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RESUME

Les nanocristaux de cellulose (CNCs) sont des nanoparticules biosourcées et
biodégradables en forme de batonnets qui suscitent un intérét croissant depuis quelques années.
Leurs propriétés uniques, de nature mécanique, rhéologique ou optique, peuvent étre exploitées
dans une vaste gamme d’applications dans des domaines comme les plastiques et composites,
I’alimentaire, les peintures et revétements ou la construction. Dans ce contexte, des travaux
approfondis sont menés par les chercheurs académiques et industriels pour tirer profit de ces
matériaux a haute valeur ajoutée. L’une des spécificités intéressantes des CNCs, commune aux
autres nanoparticules, est son aspect de forme, qui lui donne ces propriétés considérables, telles
qu’une grande résistance mécanique ou un caractere iridescent. De plus, les nombreux groupes
hydroxyle sur la surface des CNCs permettent une versatilité intéressante, via la modification de
surface. Cependant, ces deux attributs sont aussi source de complications importantes lorsque
leur dispersion en suspension est désirée. En effet, les CNCs ont tendance a former de solides

agglomérats quand ils sont séchés apres avoir été extraits de la source cellulosique.

Afin de pallier ce probléme, induit par les forces de Van de Waals et les liaisons
hydrogéne entre les nanocristaux, il est nécessaire d’utiliser un outil suffisamment puissant, tel
que I’ultrasonication. Ici, une uniformisation de cette approche est proposée. Un indice de
dispersion est évalué, grace a de la modélisation numérique validée par des analyses de
conductivité et de rhéométrie. Cela permet de déterminer les parametres a utiliser pour obtenir
une suspension de CNCs bien dispersee. La sonde de sonication doit étre placée de maniere
décentrée dans la partie haute du contenant. De plus, le volume doit étre limité a ~60 mL (lorsque
des béchers standards sont utilisés), car les zones de non-mélange (ou zones mortes) seraient
prédominantes pour de plus grands volumes. Une énergie ~167 kJ.g*.L* (par grammes de CNCs
par litre de milieu de suspension) est nécessaire avec ce protocole pour atteindre un état de

dispersion optimal.

L’¢tat de dispersion doit €tre évalué rigoureusement pour s’assurer de I’efficacité du
procédé. Les concepts de distribution et de dispersion sont ainsi étudiés de maniere approfondie
grace a la rhéologie, afin de comprendre le comportement des CNCs pendant ’ultrasonication.

L’homogénéité des suspensions est décrite par I’écart-type de la viscosité, tandis que la valeur de
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la viscosité elle-méme indique la présence ou non d’agglomérats. Ainsi, un faible écart-type et
une viscosité minimale, par rapport & une suspension n’ayant pas ¢t¢ soumise a 1’ultrasonication,
sont le signe d’une suspension bien distribuée et bien dispersée. L’influence du volume
d’échantillonnage est également mise en valeur. Une tendance a gélifier est observée pour une
suspension plus concentrée, rendant I’analyse plus difficile. Cependant, il est possible d’obtenir

un état de dispersion satisfaisant, en comparant avec une suspension de CNCs jamais séchés.

Enfin, cette étude est adaptée a de plus grandes quantités, jusqu’a 200 mL. Un montage
semi-continu est recommandé afin de contourner la limitation du volume qui peut étre traité par
lots. Cela méne de plus a un gain d’efficacité, puisque 1’énergie nécessaire est alors réduite de
64 %. Différentes concentrations en dessous du point de gelation sont ainsi préparées. Une
méthode en ligne est exploitée pour valider 1’état de dispersion, avec une simple mesure de la
perte de charge le long de la conduite. La viscosité de proceédé est calculée avec une approche
plus complexe et peut étre comparée a la valeur obtenue en rhéométrie rotationnelle. Ce montage
a également été utilisé en ajoutant du polyéthylénimine (PEI), pour montrer les autres usages

qu’il est possible d’en faire, tel que la modification de surface des CNC:s.
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ABSTRACT

Cellulose nanocrystals (CNCs) are biobased and biodegradable rod-like nanoparticles that
have garnered a growing interest over the past few years. Their unique mechanical, rheological
and optical properties may be exploited in a wide range of applications: in plastics and
composites, food, paints and coatings, construction, among other major fields. In this context,
both academics and industrials are carrying out extensive research works to exploit these high
value-added materials. Of particular interest is the high aspect ratio of CNCs, a feature shared
with many other nanoparticles, which provide them such valuable properties such as a high
mechanical strength or iridescence. In addition, the numerous hydroxyl groups on the surface of
CNCs confer upon them an interesting versatility as these can host surface modification.
However, these two specificities are also an important source of complications when dealing with
their dispersion in suspensions. Indeed, CNCs tend to form strong agglomerates when dried after

their extraction from the cellulosic source.

Reversing this phenomenon, induced by van der Waals forces and hydrogen bonds,
requires employing a powerful technique, such as ultrasonication. Herein, a standardization of
this approach is suggested. Through numerical modeling validated by conductivity and rheometry
analyses, a dispersion index is estimated. It allows to determine the optimal operating parameters
needed to obtain a well-dispersed CNC suspension. The sonication probe should be placed off-
centered in the upper part of the vessel. In addition, the volume should be limited to ~60 mL
(using standard beaker geometry) as no-mixing (or dead) zones are predominant at a larger
volume. Based on this protocol, an energy of ~167kJ.gt.L"* (per grams of CNC per liter of

suspending medium) is required to achieve an optimal dispersed state.

To ensure the proper efficiency of this process, the dispersion state must be properly
evaluated. The concepts of distribution and dispersion are hence thoroughly discussed using
rheology, helping to understand CNC behavior during ultrasonication. The homogeneity of the
suspensions is described by the viscosity standard deviation, while the viscosity value
demonstrates the presence of agglomerates. A well-distributed and well-dispersed suspension
therefore induces a minimal viscosity standard deviation and minimum viscosity, compared to an

unsonicated suspension. The sampling volume influence is also highlighted. A more concentrated
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suspension displays a rheopexy behavior, troubling the analysis. However, a satisfactory

dispersion state is obtained, by analogy with a never-dried suspension.

Eventually, all this study is adapted to larger quantities, up to 200 mL, aiming for
industrial applications. A semi-continuous setup is recommended to alleviate the volume
limitations implied with a batch system. It leads, furthermore, to an important gain in efficiency,
requiring 64% less energy. Different concentrations, below the gelling concentration, are
successfully prepared. An in-line method is used to assess the dispersion state, by simply
measuring the pressure drop along the pipe. A more complete strategy allows the determination
of the process viscosity that can be compared to the value obtained in rotational rheometry. This
setup has then been employed while adding polyethylenimine (PEI) in a well-dispersed

suspension, aiming to confirm further possible applications such as CNC surface modification.
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CHAPTER 1 INTRODUCTION

1.1 Background

Nanocellulose materials are a source of growing interest among researchers over the last
decades. In Canada, while the pulp and paper industry declined at the end of the 1990s,
nanocellulose gained in popularity [1, 2]. Indeed, this high value-added material presents at the
same time the valuable properties of cellulose (high mechanical strength, hydrophilicity, ability
for chemical modification), and of nanomaterials (large surface area, dispersibility) [3, 4].
Cellulose nanomaterials include cellulose nanocrystals or CNCs (width: 3-10 nm and aspect ratio
Ar>5), cellulose nanofibrils or CNFs (width: 5-30 nm and Ar>50), cellulose microcrystals or
CMCs (width: 10-15 um and Ar<2) and cellulose microfibrils or CMFs (width: 10-100 um and
length: 0.5-50 um). This term standardization (Standard Terms and Their Definition for Cellulose
Nanomaterial WI 3021) was suggested by the Technical Association of the Pulp and Paper
Industry (TAPPI) [5]. The sustainable, biocompatible, and renewable nature of nanocellulose
makes it a promising candidate for various applications in polymers for mechanical
reinforcement, in coatings for optimal rheological properties, in Pickering emulsions, adhesives
[2, 6, 7]. It is therefore a rich avenue to explore for researchers and industries. The significant
increasing number of publications in the last decade on cellulose nanomaterials illustrates this

interest in fully exploiting these compounds [8].

In this context, in 2015, FPInnovations, an organization supporting Canada’s forest
competitiveness, launched six challenges among Canada to deepen the knowledge about cellulose

nanocrystals and wood-based nanomaterials [9, 10]:
1. Dispersion of cellulose nanocrystals in agueous media
2. Dispersion of cellulose nanocrystals in non-polar matrices
3. Reinforcement potential of nanomaterials derived from wood fibre
4. Characterization of nanomaterials derived from wood fibre
5. Compatibilization of nanomaterials derived from wood fibre

6. Thermal stability of nanomaterials derived from wood fibre



This work is part of the second challenge which aims to study the dispersion of CNCs in
non-polar solvents and thermoplastics to develop a “dispersibility index” based on rheology and
evaluated offline or inline and applicable in several manufacturing processes [11]. This led to
pertinent discussions on CNC modification for hydrophobic compatibilization. This work is part
of the second challenge which aims to study the dispersion of CNCs in non-polar solvents and
thermoplastics to develop a “dispersibility index” based on rheology and evaluated offline or
inline and applicable in several manufacturing processes [11]. However, it also highlighted the
needs of more fundamentals works on CNC behavior in suspension, their surface properties, self-

assembly and dispersion in any media [12-15].

Therefore, this dissertation aims to continue efforts on bringing such comprehension that
can help handle the agglomeration tendency of CNCs. While non-polar based applications were
the final objective of the challenge, it appears necessary to first master the complexity of the
dispersion process in water. For this purpose, further understanding of the most common strategy
used to prepare CNC suspensions, which is ultrasonication, is essential. This implies that CNC
behavior during this process must be properly defined to determine what may affect the
dispersion efficiency. A rigorous protocol must also be specified to evaluate the dispersion state,
either offline or inline. Finally, this approach would have to be scalable at larger scale to target

industrial applications.

1.2 OQutline of the dissertation

Following this introduction, chapter 2 presents a review of the literature on CNCs and
their dispersion. After the description of the CNC extraction process, behavior in suspensions and
main properties, the dispersion issue is addressed. The sonication technique is explained along
with the dispersion evaluation methods that are mostly used. A critical analysis of the main gaps
concerning the subject will conclude this chapter. Responding to these identified gaps, chapter 3
introduces the objectives of this thesis. These points are tackled in chapters 4 to 6, which contain
the main works carried out during this project, resulting in the corresponding articles. Then,
complementary ideas are discussed in chapter 7, including approaches that did not lead to
concluding outcomes. Finally, chapter 8 summarizes this work and its originality, and suggests

several points for further study.



CHAPTER 2 CRITICAL LITERATURE REVIEW

To understand the different challenges regarding CNC dispersion in aqueous media, an
overview of these nanoparticles is given in this chapter. First, the process to obtain and handle
CNCs from the cellulose source is explained. Then, the behavior of CNC suspensions is
described including properties pertinent to various applications in the next section of this chapter.
Finally, to benefit from these properties, agglomeration, a too common issue with any
nanoparticle, must be avoided. Different approaches for de-agglomeration are presented, along
with techniques to evaluate the dispersion state. In this literature review, the focus is made on
several gaps in knowledge concerning the fundamentals of redispersion and the limitations of

current procedures.

2.1 From native cellulose to nanocrystals

2.1.1 Cellulose

Cellulose is found in abundance on Earth. Plants, tunicates, algae, and wood contain
various amounts of this renewable and biodegradable compound. Cellulose is formed by repeat
units composed of an anhydroglucose (CsH100s) ring covalently bonded by an oxygen atom. Its
degree of polymerization varies according to its source, from 10 000 to 15 000 [16, 17]. During
its biosynthesis, glucose chains form many (intra- and intermolecular) hydrogen bonds,
aggregating to form microfibrils [18]. Each fibril contains both crystalline and amorphous
regions [19]. They are surrounded by other components, including hemicellulose, lignin and

impurities, forming fibers [18, 20] (Figure 2.1).
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Figure 2.1: Cellulose chemical formula with possible intramolecular hydrogen bonds (adapted

from [16]) and cellulosic material structure (adapted from [21])

The native form of cellulose is called cellulose 1. Additional treatments can lead to
cellulose 11, 111 or 1V, with cellulose Il being the most thermodynamically stable form with a
monoclinic crystal structure. Cellulose | may be found both with a triclinic (l,) or monoclinic (Ip)

crystalline structure, at a ratio depending on the cellulosic source [22, 23].

Cellulose materials present unique mechanical properties with the combination of
crystalline (ordered) and amorphous (disordered) regions. While the disordered regions provide
flexibility and plasticity, the ordered ones induce stiffness and elasticity. These properties
depend, among other factors, on the source, as a higher cellulose content leads generally to a
higher strength [18].

2.1.2 Extraction of CNCs

A purification step is needed to isolate cellulose from its matrix, via lignin, hemicellulose
and impurity removal. For wood for example, kraft pulping — a treatment with heated sodium
hydroxide (NaOH) and sodium sulfide (NazS) under pressure — and bleaching — using NaOH,
chlorine dioxide (ClO2) and hydrogen peroxide (H202) — are employed to depolymerize and
solubilize lignin. The hemicellulose may also be solubilized in this process, while cellulose
remains intact. Bleaching is usually applied when the aim is to achieve a high degree of

crystallinity [24].

Afterwards, the microfibrillar and the crystalline parts of cellulose may be separated

through either mechanical treatment, acid hydrolysis or enzymatic hydrolysis (though less



common). Microfibrillated cellulose (CMF) can be obtained for example from wood using high-
pressure homogenization (HPH) or a grinder, leading after each pass through the system to
smaller particles, but grinding leads to lower crystallinity [25, 26]. Nanofibrillated cellulose
(CNF) is then obtained by additional chemical/mechanical treatments [27]. Acid hydrolysis is
generally employed on bleached cellulose as it induces the destruction of the amorphous regions,
while the crystalline parts are more acid-resistant, leading to rod-like CNCs [28, 29]. This step
has a significant impact on the final nanocrystal properties. For example, a longer hydrolysis
implies shorter CNCs [30]. Moreover, CNCs hydrolyzed with hydrochloric acid (HCI) are
difficult to disperse, as they have a tendency to flocculate in water due to the lack of surface
charge inducing electrostatic repulsive forces [31]. On the other hand, sulfuric acid (H2SOa4)
hydrolysis leads to the production of charged sulfate half-esters on the surface (-OH groups being
partially converted to -OSOsH), promoting suspension stability [32]. The resulting CNCs are
generally smaller with a larger surface area (~400 m2.g!) compared to those obtained with HCI.
A higher degree of sulfation is linked to a greater dispersibility in water [33]. However, the
presence of sulfate groups significantly decreases the onset degradation temperature Tonset for
CNCs (~150°C as compared to ~270°C for CNCs hydrolyzed with HCI) [34-36]. This outcome is
detrimental for applications in molten polymers (see Section 2.4.3) [37]. One way to improve the
thermal stability is to neutralize the sulfate charges with counterions (Na*, K*, H* etc.,
increasing Tonset ~300°C), which also plays a role on dispersion ) [37]. One way to improve the
thermal stability is to neutralize the sulfate charges with counterions (Na*, K*, H* etc.,
increasing Tonset ~300°C), which also plays a role on dispersion [35, 38, 39] (Figure 2.2). Instead
of a rod-like shape, a spherical morphology may be obtained by using both HCI and H2SO4 while
sonicated. This helps slightly increasing the thermal stability (Tonset ~170°C without
neutralization) while promoting the suspension stability [40].). Instead of a rod-like shape, a
spherical morphology may be obtained by using both HCI and H2SO4 while sonicated. This helps
slightly increasing the thermal stability (Tonset ~170°C without neutralization) while promoting

the suspension stability [40].
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Figure 2.2: Acid hydrolysis using H2SOa: (1) Cellulose fibers, (2) Sulfated CNCs, (3) Neutralized
sulfated CNCs

2.1.3 Drying

After extraction CNCs are generally dried for easier storage to be redispersed afterwards,
as will be explained in Section 2.2. Several drying methods exist: spray-drying, freeze-drying, air
drying, oven drying, supercritical drying or freeze-spray drying. Each approach impacts
differently on the resulting powder morphology and thermal stability [41, 42]. Freeze-dried CNC
appears as lamellar flakes whereas the spherical agglomerates obtained by spray-drying form a
flour-like powder [43]. Spray-drying may be the best strategy to produce particle size in the
nano-range. Air drying leads to microparticles, while freeze-drying and supercritical drying lead
to a multi-scale material (nano and micro dimensions), but at added cost [42]. Spray drying
additionally induces a better thermal stability and a higher crystallinity index that may be tailored
with humidity and temperature conditions. Freeze-dried CNC appears as lamellar flakes whereas
the spherical agglomerates obtained by spray-drying form a flour-like powder [43]. Air drying
leads to microparticles, while freeze-drying and supercritical drying lead to a multi-scale material
(nano and micro dimensions), but at added cost [42]. Spray drying additionally induces a better
thermal stability and a higher crystallinity index that may be tailored with humidity and
temperature conditions [41, 44, 45].



2.2 Redispersing CNCs in solvents

Dried CNCs may be challenging to redisperse due to the strong intermolecular hydrogen
bonds and van der Waals forces (~10 kJ.mol) formed while drying [12, 46, 47]. These
interactions are stronger and more numerous for CNCs in the acid form (not neutralized) which
limits redispersion, unless the moisture content has been kept above 4 wt% during drying [38,
43]. However, it is possible to obtain stable colloidal aqueous dispersion with neutralized CNCs

using appropriate treatments [38, 43], the efficiency of which will be discussed in Section 2.5.

Electrostatic stabilization (predicted by the dielectric constant €) and solvation-induced
stabilization (related to the chemical affinity) are the two key mechanisms playing a role on the
suspension stability [13]. CNC dispersion ability may be predicted using the Hansen solubility
parameter (HSP) theory [14]. In this approach, each solvent and polymer may be defined by a
triplet (ob; op; oH) where b is the component for the London dispersion forces, op the component
for the dipole-dipole interactions, and ou the component for the hydrogen bonding interactions

[48]. This triplet represents the total cohesion parameter &tin MPa'?2, defined such as:
8% = 65 + 63 + 6% (2.1)

To assess the chemical affinity between a solvent (1) and a polymer (2), a distance Ra in
MPal”2 is then defined:

RZ = 4(6p1 — 5D,2)2 + (6p1 — 6P,2)2 + (6p1 — 6P,2)2 (2.2)

The solvent is considered as “good” for the polymer if Ra<Ro, Ro being a sphere radius
whose center is the polymer HSP. “Good” here mean that the polymer can at least swell in the
solvent or is totally soluble, and this concept may be extended to dispersibility for non-soluble
particles. Mixtures of solvents may also be defined the same way [48]. As CNC presents an
amphiphilic behavior in suspension due to its anisotropy, two sets of HSP parameters may be
defined. The main HSP sphere describing its polarity has a radius of 7.8 MPa'? with a center (Jp;
&p; on) = (18.1; 20.4; 15.3) + (0.5; 0.5; 0.4) MPaY2. Then the non-polar sphere radius is much
smaller (2.1 MPa'?) with its center at (17.4; 4.8; 6.5) + (0.3; 0.5; 0.6) MPa'? [14] (see Figure
2.3).
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Figure 2.3: HSP graph of CNCs with solvents leading high (green), to medium (blue) and low
(red) dispersibility. Reproduced with permission from [14]

Thus, suspending CNCs in polar organic media like dimethyl sulfoxide (DMSO) or
dimethylformamide (DMF) may be accomplished, though a minor water content may be needed
(<2 wt%) and some agglomeration is observed [49]. Dispersing CNC in non-polar media is also
possible for a few solvents as predicted by the HSP theory [14]. However, to expand the range of
possible solvents, solvent exchange may be employed, progressively exchanging to solvents with
a lower polarity [50]. A surfactant or surface modification may also be used to overcome this
problem [51-54].

2.3 CNC aqueous suspension behavior

2.3.1 Nanorod organization

The structure and the surface charge of the CNCs imply an ordering phenomenon [55].
The orientation of the nanorods is concentration-dependent. At low CNC content (below 3-4 wt%
[56]), they do not adopt a favored orientation, resulting in an isotropic phase. At higher

concentration, they form a chiral nematic phase with the optical properties of cholesteric liquid



crystal [57]. CNCs are arranged in parallel layers along one direction parallel to the layer plane.
In addition, the main axis direction in each layer slightly rotates from the layer below, leading to
a helicoidal distribution [58] (Figure 2.4). A transitional state is achieved at intermediate
concentration with both isotropic and anisotropic phases [59]. Interestingly, only sulfated or
phosphated CNCs display chiral nematic structure [33], and their corresponding films
demonstrate iridescence properties. Eventually, higher concentrations (above 10-12 wt%) lead to

a birefringent gel [56].

o —7 =7 director
isotropic = ) . %7%,7| rotation
phase 7 | 77| \= chiral nematic 5

NN > | phase FP/2
7/

CNC <A ’\);‘---;\:. =

cholesteric axis

Figure 2.4: CNCs organization in the isotropic phase and in the chiral nematic phase, each chiral
plane is composed of aligned nanorods, and their orientation slightly rotates from adjacent

planes, P being the pitch of the obtained helix. Reproduced with permission from [60].

This self-organization ability depends on the balance between the attractive van der Waals
forces and the repulsive steric and electrostatic forces [59]. Thus, the concentration limits
discriminating each behavior are largely influenced by the surface charge [61]. Salt addition
conducts to gel formation at much lower CNC concentration (1 wt%) as the ionic strength leads
to a thinner electric double layer, reducing the electrostatic forces [62]. These notions are detailed
in Section 2.5.1. The degree of sulfation affects the critical concentrations too, with higher limits
for more sulfated CNCs [56]. Compared to H2SOs-hydrolyzed CNC suspensions, HCI-
hydrolyzed CNC suspensions present a time-dependent rheological behavior. Indeed, as
introduced in Section 2.1.2, HCI hydrolysis leads to a lower suspension stability, inducing
agglomeration due to the lack of repulsive forces. When applying shear, these agglomerates may

be broken, leading to a shear-thinning behavior [63].
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2.3.2 Rheology

The three behaviors displayed by CNC suspensions, which are discussed above, namely
the isotropic, chiral nematic and gel behaviors, present different rheological behavior in shear rate
sweep studies. Thus, isotropic suspensions exhibit a Newtonian plateau at low and high shear
rates (below 2.102 and above 10's?) and a shear thinning behavior at intermediate values.
Lyotropic liquid crystal suspensions are also defined by a three-region viscosity profile, this time
with shear-thinning at low (<10%-10%s?) and high shear rate (>10-10%s?), and a plateau at
intermediate values. Finally, a typical behavior of a gel is shear-thinning over the entire range
[64] (Figure 2.5).

