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Abstract

The constituent nano-fibrils of bacterial cellulose are of interest to many researchers because
of their purity and excellent mechanical properties. Mechanisms to disrupt the network
structure of bacterial cellulose (BC) to isolate bacterial cellulose nanofibrils (BCN) are
limited. This work focuses on liquid-phase dispersions of BCN in a range of organic solvents.
It builds on work to disperse similarly intractable nanomaterials, such as single-walled carbon

nanotubes, where optimum dispersion is seen for solvents whose surface energies are close to



the surface energy of the nanomaterial; bacterial cellulose is shown to disperse in a similar
fashion. Inverse gas chromatrogrphy was used to determine the surface energy of bacterial
cellulose, under relevant conditions, by quantifying the surface heterogeneity of the material
as a function of coverage. Films of pure BCN were prepared from dispersions in a range of
solvents; the extent of BCN exfoliation is shown to have a strong effect on the mechanical
properties of BC films, and to fit models based on the volumetric density of nanofibril
junctions. Such control offers new routes to producing robust cellulose films of bacterial

cellulose nanofibrils.

Introduction

Bacterial cellulose (BC) is a biopolymer of ringed glucose molecules that is secreted by
species of bacteria such as Acetobacter xylinum.' During growth, adjacent molecules of
cellulose aggregate through hydrogen bonding and van der Waals interactions into
nanofibrils.”> Bacterial cellulose nanofibrils (BCN) are ribbon-shaped, with widths and
thicknesses on the order of 6-10 nm, and lengths of several micrometres.’ Structurally, BCN
consist of stiff crystalline regions joined by more disordered amorphous segments, where the
disordered domains form weak spots along a nanofibril.* Young’s moduli of individual BCN
have been reported*”’ to be as high as 78-160 GPa. Excellent mechanical properties and high
water-holding capacity make BCN appealing for a variety of applications.® Furthermore, its
ultra-fine reticulated structure lends itself to applications including composite membranes,” "
artificial skin and medicine.” ® ' '* Whilst the physical properties of BCN are extremely
promising, their potential has been limited by their tendency to aggregate® through inter-BCN
bonds to form larger and weaker fibres, typically ~100 nm wide."” The combination of intra-
and inter-BCN bonding results in a stable hierarchical biopolymer.” Intra-BCN interactions
are dominated by strong hydrogen bonds and attractive van der Waals forces,'"* whilst inter-

BCN interactions are a combination of weaker hydrogen bonds and van der Waals forces."”"”

Breaking down the hierarchical structure of BC fibres to individual BCN allows the high
stiffness of the cellulose crystal to be exploited.® The bonds within an individual BCN are
extremely strong and are responsible for the high axial chain stiffness of BC*. The bonds
between neighbouring BCNs are weaker. While the inter-BCN network is more disordered, it

is still relatively robust, making it extremely difficult to dissolve.® BC fibres are insoluble in



water and in common organic solvents.'”® Despite this challenge, a number of methods to
completely solubilise BC have been reported, many of which are reviewed by Lindman et
al."® Such routes include the use of lithium chloride/N ,N-dimethylacetamide," NaOH/urea

' jonic liquids,” and N-methyl morpholine-N-

aqueous solution,” ZnCl, aqueous solutions,’
oxide (NMMO) hydrate.” BC fibres can be reconstituted from these solutions using spinning
techniques.”* Unfortunately, these manufactured fibres were found to have lower degree of
crystallinity (compared with the starting material) and hence lower mechanical properties.
The hierarchical structure of cellulose can also be broken-down by mechanical processes.”®
In such cases, cellulose materials are run through a number of mechanical treatments multiple
times to produce micro- or nanofibrils. The high shear associated with these processes is

known to diminish the mechanical properties of the exfoliated cellulose by damaging the

crystalline phases. It should be noted that this method is not commonly used for BC.

