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D-glucopyranose polymerization produces, through a dehydration, polysac-✷

charides such as starch, glycogen, dextran, and cellulose (Dufresne, 2017;✸

French, 2017). In (1,4)-linked macromolecules, anhydroglucose rings are✹

locked in a chair conformation where all their hydrophilic hydroxyl groups✺

are in equatorial position while all their more hydrophobic C-H bonds are✻

axial. For α-(1,4)-linked polysaccharides, such as dextrins, it results in an✼

apolar behavior in solution (Dufresne, 2017), a feature famously exploited✽

in cyclodextrins whose structure forms a cavity rich in C-H bonds that may✾

be used to encapsulate hydrophobic chemicals (Marques, 2010), including for✶✵

delivery in living organisms (Chaturvedi et al., 2011).✶✶

Although being insoluble in water, amorphous cellulose, aβ-(1,4)-linked✶✷

polymer of anhydroglucopyranose (Fig. 1.a&b), does not display such a✶✸

marked apolarity in solution (Medronho et al., 2012; Dufresne, 2017). Its✶✹

structural anisotropy, and its resulting amphiphilicity (Medronho et al., 2012),✶✺

are however re�ected in the crystalline networks cellulose chains form in✶✻

living organisms such as plants, fungi, algae, bacteria, or tunicates (Moon✶✼

et al., 2011; Hamad, 2017). From the various allomorphs (Moon et al., 2011;✶✽

Dufresne, 2017), cellulose Iα (Nishiyama et al., 2003) and Iβ (Nishiyama et al.,✶✾

2002) are the only ones that may be found naturally in land plants (Moon✷✵

et al., 2011). They both reproduce on the nanocrystal level the anisotropy✷✶

of their monomeric unit. Indeed, cellulose chains assemble in sheets, parallel✷✷

to the equatorial planes of the anhydroglucose rings, which then stack up to✷✸

form multilayer crystalline structures, crystallites (Fig. 1.c) (Jarvis, 2003; Li✷✹

& Renneckar, 2011). Intra and intersheet cohesions are respectively insured✷✺

by interchain OH-O hydrogen bonds and by weaker interchain CH-O and✷✻

van der Waals interactions (Jarvis, 2003; Nishiyama, 2017). The formation✷✼

of these van der Waals interactions is thought to be the initial step through✷✽

which cellulose chains crystallize (Cousins & Brown, 1995).✷✾

Hydrolysing cellulosic feedstocks in acidic conditions, usually with sul-✸✵

furic acid, digests their amorphous and non-cellulosic contents while mostly✸✶

preserving their crystalline parts (Dufresne, 2017; Moon et al., 2011; Hamad,✸✷

2017). Under harsh enough conditions, the treatment yields highly crys-✸✸

talline cellulose-made particles, cellulose nanocrystals (CNCs). They are✸✹

hypothesized to be made of several adjacent crystallites (Uhlig et al., 2016;✸✺

Ding et al., 2012, 2014) assembled with a right-handed chirality (Usov et al.,✸✻

2015). Introduction of sulfate half-ester groups at CNC surface during the✸✼
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Figure 1: Anisotropy of cellulose. (a) Cellulose, aβ-(1,4)-linked polymer of anhydroglu-
copyranose (French, 2017), has its monomeric units locked in a conformation where all
their hydroxyl substituents (in blue) are in equatorial position while their C-H bonds (in
red) are axial as exempli�ed in a pro�le view (b) . (c) The structure of cellulose I� crys-
tallite re�ects this anisotropy as cellulose chains are arranged in sheets held together by
OH-O hydrogen bonds, which then stack-up through the formation of CH-O H-bonds and
van der Waals interactions (Jarvis, 2003; Li & Renneckar, 2011). Based on Ding and Him-
mel's model (Ding & Himmel, 2006), the resulting crystallite displays up to three kind of
surfaces corresponding to the lattice planes (110), (110), and (200) of its crystalline unit.
The latter displays mostly C-H bonds, while the two former are rich in hydroxyl groups.
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Table 1: Cellulose nanocrystal surface properties according to the lattice plane displayed.
δT is the total solubility parameter. δD , δP , and δH are its decomposition in term of
dispersive, polar, and hydrogen bonding components, respectively (Hansen, 2007).R0 is
the HSP radius.
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δP ▼P❛✶✴✷ ✷✵✳✹� ✵✳✺ ✹✳✽� ✵✳✺

δH ▼P❛✶✴✷ ✶✺✳✸� ✵✳✹ ✻✳✺� ✵✳✻

R0 ▼P❛✶✴✷ ✼✳✽ ✷✳✶
a ▼♦❞❡❧❡❞ ✈❛❧✉❡s ❛s ❝❛❧❝✉❧❛t❡❞ ❜② ❨❛♠❛♥❡ ❡t ❛❧✳ ✭✷✵✵✻✮✳
b ▼♦❞❡❧❡❞ ✈❛❧✉❡s ❛s ❝❛❧❝✉❧❛t❡❞ ❜② ▼❛③❡❛✉ ✫ ❘✐✈❡t ✭✷✵✵✽✮✳