104 JERERILRALL B R AL B R AL ALY S ALY
i *, ® Gel .
10% L ° =
- @ ° A Chiral nematic 3
- 8 ° liquid crystal
102 5
E ®e ) E
m ® @ W Isotropic
« - *e ]
a 10 F ™ 3
> E P 3
£ E s .
O 100 L AL \ ] ¢
(8] E A ] E
3 I A | [ 3
[72] A ‘ ® =
> : P A AAL, } 3
I Em A A A 1
101 . i FAa, B
E | kil | A A =
E | B - i | A T -
L [m) - : .
B
102 =] i @ —
E &8 3
E ! EEmpgyg Emg
10-3 i ' 1 lllllll 1 L llllll L ' lllllll L L ‘llllll ' L lllllll ' LA L Ll
103 102 101 10° 10° 102 10°

Shear Rate (s™)

Figure 2.5: Viscosity as function of shear rate illustrating the three kinds of behaviors of CNC
suspensions. Approximate limits between the different regions discussed in this section are

indicated by vertical lines. Adapted from [64].

Combined with small-angle X-ray scattering (SAXS) and small-angle light scattering
(SALS), Pignon et al. [65] successfully used rheology to understand the viscosity changes
occurring for liquid crystalline suspensions of CNCs. The lowest shear rates disrupt large liquid

crystalline domains into smaller tactoids (isotropic liquid crystalline microdomains), and the
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helical axis of the cholesteric regions align perpendicular to the flow direction. Then, the tactoids
keep the same orientation but they are broken into smaller entities, smaller than the pitch value.
These units are finally completely broken at high shear rate and the nanocrystals remain oriented

in the flow direction.

Different parameters may influence the suspension viscosity. A higher temperature leads
to a decrease in the viscosity on the entire shear rate range for concentrations below 3 wt%.
When there is more organization in the system, however, a small increase is observed for low
shear rate, at 30-40 °C for concentration up to 7 wt%, or above 50°C for concentration ~10 wt%.

It suggests changes or rearrangement in the microstructure.

Salt content is a key parameter for the CNC aqueous suspension rheological behavior
[66]. Xu et al [66] have for instance observed that for their type of CNC, the liquid phase below
3 wt% becomes a gel for salt concentration over 50 mM. At high CNC concentration (>10 wt%),
a solid phase is observed where G’>G’’ (G’ and G’ being respectively dynamic shear storage
and loss modulus). While the term “gel” is usually used in the literature, the term “glass” is
suggested by the fact that the solid volume fraction is above glass transition (meaning that the
high volume fraction does not allow rotational diffusion [67]). Thus, a repulsive glass is noticed
at no/low salt content and an attractive glass for salt concentration above 20 mM, being
dominated respectively by repulsive or attractive forces [68, 69]. Figure 2.6 reports all the

different behavior described in this section.



12

?D /\ Gel Attractive
S glass Single- haed crystal
o % : gle-phase liquid cry
2 1% =’
2 @"‘. : Re-entrant liquid crystal
5 R VOG- s e
- ‘A A X
Isotropic ¢ AR 5k Liquid crystal hydroglass
5 :
= (%@ Repulsive
©
= ; glass
m K
Q/ :®Biphasic
T
Volume fraction ——>
Aspect ratio —>

Figure 2.6: Phase diagram illustrating the different behaviors observed for CNC suspension.
(“Re-entrant” means that an additional liquid crystal state is formed). Reproduced with

permission from [67]

Fedors model, describing the viscosity of dilute and semi-dilute systems containing
agglomerates, was successfully applied on CNC suspensions [12]. This model may be defined as
[70]:

1 1

1
2(Jnr-1)  Clnl  Cmln]

(2.3)

where the relative viscosity 7r is the ratio of the pseudo Newtonian plateau or Newtonian
viscosity 7o, to that of water. [7] is the intrinsic viscosity in volume/mass unit measuring the
contribution of dispersed particles to the bulk viscosity [71]. [7] is the sum of the rigid body [7]o

and the electroviscous [7]er contributions, Cm is the maximum packing concentration and C is the

concentration calculated by:
- @
C = P (2.4)

with ¢ the volume fraction and p the solvent density. For spray-dried CNCs with a shape
factor (or aspect ratio) Ar ~12.5, [77]o was estimated to 12 mL.g%. 7nr and [7]e decrease for

smaller particle size during dispersion in water. In addition, [#]o is function of the shape factor,
such as, for CNCs [72, 73]:
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_ 14 AR? AR?
[nlo = 15 + 15(In (24g)—1.5) + 5(In (24g)—0.5) (2.5)

Thus, as the aspect ratio accordingly decreases, a larger [7]o is also expected. In addition,
Cm is decreasing upon dispersion (up to a maximum value ~ 0.11), displaying agglomerate
breakage [12]. Hence, this model demonstrates the great potential of rheology for describing

colloidal suspensions.

2.4 A brief overview of CNC applications

2.4.1 Main properties

CNC's unique properties make them valuable for a wide range of applications. With a
high crystallinity and a low density (~ 1.6 g.cm™), their specific Young’s modulus is competitive
with that of Kevlar (~ 42 J.g!) and higher than that of glass fibers (~ 29 J.g!) [18, 74].

The liquid crystallinity of the CNCs leads to optical properties that may be tuned by
controlling the orientation of the nanorods in the matrix. The wavelength of the reflective light is
influenced by the pitch of the helix controlled by CNC concentration, its surface charge, or the
ionic strength. The pitch can also be changed by ultrasonic treatment, by changing the

evaporation temperature or by further surface modification [58, 60, 75].

CNCs may demonstrate swelling properties as nanocrystals are arranged such that water
can penetrate between them [76, 77]. For the same reason, a high diffusion coefficient and gas
permeability is also observed [78]. CNCs hydrolyzed by H2SO4 display permselective properties

because of their surface charge, absorbing only positively-charged species [79].

2.4.2 Surface modification

CNCs may be incorporated to polymers to enhance the properties of the native matrix.
One limitation for this to fully benefit from these properties is their polarity. To compatibilize
CNCs with non-polar polymer matrices, CNCs must usually be modified by taking advantage of
the numerous reactive OH groups present on the nanorod surface. Different methods exist and are

briefly stated in this section (Figure 2.7).
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Substitutions of OH groups using small molecules (in orange in Figure 2.7) has been
extensively studied in the literature. 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) is used to
oxidize the CNCs to favor polymer grafting or promote suspension stability [53, 80].

Polymer grafting may be performed by attaching polymer chains onto OH groups
(grafting-onto) with a coupling agent (in blue in Figure 2.7) or by polymerization on CNC
(grafting from) through ring opening polymerization, atom transfer radical polymerization
(ATPR) using an initiator or single-electron transfer living radical polymerization (in green in
Figure 2.7) [32, 81]. Acetylation can provide a hydrophobic behavior to the CNCs [82].
Interestingly, a single-step process combined with the hydrolysis step (see Section 2.1.2) was
developed. The Fischer esterification allows at the same time acetylation and extraction of the
crystalline part [83]. The same method can by apply with esters [84]. Silylation also leads to
hydrophobic modified CNCs but a high degree of substitution (>1) leads to a loss of the original
crystal morphology [51].
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Figure 2.7: Common CNC surface modification strategies [PEG: poly(ethylene glycol); PEO:
poly(ethylene oxide); PLA: poly(lactic acid); PCL: poly(caprolactone); PAA: poly(acrylic acid);
PS: polystyrene; PNiPAAmM: poly(N-isopropylacrylamide); PMMAZO: poly(6-[4-(4-
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methoxyphenylazo) phenoxy] hexyl methacrylate); PDMAEMA: poly(N,N-dimethylaminoethyl
methacrylate); ASA: alkenyl succinic anhydride]. Adapted from [81]

Non-covalent methods allow modification with a low environmental impact, without any
coupling agent or purification step. This approach is based on electrostatic interactions, for
instance between a surfactant and the CNCs [85-87]. Cationic surfactants are usually favored as it
is better adsorbed by the negatively charged CNC [88]. Many polymers (charged and uncharged)
as well as precipitated sugars may also be used. The drawback of this method is that a large

amount of surfactant is generally required because of the high specific area of CNCs [87].

2.4.3 CNC addition in polymers

The objective of CNC addition in polymers may vary. Mechanical properties are often
targeted due to the high mechanical strength of CNCs [89, 90]. Although significant mechanical
improvement has been achieved (e.g., an elastic modulus 10 times higher than the neat matrix at
the rubbery plateau [91]), many parameters may inhibit the desired properties such as the
percolation threshold and the filler dispersion [18, 91, 92]. However, other properties may be
enhanced when adding CNC in a polymer such as the flow behavior for 3D printing applications [93,

94], piezoelectricity [95-98], tunable optical properties for photonic materials [99-101], etc.

CNCs (modified or not) are most commonly incorporated into polymers by solvent-
casting or melt compounding approaches. Solvent-casting relies on preliminary dispersion of
CNCs in a solvent that is miscible with the polymer solution, or that can solubilize the targeted
polymer. The resulting blend is dried before being used for the desired application (extrusion,
compression molding) [16]. In addition to being time-consuming, the downside of this approach
is that finding a suitable medium may be complex [16, 102]. HSP theory (introduced in Section
2.2) may overcome this problem [14, 48]. In addition, the evaporation step is critical leading
either to destabilization-induced self-assembly or evaporation-induced self-assembly. The second
phenomenon, occurring either alone when &<11 and Ra>7.8MPa%2 or combined with solvation-
induced stabilization when £<11 and Ra<7.8MPa'?, needs to dominate to form continuous thin
film [13].
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A more straightforward technique consists in mixing the CNCs in the molten polymer
before extruding or compression molding [16]. A masterbatch may be employed beforehand to
favor the compatibilization between CNCs and the matrix, with either the same polymer or a
compatibilizer [103-105]. In all cases however, it is essential that the processing temperature
(close to the matrix melting temperature Tm) remains largely below the thermal degradation point
of CNCs. For instance, sulfated CNCs must be neutralized to be added in PLA (Tm ~ 173-178°C)
or polyhydroxybutyrate (PHB, Tm ~ 177°C) [106] (as detailed in Section 2.1.2, Tonset ~ 150°C for
sulfated CNCs while Tonset ~ 300°C after neutralization).

2.5 Dispersion challenges

2.5.1 Agglomeration and dispersion theory

An optimal dispersion state, along with colloidal stability, is usually desirable for many
applications, with any nanoparticles such as CNCs [107-109]. The colloidal stability is described
by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, combining attractive van der Waals
forces and repulsive electrostatic forces [110]. Zeta potential is usually a good indicator of the
suspension stability as it gives information on the surface charge density [111]. This parameter is
the potential at the slipping plane: a charged particle is surrounded by a double layer, composed
of an inner layer or Stern layer of ions with opposite charge to that of the particle, and a diffusion
layer with both charges. The slipping plane is then the interface with the medium. By measuring
the electrophoretic mobility under an applied electric field, it is possible to deduce the zeta
potential with Huickel or Smoluchowski approximations. A zeta potential absolute value above
30 mV implies attractive forces weaker than repulsive forces, leading to suspension stability.

However, lower values may be sufficient if the van der Waals forces are weak [112].

A distinction may be made between an “aggregate” and an “agglomerate”, despite these
terms are often being used interchangeably in the literature. When nanoparticles are held by van
der Waals forces, they form an agglomerate. “Aggregate” is generally used for stronger chemical
or sintering bonds (“hard” bonds) [110, 113]. In other words, when the repulsive forces of the
primary particles are too weak, this results in agglomeration. These forces are a function of the

surface charge, electrostatic, and steric forces. The electrostatic forces influence the zeta potential
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and the electric double layer thickness, as explained above. The first parameter is influenced by
the pH while the second depends on the medium ionic strength. Indeed, when the particle net
surface charge is zero, this is called the isolectric point. pH values lower or higher than the value
at this point leads to a higher zeta potential. Thus, stronger repulsive forces are obtained further
from the isoelectric point, leading to a better stability. Moreover, a higher ionic strength induces

the compression of the electrical double layer. This eventually triggers agglomeration [110].

2.5.2 Ultrasonication

While used for several applications such as emulsion preparation [114] or chemical
reactions [115], ultrasonication is often employed for solid particle dispersion [43, 111, 116].
Two types of ultrasonication are usually employed: probe (or horn) and bath sonication (Figure
2.8). Whereas the two methods are based on the same phenomenon, defined in this section, only
probe sonication is addressed here. Indeed, bath sonication is an indirect technique providing
lower amount of energy because of a lower intensity and non-uniform process (20-40 W.L!
compared to 20 000 W.L* for a probe device) [117, 118]. This approach is thus less efficient
regarding agglomerate breakage [110].

Bath sonication Probe sonication

Figure 2.8: Bath and probe sonication configuration

This process is based on acoustic cavitation (Figure 2.9). Sinusoidal waves are generated
by piezoelectricity at high frequency (> 20 kHz), leading to alternating positive and negative
pressures. This creates vacuum bubbles, immediately filled with vapor, in the liquid medium.
Subject to the pressure changes, these bubbles grow until a critical size (ex. 170 um at 20 kHz)

[119]. At this point, an implosion occurs releasing a very high amount of energy stored during
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bubble growth, resulting in local temperature and pressure over 5000 K and 100 bars. In
addition, a “microjet” approaching 400 km/h is observed when the implosion occurs near a solid
boundary [119, 120]. With these intense conditions, a very brief light emission (~10-1° s) may be
noticed [121]. Moreover, it can lead to thermal dissociation of the vapor, or solvent
decomposition in case of non-aqueous solutions. Sonication forms free radicals or radical

products, which are exploited in sonochemical reactions [122, 123].

-

Apucc<0

Apacc>0

Figure 2.9: Cavitation theory: (1) A cavitation bubble is formed due to the pressure changing
(positive and negative acoustic pressure fields Apacc are respectively illustrated in red and blue).
(2) Its size is affected by the pressure and grows until a critical size (3) that triggers implosion
and (4) releasing high amount of energy (yellow circle). (Note that positions (3) and (4) are only
differentiated for the readability of the figure).

For the cavity (or vapor bubble) to be formed, a specific pressure must be achieved: the
acoustic cavitation threshold, depending on the static pressure, the acoustic frequency, the
medium and its temperature. It has been measured to be between ~0.8 and ~3 bars at 20 kHz
[121].

The Rayleigh-Plesset equation accurately models the behavior of a single bubble [121]:

n

.3 . Rp\ 3% 200 AU
PRR +>pR* =p; =P, = Pgn (?) + Py — Dstat — % - ?#R —p(t) (2.6)
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where R and Rn are respectively the actual bubble radius and the radius at rest, p the fluid
density, u the fluid dynamic viscosity, pi the internal pressure, pe the external pressure, « is the
polytropic exponent of the internal gas. pv and pstat are respectively the vapor and the static
ambient pressure, ow is the surface tension between liquid and vapor phases at the bubble wall,

and pgn, the gas pressure in the bubble at rest, which is defined by:
Pgn = i_: + Pstat — Pv (2.7)

The multi-bubble dynamics have also been well described. Clusters, streamers or double
layers can be formed, depending on the forces governing their motion [121]. Tzanakis et al. [124]
successfully demonstrated the effect of different liquids on the pattern cavitation bubbles form.
Whereas a cone-like structure is observed for water, a circulating formation is visible for more
viscous fluids like glycerol, and less viscous liquids like ethanol do not lead to any organization
(Figure 2.10). The cone-like structure in water was also highlighted by Moussatov et al. [125]

who additionally proved that smaller probe diameters lead to more turbulent flow. The acoustic

intensity is indeed inversely proportional to the horn surface.

Figure 2.10: Different cavitation bubble structures forming under the probe: a) conical shape in
water, b) circulating formation in glycerol and (c) random structure in ethanol. Reproduced with
permission from [124]

To further understand the ultrasonication process, several modeling works have been
carried out. Based on the bubble dynamics theory presented above, Louisnard et al. [126, 127]
modeled the cavitation model structure and defined an “active zone” where cavitation occurs.

Schanz et al. [128] were able to predict the sonochemiluminescence of a cavitation bubble. They
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used a hard sphere model for the species inside the bubble, and the Rayleight-Plesset equations
were applied for the surrounding medium. Moreover, the fluid dynamics induced by the acoustic
streaming force was simulated by Rubinetti et al. using laminar approximation [129, 130]. The
acoustic equations were coupled with the laminar fluid flow equations with the following body

force F:

F = 1/2 Re[pzwuacc] + 1/2 Pe (Re [ujc auacc/ax] + Re [u;‘, auacc/ay] + Re [u§ auacc/az])
2.8)

where Ugcex, Ugeeys Uaeez» the complex conjugates of velocity components in Cartesian
coordinates at a specific location and only the real portion of each term is considered. p, and
p. are real and complex conjugate of density perturbation and scalar p, is obtained from the

Helmholtz equation such as:

pe =P/ (2.9)

with pacc the acoustic pressure and c the velocity of sound in the medium. However, in all
numerical models, the experimental conditions of ultrasonication were rarely discussed, except

for the probe diameter and power influence in aluminum dispersion [131].

The cavitation phenomenon is known to be efficient enough to erode and break
agglomerates [117, 132]. The maximum energy released by cavitation (~ 100 kJ.mol?) is larger
than the binding energy of hydrogen and van der Waals forces (~ 10 kJ.mol!) [12]. Erosion is
favored for low energy settings, and more important for agglomerates with a larger specific
surface area [133, 134]. Fracture requires a higher energy. This implies that the particle residence
time in the region where cavitation occurs (active zone) must be long enough for the cavitation
forces to be significant [134]. In addition, erosion is independent of the input acoustic power
[133]. It must be noted nonetheless that ultrasonication may not be efficient enough to break the

hard bonds holding the aggregates [110].

Several parameters affecting ultrasonication efficiency have been discussed in the
literature. Firstly, the frequency value impacts the size of the collapsing bubble. A too small
bubble will imply a weak cavitation phenomenon as the released energy is proportional to the

cavity size. However, a too large bubble induces less frequent collapsing events. Accordingly, the
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frequency value must be chosen properly to find a balance between both phenomena. This is
especially important in chemical reactions to increase the radical production rate [135]. The time
needed for dispersion reported in the literature varies largely. Beck et al. [58] suggested that
sonicating longer than 5 minutes does not imply a better dispersion. On the contrary, others
described an improved dispersion state at longer times up to 60 min, when re-agglomeration
occurs [109, 136]. Longer treatment would also induce significant probe erosion [137].
Nevertheless, even longer times (up to 150 min) were reported as optimal in the literature [107,
108]. This discrepancy highlights the lack of knowledge about this technique and may imply that

the process cannot be generalized whatever the experimental conditions.

Similar contradictions arise when studying temperature effects on ultrasonication
efficiency. Dumée et al. [138] observed for instance a weaker diffusion at lower temperature,
leading to enhanced suspension stability, and improved dispersibility. Conversely, Li et al. [136]
demonstrated that higher temperature favors a faster dispersion by reducing the attractive forces.
Ultrasonication may be performed either in a continuous or in a pulsed mode. The pulsed mode
was sometimes suggested to avoid overheating [12] but no gain in efficiency has been proven
[139]. The energy needed to obtain well-dispersed suspension has also been discussed. While
Beck et al. [43] proposed 5000 J.g* at most for this purpose, Beuguel et al. [12] recommended a
value of 10000 J.g%. In both cases, recommendations made do not account for container
geometry or suspension volume. It must also be highlighted that concentration is sometimes
mentioned as a limiting factor and high CNC concentrations (>3 wt%) should rather be obtained

by evaporating more dilute suspensions [43, 111].

The cavitation phenomenon also depends on the medium properties. The intensity Ix

varies with the distance from the probe surface x, following the equation:
I, = [ye %%~ (2.10)

where lo is the initial acoustic intensity and « is the attenuation coefficient, defined by:

@ o % (2.11)

with f the acoustic frequency [140]. Thus, the acoustic waves are more attenuated for

more viscous fluids, inducing a lower efficiency.
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While details about the experimental conditions used for ultrasonication are rarely
presented in articles, a few works have been carried out on sonication parameters’ influence.
Recently, sonochemiluminescence, calorimetry and potassium iodide dosimetry techniques were
employed to define optimal conditions based on the sonochemical activity. It was found that a
probe placed 10 mm from the bottom of the vessel (500 mL), centered, with a liquid height of
70 mm and a high power were giving the best results [141]. It must be pointed out though that
this study was only carried out in water, implying generally a lower density and viscosity than
suspensions, with the latter impacting the acoustic wave propagation. Moreover, the conditions
would not be necessarily adapted for dispersion as the challenges are not the same (mixing is
needed in addition to cavitation). Indeed, the opposite recommendation (placing the probe near
the surface) has been recommended to ensure better foamability of Pickering emulsions [142].
Concerning dispersion, Taurozzi et al. [117] suggests immersing the horn to 2-5 cm, keeping at
least 1 cm from the bottom of the beaker. In addition, the acoustic wave exposition may be
maximized for smaller containers. However, the authors do not present any justifications for
these guidelines. Nevertheless, the volume limitation has been reported elsewhere in the
literature. Kusters et al. [133] have experimentally proven that the fragmentation rate of the

agglomerates is inversely proportional to the total suspension volume.

