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In this work, we investigated the effect of adding surfactant mixtures on the rheological properties of
TEMPO-oxidized cellulose nanofibril (OCNF) saline dispersions. Three surfactant mixtures were studied:
cocamidopropyl betaine (CAPB)/sodium dodecyl sulfate (SDS), which forms wormlike micelles (WLMs);
cocamidopropylamine oxide (CAPOXx)/SDS, which forms long rods; and CAPB/sodium lauroyl sarcosinate
(SLS), which forms spherical micelles. The presence of micelles in these surfactant mixtures, independent
of their morphology, leads to an increase of tand, making the gels less solid-like, therefore acting as a
plasticizer. WLMs were able to suppress strain stiffening normally observed in OCNF gels at large strains.
OCNF/WLM gels have lower G’ values than OCNF gels while the other micellar morphologies have a
reduced impact on G’. The presence of unconnected micelles leads to increased dissipative deformation
in OCNF gels without affecting the connectivity of the fibrils, while the presence of entangled micelles
interferes with the OCNF network.
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1 Introduction

Soft materials and complex fluids are ubiquitous materials in
modern life. Ever present in food and health-care products,
additives are employed as tools to tailor the right rheological
response according to the end applications. The rheological
behaviour of these additives is not simply determined by the
intrinsic properties of their components, but how their 3D
structure interacts and is shaped at different length-scales.
Physical hydrogels are of particular interest, as their self-
assembled 3D-structures are maintained by a fine balance
of transient interactions. By playing with this balance, the physical
properties can be tuned. One way to influence the gel network
self-assembly is to combine different types of networks in order
to guide or restrict their self-assembly." Cellulose nanofibrils, a
type of nanocellulose, can form colloidal networks.>* In plants,
cellulose is found as a tightly bound pack of nanosized fibrils,
which, once individualized, provide a renewable source of
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nanoparticles, also called nanocelluloses.*” These nano-

celluloses can be roughly divided into two main groups: cellulose
nanofibrils (CNFs), obtained via mechanical disintegration, and
cellulose nanocrystals (CNCs), obtained from acid hydrolysis of
plant-based cellulose. CNFs have lengths of a few hundred
nanometres and cross-sections of up to tens of nanometres,
leading to particles with very large aspect ratios, while CNCs
are generally shorter cylinders.” Nanocelluloses can be readily
surface modified, allowing an exceptional level of tailoring to
specific applications.®*® A common modification is TEMPO-
mediated oxidation,"" 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. The resulting
oxidized cellulose nanofibrils (OCNFs) are anionic nanoparticles
capable of forming stable dispersions of individualized nanofibrils
in water. OCNF dispersions can undergo gelation due to changes
in the aqueous environment such as addition of alcohols,'
surfactants,">'* salts,">™® or block copolymers,'® and changes
in pH**?* or temperature.”® Surfactants are capable of self-
assembling in solution to form supra-molecular aggregates
that can adopt a myriad of forms.>* Spherical micelles are the
most common morphology, but cylindrical, lamellar and vesicle
morphologies can form given the right environment.*® Of parti-
cular interest are the long and flexible cylindrical micelles,
commonly named wormlike micelles (WLMs), as their rheo-
logical behaviour is similar to that of polymers and they are
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able to form entangled networks, imparting strong viscoelastic
properties to the solution.>>>® A convenient way to obtain WLMs
is through surfactant mixtures, as the range of mixed micellar
aggregates accessible can be controlled by tuning the mixture
composition. Also, the system can benefit from the surfactants’
individual properties.”® Combinations of surfactants are also
more relevant to commercial and technological products, which
usually contain a multitude of components.”” To obtain the
WLMSs, we chose to work with the mixture of cocamidopropyl
betaine and sodium dodecyl sulphate under saline conditions.>®
Cocamidopropyl betaine is one of the most common foam
boosters used in shampoos, mainly due to its mildness and
ability to form WLMs.”® In this work, we combine both con-
tributions: colloidal networks from OCNFs and WLM entangled
networks from the surfactant mixtures. We studied the influence
of surfactant mixtures on the gelation behaviour of OCNFs
under saline conditions. Three mixtures, offering three different
micellar morphologies were studied: cocamidopropyl betaine
(CAPB)/sodium dodecyl sulphate (SDS), cocamidopropylamine
oxide®® (CAPOx)/SDS and CAPB/sodium lauroyl sarcosinate®’
(SLS). Under saline conditions, CAPB/SDS mixtures will form long
rodlike micelles and, under the right conditions,*® generate an
entangled network of wormlike micelles (WLMs), while CAPOx/
SDS formed shorter cylinders and CAPB/SLS formed spherical
micelles. OCNF alone also gels under saline conditions.'® Salt is
a common component in formulations where these surfactants
and their mixtures are employed. The use of sodium chloride as
the salt of choice both serves to induce the different micellar
morphologies observed as well as imitate a common environment
in applied uses. We explored the impact of the WLM entangled
network on the OCNF network in contrast with other micellar
aggregates also obtained from these surfactant mixtures. The gels
obtained were studied via rheology and small-angle neutron
scattering, providing insights on the benefits of combining these
two networks and the presence or absence of cross-interactions
between the micellar and nanoparticle networks.