❈❤❡♠✐❝❛❧❧②✱ ❛ ♣r♦♦❢ t❤❛t ❈◆❈s ❞✐s♣❧❛② ❤②❞r♦①②❧ ❣r♦✉♣s r✐❝❤ s✉r❢❛❝❡s ✕61

✇❤✐❝❤ ✇♦✉❧❞ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ✭✶✶✵✮ ❛♥❞ ✭✶1✵✮ ❧❛tt✐❝❡ ♣❧❛♥❡s✕ ♠❛② ❜❡ ♣r♦✲62

✈✐❞❡❞ ❡❛s✐❧② ❜② ❛tt❡♠♣t✐♥❣ t♦ ❢✉♥❝t✐♦♥❛❧✐③❡ t❤❡♠ ✭❊②❧❡② ✫ ❚❤✐❡❧❡♠❛♥s✱ ✷✵✶✹✮✳63

✭✶1✵✮ ❧❛tt✐❝❡ ♣❧❛♥❡s ❤❛✈❡ ❢✉rt❤❡r♠♦r❡ ❛❧r❡❛❞② ❜❡❡♥ ♦❜s❡r✈❡❞ ❜② ❛t♦♠✐❝ ❢♦r❝❡64

♠✐❝r♦s❝♦♣② ♦♥ ❝❡❧❧✉❧♦s❡ ■β s❛♠♣❧❡s ✭❑✉✉tt✐ ❡t ❛❧✳✱ ✶✾✾✺✮✳ ❚❤❡ ❞❡t❡❝t✐♦♥ ♦❢ ✉♥✲65

r❡❛❝t✐✈❡ ❈✲❍ ❜♦♥❞s r✐❝❤ s✉r❢❛❝❡s ✕✇❤✐❝❤ ✇♦✉❧❞ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ✭✷✵✵✮ ❧❛tt✐❝❡66

♣❧❛♥❡✕ ✐s✱ ❤♦✇❡✈❡r✱ ❤❛r❞❡r t♦ ❛❝❤✐❡✈❡✳ ❚❤❡ ♠❛✐♥ ❝❧✉❡ ✐s t❤❛t t❤❡ ❞✐s♣❧❛② ♦❢67

✭✷✵✵✮ ❧❛tt✐❝❡ ♣❧❛♥❡s ❜② ❈◆❈s s❤♦✉❧❞ r❡s✉❧t ✐♥ ❛ ❝❡rt❛✐♥ ❧❡✈❡❧ ♦❢ ❛♠♣❤✐♣❤✐❧✐❝✲68

✹



✐t②✱ ❛s ❡①♣❡r✐♠❡♥t❛❧❧② ❝♦♥✜r♠❡❞ ✿ st❛❜❧❡ s✉s♣❡♥s✐♦♥s ♦❢ ❈◆❈s ✐♥ ❝❤❧♦r♦❢♦r♠69

❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ ✭❨✉ ✫ ◗✐♥✱ ✷✵✶✷❀ ❨✉ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❚❤✐s ♠✐❧❞❧② ♥♦♥✲♣♦❧❛r70

s♦❧✈❡♥t ♠❛② ❛❧s♦ ❢♦r♠ ✐♥❝❧✉s✐♦♥s ✐♥ ❝❡❧❧✉❧♦s❡ ■ ✜❜❡rs ✭❲❛❞❡ ✫ ❈r❡❡❧②✱ ✶✾✼✹✮✳71

■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t ♥♦t ❡✈❡r② ✇♦r❦ r❡♣♦rts ❛ ❣♦♦❞ ❞✐s♣❡rs✐♦♥ ✐♥ ❝❤❧♦r♦✲72

❢♦r♠ ✭❨♦♦ ✫ ❨♦✉♥❣❜❧♦♦❞✱ ✷✵✶✻❀ P❡t❡rss♦♥ ❡t ❛❧✳✱ ✷✵✵✼✮ ❛♥❞ ✐t r❡♠❛✐♥s t♦73

❜❡ s❡❡♥ ✇❤❡t❤❡r t❤✐s ❞✐✈❡r❣❡♥❝❡ ❤❛s t♦ ❜❡ ❛ttr✐❜✉t❡❞ t♦ ❞✐✛❡r❡♥❝❡s ✐♥ ❢❡❡❞✲74

st♦❝❦✱ ❤②❞r♦❧②s✐s ❝♦♥❞✐t✐♦♥s✱ ♦r ♣r♦t♦❝♦❧ ♦❢ ❞✐s♣❡rs✐♦♥✱ s✉❝❤ ❛s t❤❡ ✐♥t❡♥s✐t② ♦❢75

