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The preparation of dialysis-free bacterial nanocrystalline cellulose (BNCC) combined with a suitable
polymer to form a robust conducting material remains a challenge. In this work, we developed
a polypyrrole@BNCC/PVA nanocomposite that avoids the time-consuming dialysis step and which
exhibits bulk electrical conductivity. The nanocellulose (NC) was derived from bacterial cellulose (BC)
that was grown from a symbiotic colony of bacteria and yeast (SCOBY) starting from Kombucha tea, and
then subjected to sulfuric acid hydrolysis that led to isolable bacterial nanocrystalline cellulose (BNCC)
product and subsequently utilized as a stabilizer and support. Pyrrole monomer was reacted with
FeCls-6H,0 as a polymerization initiator to form polypyrrole (PPy) and combined with BNCC it produced
PPy@BNCC nanocomposite. We found PPy to BNCC in a 1: 1 ratio provided the best suspension of the
components and formed a well dispersed homogeneous network. The PPy@BNCC nanocomposite was
then suspended in polyvinyl alcohol (PVA), that facilitated the construction of a continuous PPy@BNCC/
PVA conductive network in the matrix. We designed an in-house electrical measurement apparatus and
developed a method that recorded bulk resistance. The results obtained from the measurements of the
electrical properties of the PPy@BNCC/PVA composite prepared dialysis-free were then compared with
(i) a dialyzed sample of similar composition, and (i) a traditional four-point probe measurement. The
PPy@BNCC/PVA dialysis-free sample showed a higher conductivity compared to the dialyzed composite
at 4.27 x 107t and 3.41 x 1071 S m™, respectively, and both values closely matched the traditional four-
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nanowhiskers or rods with a high aspect ratio (3-5 nm wide, 50—
500 nm length) and is highly crystalline (60-90%).>° Nano-
cellulose has emerged as a natural source for groundbreaking
applications in materials science'®™ and has demonstrated

Introduction

Cellulose is the most abundant biopolymer and renewable
material on Earth and is formed by a variety of organisms such

as plants, tunicates, fungi and bacteria."*® Nanocellulose is
a collective term for nanocrystals (nanocrystalline cellulose or
cellulose nanofibrils) that remain after acid hydrolysis of wood
or plant fiber.*” Nanocellulose is typically in the shape of
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uses in diverse fields, including adsorbents for environmental
remediation,” as hydrogels and aerogels,” as a suitable
substrate for surface enhanced Raman scattering (SERS)
studies,® for chemical and surface modifications on the cellu-
losic backbone,'®'” as composite inks for 3D bioprinting,' as an
iridescent chiral nematic material,'® and several applications in
biomedicine.****

During sulfuric acid hydrolysis of cellulose, the protic acid
catalyzes the cleavage of a chemical bond by a nucleophilic
substitution reaction” with sulfate groups (R-OSO;") forming
on the nanocellulose surface;* cleavage occur along the amor-
phous regions of the cellulose and upon sonication crystalline
rod-like nanocellulose whiskers form. The nanocellulose is
isolated from the waste hydrolysate via centrifugation and
dialysis to remove the soluble sugars and residual acids. The
nanocellulose is commonly subjected to dialysis treatment in
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the final step that produces well-defined nanocrystalline cellu-
lose (NCC) and the non-crystalline (amorphous) parts of the
cellulose are removed. But the dialysis step has distinct disad-
vantages, including: (i) it is tremendously time-consuming and
causes a huge bottleneck when compared to the other steps in
the process, (ii) it requires significant volumes of water to reach
neutral pH, making the overall process less environmentally
friendly and raises production costs, and (iii) disposal of the
residual hydrolysis acid from dialysis makes it a health and
safety issue inhibiting any large scale production. The dialysis-
free extraction and characterization of cellulose crystals from
almond shells have been reported*® but no dialysis-free method
to produce solely NCC has been developed to date. Although
NCC was not isolated, we are aware of only one study*” in line
with ours where a dialysis-free method was reported where NCC
was derived from cotton, mixed with PPy and embedded in
latex—the demand for a dialysis-free method of producing NCC
is ongoing as a resourceful production method.

In addition to plant sources, cellulose fibers are secreted
extracellularly by certain bacteria—bacterial cellulose (BC).>*%2°
A major advantage of BC is that unlike cellulose derived from
pulp sources such as trees, BC is produced directly as a native
cellulose membrane that requires no further chemical treat-
ment to remove lignin and hemicelluloses.>* Among the acetic
acid bacteria (AAB) found in Kombucha, the most efficient
producer® of bacterial cellulose (BC) is Gluconacetobacter xyli-
nus (reclassified from Acetobacter xylinum),*> a Gram-negative
strain of acetic acid producing bacteria.*® Kombucha has been
investigated as a novel model system for cooperativity in
a complex multi-species microbial ecosystem.** The AAB
combined with yeasts (the inoculum) have been identified as
the main microorganisms during Kombucha fermentation.*>*®
In this study, we prepared BC from Kombucha tea derived from
fermented sugary tea inoculated with bacteria and yeast, known
as a symbiotic colony of bacteria and yeast (SCOBY).**° Over
the fermentation period (8-10 days) a cellulosic biofilm is
formed that floats on the fermented liquid.*® BC is secreted as
a ribbon-shaped fibrils less than 100 nm wide and composed of
fine 2-4 nm nanofibrils and has been used as a support in
bioengineering®**** and advanced fiber composites.** There
are a variety of benefits in using NCC for various applications
due to its distinctive properties such as biocompatibility,
biodegradation, high strength and specific surface area, high
crystallinity index and low toxicity.**™*