To disrupt the network structure of BC to produce individualised BCN, we gained inspiration
from work that has been carried out in recent years on the dispersion of similarly insoluble 1-

25, 26 and

dimensional (1D) materials, such as single-walled carbon nanotubes (SWNTs),
nanowires (NWs).”” Like BC, the properties of these materials are limited by their tendency
to aggregate (through van der Waals interactions). Due to their rigidity and other factors,
these macromolecules have very limited solubility in organic solvents. Nevertheless, solvents
capable of producing stable dispersions of individual SWNTs and NWs were uncovered. The
central finding of that work was that the concentration of exfoliated nanomaterial could be
maximised by choosing solvents whose surface energies matched the surface energy of the
nanomaterial. This paper outlines how BC can also be dispersed to individualised BCN in a
range of organic solvents. It proposes a thermodynamic framework to predict dispersants for
BC (based on BC’s similarity to other rigid 1D nanomaterials). Neat films prepared from

dispersed BCN show a clear correlation between the degree of dispersion and the mechanical

properties of the BC films.
Experimental Section
Materials

BC was kindly provided by fzmb GmbH (Forschungszentrum fiir Medizintechnik und
Biotechnologie, Bad Langensalza, Germany). The following organic liquids, N-methyl-2-

pyrrolidone, ethylene glycol, dioxane, dichloromethane, ethanol amine, cyclohexyl-



pyrrolidone, benzyl alcohol, N-dodecyl-pyrrolidone, cyclohexanone and toluene (all HPLC
grade), were purchased from Sigma-Aldrich. Inverse gas chromatography (IGC) probe
molecules (decane, nonane, octane, heptane, hexane, ethanol and 1-proponal) were purchased
from Sigma-Aldrich (all HPLC grade). Helium and methane (IGC carrier gas and dead-time

probe gas) were purchased from BOC (research grade).

Methods
Freeze-drying BC

The BC was supplied as wet pellicles containing 94 wt.% water. The synthesis of BC
pellicles used in this study is described in literature."" The BC pellicles were cut into small
pieces and blended in to water for 2 min using a laboratory blender (LB20EG, Christison
Particle Technologies, Gateshead, UK) at a concentration of 4 g L. The suspension was then
further homogenised (Polytron PT 10-35 GT, Kinematica, Lucerne, CH) for 2 min to produce
a uniform suspension of BC in water. This suspension was then flash frozen in a Petri dish by
immersion in liquid nitrogen and subsequently freeze-dried (Heto PowerDry LL.1500 Freeze
Dryer, Thermo Scientific, UK). The residual water content of the freeze-dried BC was
determined using dynamic vapour sorption (DVS-Advantage, Surface Measurement Systems
Ltd, Alperton, UK). 30 mg of freeze-dried BC was loaded into the chamber of DVS held at
0% relative humidity for 5 h. During this period, the mass change of the sample was
measured. The residual water content was obtained from the difference between the initial
and final mass of the sample. The equilibrium water content post freeze-drying was 23 + 6

mg g (mg of water per gram of BC).*®
BC dispersion and characterisation

Aliquots (20 mL at concentrations of 1 mg mL") of BC were dispersed in organic liquids
using an ultrasonic tip (Sonics vibra cell 750W tapered tip at 20% amplitude for 30 min with
ice cooling) and centrifuged for 30 min at 4000 rpm. Tapping-mode Atomic Force
Microscopy (Brucker Multimode, silicon cantilever with radius of 10 nm) was used to assess
the dispersion quality for each aliquot. Samples were prepared by taking a small drop from
each dispersion and drop-casting it on a Si0O, substrate and drying in a vacuum oven at 80 °C
for 24 h. These conditions were chosen to minimise re-aggregation on drying. The diameters

of >150 nanofibrils were measured for each AFM sample.



