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ABSTRACT:

KEYWORDS:

Bacterial cellulose/montmorillonite (BCMMT) hybrid bionanocomposite membranes were prepared by in-situ
assembling or one-step biosynthesis process. The presence of MMT in BC membranes was confirmed by
thermogravimetric analysis and quantified by mass spectrometry, resulting in bionanocomposites with MMT
contents between 7-13 wt%. The incorporation of MMT during BC biosynthesis modified BC morphology and
led to lower porosity, even though higher water holding capacity was achieved. Bionanocomposites showed
improved thermal stability and water vapor and oxygen gas barrier properties up to 70 and 80% with respect
to neat BC membranes. This improvement was related to the tortuous path of gas diffusion created by MMT
nanoplatelets due to the high extent of dispersion achieved, as observed by XRD. SEM micrographs confirmed
MMT was finely dispersed between BC nanofibrils and a more compact structure was observed as MMT
content increased. Thus, the in-situ process can be used as an alternative method to obtain cellulose/MMT
hybrid bionanocomposite that would have potential applications as reinforcing element.

Bacterial cellulose, composite materials, in-situ biosynthesis, montmorillonite, permeability, thermogravimetric

analysis

1 INTRODUCTION

In the last decade, due to environmental con-
cerns and sustainability awareness, there has
been a growing interest in developing materi-
als and technologies that can reduce dependence
on petroleum. In this aspect, the so-called green
materials can meet the needs of new emerging fields
[1-5]. Bionanocomposites with added functional
properties can provide high value materials’ require-
ments, suitable for biomedical engineering and food
packaging applications, among others [6-10]. These
high value materials present improved mechanical,
thermal, barrier or fire retardancy properties with-
out losing their environmental friendliness [11-13].
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Bionanocomposites are comprised of a naturally
occurring biopolymer matrix reinforced with small
quantities of nanoentities having high aspect ratios
and at least one dimension in the nanometric scale
(1-100 nm) [14]. Bacterial cellulose (BC) is an interest-
ing matrix for the preparation of bionanocomposites
due to its excellent physicochemical and mechani-
cal properties, biodegradability and the ultrafine 3D
network-like structure [15]. Synthesized by bacte-
ria as a mechanism of protection, the produced BC
membranes possess high crystallinity, water uptake
ability and mechanical strength in the wet state [16].
Moreover, BC has been widely used for biomedical
and food packaging applications due to its great sta-
bility, low toxicity, non-allergenicity, and, it can be
adequately sterilized [17]. In addition, BC exhibits
much higher mechanical properties than other bio-
degradable polymers like gelatin or chitosan, among
others [18]. Since the first BC composites prepared
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by Gindl and Keckes from BC/acetate butyrate by
means of solvent casting evaporation, several com-
posite preparation strategies have been investigated
[19]. Zhijiang et al. prepared porous scaffolds based
on poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
and BC by freeze-drying and obtained bioactive bio-
composites for biomedical applications [20]. Thus,
the porous structure of the three-dimensional net-
work formed by BC can accommodate various hosts
for use in various applications. An alternative can
be found in mineral nanoclays. Montmorillonite
(MMT) is one of the most common clay minerals
of the smectite family, which is of interest as rein-
forcing material in food packaging applications
[21]. By the addition and good dispersion (without
agglomerates) of MMT, thermal stability, barrier
properties and mechanical properties of the nano-
composites can be improved. Thus, several pro-
cedures have been used to obtain well-dispersed
systems. Ul-Islam et al. prepared bacterial cellulose-
MMT composites by impregnation of BC sheets with
MMT dispersions, aiming to obtain composites pos-
sessing inherited antibacterial, wound healing and
drug-carrying properties [22]. Liu and Berglund pre-
pared nanopaper structures with high MMT content
from a chitosan solution with MMT and nanofibril-
lated cellulose, obtaining improved mechanical and
oxygen barrier properties, and also fire retardancy
[23]. However, ex-situ fabrication technologies are
lengthy and tedious and therefore other alternative
processes are necessary. BC-based composites can
be obtained by in-situ polymerization or a one-step
method, which consist on the addition of some addi-
tives to the culture medium. However, depending on
the additives’ nature, their incorporation can affect
cellulose production, interfering with crystallization
and consequently changing the properties of BC
such as yield, structure, morphology and physico-
chemical properties [24, 25]. Grande ef al. prepared
BC/hydroxyapatite composites for use in biomedi-
cal applications by in-situ modification, using car-
boxymethyl cellulose to improve the dispersion of
hydroxyapatite, and they observed great changes in
the properties of the obtained cellulose such as a 50%
diameter reduction, lower crystallinity and higher
porosity [26].