BNCC has been prepared from side-streams of Kombucha
beverages during production using mechanical processing,
specifically multiple microfluidization cycles*—the study
showed the characteristics of the fiber morphology and size
formed during mechanical treatment. It is, however, very
different when compared to chemical treatment where the
amorphous regions are the weakest chemical link, break and
get removed, significantly reducing lengths of the remaining
crystalline nanocellulose. Our method relies on the chemical
processing of an in situ generated composite formed by mixing
BNCC with conducting polypyrrole (PPy) and subsequently
embedded in polyvinyl alcohol (PVA) matrix, PPy@BNCC/PVA.
The addition of PPy to BNCC showed good PPy dispersion,
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enhanced the structural integrity, increased the stability and
exhibited bulk resistance.*® Nanostructured polypyrrole, as one
of the conducting polymers with exceptional intrinsic charac-
teristics, has been effectively used as a flexible electrode mate-
rial for a variety of applications, its role as an active material for
supercapacitors has been reviewed.** Nanocellulose-mediated
electroconductive self-healing hydrogels have also been
prepared from a viscoelastic polyvinyl alcohol-borax (PB) gel
matrix and nanostructured CNF-PPy (cellulose nanofibers-
polypyrrole) complexes, exhibiting high strength, viscoelas-
ticity, and biocompatibility toward multifunctional applications
and has a conductivity in the range 1.5-4.8 S m ™" which linearly
correlates with the amount of PPy added.*® The use of PPy as
a hydrogel for solid-state supercapacitor applications are
popular investigations, for example, in the morphology-
controlled fabrication of a pure polypyrrole hydrogel without
cross-linkers,” or a hydrogel-based composite with PVA/
graphene-oxide/PPy components for elastic supercapacitor
applications.®* Polypyrrole nanofiber/NiO, composites have also
been reported in a facile synthesis using a microwave method
with results showing its potential application as
a supercapacitor.®

The two most popular techniques to measure the resistivity
of a material is the four-point probe method using four electric
contacts pressed to the material, and the van der Pauw
method*—which is essentially a variation of the four-point
method but applied to arbitrary shaped samples. Both
methods measure resistivity (2 m) and because of the voltage-
current correlation with Ohm's law it can conveniently be con-
verted to conductivity (S m™") due to the reciprocal relationship.
However, neither method eliminate contact resistance prob-
lems nor comment on the average bulk resistivity. In this study,
the bulk resistivity of the PPy@BNCC/PVA material was tested
with an in-house designed apparatus. The main objectives of
the present study was to demonstrate the convergence of three
innovative strategies, namely: (i) the fabrication of BNCC from
Kombucha tea, (ii) a time-saving dialysis-free method to incor-
porate polymer into a composite, and (iii) a new apparatus and
method to measure bulk conductivity (and resistivity).

Experimental section
Materials

Unflavored Kombucha tea under brand name Zooka, Tetley
pure green tea, Hulettes white sugar, and Safari apple cider
vinegar were purchased from Checkers Hyper (Westville, South
Africa) and used without modification. Sulfuric acid (96% w/w)
and sodium hydroxide pellets were purchased from Associated
Chemical Enterprises (South Africa). Ethanol (96%), pyrrole
(97%) and ferric chloride hexahydrate FeCl;-6H,O (98%) were
purchased from Merck, polyvinyl alcohol (PVA) was purchased
from VWR Chemicals. All chemicals were used as received.

Preparation of bacterial cellulose using SCOBY

The unflavored Kombucha tea (350 mL) contained a visibly
grown SCOBY and was transferred from the original bottle to