The concentration of dispersed BC in each solvent was determined spectroscopically. UV-
vis-NIR absorbance spectra were recorded with a Cary 6000i, Aglient. The extinction
coefficient of BC at 600 nm (there are no absorption peaks in the spectrum in this range) was
determined by measuring the absorbance of a series of step-wise dilutions whose precise
concentrations were known. A stock mixture was prepared by adding 10.0 + 0.3 mg of BC to
50.00 £ 0.01 mL of NMP, and sonicating as described above. This stock solution was
precisely diluted by 50% a number of times using volumetric flasks. The concentration of BC
in dispersed media was calculated using the Beer-Lambert law (A = ecL), relating the
absorbance, A, of a species to its extinction coefficient, €; concentration, c; and the path-

length of the sample cell, L.
BC film preparation

Neat BC films were prepared form a range of organic liquids (see table 1). For each, 2
aliquots of 20 mg of BC in 87.5 mL of organic liquid was sonicated (750 W for 3 h, pulsing 5
s on/off with stirring and ice-cooling). The dispersion was vacuum filtered onto a Nylon
membrane (Whatman, 47 mm diameter and 45 pum pore size). The films were dried in a
vacuum oven at 60 °C for 2 days. The tensile properties of each film were recorded using a
Zwick Roell Z005 (equipped with a 100 N load cell). The porosity of the films was calculated

Pfitm

based on dimensional analysis and the mass of BC films using the equation; P = 1 — s
BC

where 05=1500 kg m™.* Two of the neat cellulose films were subjected to mild hot-pressing
(10 min, 80 °C, 50 kN) (Rondol Technology, UK) to assess the effect of increasing film

density on tensile properties.
Inverse gas chromatography (IGC)

The surface energy of BC was measured using inverse gas chromatography (IGC) (Surface
Energy Analyser, Surface Measurements Systems Ltd, UK). 10 mg of freeze-dried BC was
packed into a glass column of 2 mm internal diameter. Silanised wool was used to plug both
ends. Samples were pre-conditioned in helium at a flow rate of 20 mL min™ for 2 h at 80 °C.
Alkane probes were used to measure the dispersive surface energy of the sample and specific
probes were injected through the sample to measure specific interactions. A flowrate of 20
mL min" and a temperature 30 °C were used for all IGC measurements. Retention times were

measured using a flame ionisation detector (FID).



Dispersive and specific surface energies were measured for a range of sample surface
coverages (between 0.5% and 30%). To determine the amount of probe required for each
coverage, the specific surface area of BC was measured by 5-point BET measurements using
N, sorption (Nova Quantachrome 4200E). 100 mg of freeze-dried BC was heated to 100 °C

for 8 h under vacuum before sorption measurements were taken.

Results and Discussion
BC Dispersions.

To determine if the network structure of BC could be disrupted by sonication to yield BCN,
N-methyl pyrrolidone (NMP) was studied dispersing phase due to its remarkable success at
dispersing carbon nanotubes,” graphene’ and transition metal dichalcogenides.’”® In this
work, the sonication of freeze-dried BC in NMP produced a clear, homogenous dispersion
(see figure 1a). A comparable experiment of BC sonicated in chloroform had little dispersive
effect; BC remained aggregated and two phases were clearly visible (figure 1b). To assess the
state of the BCN in NMP dispersion, AFM was used. A representative image for this sample
is shown in (figure 1c) which shows a large population (figure 1d) of BCNs with average
heights of 10.7 £ 0.5 nm (figure le) and lengths of several micrometres (figure 1c). Such
measurements are consistent with the dimensions of BCNs previously reported.’ Our results
suggest that the networked assembly of primary BC has been successfully disrupted. It is
important to stress that these findings do not suggest that NMP dissolved BC molecules, as

NMMO or ionic liquids do," forming a polymer solution.
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Figure 1: BC sonicated in (a) N-methyl-2-pyrrolidone (NMP) & (b) chloroform. (c) AFM
image of BCN-NMP dispersion. (d) AFM statistics of BCN-NMP dispersion. (e) Cross-

section of a BCN marked as red line in (c).