2 Materials and methods
2.1 Materials

TEMPO oxidized cellulose nanofibrils, OCNFs, with an ~25%
degree of oxidation, produced from purified softwood fibre
processed via high pressure homogenization, were kindly
provided by Croda Europe Ltd. These were further purified by
dialysis against ultra-pure water (DI water), 18.2 MQ cm, for
24 h. Then, the dispersion was acidified to pH 3 using HCI
solution and dialysed (cellulose dialysis tubing MWCO 12400)
against DI water for 24 h. The dialysed OCNF was processed
via mechanical shear (ULTRA TURRAX, IKA T25 digital, for
30 minutes at 6500 rpm) and the pH was adjusted to 7 using
NaOH solution and further dialysed against DI water for 3 days.
The DI water was replaced twice a day. This leads to the
formation of a sodium-salt, as all -COOH groups on the OCNF
are now converted to -COONa. After a second dialysis step, the
dispersion was diluted to ca. 2 wt% and dispersed using a
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sonication probe (Ultrasonic Processor, FB-505, Fisher). 40 mL
of the 2 wt% dispersion was sonicated via a series of 1 son 1 s
off pulses for a total time of 60 min at 30% amplitude in an ice
bath. Sodium dodecyl sulfate, SDS, (>99.0%), N-lauroylsarcosine
sodium salt, SLS, (>99.0%) and sodium chloride, NaCl, (>99%)
were obtained from Sigma-Aldrich and used without further
treatment. Commercial grade cocamidopropyl betaine (CAPB,
Crodateric CAB 30-LQ-(MH), 30% aqueous solution, batch No.
1189504) and cocamidopropylamine oxide (CAPOx, Incromine
Oxide C-LQ-(MH), 25% aqueous solution, batch No. 838616)
were kindly donated by Croda Europe Ltd. CAPB and CAPOx
were freeze-dried and redispersed before use. All samples were
prepared by dilution of the aqueous stock dispersions and
concentrations are given in weight/weight. Samples for small-
angle neutron scattering experiments were redispersed in D,O
(Sigma-Aldrich, 99.9 atom% D) from freeze-dried stock. All
samples are in 1 wt% (ca. 173 mM) NaCl solutions. Samples
were measured within 4 days of preparation. This time window
allows the samples to reach a steady-state while minimizing
chances of microbial contamination.

