
ORIGINAL PAPER

Effect of varying hydrolysis time on extraction of spherical
bacterial cellulose nanocrystals as a reinforcing agent
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Abstract Bacterial cellulose nanocrystal (BCNC) was pre-
pared from bacterial cellulose (BC) using acid hydrolysis for
12, 24 and 72 h. The effect of the BCNC was estimated as a
means of reinforcing the poly(vinyl alcohol) (PVA) matrix in
terms of mechanical and thermal properties. The effect of the
hydrolysis time on BCNC extraction was evaluated by con-
sidering morphology, changes in chemical functional groups,
crystallinity and thermal stability. Atomic force microscopy
(AFM) images revealed the diameters of spherical cellulosic
particles were in the range 16–35 nm with the smaller ones
resulting from a longer hydrolysis treatment time. Fourier
transform infrared (FTIR) spectroscopy showed no changes
in the functional groups between BC and BCNC samples for
all hydrolysis extraction times. However, X-ray diffraction
(XRD) proved that the crystallinity of the BCNC increased
up to 87% in comparison with the BC. The thermal stability of
nanocellulose decreased over a longer hydrolysis period.
Furthermore, the BCNC showed an improved effect on the
PVA matrix in both tensile and thermal analysis. Therefore,
BCNC obtained by acid hydrolysis for 24 h could be used as a
reinforcing agent for material industries.
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Introduction

Cellulose is the most abundant polymer, consisting of a linear
chain of D-glucose units linked by a β(1→ 4) glycosidic bond
[1, 2]. Extraction of cellulose has been reported from wood,
cotton, wheat straw and rice straw [3–6]. However, in recent
years, cellulose production by Gluconacetobacter xylinum is
known as bacterial cellulose that composed of ribbon-shaped
nanofibril bundles [7, 8]. This bacterial strain produces a bac-
terial cellulose layer at the interface in a static culture medium.
In fact, plant cellulose and BC share the same chemical struc-
ture, however, their properties are different. Plant cellulose, a
lignocellulose mainly consists of cellulose, hemicellulose and
lignin while BC contented cellulose only with a high purity,
high crystallinity, high mechanical strength and biocompati-
bility [9–11]. Due to the outstanding properties of BC, it can
be applied for various applications, including as a filled net-
work for polymeric matrixes, nanocomposites, bioplastics,
biomedicines and in the paper industry [8–10, 12–15].

In general, BC is commonly used in the form of
nanocellulose, due to its unique properties, having high crys-
tallinity between 54 and 88%, a range width of 5–70 nm and
a length from 100 nm to several micrometers [16]. A proce-
dure widely used for the extraction of cellulose nanocrystals
(CNC) is sulfuric acid hydrolysis, which involves preferen-
tial hydrolysis of the amorphous region that can cause in-
creased crystallinity [2]. During hydrolysis, esterification
happens along the cellulose domains at OH groups, which
is replaced by a sulfate group. Thus, nanocellulose become
an aqueous suspension which is negatively charged and so
does not coagulate [17].

It is well-documented that there are at least rod, spherical
and network morphologies of CNC that can be extracted using
sulfuric acid from cotton [18, 19]. The aggregation of rod-like
CNCs leads to crystalline phase forms in an aqueous
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suspension whereas colloidal crystallization results with
spherical CNCs because of their high and similar surface areas
[20]. In addition, spherical CNCs with a large interacting sur-
face have the ability to connect to others particles, such as
polymeric matrices, bioactive compounds and living cells
[7]. On the other hand, BC has no portion of hemicellulose
and lignin that must be eliminated, so the solid yield can be up
to 89% according to the BC dry weight [21, 22]. Due to the
highly networked structure of BC, the hydrolysis conditions
have been varied to optimum for breaking its amorphous do-
mains. This can result in the degradation of cellulose to shorter
nanocrystals [21]. Therefore, spherical bacterial cellulose
nanocrystals (BCNC) have been successfully extracted from
BC using acid hydrolysis. In the previous research, the opti-
mum time of acid hydrolysis was applied at 2, 48 and 69 h and
the obtained BCNC at 48 h got the highest crystallinity per-
centage in comparison with others [22].