The aim of the present study is the fabrication of
BCMMT bionanocomposites with different MMT
contents by in-situ polymerization method and to
study the effect of MMT incorporation on the thermal,
morphological and barrier properties. The incorpora-
tion of MMT was analyzed and quantified by ther-
mal analysis and mass spectrometry and was also
confirmed by SEM. Moreover, the effect of the MMT
incorporation on the crystallinity, determined by XRD
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analysis, water holding capacity and water and oxy-
gen barrier properties, analyzed by means of perme-
ability measurements, was investigated.

2 EXPERIMENTAL SECTION

2.1 Materials

Unmodified MMT supplied by Nanocor, Inc.
(Nanomer PGV) with cation exchange capacity (CEC)
of 145 + 10 eq/100 g clay was used as received. BC
and their hybrid bionanocomposites were prepared
in our laboratory using household wastes as growing
medium.

2.2 BCMMT Biosynthesis

In order to obtain BCMMT hybrid bionanocomposites,
first of all, MMT/water dispersions containing 0.5, 1
and 2 wt% MMT were prepared by ultrasonication
(Bioblock Scientific Vibra Cell™ 75043) at a maximum
of 750 W and an amplitude of 20% during 60 min
(Figure 1a). The resulting dispersion was incorporated
into BC growing medium and after incubation at 28 °C
during 13 days in static culture conditions, BCMMT
membranes were obtained. In order to remove cells and
other impurities, the obtained BCMMT membranes
with a thickness of 0.5-0.7 cm were boiled in 2 wt%
KOH solution for 24 h, and thereafter thoroughly
washed with water until total neutralization to obtain
BCMMT hybrid membranes with different MMT con-
tents (Figure 1b). As reference a BC membrane without
MMT was prepared (Figure 1c), following the same
protocol as for BCMMT membranes and published in
a previous work [27].

2.3 BCMMT Films Preparation

The BC and BCMMT films were prepared by com-
pression from their corresponding membranes, using
a hydraulic press at 60 °C for 5 min and 10 MPa to
squeeze out any remaining water. Samples were stored
in a desiccator before characterization. The different
BCMMT hybrid membranes and films were named as
BCMMTX, where X denotes the amount (expressed as
weight percent) of MMT in the final composite, deter-
mined by laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS).

2.4 Characterization

2.4.1 MMT Content

MMT content in the obtained BCMMT films was
determined by measuring the amount of Si element,
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Figure 1 Photographs and visual appearance of: (a) MTT dispersions prepared by ultrasonication containing 0.5, 1 and 2 wt% of
MMT, (b) Purified BCMMT membranes containing 7, 9 and 13 wt% of MMT and (c) a BC membrane without MMT as reference.

using a LA-ICP-MS, Agilent Technologies 7500ce
model. A nebulizer and spray chamber PFA to avoid
interferences with an internal diameter of 2.5 mm
was used. Before LA-ICP-MS analysis, samples were
digested by immersing them in an acidic mixture
(nitric, hydrofluoric and boric acids) and then heat-
ing in a microwave system at 200 °C and maximum
power.

2.4.2 Porosity Measurements

Porosity of BC and BCMMT films was determined
using the following equation [28]:

Porosity:(l - Z—f] %100 M
t

where p, is the theoretical density of films, predicted
using density mixing rule, and p, is the film density
calculated in an Archimedes balance using benzene
(p = 0.870 g mL™") as a solvent. Three samples of each
system were tested.