This journal is © The Royal Society of Chemistry 2020
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a dry and sterilized 400 mL beaker and covered with an air/water
permeable cloth. The small SCOBY was allowed to grow in
a dark, undisturbed environment for 8-10 days. To create the
cellulose growth medium, double distilled water (1 L) was
boiled, then added to a 4 L sterile plastic tray. Two green tea
bags were added to the boiled water and the mixture was left to
brew for 15 minutes. The tea bags were removed, and 200 g
white sugar was added to the solution and stirred until all the
sugar dissolved. The solution was gradually cooled down to
20 °C before apple cider vinegar (150 mL) was added, followed
by the SCOBY culture from the Kombucha tea at pH 5 for
optimal cellulose production.”® The dish was covered with an
air/water permeable cloth and the cellulose was allowed to
develop, undisturbed, in a dark environment for 3 weeks. A
thick cellulose layer (biofilm) grew uniformly on the surface.
The bacterial cellulose sheet was subsequently washed with
deionized water and a weak bleach solution and then rinsed
thoroughly with water and cut into smaller pieces. The BC
pieces were rinsed in ethanol then boiled in deionized water for
40 minutes. Next, the bacterial cellulose was washed in a solu-
tion of hot 0.1 M NaOH for 20 minutes. This step was repeated
up to four times, until the bacterial cellulose was white in color
and all traces of tea stains removed. The bacterial cellulose was
then washed thoroughly with deionized water and the pieces
were ground in a blender until a paste formed, which was then
stored in deionized water until further use. The total wet mass
of bacterial cellulose produced was 1.188 kg, and the dry mass
of bacterial cellulose produced reduced to 0.0588 kg.

Preparation of bacterial nanocellulose: dialysis-free method

The water content of the as-prepared cellulose, post washing,
bleaching and mechanical blending was approximately 95.05%,
based on eqn (1):

Percentage of water content

mass of wet sample — mass of dry sample »

100
mass of wet sample

1)

Table 1 Quantity of materials used for varying ratios of pyrrole : BNCC
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A wet mass of 200.01 g BC (9.90 g dry bacterial cellulose) was
blended and then mixed with 60% w/w sulfuric acid in a 200 mL
aqueous solution using an acid : cellulose ratio of 20 mL g; it
was then stirred at 40 °C for 1 hour. The hydrolysis was stopped
using 400 mL double distilled H,O, decanted, centrifuged at
9000 rpm for 10 min and washed three times. The sample was
sonicated for 30 min at room temperature. For the 9.90 g of dry
bacterial cellulose used, 2.96 g of dry nanocellulose was
produced. The yield was calculated in triplicate to an average of
30%.

Preparation of bacterial nanocellulose: dialysis method

The PPy@BNCC composite was also prepared via the conven-
tional dialysis method so that comparisons between the two
methods can be made regarding conductivity measurements.
From 10.20 g of bacterial cellulose produced, a mass of 2.96 g of
nanocellulose was isolated following hydrolysis and dialysis.
The yield was calculated in triplicate to an average of 29%.
Details of the synthesis and characterization can be found in
the ESL{

In situ doping of Polypyrrole@BNCC nanocomposite

Varying ratios of pyrrole : BNCC were carried out to find the
optimum conditions, as shown in Table 1. The ideal ratio was
found to be 1:1 according to quantities in Table 2, for the
synthesis of PPy@BNCC. Pyrrole monomer was added to the
respective volumes of remaining hydrolysis products from BC,
(containing BNCC, soluble sugars, residual acid). The mixture
was gently stirred in ice-water for 1 h. Thereafter, FeCl;-6H,0
was added into the mixture to initiate the polymerization. The
polymerization proceeded in ice-water for 2 h. The obtained
product was filtered and washed five times with distilled water
to remove the remaining reagents.

Preparation of PPy@NCC in polyvinyl alcohol (PVA)

For the PPy@BNCC/PVA nanocomposites, 2.0 g of the prepared
PPy@BNCC nanocomposite suspension was placed in 20 mL of
distilled water and sonicated for 10 min to improve the

Ratio pyrrole : BNCC Volume pyrrole/mL Mass pyrrole/g

Volume BNCC/mL Mass BNCC/g Mass FeCl;.6H,0/g

0:1 0.00 0.00 34.13 1.00 0.00

1:2 1.03 1.00 68.26 2.00 2.00

1:1 1.03 1.00 34.13 1.00 2.00

2:1 2.06 2.00 34.13 1.00 4.00

1:0 1.03 1.00 0.00 0.00 2.00

Table 2 Quantity of materials used for pyrrole : BNCC at 1: 1 ratio

Concentration

Sample Volume pyrrole/mL Mass pyrrole/g BNCC/mg mL ™" Mass BNCC/g Mass FeCl;-6H,0/g
NCC 1.03 1.00 29.30 1.00 2.00

This journal is © The Royal Society of Chemistry 2020
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dispersion and prevent aggregation. Separately, 2.00 g of PVA
was dissolved 20 mL of distilled water, heated to 200 °C and
stirred until dissolved. The sonicated PPy@BNCC nano-
composite suspension and the PVA solution were mixed
together to form a homogeneous mixture and sonicated for 1 h.

Conductivity testing of the PPy@BNCC/PVA nanocomposite

For resistance testing of the PPy@BNCC/PVA composite sample,
a copper plate was etched with a ferric chloride solution to create
a break in circuit and was weighed, shown in Fig. S1.f An accu-
rate volume of 0.25 mL of the prepared PPy@BNCC/PVA were
filled onto the etched space with an overlap onto the copper

Washings
Drying
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board to ensure complete contact in the circuit. The sample
plates were re-weighed. The surface area of the etched section of
the plate was measured precisely using microscope software.