Current techniques to upgrade the mechanical properties of
nanocomposites have extensively considered adding nano
particles as reinforcing agents and these have been highly
beneficial to the industrial sector [2, 7, 23–26]. The
nanocellulose was added to reinforce for poly(styrene-co-bu-
tyl acrylate) matrix examined by Favier et al. [27] and in
starch-based polymers conducted by Kvien et al. [28].
Poly(vinyl alcohol) (PVA) is a kind of the biodegradable poly-
mers using in diverse industries due to its hydrophilic, film
forming and non-toxicity [29–31] and it is used in various
industrial applications such as paints, shampoos, packaging
films, paper adhesives, textile and paper coatings [32].

To the best of our knowledge, there has not been any re-
ports about investigating the use of spherical BCNCs to rein-
force PVAmatrix composites. Therefore, the objectives of this
study were to determine the effect of varying the hydrolysis
time on the characterization of spherical BCNC and the rein-
forcing ability of BCNC in PVA composites in terms of its
thermal and mechanical properties.

Materials and methods

Preparation of BC

A sample of 100 ml of the bacterial strain Gluconacetobacter
xylinum starter was incubated in 1000 ml of coconut juice
medium composed of 5% sucrose, 0.5% ammonium sulfate
and 5% acetic acid (10% v/v), at 30 °C for 5–7 days. A BC
layer was produced on the top of the surface medium. The BC
was purified by boiling in distilled water for 15 min, neutral-
izing in an aqueous solution of 1% (v/v) NaOH at room tem-
perature for 24 h and rinsed with distilled water up to pH of 7.
Then, the BC was compressed to remove excess water and
ground into powder.

Extraction of BCNC

The BC powder was treated with 60% (w/w) sulfuric acid with
a cellulose-to-acid ratio of 1:20 g/ml under stirring at 45 °C
with different hydrolysis times of 12, 24 and 72 h which were
recorded as BCNC-12, BCNC-24 and BCNC-72, respective-
ly. Distilled water was added to stop the reaction (approxi-
mately 4 °C) in the volume of sulfuric acid used and then
centrifuged at 13000 rpm and 4 °C for 15 min. The centrifu-
gation step involved at least two or three washings to remove
the residual acid. The obtained BCNC was neutralized using
dialysis, until the pH of the samples was neutral (pH 6–7).
Then the samples were sonicated for 30 min and stored in
the refrigerator.

Preparation of PVA/BCNC

Poly(vinyl alcohol) (PVA) (Mw = 77,000–82,000) was dis-
solved at 80 °C for 3 h. BCNC-24 suspension was added at
1, 3 and 5%wt. The mixture (PVA/BCNC) was further
stirred for another 3 h and sonicated for 30 min before
being cast onto glass plates. The films were dried at
50 °C for 12 h. The obtained films were kept in a desicca-
tor for further analysis.

Characterization

Morphology analysis of BCNC

Atomic force microscopy (AFM) was used to characterize
the morphology of the dimensional image of nanocellulose
obtained from the acid hydrolyzed samples. Measurements
were performed in tapping mode using an Asylum model
MFP-3D AFM (Bio, USA) at ambient temperature. In the
sample preparation, a drop of diluted aqueous suspension
of colloid was dispersed on the surface of an optical glass
substrate and allowed to dry at ambient temperature and
analyzed subsequently.

Fourier transform infrared (FTIR) spectrometer analysis
of BCNC

Infrared spectra of the samples were recorded using an FTIR
spectrometer (Bruker Tensor 27 spectrometer, USA) at room
temperature. The sample fractions were dried in an oven at
60 °C for 12 h, mixed with KBr and pressed into pellets. The
samples were analyzed over the range 500–4000 cm−1.

