7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Multiscale study of the chiral self-assembly of
cellulose nanocrystals during the frontal
ultrafiltration processf
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The structural organization of cellulose nanocrystal (CNC) suspensions at the membrane surface during
frontal ultrafiltration has been characterized, for the first time, at the nano- and microscale by in situ small-
angle X-ray and light scattering (SAXS and SALS, respectively). During filtration, the particles assembled at
the membrane surface and formed the so-called concentration polarization layer (CPL), which contains
CNCs arranged in a chiral nematic (cholesteric) helicoidal structure, with the long axis of the CNCs oriented
parallel to the membrane surface, and the helical axis of the cholesteric structure oriented perpendicular to
the membrane surface. The self-organization of CNCs in the form of oriented cholesteric structures was
further characterized by a pitch gradient in the CPL. The structure of the CPL was also investigated upon
release of the transmembrane pressure. SAXS data revealed a relaxation process associated with a diffusion
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of the CNCs from the membrane surface towards the bulk, while SALS measurements revealed a re-organ-
ization of the cholesteric phase that was preserved all along the deposit. The preservation of the observed
structure after 14 days of continuous filtration followed by air-drying was confirmed using scanning electron
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Introduction

Emerging climate issues are driving the search for alternatives
to fossil resources, with an emphasis on the use of renewable
resources.” This concerns all sectors of industry, including
those using nanoparticles. In this context, the focus has been
on exploiting particles that are both biosourced and bio-
degradable.”> Among the variety of available particles, cellulose
nanocrystals (CNCs) have seen renewed interest in recent
years. CNCs are rods with a 3-20 nm width and a length
ranging from 100 nm to several micrometers, depending on
the cellulose source, resulting in an aspect ratio L/D ranging
from 10 to 100.> They are prepared by acid hydrolysis of cell-
ulose fibers, generally using sulfuric acid that imparts nega-
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microscopy and wide-angle X-ray diffraction, demonstrating the feasibility of the process scale-up.

tively charged sulfate half-ester surface groups, which are
responsible for the electrostatic repulsion at the origin of the
colloidal stability in aqueous suspension.? Furthermore, CNC
suspensions exhibit a liquid-crystal behavior. Above a critical
concentration and below the onset of physical gel formation,
the CNCs self-organize into a chiral nematic (cholesteric)
assembly. This results in a phase separation between an upper
isotropic phase and a lower anisotropic phase.””” The latter
phase contains CNCs in a left-handed, helicoidal arrangement.
The helical pitch corresponds to a rotation of 360° of the direc-
tor (common alignment axis of the anisotropic/anisomeric par-
ticles) and depends on the strength of the colloidal inter-
actions between the CNCs.*° This helical organization imparts
specific optical properties to the materials, especially when the
pitch is of the order of the wavelength of visible light. This is
particularly true in Nature, where the color of many living
organisms comes from the interaction between visible light
and their complex nanometric structure.'®™*® Controlling the
pitch is therefore a key factor in obtaining good mechanical
and photonic properties.’®'” The pitch size can be tuned by
varying parameters such as the intrinsic properties of the
CNCs (source, treatment, surface modification),’®2° their
volume fraction,?"** or the ionic strength.?*">® The addition of
other particles like dopants®” can also change the pitch value.

This journal is © The Royal Society of Chemistry 2024
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The preparation and processing methods have some effect on
the pitch value, including the drying conditions,*®" the use
of external fields (sonication,® magnetic field’**%), blade
coating,’*** 3D printing,*® electrospinning,®” or electrophor-
etic deposition.?®

An alternative approach based on vacuum membrane fil-
tration (VASA) has been applied to CNC suspensions to
produce iridescent films with a helical structure.®* Other
studies have investigated the phenomena occurring during
membrane filtration of CNC suspensions to optimize and
control this structuring process. For example, the organization
of CNC suspensions in the so-called concentration polariz-
ation layer (CPL) near the membrane surface was characterized
by in situ small-angle X-ray scattering (SAXS).*°™** Jin et al. fil-
tered a CNC suspension by tangential ultrafiltration, revealing
the formation of a concentrated organized layer of CNCs near
the membrane surface.*' Using a similar method and in situ
SAXS characterization during the filtration of the CNC suspen-
sion, Semeraro et al. demonstrated an exponential relationship
between concentration and anisotropy as a function of the dis-
tance from the membrane surface in the CPL."> However, all
these previous works have only focused on the filtration of
CNC suspensions at the nanometer scale. A more comprehen-
sive understanding of the structuring process is needed to
promote and improve the properties of CNC-based materials.

Past experiments were carried out with a multiple lengths-
cale approach, either in static conditions to determine the
angle of rotation of neighboring CNC pseudo-layers in choles-
teric structures’ or under flow,*® which provided new insights
on the interpretation of the typical three-regime rheological
behavior of liquid crystalline CNC suspensions reported
earlier.>®*”~>3 However, the in situ evolution of the CNC micro-
structure in the CPL during filtration, relevant for characteriz-
ing optical properties at larger lengthscales than nanometers,
remains unexplored.

In this work, a multi-lengthscale approach was applied for
the first time by combining in situ SAXS and small-angle light
scattering (SALS). The analyses were first carried out on sus-
pensions to establish their phase diagram and their intrinsic
characteristics at rest and at equilibrium. In situ SAXS and
SALS analyses were then implemented to characterize the evol-
ution of the structural organization of the CNCs accumulated
near the membrane surface during frontal ultrafiltration.
Different conditions were explored by varying the filtration
and/or relaxation times and the initial concentration of the fil-
tered suspension. Based on these results, a concentrated
deposit was prepared under optimized filtration conditions,
dried, and characterized by scanning electron microscopy
(SEM) and wide-angle X-ray diffraction (WAXD).

Materials and methods
Cellulose nanocrystals

CNCs were purchased from the UMaine Development Center
(University of Maine, USA) as an aqueous suspension with a
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stock concentration of 11.5 wt%. This suspension was soni-
cated at 130 kJ ¢! L™ (Branson Digital sonifier, Emerson
Electric Company, USA) to break the CNC aggregates. The
11.5 wt% sonicated suspension was diluted with deionized
water to reach the desired concentration. The dimensions of
the CNCs were measured from transmission electron
microscopy (TEM) images of negatively stained preparations
with a JEOL JEM-2100 Plus microscope operating at 200 kV.
Typical TEM images are available as ESI (Fig. S1f). In this
study, the same CNC suspension as that used by Mandin
et al.** was used, i.e. with CNCs that were 127.4 + 34.1 nm-long
and 10.9 + 2.6 nm-wide, corresponding to an aspect ratio of
12.3 + 4.3 (Fig. S27).

