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A B S T R A C T

Hypothesis: Rodlike cellulose nanocrystals (CNCs) exhibit significant potential as building blocks for creating uni-
form, sustainable materials. However, a critical hurdle lies in the need to enhance existing or devise novel pro-
cessing that provides improved control over the alignment and arrangement of CNCs across a wide spatial range.
Specifically, the challenge is to achieve orthotropic organization in a single-step processing, which entails creat-
ing non-uniform CNC orientations to generate spatial variations in anisotropy.
Experiments: A novel processing method combining frontal ultrafiltration (FU) and ultrasound (US) has been
developed. A dedicated channel-cell was designed to simultaneously generate (1) a vertical acoustic force
thanks to a vibrating blade at the top and (2) a transmembrane pressure force at the bottom. Time-resolved in
situ small-angle X-ray scattering permitted to probe the dynamical structural organization/orientation of CNCs
during the processing.
Findings: For the first time, a typical three-layer orthotropic structure that resembles the articular cartilage orga-
nization was achieved in one step during the FU/US process: a first layer composed of CNCs having their director
aligned parallel to the horizontal membrane surface, a second intermediate isotropic layer, and a third layer of
CNCs with their director vertically oriented along the direction of US wave propagation direction.

1. Introduction

Cellulose nanocrystals (CNCs) are biosourced nanorods exhibiting a
large variety of interesting intrinsic properties such as tunable aspect
ratio and surface chemistry, exceptional mechanical properties, the
ability to self-organize into liquid crystalline phases, non-toxicity, in
addition to an abundant and renewable origin [1–5]. These particles
can also be assembled into various types of controlled architectures us-
ing different processes (extrusion, coating, deposition, electrospinning,
spin coating, bioprinting, etc.), yielding nanostructured cellulosic com-
posites exhibiting a wide variety of functional properties [1–3,6–11].

For example, materials with specific optical (iridescence), mechanical
(stiffness, anti-crack propagation) or barrier (oxygen or water) proper-
ties can be designed [12]. They could then impart a high-added value to
materials in numerous applications such as microelectronics for pres-
sure-sensitive screens [13], photonic films [14], in packaging for bio-
and agroindustries [15], or in tissue engineering as stratified multilay-
ered cartilage belonging to three-dimensional porous constructs
[16–18].

Although CNCs have a high potential as elementary bricks in
biosourced composites, achieving optimal performance of their func-
tional properties is still difficult. One crucial challenge is to control the
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orientation and organization of CNCs over a broad spatial scale. To
achieve this goal, it is necessary to control, on the one hand, the interac-
tions between CNCs and those between CNCs and their environment
(e.g., aqueous or polymeric medium) and, on the other hand, the exter-
nal forces induced by the processing. The control of internal interaction
forces in aqueous CNC suspensions has been extensively studied in the
past, both from the points of view of ionic control and their surface
chemistry (adsorption or grafting) [19–21]. The effect of external solici-
tations on the structural organization of CNCs has also extensively been
studied in the literature: for example, under shear flow [22–35], mag-
netic fields [36–40], electric fields [41], surface tension in drying
processes [42–45], and solvation effect in solvent casting [46]. Re-
cently, the ability of the ultrafiltration processes to induce well-defined
layered structures of anisometric colloidal particles aligned horizon-
tally along the velocity direction from nanometer to micrometer length
scales has been demonstrated [47–54]. In addition, using ultrasound
(US) waves, the control of the alignment of anisometric CNCs, with
their director parallel to the direction of propagation of the ultrasonic
wave, was revealed at an unprecedented nanometer scale [55]. How-
ever, to the best of our knowledge, no study has been reported on
frontal ultrafiltration coupled with ultrasound to induce changes in the
CNC orientation at micro to nanometer length scales.

In this work, we have used in situ time-resolved small-angle X-ray
scattering (SAXS) to study the combined effects of frontal ultrafiltration
(FU) and ultrasound (US) on the dynamical structural organization and
orientation of CNCs in an aqueous medium, to develop orthotropic mul-
tilayered cellulosic structures with alternate perpendicular and parallel
orientations as well as isotropic organization in each successive orga-
nized layer, reminiscent of the organization in the Strombus Gigas
conch [56,57] and of articular cartilage [17,18,58]. In artificial or bio-
logical materials, such an orthotropic organization improves the stiff-
ness and anti-crack propagation properties and confers high traction
and compression resistance [59]. These properties can be reached by
fulfilling two conditions: i) combining rigid and hard objects like
nanocrystals with more flexible polymers, and ii) achieving a hierarchi-
cal structural organization over a broad range of length scales with an
optimized distribution of crystalline particles in the organic matrix [60,
61]. For example, for shells submitted to a mechanical load, cracks do
not propagate catastrophically through their crossed lamellar structure,
increasing the work of fracture and hence the toughness of the material
[57]. Another example is the complex hierarchical structure of articular
cartilage tissue that is composed of three layers continuously structured
from the articulating surface to the subchondral bone and extending
over a total thickness of 2 to 4 mm. The first superficial region com-
prises a densely packed network of thin collagen fibers aligned parallel
to the articular surface and extending from 10 to 20 % of the whole car-
tilage thickness. In the second middle transitional region, thicker colla-
gen fibers are organized obliquely, giving rise to a random isotropic or-
ganization and corresponding to 40–60 % of the whole cartilage thick-
ness. The third deep zone, composed of the largest collagen fibers per-
pendicular to the subchondral bone, takes up to 30 % of the entire carti-
lage thickness. These different layers have distinct mechanical proper-
ties imparted by their internal organization. Namely, the superficial
zone has an optimized capability to dissipate shear forces, the middle
transitional zone is the first line of resistance to compressive forces, and
the deep zone has a high compression strength and interfacial resis-
tance against shear forces [17,18,58].