Resistivity test

A photograph of the conductivity measurement apparatus and
set-up is shown in Fig. S2.¥ A DC power supply Matrix model
MPS-3003L-3 was used as the power source. This was directly
attached to a 217.6 Q resistor, placed in series with the sample,
and a voltmeter to measure the voltage applied in volts, and to
an amp meter to measure the passing current in microamperes.
By the division of the voltage by amperes, the average resistance

Remove cellulose sheet after 2-3 weeks
Cut in smaller pieces

Components of growth medium

for bacterial cellulose:

SCOBY (grown from Kombucha tea)
Green tea bags

White sugar (sucrose)

Apple cider vinegar

Plastic tray dimensions: 10 x 30 x 40 cm

y/\ E)NH | |

> >

Fe3*
- B B
Polymerization Cantrifugs
NO dialysis

Polymerization
composite

BNCC and mino
hydrosylates

Filtration
Washings

Polyvinyl alcohol (PVA)

(0

/

Bacterial cellulose Sulfuric acid

(60% wiw)

yrrole
Acid hydrolysis

r

Hydrolysis product
\J

Separate major
hydrolysate products

Sonication
PPy@BNCC
o O /
H,SO, Ferric salt BNCC

Y

PPy@BNCC/PVA

N

PPy@BNCC PPy@BNCC/PVA

Scheme 1 Schematic representation of the dialysis-free synthetic methodology used.
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was calculated, and from the reciprocal (inverse) of the resis-
tivity (ohm meter, Q m) the conductivity (siemens per meter, S
m ") was readily obtained after appropriate unit conversion. By
the plot of current vs. voltage, the reciprocal of the gradient is
the average resistivity. The same samples used in this method
was also tested using a four-point probe to confirm results and
validate the system methodology.

Morphological structure analysis

The morphology for all samples were established with the aid of
electron microscopy studies. For the TEM study, a JEOL-JEM
1010 (Japan) operating at 100 kV was used. TEM images for
nanocellulose require a stain, thus the images were acquired
using 5 pL of a 0.01 w/w% suspension of the sample deposited
on a copper (Cu) TEM-grid. The deposited crystals on the TEM-
grid were negatively stained after drying with 5 pL of 2 wt%
uranyl acetate for 5 minutes in the dark. The dimensions of 250
randomly selected samples representing BNCC from the TEM
micrographs were measured using Image] 1.42 software and the
obtained data were processed on Origin® 9 software where the
particle length, width and aspect ratio with respective standard
deviation were generated. For the SEM study, a Zeiss Ultra Plus
(Germany) field emission gun scanning electron microscope
(FEG-SEM) was used. The samples for SEM images were
deposited separately on conductive carbon tape stuck to
aluminum stubs. Each sample was coated with gold with the aid
of sputter coater to minimize charging. The morphology of the
PPy@BNCC/PVA sample was tested prior to subjection to the
conductivity tests, as well as after the testing to note any
morphological change. This was accomplished using SEM Zeiss
LEO 1450 (Germany), and sample images were taken directly
from the Cu plate.

Spectroscopies

Fourier transform infrared (FT-IR) analyses were carried out at
room temperature using a Perkin Elmer Spectrum 100 FT-IR
at

spectrometer and was recorded in the range 380-4000 cm ™"
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aresolution of 4 cm ™" fitted with an attenuated total reflectance
(ATR) sampling accessory (Perkin Elmer, USA). The data was
processed using Spectrum® software. A small amount of the
sample was placed onto the ATR crystal and a pressure of 120
psi was applied to ensure contact between the crystal and the
material. Raman spectra were measured using a Delta Nu
Advantage 532 (USA) instrument fitted with a 532 nm laser
source (green) and operated by NuSpec® software. Laser
intensity, polarization and the integration time of the scans
were varied until each sample gave clear and reproducible
spectra. All analyses were carried out at room temperature with
the powdered sample loaded in quartz tubes.

Results and discussion

Synthesis of bacterial cellulose

The entire synthesis methodology used in this study is outlined
in Scheme 1. Significant amounts of bacterial cellulose were
grown by a low-cost method from readily available household
materials. Kombucha tea was used as the starting material for
the growth of a symbiotic colony of bacteria and yeast
(SCOBY).*** We were able to produce bacterial cellulose from
SCOBY by the method described, and without having to resort
to strict biochemical methods such as the Hestrin-Schramm
protocol.** In the SCOBY, the yeast component includes
saccharomyces, and the bacterial component consists of Glu-
conacetobacter xylinus, which is used to oxidize yeast-produced
alcohols to acetic acid.*® Acetic acid bacterium such as G. xyli-
nus can assimilate several sugars and the rod-shaped, aerobic
Gram-negative bacterium secretes the extracellular poly-
saccharide referred to as bacterial cellulose.”” Interestingly, we
were able to capture a TEM image of an active bacteria,
presumably G. xylinus since it predominates in this growth
medium, see Fig. S3.f The BC produced by the SCOBY has
remarkable mechanical properties even though it contains
>95% water prior to drying.*® In this study, the bulk of the
growth medium was a broth of green tea which is typically used

