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Solvent-induced physical hydrogels of TEMPO-oxidized cellulose nanofibrils (OCNFs) were obtained
from aqueous/alcoholic dispersions of fibrils in lower alcohols, namely, methanol, ethanol, 1-propanol
and 2-propanol. The sol-gel transition occurs above a critical alcohol concentration of ca. 30 wt% for
all alcohols tested. The rheological properties of the hydrogels depend on the nature of the alcohol: for
ethanol, 1-propanol and 2-propanol the magnitude of the shear storage modulus follows the alcohol
hydrophilicity, whilst methanol produces the weakest gels in the group. Above a second critical con-
centration, ca. 60 wt% alcohol, phase separation is observed as the gels undergo syneresis. Analysis of
small-angle X-ray scattering data shows that the OCNFs may be modelled as rigid rods. In the presence of
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lower alcohols, attractive interactions between nanofibrils are present and, above the alcohol concentration
leading to gelation, an increase of the OCNF cross-section is observed, suggesting alcohol induced
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Introduction

Self-assembly is a spontaneous natural process involving the
formation of large complex structures from existing disordered
building blocks,"* which may be directed by the intrinsic pro-
perties of the building blocks, e.g., shape and size,” as well as
specific or nonspecific attractive and repulsive interactions.®
Self-assembly is also influenced by the conditions and proper-
ties of the dispersing media, such as temperature,” polarity,®
the presence of co-solutes,” and preferential solvation.'® Self-
assembling phenomena attract great academic interest with
respect to understanding the spontaneous formation of complex
assemblies, and technological interest as a tool to build designed
materials with specific characteristics. In order to exploit the
self-assembly process to build designed smart-materials in a
“bottom-up” manner, an understanding of the interplay of these
elements is necessary.

Cellulose-based materials offer a convenient source of
renewable and cost-effective ingredients. By its very nature
cellulose is renewable, sustainable and eco-friendly."’ Among
the cellulose-based materials, nanocelluloses have shown great
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potential as self-assembling materials.’®* Nanocelluloses can

be roughly divided into: cellulose nanofibrils (CNF), obtained
via mechanical disintegration of wood pulp, hemp and flax,
amongst other plant sources; cellulose nanocrystals (CNC),
obtained from acid hydrolysis of cellulose fibrils; and bacterial
nanocellulose (BNC), produced by bacteria.

Cellulose nanofibrils have lengths of a few hundred nano-
metres and cross-sections of up to tens of nanometres, leading
to particles with very large aspect ratios.’>” The ease with
which cellulose-based particles can be surface modified offers
additional advantages, as particles can be tailored for specific
applications.’®'® TEMPO-mediated oxidation®® is a chemo-
selective oxidation of the glucosyl C6 primary hydroxyl groups
by NaOCl mediated by (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl
(TEMPO)/NaBr in water. These oxidized cellulose nanofibrils
(OCNFs) are anionic particles and form stable dispersions
of individualized nanofibrils in water.’> OCNFs can self-
assemble in an aqueous environment due to the influence of
concentration,” OCNF aspect ratio,”* co-solutes, such as
surfactants,'® salts,”*>?® or block copolymers®” as well as
pH.>#7% This flexibility makes OCNFs a good choice as building
blocks in self-assembled hydrogels.

In this work, we studied the influence of low molecular
weight alcohols on the self-assembly of OCNF dispersions.
Above a critical alcohol concentration, OCNFs undergo gelation
and eventual phase separation and this phenomenon can be
related to nanoscale structural changes. Lower alcohols, such
as ethanol or propanol, are commonly used in aqueous formu-
lations, either to impart specific effects, e.g. ethanol in sterilising
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hand-cleansers, or to affect the solubilisation of active ingredients,
which would not be soluble in water alone, thus this fundamental
study also serves to enhance the understanding of the use of
OCNFs as a formulation ingredient and rheology modifier.