2.4.3 Water Holding Capacity

Previous to water holding capacity (WHC) measure-
ments, BC samples were freeze-dried and vacuum
dried (W, ). Thereafter, BC samples were immersed in
deionized water until a constant weight was reached,
rehydrate weight (W _ ). Three samples of each system
were tested. The WHC was calculated with the follow-

ing equation:

W, — W,
WHC(%)=(M]X100 )
Y

dr
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2.4.4 Thermogravimetric Analysis

Thermogravimetric analysis (TG) was performed to
analyze the moisture content and thermal stability of
BCMMT hybrid bionanocomposites using TGA /SDTA
851 Mettler Toledo equipment. Tests were carried out
from room temperature to 800 °C at a scanning rate of
5 °C/min under oxygen atmosphere. The weight loss
thermograms and their derivative curves (DTG) were
analyzed. From the obtained results, the evaporated
water content, the onset temperature of weight loss
(T ), the temperature of maximum weight loss (T )

onset

and the residue content at 800 °C were determined.

2.4.5 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to ana-
lyze the morphology of biosynthesized BC and the
location and dispersion of MMT in the membranes.
Previous to performing SEM analysis, samples were
freeze-dried. The lyophilized samples were coated
with gold/palladium using an ion sputter coater and
afterwards observed with a Jeol JSM-6400 scanning
microscope operating at 20 kV.

2.4.6 X-Ray Diffractometry

X-ray diffractometry (XRD) technique was used to ana-
lyze the crystalline structure of BC samples and also
to study MMT intercalation/exfoliation in BCMMT
samples. X-ray diffraction patterns were measured
using a X-ray diffractometer PW1710 (Philips) with
CuKo radiation (A = 1.54 A). The diffraction data were
collected from 26 values from 10° to 40°, with a step
size of 0.02 and 1.25 s times per step. The crystallinity
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index (CI) of BC films was calculated from the reflected
intensity data using the method of Segal et al. [29]:

_lopp —1

CI o €))

I 020

where [, is the maximum intensity of the lattice dif-

fraction, and I is the intensity at 20 = 18°.

2.4.7 Barrier Properties

Water vapor transmission rate (WVTR) measure-
ments were carried out at 25 °C according to ASTM
E96-95 standard [30], using a permeation gravimetric
cell placed on a Sartorius balance with a readability
of 10° g. The cell was filled with water (water
activity = 1, pure water) and covered with the biona-
nocomposite film, so the difference in concentration
at each side of the film generated a weight loss on the
cell related with the water vapor transmission, which
was monitored and recorded in a computer for further
data treatment.

WVTR was calculated from the following equation:

mxl

WVIR AX (uin —Aout ) (4)
where m is the mass, [ is the film thickness, A is the film
area (2.54 cm?) and a, and a_, are the relative humidity
inside and outside the cell. Film thickness was meas-
ured by a Duo-Check gauge, with an accuracy of 1 pm.
The results reported are the average of at least three
measurements.

The oxygen permeability measurements were car-
ried out using a MOCON OX-TRAN Model 2/21
gas permeability tester in accordance with the ASTM
standard D3985-10 [31]. The oxygen transmission rate
(OTR) through BC and BCMMT bionanocomposites
was tested at 760 mmHg, 50% relative humidity and
23 °C. Three samples of each system were tested.

3 RESULTS AND DISCUSSION

3.1 MMT Content, Porosity and WHC

First, the real MMT content of BCMMT films was cal-
culated by LA-ICP-MS. As can be seen in Table 1, the
real MMT content of BCMMT films obtained from
0.5, 1 and 2 wt% MMT dispersions is 7, 9 and 13 wt%
respectively. No dispersions with higher percentages
of MMT were used because MMT precipitated in the
medium. It can be observed that as MMT content
increases in the dispersion, the higher the percentage
of MMT in the final composite is. Yan et al. obtained
similar results for BC/multiwalled carbon nanotubes
(MWNT) in agitated culture medium where higher
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Table 1 MMT content, porosity, water holding
capacity and crystallinity index of BC and BCMMT
bionanocomposites.