Phase diagram

To determine the phase diagram, CNC suspensions at
different concentrations were placed in 2 mm quartz cuvettes
(Hellma Analytics, Germany) sealed with parafilm and left to
rest for 48 h (a sufficient time to reach complete phase separ-
ation). Photographs were taken with a camera (KY-F55B, JVC,
Japan) with the quartz cuvettes placed between crossed polari-
zers illuminated by white light (Fig. S37). In this configuration,
the anisotropic cholesteric phase at the bottom of the sample
was birefringent. The volume occupied by the cholesteric
phase was measured by image analysis using Image]. The per-
centage of anisotropic phase at each concentration ratio was
calculated as the ratio of the thickness of the cholesteric phase
to the total thickness of the suspension in the quartz cell.

In situ characterization

Frontal ultrafiltration. The filtration experiments were
carried out in filtration cells manufactured in Laboratoire
Rhéologie et Procédés (Grenoble, France). For SAXS measure-
ments, the filtration cell was made of transparent polycarbo-
nate as previously described**™** (Fig. 1B) while the dedicated
cell for SALS experiments was made of poly(methyl methacry-
late) (Fig. 1C). In both cases, the cell consisted of a rectangular
channel measuring 100 mm x 4 mm x 8 mm (L x W x H),*%**
divided into two chambers separated by a metal grid support-
ing a poly(ether sulfone) membrane (M, = 100 kDa, Orelis
Environnement, France) (Fig. 1A). z was defined as the dis-
tance between the membrane surface and the beam measure-
ment point. Position z = 0 corresponded to the edge of the
membrane surface in contact with the metal grid. The CNC
suspension was injected into the upper chamber of the cell
from a high-pressure tank (Millipore). Purified compressed air
was applied to the rig to impose a transmembrane pressure
AP = 1.2 x 10° Pa. Then, for a given filtration time, the pressure
was released to study the deposit relaxation (AP = 0 bar). Due
to the difference in techniques and beam size, the measure-
ments were carried out separately and the deposition was
observed at different times. The permeate flux was recovered
from the lower chamber and measured with a balance (Precisa
400 M, France) (Fig. 1A).

Frontal ultrafiltration and small-angle X-ray scattering
(SAXS) measurements. The SAXS measurements were carried

Nanoscale, 2024, 16, 19100-19115 | 19101


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02840f

Open Access Article. Published on 23 September 2024. Downloaded on 12/23/2025 11:10:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Q& 100 mm

View Article Online

Nanoscale

A) Vy *

8 mm

zipper chamber
X-Ray or

Z . distance between membrane
surface and beam

Membrane

Lower chamber

Fig. 1 Scheme (A) and photographs of the filtration cells used for SAXS (B) and SALS (C) experiments.

out on the TRUSAXS instrument at the European Synchrotron
Radiation Facility (ESRF, ID02 beamline, Grenoble, France).
The samples were analyzed at room temperature at a wave-
length 4 = 0.1013 nm corresponding to an energy of 12.230
keV. The sample-to-detector distances were 1.5 and 10 m, cov-
ering a total g-range of 0.02 to 2 nm™" (eqn (2)). The measure-
ments were performed using a pinhole collimation setup avail-
able at TRUSAXS, with a beam cross-section (FWHM) of
approximately 26 pm vertically and 56 pm horizontally at the
sample position.

The samples were analyzed in situ in static conditions in
quartz capillary cells and under frontal filtration in a dedicated
ultrafiltration cell (Fig. 1B). In both cases, the incident beam
passed through the cells. The two-dimensional scattered inten-
sity patterns were recorded on a photon-counting pixel array
detector (EIGER2-4M, Dectris, Switzerland). The scattering pat-
terns were normalized to an absolute scale following a stan-
dard procedure.>® For all samples, background and solvent
scattering were subtracted from the signal before analysis,
thus obtaining the absolute scattered intensity 1(q).

During filtration, the transmembrane pressure was applied
for 49 min at AP = 1.2 x 10’ Pa, then released in order to study
the relaxation for 37 min. At the same time, 2D scattering pat-
terns were recorded through the cell at different z positions
and times. The vertical scan along z started at 100 um, which
corresponded to the minimal distance above which the SAXS

19102 | Nanoscale, 2024, 16,19100-19115

data were available, as previously described.*®*"** Vertical
scans along z were performed during filtration, with the SAXS
patterns collected every 25 pm from z = 100 to 500 pm and
every 200 pm from z = 500 to 5600 pm. The 1D scattered inten-
sity profile I(g) was calculated by azimuthal averaging of the
normalized scattering patterns. Before the filtration of CNC
suspensions, the cell was filled with deionized water. The nor-
malized background scattering was first recorded and systema-
tically subtracted from the scattering patterns of the CNC sus-
pensions. The azimuthal averages of the scattering patterns
were calculated after patching the gaps between the detector
modules using the SAXS Utilities software.>® The anisotropy in
the 2D patterns was analyzed using the MATLAB-based Small-
Angle Scattering Evaluation Tool (SASET) software.>®
Specifically, the model-free principal component analysis
(PCA) method provided values for the anisotropy ranging from
0 for isotropic suspensions to 1 for fully aligned systems, quan-
titatively comparable to the commonly used order parameter.’®
The anisotropy degree and the direction of maximum scatter-
ing y, were calculated via the PCA method in the 0.02 to
2 nm™" g-ranges.

In order to measure the concentration profile in the CNC
suspension as a function of filtration time and distance z from
the membrane surface, the data were analyzed using the
method described in a previous work.** First, ten suspensions
of known concentration from 1 to 10 wt% were probed by

This journal is © The Royal Society of Chemistry 2024
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using a flow-through capillary cell with a diameter of 2 mm to
establish the evolution of the scattered intensity as a function
of CNC concentration. The scattered intensity I(g) was analyzed
to measure the average interparticle distance d between the
CNCs using the following formula:

d = 21/ gpeak (1)

where gpcak is the position of the maximum scattered intensity.
From this analysis, the average interparticle distance was
related to the known initial concentration as shown in Fig. 2B.