Experimental

Materials

TEMPO oxidized cellulose nanofibrils, OCNFs, ~25% degree
of oxidation, produced from purified softwood fibre processed
via high pressure homogenization, were kindly provided by
Croda®™. These were further purified by dialysis against ultra-pure
water (DI water, 18.2 MQ c¢m) and stirred at room temperature for
30 min. Then the dispersion was acidified to pH 3 using HCI
solution and dialysed against ultra-pure water (cellulose dialysis
tubing MWCO 12400) for 3 days with the DI water replaced twice
daily. The dialysed OCNF suspension was processed via mechanical
shear (ULTRA TURRAX, IKA T25 digital, 30 minutes at 6500 rpm)
and the pH was adjusted to 7 using NaOH solution. This leads to
the formation of a sodium-salt, as all -COOH groups on the OCNFs
are now converted to COONa. After a second dialysis step the
dispersion was diluted to ca. 2 wt% and dispersed using a sonica-
tion probe (Ultrasonic Processor, FB-505, Fisher), via a series of
1 s on 1 s off pulses for a net time of 5 min at 60% amplitude
(ca. 300 W) in an ice bath. The resultant material was concentrated
to 3.0 wt% by the removal of solvent on a rotary evaporator at 60 °C
and 10 mmHg for approximately 2 hours. Methanol, ethanol,
and 1- and 2-propanol (all >99.8% purity) were obtained from
Sigma-Aldrich UK and used as provided. Ultra-pure water, resistivity
18.2 MQ cm, was used throughout.

Methods

All samples were prepared by dilution of OCNF aqueous stock
dispersions and concentrations are weight/weight.

Rheological measurements were conducted on a stress-
controlled Discovery Hybrid Rheometer, Model HR-3 (TA Instru-
ments, USA) equipped with a crosshatched 20 mm parallel plate
geometry over a sandblasted lower plate. Temperature was
controlled via a Peltier unit (+£0.1 °C). A thin layer of low viscosity
silicone-oil was added to the edge of the geometry to prevent
evaporation. Oscillatory frequency sweeps were conducted at a
strain (y) of 0.5% covering the angular frequency () of 50 to
0.01 rad s~ ". Flow curves were measured from 0.01 to 10 s~ ". All
experiments were conducted at 25 °C.

Scanning Electron Microscope (SEM) images of cellulose
aqueous and alcoholic dispersions (0.8 wt%) were obtained
using a JEOL JSM6480LV SEM (Jeol, USA) at 10 kV. Aqueous
dispersions were freeze-dried, mounted on adhesive carbon
tape and gold sputter-coated prior to imaging of the fibrils.
The alcohol dispersions in methanol (100%) or ethanol (100%),
prepared by solvent exchange, were sliced into 2 x 2 cm
squares, critical point dried from the alcohol and sputter-
coated with gold.

Small-angle X-ray scattering (SAXS) measurements were
conducted at the Diamond Light Source beamline 122 using a
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PILATUS 2 M (Dectris, Switzerland) detector. The X-ray wave-
length used was 1 A, corresponding to an energy of 12.4 keV,
and the accessible g-range was 0.006 to 0.6 A~'. Data were
reduced, and solvent and capillary contributions were subtracted,
using the Dawn software.>' Experiments were conducted at room
temperature. All data were fitted using internally developed
routines written in FORTRAN. The data were fitted using a
model of interacting rigid cylinders with elliptical cross sections
and uniform scattering length density.*>*® The fitting para-
meters for the form factor of the fibrils are the major and minor
radii of the cross-section of the cylinders, Ry.x and Ruyin,
respectively, and the length of the fibrils, L. Polydispersity of
the cross section was not modelled. The effect of interactions
on the scattering was calculated using the PRISM model,** with
the parameter vyp,, proportional to the concentration of cylinders,
describing the strength of the interactions between the cylinders
(the local excluded volume radius around each site being
neglected for weak interactions). A detailed description of this
model and its use for modelling cellulose based gels has been
published by Schmitt et al.*®

Results and discussion

Aqueous OCNF dispersions containing four low molecular
weight alcohols, methanol, ethanol and 1- and 2-propanol, were
studied. Mechanical behaviour was probed by both small-
amplitude oscillatory (SAO) and flow shear rheology. SAO shear
rheology offers insights into the quiescent structure of the
dispersions, which enables the sol-gel transition to be probed
on a macroscopic scale. The four alcohols tested resulted in
similar rheological behaviour regarding the sol-gel transition,
thus the figures presented focus on ethanol/water systems, with
data pertaining to other alcohols contained in the ESLi Two
main behaviours can be readily observed with the increase of
ethanol content: the storage modulus (G') increases with the
alcohol content and becomes less frequency dependent, indicated
by the shallower slope of the curves, as illustrated for ethanol in
Fig. 1A and for the other alcohols in the ESL# Fig. S1. The change in
frequency dependence marks the change from a dispersion to a
physical gel, reflecting the transition from a finite relaxation time to
an infinite relaxation time (completely flat curve, G’ constant).
Generally, hydrogels can be divided into two groups: physical and
chemical gels. The former are maintained by transient interactions,
the latter by chemical bonds. For physical gels, G’ will generally
show some frequency dependence due to the dynamic nature of
the transient interactions in contrast to the more static character of
covalent bonding in a chemical gel.*®