t❤❡ ✉❧tr❛s♦♥✐❝❛t✐♦♥ ❢♦r ✐♥st❛♥❝❡✳ ❖t❤❡r ❤②❞r♦♣❤♦❜✐❝ ✐♥t❡r❛❝t✐♦♥s ♦❢ ❝❡❧❧✉❧♦s❡76

✐♥❝❧✉❞❡ t❤♦s❡ ✇✐t❤ ❝❡❧❧✉❧❛s❡s ✭❍✐♠♠❡❧ ❡t ❛❧✳✱ ✷✵✵✼❀ ▼❛③❡❛✉ ✫ ❘✐✈❡t✱ ✷✵✵✽✮77

❛♥❞ ❝♦♥❣♦ r❡❞ ✭▼❛③❡❛✉ ✫ ❲②s③♦♠✐rs❦✐✱ ✷✵✶✷❀ ❈♦♥❧❡② ❡t ❛❧✳✱ ✷✵✶✼❜✱❛✮ ✇❤♦s❡78

❛r♦♠❛t✐❝ ♣❛rts ❛r❡ ❜♦t❤ t❤♦✉❣❤t t♦ ❛❞s♦r❜ ♣r✐♠❛r✐❧② ♦♥ t❤❡ ✭✷✵✵✮ s✉r❢❛❝❡s✳79

❆❧t❤♦✉❣❤ t❤❡s❡ ♣r❡❧✐♠✐♥❛r② r❡s✉❧ts ♣♦✐♥t t♦✇❛r❞ ❛ ❝❤❡♠✐❝❛❧ ✐♥✢✉❡♥❝❡ ♦❢80

✭✷✵✵✮ s✉r❢❛❝❡s ❢♦r s♦♠❡ ❈◆❈ s✉s♣❡♥s✐♦♥s✱ t❤✉s ❝♦♥❢♦r♠✐♥❣ ❲❆❳❙✱ ❙❆❳❙✱81

❛♥❞ ❆❋▼ ♦❜s❡r✈❛t✐♦♥s✱ ♥♦♥❡ ♦❢ t❤❡♠ r❡❛❧❧② ✐s♦❧❛t❡ t❤❡✐r ♣♦t❡♥t✐❛❧ ❝♦♥tr✐❜✉✲82

t✐♦♥ ❢r♦♠ t❤❡ str♦♥❣❡r ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ✭✶✶✵✮ ❛♥❞ ✭✶1✵✮ s✉r❢❛❝❡s✳83

■♥ t❤✐s ✇♦r❦✱ ✇❡ ❛♣♣❧② ❛ t❤❡r♠♦❞②♥❛♠✐❝ ❛♣♣r♦❛❝❤ ❜❛s❡❞ ♦♥ t❤❡ ❍❛♥s❡♥84

s♦❧✉❜✐❧✐t② ♣❛r❛♠❡t❡rs ✭❍❙P✮ ❛♥❞ ♦♥ s❡❞✐♠❡♥t❛t✐♦♥ t❡sts ✉s✐♥❣ ✺✾ s♦❧✈❡♥ts ❛♥❞85

❜✐♥❛r② ♠✐①t✉r❡s✱ t♦ ✐s♦❧❛t❡ ❡①♣❡r✐♠❡♥t❛❧❧② t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❤②❞r♦♣❤♦❜✐❝86

✭✷✵✵✮ s✉r❢❛❝❡s ❢r♦♠ t❤❡ ♣r❡❞♦♠✐♥❛♥t ♦♥❡ ♦❢ t❤❡ ♠♦r❡ ❤②❞r♦♣❤✐❧✐❝ ✭✶✶✵✮ ❛♥❞87

✭✶1✵✮ s✉r❢❛❝❡s ✭❛s r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✶✮✳ ❚❤❡s❡ ✐♥✈❡st✐❣❛t✐♦♥s r❡s✉❧t ✐♥t♦ ❛88

♠❛♣♣✐♥❣ ♦❢ ❈◆❈ ❛✣♥✐t② ❢♦r ❝♦♠♠♦♥ s♦❧✈❡♥ts ❛♥❞ ♣♦❧②♠❡rs✳ ❚❤❡ ✐❞❡♥t✐✜❝❛✲89

t✐♦♥ ♦❢ ❛♥ ❛♠♣❤✐♣❤✐❧✐❝ ❜❡❤❛✈✐♦r ❢♦r t❤❡ ♥❛♥♦❝r②st❛❧s ❡st❛❜❧✐s❤❡s ❛ ❞✐r❡❝t ❧✐♥❦90

❜❡t✇❡❡♥ t❤❡✐r str✉❝t✉r❡ ❛♥❞ t❤❡✐r s✉r❢❛❝❡ ♣r♦♣❡rt✐❡s✳91

✷✳ ▼❛t❡r✐❛❧s ❛♥❞ ♠❡t❤♦❞s92

✷✳✶✳ ▼❛t❡r✐❛❧s93

❈◆❈s✱ ♣r♦✈✐❞❡❞ ❜② ❈❡❧❧✉❢♦r❝❡ ✭▼♦♥tr❡❛❧✱ ◗❈✱ ❈❛♥❛❞❛✮ ❛s ❛ s♣r❛②✲❞r✐❡❞94

♣♦✇❞❡r✱ ✇❡r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ ❑r❛❢t ✇♦♦❞ ♣✉❧♣ ❜② ❛ s✉❧❢✉r✐❝ ❛❝✐❞ ❤②❞r♦❧②s✐s95