X-ray diffraction (XRD)

XRDmeasurements were acquired using an X-ray diffractom-
eter (Philips Analytical X’Pert, the Netherlands) using Cu-Kα
radiation (1.5418 nm). The angle was scanned in the range
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Fig. 1 AFM images of (a) BCNC-12, (c) BCNC-24 and (e) BCNC-72; height distribution of (b) BCNC-12, (d) BCNC-24 and (f) BCNC-72

J Polym Res (2017) 24: 71 Page 3 of 10 71



10–50°, at a scanning speed of 5 °/min. The crystallinity index
(CrI) of BCNC was estimated by the intensity of the 200 peak
(I200, 2θ = 22.6°) and the lowest peak between the peaks at
200 and 110 (Iam, 2θ = 18°) using the Segal method and the
equation below (Eq. (1)) [33]:

CrI% ¼ I200 −Iamð Þ
I200

x 100 ð1Þ

where I200 represents both a crystalline and an amorphous
material and Iam represents an amorphous material. For
PVA/BCNC composites, the samples were prepared in a rect-
angular shape and scanned over the same range of 2θ.

Thermogravimetric analysis (TGA)

The thermal properties of the BCNC and PVA/BCNC com-
posites were determined using a thermogravimetric analyzer
(Mettler Toledo, Model TGA/SDTA 851e, Switzerland) for
TGA and derivative thermogravimetric analysis (dTG). The
samples were heated from 50 °C to 600 °C with a scanning

rate of 10 °C min−1 under a nitrogen atmosphere. The weight
of each sample was in the range 2–5 mg.

Opacity and thickness of composite film

The sample thickness was measured by Electronic Digital
Caliper (Keiba, 111-101HB 6″, Japan). The thickness of film
was randomly recorded at least five positions on the films and
an average value of five repeats represented each film com-
posite. The opacity index was carried out using a Genesys 10S
UV-Vis spectrophotometer (Thermo Fisher Scientific, USA).
The films (0.5 × 5 cm) were placed in a spectrophotometer test
cell. The opacity index was calculated by Eq. (2).

Opacity index ¼ Ab600
Film thickness

ð2Þ

where Ab600 was the value of absorbance at 600 nm and the
film thickness of film was measured in mm [34].

Mechanical properties of composite film

The films were cut into 1.5 cm wide × 15 cm long strips
and were kept in a desiccator with Mg(NO3)2 at 23 °C
and a relative humidity of 50% for 48 h. A Universal
Testing Machine (Shimadzu model AGS5kN, Japan) was
used to analysis tensile test in accordance with ASTM
D882–12 (2012). The samples were tested at ambient
temperature and an average value of five repeats repre-
sented each treatment.

Table 1 Diameter and Crystallinity Index (CrI) (mean value ± standard
deviation) of BC, BCNC-12, BCNC-24, BCNC-72

Sample Diameter (nm) CrI (%)

BC - 71.24 ± 0.75

BCNC-12 34.5 ± 11.5 87.33 ± 0.94

BCNC-24 23 ± 6.57 87.68 ± 1.13

BCNC-72 16 ± 5.25 87.60 ± 0.79

Fig. 2 FTIR spectra of (a) BC,
(b) BCNC-12, (c) BCNC-24 and
(d) BCNC-72
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Results and discussion

Morphology of BCNC

The morphology of BCNC was investigated using AFM and
the diameter of nano particles was estimated using the ImageJ
software. Fig. 1 shows a decrease trend in particles diameter as
extending of hydrolysis time, which indicated that the obtain-
ed BCNC had a spherical shape due to the amorphous regions
hydrolysis leading to shorter nanocrystals. The diameter of
each BCNC with differing hydrolysis times is shown in
Table 1. The diameters of all BCNCs were in the range 16–
35 nm, which was also reported by Araki et al. [35]. It is well-
document that BC has a higher crystallinity and a smaller
amorphous area in its nanofibrils. Therefore, acid hydrolysis
amorphous region resulted in the larger diameter of BCNC
than that of nanocellulose from plants (5–10 nm) [35].
Moreover, with increasing hydrolysis time, the diameter de-
creased, indicating that longer hydrolysis treatments led to
more digestion of the amorphous region. In this study, a de-
crease tendency in nanocellulose size with increasing hydro-
lysis time shared the similar result to the previous report of