2.2 Methods

Rheological measurements were conducted using a stress-
controlled Discovery Hybrid Rheometer, Model HR-3 (TA Instru-
ments, USA) equipped with a sand-blasted 40 mm parallel plate
geometry over a sand-blasted lower plate. Temperature was
controlled via a Peltier unit (0.1 °C) and kept at 25 °C. A thin
layer of low viscosity mineral-oil was added to the edge of the
geometry to prevent sample evaporation. Oscillatory amplitude
sweeps were done at a fixed angular frequency (w) of 6.28 rad s~ *
and amplitude strain (y) from 0.01 to 100%. Frequency sweeps
were conducted at an y of 0.1%, within the linear viscoelastic
range, covering the o of 0.01 to 50 rad s~ '. All samples were
measured between 24 and 48 h after preparation. Small-angle
neutron scattering (SANS) measurements were conducted using
the time-of-flight diffractometer instrument SANS2d at the STFC
ISIS Neutron and Muon Source (Didcot, UK).>* Incident wave-
lengths from 1.75 to 16.5 A were used with a sample-to-detector
distance of 4 m, corresponding to a total scattering vector range
g from 4.5 x 107> to 0.75 A ~'. The sample temperature was
controlled using an external circulating thermal bath (Julabo,
DE). The scattering intensity was converted to the differential
scattering cross-section in absolute units using ISIS standard
procedures.*® Samples were loaded in 1 mm path length, 1 cm
wide optical quartz cells.***> Contrast match experiments were
done at 15 wt% D,O, which is the contrast match point for the
surfactant mixtures. All other SANS experiments were done in
100 wt% D,O. SANS data were fitted using SASView*® or
internally developed routines written in FORTRAN."® The inten-
sity I(g) can be written as follows:

1(q) o P(q)S(q) 1)

with P(gq) being the form factor of the objects studied, giving
information about their shape and S(q) being the structure
factor associated with the interactions between the objects
probed. Concerning OCNF, a detailed description of the data
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treatment for oxidized cellulose nanofibrils under water or
saline conditions has been published by Schmitt et al.*® Briefly,
the nanofibrils are modelled as rigid cylinders with an elliptical
cross-section (eqn (2)),””** wherein R, (A) is the major radius
of the fibrils, ¢ is the ellipticity of the cross-section (& = Ryin/Rmaj),
and L (A) is the length of the fibrils.

P(q) = P(qumaj78yL76) = <FCSZ(qumajy8)>a'Prod[qu) [2)

where

do

2r/2 2J; <quaj (sin2 0 + &% cos? 9)1/2)
n

FCS 617R aj €) = —
(4 R £ 0 qRunaj (sin® 0 + &2 cos? 9)1/2

is the contribution associated with the elliptical cross-section
and

is the contribution from the length of the fibrils, with

Si(x) = J

*sin u

du

0o u

J1 is a first order Bessel function and ¢ represents the poly-
dispersity in size of the cross-section, following the Schulz-
Zimm distribution."®

This decoupling between length and cross-section can be
achieved due to the random distribution of orientation of the
fibrils, and because Ry, < L/5.

Fibril-fibril attraction was modelled using the PRISM
model,*® with vgp, < 0 being the strength of the attraction.

Depending on the surfactant used, micelles in saline solution
can be shaped as spheres, (CAPB/SLS), rodlike particles (CAPOx/
SDS) or even WLMs (CAPB/SDS). Spherical micelles are defined
by their radius R (A), and the polydispersity in size ¢.*° The form
factor used to describe spheres (eqn (3)) is:

P(Q,R,U) = <Fsphere2(qaR)>o (3)
where

3[sin(¢R) — ¢R cos(qR)]
(¢R)?

where V(R) is the volume of a sphere of radius R.

Interactions between spherical micelles are modelled using
the hard-sphere repulsion model, with ¢gs being the volume
fraction of micelles interacting (in %) and Rys > R being the
hard-sphere radius of interaction. For SLS, the Hayter-Penfold
mean spherical approximation was used instead of hard-spheres
to model the electrostatic interactions between micelles. This
model uses the parameter Z, the value of the charge (in elec-
trons), and ¢;,, the volume fraction of micelles interacting (in
%), to describe the interactions.*"*>

For rodlike micelles with a cross-section radius R, length L
and polydispersity in radius ¢, the intensity can be described
similarly to that for OCNFs without interaction, hence using the

Fsphere (q, R) = V(R)
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form factor given in eqn (2), with ¢ = 1 for a spherical cross
section. Finally, wormlike micelles can be modelled as flexible
cylinders. This can be obtained by replacing the term P,,q in
eqn (2) by Pgex = (9,L,Pxunn), which depends on the length, L, of
the flexible cylinder and byynn, the Kuhn length of the wormlike
micelle. A complete description of Py can be found in ref. 37
and is not repeated here.