This limitation constrains the scalability of ultrasonication. Because the acoustic intensity
is inversely proportional to the probe area, a larger probe that one would be tempted using to
increase the cavitation zone diameter, is in fact less efficient. A continuous flow system has
infrequently been employed for other applications than nanoparticle dispersion (especially in
food industry). A recirculation is allowed between a tank containing a large volume and a small
flow cell where ultrasonication is applied (Figure 2.11). This showed interesting gain in energy
and time [143, 144]. More expensive approaches are suggested such as to use several probes in
series, a flow cell with multiple transducers working at different frequencies, or a barbell horn to
achieve higher sound amplitude, employed either in batch or continuous flow modes [145-147].
However, whereas this last method should effectively allow to provide higher acoustic wave
amplitude due to the probe shape, there are not much details about the overall efficiency (energy
consumption, etc.). In addition, these scaled-up systems do not allow any inline validation which

seems critical to assess when the nanoparticle dispersion process is achieved at an industrial
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scale. Note that no reports specifically on CNC dispersion have been identified in the literature

for such scaled-up systems.
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Figure 2.11: Recirculating flow ultrasonication for emulsion. Reproduced with permission from
[143]

2.5.3 High-pressure homogenization

Another way to break agglomerates apart and obtain a well-dispersed CNC suspension is
to use HPH. This technique forces a liquid through narrow nozzles at high-pressure (around
1.6.108 Pa), inducing high-shear and cavitation [148]. This process has been widely exploited for
cellulose extraction [25, 149-151] and emulsion preparation [152]. To the best of our knowledge,
however, only a few research works have been led on nanoparticle dispersion with HPH [153-
155]. This may be due to its infrastructure cost or energy consumption [156, 157]. Azoubel et al.
[158] compared this technique with ultrasonication concluding that HPH was a more efficient
method, being less time-consuming (10 min compared to 1h for 100 mL of a 0.5 wt% carbon
nanotube suspension). While the process offers indeed an easy scale-up suitability, Azoubel’s

findings may highlight again the lack of knowledge needed to use the ultrasonication approach
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optimally. Unfortunately, they do not report the ultrasonication energy to make a relevant

comparison with the one applied in HPH (estimated ~16 MJ.g™2).

2.5.4 Dispersion state validation

Several qualitative and quantitative methods may be applied to assess the dispersion state

of CNC suspension.

Dynamic light scattering (DLS) gives information on the hydrodynamic apparent particle
size of the CNCs. This technique measured the light intensity scattered by the particles affected
by Brownian motion, which is proportional to their size via Stokes-Einstein relation [112].
However, it must be assumed that the CNCs are spherical. This limitation may be avoided using a
multi-scattering device. With a polarizer and based on the rotational and translational
coefficients, it is possible to estimate the length and diameter of the nanoparticle [159]. In
“standard” DLS analysis, because of their orientation and high aspect ratio, neither the “real”
particle size nor the particle size distribution can be quantified at the risk of overestimation.
addition, the polydispersity of CNC suspensions is difficult to handle as the light scattered from
smaller particles are screened by the larger ones [160]. Nevertheless, the apparent particle size
allows characterizing qualitatively the dispersion state. To be reliable, the measurements must be
carried out on suspensions at 0.025 wt%-0.05 wt% as lower or higher concentrations false the

analysis [111].

Atomic force microscopy (AFM) or transmission electron microscopy (TEM) can provide
quantitative information on CNC size and morphology. Recently, Campano et al. [161] defined
rigorously different types of clusters according to their morphology with TEM. This helped them
prove that with increasing ultrasonication time, the largest agglomerate types are fewer, while
more clusters with shorter non-branched particles are obtained. Based on their work, the same
conclusion was reported by Metzger et al. [162] who observed a decrease of the mean particle
length and a narrower particle length distribution. Yet, these imaging techniques require the
suspension to be dried, which may affect the original state [163]. It may be possible to perform
TEM in a wet-cell, intended for fluid characterization, but this sample holder is not widely
available [164].
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UV-vis spectroscopy or turbidity measurements may also help define the dispersion state
as long as the same protocol is used to compare different samples [165-167]. A higher
transmitted intensity would be obtained for better dispersed suspension, though this must be
compared with the pure solvent to ensure the absence of complete sedimentation. However,
turbidity is also linked to other parameters than agglomeration. Thus, the results must be

exploited cautiously and completed with another technique [111].

Asymmetrical flow field-flow fractionation (AF4) coupled with multi-angle light
scattering is a promising method that can overcome the limitation of the previous approaches. It
allows defining the particle size distribution directly from the suspension [162, 163]. Similarly,
Raman et al. [168] used an in situ focused beam reflectance measurement (FBRM) probe in a
continuous flow apparatus to monitor particle size distribution. It may also give information on
the particle texture. The FBRM probe emits a light whose reflected intensity is measured. The
recording signal may then be processed to give the chord length measurements (time for the beam
to cross the particle, divided by the beam’s rotation speed), which may subsequently be linked to

the particle size [169, 170].

The dispersion state plays an important role in the rheological behavior of a suspension.
Compared to microscopy or DLS, rheometry presents the asset of requiring no dilution or drying,
ensuring that the results are only owed to the suspension preparation method and the properties of
the material itself. A better dispersion leads to a smaller hydrodynamic diameter, along with a
smaller interparticle distance resulting in a lower viscosity [12, 65, 136, 171]. However, for
highly concentrated suspensions (12 wt%), the viscosity increases again at rest over time. This
may be due to a reorganization of the cholesteric domains [172]. In addition, a gel behavior is
obtained for suspension containing agglomerates whereas the same concentration gives a three-
region viscosity curve specific to a chiral nematic liquid crystal phase (see section 2.3.2) for a

well-dispersed suspension [64].

Sulfated CNC dispersion state may also be characterized by their conductivity due to the
charged surface. It was proposed that during hydrolysis, some ions remain trapped in the CNC
agglomerates. When applying ultrasonication, the trapped ions may be released in the suspension,

leading to a thinner electrical double layer and a higher conductivity [12, 58]. This ion release
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theory was however refuted later, suggesting rather that the conductivity increases was due to

faster diffusion of smaller particles and the availability of surface charges [162].

However, it must be noted that apart from the FBRM technique, which requires
nonetheless some post-processing work, all these approaches imply a dispersion state evaluation
performed separately from the suspension preparation. In other words, these are not in-line

measurements.

2.6 Summary

Several important points have been highlighted in this literature review:

- To aim for industrial applications of CNCs, the whole process (dispersion and
characterization) must be applicable at large scale and easy to perform. Only a few
examples employing ultrasonication for higher scale may be found in the literature and

are not used to disperse nanoparticles.

- While being widely exploited for nanoparticle dispersion, the key parameters of the
ultrasonication technique are not fully understood. The numerous differences observed in

the protocols applied in the literature have certainly important loss in terms of efficiency.

- Though rheometry is a powerful method to qualitatively assess CNC suspensions and
their dispersion state without any post-treatment (-ultrasonication) modification, no work
has been done on the homogeneity of the suspension. Using other strategies for this purpose
that need either to dry or dilute the suspension may change its state. Furthermore, it conducts

to particle size distribution rather than giving information on the suspension homogeneity.

- All dispersion state evaluation techniques require an additional step, either for the
measurement itself or for post-processing. This may not be efficient for industrial

applications.
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CHAPTER 3 RESEARCH OBJECTIVES AND COHERENCE OF THE
ARTICLES

3.1 Identification of the problem

CNCs are typically obtained from cellulose through sulfuric acid hydrolysis [28, 32].
They are then generally dried for subsequent use [41]. However, significant agglomeration is
induced from this drying step, strong hydrogen bonds being formed between particles
accompanied by important van der Waals forces [46, 47]. Before considering any applications
with CNCs, their proper dispersion must be ensured. Ultrasonication is mostly used for this
purpose. Based on cavitation, it provides enough energy to break agglomerates [12, 117]. Yet,
important contradictions and information gaps regarding the operating parameters of this
technique were highlighted in Chapter 2. However, a study on the influence of different
sonication parameters requires a proper evaluation of the dispersion state. Several approaches
have been identified in Section 2.5.4, such as microscopy, light scattering, or spectroscopy [111,
161, 166]. While qualitative analyses may be performed with these tools, their reliability is
questioned [111, 160]. Most of them rely on dilution or require drying the dispersion prior to its
characterization, which undoubtedly changes the dispersion state. On the other hand, rheometry is
capable of providing valuable information about the CNC suspension [12, 64, 65]. Thus, this
method must be fully exploited for a well-founded dispersion state evaluation. This
understanding is also necessary to adapt the optimized sonication process beyond laboratory
conditions. Indeed, to consider any application at industrial scale, the loss of ultrasonication
efficiency for larger volumes must be circumvented [117, 133]. A continuous flow setup would
be an interesting solution [143, 144], but one must know when the targeted dispersion state is
reached. Keeping the idea of industrial application in mind, it is necessary to implement a

measurement method that does not require any external tool or complex post-processing.

3.2 Research objectives

The main objective of this work is to obtain reproducible and validated well-dispersed
CNC suspensions with ultrasonication at various scales. To answer this challenge, the following

points must be addressed:
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1. Understand the influence of the ultrasonication operating parameters on CNC dispersion

to optimize its use for lab scale.

2. Evaluate the “true” dispersion state of CNCs suspension (with no drying or dilution

steps).

3. Adapt ultrasonication for larger volumes with inline validation to aim for industrial

applications.

3.3 Coherence of the articles

The first article, entitled “Evidence-based guidelines for the ultrasonic dispersion of
cellulose nanocrystals”, published in Ultrasonics Sonochemistry [173] (Chapter 4), determines
the optimal parameters that must be used to disperse CNCs. This work was entirely carried out in
water, to facilitate the study. By combining numerical modeling, rheology and conductivity
measurements, a dispersion index has been defined. It allows to find out the required energy, as
well as the ultrasonication probe positioning to ensure a good dispersion in small volumes. This

article aligns with specific objective 1.

The volume limitation of ultrasonication was also evidenced in this first article, but a
preliminary study was needed to address this point. Thus, the second article named “Rheological
insights on the evolution of sonicated cellulose nanocrystal dispersions” published in Ultrasonics
Sonochemistry [174] (Chapter 5), aims to better understand the behavior of CNC suspensions
during ultrasonication. Both liquid-like and gel-like behaviors were studied with different CNC
concentrations. Rheology was the main tool used for this purpose. This article aligns with

specific objective 2.

Finally, the third article, entitled “A technique for the ultrasonic dispersion of larger
quantities of cellulose nanocrystals with in-line validation”, submitted to Chemical Journal
Engineering (Chapter 6), proposes a semi-continuous setup that allows applying all results
obtained from the previous articles while dispersing larger quantities of CNCs at larger volumes.
Moreover, an inline measurement approach is employed, providing direct dispersion state

validation. This article thus aligns with specific objective 3.
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CHAPTER 4 ARTICLE 1: EVIDENCE-BASED GUIDELINES FOR
THE ULTRASONIC DISPERSION OF CELLULOSE NANOCRYSTALS

Mélanie Girard, David Vidal, Francois Bertrand, Jason R. Tavares, Marie-Claude Heuzey.
Evidence-base guidelines for the ultrasonic dispersion of cellulose nanocrystals. Ultrasonics
Sonochemistry, 71 (2021), 105378. Submitted on 9 July 2020 and published online on 28 October
2020.

Abstract

Nanoparticles possess unique, size-driven properties. However, they can be challenging to use as
they easily agglomerate - their high surface area-to-volume ratio induces strong interparticle
forces, generating agglomerates that are difficult to break. This issue prevails in organic particles
as well, such as cellulose nanocrystals (CNCs); when in their dried form, strong hydrogen
bonding enhances agglomeration. Ultrasonication is widely applied to prepare CNC suspensions,
but the methodology employed is non-standardized and typically under-reported, and process
efficiency is unknown. This limits the ability to adapt dispersion protocols at industrial scales.
Herein, numerical simulations are used in conjunction with validation experiments to define and
optimize key parameters for ultrasonic dispersion of CNCs, allowing an operating window to be

inferred.

Keywords: Ultrasonication; CFD; Multiphysics modeling; Dispersion; Suspensions; Cellulose

nanocrystals

4.1 Introduction

Cellulose nanocrystals (CNCs) are bio-based rod-like nanoparticles with high mechanical
strength, making them promising candidates for polymer reinforcement amongst other
applications (e.g. barrier or optical films, coatings [175]). From a mechanical perspective, a wide
range of values for their longitudinal modulus has been reported in the literature [18], averaged
around 130 GPa. With a density of 1.6 g.cm3, their specific Young’s modulus is around 85 J.g%,
much higher than for steel or glass fibers (around 25 J.g™) and close to Kevlar [176]. When added
to polymer matrices, CNC could form a stiff percolating network allowing the transfer of these

unique mechanical properties. Moreover, the interfacial behavior between CNCs and the matrix
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are playing and important role because of the reactivity of the CNC surface and its specific area
[177]. However, such a network requires homogeneous dispersion. One reason for this is the
higher aspect ratio obtained from well-dispersed particles, leading to higher percolating stiffness,

because of stronger hydrogen bonding [178] and van der Waals forces [179, 180].

Usually, CNCs are extracted from purified cellulose fibers with sulfuric or hydrochloric
acid (H2SOa4 or HCI) to hydrolyze the amorphous part. Whereas HCI tends to lower dispersion
ability on account of the lack of surface charges, the charged sulfate esters introduced during
H2SO4 hydrolysis improve the dispersion of CNCs in water [31]. However, higher acid sulfate
groups content will lead to a weaker thermal stability[39]. Zeta potential () measurements
carried out by Yu et al. [181] confirm this behavior with £ =-22.4 mV for CNCs extracted with
H2SO04, compared to £ =-12.2mV with HCI, as a larger { value leads to a more stable
suspension. Typically, a suspension in water is considered stable when £ >+ 30 mV and partially
stable when + 10 <{<+30mV [182, 183]. However, the  measurement is only reliable for
clear and diluted suspensions [112]. In addition, it may be more challenging compared to other
nanoparticles to use usual models (ex: Smoluchowski's equation) because of the double layer
relaxation and end effect of CNC [184]. Beyond surface charge, hydrolysis conditions
(temperature, time, concentration) also impact the particle size [16, 185, 186]. CNCs are then
neutralized and the counterion nature is impacting on the suspension (critical concentration for

ordered phase, stability, redispersion ability, etc.) [38, 111].

For handling purposes, CNCs are typically dried through either freeze- or spray-drying. Whereas
a loosely packed aerogel or a flake structure is obtained by freeze-drying (respectively at lower —
below 3 wt% — or higher concentration [111]) with thicknesses in the nanometer range, spray-
drying leads to spherical agglomerates. On top of having lower energy requirements, spray-dried
CNCs are usually preferred for storage reasons; they also exhibit higher crystallinity and thermal
stability [12, 41].

As CNCs are nanoparticles, their high surface area (~150-400 m?.g* [33, 87]) induces
strong interparticle forces with an agglomerate strength around 10%-10° Pa depending on primary
particle size [46]. This agglomeration problem is shared with all nanoparticles because of their

high surface area-to-volume ratio [187]. Due to these forces, dry powder forms strong
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agglomerates that need an energetic process such as ultrasonication to allow homogeneous
suspension in a medium. Ultrasonication has been widely used in the literature for dispersion,
because it provides enough energy to break interparticle bonds (with an energy density of
108-108 Pa [188]). Compared to high-pressure homogenizers, which have also demonstrated
efficiency for nanoparticle dispersion, ultrasonication is typically favored for smaller volumes
[148], and thus is more common at the lab scale. Different configurations exist: ultrasonic baths
or cup-horn sonicators offer indirect sonication (and hence lower effective energy levels),
compared to ultrasonic probes [117] which are the ones used herein. Magnetic stirring is
subsequently a very inefficient method for CNC dispersion [148]. However ultrasonication may

also affect the CNC crystallinity, stressing the importance of a controlled protocol [189].

Ultrasonication is based on acoustic cavitation. Using the piezoelectric effect, electric
current is converted to mechanical vibration, which generates a sinusoidal pressure wave. This
leads to a series of compression (positive pressure) and rarefaction (negative pressure) regions in
the medium. Vacuum bubbles are created by this mechanism, their size varying with the pressure:
cavities are formed and grow under low pressure and are compressed at high pressure, absorbing
a small amount of energy at each cycle. For low intensities, the bubbles oscillate according to the
pressure cycle (without causing cavitation) [119]. At higher intensities, once a cavity has reached
a critical size (170 um in diameter at 20 kHz in water [119]), it can absorb a significantly higher
energy amount during growth in a single cycle before imploding. Implosion occurs when the
acoustic resonance frequency of the bubble matches the ultrasound frequency, defined by the

Minnaert equation [190]:
Fa=~3 (4.1)

where F is the resonance frequency and a is the bubble radius. This process is called cavitation,
leading to localized, very high energy release with temperatures and pressures exceeding 5000 K
and 100 bars, respectively. De-agglomeration can be induced by two mechanisms: shock waves
or “microjets”. Indeed, the shock waves generated by cavitation [119] are leading either to
erosion or fracture of the agglomerates. Moreover, the localized implosion leads to “microjets”
when the cavitation bubble collapses near a solid boundary [119, 120]. This second phenomenon

can be detrimental for the material integrity of a wall or vessel but can improve mixing or particle
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de-agglomeration. However, it cannot damage individual particles as entities smaller than
200 um cannot be affected by the jet [120]. Thus, for smaller entities only the first mechanism is

occurring.

While ultrasonic probes are efficient and widely used tools to break CNC or other
nanoparticle agglomerates, it remains difficult to find clear protocols to achieve a uniform
dispersion consistently. Currently, very few details are given in articles when authors describe
their methodology for dispersion (e.g. [52, 191, 192]). Beuguel et. al [12] investigated the impact
of energy and power applied to CNC suspensions to identify the most pertinent operating values.
They concluded that an energy threshold of 10,000 J.g* at a power of 90 W will lead to good
dispersion without any agglomerates. However, this neglects any geometric or volume effects.
Indeed, depending on the volume of fluid one is trying to homogenize, the guidelines they
provide do not always lead to the expected result. Figure 4.1 illustrates two cases obtained with
ultrasonication at 90 W using 10 kJ.g’%: a 20 mL suspension and a 200 mL suspension, both
containing water with 3 wt% CNC. In the smaller beaker, this energy dose is sufficient to form a
translucent suspension with a blueish tone, whereas the larger volume still contains agglomerates.
Thus, ultrasonication time and power are not the only parameters to consider. The mixing system
configuration (beaker size, probe position) as well as the medium specification (concentration,
volume, temperature, density, viscosity, etc.) must also be taken into account to achieve a

homogeneous and reproducible dispersion.

Figure 4.1: 3 wt% CNC suspension in water ultrasonicated using 10 kJ.g* at 90 W in 20 mL
(left) and 200 mL (right). The encircled areas highlight remaining CNC agglomerates.

Herein, we develop an evidence-based approach to efficiently use ultrasonication for

nanomaterial dispersion, using a combination of experiments and simulations. To our knowledge,
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no study has been carried out regarding the optimized use of an ultrasonic probe, considering all
experimental conditions (set-up, medium and probe). This gap in knowledge is one of the key
factors that limit the use of ultrasonication to the dispersion of small, lab-scale volumes.
Additionally, industries would need to adapt laboratory protocols by trial and error, which is
prohibitively time-consuming and costly. It is our hope that this methodical approach to
dispersion could be generalized to all nanoparticle types to prevent agglomeration and facilitate

industrial uptake.

The numerical simulations carried out in this work, with the objective of modeling the
ultrasonication probe’s effect on mixing, are built upon the foundational work of previous
authors. Ayar et al. [131] visualized the influence of the tip diameter and power applied in a
liquid aluminum dispersion and compared it with a water dispersion. Rubinetti et al. [129, 130]
numerically solved the acoustics and fluid dynamics coupled together in a beaker, with
experimental validation for further studies with several fluids. Louisnard [126, 127] also modeled
the cavitation bubble structure relying on bubble dynamic equations. However, a common feature
of all this simulation work is that it does not seek to optimize dispersion or mixing but only

focuses on fundamental understanding without any direct applications.

In the present work, the ultrasonication modeling methodology, leaning on the solution of
a coupled problem between a steady state form of the wave equation and the Navier-Stokes
equations, is detailed (Section 4.2), along with the experimental strategy used for numerical
validation. Several cases using different ultrasonication parameters are compared both
numerically and experimentally (Section 4.3). The dispersion state is studied through the
calculation of the medium velocity field and the resulting nanoparticle motion trajectories, and is
confirmed by conductivity and viscosity measurements, allowing the formulation of a sonication

protocol and operating windows (Section 4.4).

4.2 Methodology

All simulations and experiments performed were based on a 12.7 mm probe (VCX500,
Sonics & Materials) operating at 20 kHz. To identify the parameters that play a significant role in

CNC dispersion, this work focused on modeling a simplified ultrasonication system using the
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finite element COMSOL Multiphysics solver (version 5.4). This was then validated by

employing conductivity, particle size and viscosity analyses.

4.2.1 Numerical modeling

The reference ultrasonication set-up was modeled in 3D using a cylindrical domain to
represent the whole beaker volume (60 mL), in which a smaller solid cylinder was introduced
from the top to account for the submerged ultrasonic probe (Figure 4.2A). For the purpose of the
study, dimensions of the beaker and probe position (axial and depth) were varied. The different
configurations studied in this work are illustrated in Figure 4.2, with Case A being the reference

configuration, and are characterized by the following ratios of characteristic lengths:

- h/H, where h is the probe depth immersed in the suspension and H the suspension height

in the beaker;
- ro/R, where ro and R refer respectively to the probe and the beaker radii;

- (R-r)/R, where r is the axial position from the beaker center.
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Figure 4.2: 3D domains modeling the different studied configurations of the ultrasonication probe
in a beaker (A: Small beaker/Centered probe, B: Small beaker/Deep Centered probe, C: Small
beaker/Off-Centered probe, D: Large beaker/Centered probe)

Acoustic wave propagation and the resulting fluid flow was modeled through the solution of a
one-way coupled problem involving the Helmholtz and Navier—Stokes equations using
respectively the acoustic and fluid flow modules of COMSOL. The different steps of the
numerical modeling along with the link between each step are reported in Figure 4.3 and detailed

in the following paragraphs.
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Acoustics: Helmholtz equation
(Acoustics study in COMSOL)

‘ Body force F using acoustic velocity ug.
and acoustic pressure p,..

Fluid flow: Navier-Stokes equation
(Laminar flow study in COMSOL)

‘ Fluid velocity u

Particle trajectories: Newton’s 2" law
(Particle tracing study in COMSOL)

Figure 4.3: Modeling steps.