Martínez-Sanz et al. [22]. Furthermore, the diameter of
nanocellulose is a crucible factor affecting to its reinforcement
and incorporation of the polymeric matrix that was found in
study of Eichhorn et al. [23].

Fourier transform infrared (FTIR) spectroscopy analysis
of BCNC

The chemical structures of bacterial cellulose and nanocellulose
were investigated using FTIR to confirm the effect of sulfuric
acid hydrolysis on the physical structure of the cellulose alone.
The FTIR spectra of BC and BCNC at different hydrolysis
times are shown in Fig. 2. The bands at 3000–3700 cm−1,
2900 cm−1, 1430 cm−1 and 900 cm−1 are representative of the
cellulose molecular order, corresponding to O–H stretching in-
tramolecular hydrogen bonds, −CH- stretching, CH2 symmetric
bending and β-glycosidic linkage, respectively [36]. These
bands were representative of molecular cellulose [22]. Clearly,
there were no notable differences among BC and BCNC-12,
BCNC-24 and BCNC-72 indicating the absence of chemical
modification in the cellulose structure.

Fig. 3 XRD patterns of (a) BC,
(b) BCNC-12, (c) BCNC-24 and
(d) BCNC-72

Table 2 Thermal properties of
BC, BCNC-12, BCNC-24,
BCNC-72

Samples Tonset (°C) Weight loss (%) Tmax (°C) Weight loss (%) Residue at 600 °C (%)

BC 268.5 7.32 355.3 60.42 5.78

BCNC-12 190.3 3.45 301.8 38.24 23.51

BCNC-24 181 3.34 294.2 33.68 26.17

BCNC-72 176 3.22 275.8 27.77 24.59
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X-ray diffraction (XRD) analysis

The crystallinity of bacterial cellulose and BCNCwas investigat-
ed using XRD, as shown in Fig. 3. Three major peaks at 14.5°,
16.4° and 22.5° were described as crystalline peaks of BC and
the obtained BCNC. The crystallinity index of the obtained BC
(71.24%) was similar to that reported for BC (79.06%) in a
previous study [22]. The crystallinity of the obtained BCNC-12
increased up to 87.33% after hydrolysis for 12 h. This indicated
that sulfuric acid hydrolysis caused a preferential degradation of
amorphous regions in the material structure, whereas crystalline
regions were domains with higher resistant ability to acid [37].

The higher crystallinity of BCNC compared with that of BCwas
found in research of Martínez-Sanz et al. [22]. Hence, sulfuric
acid hydrolysis treatment can increase the crystallinity of BC by
removal of disordered structure.

Thus, the crystallinity of BCNC increased up to 87% con-
sidering all the various hydrolysis times. It has been reported
that the highest crystallinity of BCNC resulted from hydroly-
sis for 48 h (90.31%) [22]. This was similar to the crystallinity
obtained with BCNC-24 in this study (87.68%). When com-
pared with plant cellulose, Johar et al. [38] reported that the
crystallinity of cellulose nanocrystals increased to 59% from
that in untreated rice husk (46.8%). Thus it could be

Fig. 4 XRD patterns of (a)
BCNC, (b) PVA, (c) PVA/BCNC-
1%, (d) PVA/BCNC-3% and (e)
PVA/BCNC-5%

Fig. 5 TG and dTG curves of
BC, BCNC-12, BCNC-24 and
BCNC-72
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concluded that BCNC has higher crystallinity than did the
nanocellulose from plants, due to the higher purity of the BC
structure, whereas plant cellulose is more likely to be associ-
ated with hemicellulose and lignin, corresponding to amor-
phous domains [9, 39]. Thus, BCNC has a higher efficiency
for use as a reinforcing agent and in mechanical applications.