The increase of G’ with increased alcohol concentration
marks the progressive increase of the “stiffness’” of the system,
which can be seen as an increase of the connectedness of
the OCNF in the dispersion. This could arise both from the
formation of a connected network of fibrils or loss of mobility
due to an increase of excluded volume. The variation of G’ is
not linear, as a sudden increase can be observed at around
30-40 wt% depending on the alcohol (ESL* Fig. S2). The
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(B) Dependence of G’ (M) and tand (@) on the ethanol content of OCNF aqueous ethanol dispersions at 6.28 rad s
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tangent of the loss angle, J, is defined as the ratio of loss
modulus to storage modulus (tand = G”/G’). Therefore, the
parameter tan ¢ indicates the balance between inelastic defor-
mation, associated with the liquid-like behaviour, and elastic
deformation, associated with solid-like behaviour. Thus, it can
be used as an indicator of the gelation threshold, as tané < 1
implies dominance of solid-like behaviour. This critical change
in G’ observed is also followed by a critical change in tan J, and
marks the gelation threshold for each alcohol (Fig. 1D).

Of the four low molecular weight alcohols studied, at 50 wt% of
alcohol, methanol produces the weakest hydrogels, in terms of G’
values, while ethanol yields the strongest, with 2-propanol exhibit-
ing the second highest G’ values (Fig. 1C). The capacity for inducing
gelation, however, does not correlate with the hydrogel gel strength.
Methanol and 1- and 2-propanol show rather similar behaviour
(Fig. 1D), where tan 6 becomes <1 at around 20-30 wt% alcohol,
whereas ethanol concentration must increase above 30 wt% to yield
tand values <1. Excluding methanol, a correlation can be estab-
lished between the G’ values measured for the hydrogels and
alcohol hydrophobicity, as described by the 1-octanol/water parti-
tion coefficient (log P,y), which increases in the order methanol <
ethanol < 2-propanol < 1-propanol®” (Table 1). The more hydro-
philic alcohol (ethanol) produces the highest G’ value, while the
most hydrophobic one (1-propanol) produces gels with the lowest
G’ value (Table 1). Methanol, however, deviates from this trend: it is
the most hydrophilic alcohol yet produces the weakest hydrogels.

To probe the effect of OCNF concentration on the gel pro-
perties, the alcohol concentration was kept constant at 50 wt%
and the OCNF concentration varied from 0.4 to 1.2 wt%. The
frequency sweeps obtained are shown in Fig. 2A. For this con-

This journal is © The Royal Society of Chemistry 2018

Table 1 Log P, values for the alcohols tested and G’ and alcohol con-
centration at the gel point for OCNF alcohol dispersions

logPy>”  G'%/Pa Gelation concentration wt%?
Methanol —0.77 6.0 +5 18 +£2
Ethanol —0.31 461 + 37 33 +3
2-Propanol 0.05 265 + 21 19+ 2
1-Propanol 0.25 87 £7 22 2

“ G’ values for OCNF water/alcohol dispersions at 50 wt% alcohol
content. ° Alcohol concentration required to gel OCNF water/alcohol
dispersions.

centration range, all the samples studied showed tand < 1
(Fig. 2B) reflecting a dominance of solid-like behaviour in all
dispersions to OCNF concentrations as low as 0.4 wt%. G’ values
show rapid growth as a function of the OCNF concentration for
all alcohols studied up to 1.0 wt% (Fig. 2C); at 1.2 wt%, methanol
still shows a G’ increase, however, G’ drops for ethanol and
plateaus for both 1-propanol and 2-propanol (Fig. 2C).

