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An approach to enhanced redispersibility of cellulose nanocrystals  
via freeze-drying their Pickering emulsions
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lose nanocrystals (CNCs) can be prepared by controlled 
olysis of cellulose-containing materials.1 CNC particles 
e from several dozens to several hundreds of nanometers in 
h and from 3 to 20 nm in diameter depending on the raw 
rial and hydrolysis conditions.2 The properties of CNCs 
otropic particles, high mechanical strength, chemically 
ifiable surface hydroxyl groups, and the formation of a 
l nematic liquid crystal phase in aqueous suspensions and 
) attract a lot of attention in terms of CNC application to the 
lopment of functional materials.3–6 The use of CNCs in 
osite materials improved their mechanical, optical, and 
ion properties or imparted new properties, such as 
egradability, to them.7–9

perations with CNCs require solving the problem of CNC 
persion in aqueous and nonaqueous media. Redispersibility 
portant for restoring the unique properties of CNC 

ensions after drying before storage or transportation. 
mercial CNCs should be supplied in a dry form and 
persed on site to minimize the size and weight of the product 
hence, the transportation cost. Drying prevents the growth 
cteria and microorganisms in CNCs; it is often an essential 
 of solvent exchange before CNC dispersion in organic 
nts or polymers for nanocomposite production. The drying 
ueous CNC suspensions through free water evaporation 
 to irreversible aggregation of CNC particles and makes 
 redispersion impossible.10,11 This problem can be solved 
 special drying methods. Freeze-drying (lyophilization), 
-drying, spray freeze-drying, and supercritical drying of 

ous CNC suspensions make it possible to prepare CNC 
, cryo-, and xerogels, foams, powders, and beads, which 
e redispersed in water and organic solvents by ultrasonic 

ment.12–23 Furthermore, the drying technique influences the 
e of CNC dispersion within polymer matrices in the 

cation of composites.24

ere, we propose an approach to the preparation of CNC 
gels using Pickering emulsions,25,26 which considerably 
ovs the redispersibility of CNCs in water and nonaqueous 
nts.27 

The aqueous CNC suspensions were obtained by the sulfuric 
acid hydrolysis of microcrystalline cellulose in accordance with 
a published procedure.28 Then, we have prepared a 1 : 1 mixture 
of an aqueous CNC suspension (a concentration of 2 g dm–3 
without and with a KCl electrolyte additive) with cyclohexane. 
To obtain a stable Pickering emulsion, the cyclohexane mixture 
with the CNC suspension was treated using an ultrasonic 
homogenizer (Sonohuls HD 2070, Bandelin) in the pulse mode 
for 1 min and then immediately frozen. The average size of 
droplets in the CNC-stabilized emulsion was about 5–20 µm; an 
electrolyte additive reduced the average droplet size to 1–5 µm 
(see Online Supplementary Materials, Figures S1, S2) and 
considerably increased the emulsifying capacity and the 
emulsion stability in time.29 

The Pickering emulsions were frozen and stored at –40 °C 
for two days and then freeze-dried at 6 Pa and –54 °C for 48 h. 
For comparison, porous cellulose materials were also prepared 
by conventional lyophilization of an aqueous CNC suspension 
(2 g dm–3) and by drying a CNC organogel in ethanol13 (with 
the above CNC concentration) in supercritical CO2 using an 
experimental setup described elsewhere.30 

Cyclohexane (mp 6.5 °C) made it possible to carry out freeze-
drying efficiently and obtain CNC cryogels with a developed 
surface (Figures 1, 2). The CNC cryogels exhibited a cellular-
like architecture, and their morphology was an arrangement of 
intersected thin plates consisting of very subtle CNC films. The 
CNC aerogel had a multiscale structure with a fine nanostructured 
fibrillated texture. The specific surface area of the cryogels 
obtained by the freeze-drying of CNC-stabilized Pickering 
emulsions was much higher than that of a CNC sample prepared 
by the freeze-drying of a CNC aqueous suspension and 
comparable to that of an aerogel obtained by the drying of 
organogel in supercritical CO2 (Online Supplementary Materials, 
Table S1).†
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enhance the redispersibility of dried nanocellulose, 
lose nanocrystal (CNC) cryogels were produced by 
e-drying CNC-stabilized cyclohexane-in-water 
ering emulsions. The CNC cryogels were easily 
persed in water and organic solvents; thus, the approach 
osed made it possible to significantly improve CNC 
persibility in aqueous and nonaqueous media.