tr❡❛t♠❡♥t ❢♦❧❧♦✇❡❞ ❜② ❛ ♥❡✉tr❛❧✐③❛t✐♦♥ ✇✐t❤ s♦❞✐✉♠ ❤②❞r♦①✐❞❡ ✭◆❛❖❍✮✳ Pr❡✲96

✈✐♦✉s ✇♦r❦ ❢r♦♠ ♦✉r t❡❛♠ ♦♥ ❈◆❈s ❢r♦♠ t❤❡ s❛♠❡ ❜❛t❝❤ ❞❡♠♦♥str❛t❡❞ t❤❛t97

t❤❡s❡ ♣❛rt✐❝❧❡s ❛r❡ ✐♥ ❛✈❡r❛❣❡ � ✶✻✺ ♥♠ ❧♦♥❣ ❛♥❞ � ✶✸ ♥♠ ✇✐❞❡ ✇✐t❤ ❛ s✉❧❢✉r98

❝♦♥t❡♥t ❡q✉✐✈❛❧❡♥t ♦❢ ✸✳✹ s✉❧❢❛t❡ ❤❛❧❢ ❡st❡r ✭❖� ❙❖✸❍✮ ♣❡r ✶✵✵ ❛♥❤②❞r♦❣❧✉❝♦s❡99

✉♥✐ts ✭❇❡✉❣✉❡❧ ❡t ❛❧✳✱ ✷✵✶✽❜✮✳ ❚❤❡ ❳✲r❛② ❞✐✛r❛❝t♦❣r❛♠ ✐s t②♣✐❝❛❧ ♦❢ ■β ❝❡❧❧✉✲100

❧♦s❡ ✭❊❧❛③③♦✉③✐✲❍❛❢r❛♦✉✐ ❡t ❛❧✳✱ ✷✵✵✽❀ ❙è❜❡ ❡t ❛❧✳✱ ✷✵✶✷✮ ❛♥❞ t❤❡ ❝r②st❛❧❧✐♥✐t②101

✐♥❞❡① ✇❛s ❢♦✉♥❞ t♦ ❜❡ ♦❢ ✽✶✪✳102

❚♦ ♦❜t❛✐♥ t❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ❈◆❈s t❤❡ ❢♦❧❧♦✇✐♥❣ ♣r♦❝❡❞✉r❡ ✇❛s ❛♣✲103

♣❧✐❡❞ ✭❇❡✉❣✉❡❧ ❡t ❛❧✳✱ ✷✵✶✽❜✮✳ ❆ ❞r♦♣ ♦❢ ❛ s♦♥✐❝❛t❡❞ ✇❛t❡r s✉s♣❡♥s✐♦♥ ♦❢104

✺



CNCs, diluted at 10 µgCNCs mL−1
water , was deposited on a copper TEM grid✶✵✺

covered by a 5 to 6 nm-thick layer of pure carbon. Average dimensions, with✶✵✻

standard deviations in the range of� 10 %, were obtained from measurements✶✵✼

of over 100 particles performed on transmission electronic microscopy (TEM)✶✵✽

micrographs obtained at 200 kV with a bright �eld imaging Jeol JEM 2100F✶✵✾

(Beuguel et al., 2018b). The sulfur content was measured from X-Ray energy✶✶✵

dispersive spectroscopy (EDX) analysis performed on the CNC spray-dried✶✶✶

powder with a Tabletop Hitachi TM3030+ scanning electron microscope.✶✶✷

Scanning of three samples on di�erent locations, for a total of ten scans,✶✶✸

yielded a sulfur over carbon (S/C) atomic ratio of 0.0057 with a standard✶✶✹

deviation of � 0.0005 (Beuguel et al., 2018b). The oxygen over carbon (O/C)✶✶✺

atomic ratio was of 0.79� 0.02, very close to the theoretical value of 0.83✶✶✻

for cellulose, and is indicative of a high level of purity for the nanocrystals✶✶✼

(Siqueira et al., 2010). The CNC crystallinity was measured through X-ray✶✶✽

di�raction (XRD) with a X'pert instrument (Philips) operating with Cu K α✶✶✾

radiations (wavelength of 0.1542 nm generated at 50 kV with a current of✶✷✵

40 mA. Scan type was continuous with an angle 2θ varying from 5.01◦ to✶✷✶

49.99◦ with steps of 0.02◦ and a scan time of 1 s per step. The crystallinity✶✷✷

index, IC, was measured asIC=1-IAM / I200, according to Segal's empirical✶✷✸

method (Segal et al., 1959).IAM and I200 are the intensities of the amorphous✶✷✹

peak (2θ=18.85◦) and of the peak corresponding to the (200) lattice planes✶✷✺

(2θ=23.01◦), respectively.✶✷✻

Organic solvents employed were purchased from commercial suppliers at✶✷✼

high purity grade (purity >99 %, see Table A.1). The only exceptions are✶✷✽

ethanol, used in its denatured form (purity of� 95 %), and d-limonene (purity✶✷✾

of � 96 %), as higher purity grades of d-limonene are generally not available✶✸✵

commercially. Distilled water was employed. Binary mixtures were prepared✶✸✶

by mixing pure solvents. Densities and viscosities of solvents and mixtures✶✸✷

at 25◦C were obtained by averaging experimental values reported in the✶✸✸

specialized literature (Tables A.1&A.2).✶✸✹

✷✳✷✳ ❙❡❞✐♠❡♥t❛t✐♦♥ t❡sts✶✸✺

✷✳✷✳✶✳ Pr♦t♦❝♦❧✶✸✻

10 mL of the di�erent solvents and binary mixtures were added to 0.1 g✶✸✼

of CNCs in a glass vials of radius 2.1 cm. An ultrasonic probe (Cole-Parmer)✶✸✽

operating at a frequency of 20 kHz with a CV334 converter and a tapered✶✸✾

microtip was used to disperse the CNCs. The treatment had a power of✶✹✵

� 25 W and was applied with a pulse cycle ON�OFF of 5 s�2 s for a total✶✹✶

6



❡♥❡r❣② ♦❢ ✶✵✱✵✵✵ ❏ ❣−1
CNCs ✳ Pr❡✈✐♦✉s ❡①♣❡r✐♠❡♥t❛t✐♦♥ ❞❡♠♦♥str❛t❡❞ t❤❛t s✉❝❤ ❛✶✹✷