To mimic this natural structural architecture and potentially reach
comparable mechanical properties, a dedicated channel-type cell com-
bining FU and US was developed (Fig. 1). This cell was designed to si-
multaneously generate (i) a US pressure wave that induced a vertical
acoustic radiation force, thanks to a vibrating ultrasonic blade inserted
at the top of the channel and (ii) a transmembrane pressure force
through a membrane designed for FU and located at the bottom of the
channel. Importantly, to follow the structural organization within the

cell upon the application of FU and US using small-angle X-ray scatter-
ing, it was implemented at the European Synchrotron Radiation Facility
on the ID02 TRUSAXS beamline [62]. The structural organization of the
CNC suspensions considered in this work has already been character-
ized in previous works [32,53,55,63]. The initial concentration of the
suspension was fixed to C = 10 wt%, i.e. within the biphasic region of
the phase diagram composed of isotropically distributed CNCs
(isotropic phase) coexisting with the anisotropic chiral nematic (choles-
teric) phase at a volume fraction of liquid crystalline phase
ϕLC = 38 vol%.

Thanks to SAXS, the space and time dependence of the concentra-
tion of CNCs and their structural organization within the channel have
been characterized as a function of the vertical distance z from the
membrane surface to the ultrasonic blade, in the center of the 100 mm-
long channel under combined ultrafiltration and ultrasound, hereafter
referred to as FU-US processing. The 35-µm vertical size of the X-ray
beam (full-width at half maximum, FWHM) allowed for accurate scans
of the structural organization along the vertical direction during FU-US
processing. The time-dependent evolution of the 2D SAXS patterns was
analyzed using a model-free principal component analysis [64], which
allowed us to describe both the degree of orientation and the direction
of the alignment of the CNC director accurately as a function of z during
FU-US processing in a time-resolved manner.

2. Experimental section

2.1. Materials. Preparation of the CNC suspensions

CNCs were purchased from UMaine Development Center (Univer-
sity of Maine, Orono, ME) as an aqueous suspension with a stock con-
centration C = 12.2 wt%. The suspensions were prepared by dilution
in deionized water and 0.01 mol.L-1 NaCl, followed by 2 h of vigorous
stirring. They were then sonicated using a Branson Digital sonifier
(Marshall Scientific, Hampton, NH) with a maximum power output of
250 W. A volume of 250 mL of suspension was sonicated by applying a
30 % duty cycle and output power of 0.5 W.cm-2 under magnetic stir-
ring. Following the procedure given by Taurozzi et al. [65], and the
normalization by the concentration and volume of the suspension de-
scribed in [66,67], the normalized energy dose of sonication per liter of
suspension is 43.7 kJ.L−1. The morphology of the CNCs considered in
this work and their phase diagram in aqueous suspension have been
studied in detail in previous work [63]. In particular, SAXS data from
dilute suspensions at rest, assuming a parallelepipedal shape for the
sonicated CNCs, gave average dimensions of 121 × 20 × 5 nm3 [32,
53]. In this work, the concentration of CNC suspensions filtered was
fixed at 10 wt% (6.25 vol%).

2.2. Experimental methods

2.2.1. Frontal ultrafiltration-ultrasound -SAXS cell
An FU-US-SAXS cell was developed to monitor in situ the changes in

the dynamical structural organization through time-resolved SAXS [50,
68]. As shown in Fig. 1, the cell was made of transparent polycarbonate
with a parallelepipedal channel with a 4 mm width along x, an 8 mm
depth along z and a 100 mm length along y. A 3 mm-wide and 100 mm-
long titanium vibrating blade was immersed from the upper part of the
channel to a z distance = 5600 µm from the ultrafiltration membrane
surface, defining the depth of the region where the suspension was
structured by FU-US processing. In order to apply an acoustic radiation
force along the vertical direction z, this blade was connected to a
sonotrode (Sodeva TDS, Méry, France) consisting of a piezoelectric
transducer attached to a metal rod, which generates ultrasonic waves at
a frequency fUS = 20 kHz with an amplitude aUS [50,68,69]. This am-
plitude was measured to aUS = 1.6 µm using a vibrometry device con-
sisting of a sensor head (OFV 353, Polytec, Waldbronn, Germany), a ve-
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Fig. 1. Schematic description of the SAXS experiment with the dedicated FU-US-SAXS cell used to monitor the time-dependent changes of the structural organiza-
tion of CNC suspensions under simultaneously applied transmembrane pressure and ultrasound waves.

locity decoder (OFV3001, Polytec) and an oscilloscope (DPO 3014,
Tektronix, Beaverton, OR).

In order to apply the FU-US protocol described in more details be-
low, the feed suspension, referred to as the retentate, was pumped with
a syringe from a tank containing the CNC suspension and used to fill up
the whole channel. An inlet vane and an outlet vane were positioned at
the entrance and exit of the channel, respectively. A T-junction and a
pressure gauge (FP 110 FGP Sensors & Instrument) were placed be-
tween the outlet vane and the outlet of the filtration cell. The upper part
of the T-junction was connected to compressed air and the pressure
vane was used to protect the air circuit from the suspension during the
filling of the channel. The permeate was recovered in a small tank and
the permeate flux J was monitored by measuring the mass variation of
this tank reservoir every 10 s with an accuracy of 0.001 g using a preci-
sion scale (Precisa 400 M Balance).