Similar to OCNFs, rodlike micelles can experience repulsion,
modelled via the PRISM model,>® where vgpa > 0 is the
strength of the repulsion and R. > R is the cross-section radius
of interaction. WLMs are modelled using the same parameters,
but adding the Kuhn length byypn, (in A; with R < brupn < L).
The Kuhn length is defined as twice the persistence length of the
WLMs, i.e., the length scale where WLMs can be considered as
rigid. Details of modelling of spherical,*"** rodlike®® or worm-
like micelles®” can be found elsewhere. Radial polydispersity
improved the fittings for the CAPB/SLS mixtures. For the other
systems, polydispersity was not considered as it did not result
in better fitting of the data. In the case of mixtures of OCNFs
and micelles, the signal is modelled as a sum of the two
contributions, without adding any extra contributions from
OCNF-micelle interactions. This is a simplified calculation of the
intensity but one that is sufficient to describe the data accurately.

Raw data is available on University of Bath Research Data
Archive.**

3 Results and discussion
3.1 Surfactant behaviour

In this work, we studied the impact of the micellar morphology
on the gelation properties of TEMPO-oxidized cellulose nano-
fibrils (OCNFs). We focused on three surfactant mixtures,
CAPB/SDS, CAPOx/SDS and CAPB/SLS, as each of these forms
a different type of micelle. Before covering the OCNF/surfactant
hydrogel systems, we present a brief characterisation of
the surfactant solutions on their own. Here, we establish the
baseline behaviour of the individual surfactants first, as a
prerequisite to determining how they interact with the OCNF
network. The solution behaviour of SDS micelles is well
established.'****>® They are expected to be ellipsoidal objects
with half axes of 13 x 23 x 23 A, in solutions with salt
concentrations smaller than 0.5 M NaCL*? For the three other
surfactants studied in this work, CAPB,*®*%%7™%9 CAPOx, and
SLS,*° the information available is more limited. We con-
ducted SANS experiments at three different concentrations
above the critical micellar concentration (CMC) for each of
these surfactants. The CMC value for SLS at 25 °C in water is
12.7 mM;* for CAPB, at 25 °C in 0.2 M Nacl, it is 5.6 mM;’! and
for CAPOx at room temperature in 1 wt% NacCl, it is 0.06 mM
(measured as part of this work via surface tension - Fig. S1,
ESIt). The SANS data for the CAPB and CAPOx solutions at all
concentrations can be adequately fitted using a spherical
model with a hard-sphere structure factor*®* (Fig. 1A and B).
They form spherical micelles of similar dimensions, radius
R =23+ 1and 24 + 1 A for CAPB and CAPOx, respectively.
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Fig.1 SANS curves and fits for (A) CAPB, (B) CAPOx and (C) SLS as a
function of the surfactant concentration in 1 wt% NaCLl

No interaction was needed to fit the lowest concentration
while a small increase in the repulsion is observed with
concentration; nonetheless, this is found to be very weak
(fitted parameters are in Table S1A and B, ESIt). The anionic
surfactant, SLS, forms spheres of radius R = 19 £ 1 A and
evidenced stronger interactions, which are better described
using a structure factor for charged spheres, in this case the
Hayter-Penfold mean spherical approximation (MSA)*"*?
(Fig. 1C and Table S1C, ESI}). Overall, the shape and dimen-
sions of the micelles did not show any significant change over
the concentration range studied: 20 to 60 mM (Fig. 1A-C). All
surfactants studied have a hydrocarbon tail containing twelve
carbon atoms, thus the difference between them lies in the
headgroups. CAPB and CAPOx micelles, within the error, have
the same shape and size. The headgroups are of a similar
nature, betaine for CAPB and an amine oxide for CAPOx. The
main difference between these surfactants lies in the charge
distribution in the headgroup, CAPOx has a N — O dative bond,
which has higher polarity than a covalent bond but not a formal
charge separation, making CAPOx a non-ionic surfactant. For
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Fig. 2 SANS curves and fits for (A) CAPB/SDS, (B) CAPOx/SDS and (C)
CAPB/SLS as a function of the surfactant concentration in 1 wt% NaCl.