tr❡❛t♠❡♥t ❞♦ ♥♦t r❡s✉❧t ✐♥t♦ ❞❡s✉❧❢❛t✐♦♥ ♦❢ t❤❡ ❈◆❈s ✭❇❡✉❣✉❡❧ ❡t ❛❧✳✱ ✷✵✶✽❜✮✳✶✹✸

❚❤❡ ✈✐❛❧s ✇❡r❡ ♣❧❛❝❡❞ ✐♥ ❛♥ ✐❝❡ ❜❛t❤ t♦ ❛✈♦✐❞ ❛♥② ♦✈❡r❤❡❛t✐♥❣ ❞✉r✐♥❣ t❤❡✶✹✹

✉❧tr❛s♦♥✐❝❛t✐♦♥✳ ❈◆❈ s✉s♣❡♥s✐♦♥s ✭✶✵ ♠❣CNCs ♠▲−1
solvent ✮ ✇❡r❡ t❤❡♥ ❛❧❧♦✇❡❞✶✹✺

t♦ r❡st ❛t ✷✺ ◦❈ ❢♦r ❛ r❡❧❛t✐✈❡ s❡❞✐♠❡♥t❛t✐♦♥ t✐♠❡✱ RST ❂ ✶✳✶✽� ✶✵11 s2♠❂2✳✶✹✻

❈❛❧❝✉❧❛t❡❞ ✇✐t❤ ❊q✳ ✶ ✭❍❛♥s❡♥✱ ✷✵✵✼✮✱ ✐t ❝♦rr❡s♣♦♥❞s ❢♦r ✐♥st❛♥❝❡ t♦ ❛♥✶✹✼

❛❜s♦❧✉t❡ s❡❞✐♠❡♥t❛t✐♦♥ t✐♠❡✱ tsed✱ ♦❢ ✶✷✳✶ ❤ ✐♥ ❛❝❡t♦♥❡✱ ✹✽✳✵ ❤ ✐♥ ✇❛t❡r✱ ♦r✶✹✽

✶✶✹✵ ❤ ✐♥ ❡t❤②❧❡♥❡ ❣❧②❝♦❧ ✭❚❛❜❧❡s ❆✳✶✫❆✳✷✮✳ ❖♥❝❡ t❤❡ t✐♠❡ ♦❢ s❡❞✐♠❡♥t❛t✐♦♥✶✹✾

❤❛❞ ❡❧❛♣s❡❞✱ t❤r❡❡ ❦✐♥❞s ♦❢ q✉❛❧✐t❛t✐✈❡ ❜❡❤❛✈✐♦rs ✇❡r❡ ♦❜s❡r✈❡❞ ❢♦r ❈◆❈✶✺✵

s❡❞✐♠❡♥t❛t✐♦♥✳ ●r❛❞❡❞ ♦♥ ❛ s❝❛❧❡ ❢r♦♠ ❜❡st✱ ✷✱ t♦ ✇♦rst✱ ✵✱ t❤❡② ❝♦rr❡s♣♦♥❞✶✺✶

r❡s♣❡❝t✐✈❡❧② t♦✿ ✷✲ ❛ s✉s♣❡♥s✐♦♥ ✇✐t❤♦✉t ❢♦r♠❛t✐♦♥ ♦❢ ❛♥② s❡❞✐♠❡♥t ✭❛s s❤♦✇♥✶✺✷

✐♥ ❋✐❣✳ ✷✳❛ ❢♦r ❉▼❙❖✮✱ ✶✲ ❛ t✉r❜✐❞ s✉s♣❡♥s✐♦♥ ✐♥ ✇❤✐❝❤ ❛ s❡❞✐♠❡♥t ✐s ❢♦r♠❡❞✶✺✸

✭❞✐❝❤❧♦r♦♠❡t❤❛♥❡✮✱ ❛♥❞ ✵✲ ❛❧❧ r❡♠❛✐♥✐♥❣ ❝❛s❡s ✐♥ ✇❤✐❝❤ ❛ s❡❞✐♠❡♥t ✐s ❢♦r♠❡❞✶✺✹

❛♥❞ t❤❡ s✉s♣❡♥s✐♦♥ ✐s ❝❧❡❛r ❡♥♦✉❣❤ ❢♦r t❡①t t♦ ❜❡ r❡❛❞ t❤r♦✉❣❤ ✭t♦❧✉❡♥❡✮✳✶✺✺

❚❤❡ ♦♥❧② ❡①❝❡♣t✐♦♥ t♦ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ♣r♦t♦❝♦❧ ✐s t❤❡ s❡❞✐♠❡♥t❛t✐♦♥ ✐♥✶✺✻