On the other hand, the study of the effect of hydrolysis time
on the degree of crystallinity based on the crystallinity index
shown in Table 2, emphasized no significant differences
among BCNC-12, BCNC-24 and BCNC-72. This could have
been due to the complete removal of the amorphous region in
the cellulose materials during 12 h of hydrolysis and con-
firmed the high resistance of the crystallinity regions in the
BCNC structure to acid hydrolysis. The crystallinity of BCNC
after 48 h and 69 h hydrolysis in previous research also
showed insignificant differences [22]. Nevertheless, the crys-
tallinity of plant cellulose decreased with increased hydrolysis
time from 30 to 40 min in soy hull, due to the destruction of
the crystalline structure from within the amorphous region
[40]. This implied that BC has a highly crystalline network
structure compared with plant cellulose, whereas BC required

a long hydrolysis time to break down the fibril bundles to
remove the amorphous regions [21]. Therefore, there was no
effect on the crystallinity of BCNC with increased hydrolysis
time. However, BCNC-24 had the highest crystallinity index
and its diameter was about 23 nm and suitable for using for
reinforcing PVA composites.

The XRD graphs were used to study the PVA/BCNC com-
posites and are illustrated in Fig. 4. The PVA curve showed a
main peak at 2 = 19.5°, corresponding to the semicrystalline
domains of PVA [41]. BCNC was detected in the composite

Fig. 6 TG and dTG curves of
PVA, BCNC, PVA/BCNC-1%,
PVA/BCNC-3% and PVA/
BCNC-5%

Table 3 The thickness and opacity value (mean value ± standard
deviation) of PVA, PVA/BCNC films

Sample Thickness (mm) Opacity

PVA 0.22 ± 0.01 0.19 ± 0.01

PVA/BCNC-1% 0.24 ± 0.05 0.25 ± 0.01

PVA/BCNC-3% 0.25 ± 0.11 0.27 ± 0.04

PVA/BCNC-5% 0.18 ± 0.02 0.48 ± 0.04
Fig. 7 Visual observation of PVA/BCNC films
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by the presence of a peak at 2theta = 22.5°, corresponding to
the crystalline regions of BCNC [42]. As can be seen, the
higher concentration of BCNC led to an increase in the inten-
sity of the 22.5° peak. Specifically, PVA/BCNC-5% had the
highest intensity at 2 = 22.5°. As a result, the crystalline
percentage of PVA/BCNC was recorded higher due to the
present of a crystalline component.

Thermal analysis

Thermogravimetric analyses (TGA) revealed the effect of
hydrolysis time on the thermal stability of the obtained
nanocellulose. Fig. 5 shows the TG and dTG curves of
BC and the nanocellulose obtained after different hydroly-
sis times. The onset temperature defines the first degrada-
tion step of cellulose materials, corresponding to the deg-
radation stages of cellulose such as the depolymerisation,
dehydration and decomposition of glycosyl units [35].
There was a lower degradation temperature of the BCNC
after sulfuric acid hydrolysis.

As shown in Table 2, the onset temperature of BC was
268.5 °C, and the nanocellulose obtained after 12 h hydrolysis
had lower thermal stability at 190.3 °C due to the breakdown
of hydrogen bonds between cellulose chains, which were re-
placed by sulfate groups, resulting in lower thermal stability
[43]. As a result, the thermal stability of the obtained BCNC
decreased when longer hydrolysis treatment was applied to
below 200 °C, due to the increasing of sulfate groups in
BCNC. The decrease of thermal stability in BCNC compared
to BC was recorded and the explanation for this could be the
pyrolysis of the regions with full of sulfate [44]. A similar
phenomenon was found in cellulose nanocrystals isolated
from plant cellulose [40].