CAPB, charge separation is present in the betaine headgroup,
but the net charge is zero. However, the differences between
them are small enough to not affect the morphology of
the single surfactant micelles. SLS micelles are significantly
smaller, having a shorter and more compact headgroup than
the other surfactants. A more in-depth discussion of the pure
surfactant phase diagrams is outside the scope of this work, but
this topic has been studied in depth elsewhere.”® The mixtures
of surfactants, however, showed a wider range of micellar
morphology. In Fig. 2, the SANS data and fittings are presented
for the mixtures CAPB/SDS, CAPOx/SDS and CAPB/SLS as a
function of the concentration. We kept an equimolar ratio
while changing the overall concentrations to give solutions at
20/20, 40/40 and 60/60 mM surfactants. At first glance, the
mixtures can be split into two groups depending on the
cosurfactant, with either SDS (Fig. 2A and B) or with SLS
(Fig. 2C). For CAPB/SDS and CAPOx/SDS, the data were fitted
using a combination of a semi-flexible cylinder*” form factor
and a random-phase approximation structure factor.'®>*>3
The fittings suggest long, rodlike, strongly interacting micelles
for both CAPB/SDS and CAPOXx/SDS mixtures. The length of the

This journal is © The Royal Society of Chemistry 2020
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micelles, however, lies outside of the g-range accessible by the
measurement and cannot be determined from the SANS data. It
was arbitrarily fixed as 1000 A. From the fittings (Table S2A and
B, ESIT), we obtained the cross-sectional radius for the rodlike
micelles, R = 18 A, for both CAPB/SDS and CAPOx/SDS, and the
vrpa coefficient, which provides insights on the magnitude and
type of interactions (vgps > 0 repulsive, vgps < 0 attractive).
However, the magnitude of vgps depends on the micelle length,
which was arbitrarily fixed. Therefore, only relative changes
within a given series will be discussed. At 20/20 mM, vgpa = 16.2
was obtained for CAPB/SDS and vgpy = 64.2 was obtained for
CAPOx/SDS, showing that strong interactions are present in
both cases but CAPOx/SDS micelles show apparently stronger
repulsive interactions. As the actual value of vgps will depend
on the length of the micelle, the stronger repulsive interactions
for CAPOx/SDS compared to CAPB/SDS at the same concen-
tration can either be described by a stronger interaction or
longer micelles, or even both. While the SANS data cannot
provide information about the length of the micelles, the
rheological behaviour of the mixtures can add further clarifica-
tion. Systems formed by long flexible cylinders such as poly-
mers and WLMs will form entangled networks above an overlap
concentration. These entangled networks have a characteristic
rheological profile. They follow the behaviour expected for a
Maxwell fluid.>*° In Fig. 3, we present the frequency sweep for
both CAPB/SDS and CAPOXx/SDS at 60/60 mM in 1 wt% NaCl. All
of the single surfactants and the mixture CAPB/SLS showed
Newtonian behaviour, however the CAPB/SDS solution shows
the characteristic behaviour of a Maxwell fluid, associated with
wormlike micelles.?>?® In this case, a two-element Maxwell
model was used to satisfactorily fit the data. CAPOx/SDS solu-
tions showed very weak viscoelasticity close to the operational
limit of the rheometer, which could not be satisfactorily fitted
with a Maxwell model. A likely explanation is that CAPOx/SDS
micelles are short rods, not long enough to generate an
entangled network at the concentration assayed. The high
repulsion observed via SANS also suggests they are not flexible
cylinders. One cause for the lack of flexibility is a highly