The concentration of dispersed BCN in organic solvents was determined spectroscopically
using the Beer-Lambert law (A = ecL). A typical BCN absorption spectrum is shown in
figure 2. The absorbance spectra of dispersed cellulose are dominated by a power-law
scattering background at lower wavelengths (< A™). A scattering exponent, n, of 3.79 + 0.03
was obtained from a fit of the spectrum in figure 2. This exponent value is consistent with a
Rayleigh scattering curve (< A*), where the dimensions of the scattering particles are small —
up to ~10% of the wavelength of the incident light. The exponents of multiple spectra were
recorded and were found to be independent of concentration. This consistency suggests
differences in absorbance between spectra are due only to differences in concentration of

dispersed BCN.
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Figure 2: A typical UV-Vis spectrum of BC. The dashed line is a fit of the scattering
exponent (n=-3.79). The insert shows the absorbance at 600 nm of serially diluted BC

dispersions. The dashed line is a fit of the data — the slope being the extinction

To apply the Beer-Lambert law and determine the concentration of dispersed BCN, it was
necessary to first determine the extinction coefficient of BCN. Plotting the absorbance per
unit length of a serially diluted BCN-NMP dispersion against concentration, as shown in the
inset of figure 2, yielded an extinction coefficient of 200 + 22 mL mg"' m™. To the best of
our knowledge, there are no reported values of the extinction coefficient of BCN but this
result is reasonably consistent with reported value of 264 mL mg"' m™ for primary bacterial
cellulose.” Using our measured extinction coefficient, the concentration of dispersed BCN in
NMP was determined to be 0.13 + 0.04 mg mL". To ensure that no BC sedimentation has
occurred, the absorbance of the stock and serial dilutions was re-measured after 1 week; the

change in absorbance was less than 5%.

Thermodynamic Prediction of Organic Solvents for BC Dispersions

To investigate if other organic liquids enable dispersion of BC to elementary BCN, samples
were sonicated in a wide range of organic liquids (shown in SI table 1) in an analogous way
to the NMP dispersion described above. Organic liquids producing poor dispersions, where
two distinct phases (liquid and BC) were clearly evident after sonication, were discarded. The
concentrations of dispersions of BCN in organic liquids that turned transparent upon
sonication were determined spectroscopically and are shown in table 1. BC dispersions, with

concentrations of up to 0.20 mg mL™", were obtained in a range of organic liquids (table 1).



To investigate the make-up of these dispersions, AFM measurements were conducted on
samples prepared from the 10 solvent dispersions with the highest concentrations of dispersed
BC. These images were analysed, measuring the heights of ~150 BC nanofibrils per
dispersion, as shown in figure S2. Average object height measured for each solvent ranged
from 10.7 £ 0.5 nm NMP to 16.2 + 0.7 nm for cyclo-hexyl-pyrrolidone. These data suggest
that a reasonable population of individual nanofibrils are present in all of the more successful

organic liquids.

Table 1: Concentration of dispersed BCN in organic liquids

Solvent Concentration of BCN, mg mL""
N-ethyl-2-pyrrolidone 020+0.11
Dioxane 0.16 £0.09
Dichloromethane 0.16 £0.04
Ethanol amine 0.16 £0.03

Cyclohexyl-pyrrolidone 0.13+0.04

N-methyl-pyrrolidone 0.13+0.04
Benzyl alcohol 0.12+0.03
N-dodecyl-pyrrolidone 0.11+£0.02
Toluene 0.11+£0.01

In order to ascertain the qualities of a ‘good dispersion medium’ for BC and predict effective
liquids to disperse BC, we turn to the considerable body of work on the dispersion of single
walled carbon nanotubes (SWNTs) as both can be considered to be rigid 1D systems with
limited dispersibility in most common solvents.”> A good dispersion medium implies a
thermodynamically stable mixture over a range of concentrations and temperatures™ (i.e.