2.2.2. In situ Small-Angle X-ray Scattering (SAXS) during FU-US
processing.

SAXS measurements were performed at the TRUSAXS ID02 beam-
line (ESRF, Grenoble) [62]. Measurements were performed at room
temperature with a sample-to-detector distance of 10 m and an X-ray
energy of E = 12.230 keV (wavelength λ = 0.1014 nm), covering a
range of scattering wave vector magnitude, q, of 0.005–0.7 nm−1,
where q = (4π/λ) sin(θ/2) with θ the scattering angle. The correspond-
ing nominal length scale l (∼2π/q) range was ca. 10 nm ≤ l ≤ 1200 nm.
Thanks to the pinhole collimation setup available at ID02, all the mea-
surements were performed using a beam cross-section (FWHM) at the
sample position of about 35 μm vertically and 150 μm horizontally. The
incident beam passed through the sample in the FU-US-SAXS cell and
the two-dimensional scattered intensity patterns were recorded on a
high-resolution pixel array detector (Eiger2-4 M, Dectris) (Fig. 1). Mea-
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sured scattering patterns were normalized to absolute scale following
the standard procedure [62]. During the experiments, the X-ray beam
was directed along the x-direction perpendicular to the walls of the cell,
through a window of 3 mm × 5.5 mm × 0.3 mm
(width × height × thickness) positioned in the middle of the channel
(y = 50 mm). A rotational stage mounted on the sample table was used
to align the incident beam parallel to the membrane surface. A vertical
translation table was used to probe the structure at different z-positions
above the membrane surface.

The analysis of the normalized SAXS patterns recorded in the FU-
US-SAXS cell was the same as that already described in previous works
[51,52,68,70]. Four regions were defined by measuring the transmitted
X-ray signal as a function of the distance z through the FU-US-SAXS cell.
This analysis has allowed defining the minimal distance z above which
the permeate channel and membrane scattering did not influence the
scattered intensity. We defined this z0 position as the origin (z = 0).
The minimal distance above which the SAXS data were usable was then
z = 100 μm (determined by the planarity and roughness of the mem-
brane). Systematic vertical scans along z were performed during FU-US
processing, with SAXS pattern acquisitions every 50 μm from z = 100
to 500 μm and every 100 μm from z = 500 to 5600 μm. The one-
dimensional scattered intensity profile I(q) was obtained by az-
imuthally averaging the normalized scattering patterns. Before the FU-
US experiments with CNC suspensions, the cell was filled with deminer-
alized water and the normalized background scattering of the cell was
recorded. This background scattering of the cell filled with water was
systematically subtracted from the scattering of the CNC suspensions.
The azimuthal averages of the scattering patterns were calculated after
patching the gaps between the detector modules using the SAXSutilities
software [71]. Annular averages were also calculated using the SAXSu-
tilities software over a q-range from 0.34 to 0.40 nm−1 to define the
scattering intensity as a function of the azimuthal scattering angle ψ in
the plane of the two-dimensional 2D SAXS patterns to quantify the de-
gree of orientation as well as its angular variation. The anisotropy
analysis was performed from the 2D patterns using the MATLAB-based
Small-Angle Scattering Evaluation Tool (SASET) software [64]. Specifi-
cally, the model-free Principal Component Analysis (PCA) method was
chosen, which provides values for the anisotropy ranging from 0 for
isotropic suspensions to 1 for fully aligned systems, and, depending on
the system, which is quantitatively comparable to the commonly used
order parameter [64]. The anisotropy and the direction of maximum
scattering ψ0 were calculated via PCA in the (0.071–0.368) nm−1 q-
range. These calculations allowed us to quantify the relative effect of
FU and US on the degree of anisotropy referred to as PCA anisotropy and
on the orientation [maximum scattering direction (ψ0)] of the CNCs
during FU-US processing as a function of time t and distance z from the
membrane surface.

2.2.3. Structure factor and calibration of cellulose nanocrystal scattering
intensity.

In order to measure the CNC concentration profile as a function of
filtration times and distance z from the membrane surface, the same
analysis as described in our previous work has been applied [53]. First,
a calibration curve was established. To this aim, several CNC samples at
different known CNC concentrations were measured by SAXS in static
conditions in a flow-through cell with a diameter of 2 mm. From the
scattering intensities [I(q)] and the calculated form factor [P(q)] (Fig.
S1) [53], the corresponding apparent structure factor, S(q) ∝ I(q)/P(q)
was calculated for each known CNC concentration (Fig. 2 a,b). As pre-
viously discussed, in an effective hard-cylinder model (as an approxi-
mation of a repulsive potential), the q-value corresponding to the peak
of S(q), denoted as qpeak in the following, is related to the average inter-
particle distance d via the relation d = 2π/qpeak. Using this relationship,
the known CNC concentration was related to the average interparticle
distance d inferred from the peak of S(q). As shown in Fig. 2c, a power-

law fit of these data gave access to the relationship between the mass
concentration C and d:

(1)

Second, from the scattered intensity I(q) measured at a given posi-
tion in the FU-US cell, the apparent structure factor, S(q) was calculated
at each time t and distance z from the membrane surface. From these S
(q) the corresponding average interparticle distances d = 2π/qpeak at
each time t and distance z from the membrane surface were evaluated.
Finally, using Eq. (1), the corresponding local mass concentration C(z,t)
was calculated.