CNC-stabilized cyclohexane-
in-water Pickering emulsion

freeze-drying

CNC cryogel

ultrasonic treatment

redispersed CNC suspension

† The cryogels were produced using an LS-500 freeze dryer (Russia). The 
CNC particle ζ-potential and size distribution (DLS method) were 
determined using a Zetasizer Nano ZS (Malvern Instruments Ltd.) device. 
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Figure  1  SEM images of CNC-based porous materials obtained by  
(a) conventional freeze-drying of an aqueous CNC suspension, (b) drying of 
a CNC ethanol organogel in supercritical CO2, (c) freeze-drying of CNC-
stabilized cyclohexane/water Pickering emulsion, and (d) freeze-drying of 
CNC-stabilized cyclohexane/water Pickering emulsion with a 0.02 m KCl 
additive at two magnifications (scale bars, 20 and 2 μm).

In the CNC-stabilized cyclohexane-in-water emulsions, the 
anisotropic amphiphilic CNC particles were distributed at the 
cyclohexane/water interface to produce a strong emulsifying 
effect. Thus, the cyclohexane droplets were stabilized in an 
aqueous solution, and contacts between the CNC particles were 
limited. We hypothesized that this circumstance enhanced the 
redispersibility of CNC cryogels produced using Pickering 
emulsions.

The CNC cryogels obtained using cyclohexane-in-water 
emulsions were completely redispersed in water and partially in 
organic solvents with moderate ultrasonic treatment (Sonorex 
DT100 Bandelin). The redispersibility of the cryogels can be 
evaluated in terms of particle-size distribution and colloidal 
stability of the suspensions. The particle-size distributions of 
redispersed cryogels did not demonstrate the appearance of CNC 
particle aggregates, and the particle sizes remained almost 
unchanged compared with that for a never-dried aqueous CNC 

suspension (Online Supplementary Materials, Figures S3). The 
redispersed aqueous suspensions demonstrated high colloidal 
stability after a month of holding, and the surface charge of the 
redispersed CNC particles was retained (the ζ potential was 
about –40 mV). Full CNC redispersion was accompanied by the 
Tyndall effect, which indicated a colloidal-like state and 
nanoscale sizes of CNCs in their suspensions.31 In acetonitrile, 
dioxane, and chloroform, CNC particles aggregated and 
precipitated with time. Table 1 presents the results of visual 
control of the redispersibility of CNC cryogels in water, dimethyl 
formamide, acetonitrile, dioxane, and chloroform (for a CNC 
concentration of 2 g dm–3).

Thus, we were the first to use Pickering emulsions for 
producing CNC cryogels with improved redispersibility in water 
and nonaqueous media. This approach requires an additional 
study for its optimization (in terms of CNC concentration and 
the nature and concentration of an electrolyte).

The measurements were made with the use of equipment of 
the Upper Volga Region Centre of Physicochemical Research 
(Ivanovo, Russia). The authors are grateful to Dr. Dyshin for 
obtaining the CNC aerogel in supercritical CO2. 

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2023.02.040.
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Figure  2  Low-temperature (77 K) nitrogen (solid symbols) adsorption and 
(open symbols) desorption isotherms for CNC-based porous materials 
obtained by (1) conventional freeze-drying of the CNC aqueous suspension, 
(2) drying of the CNC ethanol organogel in supercritical CO2, (3) freeze-
drying of the CNC-stabilized cyclohexane/water Pickering emulsion, and 
(4) freeze-drying of the CNC-stabilized cyclohexane/water Pickering 
emulsion with a 0.02 m KCl additive.

Table  1  Redispersibility of CNC cryogels in water and organic solvents.a

Pickering 
emulsions

Solvent

Water DMF Acetonitrile Dioxane Chloroform

Cyclohexane/
water/CNCs

++ ++ + + –

Cyclohexane/
water/0.02 m KCl/
CNCs

++ ++ + + +

a ++ complete redispersion; + partial redispersion; – no redispersion.

20 µm

20 µm

20 µm

20 µm

2 µm

2 µm

2 µm

2 µm
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