10" g . .
10”4 E
[Q]
o
5 10 ]
N
O
0% . L7.%, . °<60/60 mM - NaCl 1wt%]
. = CAPB/SDS
. * CAPOX/SDS
10° T T T
0.1 1 L, 10
o/rad-s

Fig. 3 Oscillatory shear frequency sweeps for CAPB/SDS and CAPOx/SDS
solutions at 60/60 mM surfactant in 1 wt% NaCl (G’ closed symbols,
G" open symbols). Lines displaying the fitting to a two-element Maxwell
model are drawn to guide the eye.
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charged surface, since repulsive electrostatic interactions
would lead to a loss of flexibility. As discussed earlier, the
amine oxide group from the CAPOx headgroup has a N—O
dative bond, which has no formal charge separation, which
could result in weaker electrostatic interactions with SDS than
the betaine headgroup in CAPB, where formal charges are
present. Even though CAPB and CAPOx have no net charge at
the experimental pH (neutral), the local charge distribution of
the CAPB headgroup should be more effective at reducing
electrostatic repulsion than the CAPOx headgroup.

For the CAPB/SLS mixture, as shown in Fig. 2C, the data
were fitted with a combination of a sphere form factor’® and a
Hayter-Penfold MSA (charged spheres) structure factor.*™*?
The fittings resulted in spherical micelles of R = 24 + 1 A in
radius, essentially identical to CAPB micelles except for the
enhanced interactions, due to the charge contribution of SLS.

3.2 OCNF/surfactant systems

The effect of anionic surfactants on OCNF gelation has been
previously studied by our group.’*'* In this work, we focus on
the contribution of CAPB and CAPOx, both alone and in mix-
tures with either SDS or SLS. In Fig. 4, the SANS curves for CAPB,
CAPOx and SLS in 1 wt% OCNF/1 wt% NaCl are presented for
three surfactant concentrations, 20, 40 and 60 mM. The surfac-
tant contribution is strong in the SANS pattern dominating the
overall signal, however the OCNF signal is still clearly present.
The curves can be described by the addition of spherical
micelles, using the previously established behaviour for CAPB,
CAPOx and SLS (Fig. 1), plus the contribution from OCNF
(without polydispersity for the cross-section), Rmaj = 53 £ 1 A,
fixed length = 1600 A and ¢ = 0.24 + 0.02, as established in a
previous study,'® adjusting the scale factor and vgps. These
results show that the OCNFs and the surfactant micelles in these
systems are not disturbed by the other’s presence and that no
strong interactions (either attractive or repulsive) between them
are present at this length scale. The extracted rgps parameter
associated with OCNF is negative, —1.9, in all of the scattering
patterns from OCNF/CAPB, OCNF/CAPOx and OCNF/SLS, which
is in line with the expected attractive interactions of OCNFs in
saline solutions."® The OCNF does not affect the morphology of
the single surfactant micelles, nor is the OCNF network sensitive
to the type of surfactant used. The rheological behaviour, how-
ever, is strongly affected by the presence of the surfactants
(Fig. 5A-C). OCNF in saline solutions is known to form gels
due to strong attractive interactions.’® The addition of either
CAPB or CAPOXx leads to a significant reduction of G’ and G” but
without affecting the overall gel behaviour, with G’ » G” for
all concentrations of surfactant, suggesting that the micelles
disrupt the OCNF network. SLS (Fig. 5C) has a smaller effect,
increasing G’ slightly at 20 mM, with a further concentration
increase leading to a reduction of G'. A likely scenario is that the
micelles populate the interstices of the OCNF network and
disrupt the network connectivity by imposing a steric barrier to
OCNF interactions.