Small-angle light scattering (SALS) measurements. The light
scattering setup was built as described elsewhere and schema-
tized in Fig. $4.1*®°” The filtration cell used in this setup pre-
sented the same geometry as the one used for SAXS. The SALS
setup consisted of a 2 mW He-Ne laser with a wavelength of
632.8 nm and a Fresnel lens to collect the forward scattered
light. The detector was an AV MAKO G-419B POE monochrome
digital camera from Allied Vision equipped with a CMOS
sensor (2048 x 2048 pixels, 11.3 x 11.3 mm?). The scattering
patterns were recorded by the camera via a homemade soft-
ware (Mathworks, USA). From the 2D SALS patterns, the scat-
tered intensity was regrouped and averaged using the
SAXSUtilities2 software.”® The modulus of the scattering vector
is given by:

q = (4nn/4) x sin(6/2) (2)

where 1 is the wavelength of the light in the sample in nm, 8
the scattering angle in degree, and n the refractive index of the
suspending medium (n = 1.333 for water). The light scattering
measurements covered a g-range from 6 X 107" to 4 x 107°
nm™.

During the experiments, the laser beam was directed per-
pendicular to the cell walls, through the sample that scattered
on the Fresnel lens (Fig. S41). For the filtration, the same CNC
suspension at 6 wt% was filtered for 4.5 h at a transmembrane
pressure of 1.2 x 10° Pa. At this concentration, the presence of
a cholesteric anisotropic phase (83 vol%) made it possible to
observe the characteristic pitch peak in the SALS profile
throughout the filtration experiment. The laser beam spot size
was about 250 pm, which allowed accessing the first measure-
ment inside the deposit when the thickness of the deposit was
at least thicker than 500 pm. Under the selected filtration con-
ditions, this height limit was reached after 34 min of filtration.
At this time, a concentration profile from z = 500 pm to larger
z distances inside the filtration cell was accurately measured.
The 2D scattering patterns were recorded vertically with
250 um z-steps at different filtration times using a micrometric
stage that allowed moving the filtration cell vertically in front
of the laser beam.

The scattered intensity collected by the Fresnel lens was
focused toward the camera and recorded. The azimuthal
averages of the scattered intensities were calculated over the
g-range from 6 x 10™* to 4 x 107> nm™".>” In addition to SAXS
measurements, the SALS patterns allowed determining the
evolution of the deposit structure as a function of the operat-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) Phase diagram of the CNC suspensions (48 h at rest, prepa-
ration in ultrapure water, room temperature. (B) Evolution of CNC
average interparticle distance as a function of concentration (C) evol-
ution of pitch as a function of CNC concentration.

ing parameters in situ and during filtration. In order to
measure the concentration profile in the CNC suspension as a
function of filtration times and distance z from the membrane
surface, nine suspensions of known concentrations from 2.0 to

Nanoscale, 2024, 16,19100-19115 | 19103
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10.4 wt% were measured in 2 mm-thick quartz cuvettes
(Hellma Analytics, Germany). This calibration allowed estab-
lishing the evolution of the scattered intensity as a function of
CNC concentration. The radial average scattered intensity 1(q)
was analyzed to measure the pitch value of the cholesteric
Pas:

P = 47/ qpeak (3)

where gpeak corresponds to the position of the maximum scat-
tered intensity. From this analysis, the pitch distance P (um)
was related to the known initial concentration.

Ex situ characterization

Scanning electron microscopy (SEM). After filtration, the
supernatant was removed and the concentrated deposit
formed during filtration was dried inside the filtration cell.
The deposit was fractured at room temperature and the frag-
ments were attached to carbon pellet-coated pads. The surface
of the deposit and the fracture surfaces were coated with Au/
Pd using a Baltec MED 020 sputtering machine and the indi-
vidual surfaces were observed in secondary electron mode with
a Thermo Scientific FEI Quanta-FEG 250 microscope equipped
with a field-emission gun and operating at an accelerating
voltage of 2.5 kV. Characteristic structural distances were
measured from the SEM images using Image] (National
Institute of Health, USA).

Wide-angle X-ray diffraction (WAXD). The solid deposit was
cut into thin strips with a razor blade and fixed on a 0.5 mm
collimator in such a way that the plane of the strips was
oriented parallel or perpendicular to the X-ray beam. The solid
deposit was analyzed under vacuum using a Philips
PW3830 generator operating at 30 kV and 20 mA (Ni-filtered
CuKa radiation, 4 = 0.1542 nm). Two-dimensional patterns
were recorded on Fujifilm imaging plates read with a Fujifilm
BAS 1800-II bioimaging analyzer.

Results and discussion
Characterization of the CNC suspensions

The CNC phase diagram is shown in Fig. 2A. Below C; =
2.7 wt%, the CNCs were organized into an isotropic phase,
while above C, = 8 wt%, only the anisotropic cholesteric phase
was present. Between these two concentrations, the samples
were biphasic with an isotropic upper phase, and an aniso-
tropic lower phase (Fig. S5A7).

The CNC suspensions were analyzed by SAXS and SALS.
The integration of both SAXS (Fig. S5Bf) and SALS (Fig. S5C¥)
patterns allowed determining the evolution of the CNC inter-
particle distance (or swelling law, Fig. 2B) and the pitch of the
cholesteric organization (Fig. 2C), respectively, as a function of
concentration. The average interparticle distance decreased
with increasing concentration, reaching a minimum of 30 nm
at the highest measured concentration of 10.4 wt% (Fig. 2B).

19104 | Nanoscale, 2024, 16, 19100-19115
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This swelling law followed a decreasing power law with con-
centration (C in wt%) given by:

d=97.45xC™%° (4)

The power law exponent close to 0.5 is characteristic of a
signal from long cylinders or rodlike colloids in a nematic
arrangement.’® In addition, Fig. 2C shows that the pitch P of
the cholesteric structures followed a decreasing power law with
concentration C given by:

P=12823xC7%° (5)

The pitch decreased from 9.3 um at the lowest concen-
tration of 3 wt% to 2.9 pm at the highest measured concen-
tration of 10.4 wt%. The coefficient of the power law is —0.9,
close to —1 which is the coefficient found by Parker et al.
under almost the same conditions (measurement of CNC sus-
pension in flat capillaries using light diffraction).’® d and P
values were determined for each concentration from SAXS and
SALS data and the rotation angle of CNCs in the cholesteric
structures was determined by combining these values. The
rotation angles increased with increasing CNC concentration
(Fig. S71), as previously shown by Schiitz et al.”

Filtration monitored by in situ SAXS

Under pressure. A 6 wt% CNC suspension was filtered in
frontal mode with a transmembrane pressure AP of 1.2 x 10°
Pa. The filtration process was monitored in situ by SAXS over
the entire z-height of the filtration cell and at various times.
Fig. 3A shows the 2D SAXS patterns recorded after 23 min of
filtration. Typically, the scattered intensity was maximum close
to the membrane surface (z = 25 um) and sharply decreased
with increasing z-height up to z = 425 um. This reflects a gradi-
ent in CNC concentration along the filtration deposit. The con-
centration in the deposit was quantified from the analysis of
the I(g) curves (Fig. S8t). The scattering curves displayed scat-
tering peaks, arising from the short-range positional order of
the CNCs. The concentration in the CPL as a function of dis-
tance from the membrane surface from 0 to 4825 pm, and fil-
tration time from 0 to 49 pm was determined from the posi-
tion of the peak maximum gpe.x and by using eqn (1) (Fig. 3B).