4.2.1.1 Fluid properties

The aim of the simulation was to model CNC suspension in water. Thus, for every
modeling case, the suspension fluid was approximated as a Newtonian fluid, the properties of
which were taken as those of water (density, sound velocity) except for the viscosity. Indeed, a
higher viscosity was used to account for CNC addition [12, 64]. For a given concentration, the
viscosity was determined by combining rheology measurements and numerical modeling. From a
simulation with water only, an average shear rate in the active zone was determined.
Subsequently, the corresponding viscosity for the suspension was measured at the identified
shear rate with a rheometer (Anton-Paar, MCR502). This approximation is possible as a plateau
is observed in the considered shear rate range in function of the viscosity. These results are
reported in Section 4.3.3.3 giving 10 mPa.s for a 3wt% CNC suspension. The studied
concentration was low enough to keep the density the same as water, despite the change in
viscosity. Moreover, the flow was assumed to be isothermal as the beaker temperature was kept

more or less constant by means of an ice bath during the corresponding lab experiments.
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4.2.1.2 Helmholtz equation

First, the Helmholtz equation was solved to obtain the pressure field in the medium. This

equation, a steady state form of the wave equation, is defined as follows:
VI + K211 = a, 4.2)
where II is the pressure field (static pressure) defined by II = p,..I and k may be
formulated as:
k? = (9. —ia)? (4.3)

with w the angular wave frequency, ¢ the sound velocity in the medium and « the
attenuation coefficient. In addition, a, in Eq. (4.2) is an acceleration applied as an
external source term at the surface of the probe to generate an acoustic wave at this boundary

given by:
aOZ = _4'7T2f02A (4'4)

where a,, is the acceleration in the z-axis, f,and A are respectively the ultrasound
frequency and amplitude (here f, =20 kHz as it corresponds to the frequency of the
ultrasonication device in our experiments), and 4 may be calculated through the following
equation [193]:

P =~ pcA?S (2mf,)? (4.5)

where P is the effective acoustic power, p is the medium density and S is the probe
surface area.

The sound wave attenuation is defined by:

IZ == Ioe_zaz

(4.6)

where z is the distance from the probe, I, is the corresponding intensity at position z and

I, is the probe intensity given by:

Iy="/¢ (4.7)
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and « is the attenuation coefficient given by:

2 2
« = K e

(4.8)

in which yu is the medium viscosity.

4.2.1.3 Navier-Stokes equations

Then, Navier-Stokes equations were solved for a Newtonian medium at steady state to
model the corresponding laminar flow (with the Reynold number lower than 100) for an

incompressible medium. Knowing that the continuity equation may be defined by:
V.u)=0 (4.9
where u is the fluid velocity, the Navier-Stokes equation may then be formulated by:
p(u-V)u = V[-2pl + u((Vu) + (Vu)")] + F (4.10)

where p is the fluid pressure (static and dynamic) and F is a body force (source term
applied on the whole domain), coupling in a one-way manner the Navier-Stokes and Helmholtz

equations [130], and which may be calculated as:

F = 1/2 Re[p;wuacc] + 1/2 Pe (Re [u;kc auacc/ax] + Re [u; auacc/ay] + Re [u; auacc/az])
(4.11)

*

where p, and p; are real and complex conjugate of density perturbation and Ugccy, Ugcecys
Ugyees, the complex conjugates of velocity components in Cartesian coordinates at a specific
location and only the real portion of each term is considered. Scalar p, is being calculated from

the Helmholtz equation and may be obtained by:

pe =Pocc/ , (4.12)

4.2.1.4 Effective power

The effective acoustic power P takes into account the power transmitted to the fluid, as

opposed to the power set point shown on the ultrasonication device that convolutes electrical,
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mechanical and heat losses. The power effectively transmitted to the medium was determined
using a calorimetric method suggested by Taurozzi et al. [117], in which the temperature increase
of the ultrasonicated medium was measured using a temperature probe leading to the effective

acoustic power P given by:

P=mc,o (4.13)

where m is the mass of the medium, ¢, its specific heat capacity, T the temperature and ¢

the time.

Calorimetric experiments were conducted in an adiabatic beaker to avoid heat losses
(contrary to the dispersion experiments where the beaker is cooled with an ice bath) and the
medium used was water. Different power set points were tested, and the results can be found in
Figure A.1. It is worth mentioning that approximately only a small amount of the set point power
is effectively transmitted to the fluid. Experimental and simulation work herein was conducted at
an amplitude of 3.10° m and a set point power of 65 W, corresponding to an effective power P of
15 W. This power was chosen to obtain a balance between ultrasonication time and transmission
efficiency. In any case, for a constant energy, changing the power would not affect the

suspension state as presented in Figure A.2.

4215 Mesh

The mesh size was automatically generated by the Fluid Flow module from COMSOL
using linear elements, and a mesh refinement sensitivity analysis was carried out to verify the
resulting model convergence. For the conditions presented in Figure 4.2A, the model was solved
with finer and finer meshes until the solution did not change by more than 1%, and the finest
mesh was retained for the entire study. Moreover, the maximum element size was set to ensure

that there are at least 5 elements per wavelength A (at 20 kHz, A = 7.5 cm).

Based on this methodology, velocity fields were calculated and compared for each
configuration presented in Figure 4.2 using the Fluid Flow module for a viscosity of 10 mPa.s.
Then, tracer trajectories were computed (with the density of the tracer p, = 1540 kg.m™) and
used to estimate dispersion state. To study the influence of viscosity, a higher viscosity of

20 mPa.s was also tested for the best configuration. These results are presented in Section 4.3.1.
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4.2.1.6 Boundary conditions (Figure 4.4)

The boundary conditions used at the air-liquid interface at the top of the beaker were a
sound soft boundary condition, meaning that the acoustic pressure was zero, and combined with a
zero normal stress condition for the fluid flow. For every other domain boundary, a combination
of sound hard (normal derivative of the pressure is zero) and no-slip (velocity is zero) boundary

conditions were used, and a zero normal component of the acceleration was assumed.

cm, -2 -1 0 1 2
2
'Y — ;.
probe ~—|— h 3
" Acoustic pressure Velocity
I 5 Sound soft boundary  Zero normal stress
H ¢m = = Sound hard boundary No-slip boundary
Normal acceleration  No-slip boundary
1
—_—=
| —r—p———C——— 0

Figure 4.4: Boundary conditions

4.2.1.7 Tracers

Finally, from the steady-state flow pattern, tracer trajectories were computed to visualize

nanoparticle pathways over time by calculating the drag force due to the fluid flow such as:
18
F =181 /pp a2 m,(u — v) (4.14)

where mp, pp and dp are respectively the particle mass and v is the particle velocity (which
is zero a t=0). Tracers presented a density of 1540 kg.m= and a radius of 26 nm, close to the
properties of CNC [12] (using a spherical shape approximation, with an equivalent volume to the
CNC value). They were initially released homogeneously in the beaker (except for the validation
of the suspension preparation in Section 4.3.2) and assumed to be solely affected by gravity and
drag forces. The number of tracers remained approximately constant and arbitrarily fixed at

890 £10 % for the 60 mL volume, for every case (the uncertainty is due to geometrical
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constraints). One may reasonably assume that Brownian diffusion and electrostatic effects were
negligible with respect to the flow motion. Indeed, the Peclet number, , Pe = UL/D > 1, where

u is the flow velocity, L is the characteristic length and D is the diffusion coefficient (in the order
of 1012 m2s? [159, 194]), and F,; < F,4,, Where F,; is the electrostatic force and F,,,, is the

force due to advection.

4.2.1.8 Active zone

An active cavitation zone in which the energy is high enough for breakage of nanoparticle
agglomerates by cavitation was defined manually to determine the process efficiency. Lauterborn
et al. [121] have defined a cavitation threshold pressure for water between 0.8 and 3 bar at

20 kHz so it is possible to calculate the corresponding intensity using the following equation:

[ = |pcav|2/ (4.15)
cav (ch) :

where I.,, and p.,, are respectively the cavitation threshold intensity and pressure.
Knowing the sound attenuation, one can deduce a zone where I,, > I.,,, , Which defines the active
cavitation zone, probe and fluid-dependent only. The bubble zone has been previously described
by Moussatov et al. [125] as conical, but here, for the sake of simplicity, it was approximated by
a cylindrical zone having the same diameter as the probe. This assumption has a minimal effect
on the following findings presented herein. To avoid any overestimation of the cavitation zone
depth, the threshold pressure was set to its maximum value, i.e. |II.,,| = 3 bar. This cavitation
zone is an approximation, since the collapse of the cavitation bubbles generates turbulence and
shock waves capable of breaking agglomerates; this was not directly accounted for in our

simulations because of the inherent complexity of the phenomenon.

In the numerical simulations, the tracers in this corresponding cylindrical active zone at a
given time were counted. A dispersion index D; could then be deduced through the following

equation:
n
D; = e/, to (4.16)

where n.,, IS the particle number in the cavitation zone and n,,is the total number of

particles launched. This ratio describes the dispersion efficiency of the process for a given set of
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parameters and is intended to be maximized. It normally increases over time and thus, for every
case, it was evaluated over the same time period (i.e. 200 s) required by the actual ultrasonication
experiments to transfer 7 kJ.g* of energy to the suspension at a 15 W effective power (65 W

setpoint power) for the small beaker (60 mL).

4.2.2 Experiments

CNCs used in this work were supplied by Celluforce. They are sulfated CNCs neutralized
by sodium hydroxide, with 3.4 sulfate half ester groups per 100 anhydroglucose rings
corresponding to a sulfur over carbon S/C atomic ratio around 0.0057 [12] and a final
crystallinity around 80 % [35]. Sulfate half ester groups result from the hydrolysis step used to
extract CNC from cellulose fiber and from removing lignin, hemicellulose and impurities. The
CNCs have subsequently been spray-dried. They were used in this work as-received in powder
form, with a density of 1540 kg.m™3. Ultrasonication is not employed by the supplier (Celluforce)
during CNC production.

A rigorous protocol was implemented for suspension preparation to ensure
reproducibility. CNC dispersions in milli-Q water (conductivity ¢ = 2 uS.cm) were prepared by
adding half of the water amount, the prescribed amount of CNC and then the remaining water, in
this order. This methodology is justified from a modeling point of view, as will be seen in results
reported in Section 4.3.2. This preliminary suspension was then pre-mixed for 30 s with a
vortexer (Mini Roto S56 — Fischer Scientific — 2800 rpm). These steps prevent local gelation.
The dispersion was ultrasonicated for a specific time in an ice bath as heating may desulfate the
CNCs [195], avoiding any manual shaking. If needed, ice was added to the bath during
ultrasonication to avoid any temperature fluctuation or beaker displacement due to ice melt. One
may note that continuous sonication has been applied to avoid any additional effects imparted by
pulsed operation (a method often used to prevent the probe from overheating). The time between
ultrasonication and the subsequent analyses was also recorded and kept constant and carried out

in the next four hours.

The same cases as those presented in Figure 4.2 were studied experimentally: the small
beaker/Centered probe case (SC), the small beaker/deep centered probe case (SDC) and the small
beaker/off-centered probe (SOC). The CNC concentration was 3 wt% (1.95 vol%) unless
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mentioned otherwise. The large beaker case (LC) was dropped for lab experiments, as it was

identified as the worst-case scenario in the simulations (Section 4.3.1).

The dispersion state was assessed by electrical conductivity measurements, particle size

analyses and rheology study.

CNCs present ionic charges on their surface because of the sulfate half ester groups.
When CNCs agglomerate, these charges are mostly hidden or trapped. However, they are
released during sonication as the flocs break down into individual particles, as explained by
Beck et al. [58]. This behavior generates a proportional increase in the conductivity value, which
can be used to evaluate the dispersion state. Thus, the electrical conductivity of the suspension
was measured directly after ultrasonication using a conductivity meter from Hanna Instruments
(H198303). As demonstrated by Beuguel et al. [12], E = 10,000 J.g** and Ps =90 W are required
to obtain a homogeneous CNC dispersion in a 20 mL beaker. Under these “best case” conditions
and using numerical modeling results to position the probe optimally, several CNC suspensions
containing different concentrations (1.5 wt%, 3.2 wt% and 5 wt%) were ultrasonicated and
conductivity was measured to create a calibration curve. These resulting conductivity values were
then assumed to be the target for any other experimental conditions at a given concentration for

complete CNC dispersion.

The particle size distribution was measured using a laser particle sizer (EyeTech,
Ankersmid). Indeed, while conductivity is a simple way to evaluate the dispersion state of a
suspension, a more precise technique was required to confirm that CNCs are individualized.
Contrary to electron microscopy (SEM, TEM), which would require extensive sample
preparation including drying the sample, or DLS (dynamic light scattering) where the sample is
diluted, the EyeTech laser technique could be used directly with a raw suspension. The rotating
beam could deduce the particle size by measuring the duration of obscuration, without the need
for physical or optical data, or knowledge of particle shape. The drawback is that this technique is
not sensitive to particle diameters smaller than 0.1 um. Thus, it is not possible to observe
individual CNCs but it is relevant to highlight ultrasonication parameter influence. To support
this technique, DLS measurement have been carried out on 0.2 wt% suspensions (obtained by
diluting every suspension) at 25 °C using a Malvern Zetasizer Nano-ZS (DTS1070 cell). The

refractive and absorption indices were set to 1.59 and 0.01, respectively (based on [12] and
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following the recommendations of the instrument manual). All measurements were obtained
using an average of 3 successive measurements of 15 runs each. However, the DLS technique
was used as a second analysis as it may not be accurate for a polydisperse non-spherical

nanoparticle distribution (according to the manufacturer and [196]).

Rheology was also used to characterize the dispersion efficiency. A double Couette flow
geometry was used for this purpose on an Anton-Paar rheometer (MCR502). Sampling was
carried out using a syringe, thereby excluding large agglomerates (greater than 2 mm). This
sampling method allowed us to measure viscosity locally, considering that the local viscosity of a
well-dispersed suspension is the same no matter the sampling position (refer to Section 4.3.3.3).
Samples were pre-sheared for 100 s at 10 s before every test, to remove air bubbles in the
sample, followed by a 180 s rest time. The viscosity as a function of shear rate was measured
going from high to low shear rates. To highlight the fact that a bad dispersion leads to
fluctuations in the viscosity values, the relative standard deviation, which is the standard

deviation of three samples divided by the average viscosity value, was also calculated.

Validating both conductivity and rheology results with a separate, never-before used
probe, no discernable effects from possible metal particles coming from the probe during
ultrasonication were observed. Indeed, the conductivity of a 3wt% CNC suspension is
332 £ 10 pS.cm with the probe mainly used in this work compared to 441 + 10 uS.cm* with a

never-before used probe. The rheology results are reported in Figure A.3.

4.3 Results and discussion

The results obtained with the methodology presented in the previous part are reported in
this section. The numerical results are first discussed for all the cases introduced in Section 4.2.
After confirming that the suspension preparation was optimal, they are validated against
experimental data. These results altogether lead to an operation window that provides guidelines

for the homogenization of CNC dispersions in water.

4.3.1 Numerical modeling

The velocity field obtained for each of the cases illustrated in Figure 4.2 are shown in

Figure 4.5. The homogeneity can be assessed by the velocity values and the corresponding color
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fringes. The dark blue hatched areas indicate very low velocities (velocity magnitude lower than
2 mm.st). Agglomerates originally in these areas have a low probability of transit towards the
cavitation zone where they can be broken; these areas behave as dead zones. If the volume of
these dead zones is large, the homogeneity is low. In addition, in these zones, the shear is lower
leading to a less efficient agglomerate breakage. The dispersion index, as defined by Equation
(4.16) and calculated with a precision of 1 %, serves as an indication of mixing efficiency (these
two quantities are reported in Table 4.1). The precision has been determined by slightly changing
the initial position of the particles four times and calculating the standard deviation of the
resulting dispersion index. The dispersion index over time is plotted in Figure A.4. The reference
case (SC, 60 mL, Figure 4.5) was composed of 51 % dead zones and yielded a dispersion index
of 75 %.

Instinctively, one might think that placing the probe deeper in the beaker would increase
the mixing efficiency due to more powerful reflected sound waves. Indeed, the area receiving
higher velocity values is broadened in width (SDC, Figure 4.5). However, the mixing efficiency
is lower due to the occurrence of dead zones between the beaker wall and the probe, as sound
waves are fading therein. The volume ratio of these dead zones increased to 65%, despite a
similar dispersion index (77%). This can be explained by the fact that particles are not motionless
in dead zones, yet they move very slowly. Also, the dispersion index Di is indicated after 200s,

although it increased more slowly for the SDC case than for the SC case.

Another parameter of interest is the axial position of the probe. It is indeed common
practice to off-center impellers to improve efficiency in unbaffled systems provided with radial or
axial flow impellers [197]. Figure 4.5 (SOC) confirms this behavior results in more efficient
mixing (only 20 % of dead zones) than the reference case, with a globally higher velocity.
Accordingly, the dispersion index increases up to 95 %. Moreover, the fluid accelerates near the
beaker side wall close to the probe, which this may be explained by the occurrence of sound

waves reflecting on this wall, implying more efficient mixing in this area.

The larger beaker (LC, Figure 4.5) had a proportion of dead zones (51 %) similar to the
reference case, but these are less well distributed in the total volume of the beaker. Thus, the
dispersion index is much lower (29 %). The beaker size was indeed previously shown in Figure

4.5 to be a critical parameter for a 3 wt % CNC suspension. The higher velocity values observed
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below the probe are attributed to the fact that the flow is less affected by the no-slip viscous

boundary layer than a narrower beaker.

Velocity magnitude (m.s™)

cm
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Figure 4.5: Velocity field comparison of different beaker-probe configurations for a simulated
CNC suspension (i.e. water with 1 = 10 mPa.s) obtained by numerical simulation: SC, SDC,
SOC, LC. The rectangle below each probe pictures the active zone as defined in Section 4.3.1.

Hatched areas represent dead zones where the velocity is lower than 2.10-3 m.s™.

Table 4.1: Dead zone volume ratio and dispersion index calculated from Equation (4.16) for each

case. (See Section 4.2.1 for active zone definition)

Dead zone Di (% +1%)(active zone
Case at 10 mPa.s volume ratio (%) depth: 0.96 cm)
Reference (SC) (60 mL) 51 75
Deep probe (SDC) (60 mL) 65 77
Off-centered probe (SOC) 20 95
(60 mL)
Large beaker (LC) (200 mL) 51 29
Case at 20 mPa.s (active zone depth: 0.48 cm)
Off-centered probe (SOC) 33 66

Given the sensitivity of suspension viscosity to CNC concentration, it is pertinent to study
the effect of the viscosity for the best configuration (SOC, Figure 4.6). Doubling the viscosity
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(i.e. 20 mPa.s in Figure 4.6 - right) leads to much lower velocity values than in the 10 mPa.s case
(Figure 4.6 - left). This is due to severe attenuation of the impact of sound waves on the flow
field as a result of viscous dissipation. Consequently, the dead zone volume ratio increased from
20 % to 33 % and the dispersion index decreased from 95 % to 66 % (Table 4.1). Note that the
cavitation zone is also reduced at higher viscosity due to more important sound attenuation
(Equations (4.6) and (4.8)) This indicates that the mixing efficiency of CNC suspension would
decrease with increasing concentration. This will be emphasized by the gelling phenomenon

which can be observed above 5 wt%|[64].

x10™ Velocity magnitude (m.s™")
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Figure 4.6: Velocity field comparison for a simulated CNC suspension of different viscosity for
the SOC configuration obtained by numerical simulation: (left) n=10 mPa.s, (right) n=20 mPa.s.
The rectangle below each probe pictures the active zone as defined in Section 4.3.1. Hatched

areas represent dead zones where the velocity is lower than 2.10-3 m.s™.

4.3.2 Suspension preparation validation

Before assessing the numerical results with the experimental data, it is important to
confirm that the rigorous protocol used to prepare the CNC suspensions as introduced in
Section 4.2.2 is optimal. For this purpose, three common preparation cases were compared
numerically using the tools developed in Section 4.3.1. The aim is to study the influence of the

initial positions of the nanoparticles, which depends on how water and nanoparticles are
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introduced. The locations of the nanoparticles along with the underlying preparation steps are
presented in Table 4.2. Case Il corresponds to the protocol used to prepare all suspensions. The
dispersion index was calculated in all cases for a 10 mPa.s corresponding to a 3 wt% CNC
suspension. We must keep in mind that when CNC concentration is higher than 5 wt%, a gel is
obtained [64]. This might happen locally before dispersion occurs. When CNC particles collide
with the beaker wall, they may easily stick to it. The numerical model does not account for this
gelling phenomenon, meaning that Di for case | was overestimated. One can notice that Case 1l
exhibits the best Di.

Table 4.2: Preparation procedure (Di calculated for a 10 mPa.s suspension)

Location of
Case the nanoparticles Step 1 Step 2 Step 3 Di (%)
in the beaker
I At the bottom Nanoparticles Water - 86
I In the middle Y water Nanoparticles % water 99
Il On top Water Nanoparticles - 96

4.3.3 Experimental validation

Probe position, beaker size and fluid viscosity were highlighted as important parameters
through numerical simulations (Section 4.3.1). The modeled cases were accordingly reproduced
experimentally at different CNC concentrations in water, to assess dispersion homogeneity. The
ultrasonication power depended on the experiment, and the effective value is specified herein
along with the set point value in brackets. It should be noted that expressing the energy in J.g*
may not be appropriate as it was shown in Section 4.3 that the volume also influences
ultrasonication efficiency. Therefore, the normalized energy density will be subsequently

expressed in kJ.gt.Lt (normalizing the energy per gram of CNC and liter of solvent).

4.3.3.1 Conductivity

To build a calibration curve under the best-case conditions, based on simulation results
(Section 4.3.1), the probe was placed at h/H = 0.3 and r = 0 (the beaker being too small to allow

for off-centering). Under these conditions, three CNC concentrations were ultrasonicated for
E =500 kJ.gt.Lt (10 kJ.gt in 20 mL [12]) and conductivity was measured (Figure 4.7). As an
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optimized dispersion state is assumed in these conditions, this curve was used to provide target

values for other experimental conditions.

B n
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Conductivity (mS.cm™)
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Figure 4.7: Conductivity of CNC ultrasonicated suspensions at different concentrations
(V=20mL, h/H=0.3, E=500 kJ.gt.L%, P=33(90) W, (R-r)/R = 1). (The standard deviation is

+10 mS.cm™?).

Figure 4.8 plots the measured conductivity (o) as a function of the normalized energy density (or
ultrasonication time) in a 3 wt% CNC suspension, for three probe positions (SC, SDC, SOC). As
a reference, a conductivity target of 334 + 10 mS.cm* was obtained from Figure 4.7. The visible
agglomerate threshold, the limit at which the suspension becomes visibly clear, is also indicated.
Visible agglomerates disappear sooner around 117 kJ.g.L! in the off-centered case (SOC),
compared to 250 kJ.gt.L for a high-centered (SC) probe. The target conductivity is also reached
earlier, around 175 kJ.g*.L"* for SOC, compared to 260 kJ.g*.L* for SC. This confirms that an
off-centered probe (SOC) provides a more efficient dispersion, as expected from the numerical
simulations. Concerning the deep centered probe (SDC), there are still visible agglomerates after

applying 330 kJ.g*.Lt for 10 minutes and the targeted value has not been reached yet.
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Figure 4.8: Conductivity of 3 wt% CNC ultrasonicated suspensions (V = 60 mL, P =15 (65) W)

obtained either with an off-centered probe high in the beaker (SOC), a centered probe (SC) or a

deep centered probe (SDC). The light purple area represents the average standard deviation. The

vertical lines correspond to the standard deviation for each experiment.