The combination of OCNF and the surfactant mixtures
(CAPB/SDS, CAPOx/SDS and CAPB/SLS), however, leads to more
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visible changes in the OCNF gel behaviour. In Fig. 6A-C,
oscillatory frequency behaviour for the three mixtures as a
function of the surfactant concentration is shown. Based on
the previously discussed SANS and rheological data (Fig. 2A-C
and 3), WLMs, long rods and spherical micelles are formed in
CAPB/SDS, CAPOx/SDS and CAPB/SLS mixtures, respectively.
For the OCNF/CAPB/SDS mixtures (Fig. 6A), containing WLMs,
we observe a significant drop in G’ and G” when compared to
OCNF gels (Fig. 5A). An inversion of the G’ frequency depen-
dence is also observed. In the presence of WLMs, an exponential
increase, which decreases with the surfactant concentration, is
observed, while without WLMs, G” values decayed exponentially
with increasing frequency. Moreover, G’ is also more sensitive to
the surfactant concentration than G'. For both CAPOx/SDS and
CAPB/SLS (Fig. 6B and C), the impact of the micellar aggregates
on the OCNF gel network is smaller than that with the WLMs
(Fig. 6A) or single surfactant micelles (Fig. 5A and B). WLMs,
under the right conditions, form entangled networks, adding a
new relaxation process, reptation, which is not present in the
OCNF network. Based on the rheological behaviour of the
CAPB/SDS solution (Fig. 3), one can assume that the entangled
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Fig. 5 Oscillatory shear frequency sweeps for (A) CAPB, (B) CAPOx and
(C) SLS mixtures as a function of surfactant concentration in 1 wt% OCNF/
1 wt% NaCl (G’ closed symbols, G” open symbols).

network has a shorter relaxation time than the OCNF network
(Fig. 5 - black line). OCNF forms physical gels, and their
frequency sweeps show a weak frequency dependency that
translates to finite but very long relaxation times for the OCNF
network. Meanwhile, as can be seen from Fig. 3, CAPB/SDS
WLMs have a G/, G" cross-over at 1 rad s, therefore a
relaxation time of ca. 150 ms. Hence, in OCNF/CAPB/SDS
hydrogels, the WLM entangled network is capable of under-
going mechanical relaxation in a time frame much shorter than
that of the OCNF network, adding extra dissipative contribu-
tions, in the form of reptation and breaking/reforming micellar
dynamics, to the system. This leads to the observed increase of
G" in addition to the drop in G’ due to the steric constraints
imposed on the OCNF network by the micelles.

Only a small drop in G’ is observed for CAPOx/SDS (rodlike
micelles) in the presence of OCNF and a slight increase is
observed for CAPB/SLS (spherical micelles). G” is more sensitive
to the surfactant presence, as, in both cases, an increase in the
frequency dependence of G” is observed. Curiously, when
comparing spherical micelles of the single surfactant and