Another structural characteristic of these CNC suspensions is the or-
ganization in the cholesteric phase above a certain concentration
threshold. Such a structural organization has been studied in detail at
rest and under shear by small-angle light scattering in our previous
works, which allowed measuring a pitch distance of about 5 µm at a
concentration C = 10 wt% [32]. The helical pitch P corresponds to the
distance needed for a 360° rotation of the director of one nanocrystal in
the cholesteric phase, and P was reported to decrease with increasing
concentration [24,32,72–74]. At the concentration studied here, the
cholesteric phase exists as microdomains, or tactoids, distributed
within the isotropic phase [75]. The volume fraction occupied by cho-
lesteric tactoids at equilibrium was shown to be ϕLC = 38 vol% in the
present suspension at C = 10 wt% [32,63].

2.2.4. Experimental protocol
The FU-US processing consisted of the following procedure. First,

the cell was filled with the CNC suspension with an initial concentration
C = 10 wt%. To this aim, the inlet and outlet valves were opened at the
extremities of the channel, the pressure valve was closed, and the sus-
pension was pumped from the tank with the syringe to fill up the whole
channel. The inlet and outlet valves were then closed and the pressure
valve was opened so that compressed air was injected from the T junc-
tion, allowing FU to start at time t = 0. Simultaneously, the US was ac-
tivated.

For all the measurements presented in this work, only one acoustic
radiation force was applied with a fixed acoustic amplitude
aUS = 1.6 µm. This corresponded to an acoustic pressure

300 kPa and an acoustic power
6 W.cm−2, where ρ = 1000 kg.m-3 is the water density and
v = 1480 m.s−1 is the speed of sound in water. No cavitation was ob-
served. The transmembrane pressure was kept constant and equal to
ΔP = 1.2 105 Pa. FU-US processing was applied for a total duration of
90 min. Meanwhile, the evolution of the 2D SAXS pattern was moni-
tored and the corresponding permeation flux J was simultaneously
recorded as a function of time t (Fig. 3). As displayed in Fig. 3, a few
seconds after applying the transmembrane pressure ΔP, a rapid in-
crease of the permeation flux J up to 20 L.h−1.m−2 was detected within
about 1 s, followed by a steady decrease. After 30 min, J, reached an
equilibrium at about 1 L.h−1.m−2, which is related to the well-known
fouling phenomenon induced by the accumulation of CNCs near the
membrane surface. As already reported in our previous works, the cel-
lulose nanoparticles are retained at the membrane surface inducing a
concentration gradient and a resistance to mass transfer [50–53].

3. Results and discussion

3.1. Cartilage-like structural organization at equilibrium under FU-US
processing at time t = 88 min

The normalized in situ 2D SAXS patterns measured across the FU-US
cell at time t = 88 min are shown in Fig. 4. The SAXS patterns are pre-
sented for distances z increasing from left to right and from bottom to
top. For clarity, the corresponding z distances in micrometers are indi-
cated in each 2D SAXS pattern. Remarkably, the intensity level and the
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Fig. 2. a) and b) apparent structure factor, S(q) extracted from the calculated form factor and measured scattering intensity I(q). The scale of S(q) may be slightly
offset due to a mismatch between the calculated form factor and data at the high q region, where S(q) ∼ 1. The values indicate the mass concentrations C (i.e., in wt
%) of aqueous CNC suspensions containing 0.01 mol.L-1 NaCl. c) Interparticle distance as a function of CNC concentration deduced from the qpeak q-value corre-
sponding to the maximum of S(q). The green line corresponds to an empirical power-law fit of the data (see Eq. (1)). From this calibration, it is possible to relate the
peak of the calculated S(q) at a given distance z in the filtration cell to the average interparticle distance d, which can be used to estimate the corresponding mass
concentration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

orientation of the SAXS patterns strongly depended on the distance z
from the membrane surface. Four regions, hereafter denoted as Z1 to
Z4, corresponding to different features of the 2D SAXS patterns in terms
of direction degree of orientation of the CNCs have been identified.

(i) In the superficial region Z1, which extends from the membrane
surface z = 0 until up to about z = 1000 µm, the pattern was
anisotropic and elongated along the vertical direction. Under the effect
of the transmembrane pressure, as previously observed [50–53], a regu-
lar orientation of the CNCs with their long axis parallel to the mem-
brane surface (y-direction) is observed. (ii) In the second region Z2 ex-
tending from z = 1000 to 1400 µm, the SAXS patterns evolved from
slightly anisotropic, elongated along the vertical direction
(z = 1000 µm), to perfectly isotropic (z = 1200 µm) and finally to
slightly anisotropic, and elongated in the horizontal direction
(z = 1400 µm). This intermediate region corresponds to a transition

where the US and transmembrane pressure forces balance each other,
which gives rise to an isotropic organization in the middle of this re-
gion. (iii) In the third region Z3 extending from z = 1400 to 5000 µm,
the SAXS patterns were elongated in the horizontal direction and re-
vealed an orientation of the CNCs with their director vertically oriented
along the direction of US wave propagation (z-direction), i.e., oriented
perpendicular to the membrane surface. In the Z1, Z2, and Z3 regions,
the SAXS patterns are stationary and only slightly fluctuated with time,
showing a stabilization of the mean orientation direction of the CNCs,
as confirmed in Figure S2 in the middle of Z3 region. (iv) In the fourth
region Z4 denoted as a boundary layer close to the surface of the US
blade, which extends from z = 5000 to 5600 µm, significant fluctua-
tions of the 2D SAXS patterns at short time scales, below 1 s, were ob-
served (Figure S3).
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Fig. 3. Measured permeation flux J (green solid line) and applied transmem-
brane pressure ΔP (red dotted line) as a function of time t during FU-US pro-
cessing of a CNC suspension with initial concentration C = 10 wt% and
0.01 mol.L-1 NaCl. The US parameters are fUS = 20 kHz, aUS = 1.6 µm, and
P ≅ 300 kPa. The experiment was performed at room temperature. (For in-
terpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