4.3.3.2 Particle size

The particle size distribution was obtained for all three cases analyzed via conductivity
measurements (Section 4.3.3.1), to confirm the extent to which conductivity is representative of
de-agglomeration of CNC particles (Figure 4.9). The minimum particle size attained is
approximately the same for each case (approximately 0.4 um, i.e. close to the resolution limit of
the measuring device). However, the off-centered probe (SOC) case leads to more de-
agglomerated particles, with 20% of the agglomerates measuring 0.7 um whereas SDC and SC
contain only 4% of agglomerates of this size and fractions for all other sizes are larger. In
addition, a more uniform size distribution is observed for SDC. These data are consistent with
conductivity measurements and thus validate the approach. Even so, the smallest sizes that are
observed here are still above the primary particle size (around 0.1 um), meaning that the
agglomerates have not been fully broken. Figure 4.9 presents the distribution in volume, while
distribution in number can be found in Figure A.6 and Figure A.7. To confirm this trend, this

analysis has been duplicated using a DLS method. It shows that individual particle sizes are
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obtained with SOC, close to the results obtained by the 3 wt% calibration case presented in
Section 4.3.3.1 (Figure A.8). The target values for other concentrations are reported in Figure
A.9.
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Figure 4.9: Particle size in cumulative volume of 3 wt% CNC ultrasonicated suspensions
(V=60mL, P=15(65) W, E =167 kl.g*.L!) obtained either with an off-centered probe high in
the beaker (SOC), a centered probe (SC) or a deep centered probe (SDC).

4.3.3.3 Viscosity

In addition to the conductivity and particle size analyses, a rheology study was also
carried out to support the previous conclusions. Figure 4.10 illustrates the viscosity of the three
cases studied (SC, SOC, SDC) for a shear rate test from 10 s"*to 10% s™1. For comparison purpose,
the 3 wt% calibration case viscosity presented in Section 4.3.3.1 has also been reported. The
target values for other concentrations are reported in Figure A.10). A classic behavior is observed
for a 3 wt% CNC suspension: a plateau is obtained at low to medium shear rates followed by
shear-thinning behavior [64]. Indeed, CNC networks are broken during the test when applying
higher shear rates. When the SOC case is compared to the other two cases (SC and SDC), one
can see that the viscosity is 1.3-1.5 times higher at 10 s. The value for the SOC configuration
corresponds to the one measured by Beuguel et al. for a well-dispersed 3 wt% CNC suspension
[12]. SC and SDC both still contain agglomerates, so the samples present a distributed particle

concentration lower than expected, leading to a lower measured viscosity.
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(V=60mL, P=15(65) W, E =167 kJ.g*.L?) obtained either with an off-centered probe high in
the beaker (SOC), a centered probe (SC) or a deep centered probe (SDC). The targeted viscosity

(m) corresponds to the reference case presented in Section 4.3.3.1 at 3 wt% (V = 20 mL,

h/H = 0.3, E =500 kJ.g*.L, P =33 (90) W, (R-r)/R = 1).The vertical lines correspond to the

standard deviation.

The relative standard deviation of the viscosity is reported in Figure 4.11 to confirm the

link between the inhomogeneity in the viscosity values and the bad dispersion state. The relative

standard deviation is almost 10 times lower for the SOC case, which agrees with the previous

statement, indicating the CNC homogeneity in the suspension.
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Figure 4.11: Relative standard deviation of 3 wt% CNC ultrasonicated suspensions as function of
shear rate (V =60 mL, P =15 (65) W, E = 167 kJ.g*.L 1) obtained either with an off-centered
probe high in the beaker (SOC), a centered probe (SC) or a deep centered probe (SDC).

4.3.4 Operating window

Numerical studies have identified the geometric and volumetric parameters that affect
dispersion, on top of the previously identified energy thresholds. These were validated with
experimental studies, and thus allowed us to define an operating window to guide users for CNC

dispersion. This could further serve as a starting point for the dispersion of other nanomaterials.

As only one probe was considered in this work, ro/R is only depending on the beaker size
which directly affects the volume processed by ultrasonication. Thus as the energy unit is
kJ.gt.L%, ro/R is an underlying parameter of the energy. Unfortunately, this work cannot be
generalized for all probe types as these are expected to exhibit different efficiencies in terms of
delivered power. For different probe geometries, the reader may use the analyses provide in

Section 4.2.2 as a guideline for other probes.

Probe depth and axial position play major roles, and for each parameter the two
previously discussed cases were considered: h/H = 0.3 or 0.7 and (R-r)/R =1 or 0.4 for a 60 mL

beaker. Additional intermediate cases are also presented: h/H=0.5 and (R-r)/R = 0.7.
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Thus, an operating window based on these parameters can be derived from the dispersion
index calculation in Section 4.3. The probe depth influence is illustrated in Figure 4.12 and the

centering effect in Figure 4.13 for n = 10 mPa.s.

As expected from the previous results, the dispersion index Di is higher when the probe is placed
off-centered (SOC). Probe depth is a more complex parameter to study, as it depends on the
centering position. For a centered probe (Figure 4.12A), the process is more efficient when the
probe is halfway up, at higher energy density. Interestingly, this is not a case that was studied
initially with our numerical model; its efficiency may be explained because the acoustic waves
are powerful enough to be reflected by the bottom of the beaker to be effective over the whole
volume when centered. However, it is better to place the probe in the upper or lower parts of the
beaker when it is off-centered (Figure 4.12B), though this is only apparent at higher energy
densities. Between these two cases, the probe placed in the upper part is preferred, as a higher Di
is obtained at lower energy. However, when the probe is off-centered, the reflection from the side
becomes predominant. Increasing the energy generally increases Di but one has to be aware that a
high amount of energy requires a longer time for a larger beaker. Thus, 30 kJ.g%.L corresponds

to 200 s in a 200 mL beaker, but only 54 s in a 60 mL system.

h/H h/H
0.3 0.3
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Figure 4.12: Operating window showing the dispersion index Di for n = 10 mPas.s as a function
of h/H and E for (A): (R-r)/R =1 and (B): (R-r)/R = 0.4. The three points SC, SDC and SOC
correspond to the conditions used in the experiments.
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Figure 4.13: Operating window showing dispersion index Di for 1 = 10 mPas.s as a function of
centering (R-r)/R and sonication energy density E for a probe depth of h/H=0.3. The two points

SC and SOC correspond to the conditions used in the experiments.

4.4 Conclusion and further recommendations

Using numerical modeling, several key parameters were identified to obtain a well-
dispersed CNC suspension: the beaker geometry and the probe position, and more specifically
depth and centering. Thus, the best dispersion is obtained with a small beaker placing the probe
off-centered and halfway up, considering that the lowest amount of energy is needed. Because the
dispersion is energy-dependent, reducing the volume reduces the time needed to apply the same

amount of energy and would thus be more efficient.

These numerically-obtained guidelines were validated experimentally using simple
characterization techniques such as electrical conductivity measurements and rheometry, with
further validation through size distribution measurements. Whereas the conductivity method can
be only applied on charged nanoparticle suspension, the rheology protocol can be extended to any

nanoparticle type.

This standardized method requiring to work in small volumes are not practical for
industry. However, at larger scale, we suggest working with an inline continuous process: the

suspension would be treated gradually, and a loop could be implemented for online
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conductivity/viscosity measurements to check the dispersion state. Moreover, this could help to
increase the dispersion efficiency for small volumes. Additional mixing tools in combination
with sonication could be pertinent as well. These elements are the focus of on-going research in

our team.
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Connecting statement

In Section 4.3.3.3, the standard deviation obtained for the viscosity values is quite important for
the cases where the probe is not optimally placed (SC and SDC), leading to unexpected lower
viscosity. As introduced in the corresponding section, this highlights a problem of homogeneity
in the suspension. The sampling method which was used leads to unreliable measurements. This
chapter aims to answer this issue by studying the effect of the sampling method and the evolution

of the standard deviation at low sonication energy.
Abstract

Cellulose nanocrystals (CNCs) are promising biomaterials, but their tendency to agglomerate
when dried limits their use in several applications. Ultrasonication is commonly used to disperse
CNCs in water, bringing enough energy to the suspension to break agglomerates. While the
optimized parameters for sonication are now well defined for small volumes of low concentration
CNC suspensions, a deeper understanding of the influence of the dispersing process is needed to
work with larger volumes, at higher concentrations. Herein, rheology is used to define the
distribution and dispersion states upon ultrasonication of a 3.2 wt% CNC suspension. After
considering the importance of the measurement sampling volume, the behavior of a more
concentrated suspension (6.4 wt%) is examined and compared with a never-dried suspension of

the same concentration to validate the dispersion state.
Keywaords: ultrasonication, distribution, dispersion, suspensions, cellulose nanocrystals
5.1 Introduction

Cellulose nanocrystals (CNCs) are bio-sourced nanoparticles that can be used in various

applications such as polymer reinforcement, barrier films or biomedicine [175, 176, 198]. Their
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size and shape, along with their surface chemistry confer upon them beneficial properties for
these sectors. For instance, they present a high longitudinal modulus (around 130 GPa) [18],

iridescence [58], and barrier properties [199].

These nanorods are extracted from purified cellulose fibers through acid hydrolysis, either
with hydrochloric or sulfuric acid (HCI and H2SO4). Amorphous portions are thus removed,
leaving only the crystalline part. H2SO4 is particularly useful, as it introduces charged sulfate
half-ester groups on the CNC surface, facilitating their dispersion in water (contrary to HCI) [31].
However, thermal stability is affected by a high sulfate half-ester group content [39]. The
hydrolysis conditions may additionally affect the particle size [16, 185, 186].

Following hydrolysis, CNCs are generally neutralized. The choice of the counterion
influences the stability or the dispersion ability [38, 111]. CNCs may then be dried using either
freeze- or spray-drying approaches. Spray-drying is usually favored for industrial synthesis, as it
requires less energy. In addition, spray-dried CNCs present higher crystallinity and thermal
stability because of a higher cellulose Il content than their freeze-dried counterparts, and lead to a
more compact powder [12, 41]. However, CNCs tend to agglomerate during drying, either as
spherical aggregates when spray-dried or as flakes when freeze-dried. Agglomeration hinders the
exploitation of CNC’s desirable properties. With the application of appropriate mechanical
energy on agglomerated CNC suspensions, it is possible to obtain the same properties and

behavior for spray- or freeze-dried systems than for never-dried CNC suspensions [43].

Breaking the agglomerates formed upon drying requires high energy input. Indeed, due to
the high surface area of the CNCs (around 150-400 m2.g* [33, 87]), the agglomerate strength
may reach 10* to 10° Pa depending on the initial particle size [46]. Ultrasonication is typically
used in the literature for CNC dispersion, as it can provide energy densities from 10° to 108 Pa.
An alternate solution is to use a high-pressure homogenizer, also based on cavitation generation;
this process may be interesting as it makes the suspension flow at high velocities [200],
preventing the formation of dead zones identified when using ultrasonication. Due to
infrastructure cost, high-pressure homogenization remains rarely used at the lab scale for CNC

dispersion.
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Ultrasonication probes generate a sinusoidal pressure wave in the medium thanks to
piezoelectricity. This induces compression and rarefaction cycles (respectively of negative and
positive pressure), creating vacuum bubbles. Bubble sizes are influenced by these pressure
variations by growing and absorbing energy under low pressure and contracting at high pressure.
These cycles are repeated until the cavities reach a critical size (~170 pm in diameter at 20 kHz in
water), which leads to their implosion at high frequency [119]. This phenomenon called
cavitation releases a high amount of energy. However, the active zone in which cavitation takes
place is limited to the near-probe region, the size of which is largely dependent on the viscosity
of the medium. This limits dispersion in highly concentrated (and therefore viscous) suspensions

or in large volumes [173].

Rheology is a powerful tool to characterize CNC suspensions [111], especially given the
fact that their behavior is concentration dependent. Suspensions go from isotropic at low
concentration (below 2 to 4 wt%), to liquid crystal at medium concentration (between 4 wt% to
5 wt%) and finally to a gel at high concentration by forming a percolating network [69] (over 5
and up to 12 wt%) [56, 64, 201, 202]. A glassy state has also been defined for high
concentrations (over 8 wt%) and very low ionic strength (less than 102 mol.L), with the
addition of salt increasing this concentration threshold [69]. In the glassy state, the solid-like
behavior is governed by repulsive interactions [68]. The concentration thresholds delimiting the
suspension states are not strictly defined as they may depend on the sulfatation degree, ionic
strength of the suspending medium and on the CNC aspect ratio [55, 56]. Isotropic suspensions
exhibit a plateau at low shear rate, shear thinning at intermediate shear rate and another plateau at
high shear rate. On the other hand, liquid crystal suspensions lead to a three-region behavior for
viscosity in shear rate sweep tests: shear-thinning, plateau, and shear-thinning, respectively for
low, intermediate, and high shear rates. For the gel state however, only shear-thinning is
observed [64]. CNC gels present a yield stress resulting from the competition between
microstructure build-up and destruction. Thus, applying a low shear stress (below the yield
stress) results in viscosity build-up over time, or ageing. Conversely, applying a high shear stress
(above the yield stress) leads to a viscosity decrease over time, or “rejuvenation” [203, 204]. This
must be kept in mind for rheological characterization as it induces change in the behavior one is

trying to observe.
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Rheology can also be used to assess the CNC dispersion state [12, 173]. Studies on
ultrasonication parameter influence have revealed a decrease in viscosity as the particles become
dispersed, i.e. as the agglomerates are broken down due to a thinner electrostatic double layer
because of the Na* counterion release [12, 56]. Moreover, for highly concentrated suspensions,
the gel behavior can be disrupted to reach a liquid behavior through ultrasonication. The recovery

of the initial state, i.e a stable gel, may take more than 6 months [172].

Even if ultrasonication is widely used in the literature, many challenges remain, and a
deeper understanding is needed to fully benefit from this processing method. In our previous
work, a rigorous protocol involving probe position and key metrics accounting for container
volume were defined to disperse CNCs efficiently in water [173]. However, that study, as well as
most literature articles, focuses almost exclusively on the end-point of dispersion - parameters
that lead to a well-distributed and well-dispersed suspension - but neglect the path to achieve this
final state. Understanding the sequence of events leading to dispersion may help work around the

current limitations of ultrasonication.

Thus, the objective of this paper is to characterize the behavior of CNC liquid-like and
gel-like suspension during ultrasonication. In this study, we carefully differentiate distribution
and dispersion: while the first refers to the homogeneity of the suspension, the latter qualifies the
particle state in the suspension (individual or agglomerated). This paper focuses on the rheology
of the CNC suspension during ultrasonication. The effect of the sampling method for rheology
measurements is first analyzed. Then, by focusing on sonication at low energy levels (below the
previously identified thresholds for dispersion [173]) on a 3.2 wt% CNC suspension (liquid-like
behavior), it is possible to better understand the sequence of events to reach a good dispersion
state through ultrasonication. Additionally, the comparison of the results given by two rheometer
flow geometries further highlights the effect of the sampling volume. Finally, the behavior of a
6.4 wt% CNC suspension (gel-like behavior) is investigated to confront the previous outcomes to

concentrated media.
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5.2 Methodology

5.2.1 Material

The CNCs used in this work were provided by Celluforce. They present sulfate half ester
groups on their surface that result from the hydrolysis step after extracting CNCs from cellulose
fiber and removing lignin, hemicellulose, and impurities. There are approximately 3.4 sulfate half
ester groups per 100 anhydroglucose rings, giving a sulfur over carbon S/C atomic ratio around
0.0057 [12] or 211 mmol.kg™. These CNCs were neutralized using sodium hydroxide before
either being spray-dried (particle size ~ 127 nm when resuspended, as specified by the
manufacturer), or kept in suspension at 6.4 wt% (never-dried, particle size ~90 nm). Note
however that both particle size measurements have been carried out by the supplier with 2 wt%
suspensions and the results may hide dispersion problems. In both cases, the final crystallinity
ratio is around 80 % [35] and the density 1540 kg.m3. The dried CNCs were used as-received in

powder form and have never been sonicated prior to this work.

5.2.2 CNC suspension preparation

Starting from dried CNCs, suspension preparation followed the same rigorous protocol
presented in our previous work [173]. Briefly, 60 mL of either a 3.2 wt% (2.08 vol%) or a
6.4 wt% (4.16 vol%) CNC suspension were prepared by adding half of the water amount, the
required CNC amount (respectively 1.91 g or 3.84 g) and the remaining water, in this specific
order, to facilitate CNC incorporation, in a 100 mL beaker. A vortexer (Mini Roto S56 — Fischer

Scientific — 2800 rpm) was then applied for 30 s to avoid gelation.

This pre-mixed suspension was then sonicated for a specific time at power P =65 W,
placing the probe off-center near the liquid surface. This power level has been chosen to find a
balance between ultrasonication efficiency and time needed to achieve dispersion. This value is
the one shown on the device and correspond to an actual delivered power of 15 W [173]. The
beaker was put in an ice bath to avoid overheating. Under these conditions, the required
sonication energy is around 167 kJ.g*.L! to achieve a well-dispersed suspension (refers to
kilojoules per gram of CNCs and liter of suspension) [173]. We will refer to this value as

“optimal energy level” henceforth in the text. Ultrasonication was used at different energy levels,
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ranging from very low (2 kJ.g*.L! or ~ 3 s of ultrasonication for a 3.2 wt% suspension), low
(15 kJ.gt.Lt or ~ 10 s at 3.2 wt%) or optimal (167 kJ.g.Lt or ~ 320 s at 3.2 wt%).

The never-dried CNC suspension was either characterized as received, or after applying
the equivalent optimal energy level (167 kJ.gt.L* or ~ 640 s), following the same protocols
outlined above. This energy level leads to a minimum viscosity and longer ultrasonication does

not decrease the viscosity any further (Figure B.1).

5.2.3 Rheology

Rheology measurements were carried out using an Anton-Paar rotational rheometer
(MCR501). Either a concentric cylinder (CC) or a Couette double gap (DG) flow geometry was
used. The required volume for each geometry (20 mL for CC or 8 mL for DG) was sampled
using a syringe unless specified otherwise. Shear rate sweep tests were carried out from 1000 s
to 1 s (high to low shear rate, unless specified otherwise). These tests were preceded by a pre-
shear at 10 s for 120 s to prevent the presence of air in the sample and ensure of a similar

starting microstructure, followed by a 180 s rest time. All tests were performed at 25 °C.

5.2.4 Particle size analysis

Particle sizes were determined using a laser obscuration time technique (EyeTech,
Ankersmid). This method was chosen as no dilution is needed prior to analysis, avoiding any

change in the particle dispersion. It can measure particles as small as 0.1 pum.

5.2.5 UV-vis spectroscopy

One way to evaluate the dispersion state is by analyzing suspension turbidity. This was
carried out with UV-vis spectroscopy (USB4000-XR1-ES, Ocean Insight). The absorbance was
measured between 200 and 850 nm using 1-cm quartz cell. However, results must be interpreted

carefully as other physical phenomena could influence the optical properties.

5.2.6 Ageing tests

The behavior of a never-dried CNC suspension was compared to that of a suspension of

the same concentration, i.e 6.4 wt%, prepared with spray-dried CNCs. Shear rate sweeps from
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1000stto 1s?t (high to low) were done on those suspensions within 5 min following
ultrasonication and were then repeated after a specific time to follow the evolution (ageing) over
time. This specific time, specified in the corresponding discussion as DX for “day X”, was the

same for every suspension. Meanwhile, the suspensions were stored at room temperature.

Because of the fast-evolving behavior over time, a repeatability study was carried out by
analyzing one sample of three suspensions obtained with the same parameters, instead of several

samples of the same suspension. This allowed us to keep the study time constant.

5.3 Results and discussion

5.3.1 Sampling method

As explained in Section 5.2.3, suspensions are usually sampled with a syringe. However,
this may filter out the largest agglomerates (larger than 2 mm) and bias the rheological
assessments. Thus, two additional sampling methods were compared to study their effect: a
truncated syringe allowing agglomerates up to 15 mm to be sampled, and pouring the sample

directly from the beaker into the flow geometry.

To highlight the effect of the sampling method, the applied ultrasonication energy was
2 kJ.gt.LL, as inhomogeneity in the distribution and poor dispersion are expected at this very low
energy level. The DG flow geometry was used to carry out a shear rate sweep study. The three
sampling methods were compared by analyzing six to seven samples for each, and repeated three
times. Then, the standard deviation normalized by the average viscosity value was calculated for
all samples and averaged for all three repetitions to compare the variation caused by each

sampling method (Figure 5.1).
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Figure 5.1: Relative standard deviation of 3.2 wt% CNC ultrasonicated suspensions as function
of shear rate (V =60 mL, P =65 W, E =2 kJ.g™>.L1) using either the syringe, the truncated
syringe or the beaker sampling method

Note that, at this energy level, the initial state influences the measured viscosity. Indeed,
even if the suspension preparation protocol was rigorously followed, a great deal of variability
was introduced by the very low-energy dispersion approach. Agglomerates were formed
randomly, and the ultrasonic probe could not be placed at the same position relative to each of

them, leading to variations between each repetition.

This variation between samples obtained with the same sampling method is significant,
showing that the initial state influence prevails over the effect of the sampling method itself.
Indeed, by considering this variation, the value of the standard deviation is approximately the
same whatever the method. The higher values observed for the beaker sampling method are
inherent to the fact that all agglomerates are considered with this method whereas only a few
agglomerates are collected with both syringe sampling methods. It also confirms that despite the
rigorous preparation protocol meant to avoid manipulation error, there is some variability that

cannot be controlled.
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For the following analyses, the syringe sampling method was retained, and the whole
suspension was analyzed unless stated otherwise. While the truncated syringe is moderately

better (Figure 5.1), the plain syringe approach is much easier to implement.

