
Effect of Ultrasonication on the Size Distribution
and Stability of Cellulose Nanocrystals in
Suspension: an Asymmetrical Flow Field-�ow
Fractionation Study
Christoph Metzger  (  christoph.metzger@tum.de )

Technische Universitat Munchen Fakultat Wissenschaftszentrum Weihenstephan fur Ernahrung
Landnutzung und Umwelt https://orcid.org/0000-0003-1582-8305
Roland Drexel 

Postnova Analytics GmbH
Florian Meier 

Postnova Analytics GmbH
Heiko Briesen 

Technische Universität München Fakultät Wissenschaftszentrum Weihenstephan für Ernährung
Landnutzung und Umwelt: Technische Universitat Munchen Fakultat Wissenschaftszentrum
Weihenstephan fur Ernahrung Landnutzung und Umwelt

Research Article

Keywords: Cellulose Nanocrystals (CNCs), Ultrasound, Ultrasonication, Asymmetrical Flow Field-Flow
Fractionation (AF4), Electrical Asymmetrical Flow Field Flow Fractionation (EAF4), Particle Size
Distribution (PSD), Colloidal Stability

Posted Date: March 17th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-292439/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-292439/v1
mailto:christoph.metzger@tum.de
https://orcid.org/0000-0003-1582-8305
https://doi.org/10.21203/rs.3.rs-292439/v1
https://creativecommons.org/licenses/by/4.0/


1 

Effect of ultrasonication on the size 1 

distribution and stability of cellulose 2 

nanocrystals in suspension: an asymmetrical 3 

flow field-flow fractionation study 4 

Christoph Metzger,1,† Roland Drexel,2 Florian Meier,2 Heiko Briesen1 5 

1Technical University of Munich, Germany, TUM School of Life Sciences 6 
Weihenstephan, Chair of Process Systems Engineering 7 

2Postnova Analytics GmbH, Rankinestr. 1, 86899 Landsberg am Lech, Germany 8 

†+49 8161 71-5383 9 
1+49 8161 71-4510 10 
†christoph.metzger@tum.de 11 
1http://svt.wzw.tum.de/ 12 

ORCID iDs: Christoph Metzger (0000-0003-1582-8305); Florian Meier (0000-13 

0003-1395-4877); Heiko Briesen (0000-0001-7725-5907) 14 



2 

Abstract 15 

Cellulose nanocrystals (CNCs) are bio-based building blocks for sustainable advanced materials 16 

with prospective applications in polymer composites, emulsions, electronics, sensors, and 17 

biomedical devices. However, their high surface area-to-volume ratio promotes agglomeration, 18 

which restrains their performance in size-driven applications, thereby hindering commercial CNC 19 

utilization. In this regard, ultrasonication is commonly applied to disperse CNCs in colloidal 20 

suspensions; however, ultrasonication methodology is not yet standardized and knowledge of the 21 

effects of ultrasound treatments on CNC size distribution is scarce. This limits the ability to tailor 22 

CNC performance in advanced materials. Herein, colloidal suspensions of sulfated CNCs were 23 

treated with different ultrasound energy densities up to 40 kJ g−1 CNC and then size-fractionated 24 

with asymmetrical flow field-flow fractionation (AF4). On-line multi-angle light scattering and 25 

ultraviolet spectroscopy along with off-line dynamic light scattering were used to determine the 26 

effect of ultrasonication on particle size distribution. High energy densities facilitated cumulative 27 

dispersion of CNC clusters and mean particle length decreased logarithmically with increasing 28 

energy density. The suspension’s electrical conductivity concurrently increased, which has been 29 

attributed to faster diffusion of smaller particles and exposure of previously obscured surface 30 

charges. Colloidal stability, investigated through electrical AF4 (EAF4) and electrophoretic light 31 

scattering, was not affected by ultrasonication. Occurrence of minor CNC agglomeration at low 32 

ultrasound energy densities over the course of six months suggest the effect was not unmitigatedly 33 

permanent. 34 
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Introduction 56 

Cellulose nanocrystals (CNCs) have attracted substantial attention in academia 57 

and industry over the past decade. They are considered, through extensive review, 58 

to be renewable, biodegradable, and non-toxic high-performance building blocks 59 

for numerous potential commercial applications (Habibi et al. 2010, Moon et al. 60 

2011, Abitbol et al. 2016, Vanderfleet and Cranston 2020). CNCs were initially 61 

isolated by Nickerson and Habrle (1947) and Rånby and Ribi (1950) from cotton 62 

cellulose via acid-catalyzed heterogeneous hydrolysis. Over the years, numerous 63 

manufacturing methods were developed (Brinchi et al. 2013, Jonoobi et al. 2015, 64 