Fig. 1

This journal is © The Royal Society of Chemistry 2020

(a) Bacterial cellulose film formed in growth medium after 2 weeks of growth, (b) TEM image of isolated bacterial cellulose.
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Fig. 2 TEM images of negatively stained BNCC crystalline needles prepared by the dialysis-free method.

as the fermentation medium of Kombucha tea,*® and controlled
at pH 5 with apple cider vinegar for optimal cellulose produc-
tion.>® The cost-effective carbon source was white sugar
(sucrose) which is the most important component as this fuels
the bacteria, it also suggests that the amount of cellulose that
can be grown is virtually limitless as it only relies on the amount
of added sugar and ensuring the SCOBY remains alive.”® All
these components contained some micronutrients to support
growth, reproduction and functionality of the microorganisms.
The growth of the cellulose showed uniformity that could be
manipulated by the shape of the container. Significantly, the
growth of bacterial cellulose is a bottom-up synthesis method

83
80
73
70
63
“r
60
s
50
43
40
35
30

249

whereby the BC is formed from the molecular level in solution,
as opposed to a top-down approach which is used in the break-
down of wood pulp to form cellulose in a traditional manner,
leading to waste products.

The BC has a dense surface on the air-exposed side, and
a gelatinous layer on the aqueous exposed side.® Fig. 1(a) shows
the bacterial cellulose biofilm formed after 2 weeks of growth,
note the SCOBY in the top left corner that continuously bio-
synthesize cellulose as long as it has sufficient sugar to feed on,
Fig. 1(b) shows a TEM image of uniform isolated bacterial
cellulose.
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Fig. 3 FT-IR spectrum of the BNCC sample prepared by the dialysis-free method.
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Fig. 4 Raman spectrum of BNCC from the dialysis-free method.

In bacterial cellulose the cellulase is a multicomponent
enzyme which hydrolyze cellulose into smaller fragments,
oligosaccharides, cellobiose or glucose, depending on a variety
of parameters, and the process starts with the cleavage of the
amorphous regions of the long cellulose microfibrils and give
rise to several fractions of hydrolysis products.®* The crystalline
regions of cellulose are more resistant to hydrolysis due to the
presence of strong hydrogen bonding when compared to the
poorly aligned and less compacted amorphous regions.*
Bacterial cellulose and nanocellulose derivatives show remark-
able mechanical properties, purity and straightforward
production, which has gained much interest over the years.
Here, the acid catalyzed hydrolysis of the bulk fibers was carried
out and the average concentration of bacterial nanocrystalline
cellulose (BNCC) dialysis-free was 29.30 mg mL™".

TEM studies

TEM was used to investigate the microstructures of the produced
nanocellulose, shown in Fig. 2. The BNCC has distinct needle-like
shapes with calculated mean length of 130.00 £+ 30.99 nm with
a width of 15.00 £+ 3.05 nm and aspect ratio of 9.03 + 3.38 from
250 randomly selected nanocrystals. The high standard deviation
suggests that the nanofibers were

of the dimensions
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polydispersed as determined by the average size distributions,
see Fig. S41 (dialysis-free) and Fig. S5 (dialysis). The dimensions
nevertheless correlate well with NCC isolated from waste prod-
ucts® and natural hardwood pulp®—the ideal aspect ratio
required for good stress transfer within the interaction between
fibers and matrix to provide strong reinforcement and mechan-
ical stability when included in a polymer composite is 10, and the
aspect ratio of the bacterial nanocrystals reported here lie close to
the ideal stress transfer minimum.®

FT-IR and Raman spectroscopy studies

The FT-IR spectrum from the BNCC produced by the dialysis-
free method showed a broad band at 3296 cm " assigned to
the O-H bend for the BNCC. A medium band at 2898 cm ™" of
the C-H asymmetrical stretch was assigned to bacterial cellu-
lose. The band found at 1639 cm ' is associated with the
bending of the absorbed water moisture for bacterial cellulose.
The broad band at 1034 cm ™' was attributed to the pyranose
backbone, Fig. 3. All peaks for nanocellulose were consistent
with reported values in the region assigned (v/em ') as: 3320
(O-H), 2900 (C-H asym), 1646 (H-O-H bend), 1437 (CH, symm),
1371 (C-H asym bend), 1018 (C-O-C) and 898 (C-H deform)
modes of the B-glycosidic linkage between the anhydroglucose
rings.” These results were consistent with the cellulose struc-
ture which suggests that the method of growing pure cellulose
as well as the production and isolation of nanocellulose from
bacterial cellulose was successfully demonstrated.