The azimuthally averaged I(q), and corresponding S(q) of the 2D
SAXS patterns recorded at time t = 88 min in the channel as a function
of the distance z from the membrane surface are plotted in Fig. 5. The
general features of I(q) correspond well to the scattering of individual-

ized CNCs at different concentrations, when compared to the scattering
intensities of CNC suspensions at a fixed concentration measured in a
capillary (Fig. 2). In particular, S(q) (Fig. 5b) exhibits a maximum at a
specific q-value, qpeak, which reveals a well-defined average interparti-
cle distance d, as in Fig. 2. This allowed us to confirm that the CNCs
were well distributed without being broken down or aggregated under
the effect of FU-US processing.

For each z position, the determination of qpeak from S(q) allowed us
to calculate the concentration level reached in the different layers using
Eq. (1). The first accessible point measured closest to the membrane
surface and calculated from the structure factor (z = 150 µm), corre-
sponds to an interparticle distance d = 11.7 nm, and a CNC mass frac-
tion of C = 59 wt%. From z = 150 to 1200 µm, the peak position qpeakstrongly shifted to lower q-values, which implies a substantial decrease
of the concentration across the superficial region, as shown in Fig. 6
(see filled blue symbols), i.e., a pronounced vertical concentration gra-
dient. This effect corresponds to the concentration polarization layer in
membrane ultrafiltration processes [50–52,68]. This deposit layer ex-
tends from z = 150 µm with C = 59 wt% to z = 1200 µm with
C = 16 wt%, as depicted in Figs. 5 and 6.

Above z = 1200 µm and up to the surface of the US blade at
z = 5600 µm, the peak position qPeak remains unchanged and yields an
interparticle distance d = 22.6 nm, corresponding to a uniform
C = 16 wt% concentration. It is worth noting that this concentration is
significantly larger than the concentration C = 10 wt% of the initial
suspension, which shows that the FU-US process allowed us not only to
concentrate the CNCs near the membrane surface as in a usual filtration
process but also to concentrate the suspension in the whole bulk of the
retentate, by the effect of US. The latter phenomenon is certainly due to
a permeation flux enhanced by the local agitation induced by the US
force, as discussed in previous works [50,68].

Fig. 4. Left: 2D SAXS patterns recorded as a function of the distance z from the membrane surface at time t = 88 min of the FU-US processing of a CNC suspension
with initial concentration C = 10 wt% and 0.01 mol.L−1 NaCl. The US parameters were fUS = 20 kHz, aUS = 1.6 µm, and P 300 kPa, and the transmembrane
pressure was ΔP = 1.2 × 105 Pa. The distance z = 5600 μm corresponds to the vicinity of the surface of the US blade. Right: sketch of the four regions pertaining to
the SAXS pattern features from bottom to top of the channel: the first three regions noted Z1, Z2, and Z3 are the superficial, intermediate, and deep regions, respec-
tively, and mimic the typical orthotropic organization of articular cartilage. These regions are stable in orientation over time. Region Z4 (boundary layer) near the US
blade surface, exhibits a fluctuating intensity of the orientation on a time scale below 1 s.
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Fig. 5. a) azimuthally averaged scattering intensities I(q) and b) corresponding
apparent structure factor, S(q) of the 2D saxs patterns recorded at time
t = 88 min under FU-US processing and different positions z from the mem-
brane surface in a CNC suspension with initial concentration C = 10 wt% and
0.01 mol.L−1 NaCl. The color code corresponds to the position z.
ΔP = 1.2 × 105 Pa, fUS = 20 kHz, and aUS = 1.6 µm.

The very high concentration C = 59 wt% reached near the mem-
brane surface, as well as the homogeneous increase from the initial con-
centration C = 10 wt% up to a constant value of C = 16 wt% from
z = 1200 to 5600 µm, show the ability of the FU-US process to concen-
trate the colloidal suspension. This new structuring process could be an
excellent way to design highly concentrated CNC-based materials. In-
deed, other processes allowing for such a concentration level, e.g., high-
speed centrifugation or osmotic pressure, would require processing
times longer than the 90 min FU-US processing used in this work.

3.2. Time evolution of the structural organization under FU-US processing
(concentration and orientation features)

In order to describe more quantitatively the structural organization
achieved under FU-US processing, we systematically performed a Prin-
cipal Component Analysis of the anisotropy (PCA anisotropy) and deter-
mined the direction of maximum scattering ψ0 on the 2D SAXS patterns
as a function of position z and time t [53,64]. Furthermore, the evolu-

Fig. 6. Concentration profile C(z,t) in the superficial region Z1 as a function of
the distance z from the membrane surface and for various times t during FU-US
processing of a CNC suspension with initial concentration C = 10 wt% and
0.01 mol.L−1 NaCl. The concentration is deduced from the corresponding 2D
SAXS pattern, the estimated S(q), and the calibration curve using Eq. (1).
ΔP = 1.2 × 105 Pa, fUS = 20 kHz, and aUS = 1.6 µm.

tion of the azimuthally averaged scattering intensity and the corre-
sponding calculated structure factors S(q) have also been analyzed near
the membrane surface to deduce the concentration profile as a function
of position z and time t.