AG,,, is close to O or negative). Previous findings showed the challenge of dispersing rigid

mix

1D rigid nanoparticles stems from the fact that the entropy of mixing, AS,,,, is very small for

mix ?

dispersions of rigid 1D macromolecules.” Thus, the enthalpy of mixing, AH,, , must be small

mix ?

or negative, for mixing to occur. AH,;, for mixtures of solvents and SWNTs was found to be

minimised when the surface energy of the solvent, y,, matched that of the nanotubes, yy,:>

AHpmix 2

~ (vam — Vz)z (D

Vimix Rpun




where Ry, is the radius of the bundle of SWNTs and ¢ the SWNT volume fraction. The

Bun

surface energy of a solvent is related to its surface tension, 0, using the equation: y = ¢ — TS,

where S is the universal value for surface entropy™ of ~0.1 mJ m”> K.

The route to discover a suitable dispersion medium for nanomaterials that aggregate through
van der Waals forces, summarised in equation 1, has been remarkably successful > *">
Solubility studies for SWNTs, graphene, and a range of other 2D nanomaterials show a peak
in concentration of the dispersed material in organic liquids with surface energies close to 70
mJ m?, where the surface energies for each of these nanomaterials are reported as being close
to 70 mJ m™. Figure 2 shows the concentration of dispersed BCNs (in a range of solvents)
plotted against the surface energy (Yy,,) and surface tension (0,,) of the dispersion medium.
One can clearly see from figure 2 that optimum dispersion media have similar surface
energies. Our findings suggest the physical properties of organic solvents used as dispersion
medium of a range of low-dimensional nanomaterials, appear to also apply to the dispersion
of BC, a material in which aggregation is due to combination of van der Waals and H-
bonding forces. Equation 1 implies that since stable dispersions of BCN are produced in
organic solvents with surface energies close to 75 mJ m~, the surface energy of BC must be
close to 75mJ m™. We note, however, that it is difficult to find suitable organic liquids to test
BC dispersibility with higher surface energy values. Whilst the potential sonochemical
degradation of solvents should be considered, particularly when designing assemblies for
particular applications™, there is a clear trend with surface tension. Thus, an accurate measure
of BC’s surface energy is essential to ensure the dispersion route outlined in equation 1 is
valid for BC and furthermore to demonstrate that this route toward liquid-phase exfoliation

can be applied to systems that are not bound solely by van der Waals forces.
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Figure 2: Concentration of BCN dispersed in various organic liquids plotted against liquid

surface tension (0) and surface energy (y).

Inverse gas chromatography (IGC) was used to determine the surface energy of BC. Whilst
numerous techniques have been reported to measure the surface tension of natural fibres, it
seems that those based on the analysis of measured contact angles are unsuited to the natural
fibres with an irregular geometry.* Using IGC, the surface energy of a packed bed of freeze-
dried BC is determined from measured retention times, t, (and corresponding retention
volumes, V,) for a series of known probe molecules eluting through a column packed with
the target material (in this case, BC). A series of n-alkane probes was used to determine the
dispersive component of BC’s surface energy, yp, using a model introduced by Schultz et

al.;¥

1

1
AG = RTInVy = 2No(ya)? a(va,)* +C )

where AG is the Gibbs free energy of adsorption, T the column temperature, R the gas
constant, N, Avogadro’s number, y;,, the dispersive free surface energy of the adsorbate (the
probe) in the liquid phase, a the molecular cross-section of the adsorbate, and C a constant.
Thus, y,, can be determined from a plot of RTInV, vs. a(yp,)"”?. Figure 3a shows data recorded
by IGC where probe molecules covered 6% of the BC surface. The dashed line is a fit to

these data, which corresponds to a y,, value of 42.3 mJ/m”.
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Figure 3: (a) Free-energy of adsorption (RTInVy) as a function of dispersive energy of
IGC probe vapour (y,”) and the probes cross-sectional area (a). These data correspond
to 6% BC surface-coverage. A series of n-alkanes is shown by the solid squares and
specific probe molecules are represented by open squares. The dotted line is a fit of the
n-alkane data used to determine the dispersive surface energy of the solid sample (as
shown by equation 2). (b) Dispersive and specific surface energy (ethanol used as probe
solvent) of BC as a function of BC surface-coverage. Data to the right of the dashed line

results from n-alkane fits where R*> 0.99.

