTG, and c) DSC curves for nanopaper

Fig. 7 – Moisture absorption of all samples. Different letters
and bionanocomposite before and after compression.

ZnO among BC nanofiber can produce larger-scale voids which
can be occupied by more  water molecules via diffusion as
described by Fick’s second law [71]. This is consistent with the
result in Fig. 6 showing the highest evaporation of absorbed
water at the first weight loss region for the non-compressed

bionanocomposite film. After the addition of ZnO and com-
pression, MA  reduced significantly (p ≤ 0.05). In this case, the
compressed bionanocomposite (WC  + ZnO sample) had the
a, b, c in the MA indicate significant differences at p ≤ 0.05.

lowest MA resulting from the most hydrophobic nature among
samples. This is because the compression reduced the size
and the number of voids in the film leading to a decrease in
water diffusion. This result is consistent with the FTIR pattern
of the corresponding WC + ZnO sample showing the shallow-
est peak of OH stretching at about 3339 cm−1 (Fig. 3b) and
the weakest intensity of O H absorbed water at 1645 cm−1

(Fig. 3d).

4.  Conclusions

This work reported successful fabrication and characteriza-
tion of a disintegrated bacterial cellulose/ZnO bionanocom-
posite prepared with and without compression. Addition
of 1.2 wt% ZnO nanoparticles into BC nanopaper and com-
pression improved TS (109%) and TM (172%) compared to
non-compressed BC nanopaper. This bionanocomposite also
displayed higher thermal and moisture resistance and higher
elongation at break in comparison to the nanopaper film. All
samples had good rollability and bendability. These results
suggest that compressed films from these materials provide
many  advantages as environmentally friendly biopolymers for
industrial applications.
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