3.2.1. Time evolution of the CNC concentration near the membrane surface
in the superficial region Z1

Fig. 6 displays the time evolution of the concentration profiles C (z,
t) computed from the characteristic qpeak value of the corresponding S
(q) calculated from azimuthally averaged SAXS patterns using Eq. (1).
After t = 6 min of FU-US processing, an impressive 800 µm-thick con-
centrated layer, reaching a concentration of about 43 wt% at
z = 100 µm, was already formed. Such a high concentration, reached
within a rather short frontal ultrafiltration time under US, is most
likely related to the huge decrease of the permeation flux J from 20 to
1 L.h−1.m-2 (Fig. 3). In particular, as already discussed in previous stud-
ies [50,68], it could be associated with an effect of the agitation near
the membrane surface induced by the US acoustic radiation force. After
this initial deposition, the superficial layer increased in thickness and
concentration, until reaching a constant thickness of about 1200 µm af-
ter 36 min. This increase in deposit volume is due to the pressure gra-
dient, which leads to the advection of the CNCs from the less concen-
trated layers far away from the membrane toward deeper concentrated
layers in the direction of the membrane. This suggests that, in the pres-
ence of US, the concentration phenomenon is not an accumulation of
independent layers, as in a sedimentation process, but rather results
from the advection of all the particles from the top of the deposit to-
wards the membrane surface. During the whole FU-US processing, the
concentration at the top of the superficial region continuously in-
creased from the initial concentration C = 10 wt% up to 16 wt%, yet
without reaching a complete steady state. This phenomenon is ex-
pected from frontal ultrafiltration, since the filtration is performed
from an initial fixed volume without any further suspension feeding.
Indeed, the volume of water (permeate) that goes through the mem-
brane implies an increase in the concentration in the retentate. Still,
the increase of the total concentration in the retentate channel gets
slower and slower due to slower advection as the concentration in-
creases. This allowed us to define a pseudo-steady state, for which the
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time-dependent concentration and orientation phenomena were mostly
stabilized at t = 88 min (see next section).

3.2.2. Time evolution of the anisotropy and orientation degree of CNCs
from the membrane to the US blade

Fig. 7 shows the time evolutions of the PCA anisotropy and of the di-
rection of maximum scattering ψ0 as a function of z for the four regions
Z1 to Z4 identified and described previously.

To further investigate this time-dependent process, radial averages
were calculated over a q-range from 0.34 to 0.40 nm−1 to define the
scattering intensity I as a function of the azimuthal scattering angle ψ in
the plane of the 2D SAXS patterns in order to quantify the degree of ori-
entation as well as its angular variation.

3.2.2.1. Superficial region Z1 of anisotropic concentrated polarized
layer. A surprising phenomenon was detected in the superficial re-
gion Z1 corresponding to the concentration polarization layer near

Fig. 7. a) PCA anisotropy and b) direction of maximum scattering ψ0 as a func-
tion of the distance z and from the membrane surface and for various times t
during FU-US processing, inferred from the Principal Component Analysis of
the 2D SAXS patterns in the superficial region Z1 (blue), the intermediate re-
gion Z2 (red), the deep region Z3 (yellow) and the boundary layer Z4 (green).
ψ0 = 90° corresponds to an orientation of the CNCs along the horizontal direc-
tion x, while ψ0 = 180° corresponds to an orientation of the CNCs along the
vertical direction z. CNC suspension with initial concentration C = 10 wt%
and 0.01 mol.L−1 NaCl. ΔP = 1.2 × 105 Pa, fUS = 20 kHz, and aUS = 1.6 µm.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

the membrane surface. According to our previous works on the same
CNC system [51–53], an increase in concentration toward the mem-
brane was related to a continuous rise in anisotropy: the more con-
centrated the system, the higher the degree of anisotropy. Here, how-
ever, we report a non-monotonic evolution of the PCA anisotropy
across region Z1: as depicted in Fig. 8, the PCA anisotropy goes
through a maximum at a particular distance z that depends on the
FU-US processing time. This “bifurcation” point is located at larger
distances from the membrane surfaces as the processing time in-
creases, which is consistent with a thicker and thicker concentrated
polarization layer. The progression of this effect is as follows: from
z = 1200 µm distance down to the membrane surface at z = 0, the
anisotropy first increases, and follows the increase of concentration,
which is consistent with our previous works [51–53] until the “bifur-
cation” point, where the anisotropy starts to decrease down to the
membrane surface. Another way to check for such a process in the
opposite direction, i.e., looking from the membrane surface towards
increasing z distances, is presented in Figure S4, where the annular
averages of scattering intensities were calculated over a q-range from
0.34 to 0.40 nm−1 at time t = 88 min. The results confirmed the
anisotropy increase for increasing distances z from the membrane
surface until the “bifurcation” point at z = 800 µm for this particu-
lar processing time. Above z = 800 µm, the anisotropy decreased
with increasing distances z from the membrane surface, until the
scattering intensity I(ψ) showed a nearly flat profile at z = 1200 µm
(Figure S5).