As outlined previously, BCNs aggregate through a combination of van der Waals and H-
bonding forces.” Thus, the total surface energy of BC will reflect the energies required to
disrupt both van der Waals interactions and other specific interactions. The dispersive
component of surface energy, y,, of BC determined by IGC accounts for van der Waals
interactions and does not incorporate the contribution of specific interactions, such as H-
bonds, to BC’s surface energy. To measure the total surface energy of any material we can
crudely sum the dispersive term, vy, and the specific terms, ysp.43 Y, can be determined using

IGC, as AG,, using:



AG, =RTInV,-RTInV 3)

i.e. the difference of RTInV , for the specific probe and the corresponding dispersive reference
line (as shown in figure 3a). The value for AG,, is given in kJ/mol, which can be converted to

mJ/m* using™:

A — (4)

Measured values of y,, are not intrinsic to the solid as they rely on interaction between the
probe and the solid surface. They do, however, give an excellent indication of the solid’s
specific surface energy. Specific surface energies were measured for a number of probe
molecules: y,,(ethanol) = 36.5 mJ/m* and Yp(1-propanol) = 30.1 mJ/m*. One can sum 7y, and
Y,, terms to give a rather crude figure for the total solid surface energy®. Depending on the

specific probe, the total surface energy for BC ranges from ~72 — 79 mJ/m”.

In general, published values of dispersive surface energy cellulose (as measured with IGC)
are higher than those presented in this work. Papirer et al.* report y,, values up to 52.3 mJ/m’
for microcrystalline cellulose and claimed dispersive and specific surface energies of
cellulose scale with the degree of cellulose crystallinity. These authors also showed specific
probes capable of H-bonding with cellulose to yield higher specific surface energy values
(y4=78.6 mJ/m”* for ethanol (16.7 kJ/mol)) than other specific probes that are not capable of
such H-bonding. Elsewhere, y,, values for BC of 61.0 mJ m™>“” and 65.4 mJ/m*“” have been
reported. These values are higher than those for other forms of cellulose, a result attributed to
the effects of crystallinity.*”® It is worth noting that for these studies, IGC measurements were
made at infinite dilution, where solvent molecules preferentially probe high-energy sites
leading to high values of surface energies. In the current work, we intended to measure the
surface energy of BC as seen by solvating molecules and, therefore, need to measure surface
energy at finite dilution (higher surface coverage). Edge sites and defects will have different
energies than ‘bulk’ surface sites. IGC allows the measurement of a surface energy profile of
a heterogeneous solid sample by injecting precise amounts of probe molecules to yield a
certain surface coverage of the sample. Nanomaterials often have a higher degree of
heterogeneity, as edge and vertex sites represent a greater fraction of the total surface area.
To investigate how surface energy (both yy, and v,,) of BC depends on the degree of sample-

coverage the probe molecule achieves, IGC measurements were made for a range of surface



coverages. Figure 3b shows y, and y,, values fall sharply as adsorbate surface-coverage
increases and then reach a plateau. Measured values of v, and y,, at low surface coverages are
consistent with values for BC referenced above. The surface energy in the plateau region is a
far more informative figure for dispersibility studies, where interaction with a liquid will be
across most, if not all of the surface®”. Assuming that the plateau value from figure 3b of 79 +
7 mJ] m?, can be extrapolated to the fully solvated situation,” there appears to be good
agreement with the dispersibility study shown in figure 2, which suggested that solvents with
surface energies of ~75 mJ/m’® were best for dispersing BC. The broad overlap of BC surface
energy values (as measured by IGC) with the surface energies of solvents that yielded stable
BC dispersions (as shown in figure 2) suggests that the approach of matching the surface
energy of the dispersion medium to that of BC, to disperse BC to their constituent BCN, is
valid. Whilst not every organic liquid that fulfils this criterion will produce BCN dispersions,

the method is an excellent aid for identifying new dispersion media.
Neat Cellulose Films