This journal is © The Royal Society of Chemistry 2020
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mixtures (Fig. 5A-C and 6C), their behaviour is dissimilar.
Surfactant mixtures have a smaller effect on G’ than single
surfactants and a more significant impact on G’ when comparing
systems with OCNF at the same total surfactant concentration;
40 mM single surfactants vs. 20/20 mM mixtures, with the
exception of CAPB/SLS mixtures, which showed little effect. The
literature®® suggests that synergism between CAPB and anionic
surfactants results in lower free surfactant concentrations in their
mixtures than alone, so this is unlikely to be due to free
surfactant binding to the OCNFs and changing inter-fibrillar
interactions. Another visible change in OCNF gel behaviour in
the presence of WLMs can be seen in the deformation behaviour.
In Fig. 7A-C, oscillatory strain sweeps are presented for OCNF
dispersions and OCNF/surfactant mixtures. In the nonlinear
region of the strain sweep, G” shows strain stiffening, ie., an
increase in magnitude of G” or overshooting®” in OCNF gels
(Fig. 7 - black line), which is suppressed when WLMs are present
(Fig. 7A), but the gels are unaffected by rodlike or spherical
micelles (Fig. 7B and C), apart from a decrease of the strain value
at which the stiffening of the gel occurs. This strain stiffening,
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during strain deformation, reflects an additional resistance to the
applied strain from the system.>® For the OCNF case, or generally
speaking, for charged anisotropic particles, the applied deforma-
tion leads to an increase in the orientation of the particles; below
the linear viscoelastic range (LVR), this shear induced orientation
is within the normal range of movement of the particles at rest.
Past the LVR, the shear induced orientation is hindered by the
repulsive interactions of the charged OCNFs, leading to the strain
stiffening. The WLMs could be suppressing the strain stiffening
in two ways. The added relaxation through reptation could
help to offset the stiffening as observed in interpenetrating
networks,>® or the physical presence of the WLMs could affect
the OCNF shear orientation. We note that both systems are likely
to be similar in terms of changes in ionic strength arising from
the surfactant counterions; as CAPB/SDS and CAPB/SLS are
sodium salts, they do not appear to play a role in suppressing
the strain stiffening. However, rheological data do not provide
molecular insights into these systems and since the SANS data
were collected in a quiescent state, it is therefore not possible
to provide an unambiguous clear pictorial view of the actual
mechanism or mechanisms taking place.
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The SANS data for OCNF/surfactant mixtures, however, show
that the OCNF and micelle contributions to the scattering pat-
terns are still additive. In Fig. 8A and B, SANS curves for OCNF/
CAPB/SDS and OCNF/CAPOXx/SDS systems are presented. In both
cases, the curves can be fitted using the previous surfactant
mixture scattering patterns (Fig. 2A and B) and the previously
established OCNF profile."® To clarify the effect of the WLMs
on the OCNF network in these mixtures, SANS data were also
collected in 15/85 wt% D,O/H,O mixtures (Fig. 8C). At this D,0O/
H,O ratio, the scattering length density of the surfactant is
matched to that of the solvent and the surfactant is no longer
visible. Therefore, the SANS signal originates only, or in majority,
from the OCNFs. The OCNF scattering is not affected by the
concentration of the surfactant mixtures, from 20/20 to 60/60 mM,
and it shows a weaker attractive interaction than expected at
1 Wt% NaCl, vgps = —1.1 V5. vgpa ca. —1.8, respectively.'® This
suggests that the WLMs, once in place, slightly reduce the
attractive forces between the OCNFs, but do not change the OCNF
dispersion behaviour, which would be in line with the WLMs just
creating an excluded-volume barrier to the OCNF-OCNF interac-
tions without specific WLM-OCNF interactions.
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4 Conclusions

In this work, we studied the effect of micellar morphology on the gel
behaviour of OCNFs under saline conditions. We observed that both
micellar morphology and the presence of single surfactants or
surfactant mixtures can have an impact on OCNF gel behaviour.
Small-angle neutron scattering was used to probe the structure of
the micellar aggregates within the OCNF network, showing both that
the micelles are unperturbed by the presence of the OCNF network
and that they are not interacting with the fibrils at the length scale
probed in SANS. This shows that the rheological modulation
provided by the micelles is likely due to excluded-volume effects
rather than molecular interactions. Wormlike micelles (CAPB/SDS
mixtures) had the largest impact, both reducing G’ and G” as well as
changing the moduli frequency dependence, making the gel less
stiff and more plasticc. WLMs also suppressed strain stiffening
normally observed in OCNF gels at large oscillatory strains. For
spherical micelles, the single surfactants studied (CAPB and CAPOXx)
lowered both G’ and G”, while the mixtures CAPB/SLS and CAPOx/
SDS lead to small variations in G’ and a large effect on G” frequency
dependency. These results suggest that unconnected spherical and
rodlike micelles present within the OCNF network only add to the
dissipative deformation (increase in G”) without major impacts on
the structure of the OCNF network (G’), while the WLMs affect the
connectivity of the OCNF network, leading to the drop of G’ and G”
observed. In summary, small, unconnected micellar aggregates
occupy space within the OCNF network, weakening it, likely by
reducing the connectivity of the fibril network. For long, intercon-
nected micellar aggregates, in our case WLMs, the system behaves as
a sum of the fibril and entangled network contributions, both
reducing the OCNF network connectivity and adding reptation
relaxation to the hybrid hydrogel.
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