Flow behaviour, unlike SAO rheology, does not preserve the
quiescent state. In this mode, the network that sustains the gel
is disrupted to an extent that is related to the shear applied. The
dependence of apparent viscosity (1) versus shear rate () is
presented in Fig. 3 for ethanol and in the ESI# Fig. S4, for the
other alcohols. Both aqueous and aqueous/alcoholic dispersions
of OCNFs are shear-thinning. The dispersions show similar x
values at higher shear, but this high shear # starts to diverge for
different alcohols at concentrations above 30 wt%, suggesting the
presence of larger objects in the dispersions with higher alcohol
content, even after the gel breakdown. Thus, it appears that
elevated alcohol concentrations lead to OCNF aggregation.

Soft Matter, 2018, 14, 9243-9249 | 9245
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Fig. 2 (A) Oscillatory frequency sweeps for OCNF dispersions in water/

ethanol mixtures as a function of OCNF concentration and with a fixed
ethanol content of 50 wt%. Dependence of (B) tand and (C) G’ on the
OCNF concentration for the four alcohols studied at 6.28 rad s,

Another factor suggesting alcohol-induced aggregation of
the OCNFs is the significant syneresis observed: at alcohol con-
centrations of up to 50 wt%, physical gels, stable over several
weeks, are obtained, but increasing the alcohol concentration
to 60 wt% and above leads to phase separation into a gel and
syneresis fluid (for all except methanol) in a relatively short
period of time, of the order of tens of minutes.

SEM images (Fig. 4) reflect the aggregation-inducing ability
of the alcohols. Fig. 4A shows the freeze-dried product of a
cellulose dispersion in water, where the randomly dispersed
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Fig. 3 Flow curves for OCNF dispersions in water/ethanol mixtures as a
function of alcohol concentration and a fixed OCNF content of 1.0 wt%.

fibrils form bundles in an isotropic network. Fig. 4B and C
show supercritically dried methanol and ethanol OCNF disper-
sions, respectively. In both cases, a sheet like structure can be
observed and the fibrous structure (Fig. 4A) is no longer
distinguishable. The sheet-like structures observed in Fig. 4B
and C have been described previously for nanocellulose films*®
produced either from solvent-drying or filtration-based processes.*
This suggests that OCNFs have a tendency to aggregate into layered,

o 7 QLIPS

A \
g TOVm -
3R, 988 \16hE \ g

10Ky

Fig. 4 SEM images of 0.8 wt% OCNF dispersions (A) freeze dried from
aqueous suspension, (B) supercritically dried from methanol, and (C) super-
critically dried from ethanol.

This journal is © The Royal Society of Chemistry 2018
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axially oriented structures, possibly reflecting the influence of
the large aspect ratio of OCNFs as well as the effect of particle/
particle interactions arising with changes in the solvent, as
described here.

The presence of fibril aggregates at lower alcohol concentra-
tions was probed using small-angle X-ray scattering (SAXS)
experiments. SAXS covers a length-scale window from several
angstroms to 1000 A, which is shorter than the expected longest

OCNF 1.0 wt%
* 50 wt% EtOH
<& 40 wt% EtOH
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Fig. 5 (A) SAXS curves and fits for OCNF dispersions in water/ethanol
mixtures as a function of ethanol concentration at a fixed OCNF content of
1.0 wt%. Curves have been shifted for clarity. (B) Dependence of Rpyax (H)
and Rmin (@) on ethanol concentration. (C) Dependence of vgpa oN ethanol
concentration.
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Table 2 Interaction parameter, vrpa, and major and minor radii obtained

from fitting SAXS data using the interacting stiff rod model for OCNF
water/alcohol dispersions at 10 and 50 wt% alcohol content

VrpA Rmax/A Rmin/A
10 wt% alcohol
Methanol —2.3 + —0.2 55+ 1 14+1
Ethanol —5.4 £+ —0.2 51+1 14 +1
2-Propanol 0.0 (fixed) 64+ 1 14+1
1-Propanol —4.9 £ —0.2 52 +1 14+1
50 wt% alcohol
Methanol —2.7 £ —0.2 54 +1 17 +1
Ethanol —4.7 £ —0.2 65 +1 20+ 1
2-Propanol —4.8 £ —0.2 68 +1 18+ 1
1-Propanol —0.2 +£ —0.2 102 +1 24+1