At the start of filtration (¢ = 0 min), the concentration was
homogeneous over the entire height of the filtration cell, with
a value of 5.7 wt% (close to the initial concentration of the sus-
pension). When the transmembrane pressure was applied, the
concentration near the membrane (z = 25 pm) increased by a
factor of 4 during filtration, from 5.7 wt% at ¢ = 0 min to
23 wt% at ¢t = 49 min. The compactness of the near-membrane
concentrated deposit was determined by plotting the interpar-
ticle distance as a function of the distance to the membrane
surface for different filtration times (Fig. S9t). Typically, a
2-fold decrease in interparticle distance was observed during
filtration. For example, at z = 25 pm, the initial value of d =
37.8 nm decreased to 19.2 nm after 49 min of filtration.

During filtration, the thickness of the concentrated deposit
increased with filtration time, from 1200 pm at 23 min to

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 2D SAXS patterns (A) after a 23 min filtration (AP = 1.2 x 10° Pa, Tamp, SD = 10 m) (C) after a 37 min relaxation (AP = 0 Pa, Tamp, SD = 10 m).
Concentration and anisotropy profiles deduced from the analysis of the scattering intensity collected from the deposits and eqn (4), under filtration

(B) and relaxation (D).

1400 pum at 49 min (Fig. 3B). In frontal filtration, the nano-
particles progressively accumulate, forming a thicker deposit,
in contrast to tangential filtration, where shear forces near the
membrane surface limit this steady growth of the deposit over
time,****

The degree of anisotropy of the CNC structure during fil-
tration followed the same trend as observed for the CNC con-
centration. Indeed, close to the membrane, the PCA value
increased from 0.13 after 8 min of filtration to 0.31 at 49 min
of filtration (Fig. 3B). For each filtration time, the degree of an-
isotropy decreased with increasing distance from the mem-
brane surface until it reached almost 0 at the outlet of the con-
centrated deposit. This showed that the increase in anisotropy
was correlated with an increase in concentration.*’
Furthermore, the vertical orientation of the 2D scattering pat-
terns (Fig. 3A) revealed that, in the concentrated deposit, the
particles were oriented with their director parallel to the mem-
brane surface, which was induced by the pressure forces
imposed by filtration. A similar texturing effect was reported
by Semeraro et al. who monitored the tangential filtration of
CNCs by in situ SAXS.*” This orientation of CNCs parallel to
the membrane surface can also be explained by the small

This journal is © The Royal Society of Chemistry 2024

interparticle distance of 19.2 nm at z = 25 um. If this distance
is compared with the width of the CNCs (10.9 + 2.6 nm) plus
their ionic cloud surrounding the particles, it can be con-
cluded that the CNCs are forced to lie nearly parallel to one
another and parallel to the membrane surface.

During relaxation. Fig. 3C presents the 2D in situ SAXS
patterns recorded in the filtration cell at a relaxation time
trelaxation = 37 min after the release of the pressure from
1.2 x 10° to 0 Pa. At this relaxation time, the scattering
patterns were vertically oriented over a large region of the
filtration cell, from z = 25 to 2825 um, then became isotro-
pic further from the membrane. On the 2D SAXS patterns
collected close to the membrane, the scattered intensity
appeared to be more homogeneous over a larger range of z
from the membrane surface than on the 2D patterns in
Fig. 3A under pressure. This could indicate a more homo-
geneous distribution of the concentration in the deposit
near the membrane surface.

Fig. 3D shows the evolution of the deposit concentration
profile during relaxation. After 9 min of relaxation, the shape
of the profile was significantly altered, with a decrease in con-
centration from 23 to 16 wt% at the membrane surface, reflect-
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ing a diffusion of nanoparticles from the membrane surface
towards the top of the deposit. This rapid relaxation of the
deposit was also observed by Rey et al in the profiles of
relaxed LAPONITE® particle suspensions after tangential ultra-
filtration.** This relaxation in concentrated layers can be
induced by the local compression/decompression properties of
the deposit,®>®" as well as by the upward diffusion of CNCs
from the deposit to the bulk, in order to restore a homo-
geneous osmotic pressure. The thickness of the deposit also
increased by a factor of 2.5 with relaxation time (1400 pm
under pressure and 4000 pm at 37 min relaxation). This dis-
appearance of the concentration gradient within the CPL upon
cessation of transmembrane pressure has already been
reported in studies carried out on LAPONITE®®® and casein
micelle®® suspensions.

In the concentrated deposit, relaxation resulted in a conser-
vation of nanoparticle orientation over larger thicknesses than
under frontal filtration, but at a lower degree of anisotropy.
This can be seen from oriented scattering diffraction patterns
up to 2825 pm (Fig. 3C), which became more isotropic at
further distances from the membrane. A comparison of the 2D
patterns in Fig. 3A and C again revealed an increase in an-
isotropy with increasing concentration. As long as the concen-
tration remained above 10 wt%, the anisotropy remained
almost constant with a PCA around 0.25 while below this
value, it decreased to 0.1. In addition, the oriented deposit dis-
played a larger thickness under relaxation than under
pressure. In fact, under pressure, the oriented deposit had a
maximum thickness of 1250 pm, whereas, under relaxation,
this thickness reached ca. 2500 um, ie. a 2-fold increase. It
should also be noted that this organization remained very
stable for 37 min, with PCA anisotropy values between 0.2 and
0.25. As the deposit relaxed, the CNC concentration near the
membrane surface decreased, while that between 1000 and
2500 um increased. This observation was likely caused by the
particle reorganization between the pressurized and resting
states. However, the relaxation of the CNCs took place without
any change in their orientation in the deposit. Indeed, the 2D
scattering patterns displayed the same degree and direction of
anisotropy. Hence, we assumed that the particles kept their
orientation during relaxation. The hypothesis was that the con-
centration was such that the particles did not have sufficient
mobility (due to high viscosity®) in the relaxed deposit to
change their orientation, which could also be related to the
small interparticle distance between CNCs, as small as 20 to
38 nm (Fig. S91), around 2 to 4 times the width of the CNCs
(10.9 nm).