The usual increase of anisotropy at increasing concentration is in-
duced by a nematic-like arrangement of the CNCs with all their direc-
tors aligned along the horizontal direction and mostly around the same
angular direction in the (x,y) plane. Scanning electron microscopy
(SEM) images of deposits have confirmed such an arrangement after
drying in the two perpendicular planes (x,y) and (x,z) [53].

One possible explanation for the decrease of the anisotropy below
the “bifurcation” point towards the membrane surface would be the
presence of a cholesteric organization in the layers close to the mem-
brane. Indeed, in such a cholesteric arrangement, the CNC director
would continuously change in direction in the (x,y) plane while de-
scribing the helix of the cholesteric organization oriented with its heli-
cal axis along the z-axis. The pitch of these chiral nematic CNC suspen-
sions is known to be of the order of a few micrometers (around 5 µm at
C = 10 wt%, and lower for higher concentrations) [32]. Since the ex-
tent of the X-ray beam in the vertical direction is collimated to 35 µm
(FHWM), and considering that the helix axes are mostly aligned along
the vertical direction, the scattering intensity recorded at a position z
would thus be representative of an average of the director orientations
over several pitches, (in agreement with the horizontal orientation of

Fig. 8. Enlargement of the PCA anisotropy as a function of z and at various pro-
cessing times t. Same data as in Fig. 7a in the superficial region Z1.
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the CNC director, confirmed by the mean value of maximum scattering
direction ψ0 around 90° from z = 0 to 1200 µm, see Fig. 7b.

This continuous variation of the CNC director orientation in the vol-
ume probed by the X-ray beam induces a decrease of the anisotropy,
compared to the situation where a nematic-like arrangement is present
with a single mean CNC director orientation in the (x,y) plane. Consid-
ering the high concentrations reached in these layers, one can infer that
the structural organization goes from the nematic arrangement usually
observed in these accumulated layers in the presence of shear forces to
a cholesteric organization above a particular concentration [42,47–49].
Under the combined transmembrane pressure and US acoustic radia-
tion force, it is very likely that this concentration limit evolves towards
concentrations larger than the limit of appearance of the cholesteric or-
ganization in the equilibrium phase diagram (Ci ∼ 7.5 wt%) and larger
than the second critical concentration corresponding to the onset of the
fully anisotropic cholesteric phase (Ca ∼ 13.3 wt%). Indeed, the inter-
particle forces responsible for the cholesteric formation would compete
with the shearing forces induced by the flow of liquid around the CNC
generated by the permeation flux and the US agitation. Consequently, a
larger concentration is probably mandatory to nucleate a cholesteric
arrangement under FU-US processing. Future work should also check
whether tactoids form first and whether their continuous increase in
volume fraction finally results in a complete cholesteric organization as
in equilibrium conditions. One could also wonder whether the transi-
tion mechanism from nematic to cholesteric arrangement follows the
same concentration range under FU-US processing as in equilibrium
conditions, or as upon cessation of a high shear flow [31].

Another feature supporting this hypothesis of a progressively
stronger cholesteric organization in the polarization layer is that for in-
creasing processing times, the “bifurcation” point appears at larger and
larger distances from the membrane surface and that the maximum
PCA anisotropy at this “bifurcation” point increases linearly with the
distance from the bifurcation point to the membrane surface (Fig. 8).
This supports the fact that when the formation of a cholesteric arrange-
ment is reached at the “bifurcation” point, an increase of concentration
towards the membrane induces more and more cholesteric arrange-
ments, i.e., an increase of the volume fraction of the cholesteric
arrangement relative to the nematic-like order. This would decrease the
global orientation of the CNC director along a common direction, lead-
ing to the reduction of the PCA anisotropy towards the membrane sur-
face.

3.2.2.2. Intermediate region Z2 of isotropic orientation. In the intermedi-
ate layer from z = 1000 to 1400 µm, the PCA anisotropy remained
low and showed a minimum for z ∼ 1200 µm, i.e., in the middle of re-
gion Z2 (Fig. 7a). Concomitantly, the direction of maximum scattering
ψ0 evolved from 90 to 180° (Fig. 7b). The annular average of the scat-
tering intensity confirms this reversal of orientation from z = 800 to
1400 µm with a decrease of anisotropy until z = 1200 µm (nearly flat
profile) followed by an increase of anisotropy at larger z distances
(Figure S5).

3.2.2.3. Deep region Z3 of anisotropic orientation. As shown in Fig. 7a,
in region Z3, the PCA anisotropy steadily increased from its lowest
level at z = 1200 µm until reaching a maximum value of 0.28 at
z = 3600 µm and further decreasing weakly towards the vibrating
blade up to z = 5000 µm, where another “bifurcation” signals the
transition to the fourth region Z4. The corresponding annular average
of the scattering intensity shows that the anisotropy indeed increases
at the beginning of region Z3 (Figure S6) and then decreases from
z = 3600 to 5000 µm at the top of region Z3 (Figure S7). The
anisotropy in region Z3 corresponds to a well-oriented SAXS pattern
elongated in the horizontal direction as confirmed by the value of ψ0180°, which confirms the vertical orientation of the CNC director in
the deep region.

3.2.2.4. Boundary layer region Z4 of decreasing anisotropic orientation
near the US blade. In the fourth region Z4 extending from z = 5000 to
5600 µm, both the anisotropy and the orientation of the 2D SAXS pat-
terns fluctuate over a characteristic time scale below 1 s (Figure S4).
This induces a decrease in the PCA anisotropy from about 0.2 to about
0.1, which is confirmed by the change in the amplitude and shape of
the annular averaged scattering intensity (Figure S7).