Reid et al. 2017, Trache et al. 2017) and a number of natural cellulose sources 65 

have been successfully employed (Trache et al. 2017). To date, however, both 66 

academia and industry have focused on isolation of CNCs via acid-catalyzed 67 

hydrolysis of cotton or wood. 68 

Acid-catalyzed hydrolysis of cellulose involves the insertion of a proton to the 69 

acetal oxygen, which links two glucose monomers. This implicates cleavage of 70 

the C-O bond. The other end group is subsequently stabilized by the addition of a 71 

hydroxide anion from the medium and a proton is liberated (Xiang et al. 2003). In 72 

unison with the discoverers of CNCs, the research of Mann and Marrinan (1956a, 73 

1956b, 1956c) on the reaction between cellulose and heavy water suggested that 74 

the extractability of CNCs from cellulose via acid-catalyzed hydrolysis is enabled 75 

by its inherent structure. Cellulose is composed of crystalline and disordered 76 

intercrystalline domains. Intercrystalline amorphous domains are penetrable by 77 

protons and the rate of acid hydrolysis is, therefore, similar within the fibers as at 78 

the surface. Crystalline domains, however, are less prone to proton penetration 79 

and hydrolytic attack is limited to lateral crystallite surfaces. The mostly 80 

crystalline nanoparticles that remain after heterogeneous hydrolysis—the CNCs—81 

can be approximated as cylindrical, semi-crystalline rods with diameters ranging 82 

between 3 and 50 nm and aspect ratios of 5 to 50 (Souza Lima et al. 2003, ISO 83 

2017b, Lin et al. 2019). Besides chain cleavage, hydrolysis of cellulose with 84 

sulfuric acid facilitates sulfation by esterification of some of the hydroxy sites of 85 

CNCs (R-OSO3
-). The introduced electrical surface charge promotes colloidal 86 

stability in polar media due to electrostatic interparticle repulsion. 87 
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Up-to-date processes for production of CNCs by sulfuric acid-catalyzed 88 

hydrolysis are based on the method of Mukherjee and Woods (1953). They found 89 

that the treatment of ramie and cotton fibers with sulfuric acid at concentrations 90 

between 900 and 975 g L−1 results in virtually complete disintegration of cellulose 91 

into single nanoparticles while their crystalline structure is maintained. Further 92 

process development addressed the effects of acid concentration (Bondeson et al. 93 

2006, Wang et al. 2012), hydrolysis time (Dong et al. 1998, Beck-Candanedo et 94 

al. 2005, Bondeson et al. 2006, Wang et al. 2012), hydrolysis temperature (Dong 95 

et al. 1998, Bondeson et al. 2006, Wang et al. 2012), and the initial acid-to-96 

cellulose ratio (Beck-Candanedo et al. 2005, Bondeson et al. 2006) on yield and 97 

properties of CNCs. 98 

When the desired extent of hydrolysis of cellulose is approached, the reactant 99 

solution—now containing CNCs, acid, and byproducts—is quenched with water. 100 

Its high ionic strength causes agglomeration of CNCs (Phan-Xuan et al. 2016, 101 

Metzger et al. 2020). Peptization and the formation of a stable colloidal 102 

suspension is achieved by separating CNCs from acid and byproducts via 103 

sedimentation and filtration (Marchessault et al. 1961, Rudie 2017, Gicquel et al. 104 

2019). Purified suspensions are considered long-term stable, however, CNCs tend 105 

to form lateral agglomerates and clusters of multiple nanocrystals due to strong 106 

interparticle hydrogen bonds (Marchessault et al. 1961, Chen et al. 2020). Further 107 

mechanical treatment, such as ultrasonication, is therefore needed to individualize 108 

the nanoparticles (Revol et al. 1994, Dong et al. 1998, ISO 2018a). The apparent 109 

particle size decreases with increasing energy input as a result of ultrasound 110 

treatment (Marchessault et al. 1961, Dong et al. 1998, Jakubek et al. 2018, 111 

Mazloumi et al. 2018, Shojaeiarani et al. 2020). For example, Brinkmann et al. 112 

(2016) observed a bi-exponential decrease of hydrodynamic apparent particle 113 

diameter with increasing ultrasound energy. The applied power (transferred 114 

energy per unit time) predominates the effect on particle size rather than absolute 115 

energy input or treatment time (Beuguel et al. 2018, Shojaeiarani et al. 2020). The 116 

overall impact of ultrasound treatment is assumed to be permanent and cumulative 117 

when there is no change of state; for example, through precipitation or drying 118 

(Beck et al. 2011, 2012). Typically, brief ultrasonication at an energy density, 𝑒𝑈𝑆, 119 

of ~2 kJ g−1 CNC is sufficient to disperse agglomerated CNCs (Dong et al. 1998, 120 

Beck et al. 2012). However, a more recent study suggests that an 𝑒𝑈𝑆 of 10 kJ g−1 121 
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CNC is required to disperse CNCs without any remaining agglomerates (Beuguel 122 

et al. 2018). 123 

To the best of our knowledge, no studies have reported treatment of CNCs with 124 

high-frequency ultrasound. In this respect, note that high-frequency ultrasound 125 

irradiation of cellulose in water can cause homolytic fission of water and 126 

subsequent radical depolymerization of cellulose by scission of glycosidic bonds 127 

and by delamination due to hydrogen bond cleavage (Haouache et al. 2020). In 128 

contrast, low-frequency ultrasonic laboratory baths are not sufficiently powerful 129 

to individualize CNCs (Beck et al. 2012). On a related note, Beck et al. (2011) 130 

showed that the use of conventional ultrasound homogenizers with a frequency of 131 