5.3.2 Ultrasonication mechanism over time

The suspension must be well-distributed and well-dispersed to give optimal results. To
understand how these conditions can be reached, the ultrasonication process was decomposed
into several steps and the suspensions were then analyzed using rheology. The DG flow geometry
was used again for this study. Starting from an initial state consisting of an inhomogeneous
medium with many large agglomerates, ultrasonication was applied either at 2 kJ.g*.L™* (purple
data in Figure 5.2), 20 kJ.g*.L* (green data) or 167 kJ.g*.L (red data).
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Figure 5.2: Viscosities of 3.2 wt% CNC ultrasonicated suspensions obtained for E = 2, 20 or
167 kJ.gt.L 1 as function of shear rate (V = 60 mL, P = 65 W, DG flow geometry). Solid lines

represent the average values of all corresponding measurements.

Applying the lowest amount of energy led to large variations between samples. Although
the average of the measurements may indicate that a fair dispersion was achieved, the overall
variations show that the suspensions were in fact inhomogeneous. This confirms that, at this very

low energy level, the distribution and the dispersion are both unsatisfactory.
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Increasing the sonication energy to 20 kJ.g2.L! resulted in a significant reduction of the
data spread: all samples have similar viscosity values, meaning that a good distribution state must
have been reached (i.e. all samples measured are similar, and thus there is better homogeneity).
However, when these values are compared to those of a well-dispersed suspension (Figure 5.2) at
167 kJ.gt.L%, it becomes clear that the dispersion had not yet reached its optimal state (as the

viscosity values at 20 kJ.g*.L are significantly higher).

In summary, three states can be observed during ultrasonication, as illustrated in Figure
5.3. Upon increasing the energy level, the suspension goes from a not-well distributed and not-
well dispersed state to a distributed but not well-dispersed state before finally reaching a well-
distributed and well-dispersed state. Indeed, by increasing the time of ultrasonication, more
mixing cycles may be achieved, increasing the process efficiency. This confirms the findings
from numerical simulations presented in our previous work [173]. Photos taken right after
ultrasonication validate this sequence. While photos on the left show the suspension as is,
increasing the contrast and decreasing the brightness (photos on the right) helps to better
visualize the presence of agglomerates at t =0 and ti. In addition, an opaquer suspension is
observed for t2 compared to tr, confirming a worse dispersion. This last point has also been

proved using UV-Vis spectroscopy (Figure B.2).
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Figure 5.3: Suggested ultrasonication mechanism over time. Original (left) and modified (right)
photos are shown for each time (ultrasonication energy being directly proportional to sonication

time). The same image post-processing modifications have been applied for every case.

5.3.3 Geometry comparison and sampling volume

The previous section has underlined that variations in the viscosity values provide
information on a suspension’s distribution state. This suggests that the sampling volume is
critical when analyzing a suspension. To validate this hypothesis, the concentric cylinder (CC)
and the Couette double gap (DG) flow geometries were compared as these require sample sizes
of either 20 mL or 8 mL, respectively. Several levels of energy were studied: either 2, 10, 15 or

20 kJ.gt.L* to reach progressively the well-distributed state (minimum of 20 kJ.g2.L1).

To account for variations between samples, the standard deviation may be more relevant
than the viscosity value itself. As discussed in Section 5.3.1, the average obtained from all the
samples analyzed with the same geometry may differ from a suspension to another because of a
different initial state (CNC agglomerates being formed in an uncontrolled manner in the beaker).
Thus, the standard deviation is normalized by the average viscosity for each sample, giving a
relative standard deviation, to minimize the effect of the initial state. Figure 5.4 present thus the
relative standard deviation as a function of the shear rate for the different energy levels, for the

DG case (empty symbols) and the CC case (filled symbols). The relative standard deviation is
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larger for the DG case than the CC case at all energy levels. The DG flow geometry volume
being smaller, the distribution effect is more visible. As the ultrasonication energy increases, the
difference between the two geometries is reduced. This indicates that the sampling volume is less
influential. In addition, as the distribution state improves when increasing the ultrasonication
energy, the relative standard deviation decreases. Both points imply an improving distribution

state.

Thus, relative standard deviation of the viscosity value serves as an indicator for
distribution. However, the absolute value of viscosity needs to be considered to assess the

dispersion state as explained in Section 5.3.2.
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Figure 5.4: Relative standard deviation of 3.2 wt% CNC ultrasonicated suspensions obtained
either with a concentric cylinder (CC — filled symbols) or a double gap (DG — empty symbols)
geometry for E = 2, 10, 15 or 20 kJ.g-1.L-1 as function of shear rate (V = 60 mL, P =65 W).

5.3.4 Challenges at higher concentrations

At higher concentration, CNC suspensions present a gel-like behavior. In this case, the
previous conclusions may not be easily extrapolated, which warrants studying a 6.4 wt% CNC

suspension.
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One of the main concerns at higher concentration is to validate that a good dispersion can
still be achieved as the formed agglomerates present a much higher local concentration than those
of the suspension, multiplying the interparticle interactions. Thus, an ultrasonicated never-dried
CNC suspension (UND) was compared with a spray-dried CNC suspension (USD) at the same
6.4 wt% concentration. Both have been ultrasonicated by applying the same energy level
(167 ki.gt.LY) to study the viscosity buildup after ultrasonication. Figure 5.5 depicts the
viscosity values of each suspension as functions of shear rate followed over time after
ultrasonication. The unsonicated, never-dried CNC suspension (ND) behavior is reported as a
reference. ND and UND suspensions are supposed to present a well-dispersed state, as the CNC
agglomeration is mainly induced from the drying process. At day 0 (DO), the viscosity
measurements are essentially the same for USD and UND suspensions. This suggests that the
dispersion state of the USD suspension is the same as the UND suspension, meaning that CNCs
have been well-dispersed and well-distributed. The usual gel behavior at high concentration is
replaced by a two-region curve: a shear-thinning behavior below 100 s'* and a zone with a higher
slope at higher shear rate. Though we do not observe a plateau at intermediate shear rates, a
similar behavior has been reported in the literature [64] and a shear thinning region with a high
slope is expected at lower shear rate: this is a liquid crystal behavior. To ease the comparison, the
viscosity value at 5.62 s is followed over time (Table 5.1). This value has been chosen to be in
the mid-range of the lower shear rate values, where the interparticle contribution is visible [205].
After 11 days (D11), the final state seems to have been reached, as there is no significant
difference with the behavior at day 20 (D20). The original ND values (1.4 Pa.s + 0.1 at 5.62 s%)
have been reached for the D20 USD suspension, but the D20 UND suspension remains at a lower
viscosity level. However, the behavior for all suspensions is similar for shear rates above 40 s,
Indeed, only the hydrodynamic contribution plays a role on viscosity values at high shear rate
[205]. The absence of complete recovery of the viscosity for the UND suspension has already
been reported for ultrasonicated commercial concentrated suspension, even over longer time
scales [172]. Two zones can be distinguished on the viscosity curve, which may suggest a
biphasic structure with isotropic and anisotropic regions. This observation is also valid for the

USD suspension even if this is much slighter.



70

To complement this study, a shear rate sweep has been carried out from low to high shear
rates (Figure 5.6A). In this case, both UND and USD suspensions behave the same as the ND
suspension. In addition, the comparison between both tests for the ND suspension (Figure 5.6B)
shows a hysteresis phenomenon below 10 s*. This behavior has been already observed in the
literature for thixotropic yielding materials [203], implying different dynamic and static particle
network structures [206]. Thus, as differences from USD/UND and ND are visible only from
high to low shear rates, it implies that the dynamic particle network structure is not the same.
This point was confirmed by measuring a larger light absorbance for USD and UND compared to
ND suspensions aged by 1 and 8 days, increasing with time (Figure B.3). The ultrasonication step
allows CNCs to re-arrange themselves while the gelation phenomenon is not instantaneous. It has
been reported that CNC suspensions present a larger anisotropic volume fraction with increasing

ultrasonication time [207], which would lead to a larger absorbance.
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Figure 5.5 : Sample viscosities of 6.4 wt% never-dried (A) or spray-dried (B) CNC ultrasonicated
suspensions, respectively noted UND or USD (E = 167 kJ.g*.L"1,V = 60 mL, P = 65 W) after 0,
1, 4,11 and 20 days (DO, D1, D4, D11, D20) compared with a 6.4 wt% never-dried CNC

suspension, noted ND (no ultrasonication) as function of shear rate (high to low).

Table 5.1: Sample viscosity values at 5.62 s of 6.4 wt% never-dried (A) or spray-dried (B) CNC
ultrasonicated suspensions, respectively noted UND or USD (E =167 kJ.g*.LtV =60 mL,
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P=65W) after 0, 1, 4 11 and 20 days (DO, D1, D4, D11, D20). The value for the 6.4 wt%
never-dried CNC suspension is indicated as a reference.

DO (Pa.s) D1 (Pa.s) D4 (Pa.s) D11 (Pa.s) D20 (Pa.s)
UND (A) 0.09 £ 0.02 041+0.06 0.63+0.04 09%0.1 0.89 £ 0.05
USD (B) 0.067 £0.001 0.570+£0.001 0.95+0.05 1.29+0.02 1.4+0.3

(ND: 1.4 Pas +0.1at5.62 s%)
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Figure 5.6: A: Sample viscosities of 6.4 wt% never-dried and spray-dried CNC ultrasonicated
suspensions, respectively noted UND or USD (E = 167 kJ.g*.L 1,V =60 mL, P = 65 W) after 20
days (D20) compared with a 6.4 wt% never-dried CNC suspension, noted ND (no
ultrasonication) as function of shear rate (low to high). B: Sample viscosities of a 6.4 wt% never-

dried CNC suspension (ND) from low to high and high to low shear rate.

To conclude on the dispersion state of the USD and UND suspensions, the particle sizes
were compared, and the results are reported on Figure 5.7 just after ultrasonication (D0) and after
1 day (D1). At DO, the USD suspension presents larger particles than the UND suspension - these
differences are of the same range than the initial particle size measured by the supplier
Celluforce. Thus, a well-dispersed state must have been reached for the USD. After one day, the
particle sizes increase for both suspensions, with a higher increase for the USD suspension. This
IS consistent with the faster ageing over time that was observed in the rheology measurements.
Particle size increase over time illustrates that a percolating network of particles is forming, as
expected for a gel.
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Figure 5.7: Cumulative volume distribution of 6.4 wt% never-dried and spray-dried CNC

ultrasonicated suspensions, respectively noted UND or USD (E = 167 kJ.g.L1,V = 60 mL,
P =65 W) after 0 and 1 day (DO and D1 respectively).

Compared to the study at 3.2 wt% CNC suspension (Section 5.3.3), the dispersion and
distribution state of a 6.4 wt% CNC suspension cannot be determined as easily. Indeed, the
method presented needs to be adapted as the concentrated suspension viscosity evolves quickly
over time. The distribution state needs to be analyzed at the same time by comparing the behavior
of similar suspensions. Figure 5.5 shows very small standard deviation with three samples of
three different suspensions obtained with the same parameters, implying a good distribution state.
In addition, as explained above, the dispersion is established by comparing the measurements
with a never-dried suspension which had undergone the same ultrasonic energy level. The initial

behavior (at DO) must be sufficient to conclude that the spray-dried CNC suspension is as well-

dispersed as the never-dried CNC suspension.

5.4 Conclusion and further recommendations

Using ultrasonication to disperse nanoparticles can be challenging, especially when
assessing the distribution and dispersion states. In this work, it has been demonstrated that
rheology was a powerful tool for characterizing CNC suspensions at low concentration, if used

properly. Studying the viscosity homogeneity in a suspension provides information on the
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distribution state. However, the sample volume is an important limitation for further conclusions.
The viscosity value itself can be used to assess the dispersion state as it decreases until a minimal

value as the dispersion improves.

One must keep in mind the sampling volume influence when carrying analyses, such as
density measurement or even microscopy observations. It could mask the true state of the

suspension, leading the researcher to an incorrect interpretation.

The sampling volume issue also hints at greater issues when attempting to disperse larger
volumes. The volume which can be handled is indeed a strong limitation for using sonication as a
dispersion tool. One possible solution is to use a continuous setup that would gradually treat the
suspension. The knowledge developed in the present work on ascertaining how both the
dispersion and distribution states evolve during ultrasonication will facilitate implementation of

an online measurement technique in larger-scale systems. This work is on-going in our team.

Finally, for higher CNC concentrations, the fast evolution of the microstructure (presence
of tactoids) complicates its study. However, a comparison with a never-dried suspensions
provides insight on the distribution and dispersion state. The rigorous protocol developed in our
previous work was successfully applied to produce a 6.4 wt% suspension, and similar properties

as never-dried CNC suspensions could be obtained from spray-dried CNCs.

Because other nanoparticles share the same issue related to their dispersion, this study
could eventually be broadened to them as well.
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Connecting statement

All the work presented in Chapter 4 and Chapter 5 was carried out using a continuous
ultrasonication mode in a batch process. In this Chapter though, a pulse mode (8 s ON — 2 s OFF)
is chosen to prevent damaging the probe as the process is much longer with the semi-continuous
process. Despite this difference, the batch process is used as a reference here as its dispersion

state has been deeply studied and is assumed to be optimal.
Abstract

Cellulose nanocrystals (CNCs) can be used in a wide range of applications due to their unique
properties. However, the dispersion required to achieve these properties in various media may be
quite challenging, especially at larger scales. Starting from an optimized protocol to prepare small
volumes (60 mL) of aqueous suspensions, a semi-continuous setup is developed in this work to
disperse larger quantities (200 mL). Using this technique, a higher efficiency is achieved,
consuming only 35 % of the energy needed with a comparable batch method. To follow the
dispersion state, an in-line process rheometry technique is adapted and validated through finite
element simulation. While this allows for fast and easy validation, a deeper analysis may also be
carried out to extract additional information such as the process viscosity. This setup is further
exploited for the CNC surface modification using polyethylenimine. Although it has been

designed for CNCs, it may be adapted for other nanoparticle dispersion.

Keywords: Ultrasonication, cellulose nanocrystals, suspension, dispersion, in-line measurement,

semi-continuous setup
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6.1 Introduction

Cellulose nanocrystals (CNCs) are bio-based material displaying several valuable
properties attributed to their surface chemistry and their nano-rod morphology. They find
applications in mechanical reinforcement, optical films, 3D printing and Pickering emulsions, to
name only a few [93, 175, 208, 209].

CNCs are obtained from acid hydrolysis of cellulose fibers, removing the amorphous
portion of the fibers. This may be carried out using hydrochloric or sulfuric acid (HCI or H2SOa4).
The choice of the acid will impact on the particle size [16, 185, 186], and the surface chemistry:
H2S04, compared to HCI, promotes dispersion in water by generating charged sulfate half-ester
groups on the CNC surface [31, 39]. After hydrolysis, the CNCs may then be neutralized to
improve stability or facilitate dispersion, depending on the counterion being used [38, 111].
Neutralization is generally followed by a drying phase, with typically spray-drying or freeze-
drying methods. Spray-drying requires less energy and results in a more compact powder — this
leads to higher crystallinity and better thermal stability [12, 41]. However, for both drying
strategies, CNCs form aggregates or flakes. The bond strength within these may reach up to
10° Pa for the smallest particles (0.5 um in diameter when spherical) [46]. Thus, a powerful
technique is crucial to redisperse CNCs and benefit from all their properties. By providing an
energy density up to 108 J/m?® [188], ultrasonication is the most commonly used method at the lab
scale, for efficient dispersion in low-viscosity media. High-pressure homogenization may

alternatively be employed, but it requires a less ubiquitous and more expensive infrastructure.

For CNC dispersion, ultrasonication probes are favored compared to baths, offering a
greater efficiency through direct contact [117]. The probes are made of a piezoelectric material,
inducing pressure waves in the liquid via mechanical vibration at high frequencies. Vacuum
bubbles are formed because of the alternating positive and negative pressures. Negative pressure
leads to bubble growth whereas these are compressed at positive pressure. Cavitation takes place
at high intensities once the bubbles are large enough (with a diameter of 170 um for
ultrasonication at 20 kHz in water). The cavities are thus able to absorb a very high amount of
energy during the growing cycle, which is violently released by implosion of the bubble - local

temperatures and pressures up to 5000 K and 100 bars are possible. Implosion leads to shock
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waves that may erode or break the CNC agglomerates. Sometimes, a cavitation “microjet” (jet
induced by a small bubble collapse) is also formed near a solid boundary but only particles
smaller than 200 um will be affected [120, 190].

Batch ultrasonication protocols have recently been optimized and better understood for
CNCs dispersion in water [173, 174]. These works demonstrated that the most efficient probe
position is off-centered, in the upper part of the tank. Moreover, CNC addition must be carried
out carefully to avoid gelation on the surface or on the container walls (half the desired water is
added before the CNC powder, followed by the remaining water content). However, sonicating
larger suspension volumes leads to increasing dead zones, this process must be thus limited to
small quantities (~60 mL maximum [173]). This dead zone problem is accentuated for more
viscous media, as the size of active region below the probe is decreased. However, being able to
work at a much larger scale is essential to tackle industrial applications. Increasing the probe size
may not be efficient as higher power is needed to provide the same intensity in a larger probe
[193]. Moreover, a higher power will lead to important mechanical, electrical and heat losses,
impacting the efficiency of the process. Large probes are thus usually limited to smaller
amplitudes. Industrial Sonomechanics (a firm specialized in ultrasonic technology) suggests a
barbell horn to overcome this problem, able to treat volumes larger than 2 L, but remains around
5 times more expensive that the traditional probe [145, 146]. To the authors’ knowledge, two
other solutions are currently offered at a varying cost based on ultrasonication probe technology.
In the first case, the suspension to be dispersed flows in a pipe and several sonication probes are
set up in series or in parallel [145]. This process increases the residence time of the suspension in
active dispersion zones without increasing the overall process time. The second case is a
continuous flow ultrasonication: the fluid is recirculated using a pump between a tank and a flow
cell in which ultrasonication is applied. This method has been proven to be more efficient than
batch sonication, both in terms of energy and time [143, 144]. In all cases, however, an external

validation procedure is required to confirm the dispersion state.

In-line measurements could thus be relevant. A useful technique has been patented to
extract the properties of a power-law fluid under laminar flow (flow and consistency index n and
m, process Vviscosity ppr) through two static mixers [210, 211]. This method is based on the

Metzner-Otto concept that will be detailed in Section 6.2.8 [212].
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Well dispersed CNCs may then be further used to prepare Pickering emulsions, achieve
surface modification or solvent exchange. For example, Khandal et al. carried out
polyethyleneimine (PEI) physical adsorption surface modification by adding PEI to CNC
aqueous suspensions during ultrasonication. The PEI’s charged amine groups were successfully
electrostatically bounded to the charged sulfate groups of CNC after adequate dispersion of the

particles in aqueous media [85].

Therefore, this work proposes a method to disperse larger volumes of CNCs using in-line
validation. After presenting our setup composed of a semi-continuous system allowing for
recirculation between a small ultrasonication vessel and a larger tank, in-line pressure
measurements are used to determine the dispersion state. External conductivity and rheology are
employed afterwards to validate our conclusions. Then, process viscosity is extracted from the
pressure measurements, allowing confirmation of the dispersion state without external
experiments. Finally, surface modification using PEI is performed to demonstrate the expanded

potential of this work.

6.2 Methodology

6.2.1 Materials

CNCs, derived from sulfuric acid hydrolysis and neutralized by a sodium counterion,
were supplied in a spray-dried form by Celluforce. Their density is around 1540 kg.m™ and their

sulfur over carbon S/C atomic ratio is ~0.0057 [12] or 211 mmol.kg™.

Branched PEI was purchased from Sigma-Aldrich. It has an average molecular weight of
25,000 g.mol%, a polydispersity of 2.5 and a density of 1030 kg.m3 at 25 °C.

6.2.2 Semi-continuous setup

Figure 6.1 depicts the semi-continuous setup. A 250 mL beaker (beaker A) is plugged to a
pump (Hffheer — 5V water pump — 120L/h flow rate) and used to mix CNCs coarsely in water
and help the particle wetting process. This pump recirculates a portion of the fluid back to
beaker A. The other part goes to a small 100 mL beaker (beaker B) using a peristaltic pump (Cole
Parmer Master Flex model no. 7520-35 with the head model no. 7016-20 and Masterflex 96400-
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16 tubing) to control the flow rate. The ultrasonic probe (Cole-Parmer - CP505, 20 kHz with a
12.7 mm probe) is immersed in beaker B (process details may be found in Section 6.2.3). The
sonicated fluid is sent back to beaker A using a second identical peristaltic head (mounted on the
same pump to ensure an identical flow rate). This stream is monitored through two gauged
pressure sensors (NPX - MPXV7002GP, calibrated as explained in Supplementary information
C.2). A static mixer is installed between the two pressure sensors to increase the pressure drop.
This static mixer is a 3D-printed model equivalent to a KM-Kenics mixer with helical elements,
each rotating 90° from the previous one (Figure C.3). The pressure sensor data are acquired with
an Arduino board and a LabView interface. The tubes (Tygon ND-100-65) present an internal
diameter D of 4.8 mm (3/16").

A cooling system (blue area in Figure 6.1) was added around beaker B and before the first
pressure sensor with 5 °C water circulation to prevent overheating. The temperature in the system
was stable at 35 °C. Moreover, an air filtration system (Dri-Eaz DefendAir HEPA) is employed
during CNC addition for safety issues.

Figure 6.1: Semi-continuous setup schematic where A is a 250 mL beaker, B a 100 mL beaker
and P the pressure sensors. Blue area corresponds to the cooling system.
6.2.3 CNC suspension preparation

In a previous article [173], we demonstrated that 167 kJ.g*.L* (grams of CNC and liter of

suspension) were necessary to achieve a well-dispersed CNC suspension in a 60 mL batch
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process. This required the probe to be placed at 1/3 of the total volume height and off-centered
such that r/R=0.3 (where r is the probe position and R the beaker radius). Moreover, the
necessary power was set to 65 W, balancing ultrasonication efficiency with the time needed to
complete dispersion. These guidelines (power and probe position) have been followed in this
work for a total volume of 200 mL. Three concentrations (1.6 wt%, 3.2 wt% and 4.8 wt%) have
been tested. They are named respectively CNC-1.6, CNC-3.2 and CNC-4.8 (Table 6.1). The CNC
addition rate has been set around 30 mg/10 s to ensure time for wetting and avoid exaggerate
agglomeration. Accordingly, the flow rate Q controlled by the peristaltic pump has been set such
that the residence time tr in beaker B is half the one required to disperse the same amount of
CNC in a batch process tr=. Indeed, if tr = 0.5tr+, and Q = 3.8*10" m3.s'%, the concentration of
CNC in beaker B will reach up to 0.725 wt% if no stagnant zone is assumed during one cycle (9
minutes, corresponding to the CNC addition time for CNC-1.6), which is half of the CNC-1.6
concentration. Further addition increases proportionally the concentration. Even if the CNC
concentration gets higher by homogenization after the end of CNC addition, CNCs would have
already been mostly de-agglomerated. The dispersion state is monitored with the pressure drop

values — when it reaches a plateau, the suspension is considered well-dispersed.