This homogenization and increasing deposit thickness with
relaxation time can be explained by the cessation of pressure
allowing colloidal forces between particles to govern the struc-
turing of the system, resulting in a homogenization of osmotic
pressure.®”®*% The system tends to return to equilibrium
throughout the volume, leading to homogenization of the con-
centration towards a given equilibrium value. Without
pressure constraints in the dilute phase, CNCs acquire a
higher degree of freedom, leading to a decrease in anisotropy.
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However, none of the previous studies investigating the
impact of relaxation during ultrafiltration studied the impact
of this relaxation on particle orientation. Our results are thus
essential to demonstrate that even after the transmembrane
pressure has been switched off, the orientation induced by the
increase in concentration under pressure in the vicinity of the
membrane surface was largely retained during relaxation, cer-
tainly due to the high colloidal interaction forces at the
reached concentration (23 wt%). Without a disturbing external
field, when the pressure was released, the forces of re-swelling
and osmotic pressure had no marked effect on the organiz-
ation of the anisotropic structure achieved at these high
concentrations.

Filtration monitored by in situ SALS

Under pressure. The 6 wt% CNC suspension was filtered for
270 min with a transmembrane pressure of 1.2 x 10> Pa. The
2D SALS patterns corresponding to a filtration time of
222 min are shown in Fig. 4A. For the shortest distances
from the membrane surface, ie. for 2z within the
500-1000 pm range, anisotropic 2D patterns oriented verti-
cally with a slight clockwise tilt were observed, which is con-
sistent with the presence of nearly vertically oriented struc-
tures (perpendicular to the membrane surface) in the
micron-range. Such data evidence the presence of a choles-
teric organization with its helicoidal axis oriented nearly ver-
tically, which is consistent with an orientation of the CNC
director aligned parallel to the membrane surface as evi-
denced at the nanoscale by SAXS. The presence of two well-
defined peaks on these scattering patterns for z values equal
to 500 and 1000 pm suggests that the cholesteric phase
exists as a single-oriented domain. For higher z values (z =
1500 and 2000 pm in Fig. 4A) the SALS patterns became
increasingly isotropic, with a shape that changed from a ver-
tically oriented oval to a circular one.*® Such observations
reflect the presence at higher distances from the membrane
of a variety of cholesteric domains that are oriented in all
directions, resulting in an overall 2D isotropic SALS pattern.
The distance between the diffraction arcs or the diameter of
the rings with respect to the center of the pattern increased
as z decreased, which is consistent with a decrease in the
pitch value due to the concentration increase revealed by
SAXS when moving closer to the membrane surface.

The slight clockwise tilt of this cholesteric axis can be
explained as follows. Compressed air was applied on one side
of the cell only, which creates a longitudinal pressure drop
along the membrane from the cell inlet to the cell outlet, indu-
cing a slight clockwise tilt of the CNCs with respect to the
membrane surface. Upon structuring induced by the trans-
membrane pressure and increasing concentration, this tilt of
individual CNCs also induces a clockwise tilt of their choles-
teric organization with respect to the vertical axis as observed
in Fig. 4A near the membrane surface.

The degree of anisotropy of the 2D SALS patterns in Fig. 4A
could not be determined due to the truncation of the scatter-
ing patterns recorded at z = 500 and 750 um (closest to the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 2D SALS patterns recorded under pressure (AP = 1.2 x 10° Pa, Tams) at the filtration time t = 222 min (A) and evolution of the concentration
and pitch profiles as a function of z and filtration time (B). 2D SALS patterns during relaxation at t = 120 min (C) and evolution of the concentration

and pitch profiles as a function of z and relaxation time (D).

membrane). However, the high anisotropy close to the mem-
brane, which decreased as one moved away from it, correlated
with the concentration decrease. This phenomenon is, there-
fore, analogous to that observed by SAXS, but on micrometric
scale corresponding to the size of cholesteric structures.

The 2D scattering patterns were integrated to obtain the
averaged azimuthal scattered intensity I(g) in order to quantify
the concentration in the deposit. These curves contained a
peak in intensity corresponding to the pitch value (Fig. S107).
As previously shown and since the pitch was directly related to
concentration (Fig. 2C), the CNC concentration along the
height of the deposit was determined (Fig. 4B). These results
highlight the formation of a concentrated deposit close to the
membrane with a concentration gradient, which is in line with
the SAXS results. The deposit layers became denser over fil-
tration time. For example, at z = 1250 um, the concentration
increased from 7.2 to 10.4 wt% in almost 2 h. The thickness of
the concentrated deposit increased from 2250 to 3000 pm in
2 h, as deduced from SAXS data. Particle concentrations
higher than 14 wt% could not be determined, since
they correspond to scattering peaks outside of the detector
range.

This journal is © The Royal Society of Chemistry 2024

Similarly, the evolution of the pitch as a function of fil-
tration time in the vicinity of the membrane showed a decrease
with increasing filtration time, from 6 to 2.5 pm in 236 min
(Fig. 4B). For all filtration times, the pitch increased with
increasing distance from the membrane surface, following an
inverse trend with the concentration.

During relaxation. Monitoring relaxation by SALS revealed
the same phenomenon of structure homogenization as
observed by SAXS, with a concentration gradient that shifted
towards increasing z as the relaxation time increased (Fig. 4D).
However, this observation is at the scale of the cholesteric
structure. In contrast to the observed structure under pressure,
the concentration far from the membrane progressively
increased during relaxation. As seen in Fig. 4D, at 3500 pm
from the membrane surface, the concentration increased from
6.2 wt% under pressure at ¢ = 270 min to 11.2 wt% after
1145 min of relaxation. This phenomenon could tentatively be
attributed to the concentrated deposit being very close to the
membrane that diffused throughout the cell during relaxation,
diluting the initially high concentration close to the mem-
brane, towards increasing distances from the membrane. It
must be noted that the regions originating from the concen-
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trated deposit maintain their initial orientation as evidenced
by SAXS at the CNC lengthscale. This was clearly visible, with
highly anisotropic 2D patterns oriented nearly vertically over a
larger region of the filtration cell up to 4500 um (Fig. 4C).
Moreover, the scattering patterns between 2500 and 4000 pm
appeared to be even more anisotropic than those observed
under pressure. This showed that the most organized layers,
which previously could not be determined near the membrane
surface, have moved upwards in the filtration cell and are now
detectable with the laser beam.

This phenomenon involving the preservation of the choles-
teric structural orientation during relaxation has not been
reported before. Cholesteric structures that were vertically
oriented close to the membrane by filtration diffuse with an
overall upward movement in the cell without any significant
change in orientation or organization. The system seemed to
exhibit an elastic behavior that would stem from high inter-
action forces within the cholesteric organization rather than a
fluid behavior, which would undergo more extensive reorganiz-
ation under the effect of diffusive phenomena. Moreover, this
occurred along the entire cell length, resulting in a homo-
geneous organization throughout the deposit, as discussed
above.