MMT
content CI
System (wt%) | Porosity (%) | WHC (%) | (%)
BC 0 12.03+0.04 | 692+81 | 84.9
BCMMT?7 7 11.83 £0.33 | 1923 £ 197 | 83.8
BCMMT9 9 9.87 £0.70 2653 +6 | 84.4
BCMMT13 13 6.33£0.07 | 3460 =144 | 76.7

MWNT content was incorporated into the composites
as the MWNT content in the medium increases [32].
Porosity decreases with the incorporation of MMT
into BC membranes, only slightly (from 12.03 + 0.04 to
11.83 + 0.33) for the lowest amount of MMT but up to
50% (6.33 + 0.07) for the highest amount. These results
suggest that due to the addition of MMT and its suit-
able dispersion, MMT clays are captured in BC nanofi-
brils, resulting in a more compact structure. WHC
of BC and BCMMT hybrid films was also analyzed,
resulting in a higher WHC as MMT content increases.
Although the hydrophilic nature of cellulose and the
high water retention capacity of BC are known, the
addition of MMT (also hydrophilic) allows the obtain-
ment of higher WHC values compared to neat BC
membranes.

3.2 Crystallinity Analysis

The incorporation of MMT during the biosynthesis
of BC can affect cellulose production due to the fact
that assembly of cellulose is influenced by chemical
and physical parameters and is supposed to change
the crystallization process of cellulose. The XRD tech-
nique is an adequate tool to study the arrangement
of cellulose molecules and its crystallinity. Besides
that, XRD is used to analyze intercalated and exfoli-
ated structures in MMT-based nanocomposites. The
XRD pattern of neat BC shows reflections at around
14.5° and 22.7°, characteristic of the typical profile of
cellulose I allomorph biosynthesized in static culture
(Figure 2) [27]. In the XRD pattern of MMT, a reflec-
tion of about 7.1° can be observed, which corresponds
to a basal spacing of 1.25 nm, estimated from Bragg’s
equation [33-35]. This is in agreement with the
d-spacing value of 1.22 nm provided by the supplier.
The almost total absence of this reflection for BCMMT
hybrid bionanocomposites suggests that MMT lay-
ers show adequate dispersion with a high extent of
intercalation/exfoliation. As reported, the multilayer
structure of the clay mineral is maintained in an inter-
calated nanocomposite, so its interlayer basal spacing
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Figure 2 X-ray diffraction patterns of the BC and BCMMT
films and MMT.

can be estimated. Intercalated polymer chains usu-
ally increase the interlayer basal spacing of the clay,
leading to a shift of the reflection towards lower angle
values [36]. On the contrary, in an exfoliated nano-
composite, reflection of the clay mineral disappears
from the XRD patterns due to lack of order between
the silicate layers [37, 38]. Liu and Berglund prepared
a multilayered nacre-like nanopaper structure based
on MMT and cellulose nanofibers by using chitosan
to encourage the dispersion of MMT by mechanical
mixing [23]. An increase of the interlayer distance was
observed by XRD, indicating that chitosan was inter-
calated into the interlayers of MMT, however, exfo-
liated structures were not observed. Ul-Islam et al.
prepared BCMMT composites by impregnation of BC
sheets with MMT dispersions and observed a peak
around 8-9° in all BCMMT XRD patterns, indicating
that MMT was present, and only a decrease in inten-
sity or a shifting to lower angles was detected [22].
This behavior was related to partial delamination of
interplanar layers of clay mineral particles. Thus, tak-
ing into account the obtained results, it can be con-
cluded that the incorporation of MMT during the BC
biosynthesis process provides an improvement over
the MMT composites preparation, due to the fact that
a high extent of dispersion was achieved. However,
electron microscopy techniques seem necessary to
support those results.