The corresponding FT-IR spectrum of the dialyzed sample is
shown in Fig. S6.1 Additionally, the FT-IR spectra for (i) neat
polypyrrole, and composites (ii) PPy@BNCC (dialysis method)
and (iii) PPy@BNCC (dialysis-free method) are shown in Fig. S7.F

Raman spectroscopy was performed on the dialysis-free
BNCC nanocomposite and showed characteristic Raman shifts
for cellulose, see Fig. 4.°° The corresponding Raman spectrum
of the dialyzed sample is shown in Fig. S8.1

Synthesis of PPy@BNCC nanocomposite

Cellulose fibers were hydrolyzed by sulfuric acid (60% w/w)
yielding a hydrolysis product consisting of nanocellulose,

Fig. 5 TEM images of PPy@BNCC prepared by dialysis-free method.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Digital pictures of varying ratios of PPy : BNCC (L-R): (a) 0 : 1;
(B)1:2;(c)1:1;(d)2:1and (e) 1:0, when left for 30 minutes.

soluble sugars, and residual acid. The dialysis-free BNCC had
no significant effect on the polymerization of pyrrole. The
polymerization of pyrrole monomer was initiated with FeCl;-
-6H,0 added to the hydrolysis product, and the generated PPy
was deposited on the nanocellulose, yielding a black precipitate
of the PP y@BNCC nanohybrid that was easily separated from
the polymerization product by filtration and washing, and
finally dried, yielding a powder.

TEM studies of nanocomposite microstructures

TEM was used to investigate the microstructures of pure poly-
pyrrole and the prepared PPy@BNCC nanocomposites. The
polymerization of the pyrrole monomer without BNCC was
found to have an aggregated nodular structure whilst for
PPy@BNCC there was a well-defined continuous network and
the dispersal of the BNCC within the nanocomposite was
visible, Fig. 5. The hydrogen bonds between imine groups of PPy
and hydroxyl groups of nanocellulose presumably cause
a strong interaction to assist with the growing of the continuous
nanosheath of PPy on BNCC and prevented the formation of PPy
aggregation. Large scale aggregation of PPy was not observed
which demonstrated that nanocellulose acted as a suitable
template for the polymerization of pyrrole monomer.

Synthesis of PPy@BNCC combined with PVA: suspension
studies

Before the synthesis of PPy@BNCC combined with PVA could
commence, a sense of the compatibility between PPy and BNCC

20 um

o Signal A=SE2 — Mag =
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had to be established. This was done by determining the most
suitable suspension characteristics of PPy to BNCC in five
different ratios by weight for (a)0:1,(b)1:2,(c)1:1,(d)2:1
and (e) 1: 0, shown in Fig. 6. The solution was white and opa-
que as expected for BNCC (0 : 1), with excellent suspension and
no separation. The PPy : BNCC in a 1 : 2 ratio showed that after
20 minutes the polypyrrole was well dispersed but after 30
minutes the excess BNCC slowly began to separate from the
polypyrrole, and the denser polypyrrole settled to the bottom.
When this ratio was dispersed in PVA, the sample did not dry
evenly because the PPy was unevenly distributed in the film. The
ratio of 1 : 1 proved to be most suitable where the PPy was well
dispersed. After 30 minutes there was no change in the
consistency and the composite remained well dispersed in the
suspension. When dried in PVA, the sample dried evenly into
a smooth film that was easily removed from the Petri dish. It
was flexible and maintained its structural integrity. Similar
results were seen for ratio 2 : 1, but over hours the suspension
separated slightly due to the higher amount of PPy and unfor-
tunately, when dried in PVA, the film became hard, brittle and
did not set in a neat film. For the 1 : 0 ratio, no BNCC was used
and the PPy settled to the bottom of the vial instantly. When
drying in PVA, there was no homogeneity and the polypyrrole
aggregated with a rough texture and no connected network.
Therefore, the 1:1 ratio proved ideal to bring out optimal
mechanical properties (strong enough to retain structural
integrity yet sufficiently flexible when bent without shattering)
and electrical properties to perform conductivity measurement.
The mass yield obtained for PPy@BNCC was 0.812 g following
the optimum ratio. The dialysis-free process of producing BNCC
presents a facile, inexpensive, and eco-friendly synthesis of
PPy@BNCC type nanocomposites.

Synthesis of PPy@BNCC combined with PVA

To evaluate the feasibility of PPy@BNCC as a conductive poly-
mer nanocomposite suitable for use in our apparatus, it had to
be formed into a flexible and moldable material that does not
interfere with the electrical properties of the overall composite
and we found this was best achieved through mixing with
polyvinyl alcohol (PVA). To achieve higher conductivity at the
same PPy content, it was expected that all the PPy participate in
the fabrication of a continuously conductive network in the PVA

WD 68mm SoralA= €2 — Moo 00X WD= 88mm SoralA=SE2

Fig. 7 SEM image of (a) PPy in PVA, (b) and (c) dialysis-free method of PPy@BNCC/PVA.
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matrix. Neat PPy caused agglomeration due to poor suspension
stability (Fig. 6(e)) that made the formation of conductive
networks difficult, see Fig. 7(a). However, a continuous network
structure of PPy@BNCC nanocomposite was formed by incor-
poration of BNCC due to the improved stability in PVA. The
PPy@BNCC nanocomposite was found in the interstitial space
between the PVA and formed a continuous network which
benefitted from the good suspension property and high aspect
ratio of the PP y@BNCC nanocomposite. The nanocomposite
had a smooth surface texture, good homogeneity and an
improved connected network. The PPy@BNCC/PVA nano-
composite prepared by the dialysis-free method is shown in
Fig. 7(b and c). The facile, cost-efficient, time saving and scal-
able approach to PPy@BNCC/PVA nanocomposites opens new
research avenues to consider for the large-scale application of
these and related NCC-based conductive nanocomposites.