It must be noted that ultrasonication was used in a pulse mode (8 s ON - 2 s OFF) to avoid

excessive damage of the probe as the treatment is quite long.

Table 6.1: CNC suspension parameters.

Name Concentration (wt%) Addition time (min)
CNC-1.6 1.6 9
CNC-3.2 3.2 18
CNC-4.8 4.8 27

For comparison purpose, the same concentrations have been prepared using a batch
process and are noted CNC-1.6*, CNC-3.2* and CNC-4.8*. All dispersion parameters were kept
the same except the volume which was 60 mL in the batch process. The final dispersion state is
achieved when applying 167 kJ.g*.L™, as per [173].
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6.2.4 Newtonian and power-law fluids preparation

Newtonian and power-law fluids are prepared to validate the experimental setup’s
parameters as they have predictable behaviors. Thus, three glycerol-water solutions are made
from Omnipur Glycerol (Calbiochem) at 65, 67 and 70 wt% (respectively Glyc-65, Glyc-67 and
Glyc-70) to generate Newtonian fluids. In addition, the required amount of xanthan gum
(Keltrol SF, CP Kelco) was stirred for 12 hours in water to prepare 0.09, 0.11 and 0.14 wt%
solutions (respectively XTN-0.09, XTN-0.11, XTN-0.14). These solutions are known to present a
power-law behavior. The glycerol and xanthan gum solution properties (Table 6.2) were
characterized by the protocol described in Section 6.2.5. The corresponding rheological curves

are presented in Figure C.1 and Figure C.2.
Table 6.2: Newtonian and power-law fluid properties

p(kgm?®)  p(mPas) p(kgm?) n  m(Pas")
Glyc-65 1179.3+0.1 17.41+0.06  XTN-0.09 ~ 1000 0548  0.101
Glyc-67 1183.3+0.4 2005+0.07  XTN-011 1000 0532  0.129
Glyc-70 1192.0+0.4 24.19+0.08  XTN-014 1000 0512  0.165

6.2.5 Experimental validation of dispersion state

The dispersion state may be easily evaluated by measuring the electrical conductivity of
the suspension. Indeed, the ionic charges, which are present on the CNC surface due to the sulfate
half ester groups, are released during sonication as the CNCs are individualized [58]. The
conductivity value will increase accordingly until a maximum is reached. A baseline has been
defined for batch conditions in our previous work [173] and is reported in the following section
as targeted value for the semi-continuous setup. The conductivity is measured using an Oakton
device (CON 6+) after observing a plateau of the pressure drop values to confirm that the well-
dispersed state for the given concentration has been obtained. These measurements are carried

out in both beakers A and B to confirm the homogeneity of the dispersion.

All suspensions have been further analyzed using rheology to validate that the final
dispersion state was the same as with a batch method. For this purpose, an Anton-Paar rheometer
(MCR501) was used with a double Couette flow geometry. All tests were conducted at 25 °C



82

unless specified otherwise. A pre-shear was applied for 100 s at 10 s followed by a 180 s rest

time. Then the dynamic viscosity was measured with a shear rate sweep from 500 s to 0.5 s

Finally, the densities of the glycerol solutions were measured using the Anton-Paar
densimeter (DMA 4500M).

6.2.6 Numerical modeling

The fluid flow was modeled by the finite element COMSOL Multiphysics solver
(version 5.5) to validate experiments and provide additional insight. The simulation considers a
pipe diameter D, and a flow rate Q defined in Section 6.2.3. The static mixer has been modeled
using the dimensions from Figure C.3 and is placed at the same position as in the actual
continuous setup, 5 cm after the first sensor. The distance between both sensors is L =25 cm.
Finally, the relative pressure at the entrance of the pipe is set to 381 Pa referring to the actual
hydrostatic pressure. The fluid employed for the simulation part correspond to the Newtonian
fluid Glyc-65 and the three power-law fluids (XTN-0.09, XTN-0.11, XTN-0.14) defined in

Section 6.2.4). The Reynolds number for the power-law fluid Repc is defined as:

RBPL = # (6.1)

with v the fluid velocity and D is the pipe diameter. Reynolds number calculations (Table

6.3) confirms a laminar regime (such as Re <10).

Table 6.3: Reynolds number

Fluid Re
Glyc-65 6.9+0.2
XTN-0.09 5.1+0.2
XTN-0.11 4.2+0.2
XTN-0.14 3.5+£0.2

Thus, using a laminar flow study in COMSOL, the Navier-Stokes equations are solved for

an incompressible medium:
p( Vv =V[-2pI + u((Vv) + (Vv)7)] (6.2)

with p the fluid pressure and p and u respectively the fluid density and Newtonian

viscosity, assuming that the continuity equation is valid, defined by:
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(V-v)=0 (6.3)
In the case of non-Newtonian fluid following a power-law, pis replaced by the dynamic
viscosity n:
n=my" (6.4)

in which y is the shear rate.

6.2.7 Entry pressure estimation

The presence of a static mixer between the two sensors may imply an entry pressure APe
that may be taken into using Bagley correction. To ease our calculations, we have kept the
Newtonian model fluid (Glyc-65), with its corresponding viscosity and density. The flow rate is

the same as for the CNC dispersion process, giving a laminar regime.

The wall stress zw may be determined by:

Tw = HYe (6.5)
with y, the effective shear rate. Then this wall stress is defined by:

AP—APe)

, =D ( - (6.6)

where L is the pipe length and AP and APe are respectively the pressure drop and the

entry pressure.

6.2.8 Metzner and Otto concept

To calculate the in-line viscosity, it is possible to use the Metzner and Otto concept,
which has been developed in the context of mechanical (impeller) stirring in the laminar regime,

linking y, and the rotational speed N in the tank [210-212], using:
Ye = KN (6.7)

where Ks is a geometry-dependent constant. This concept has been extended to static
mixing, where the rotational speed is replaced by the characteristic fluid velocity in the pipe of

characteristic dimension D:
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Ye = Ks— (6.8)

The constant Ks may then be calculated using the rheological properties of two power-law
and Newtonian fluids, and the related pressure drops in the pipeAPn) and AP, respectively:
1
b

_ D[2Pm p]n-1
Ks = v [ AP m (6.9)

In this work, the constant Ks was determined for our system using the Newtonian and

power-law fluids defined in Section 6.2.4, flowing in a laminar regime.

The power number, Np, is known to be linked to the Reynolds numbers, Re and RepL
(defined by equation (6.1)), for the Newtonian and power-law fluids, respectively, using the

following relations:

K, = N,Re (6.10)

where Kp and Kpn) are the so-called power constants, which depend on the static mixer

geometry and power-law index n:

APD?
p= uLv (6.12)
APy DL
Kptny = — g (6.13)

Once they have been determined from experimental data, these constants can then be used
to calculate Ks from equations (6.7), (6.11) and (6.12):

1

K, = (my_l (6.14)

Kp
This value for Ks can be compared with the one obtained for an empty tube (no static
mixer) Ks’ (calculations developed in Supplementary information C.1), defined by:

__ 6n+2
n

K! (6.15)

Finally, the so-called process viscosity upr for a power-law fluid, which is related to the

Metzner and Otto concept, may be obtained from:
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Uy = M (’g—f)n_l (6.16)

6.2.9 Surface modification with PEI

To expand the range of application for the experimental setup, surface modification on
dispersed CNCs has been carried out. PEI was used for this purpose following the guidelines
from Khandal et al. [85]. They observed indeed that ultrasonication was mandatory during PEI
addition to prevent phase separation. A 1 wt% PEI solution was prepared by stirring the required
amount of PEI in water at 50 °C for 30 min. After obtaining a 3.2 wt% CNC suspension with the
previous protocol (CNC-3.2), this PEI solution was added dropwise in beaker B while
ultrasonication was running to obtain (CNC/PEI-3.2). Sonication was maintained until a stable
pressure drop value was obtained. To ensure that this additional ultrasonication treatment did not
alter the CNCs, a reference experiment was conducted the same way without any PEI

(CNC/noPEI-3.2). All preparation parameters are reported in Table 6.4.

Table 6.4: PEI addition parameters.

Name CNC concentration PEI concentration Additional
(Wt%o) (9/gCNC) ultrasonication
treatment time (s)
CNC-3.2 3.2 - -
CNC/noPEI-3.2 3.2 - 968
CNC/PEI-3.2 3.2 0.01 920

X-ray photoelectron spectroscopy (XPS) was employed on freeze-dried unmodified and
modified CNCs to identify the presence of nitrogen. The instrument (XPS Axis UltraDLD,
Kratos) was used with a monochromatic anode (225 W) and a charge neutralizer. The analyzed

surface was 700*300 pum with a depth < 10 pum.
6.3 Results and discussion

6.3.1 Pressure drop measurements

The pressure drop has been calculated from the values obtained for each sensor as
explained in Supplementary information C.2. The raw data exhibited important oscillations

resulting from several elements, namely the peristaltic pump. At the operating flow rate, the
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periodicity of the pump is ~2.23 s. As data values are acquired each 0.1 s, it was possible to filter
some of the noise by determining a moving average on 22 points. Therefore, the standard
deviation presented in this paper only considers the setup sensitivity, neglecting pump variation.
Other components of the setup, like the tubes which may be slightly flexible, as well as the
sensor sensitivity indicated by the manufacturer, generate additional noise on the signal. It must
also be noted that ultrasonication lead to bubble formation which, when transported into the

tubes, induced measurable pressure fluctuations.

At t=0, the sensors only measure water and the values should be the same in all
experiments. In our case, a slight variation has been observed which may be due to the sensitivity
of the setup and the fact that water leads to a transitional-turbulent regime (Re = 102). Therefore,

the pressure drop values have been normalized such as this initial value is around 0.

Figure 6.2 depicts the pressure drop measurements during the dispersion of the CNCs at 3
different concentrations. For each concentration, a plateau is observed after 13, 24 and 34
minutes respectively for 1.6, 3.2 and 4.8 wt% as reported in Table 6.5 (when the pressure drop
oscillates around the same value = 0.5 kPa for ~300 s). Additionally, whereas the pressure drop
increases steadily for 1.6 and 3.2 wt% suspensions, an overshoot is seen with the highest
concentration before reaching the plateau value. This may correspond to the dispersion

homogenization time, more apparent at higher CNC loadings, with a higher local concentration.



87

0.8

Vﬂm
06K M&‘"M _______ Wi

0.43 kPa

0.4

o 500 1000 1500 2000 2500
t(s)
Figure 6.2: Pressure drop normalized by the initial value (water) of CNC suspensions as a
function of process time. CNCs are added during the first minutes, and ultrasonication is initiated
after 120 s.

Table 6.5 reports the overall energy applied to reach the final dispersion state. The
ultrasonication energy is decreased by almost 2/3 compared to batch conditions (60 compared to
167 kJ.gt.LY). The energy brought by the pump is negligible in comparison, as it represents 10-°
times the ultrasonication energy. This gain in energy is mainly attributed to the gradual addition
of CNCs in the beaker A, as the amount of CNCs to be dispersed at a given time becomes much
lower than in batch. Moreover, the flow added by the peristaltic pump in beaker B provides
additional beneficial mixing. Although the change from continuous sonication (reference
scenario) to pulsed mode (current case) was considered in the calculations, it may slightly impact

the efficiency as well.
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Table 6.5: Dispersion parameters.

Total dispersion  Ultrasonication energy ~ Pump energy

Name time (min) (kJ.gLLY) (gL
CNC-1.6 13 60 0.9
CNC-3.2 24 60 0.9
CNC-4.8 34 60 0.9

6.3.2 Dispersion state validation with external tools

Reaching a pressure drop plateau must imply that the best dispersion conditions have been
reached, and this should be sufficient to monitor the dispersion state. However, additional
validation experiments could confirm that there is no loss of CNCs in the setup, or that its

efficiency is not limited. For this purpose, conductivity and rheology have been used (Figure 6.3).

Figure 6.3a) plots the measured conductivity at the three studied concentrations obtained
for the final dispersion state with the semi-continuous setup. The batch measurements are
reported as a comparison. The targeted values have been reached for all concentrations, implying
that the CNCs have indeed been well dispersed.
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Figure 6.3: a) Conductivity as function of CNC concentration. Standard deviations are
represented by vertical lines for the semi-continuous setup and is £ 10 um for the batch reference.
b) Viscosity of CNC ultrasonicated suspensions as function of shear rate (V =60 mL, P =65 W,
E = 167 kJ.g-1.L-1) obtained either using a batch process (empty symbols) or the semi-
continuous setup (full symbols). Standard deviations are represented by vertical lines.

Figure 6.3b) demonstrates that the viscosities as function of shear rate are the same for
both dispersion methods. The highest concentration gives the largest difference between the batch
and the semi-continuous path, while remaining within the standard deviation range. This may be
explained because this concentration is close to the gel point (around 5 wt% [69]), where the
viscosity is more time dependent. A slight delay between the preparation and the measurements

may have impacted the results. Nevertheless, these measurements confirm that the desired
dispersion state has been obtained.

6.3.3 Dispersion state validation using in-line measurements

While pressure drop measurements may give enough information to conclude on adequate
dispersion state, additional analysis can provide more direct insight into the viscosity of the
system, without the need for external validation.
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6.3.3.1 Effective shear rate and entry pressure

The numerical modeling of the tube between the pressure sensors described in Section
6.2.6 provides an estimation of several flow parameters for a 65 wt% glycerol solution (Glyc-65).
Accordingly, the effective shear rate obtained by modeling y, is 52.5 s. In addition, it comes
from the pressure profile (Figure C.5) that the pressure drop APm between the two sensors is
0.915 kPa. We must note that this value is determined by point estimation (rather than surface
average) as the sensors measure the pressure locally in our setup. The experimental value APexp
for the same fluid is 1.4 £ 0.1 kPa, which is higher than the prediction. It may be due to

additional effects not considered in the simulation, such as the pulsing of the peristaltic pump.

In both cases, it is then possible to quantify the entry pressure using equations (6.5) and
(6.6) (Table 6.6). For the purposes of these calculations, the y, value retained is extracted from
the simulation — this value will be validated experimentally in Section 6.3.3.2. A higher total
pressure drop value is measured experimentally (APexp) leading logically to a higher entry

pressure, compared to the modeling value (APm).

Table 6.6 : Entry pressure estimation for Glyc-65.

Modeling Experiment
H(mPa.s) 17.41 +0.06 -
Ve (59 52.5 -
7,, (Pa) 0.914 -
AP or APexp (kPa) 0.915 14+0.1
APe (kPa) 0.723 1.2+0.1

Nevertheless, modeling and experiments lead to the same conclusion: the entry pressure is
considerable (APe/APexp = 86%). One solution that will diminish the impact of this entry pressure
IS to increase the distance between the two sensors. However, by doubling the distance, the result
remains unacceptable (for L =59.4 cm, APe/APexp = 76%), and a longer tube will cause practical
problems (i.e. increased volume in tubing). In addition, this effect is fluid dependent, so it is
challenging to predict. For all these reasons, the pressure drop measured by the sensors cannot

directly provide a viscosity value simply using capillary flow analysis.
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6.3.3.2 Process viscosity

However, using equation (6.16) defined in Section 6.2.8, it is possible to determine the
process viscosity depending only on the setup geometry. To do so, the Newtonian and power-law
fluids stated in Section 6.2.4 are introduced in the semi-continuous setup, and the pressure drop is

measured at different flow rates (Figure C.6).

Using equations (6.12) and (6.13), the constants Kp and Kpn) were calculated (Table 6.7).
As expected, Kpn) depends on n whereas Kp is constant for all the Newtonian fluids considered.
Ks was then deduced from these results using equation (6.14), with an average value of all
glycerol solutions for Kp. For this system, Ks=12. Ks’ is also calculated for a comparison

purpose: Ks>Ks’ as the static mixer implies additional shear in the pipe.

Table 6.7: Metzner and Otto analogy calculations using Newtonian and power-law fluids.

n Kp or Kp(n)(lol) Ks Ks’
Glyc-65 1 33+7 -
Glyc-67 1 34+6 - 8.0
Glyc-70 1 30+ 4 .
XTN-0.09 0.548 11+3 11+10 9.7
XTN-0.11 0.532 10+3 12+10 9.8
XTN-0.14 0.512 9+2 13+10 9.9

It is important to note that for the 65 wt% glycerol solution, this value of Ks gives an
average effective shear rate of y,'= 53 + 50 s~ ! with equation (6.8) and Q = 3.8*107 m3.s™.
Therefore, even if the standard deviation is high due to the sensor sensitivity, the simulation gives
a similar result (52.5 s1), confirming the reliability of the method. Moreover, the effective shear
rate for the corresponding empty tube is 44 s*. This agrees with the fact that adding a static mixer

in the pipe leads to additional obstruction and more shear.

An additional validation has been performed using the numerical modeling presented in
Section 6.2.6 on each power law fluids and Glyc-65. The pressure drop was estimated and Ks was
obtained with equation (6.9). For this system, Ks = 18 which confirms again the consistency of

our results, being in the same order of magnitude as the experimental value.

Once our system parameters were clearly defined, the same method was applied for the
CNC suspensions. The 3.2 wt% concentration is here chosen as an example. As a reference, the

same concentration obtained in batch (CNC-3.2*) was characterized at 35 °C using rheology. The
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CNC suspension does not display a power-flow behavior over the entire shear rate range. Thus,
while the shear rate in the tube is not constant, the average value determined above (53 s?) is
used to obtain the parameters n and m and the targeted viscosity reported in Table 6.8 (see Figure

C.7 for the rheological data).
Table 6.8 : Rheological properties of the 3.2 wt% CNC suspension obtained in batch

n m n (mPa.s) at 53 s1
CNC-3.2*  0.767 0.0212 8.4=+0.1

Then, Kpn) was calculated using the pressure drop that was obtained at the end of the
dispersion using the semi-continuous setup for CNC-3.2 (4P-4Po = 0.43 kPa). Next, Ks was
estimated, leading to the process viscosity (equation (6.16)). All results are presented in
Table 6.9. We may note that the standard deviation is quite large, considering the pressure sensor
sensitivity. However, the modeling comparison in this section has demonstrated the reliability of
the method.

Table 6.9: Process viscosity calculation for the 3.2 wt% CNC suspension

Dispersion time  APn (kPa)  Kpn) (10%) Ks Hpr (MPa.s)
24 min 0.7+0.1 18+5 11+£20 9+70

At the same shear rate, the dynamic viscosity of CNC-3.2* obtained using rheology is

close to the value determined experimentally, which confirms that the final dispersion state at
24 minutes is the desired one. Note that in case of a bad dispersion, it would have given a
different value of Ks even if m and n from CNC-3.2*, considered as an optimal dispersion, are
used It must be emphasized that this could be obtained without external validation. Such a
process viscometry method can thus be transposed to a variety of fluids or concentrations with
the same setup, provided initial in-line measurements on known fluids are conducted, as it is

mainly dependent on geometry.

6.3.4 Surface modification

6.3.4.1 PEI addition

PEI addition was monitored via pressure measurements. Figure 6.4 illustrates the pressure

drop values as function of dispersion time. Below 1570 s is the initial dispersion stage and the red
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line in the figure separates it from the PEI addition step. As expected, the addition of PEI leads to
a fast increase of the pressure drop (see CNC/PEI-3.2) due to the viscosity increase. The CNC
dispersion undergoing the same sonication without PEI addition (CNC/noPEI-3.2) shows a
pressure drop oscillating around the plateau value (0.43 kPa) reached after the final dispersion
state. This confirms that no further change is made on the CNC dispersion with the additional

ultrasonication time.
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Figure 6.4: Pressure drop of CNC suspensions as function of process time. CNCs are added
during the 60 s, and ultrasonication is started after 120 s. At t=1570 s, the CNC dispersions are
further ultrasonicated with or without PEI addition.

The ultrasonication energy applied to complete the PEI addition was based on the work of
Khandal et al. [85] who was working in a batch mode. Because the semi-continuous setup
provides a gain of efficiency, only 36% of the suggested energy amount has been applied. Yet, no
drastic change is observed on AP after the first five minutes following the addition. The purpose
of this experiment was to prove that our setup could be used for CNC modification. However, an

optimization study on the ultrasonication energy needed in this step may be relevant.
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Figure 6.5 depicts the viscosity of the different suspensions as function of shear rate. The
results confirmed what was observed in Figure 6.4: the CNC suspension with additional
ultrasonic energy but no PEI (CNC/noPEI-3.2) presents the same viscosity as the initial CNC
suspension (CNC-3.2). A slight increase in viscosity is noted for the modified CNC suspension
(CNC/PEI-3.2 (fresh)) when analyzed just after the dispersion. After 13 days, this suspension
demonstrates a shear thinning behavior, typical of a gel-like suspension. This rheopexy concurs
with Khandal et al.’s observations [85], validating the success of the PEI physical adsorption on
CNCs. Additionally, XPS analyses has been carried out to confirms nitrogen presence at 0.3%,
close to the theorical value of 0.32% (Figure C.8).

10

CNC/PEI-3.2 (13 days)
A CNC/PEI-3.2 (fresh)
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Figure 6.5: Viscosity of CNC ultrasonicated suspensions as function of shear rate (V = 60 mL,
P =15 (65) W, E = 167 kJ.g-1.L-1) after dispersion or with further ultrasonication with/without
PEI addition.

6.4 Conclusion

The semi-continuous setup used in this work offers a successful method to adapt the

optimized batch ultrasonication procedure to larger volumes using standard probe. By
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maintaining the volume directly exposed to ultrasonication the same as what was suggested in a
smaller batch (60 mL), continuously fed by a larger to-be-dispersed volume, it was possible to
achieve a well-dispersed state with an excellent gain in energy efficiency (64% less energy than
required in batch). This approach provides the additional asset of working with an ultrasonication
probe without additional significant infrastructure costs. Pressure sensors provided direct
information on the dispersion state with a simple in-line measurement read-out: a stable value
implying the final state has been reached. However, through a more in-depth analysis, it is also
possible to extract the process viscosity, confirming that the desired CNC dispersion has been
reached without additional analyses validation or sampling. Thus, this ensures for example that
no CNCs have remained stuck on the tank wall. This method may then be applied to different
systems as long as the setup parameters are known. The dispersion state may also be quantified
by conductivity, but contrary to the pressure measurements and viscosity estimation, this
technique can only be used in case of charged particles (such as CNCs). We have further shown

that this setup can be used for surface modification, using the example of PEI adsorption.