tr✐❡t❤❛♥♦❧❛♠✐♥❡✱ ✇❤✐❝❤ ✇❛s ✐♥t❡rr✉♣t❡❞ ❛❢t❡r ❛ RST ♦❢ ✶✳✶✽� ✶✵10 s2♠❂2 ✭✶✵✪✶✺✼

♦❢ t❤❡ st❛♥❞❛r❞ RST ✮✳ ❉✉❡ t♦ t❤❡ ✈❡r② ❤✐❣❤ ✈✐s❝♦s✐t② ♦❢ tr✐❡t❤❛♥♦❧❛♠✐♥❡✱ ✐t✶✺✽

❝♦rr❡s♣♦♥❞s t♦ ❛ t✐♠❡ ♦❢ s❡❞✐♠❡♥t❛t✐♦♥ tsed ♦❢ ✹✶✵✵ ❤✳ ■ts ❜❡❤❛✈✐♦r ✐s ❝❧❡❛r❧②✶✺✾

t❤❛t ♦❢ ❛ ✵✲❣r❛❞❡ s♦❧✈❡♥t ✭❋✐❣✳ ❆✳✶✮✳✶✻✵

tsed = RST
ηsolv

ρCNCs � ρsolv
✭✶✮

✷✳✷✳✷✳ RST ❝❛❧✐❜r❛t✐♦♥✶✻✶

❙✉❧❢❛t✐♥❣ ❈◆❈s ♣r♦✈✐❞❡s t❤❡♠ ✇✐t❤ s✉r❢❛❝❡ ❝❤❛r❣❡s✱ ❣❡♥❡r❛t✐♥❣ ❡❧❡❝tr♦✲✶✻✷

st❛t✐❝ st❛❜✐❧✐③❛t✐♦♥✳ ■t ✐s ❛ ❦✐♥❡t✐❝ ❡✛❡❝t✿ t❤❡ t❤❡r♠♦❞②♥❛♠✐❝❛❧❧② ❢❛✈♦r❡❞✶✻✸

♦✉t❝♦♠❡ ♦❢ ❛ ❝♦❧❧♦✐❞❛❧ s✉s♣❡♥s✐♦♥ ✐s t❤❡ ❝♦❛❣✉❧❛t✐♦♥ ♦❢ t❤❡ ♣❛rt✐❝❧❡s ✭❑r♦♥✲✶✻✹

❜❡r❣ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❋♦r ❡❧❡❝tr♦st❛t✐❝ st❛❜✐❧✐③❛t✐♦♥ t♦ ♠❛♥✐❢❡st✱ t❤❡r❡ ❤❛s t♦✶✻✺

❜❡ ❞✐ss♦❝✐❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♥❡❣❛t✐✈❡❧② ❝❤❛r❣❡❞ ❈◆❈s ❛♥❞ t❤❡✐r ❝♦✉♥t❡r✲✐♦♥s✱✶✻✻

❛♥ ♦✉t❝♦♠❡ ❢❛✈♦r❡❞ ✐♥ s♦❧✈❡♥ts ✇❤♦s❡ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥ts✱ εsolv✱ ❛r❡ ❤✐❣❤✶✻✼

✭❑r♦♥❜❡r❣ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❍❙P ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✐s ❛ t❤❡r♠♦❞②♥❛♠✐❝ ❛♣♣r♦❛❝❤✶✻✽

❛♥❞ ❛ RST ♦❢ ✶✳✶✽� ✶✵11 s2♠❂2 ✇❛s s❡❧❡❝t❡❞ ❢♦❧❧♦✇✐♥❣ ❛ ❝❛❧✐❜r❛t✐♦♥ ❛✐♠❡❞ ❛t✶✻✾

♠✐♥✐♠✐③✐♥❣ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ s✉❝❤ ❦✐♥❡t✐❝ ❡✛❡❝ts ♦♥ t❤❡ s❡❞✐♠❡♥t❛t✐♦♥ r❡s✉❧ts✳✶✼✵

❆t ❧♦✇ RST ✱ s❡❞✐♠❡♥t❛t✐♦♥ r❡s✉❧ts ✇❡r❡ str♦♥❣❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡ ❞✐✲✶✼✶

❡❧❡❝tr✐❝ ❝♦♥st❛♥ts ♦❢ t❤❡ s♦❧✈❡♥ts ✭❚❛❜❧❡ ❆✳✶✮✳ ◗✉✐❝❦❧②✱ ❛ ❞✐s❝r✐♠✐♥❛t✐♦♥ ❤♦✇✲✶✼✷

❡✈❡r ❛♣♣❡❛rs ❛♠♦♥❣ ❤✐❣❤❧② ❞✐❡❧❡❝tr✐❝ s♦❧✈❡♥ts ❛♥❞✱ ❛t ❛ RST ♦❢ ✺✳✾� ✶✵10 s2♠❂2✱✶✼✸

✇❡ ✇❡r❡ ❛❧r❡❛❞② ❛❜❧❡ t♦ ❤✐♥t ✏❣♦♦❞✑ s♦❧✈❡♥ts ❢r♦♠ ✏♣♦♦r✑ ♦♥❡s ✐♥❞❡♣❡♥❞❡♥t❧②✶✼✹

♦❢ t❤❡✐r ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t✳ ❆t RST ❂ ✶✳✶✽� ✶✵11 s2♠❂2✱ r❡s✉❧ts ❛r❡ ♥♦✶✼✺