In order to ascertain the effect of BCN dispersant choice on the mechanical properties of
processed material, BC was dispersed in a range of organic liquids (and water) and processed
to form pure BCN films (nanopapers) by vacuum filtration against a Nylon membrane. Well-
formed, free-standing BCN films (approx. 1.5 mg in mass) were obtained (typical photograph
shown in figure 4a), with a porous nanofibrous architecture clearly visible via helium ion
microscopy (figure 4b). Based on envelope density, the films were found to have a porosity
in range of 40-70%, directly after vacuum drying (table 2). The tensile properties of the BCN
films are shown in figure 5a (and table S2). Tensile strengths and moduli of films with a
porosity of around 40% reached up to 114 + 12 MPa and 2.2 + 0.7 GPa, respectively. These
values are lower than those reported elsewhere for films hot compacted against a
hydrophobic surface during drying (which prevents the film from shrinking). Considering the
low-density/high-porosity nature of the films reported herein, however, the mechanical
properties are within the range of mechanical responses for cellulose films, as reviewed by

Moon et al .



(a) v (b)

Figure 4: (a) Photography of a typical BCN film and (b) Helium ion image of BCN

porous network; both prepared using NMP as the solvent.

Table 2: Density and porosity of BCN films. Mechanical response of these films is

shown in figure 5.

liquid N Pfilm Porosity, %

(kg/ms) (P)

N-Methyl-pyrrolidone (hot 8 | 1084+113 28+3

pressed)
Ethanol amine 7 | 929+48 38+2
N-Methyl-pyrrolidone 7 | 909487 3944
Cyclohexanone (hot pressed) | 9 | 836+102 4445
Ethylene Glycol 7 | 83174 45+4
Dimethyl-formamide 7 | 810+36 46+2
Dioxane 7 | 570%52 62+6
Cyclohexanone 7 | 462+100 69+15
Water 9 | 852%152 43+8
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Figure 5: (a) Representative stress-strain curves of individual BCN films prepared by
N-Methyl-pyrrolidone (NMP) (black), cyclohexanone (red) and ethanolamine
(magenta). (b) Representative stress-strain curves of individual BC papers prepared by
ethylene glycol (green), Dimethyl-formamide (DMF) (blue), dioxane (orange) and water

(wine).
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Figure 6: Young’s modulus of BCN films prepared in a variety of solvents as a function
of paper density. The function Young’s modulus o< ¢’is fitted to the data. The clear data

points correspond to BC papers that have been hot pressed.



Several factors have been shown elsewhere to affect the mechanical response of pure
cellulose films, including orientation of the constituent fibrils,”® porosity,” the density of

>>>* the fibril morphology and moisture content.” This breadth

contact-points between fibrils,
of factors gives one excellent opportunity to engineer films as required for further

applications.

In the current experiments, the Young's moduli of the films scale with the square of the BC

paper density (figure 6). Such a square-dependence is consistent with a well-ordered

hierarchical structure as opposed to the Eoc @’ trend observed for more disordered structures.”

Recent work by Qui et al.”

on low-density graphene structures also observed a density-
squared relationship with Young’s modulus. If we consider BCN films to be random planar
networks of rigid fibres, where exfoliation of the constituent fibrils is essential to their overall
mechanical performance, we can draw analogies with the considerable body of work
published for single-walled carbon nanotube (SWNTSs) films. The mechanical behaviour of
SWNT films was correlated with the SWNT-SWNT junction-density by Blighe et al.”’
accounting for the fact that mechanical properties of these films are most likely controlled by
a combination of nanomaterial size and porosity. Whilst the constituent SWNTs are
extremely strong, the mechanical properties of a film made from them will be limited by the

properties of the weakest links, the junctions of criss-crossing nanotubes. The number of

junctions per volume, N;, was given by:

2

16 (1-P
NJ“3_E( D3)