Electrical properties: resistivity and conductivity

We have developed an in-house apparatus capable of measuring
the bulk resistivity of a polymer-based nanocomposite in
a controlled environment. The reason for our design concept is
due to the conventional four-point probe measurement method
that has a number of drawbacks, Heaney listed at least ten,*”
including the difficulty in securing good electric contact is made
to the sample surface in a consistent and reproducible manner.
The conductivity measurements performed in this study were
done on three separate types of samples, namely: (i)
PPy@BNCC/PVA prepared by the dialysis-free method, (ii)
PPy@BNCC/PVA prepared by the dialysis method and (iii) for
comparison reasons and to validate our results, testing with the
four-point measurement technique. To accurately determine
the conductivity of the prepared films, it was necessary to first

0,008
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derive key dimensions, starting with the film thickness: firstly,
the density of each PPy@BNCC/PVA composite was determined
by calculating the volume of water present. By weighing the wet
sample on the copper plate and then subtracting the weight of
the sample, the mass of water could be calculated with the
known density of water at room temperature. An example of
calculated details for determining the mass, volume, and
density of samples are shown in Table S1.1 The volume of the
PPy@BNCC/PVA nanocomposite could be obtained by sub-
tracting the volume of water from the volume used (0.25 mL).
The dry PPy@BNCC/PVA nanocomposite weight divided by the
volume yielded the density of each sample. The thickness of the
film could be calculated from eqn (2)-(4):

Volume = (length x breadth) x thickness (2)

Volume = (surface area) x thickness (3)

volume/mm?

Thickness/mm = ——————
surface area/mm

(4)

The volume of dried PPy@BNCC/PVA nanocomposite
divided by the surface area of the sample on the copper plate
yielded the thickness of the film which was 0.573 and 0.599 mm
for the dialysis-free and dialysis methods, respectively.

The volume resistivity was determined with eqn (5):

_ surface area x resistance (5)
P = thickness

Using this thickness, calculated in eqn (5), multiplied by the
film width, the surface area of the side of the film was
measured, eqn (5) can be re-written as (6):

(cc)

0,007

0,006

0,005

CurrentfA
o
=]
B

0,003
0,002

0,001 o

y=0,0003288838x +0,0008326124

PPy@BNCC/PVA (Dialysis-free)

PPy@BNCC/PVA (Dialyzed)

y =0,0002770234x +0,0003869664

10 15 20
Voltage/V

Fig. 8 Linear relationship based on Ohm's law showing the change in current as voltage was applied for dialysis-free vs. dialyzed samples.
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_ (thickness) x (width) « resistance ©)
r= length

and thus eqn (7) gives the volume resistivity as:

surface area of the side .
p= X resistance (7)
length

As expected, samples without polypyrrole showed no
measurable conducting properties. For ratio 1:1, which we
found to be the best suited ratio, the composite was found to
have the lowest resistivity (highest conductivity). The resistance
can be determined from the reciprocal of the gradient from the
current vs. voltage graphs, but the resistivity per mm can also be
compared to the calculated resistivity per mm. We compared
the PPy@BNCC/PVA dialysis-free composite with the dialyzed
sample, and interestingly, the dialysis-free composite showed
higher conductivity, see Fig. 8.

The conductance of the synthesized dialysis-free
PPy@BNCC/PVA nanocellulose was larger than samples sub-
jected to dialysis and we propose this was due to the dialysis-
free material that contained residual hydrolyzed sulfuric acid
components that can act as doping agents for PPy, endowing
the nanocomposite with improved electrical conductivity.
Table 3 shows the main electrical properties measured

Table 3 The resistivity and conductivity calculations per unit length
(mm and m) for PPy@BNCC/PVA nanocomposite following dialyzed
and dialysis-free synthetic protocols

Procedure Dialyzed Dialysis-free
Average calculated 3091.47 2339.94
resistance (Q)“
Standard deviation 266.52 360.22
Variance 71 035.38 129 758.25
Thickness/mm 0.61 0.60
Width of sample/mm 21.62 21.17
Surface area of the side/mm? 13.19 12.70
Length of sample/mm 11.75 11.90
Resistivity calculated (Q mm) 3469.87 2495.48
Resistivity calculated (Q m) 3.47 2.50
Conductivity calculated (S mm ) 2.88 x 1074 4.00 x 1074
Conductivity calculated (S m ™) 2.88 x 107! 4.00 x 10"
Resistance from line of 3609.81 3040.59
best fit (—)

gradient
Resistivity from line of 2928.07 2341.21
best fit (Q mm)
Resistivity from line of 2.93 2.34
best fit (Q m)
Conductivity from line of 3.41 x 107* 427 x 107*
best fit (S mm™?)
Conductivity from line of 3.41 x 107" 4.27 x 107"
best fit (S m™")
Four-point probe 2.90 2.31
resistivity (Q m)
Four-point probe 3.49 x 107" 4.33 x 107"

conductivity (S m™)

% See Tables S2 and S3 for calculations of measured current at applied
voltage.
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including resistivity, conductivity, average resistance and
comparison with the four-point measurement.