dimension of OCNFs (thousands of A), but within the length-
scale of the fibril cross-section (several A).'” SAXS data and
curves arising from fitting of OCNF dispersions in water/ethanol
mixtures at various ethanol concentrations are shown in Fig. 5A,
and those of the other alcohols in the ESL} Fig. S4. The model
used to fit the data was that of interacting rigid-cylinders (better
described as rods, given the aspect ratio of these fibrils) with
ellipsoidal cross-sections. As the g-range does not allow the total
length, L, of the fibrils to be probed, L was fixed at 1600 A, based
on the dimensions measured from TEM images. It is worth
noting that the choice of fixed fibril length will influence the
absolute value of the parameter vgps, but will not alter the
relative values, which reflect the presence, and sign, of inter-
action.®® Both ellipsoidal radii values depend on the alcohol
content and follow similar trends to the macroscopic properties
(Fig. 5B and ESL% Fig. S5), i.e. little dependency up to 40 wt%
alcohol content, followed by a large increase of both radii at
50 wt% for ethanol and 1- and 2-propanol, with dispersions in
methanol exhibiting little change (Table 2).

This apparent radial growth of the fibril dimensions signals
a level of aggregation of OCNFs. This can also be correlated
with the level of interactions between OCNFs, which can be
modelled by the random phase approximation structure factor,
via the interaction term vgpas. These interactions are reflected in
the changes in the slope of the signal in the low angle region.
Non-interacting rods present a ¢~ ' slope associated with their
rod-like structure:* repulsive interactions would result in the
lowering of the slope and attractive interactions (which could
lead to aggregation) result in an increase in the slope. The inter-
action component of the model found by fitting the SAXS data
suggests that fibril aggregation occurs, since a change from non-
interacting OCNFs (vgpy = 0 for OCNFs at 1 wt% in water) to
attractive interactions between OCNFs (gpy < 0) is found when
alcohol is present (Table 2). It can be noted that for 2-propanol,
fits of patterns at 10 and 20 wt% showed no interactions between
fibrils (vrpa fixed at 0). Nonetheless, one can note that for this
particular alcohol, the signal at small-angle shows a strong
increase (see the ESL, Fig. S4C), which was modelled by a Porod
signal Iporoa(q) = K/q*, with K being a constant. This extra signal is
used to describe large aggregates in solution with a smooth
interface, possibly from impurities in the solution, and influence
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the extraction of the interaction parameter vgps. At 60 wt%
alcohol content, where syneresis starts to manifest, large
increases in the apparent fibril radii (Fig. 5B and ESLi Fig. S5)
and decreases in the values of the interaction parameter (Fig. 5C
and ESL} Fig. S6) suggest extensive aggregation of OCNFs, in
agreement with the observation that macroscopic phase separa-
tion (syneresis) occurs. For 1-propanol, the most hydrophobic
alcohol of this series, this decrease of the interaction parameter
can already be detected at 50 wt%, highlighting the effect of the
alcohol hydrophobicity on the gelation process.

In summary, a sol-gel transition of OCNF dispersions can be
induced by the presence of an alcohol co-solvent. The addition
of alcohol leads to an increase of the dispersion viscosity up to a
critical concentration, ca. 30 wt%, after which a sudden increase
in the values of G’ and drop in the values of tan J are observed,
related to a gelation threshold. A further increase of alcohol
content, to above ca. 60 wt%, eventually leads to syneresis. This
suggests self-aggregation of OCNFs, indicating a point where the
particle-to-particle attractive interactions lead to a compaction of
the gel, expelling solvent from the gel network. SAXS data support
the aggregation of OCNFs triggered by the presence of alcohols,
as the data collected show a slow increase in the apparent OCNF
cross-section size, followed by a sudden increase at the gelation
concentration (except for methanol). Furthermore, the SAXS data
can be fitted with a rigid rod model at alcohol concentrations of
up to 50 wt%, but this model no longer accurately reproduces the
SAXS patterns at higher alcohol concentrations. This evidence for
aggregation is in agreement with flow curves that show that,
above the critical concentration, larger aggregates are likely to be
present in the dispersions.