Finally, it is worth noticing that the PCA anisotropy and the angle ψ0follow similar time evolutions throughout regions Z2, Z3, and Z4 (Fig.
7), which implies that the complex structuration induced by transmem-
brane pressure in region Z1 does not significantly alter the effect of US
in the upper regions, where the US acoustic force drives the orientation
of CNCs.

3.3. Origin of the orientation of CNCs induced by the US acoustic radiation
force

As discussed in our previous work [55], the question of the physical
origin of the orientation of colloidal objects or molecules induced by US
force has been addressed by several authors. The main mechanisms
have been summarized by Vitoriano [76]. Two mechanisms have been
proposed. For the first mechanism, the molecular orientation could re-
sult from acoustic streaming arising from convective stresses. The sec-
ond mechanism is of elastic nature and linked to the anisotropy of
sound absorption by liquid crystals, which, according to Prigogin’s
principle, must lead to the alignment of long nematic molecules in the
direction of acoustic wave propagation [76]. From our initial analysis
using the same US equipment yet in the absence of FU [55], the most
probable explanation is that the first mechanism of acoustic streaming
would induce the CNC orientation under US agitation.

The argument in favor of this hypothesis is that the time-dependent
evolution of anisotropy relaxation after cessation of US is of the order of
a few minutes and follows a stretched exponential behavior associated
with a complex structural change, involving several mechanisms,
which does not agree with the second mechanism associated to a faster
elastic process induced by the anisotropy of sound absorption.

Another argument in favor of this explanation based on the first
mechanism of acoustic streaming comes from the fluctuation of
anisotropy detected near the surface of the US blade. In particular, it is
well known that the US vibration induces the presence of a region with
steady vorticity in a viscous boundary layer of thickness δv = (2ν /ω)0.5

close to the vibrating surface, where ν is the kinematic viscosity and ω
the angular frequency of the acoustic wave. Such an “inner boundary
layer streaming”, also known as “Schlichting streaming”, goes along
with a counter-rotating streaming vortex within the bulk of the fluid,
referred to as “outer boundary layer streaming” or “Rayleigh stream-
ing” [77]. The theory implies that the appearance of the Rayleigh
streaming phenomenon requires specific boundary conditions and con-
fined flow, similar to the ones in our system. More precisely, Schlicht-
ing or Rayleigh streaming is promoted when λa ≫ h ≫ δv, where λa is the
acoustic wavelength and h is the characteristic length scale of the fluid
chamber [77]. For our experimental setup, these conditions are indeed
satisfied since (λa = 7.5 cm) ≫ h = (3800 µm to 5600 µm) ≫ δv = (40
to 126 µm) when taking into account the range of variation of the vis-
cosity of the CNC suspension (ν = 10−3 to 10−4 Pa.s). Furthermore,
Tang and Hu [78] have performed finite-element simulations of the
acoustic streaming field generated in a 2D rectangular water chamber
by a vibrating source. An operating frequency of 20 kHz with amplitude
of 100 nm, i.e., the same frequency as in the present work yet with an
amplitude about 16 times lower than the amplitude aUS = 1.6 µm of
our device. The simulations by Tang and Hu [78] revealed that the
acoustic streaming field is constituted of two kinds of vortices: (i) vor-
tices distributed symmetrically on the right and left of the vibration
source and confined near the vibrating source, i.e., within the inner
boundary layer vorticity, and (ii) counter-rotating streaming vortices
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within the bulk of the chamber corresponding to Rayleigh streaming
vortices. Considering the fluctuation of anisotropy detected near the
surface of the US blade (Figure S4), one can infer that the correspond-
ing region Z4 should pertain to the inner boundary layer, where a fast
rotation of the CNC director is expected in agreement with the fluctua-
tions of anisotropy observed in region Z4. We may also hypothesize that
Rayleigh streaming vortices are developed in the bulk of the cell, so that
the corresponding streamlines induce an alignment of the CNCs along
the velocity field, i.e., along the vertical direction, in agreement with
the preferential vertical orientation observed in region Z3.

Therefore, all the features discussed here suggest that Rayleigh
streaming constitutes the physical origin of the orientation of CNCs in-
duced by the US waves. Nevertheless, deeper investigations would be
helpful to fully assess this hypothesis, such as in situ measurements of
the velocity field during FU-US processing. This could be achieved by
means of particle image velocimetry (PIV).

4. Conclusions

An original combined frontal ultrafiltration (FU) and ultrasound
(US) set-up compatible with in situ SAXS observations has allowed to re-
veal for the first time a multilayer orthotropic structuring of CNC sus-
pensions, that mimics the organization of articular cartilage. Thanks to
model-free principal component analysis and annular averaged scatter-
ing intensities, we have accurately described both the degree of orienta-
tion and the direction of the alignment of the CNC director in the bulk
of the channel, from the membrane surface up to the US blade during
FU-US processing in a time-resolved manner.

We have interpreted our observations, in particular the length scales
and time scales involved in the spectacular alignment of the CNCs along
the ultrasonic wave propagation direction in terms of Rayleigh acoustic
streaming initiated by the viscous attenuation of the acoustic waves
generated by the vibrating blade. This interpretation remains to be fully
confirmed. In situ micro-PIV measurements could be a good way to as-
sess the validity of the Rayleigh streaming scenario in future work. Fi-
nally, the successful control over the average orientation of CNCs by
combined FU and US opens a new way for the design of novel cellulosic
orthotropic biomimetic materials with tunable structural organization
for tissue engineering applications.
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