The values for the calculated resistivity are close to the values
obtained from the line of best fit for the average resistance. For
the dialysis-free PPy@BNCC/PVA nanocomposite, the calcu-
lated average volume resistivity was calculated at 2495.48 Q mm
(4.00 x 10~* S mm™ ') with the corresponding volume resistivity
obtained from the line of best fit at 2341.21 Q mm (4.27 x 10~*
S mm ). The nearest reported composite to this study consists
of PPy and CNC (derived from cotton fibers) using natural
rubber as a matrix which recorded a best case conductivity
response lower than ours at 1.22 x 10> S m™ !, measured on
undeformed dialysis-free samples through a two-point appa-
ratus.”” For the dialyzed sample the calculated average volume
resistivity was calculated at 3469.87 Q mm (2.88 x 10°* S
mm ") with the corresponding volume resistivity obtained from
the line of best fit at 2928.07 Q mm (3.41 x 10~* S mm™ ). The
results demonstrated conclusively that the average conductivity
for PPy@BNCC/PVA made from dialysis-free bacterial nano-
cellulose is higher when compared to the dialyzed method.

At present we have no definitive explanation for this obser-
vation, but since no attempt was made to neutralize the dialysis-
free samples from residual sulfate group components (sulfates
and related species) attached to the cellulose surface, we
suggest these groups could act as doping agents toward the
conducting PPy and promote an improvement of the overall
composite conductivity. The results obtained by using a simple
ammeter and voltmeter gave outstanding results. When repeat
experiments were performed and compared using a traditional
four-point probe measurement, the results were a close match.
Our apparatus proved to provide an excellent alternate route to
the four-point probe method for resistivity/conductivity
measurements.

This work shows that by capitalizing on the physiognomies
of nanocellulose not subjected to dialysis, unique traits can be
further developed as an advantage for useful applications. We
demonstrate that avoiding the laborious dialysis step is not
necessarily a disadvantage but could be exploited by combining
the material with other components that could in fact
contribute in amplifying existing properties. In this work, this
enhancement benefitted from the good dispersion and high
aspect ratio of the nanocomposite to produce a more cost
effective, environmentally friendly process.

Conclusions

This work demonstrated that three overlapping strategies,
namely: (i) the fabrication of BNCC from Kombucha tea, (ii) the
avoidance of a time-consuming dialysis step, and (iii) the design
and workability of an apparatus to measure bulk resistivity,
could all be incorporated and aided into one synthesis meth-
odology to enhance and exploit properties already present in the
material in a cost effective and sustainable manner.

The extraction of nanocellulose from bacterial cellulose
derived from Kombucha tea and its explicit use in materials
science is rare. The obtained BNCC was successfully hydrolyzed
with sulfuric acid, and the nanocrystal dimensions compared

This journal is © The Royal Society of Chemistry 2020
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favorably with those derived from conventional dialyzed nano-
crystals, and we propose the dialysis-free method should
become a more popular strategy in the formation of BNCC/
polymer composites. The PVA served as an excellent medium
to facilitate the nanocomposite in a well dispersed form. The
results showed that the polypyrrole : BNCC ratio of 1:1 was
ideal to retain structural integrity and optimum conductivity of
the nanocomposite. By comparing the electrical properties of
the dialysis-free vs. dialyzed samples containing the same
components, we were able to demonstrate the PPy@BNCC/PVA
sample prepared by the dialysis-free method showed improved
conductivity.

The traditional means to determine electrical conductivity is
the four-point probe technique and it has proven disadvan-
tages. In this study, we overcame that obstacle by designing an
apparatus where the entire sample comes in contact with
a copper plate with a voltage drop applied across the sample
whilst a variable current flow is applied which allows for accu-
rate bulk resistance (and thus conductance) measurements; to
obtain a similar result with the four-point probe is to take the
average of numerous measurements. We also demonstrated
this expedient method gave results that was confirmed with the
traditional four-point probe method and the favorable results
were validated. A facile, reproducible, sustainable, cost-
effective, and scalable approach to prepare a cellulose-based
nanocomposite was achieved via a dialysis-free and in situ
doping strategy.

Abbreviations

BNCC Bacterial nanocrystalline cellulose
BC Bacterial cellulose

NC Nanocellulose

PPy Polypyrrole

PVA polyvinyl alcohol
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