From an energy point of view, the relaxation of a twisted
cholesteric organization and its relaxation after compression
by an external magnetic force have also been studied in detail
by Dogic and Fraden.®® They mention that the formation of
the cholesteric phase is understood as a competition between
two elastic energies. On the one hand, the free energy of a
chiral nematic is lowered in a twisted state because of the
torque a chiral molecule exerts on its neighbor. Such a contri-
bution to the free energy is characterized by the “twist” con-
stant K¢. On the other hand, the creation of an elastically dis-
torted state characterized by the usual twist elastic constant
K,, increases the free energy. As a consequence, the wave-
length of the cholesteric pitch is proportional to the Kt/K,,
ratio. An evaluation of the twist constant K¢ has been obtained
from the measuring values of the twist elastic constant K,,
and the corresponding pitch.

In the relaxation phenomena depicted in Fig. 4D, the evol-
ution of the pitch shows systematically increase as a function
of the distance z from the membrane surface followed by a
constant value at the largest z distance. The corresponding
SALS pattern in the first increase is vertically oriented and, as
explained before, would suggest that the cholesteric phase
exists as a single-oriented domain. For higher z-values, the
SALS patterns became isotropic, while keeping a constant
pitch value. This would be a signature of the reformation of
isotropically distributed individual tactoids. Based on these
observations and knowledge of the twist elastic constant of the
cholesteric organization proposed in the literature, as well as
the effect of osmotic pressure induced by the concentration
gradient, it can be deduced that the relaxation in the first part
where the pitch increases as a function of z, is associated with
two simultaneous mechanisms: first, an elastic relaxation
induced by the twist elastic constant of the cholesteric
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that prompts the unwinding of the cholesteric pitch and,
second, an overall diffusion phenomenon from highly concen-
trated regions to lower concentrated regions due to osmotic
effect.

In the upper part of the relaxed sample, where a constant
pitch value was reached, tactoids separated from one another.
The relaxation phenomena would be more associated to
already existing processes well studied in the literature. For
instance, Kim et al.®” have demonstrated the important role of
surface anisotropy in morphogenesis of phase transitions in
liquid crystals by studying the complex shapes and structure of
tactoids and topological defects. The relaxation phenomena of
the individual cholesteric tactoids have been very well
described in the past. For example, Almohammadi et al.®® have
shown that their relaxation fundamentally followed different
paths, with first and second-order exponential decays, depend-
ing on the existence of splay/bend/twist orientation structures
in the ground state. They proposed that the tactoids undergo
relaxation on both shape and structure when the external flow
field maintaining them in a non-equilibrium state is released.
Convective currents can also affect the final deposition and
even the orientation assemblies as shown by Davidson et al.®®
during the drying of liquid crystal droplets. These authors evi-
denced that the drying process creates surface tension gradi-
ents accompanied by significant density and viscosity vari-
ations resulting in convective currents and the occurrence of a
phase separation within the droplet.

In this section, we have shown that starting from a 6 wt%
concentration with a high cholesteric phase fraction (80 vol%),
cholesteric structures became oriented and denser in the con-
centrated layer close to the membrane surface. In order to
investigate the behavior of the CNC suspension under fil-
tration if its initial concentration was in the isotropic region of
the phase diagram, a 2 wt% CNC suspension was subjected to
filtration under identical conditions followed by some relax-
ation measurements.

Filtration at 2 wt% monitored by in situ SALS

The 2 wt% CNC suspension was filtered under the same con-
ditions, but during much longer times. The 2D SALS patterns
at 220 h of filtration are shown in Fig. 5A. The scattering rings
showed the presence of a cholesteric structure even if, at the
initial stage, the suspension was isotropic. Therefore, like with
the filtration of the 6 wt% suspension, the concentration pro-
files were calculated from the integrated 2D scattering patterns
(Fig. 5B).

Fig. 5B illustrates the evolution of the CNC concentration at
different times during filtration as a function of distance z
from the membrane surface. A concentrated deposit formed
close to the membrane surface, characterized by a concen-
tration gradient, in line with previous results. Moreover, the
deposit layers became denser over time. For example, at a dis-
tance of 7000 pm from the membrane surface, the concen-
tration increased from 6.91 to 10.26 wt% in 77 h (from ¢ = 143
to 220 h). This densification was slower than the one observed
for the 6 wt% CNC suspension. This was explained in part by

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) 2D SALS patterns at 220 h of filtration (AP = 1.2 x 10° Pa,
Tamb); (B) and evolution of the concentration and pitch profiles as a
function of z and filtration time starting from an initial 2 wt% CNC
suspension.

the initial amount of particles, which was lower in the 2 wt%
CNC suspension, meaning that the densification of the
deposit formed by this sample took a longer time.

For the 2 wt% suspension, the same phenomenon of cho-
lesteric structure orientation as with the 6 wt% sample was
observed in the concentrated deposit. However, in the case of
the 2 wt% suspension, the cholesteric structures in the con-
centrated deposit were well arranged with a more vertically
oriented helical axis than in the case of the 6 wt% sample
(Fig. 4A and 5A). This difference could be explained by the fact
that at 6 wt%, there is already 80 vol% anisotropic phase at
rest and higher colloidal interaction forces.

At low CNC concentration (2 wt%), the self-organization
seems to be faster than at higher concentrations (6 wt%). This
change in the speed of the densification was linked to the
change in suspension viscosity (10-fold lower at 2 wt% than at
6 wt% (Fig. S117)), and stems from weaker colloidal interaction
forces at 2 than at 6 wt%.

Under the effect of an equivalent transmembrane pressure
force, the system with a slower reorganization (2 wt%) concen-
trated more rapidly and more easily towards the membrane,
inducing at the same time a higher permeation flux, promot-
ing the accumulation of particles at the membrane. This is a
well-known filtration phenomenon, for which it has been
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shown that, counter-intuitively, starting from a lower concen-
tration, higher concentrations could be reached at the mem-
brane surface at equivalent transmembrane pressure.’> This
effect results in better organization and orientation of the par-
ticles in the vicinity of the membrane because colloidal forces
are sufficiently weak compared with the pressure forces and
local flow around the anisometric particles, which causes
them to settle parallel to the membrane surface. Starting from
a higher particle concentration, here at 6 wt%, colloidal forces
and cholesteric phase reorganization kinetics are more
strongly opposed to filtration-induced concentration and
organization kinetics, and reduce the ability of local pressure
and flow forces to deposit perfectly oriented particles on the
membrane surface.