✼



longer correlated with the dielectric constants. Highly dielectric solvents✶✼✻

like methanol (εsolv=33.0), ethylene glycol (41.4), DMF (38.3), or propylene✶✼✼

carbonate (66.1) received the grade 0, while DMSO (47.2) or ethanolamine✶✼✽

(31.9) are at 2. The state of sedimentation atRST = 1.18� 1011 s2m❂2 was✶✼✾

found to be meta-stable as increasing theRST beyond 1.18� 1011 s2m❂2 no✶✽✵

longer a�ects the results. Vials were kept for months and in volatile media✶✽✶

such as chloroform and dichloromethane, the solvent was fully evaporated✶✽✷

before any signi�cant change in the suspension turbidity could be observed.✶✽✸

It does not mean that the electrostatic stabilizing e�ect is no longer felt✶✽✹

at RST = 1.18� 1011 s2m❂2, but that electrostatic stabilization alone is no✶✽✺

longer su�cient to prevent sedimentation at this point. For particles to re-✶✽✻

main in suspension at highRST , and whatever the level of electrostatic✶✽✼

stabilization, there has to be a certain level of chemical a�nity. It is this✶✽✽

chemical a�nity that the HSP analysis seeks to capture.✶✽✾

✷✳✸✳ ❚❤❡r♠♦❞②♥❛♠✐❝ ❛♣♣r♦❛❝❤ ✲ ❍❛♥s❡♥ s♦❧✉❜✐❧✐t② ♣❛r❛♠❡t❡rs✶✾✵

✷✳✸✳✶✳ ❇❛❝❦❣r♦✉♥❞✶✾✶

Initially developed to address the issue of the dispersibility of the vari-✶✾✷

ous components of paints, solubility -or cohesion- parameters theory aims at✶✾✸

quantifying the cohesive energy density (taken equal toδ2
T , MPa) between a✶✾✹

chemical and its neighboring media (Hildebrand & Scott, 1950, 1962; Hansen,✶✾✺

2007). Hansen proposed to split the total cohesion parameter,δT , into its✶✾✻

three main components resulting from the London dispersion forces (δD ),✶✾✼

the dipole-dipole interactions (δP), and hydrogen bonding interactions (δH)✶✾✽

(Hansen 1967a,b, 2007; Hansen & Skaarup, 1967). The linearity of the de-✶✾✾

composition in terms of energies means thatδT square may then be written✷✵✵

as the sum of the squared HSP (Eq. 2). In the HSP theory, every chem-✷✵✶

ical may be represented by a triplet (δD , δP, δH), and then be plotted in✷✵✷

a 3 dimensional graph (Hansen, 2007). HSP values of solvents may be de-✷✵✸

termined directly experimentally or estimated by group contribution meth-✷✵✹

ods and are now tabulated, alongside those of many commodity polymers✷✵✺

(Hansen, 1967b, 2007; Abbott et al., 2018). Gardebjer et al. (2016) used✷✵✻

one of these group contribution methods to estimate the HSP of cellulose's✷✵✼

repeating unit, cellobiose. They computed a value of (δD , δP, δH) = (16.3;✷✵✽

16.2; 20.7) MPa1/2 and assumed it to be the HSP values of CNCs (Gardebjer✷✵✾

et al., 2016). Although it provided a quick and easy estimate, the method✷✶✵

is unsatisfactory as it does not take into account the fact that polymer HSP✷✶✶

are almost systematically greater than those of their repeating units, nor the✷✶✷
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❢❛❝t t❤❛t ❝r②st❛❧❧✐♥✐t② ♠❛② ❣r❡❛t❧② ❛✛❡❝t ❍❙P ✈❛❧✉❡s ✭❍❛♥s❡♥✱ ✷✵✵✼❀ ❆❜❜♦tt✷✶✸

❡t ❛❧✳✱ ✷✵✶✽✮✳ ❯♥❦♥♦✇♥ ❍❙P ♠❛② ❜❡ ❞❡t❡r♠✐♥❡❞ ♠♦r❡ ❛❝❝✉r❛t❡❧② t❤r♦✉❣❤ ❛♥✷✶✹

✐♥❞✐r❡❝t ❛♣♣r♦❛❝❤✳ ❆✣♥✐t② t❡sts ❜❡t✇❡❡♥ t❤❡ ♠❛t❡r✐❛❧ ❛♥❞ ✈❛r✐♦✉s s♦❧✈❡♥ts✷✶✺

❛r❡ ❝♦♥❞✉❝t❡❞ ✇✐t❤ t❤❡ ✐❞❡❛ t❤❛t✱ ✏❧✐❦❡ s❡❡❦✐♥❣ ❧✐❦❡✑✱ t❤❡ str♦♥❣❡r ❛r❡ t❤❡✷✶✻
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the highestFIT value and the lowest uncertainty over at least 10 runs of the✷✼✼

�tting algorithm. The values were overall very stable between the di�erent✷✼✽

�ts with variations in the range of 0.001 for FIT and of � 0.05 MPa✶✴✷ for✷✼✾

the di�erent uncertainties: � � (∆δD ,s; ∆δP,s; ∆δH,s)�.✷✽✵

FIT =

(
m∏

i=1

Ai

)1/m

For “good′′ solvents inside a sphere : Ai = 1
For “poor′′ solvents outside a sphere : Ai = 1

For “good′′ solvents outside a sphere : Ai = e+( R0−Ra)

For “poor′′ solvents inside a sphere : Ai = e+( Ra−R0)

(6)