)

where P is the porosity of the film and D the average diameter of the nanomaterial. The
tensile strength, Young’s modulus, and toughness of SWNT films were shown to scale
linearly with (1 — P)?/D3. One might expect that films of neat BCNs should show a similar
dependence if nanofibril junction density controls their overall mechanical response. To test
this hypothesis, the mechanical response of BCN films was plotted against the number of
junctions per volume, N;, for each paper. AFM was used to measure the average bundle
diameter of the BC nanofibrils (with statistics shown in figure S2). Figure 7a shows that
Young’s modulus of BCN films indeed scales with N;. Whilst it has been demonstrated that
the Young’s modulus of low-density films scales with the film density, this work shows that
reducing the average diameter of the constituent BCN fibres dramatically improves the

modulus of the film, by increasing the density fibril/fibril junctions.



The tensile strength of the BCN films also scaled with N; (Figure 7b). Blighe et al.”’ also
demonstrated that the average force required to break a junction in a SWNT film, f;, could be
determined from a fit of tensile strength, o, against N,. Speculating that any film fracture
involves the breaking of junctions in a volume, Vi ~ AL, where A is the film cross-sectional
area and L the mean fibre length and that, on fracture, every bundle in this volume breaks

half its junctions, gave the film strength as:

a'\/f]TLN]. (6)

Fitting this equation to the data in 7b gives f; ~ (366 = 90) pN, where L. was measured from
AFM images of the dispersed BCN material (in NMP), <L> = (1.35 + 0.40) um. This value
of f; for the BCN film compares with that of f;,~ 113 pN for a film of SWNTs. The higher
value of f; for the BCN film is not surprising when one considers the combined effects of H-
bonding and van der Waals forces between BCNs. If we consider a junction of 2 bundles with
an overlap area of 100 nm’, then the energy required to separate the 2 nanofibrils to a
distance of 100 nm is ~3.66 x 10" J, corresponding to a surface energy of ~ 183 mlJ/m’.
Inverse gas chromatography data suggests the surface energy of bacterial cellulose is ~79 mJ
m™. One might expect the calculated value of the surface energy (from f;) to be an
overestimate as it assumes perfect contact between two BCNs in a junction. Considering the
very approximate nature this calculation, these two figures for BCN surface energy show

surprisingly good agreement.

The relationship shown in figures 7a,b between the mechanical response of neat BCN films
and the bundle number density, N, of the film, suggests that one can control the mechanical
properties of a film by carefully controlling the extent of BCN dispersion from which the
films/nanopapers are being produced. Moon et al.’s extensive review’ on cellulose
nanomaterials shows the mechanical properties of neat BCN films to be strongly influenced
by issues including pellicle purification, compaction pressure, drying temperature, and
pellicle defibrillation. This paper adds to that work showing the extent of BCN exfoliation (as
given by the bundle junction density) to have significant impact on the film’s mechanical

behaviour.
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are fits of the data. The clear squares correspond to films that have been hot-pressed.



Conclusion

In this work, bacterial cellulose was exfoliated from its primary fibres to its constituent
nanofibrils (BCNs) by liquid phase exfoliation. The highest concentrations of dispersed BCN
were found for liquids whose surface energies matched the surface energy of BC (as
measured by inverse gas chromatography). In this regard, the dispersibility of BC appears to
follow a similar trend to the dispersiblity of other low dimensional nanomaterials such as
graphene and single-walled carbon nanotubes. Whilst the predictive power of this route to
exfoliated BCN is not absolute, it is a guide to uncovering new dispersion media for this
intractable material. Notably, the ability of IGC to measure heterogeneity plots, and hence
indicate the likely surface energy at realistic coverage, is an important advance in the current

context and many others.

Pure films of BCN produced from dispersions, in various solvents, showed a strong
correlation between the mechanical response of the film and the degree of BCN exfoliation
(expressed as a BCN bundle junction-density). Our findings suggest a novel means to control
the mechanical properties of BCN films, by considering and optimising the junctions within
the films. In the same way that the approach has been inspired by work on SWNTs, similar

arguments and strategies are likely to apply to other nanomaterial systems.
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