Another explanation of the better orientation of the CNCs
from a lower initial concentration could be the confinement
effect of the individual CNCs near the membrane surface. This
effect has been studied in detail by Klop et al.”® on dispersions
of fd-virus in microfluidic channels. The authors identified a
nematic transition induced by the confinement between paral-
lel plates. This effect was explained by the fact that when rods
in an isotropic phase are confined between walls, aligning
their major axis along the walls becomes entropically favor-
able, increasing the accessible space. This results in a positive
adsorption of the rods on each wall forming a nematic layer,
despite the overall concentration being below the isotropic-to-
nematic transition in the bulk. In the case of the filtration
process, this confinement effect is reinforced by the trans-
membrane pressure that induces a pressure force on the
surface of the individual CNCs.

The 2D SALS patterns recorded at 7 mm from the mem-
brane at different filtration times are shown in Fig. 6. After
70 h of filtration, no scattering was observed, which was
explained by the fact that the 2 wt% suspension was isotropic
(Fig. S57). Subsequently, over time, the concentrated deposit
grew, reaching 7 mm at 143 h, when the characteristic scatter-
ing ring of the cholesteric phase appeared without any particu-
lar orientation of the helical axis. The scattering patterns
became anisotropic over time and the distance between scat-
tering peaks increased, corresponding to a decrease in pitch
value and, therefore, an increase in concentration with fil-
tration time.

Fig. 6 shows how CPL is structured during filtration. The
occurrence of the scattering ring between 70 and 143 h is the
consequence of the increase of the CNC concentration during
filtration, leading to the formation of randomly oriented tac-
toids. Then, between 143 and 168 h, as filtration time and con-
centration increased, the tactoids both enlarged by coalesc-
ence and oriented with their helical axes nearly perpendicular
to the membrane surface, with a slight tilt due to the appli-
cation of compressed air on one side. The tactoids thus
formed an extended and continuous cholesteric region.
Finally, as filtration time increased, the pitch of this
continuous cholesteric region decreased with increasing con-
centration (168 to 220 h in Fig. 6). The coalescence of the tac-
toids to form a cholesteric continuous region with increasing
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Fig. 6 Evolution over time of the SALS pattern at z = 7 mm during filtration under AP = 1.2 x 10° Pa, starting from an initial CNC suspension at C =
2 wt% and corresponding schemes showing the appearance of the cholesteric structure with randomly oriented tactoids and then the formation of
an oriented continue cholesteric organization with the evolution of its pitch over time.

CNC concentration has previously been reported during eva-
porative drying’”' or VASA filtration” of CNC/polymer
suspensions.

The structuring of the CNCs under pressure depicted in
Fig. 6 contrasts with what was observed by Pignon et al*
under high shear followed by relaxation. In this work, a high
shear was applied to the CNC suspension and, during the first
step of relaxation, a fast build-up time was evidenced corres-
ponding to a large-scale oriented nematic domain, possibly
formed in this case because the previous high-shear forces
have disrupted the cholesteric organization. The suspension,
even at high concentration, was composed of oriented isolated
particles. This situation is different from that of a structuring
under pressure, which preserves the existence of a cholesteric
organization, as demonstrated in Fig. 6. In the case of high-
shear flow followed by relaxation, after this first step of relax-
ation and nematic organization, the system evolves by forming
an oriented cholesteric organization after about 10 min. Then,
an isotropic reorganization of the cholesteric phase occurred
after 30 min.*® These relaxation phenomena have been associ-
ated with a nucleation and growth process, according to the
work of Lettinga.”?

Relaxation at 2 wt%

The relaxation of a suspension in a dilute domain (0.7 wt%)
was studied by SAXS in previous works (ESRF report SC4177
and C. Rey thesis’*). For the relaxation of a suspension in the
dilute domain, these studies showed the same trend as the
one for 6 wt% (Fig. 3) with a loss of the concentration gradient,
and a homogenization of the concentration around a point
(Fig. S127). At the micrometric scale probed by SALS, a 2 wt%
CNC filtration experiment was carried out with frontal fil-
tration for 48 h followed by a 5 min relaxation. The results are

19110 | Nanoscale, 2024, 16,19100-19115

presented in Fig. S121 and show the same relaxation trend as
for the 6 wt% suspension, i.e. the diffusion of the concentrated
deposit towards the top of the filtration cell.

As explained before about the formation of the structuring
under pressure, starting from the dilute domain (2 wt%) or
concentrated domain (6 wt%) results in the same cholesteric
phases without formation of an intermediate nematic organiz-
ation, which could be the case if the relaxation appears after
shear quenches from co-existing isotropic and nematic phases
of a mixture of rod-like viruses and polymer in defined concen-
tration regimes as described in the literature.”” To summarize,

Fig. 7 WAXD patterns recorded along two directions of the dry CNC
deposit, as defined in (A) parallel (B) and perpendicular (C) to the
surface. The indexing is that of the cellulose Ip allomorph.””

This journal is © The Royal Society of Chemistry 2024
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the relaxation mechanisms evidenced in a concentrated
deposit obtained by filtration in the explored conditions of
pressure and membrane porosity, do not differ between the
case where the cholesteric structure was obtained from an iso-
tropic dilute sample or from a biphasic sample with the co-
existence of cholesteric and isotropic phases.

Ex situ characterization of CNC filtration deposits

In the previous sections, we have shown that the frontal ultra-
filtration of CNC suspensions resulted in the formation of
highly textured concentrated deposits exhibiting a cholesteric
structure. A 2 wt% suspension was filtered for 14 days and the
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concentrated hydrogel formed on the membrane surface was
air-dried for 48 h to form a thick self-standing deposit
(Fig. S13f). Previous works reported that starting from a
partial or complete cholesteric state (our case) avoided the for-
mation of randomly oriented tactoids during drying, which
would otherwise create defects in the structure of the final dry
material.”»”®

The deposit was characterized by WAXD along two direc-
tions. Along the y-axis defined in Fig. 7A, hence parallel to the
membrane, the pattern was strongly anisotropic and contained
arcs associated with crystallographic planes of the CNCs
(Fig. 7B). The reflections with #k0 and 00!/ Miller indices

Fig. 8 SEM images of fragments prepared by fracturing the dry CNC deposit perpendicular (A and B) and parallel (C—F) to the surface. Low-magnifi-
cation views of the fragments are shown in Fig. S15.1 The images in (B), (D), and (F) are higher magnification views of the regions indicated by a black
rectangle in (A), (C), and (E), respectively. In (A) and (B), the fracture surface was nearly perpendicular to the deposit surface, while in (C) and (D), it
was nearly parallel to the deposit surface. (E) and (F) correspond to an oblique fracture.