✸✳ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥✷✽✶

Considering both grade 2 and 1 as �good� solvents, two distinct regions of✷✽✷

preferential dispersibility may clearly be distinguished. The �rst is in the po-✷✽✸

lar region of the graph (highδP and δH , Fig. 2.c) and contains all of the grade✷✽✹

2 solvents: dimethylsulfoxide (DMSO), formamide, water, and ethanolamine.✷✽✺

The area delimited by these solvents is bordered by 0-grade ones like tri-✷✽✻

ethanolamine, propylene carbonate, N,N-dimethylformamide, or acetone. A✷✽✼

second distinct region may then be distinguished in the mildly non-polar✷✽✽

region (intermediateδP and δH) where chloroform and dichloromethane are✷✽✾

classi�ed as grade 1 and stand alone surrounded by poor solvents. This✷✾✵

behavior, with two distinct regions, is expected in the HSP theory for am-✷✾✶

phiphilic species such as particles or block copolymers for instances (Hansen,✷✾✷

2007). In this con�guration, two HSP spheres, which correspond to the dif-✷✾✸

ferent a�nities of the chemical, may be drawn.✷✾✹

For a better HSP �t, sedimentation tests were performed for binary mix-✷✾✺

tures of DMSO + acetone, toluene, and methanol, and binary mixtures of✷✾✻

formamide + methanol and 1-propanol. Results obtained with binary mix-✷✾✼

tures validate our scale of dispersibility as the �goodness� of a grade 2 solvent✷✾✽

like DMSO decreases to grade 1 once 40 vol% of methanol, a grade 0 solvent,✷✾✾

is added and then to 0 beyond 60 vol% (Fig. A.2.b&e). DMSO is known✸✵✵

to be one of the best solvent for CNCs dispersion as it enables strong gel✸✵✶

formation upon heating (Sojoudiasli et al., 2017).✸✵✷
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Figure 2: HSP graph of wood-based sulfuric acid-hydrolyzed CNCs.✭❛✮ CNC scale of
dispersibility. Three di�erent grades were attributed to the CNC state of dispersion, from
best to worst: 2-in green-No sediment at the bottom of the vial, 1-in blue-Presence of a
sediment, the suspension is too turbid to be able to read a text through, 0-in red-Presence
of a sediment, the suspension is less turbid/clear. Pure solvents are represented by circles,
binary mixtures by triangles, sphere centers by black diamonds. Two di�erent spheres
may be plotted : a large polar sphere (δD ; δP ; δH ) = (18.1; 20.4; 15.3) � (0.5; 0.5; 0.4)
MPa1/2 and another smaller sphere in the mildly non-polar region (δD ; δP ; δH ) = (17.4;
4.8; 6.5) � (0.3; 0.5; 0.6) MPa1/2 . Symbols located inside a sphere are full and symbols
outside are empty. The HSP graph is represented in a 3-dimensional view✭❜✮, and in
2-dimensional views alongside the planesδH -δP ✭❝✮, δP -δD ✭❞✮, and δH -δD ✭❡✮.
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4. Concluding remarks✹✺✼

In conclusion, we linked CNC dispersibility in a large set of solvents and✹✺✽

binary mixtures to the anisotropy of the nanocrystal structure. Wood-based✹✺✾

sulfuric acid-hydrolyzed CNCs were found to be predominantly polar par-✹✻✵

ticles with a main HSP sphere of radius 7.8 MPa✶✴✷ and of center (δD ; δP✹✻✶

; δH) = (18.1; 20.4; 15.3)� (0.5; 0.5; 0.4) MPa✶✴✷. This main behavior is✹✻✷

thought to re�ect the in�uence of their hydroxyl-rich (110) and (110) surfaces✹✻✸

and is coherent with their behavior described in the literature. While pre-✹✻✹

dicted years ago through simulations and expected based on cross-sectional✹✻✺

structure analysis of the nanocrystals through X-ray scattering and AFM✹✻✻

techniques, this study is the �rst to experimentally con�rm the contribution✹✻✼

of hydrophobic surfacesto the behavior of CNCs in suspensions. We pro-✹✻✽

vide an approximation of their chemical in�uence through the determination✹✻✾

of their Hansen solubility parameters (HSP). Although re�nements are still✹✼✵

necessary, as based only on two good solvents, the non-polar sphere location✹✼✶

is estimated in the range of (17.4; 4.8; 6.5)� (0.3; 0.5; 0.6) MPa✶✴✷ with a✹✼✷

radius of 2.1 MPa✶✴✷. This position, relatively to that of the polar sphere, is✹✼✸

coherent with results from computer simulationsfor the display of (200) lat-✹✼✹

tice planes by the CNC particles.Further work is required to determine the✹✼✺

in�uence of the feedstock, of the hydrolysis conditions, and of the dispersion✹✼✻

protocol on the display of an amphiphilic behavior by CNCs.✹✼✼

HSP graphs are a useful tool to predict the CNC dispersion in polymer✹✼✽

matrices and allow us a better understanding of results already published in✹✼✾

the literature. Such characterization could be carried out on functionalized✹✽✵

particles to understand the e�ect of the chemical modi�cation on the surface✹✽✶

properties of the nanocrystals (Yoo & Youngblood, 2016; Peng et al., 2016)✹✽✷

and on their dipersibility (Peng et al., 2017) in non-polar media.✹✽✸
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