The thermal stability of PVA/BCNC was investigated by
the TGA and dTG graphs. Fig. 6 shows the TGA curves for all

samples. Water evaporation was responsible for the initial
weight loss in all samples at about 70–100 °C [31]. The main
degradation peak for all films was recorded around 250–
300 °C (Fig. 6). The neat PVA was hydrolyzed at a lower
temperature (285 °C) than for the composites, which was
290 and 295 °C for 3 and 5 wt% of BCNC concentrations,
respectively. The improvement in the thermal properties of
PVA/BCNC at 3 and 5 wt.% could be attributed to the
BCNC component which was known as a higher thermally
resistant agent in the composites. However, the lower thermal
stability of PVA/BCNC-1% (275 °C) than that of the neat
PVA could be due to the large contacted surface area of spher-
ical BCNC at low concentration [45]. The similar result was
reported by Lu et al. [46] and Ten et al. [47] because of thermal
conductivity of the added nanocellulose.

The dTG graphs (Fig. 6) show a shoulder presenting at
around 440 °C in all samples, due to polyene chains hydro-
lyzing to carbon [48]. Clearly, the reinforcing effect of BCNC
was exhibited in the enhancement of thermal behavior.

Opacity and visual examination of the PVA/BCNC
composite

The opacity index and visual observation of the composites
are shown in Table 3 and Fig. 7, respectively. This optical
property was related to the incorporation of BCNC and PVA
and the concentration of BCNC in the matrix. The opacity
values of PVA/BCNC composites had an increase trend, cor-
responding to the increase of BCNC content. In detail, the
opacity of the neat PVA filmwas recorded at 0.19 ± 0.01while
that of PVA/BCNC-5% peaked at 0.48 ± 0.04. The higher
opacity value related to the lower transmittance due to the
higher density of solid ingredients in the matrix. On the other
hand, Fig. 7 shows the transparency of the film with different
clear visibility of the letters in the background according to the

Fig. 8 Mechanical behaviors of
PVA/BCNC composites
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concentration of BCNC [49]. Furthermore, no agglomeration
of BCNC was seen in any film, confirming the uniform dis-
persion of BCNC in the PVA matrix [50].

Mechanical behavior of the PVA/BCNC films

Tensile testing of the PVA/BCNC films was undertaken at
room temperature. Fig. 8 summarizes the tensile stress and
Young’s modulus of the composite films at various BCNC
concentrations. The tensile stress and modulus both showed
increased trends from 0 to 3 wt% of BCNC content and
reached maximum MPa values with PVA/BCNC-3%.
Specifically, Young’s modulus was 60% higher than in neat
PVA film while the tensile strength peaked at 43 MPa. These
results were due to the reinforcing effect of BCNC on the PVA
matrix. However, a continuous increase in the BCNC content
led to failure in both Young’s modulus and the tensile stress
with values of only 384 MPa and 39 MPa, respectively.
Clearly, the homogenous dispersion of BCNC into the matrix
had a synergistic effect on the improvement of the mechanical
properties of PVA/BCNC films. At the highest BCNC con-
tent, the composite recorded a reduction in the Young’s mod-
ulus resulting from an overload of BCNC that in turn resulted
in the possible aggregation of reinforcing agents [51].

Conclusions

The effect of the duration of sulfuric acid hydrolysis on the
morphology, crystallinity and thermal stability of BC was op-
timized for BCNC extraction. The obtained BCNC had a
spherical shape with decreasing of diameter in extending the
hydrolysis time. The crystallinity of the obtained BCNC was
increased up to 87.68% after 24 h, in comparison with BC.
However, the thermal stability of the BCNC decreased with
longer hydrolysis periods and was lower than in BC due to the
substitution of sulfate groups on the cellulose surface.
Moreover, the reinforcing effect of the BCNC on the PVA
matrix was confirmed in terms of mechanical and thermal
behavior.
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