This work may be adapted at other scales, especially since the constant Ks used for
process viscosity calculation remains the same. Indeed, once the so-called Metzner and Otto
constant Ks is known, it is possible to estimate the parameters n and m of any power-law fluid
using an additional static mixer. It was however not the scope of the present work. Nevertheless,
it would be interesting to study the shear rate values for different system dimensions and evaluate
the limits of the comparison made between the viscosity obtained in rheology and the process
viscosity. In addition to surface modification, the semi-continuous setup could also be exploited
for other applications after validating the dispersion state, such as Pickering emulsion
preparation. Finally, as the method does not depend on CNC properties, it is realistic to suggest

that it may be used for other nanoparticle dispersion.
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CHAPTER 7 GENERAL DISCUSSION

The main objective of this project — obtaining reproducible and validated well-dispersed
CNC suspension with ultrasonication at various scales — has been successfully addressed in this
thesis. The first article [173] (Chapter 4) answered the objective 1 (ultrasonic dispersion
understanding and optimization), defined in Section 3.2. It was published in 2021 in Ultrasonics
Sonochemistry and several works have been published afterwards relying on our findings [213,
214]. The second article [174] (Chapter 5) addresses the objective 2 (CNC dispersion state
evaluation). It was also published in 2021 in Ultrasonics Sonochemistry. Finally, the objective 3
(dispersion of larger volumes with inline validation) was tackled in the third article (Chapter 6). It
has been submitted to Chemical Engineering Journal in February 2022 and is pending peer

review.

In this work, the ultrasonication protocol has been optimized for CNC dispersion in
aqueous media for small and larger volumes of suspension. Whereas the dispersion state was not
confirmed by micrography due to the limitations presented in Section 2.5.4, the viscosity
measurements obtained with the optimal conditions are in accordance with those obtained by
Beuguel et al. at 3 wt% [12]. In their work, they validated the adequate dispersion state using
TEM. This observation also helped to confirm that the CNCs were not broken with this process.
This should also be true for the semi-continuous setup as a lower sonication energy is applied.
For higher concentration (6.4 wt%), our conclusion is based on the comparison with the never-
dried suspension. While the same dispersion state must have been obtained based on the same
rheological behavior, it must be pointed out that a “truly” individualized state at this

concentration may not be achievable. The nanoparticles should indeed be densely packed.

In Chapter 4, the cavitation zone was estimated as a 0.96 cm high cylinder located under
the probe for a fluid with a viscosity of 10 mPa.s. However, prior to applying this assumption,
experimental attempts were conducted to visualize the cavitation zone and better understand how
the particles behave during ultrasonication. Tests either using colorimetry [215] or
sonoluminescence [141] were carried out. It was possible to observe the viscosity influence on
the process and the cone shape of the cavitation zone (introduced in Section 2.5.2), using colored
oil in water (Figure 7.1a and b). However, the cavitation phenomenon was too brief and the fluid

velocity too large to be able to capture any relevant information without a high-speed camera. An
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alternate idea was also explored: a particle presenting a density similar to that of water was
prepared using the appropriate ratio of low-density polyethylene and stainless steel. This
experiment aimed to visualize the fluid flow induced by ultrasonication without adding a
contribution from the particle’s buoyancy (Figure 7.1c). The particle motion was then captured
with a digital image correlation technique. The resulting video was nonetheless unsatisfactory.
Again, the camera definition was the main limitation, along with the loss of information due to
the 2D images. With appropriate equipment, these experiments would merit reproduction to

obtain additional validation of the numerical models presented in Chapter 4.

Figure 7.1: Visualization experiments: colorimetric method in a) a low viscosity or b) a highly

viscous fluid. ¢) Particle tracking (images have been superimposed to observe the trajectory)

The optimal parameters obtained to disperse CNCs (off-centered probe placed near the
surface in a small beaker (up to 60 mL), as determined in Chapter 4) are not the same as those
reported by Son et al. for sonochemical reactions [141]. As introduced in Chapter 2, this may be
explained by the differences underlying in the application. The requirement to obtain a “good”
dispersion is to achieve a well-dispersed and a well-distributed state (see Chapter 5). For this
purpose, it is necessary to minimize dead zones, which cannot be accomplished with a centered
probe. In addition, Son et al. worked in a 500 mL vessel. Based on the conclusion that such a
volume could not give optimal results, especially for more viscous fluid, we did not perform a
study in a large beaker to confirm that our finding obtained for a 60 mL could be extrapolated.
Rather, we opted for the coupled system described in Chapter 6. The probe manufacturer’s
guidelines for nanoparticle dispersion indicate to use the smallest beaker geometry possible,

placing the probe halfway in the liquid. A magnetic stirrer should also be added for highly
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concentrated suspension [216]. While it suggests that the efficiency issue is known, the protocol

suggested in this thesis may increase the flexibility of the process.

We may note that only glass beakers were used for both the batch and semi-continuous
setup. Thus, any vessel erosion was avoided. This should however be kept in mind for industrial

scale-up.

Being able to observe CNCs at different stages of the dispersion without altering their
positions would have been an asset for this project. Performing microscopy with a wet cell was
considered, however no suitable device was found. Labeling CNCs with a fluorescent agent was
deemed to not be the right approach, as the fluorescent tag could have modified their behavior
(altering the surface charge of the particle, for example). Some preliminary experiments were
carried out via small-angle light scattering (SALS) coupled with a rheometer (rheo-SALS).
Though this technique was proven to give relevant information about CNC behavior in
suspension, it would have required considerable time for a proper analysis, and it was beyond the

project scope.

This PhD proposal was born from a joint project on the dispersion of CNCs in non-polar
media, as explained in Chapter 1. While it does not explicitly address the original issue by
focusing only on aqueous media, it answers several shortcomings highlighted in Chapter 2 that
are necessary to work further with CNCs. A small study has been carried out on other polar
solvents (DMF, DMSO) with a CNC concentration of 3.2 wt%. The objective was to find the
optimal sonication energy based on rheology and conductivity, as described in Chapter 4 for
water. Formamide and DMSO both resulted in stable suspensions. However, a higher energy than
for water suspension seemed necessary (~300 kJ.gt.L* for formamide instead of 167 kJ.g*.L™2).
Pure DMF lead to an unstable suspension, but this was overcome by adding 20 wt% water. All
these behaviors were expected from the work of Bruel etal. [14]. Gelation occurred in the
formamide suspension, its viscosity doubling over 100 min at 1 s*. DMSO should lead to the
same phenomenon and a possible explanation is the desulfation of CNCs [13, 217]. However,
during the ultrasonication process, a rapid increase in temperature was observed (to a greater
degree than in aqueous suspension) with formamide. An exothermic reaction is suggested, which

may be the hydrolysis of formamide into formic acid (which can induce desulfation [218]) and
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ammonia [13, 219]. Due to the apparent complexity of the topic and lack of time, no further work

has been done on this system.

Surface modification was briefly discussed in Chapter 6 using PEI. However, it would
have been interesting to go further and obtain hydrophobic CNCs to be able to incorporate them

in non-polar matrices.

Eventually, this whole study focuses on CNC dispersion but as mentioned several times in
this thesis, it may certainly be applied to other nanoparticles. This would be interesting to

demonstrate this idea, and study how this research may be adapted to them.
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CHAPTER 8 CONCLUSION AND RECOMMANDATIONS

8.1 Original contribution

This thesis contributes important knowledge regarding the dispersion of CNC using
sonication, knowledge that is necessary before considering further uses of these nanoparticles.
While ultrasonication is commonly employed to handle the issue of particle agglomeration, this
work proposes a more standardized method to ensure proper dispersion and distribution of CNCs
in water. Optimal experimental parameters, determined by numerical modeling and validated by
experimental analysis, allowed to maximize both mixing and dispersion efficiency. Namely,
ultrasonication should be performed in a relatively small vessel (60 mL) and the probe must be
placed off-centered at 1/3 in depth from the air/liquid interface. Conductivity (considering the
case of sulfated CNC having ionic charges) and viscosity measurements helped to evaluate the
optimal sonication energy needed to achieve a good dispersion. This value was estimated to
E ~ 167 kJ per gram of CNC per liter of suspending media under batch conditions. An operating
window is then proposed, displaying the influence of the probe depth and centering through a
dispersion index related to the efficiency of the process. A value close to 1 is obtained with the

suggested parameters (Article 1, Chapter 4).

These experimental guidelines lead to well-dispersed and well-distributed suspensions
over a wide range of concentrations. Higher concentrations achieved by this method presented
the same flow properties as never-dried suspensions. Furthermore, this targeted state has been
properly defined and evaluated. Rheometry brought valuable information on the dispersion state
as well as on the distribution. The CNC distribution (or homogeneity) may be obtained from the
viscosity standard deviation, with appropriate precautions on the sampling volume being
employed. The CNC dispersion (how well the particles are individualized) is characterized by the
viscosity value. If the distribution is good, minimum viscosity values are expected for a complete
dispersion, illustrating agglomeration breakage and electrostatic double layer thinning (Article 2,
Chapter 5).

This understanding allows then to design a semi-continuous setup using the same
sonication protocol while processing larger volumes. Different concentrations below the gelation

limit were successfully prepared with 64% less energy than in batch mode. Moreover, inline
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pressure measurements provide a direct evaluation of the dispersion state as stable values are
anticipated when the final state is reached. An approach to determine the process viscosity from
these pressure measurements is employed, confirming that the final state is the targeted one. The
process viscosity may indeed be compared to the viscosity obtained in rheology at the same shear
rate, which is the average of the “real” value in the setup. Though this was applied only to
intermediate quantities (200 mL), higher scale may easily be achieved with the same approach.
Finally, this setup can also be used for CNC surface modification, as was demonstrated using a

polycationic surfactant, PEI (Article 3, Chapter 6).

8.2 Limits and recommendations

This thesis focuses on a specific application — ultrasonic dispersion of CNCs in water —
and inhibits several effects that may occur when working under different conditions. First,
changing the type of CNCs will affect the dispersion behavior that was observed in this study. A
different cellulosic source, different extraction or drying conditions or different surface charge
are known to alter the properties of the nanoparticles and their behavior in suspension. It would
thus be interesting to test other kinds of CNCs and validate that the recommendations developed
here may be easily adapted. Similarly, the findings herein could potentially be transposed to other
nanoparticles, as agglomeration is a common issue when working with nanomaterials. The
conductivity assessment is not relevant for neutral materials, but the rheological analysis should
provide equivalent information. However, some modifications may be needed for a non-
Newtonian fluid whose viscosity does not follow a power-law behavior. In any cases, a reference
case with the desired dispersion state must be used to define the targeted viscosity and
conductivity (if applicable) values. This desired dispersion state may not be when the CNCs are
individualized as in this work. This objective should be adapted depending on the needed
properties in the given application. In addition, it must be noted that working at a very low
concentration (< 1.5 wt%) may be a limitation of the rheometry method to evaluate the dispersion
and distribution state, as the rheometer demonstrated a weak accuracy at such concentration. This
may skew any conclusion on the suspension homogeneity as the low sensitivity generates large
standard deviation between samples. Nevertheless, this issue is easier to solve with the semi-

continuous setup, choosing the appropriate pressure sensors (with the right sensitivity).
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The suspending medium is also an important parameter. Water was chosen here as a basic
and suitable solvent to disperse CNCs. Since the viscosity, density or sound velocity in the
medium directly impacts the propagation of the acoustic waves, a different behavior must be
expected in other media. Therefore, it could be relevant to test this approach with other solvents,
as long as theory (such as Hansen solubility parameters) indicates that the retained solvents can
disperse the nanoparticles selected. More specifically, the influence of viscosity on acoustic wave
attenuation was underlined - this implies that all conclusions reported in this thesis are valid only
up to a certain point. The viscosity could prove an even greater limitation in the semi-continuous
configuration. Whereas a concentrated suspension giving a gel-like behavior was successfully
obtained in batch, this is not recommended in the semi-continuous setup. Indeed, the local
concentration may be much higher than the global targeted one, leading to pipe clogging. It
would actually be relevant to determine the maximum achievable concentration for this system.
Other dispersion techniques, such as high-pressure homogenization, should then be considered

for highly viscous fluids.

The semi-continuous setup paves the way for dispersing large quantities of nanoparticles
with a built-in validation approach. However, it has only been applied to 200 mL compared to
60 mL in batch. While this is still a considerable change, higher scales remain to be investigated.
Treating larger quantities should be easily feasible as the volume subjected to ultrasonication can
remain the same while the reservoir containing the undispersed nanoparticles may be larger. The
volume limitation of this vessel should nonetheless be defined. For a too large volume, the pump
will not be sufficiently efficient to convey the nanoparticles to the smaller beaker where
ultrasonication is applied. A more powerful pump would then be needed, but its contribution in
the dispersion process might be more significant (though it was demonstrated in Chapter 6 that
the energy requirement for the pump was negligible compared to sonication). The tubing
diameter may also have to be adjusted, with the appropriate flow rate. The Metzner and Otto
concept can easily be adapted at any scale, so that the inline validation approach would still be
relevant. Nevertheless, larger tubing implies a greater shear rate variability within - a second
static mixer is then recommended to be able to determine the power-law parameters n and m of
the unknown fluid. This would allow determining the apparent viscosity without external

measurements as was done in this work. In addition, probe erosion may become an important
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limitation for scale-up. While this problem was hindered in the semi-continuous setup by
sonicating in pulsed mode, it would be relevant to look deeper at this issue to find suitable

solutions.

In this work, the particle size measured are hydrodynamic diameters. These values could
be refined by correlating with additional measurements (such as electron microscopy). In
addition, while the sonication process should not break the CNCs based on previous work [12],
additional characterization analyses such as X-Ray diffraction would help to confirm that the

crystallinity remains unchanged.

Ultrasonication is the main technique used in most research labs. That is why it was
employed in this study, beside the fact that its standardization was missing in the literature.
However, high pressure homogenization is also an efficient method, especially for larger-scale
applications. A comparison between both approaches may validate the advantages of one over the
other. Assessments regarding their energy consumption and efficiency in terms of dispersion, at

different scales, would be very valuable.

Dispersion is the first stage to benefit from CNC properties. Surface modification with
PEI was achieved in Chapter 6, but a deeper study is needed. Using the semi-continuous setup
developed here, it would be interesting to investigate its advantages regarding modification
efficiency and homogeneity. Starting from a well-dispersed and distributed state should certainly
lead to optimal conditions for the reaction to take place. This setup could also be employed to
prepare Pickering emulsions, by suspending the nanoparticles in the first phase before
progressively introducing the second phase while sonicating. Better control on the dispersion
state may similarly be expected when producing a masterbatch or a suspension for solvent

casting. Further experiments are required to confirm these assumptions.
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APPENDIX A SUPPLEMENTARY INFORMATION TO ARTICLE 1:
EVIDENCE-BASE GUIDELINES FOR THE ULTRASONIC DISPERSION
OF CELLULOSE NANOCRYSTALS
Mélanie Girard, David Vidal, Frangois Bertrand, Jason R. Tavares, Marie-Claude Heuzey.

Evidence-base guidelines for the ultrasonic dispersion of cellulose nanocrystals. Ultrasonics
Sonochemistry, 71 (2021), 105378.

Table A.1: Effective power P and amplitude A determination using a calorimetric method.

Set point power  Effective power Amplitude

P, (W) P (W) A (m)
9% 33  510°
75 25 4.10°
65 15 3.10°
15 5 2.10°

t(s)

Figure A.1: Heat loss during ultrasonication using a calorimetric method for different set point

powers (Vcontainer = 25 mL, Vadiabatic beaker = 40 mL).
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Figure A.2: Viscosity of 3 wt% CNC ultrasonicated suspensions as function of shear rate

131

obtained with an off-centered probe high in the beaker (SOC, V =60 mL, E = 167 kJ.g-1.L-1) for

different powers (the effective value is specified along with the set point value in brackets). The

vertical lines correspond to the standard deviation.
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Figure A.3: Viscosity of 3 wt% CNC ultrasonicated suspensions as function of shear rate

0.1 * 3 wt % - old probe

‘.".

1000

obtained with an off-centered probe high in the beaker (SOC, V =60 mL, E = 167 kJ.g*.L!) with

either a new probe or an old one. The vertical lines correspond to the standard deviation.
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Figure A.4: Dispersion index vs. mixing time (final simulation time t = 1000 s) obtained by

simulation either in a small beaker respectively with an off-centered probe high in the beaker

(SOC), a deep centered probe (SDC), a centered probe (SC) or a large beaker with a centered
probe (LC).
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Figure A.5: Visualization of the initial position of the particles that do not go in the cavitation

zone during the simulation time (up to t = 200 s) for the off-centered probe case (SOC).
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Figure A.6: Particle size in volume of 3 wt% CNC ultrasonicated suspensions (V =60 mL,
P =15 (65) W, E = 167 kJ.gX.L1) obtained either with an off-centered probe high in the beaker
(SOC), a centered probe (SC) or a deep centered probe (SDC)
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Figure A.7: Particle size in number of 3 wt% CNC ultrasonicated suspensions (V = 60 mL,
P =15 (65) W, E = 167 kJ.g*.L"1) obtained either with an off-centered probe high in the beaker
(SOC), a centered probe (SC) or a deep centered probe (SDC).



134

[ — T g— T s

'
1

)
X 80 . 20+
o . = 20mL ! = 20mL
£ ' SOC-60mL || = SOC - 60 mL
2 60 i I b
o - <~ 15~ ;)
> ' 1 $= '. i
(5 ; | & o
2 il ] |8 ol .
+~ 40 10 i '
= : | B8 & 1
= @ | Z !
§ i . 1 st P TR
= | I
0 = & e 9 0 . . i :
! 19 0 1900 1 10 100 1000

Particle size (1m) Particle size (nm)

Figure A.8: Particle size in cumulative volume and in number obtained by DLS of 3 wt %
ultrasonicated CNC suspensions CNC concentration obtained either with an off-centered probe
high in the beaker (SOC, V =60 mL, E = 167 kJ.g™*.L™?) or with the reference case presented in

Section 4.3.3.1 (V =20 mL, P =33 (90) W, h/H =0.3, (R-r)/R =1, E =500 kJ.g*.LY).
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Figure A.9: Particle size in cumulative volume and in number obtained by DLS of ultrasonicated
suspensions at various CNC concentration as a function of shear rate (V =20 mL, P =33 (90) W,
h/H = 0.3, (R-r)/R =1, E =500 kJ.g.L1).
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Figure A.10: Viscosity of ultrasonicated suspensions at various CNC concentration as a function
of shear rate (V =20 mL, P =33 (90) W, h/H = 0.3, (R-r)/R =1, E = 500 kJ.g*.L'%). The vertical
lines correspond to the standard deviation.
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APPENDIX B SUPPLEMENTARY INFORMATION TO ARTICLE 2:
RHEOLOGICAL INSIGHTS ON THE EVOLUTION OF SONICATED
CELLULOSE NANOCRYSTAL DISPERSIONS
Mélanie Girard, Francois Bertrand, Jason R. Tavares, Marie-Claude Heuzey. Rheological insights

on the evolution of sonicated cellulose nanocrystal dispersions. Ultrasonics Sonochemistry. 78
(2021), 105747.
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Figure B.1: Sample viscosities of 6.4 wt% spray-dried CNC ultrasonicated suspensions obtained

either at E = 42, 167 or 250 kJ.g*.LY(V = 60 mL, P = 65 W) as function of shear rate
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Figure B.2: Absorbance of 3.2 wt% spray-dried CNC ultrasonicated suspensions obtained either
at E =20 or 167 kJ.g*.L-Y(V = 60 mL, P = 65 W) as function of wavelength
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Figure B.3: Absorbance of 6.4 wt% spray-dried or never-dried CNC ultrasonicated suspensions
(respectively USD and UND) obtained either at E = 20 or 167 kJ.g*.L"}(V =60 mL, P =65 W)
1 day (D1) or 8 days (D8) after ultrasonication, compared with a 6.4wt.% never-dried CNC never

sonicated suspension (ND) as function of wavelength
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APPENDIX C SUPPLEMENTARY INFORMATION TO ARTICLE 3: A
TECHNIQUE FOR THE ULTRASONIC DISPERSION OF LARGER
QUANTITIES OF CELLULOSE NANOCRYSTALS WITH IN-LINE

VALIDATION

Mélanie Girard, Francois Bertrand, Jason R. Tavares, Marie-Claude Heuzey. A technique for the

ultrasonic dispersion of larger quantities of cellulose nanocrystals with in-line validation.

Submitted in Chemical Engineering Journal
Supplementary information C.1: Determination of Ks for an empty tube

For a power-law fluid in a pipe, Poiseuille law is defined such as:

1
nR3 RAP]Z
1izlont

n

Q:

According to this equation, Kpmn) may be calculated from equation

2n+2Rn

Koy = A" —

with A defined by:

TTR3

Then, using the same notation, Kp may be estimated from equation

such as:

234R
Kpmy ==

Ks formula is thus obtained from equations (6.14),
(C.4):

2
Ky=6+>

(C.1)

(6.11) giving:

(C.2)

(C.3)

(6.12)

(C.4)

(C.2) and

(C.5)
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Supplementary information C.2: Pressure sensors calibration

The pressure sensors provide an output signal proportional to the measured pressure. The
pressure value P (in kPa) and the output signal Vout (in V) are correlated by the manufacturer with

the following formula:
Voue = V5(0.2P +0.5) (C.6)

where Vs=5.0 £ 0.25 V is the supply voltage This equation has been validated with hydrostatic
pressure measurements using a water column. For both sensors, there is a slight deviation

between the two methods (Figure C.4), so the equation (C.6) was modified as follows:

Voue = 0.84P + 2.67 (C.7)
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Figure C.2: Viscosity of xanthan water-based solutions at 0.09, 0.11 and 0.14 wt% as function of

shear rate with a power-law fitting
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Figure C.4: Calibration of the pressure sensors. Both sensors were experimentally giving the

same behavior, and the obtained values are compared with the factory calibration
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Figure C.7: Viscosity of a 3.2 wt% CNC ultrasonicated batch suspension (V = 60 mL,
P =15 (65) W, E = 167 kJ.g-1.L-1) as function of shear rate at 35°C with a power-law fitting at
high shear rate
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