The crystallinity index (CI) values calculated from
XRD patterns are shown in Table 1. The CI of neat
BC is 84.9%, and although it decreases slightly for
BCMMT7 and BCMMT9, they still maintain a high
value of crystallinity index, whereas it decreases
up to 76.7% for BCMMT13 bionanocomposite. This

J. Renew. Mater., Vol. 4, No. 1, February 2016

Figure 3 (a, b) SEM images (x5000) of lyophilized BC and
BCMMT9 membranes cross section (bar scale 1 pm); (c, d)
SEM images (x20000) of lyophilized BC and BCMMT9
membranes cross section (bar scale 1 pm).

is further evidence that MMT has a great impact on
the biosynthesis of cellulose. This trend is in accor-
dance with previous studies which showed that
additives in the growing medium usually decrease
the overall crystallinity of BC. Ruka ef al. prepared
a fully degradable nanocomposite system based on
poly-3-hydroxybutyrate (PHB) and bacterial cellu-
lose by in-situ modification method and observed a
drastic decrease in crystallinity [39]. As reported by
other authors, in-situ modified BC nanocomposites
show lower crystallinity values due to interactions
between sub-elementary bacterial cellulose fibrils
and the additives incorporated into the medium
during biosynthesis [24].

3.3 Morphology Analysis

SEM analysis is a complementary technique to XRD for
characterizing the nanocomposite structure. Figure 3
shows the cross section of neat BC and BCMMT
hybrid (BCMMT9) membranes. In the case of neat BC
(Figure 3a and 3c), loosely packed cellulose nanofibrils
forming different cellulose layers can be observed,
whereas a more compact structure is observed in the
BCMMT hybrid membrane (Figure 3b and 3d); also,
MMT nanolayers can be observed over BC nanofi-
brils. Moreover, the compactness of the cross section is
clearly different (Figure 3a and 3b), in agreement with
the lower porosity values obtained for hybrid films
with respect to neat BC. As can be observed, it seems
that cellulose nanofibers are enveloped by MMT
nanosheets.
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3.4 Thermal Stability

The thermal stability of BC and BCMMT hybrid films
was studied by thermogravimetric analysis. In addi-
tion, thermal degradation can be related to material
composition (BC and MMT) owing to their different
thermal behavior [40]. The thermal degradation of
MMT shows a weight loss in the range of 25-100 °C,
which is related to adsorbed water due to its hydro-
philic nature. Besides that, due to the high mineral
content of MMT (up to 70 wt%), it exhibits high ther-
mal stability up to 600 °C, with a char residue higher
than 93 wt% related to the hydrated MMT and up to 99
wt% after water removal (Figure 4). Thermal degrada-
tion of BC involves dehydration (80-120 °C), depolym-
erization (250400 °C) and decomposition of glycosyl
units (> 400 °C) [41] (Figure 4). Regarding BCMMT
hybrid bionanocomposites, they show the same deg-
radation steps observed for BC (Figure 4). Table 2
reports the weight loss related to moisture content,
onset and maximum depolymerization temperatures,
T'onset and T'max, onset and maximum decomposi-
tion of glycosyl units, T?°onset and T?max, and resi-
due content at 800 °C. Moisture content of BCMMT

100

MMT
80

60

Weight (%)

20

BCMMT13
BCMMT9
BCMMT7

O C 1 1 1 1 1 I . Ir 1BC 1
100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 4 TG curves of BC and BCMMT films and MMT.

hybrid bionanocomposites decreases as MMT content
increases. BCMMT hybrids show improved thermal
stability compared to neat BC. The onset and maxi-
mum degradation temperatures of both steps, the
depolymerization and the decomposition of glycosyl
units, increase as MMT content increases. As reported
by other authors, the presence of MMT sheets can pro-
tect cellulose against thermal shock [22]. The sheets act
as a heat barrier, providing hindrance to the diffusion
of heat and mass transfer to the surface, thus retarding
the decomposition rate [42]. Moreover, according to
porosity values and SEM images, the compactness of
BCMMT sample is higher than neat BC, thus delaying
gas diffusion through the sample. Also, under oxida-
tive conditions the degradation step occurred at com-
parable temperatures but the charring significantly
increased for BCMMT bionanocomposites, from 0
to a maximum 13% at 800 °C. Furthermore, the resi-
due observed in the hybrid bionanocomposites could
be due to the high char formation capacity of MMT
increasing as MMT content increases.