This journal is © The Royal Society of Chemistry 2024
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correspond to planes that were oriented along and perpendicu-
lar to the director of the rods, respectively. The distribution of
arcs in the pattern was thus consistent with CNCs laying
overall parallel to the membrane surface. The aspect of the
WAXD pattern recorded along the x-axis was similar (not
shown). Along the z-axis, hence perpendicularly to the mem-
brane and parallel to the applied pressure, the pattern was iso-
tropic, containing diffraction rings instead of arcs (Fig. 7C).
This showed that, in projection, the CNCs adopted a wide
range of orientations. Moreover, the fact that the 013 reflec-
tion, absent in Fig. 7B, was relatively stronger than what was
expected in the powder pattern of randomly oriented CNCs,””
and that the thin 004 reflection was absent, suggests a signifi-
cant uniplanarity of the CNCs. The combination of the infor-
mation obtained along the different directions at the mole-
cular scale is thus consistent with the cholesteric organization
of CNCs previously deduced from the SAXS and SALS data.

SEM images of cross-sections of the fractured deposit are
shown in Fig. S141 and 8. It must be noted that although the
goal was to fracture the deposit in planes perpendicular to the
y-axis (longitudinal view) and to the z-axis (planar view), as
defined in Fig. 7A, the resulting surfaces were highly uneven,
with a wide range of local surface orientations, due to a variety
of paths of least resistance in the structure. Consequently, the
selected images are those of regions that were assumed to be
the closest to the intended orientation. The structure observed
in the longitudinal cross-section revealed a layered organiz-
ation (Fig. 8A and B). The orientation of these bands parallel
to the membrane surface is consistent with the planar orien-
tation adopted by CNCs under filtration, as was demonstrated
by SAXS, SALS, and WAXD analyses. The period of the pseudo-
layers in Fig. 8B was about 200 nm, which is smaller than the
half-pitch of the cholesteric structure determined by SALS, due
to the sample drying. Images recorded on a surface perpen-
dicular to the x-axis were rather similar to the longitudinal
views (not shown).

When the deposit was fractured perpendicularly to the
z-axis, overlapping lamellae were observed in which the CNCs
appeared to be fairly parallel over several micrometers (Fig. 8C

fi‘?zf' ;;,’
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Fig. 9 Tridimensional cubic models of a cholesteric structure cut along
different planes using the Blender software.”® (A) The cube was cut with
a 4° tilt angle around the x-axis; (B) the cube was cut with tilts of 30, 10,
and 20° around the x, y, and z axes, respectively.
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and D), which is consistent with the CNC organization in an
individual pseudo-layer of the cholesteric structure. Since the
relative orientation of the CNCs in neighboring lamella
appears to be similar, one lamella likely corresponds to one
half-pitch of the structure and only a few top layers can be
visible on the surface. However, within each lamella, the
neighboring CNC layers rotate with respect to each other
within a 180° angular range, which explains why the WAXD
pattern in Fig. 7C, that integrated the whole thickness of the
deposit, was isotropic.

The 3D model in Fig. 9A shows various sections of a choles-
teric structure made of rods. The front surface contains bands
that resemble the SEM image in Fig. 8B, with rods being per-
pendicular to the surface every half-pitch. The top surface is
tilted by a 4° angle with respect to the z-axis and illustrates the
parallel arrangement of rods in a single nematic layer, the
layer below or above being rotated by a small angle. This view
resembles the SEM image in Fig. 8D corresponding to a frac-
ture plane more or less parallel to the membrane.

The image in Fig. S157 shows a region of the deposit in
which distinct fracture planes could be seen closely resem-
bling those in Fig. 8A and C: a “cliff” with narrowly spaced
layers corresponding to a longitudinal view of the material and
overlapping lamellae corresponding to a more planar view of
the cholesteric structure.

When the fracture plane was randomly oriented, regularly
spaced so-called Bouligand arches were observed, typical of
the cholesteric organization described in various works"”%%°
(Fig. 8E and F). The apparent spacing of the arches varied
depending on the angle of the fracture plane with respect to
the axis of the cholesteric structure, as illustrated by the 3D
scheme in Fig. 9B.

The observation of the cholesteric structure of CNCs in
SEM images correlates with the SALS analyses, showing that
the cholesteric structure was oriented with the helicoidal axis
nearly perpendicular to the membrane surface. The regularity
of the periodic layered structure (Fig. 8A and B) showed that
the CNC concentration was homogeneous over large regions of
the deposit, as was demonstrated during the study of the CNC
relaxation and amplified by drying (long relaxation time).

Conclusions

The mechanisms of orientation and organization of the CNCs
during frontal ultrafiltration under pressure and during the
release of the pressure were studied from the structural point
of view over lengthscales ranging from nanometers to
micrometers by in situ SAXS and SALS. Under pressure, the
CNCs in the polarization layer were oriented with their director
parallel to the membrane surface, which promoted the for-
mation of cholesteric structures with their axis oriented nearly
perpendicular to the membrane surface. Furthermore, inside
the CPL, a concentration gradient was established as a func-
tion of the distance from the membrane, leading to a pitch
gradient of the cholesteric structure. Finally, starting from a

This journal is © The Royal Society of Chemistry 2024
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dilute suspension in the isotropic region of the phase
diagram, the cholesteric structures formed under filtration
were better organized and oriented than starting from the
biphasic region. The self-organization of CNCs in the form of
oriented cholesteric structures with a pitch gradient in the
CPL was evidenced for the first time.

Under relaxation, an overall diffusion of the cholesteric
organizations from the concentrated layer near the membrane
surface towards the more diluted upper region was observed.
This resulted in a homogenization of the concentration while
preserving the orientation induced by filtration. The novelty
lies in the observation that the CNCs organized in a cholesteric
structure by filtration retained their orientation even after ces-
sation of the transmembrane pressure. This phenomenon was
explained by an elastic behavior of the system due to the
strong interaction forces at high concentration which would
not be perturbed by the diffusion when pressure was released.
Finally, the observation of Bouligand arches in SEM images of
fractured solid deposits confirmed that the cholesteric struc-
ture was preserved upon drying.

This work provided a better understanding of the phenom-
ena involved in the filtration of cellulose nanocrystals. By con-
trolling filtration parameters, we could control the particle
orientation and concentration, as well as the pitch of the cho-
lesteric structure over a wide range of lengthscales. It would
therefore be interesting to use this approach to manufacture
functional cellulosic materials with controlled CNC orien-
tations and organizations over several lengthscales.
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