This behaviour is analogous, at least in part, to the lower
solubility of NaCl in alcohols. OCNF dispersions are stable due
to the electrostatic repulsion from the -COONa groups (as
OCNFs are in the sodium salt form), which are fully dissociated
in water. The zeta-potential of an OCNF dispersion at 1 wt% is
ca. —60 mV. As the alcohol content increases in the water/
alcohol dispersions, the solubility of the sodium ion in the mixed
solvent also decreases. At 40 wt% alcohol, the NaCl solubility is
ca. 13 wt% in methanol and 12 wt% in ethanol, which is half the
solubility in pure water, 27 wt%. At 60 wt% ethanol, sodium
chloride has only one quarter of its solubility in pure water; 7.2
and 6.0 wt% for methanol and ethanol, respectively.** Assuming
that sodium ions from OCNFs follow the same trend as in NacCl,
the condensation of the COO Na’ ion pair will lead to a
reduction in the width of the electrical double-layer, which in
turn, favours aggregation of OCNFs. However, the difference in
the solubility of NaCl in ethanol and methanol is not large
enough to explain the differences observed between these
alcohols, with methanol-induced gels being much weaker than
ethanol-induced gels (Fig. 1C). This suggests that other
mechanisms must also be involved. A similar gelation behav-
iour upon addition of low molecular weight alcohols has been
reported for clay platelet dispersions in water, where the clay
particles are also in the sodium-salt form."® This suggests that
this phenomenon is applicable to a range of dispersions of
surface charged (nano)particles with large aspect ratios.
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Kimura and Haraguchi suggested that gelation in the clay
platelet system was driven by the presence of water-rich and
alcohol-rich regions present in the water/alcohol mixture, ie.,
the formation of microdomains.'® Self-association of water and
alcohol molecules in alcoholic aqueous binary mixtures leading
to the occurrence of inhomogeneous clustering at short length
scales has been suggested in the literature.*** Dixit et al.*' used
neutron diffraction to provide evidence for incomplete mixing at
the molecular level in methanol/water mixtures. Wakisaka et al.*>**
used a specially designed mass spectrometer to probe mixing in
primary alcohol aqueous binary mixtures. They investigated
molecular clustering in water-ethanol, water-1-propanol and
water-1-butanol binary mixtures by analysing the mass spectra of
clusters generated through the fragmentation of liquid droplets
and suggested that the alcohols form microscale hydrophobic
environments due to preferential self-association. This phenom-
enon is observed at a lower alcohol concentration in 1-propanol
than ethanol. The formation of such micro-domains could lead
to spatial segregation of OCNFs, which would concentrate in the
diminishing water domains as the alcohol content increases and
the extent of the aggregation would be tied to the ability of the
alcohol to create these micro-domains. The presence of micro-
heterogeneities in water/alcohol mixtures has been suggested as
a trigger for gelation in various types of systems, such as proteins
in solution,*>*® and it appears that this phenomenon may be
more generally applicable. Other mechanisms could also be
involved. For instance, van Uden et al.*” observed that, for the
pressure-driven gelation of potato starch grains, alcohol-water
mixtures required higher pressure as mixtures have lower
cohesive energy than the neat solvents, affecting the starch
particle behaviour. An increase of solvent hydrophobicity, due
to addition of co-solvents, is also proposed as a mechanism for
gelation of polysaccharides, but this refers mostly to soluble
macromolecules, instead of nanoparticles.***°

Conclusions

In this work, solvent induced gelation of OCNF dispersions
in water/alcohol mixtures (methanol, ethanol and 1- and
2-propanol) was investigated at the macro and nano-scales.
Bulk rheology points to the ability of low molecular weight
alcohols to trigger physical gelation of the OCNF dispersion
above a certain critical alcohol concentration. While all four
alcohols tested were able to induce gelation, the gel rheological
properties depend on the nature of the alcohol: excluding
methanol, the gel bulk rheological properties were correlated
with the alcohol hydrophilicity, with the most hydrophilic alcohol
studied, ethanol, producing the strongest gels and the most
hydrophobic one, 1-propanol, producing the weakest gel. Infor-
mation derived from fitting of SAXS data suggests that the gel
formation is driven by aggregation of OCNFs, as the presence of
alcohol increases interactions between nanofibrils, leading to a
sudden increase in the apparent radii describing the OCNF cross-
section, which correlates well with the critical concentration for
gel formation and phase separation.

This journal is © The Royal Society of Chemistry 2018
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