3.5 Barrier Properties

As reduction in water and oxygen permeability is
desirable for potential application of BC membranes
in packaging, the effect of MMT incorporation on the
barrier properties was analyzed (Table 3). As can be
observed, the incorporation of MMT reduces the films’
water vapor and oxygen gas transmission rate. The
WVTR values of BC membranes decreases with the
presence of MMT, thus WVTR is reduced by as much
as 70% as the MMT content increased from 0% to 9%.
The higher WVTR of BCMMT13 bionanocomposite
could be related to the decrease of crystallinity. The
oxygen permeability is a key parameter in the study
of permeability of gases in films for packaging, since
the oxygen causes oxidation. In this case, analyzing
OTR results, the same trend observed for water vapor
has been observed. The incorporation of MMT into
BC causes a sharp drop of the OTR with a reduction
of about 80% in all BCMMT bionanocomposites. The
reduction in both WVTR and OTR has been attributed

Table 2 Moisture content, onset and maximum depolymerization temperatures, T'onset and T'max, onset and max-
imum decomposition of glycosyl units T> _ and T? _, and residue content from TG and DTG curves of neat BC

and BCMMT bionanocomposites.

System Moisture content (%) Temperature (°C) Residue (%)
Tlunset Tlmax Tzonset szax

BC 4.0 220 317 387 449 0

BCMMT? 3.6 234 305 390 463

BCMMT9 1.8 242 298 393 457 1

BCMMT13 1.0 243 303 395 458 13
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Table 3 Water vapor and oxygen transmission rates of
BC and BCMMT bionanocomposites.

System WVTR (g mm/ OTR (cm? mm/m?* day
m? day) atm)

BC 22.8+0.3 0.28 = 0.020

BCMMT?7 6.6 +0.4 0.051 + 0.001

BCMMT9 54+25 0.041 = 0.002

BCMMT13 15.6 +4.5 0.041 = 0.003

to the creation of a tortuous pathway for the gas to
diffuse through the nanocomposite. While tortuos-
ity is usually the primary mechanism by which clay
mineral sheets modify the nanocomposites’ barrier
properties, in this case other factors must be taken
into account. As observed previously, the WHC of
BC membranes increases with MMT content due to
the hydrophilic nature of MMT. Furthermore, MMT
interferes with BC biosynthesis modifying the free
volume and porosity in the three-dimensional struc-
ture of BC nanofibrils, as confirmed by SEM images.
The combination of tortuosity, increase of WHC and
reduced porosity as a consequence of the high extent
of intercalated/exfoliated MMT resulted in trapped
water vapor and oxygen molecules in BCMMMT
films. As observed in X-ray diffractograms and SEM
images, the in-situ method favors MMT dispersion
into BC matrix, contributing to a decrease in perme-
ability. Yeh et al. showed that when MMT platelets
were present during the in-situ polymerization of
poly(methylmethacrylate) (PMMA), the obtained
nanocomposites showed better MMT exfoliation and
improved barrier properties against oxygen and water
in comparison to MMT/PMMA composites prepared
by solution dispersion [43]. Likewise, reductions of
around 75 and 85% in OTR and 71 and 78% in WVTR,
both at 50% of relative humidity, were reported for
biohybrid films containing 10 and 20 wt% of highly
exfoliated vermiculite nanoplatelets homogeneously
distributed within a nanofibrillated cellulose matrix,
respectively, highlighting the importance of the
extremely tortuous pathway created by highly exfoli-
ated nanostructures [44].

4 CONCLUSIONS

In this work, BCMMT hybrid bionanocomposites
with high MMT content have been prepared by in-
situ assembling process. The incorporation of MMT
during BC biosynthesis has been confirmed by
mass spectrometry and thermogravimetric analy-
sis, and hybrid bionanocomposites containing 7, 9
and 13 wt% of MMT have been prepared. Hybrid

J. Renew. Mater., Vol. 4, No. 1, February 2016

bionanocomposites have shown lower WVTR and
OTR values due to a combination of tortuosity,
reduced porosity and higher water holding capacity
induced by the finely dispersed MMT through BC
membrane. In this work, hybrid BCMMT membranes
have been obtained by a one-step process, which can
be considered an alternative and efficient method for
obtaining BC-based nanocomposites with potential
applications in packaging, due to their improved
barrier properties.
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