20 kHz and a power of up to 130 W facilitates CNC individualization. These 132 

process parameters reportedly do not cause breakage of covalent bonds between 133 

CNCs and sulfate half-esters—provided that thermal energy, converted from 134 

ultrasound energy, is dissipated during the treatment. The reaction rate of 135 

autocatalyzed de-sulfation by proton counterions associated with sulfate half-136 

esters significantly increases with temperature (Dong and Gray 1997, Jiang et al. 137 

2010, Beck and Bouchard 2014). In this regard, however, Dong et al. (1998) 138 

observed only an insignificant increase of sulfate half-ester density on CNC 139 

surfaces when temperature was maintained constant, just above 0 °C, during 140 

ultrasonication. This increase could be attributed to the gained free surface 141 

through particle individualization (Girard et al. 2021). Girard et al. (2021) further 142 

noted that geometric and volumetric effects during ultrasonication must be 143 

considered and suggested an ultrasonication protocol for improved dispersion 144 

efficiency based on a numerical approach. 145 

Common methods for determining CNC size and morphology—or for monitoring 146 

changes in particle size distribution (PSD)—are dynamic light scattering (DLS), 147 

atomic force microscopy (AFM), and transmission electron microscopy (TEM) 148 

(Foster et al. 2018). These methods are usually performed off-line and come with 149 

considerable limitations. Particle sizing by DLS is performed under the 150 

assumption that the sample comprises particles having a single, constant rate of 151 

diffusion. Rod-like nanoparticles like CNCs, however, have different translational 152 

diffusion constants parallel and perpendicular to the particle axis (Souza Lima et 153 

al. 2003). Thus, the hydrodynamic apparent particle size obtained from DLS 154 

cannot be directly correlated to actual particle size. Furthermore, as an intensity-155 
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based method, DLS results may be dominated by the presence of agglomerates 156 

and particle clusters (Chen et al. 2020). Regardless, DLS is an established semi-157 

quantitative method for analyzing dispersed, rod-like CNCs (Fraschini et al. 2014, 158 

Foster et al. 2018). Imaging techniques, such as AFM and TEM, enable the full 159 

quantitative description of CNC size and morphology. However, both techniques 160 

are preparatorily challenging and require sufficiently large data sets to adequately 161 

describe PSD (Jakubek et al. 2018). Native size and morphology of CNCs in a 162 

liquid suspension may significantly differ from the dry CNCs required for AFM 163 

and TEM (Guan et al. 2012). Furthermore, TEM imaging commonly involves 164 

negative staining of CNCs with uranyl acetate, which favors lateral particle 165 

agglomeration and generates radioactive waste (Kaushik et al. 2014). Jakubek et 166 

al. (2018) therefore suggested the use of asymmetrical flow field-flow 167 

fractionation (AF4) for the analysis of a full distribution of dispersed CNCs. 168 

Among the field-flow fractionation techniques, which are subdivided by the 169 

applied separation force, AF4 is the most prominent sub-technique (Contado 170 

2017, Drexel et al. 2020b). Separation in AF4 occurs in a thin, ribbon-like channel 171 

where the channel bottom (accumulation wall) is equipped with a semi-permeable 172 

ultrafiltration membrane that withholds sample constituents while simultaneously 173 

allowing cross flow to pass through. Cross flow is applied perpendicularly to the 174 

parabolic channel flow, thereby counteracting the diffusion of sample 175 

constituents. In an equilibrium state of forces, smaller sample constituents are 176 

located further away from the accumulation wall, compared to larger constituents. 177 

They are thus transported in faster streamlines of the channel flow, eluting earlier 178 

than larger constituents. Consequently, the retention time of the constituents is 179 

directly correlated with their diffusion coefficient, which is convertible to 180 

hydrodynamic size using the Stokes-Einstein equation (Schimpf et al. 2000). A 181 

further development of AF4 is electrical AF4 (EAF4) where the cross flow is 182 

superimposed with an electrical field to facilitate separation based on both size 183 

and electrophoretic mobility (Figure 1) (Drexel et al. 2020a). 184 
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 185 

Figure 1: Longitudinal section of an EAF4 channel (reprinted with permission of Postnova 186 

Analytics GmbH) 187 

Guan et al. (2012) were the first to apply AF4 in combination with multi-angle 188 

light scattering (MALS) to investigate the separation of CNCs. They established a 189 

rod-like form factor and found that the length distribution of CNCs calculated 190 

from MALS data agrees well with the length from TEM analyses of early eluting 191 

fractions. Espinosa et al. (2017) and Ruiz-Palomero et al. (2017) used AF4-MALS 192 

for qualitative detection of CNCs and correlated their results with DLS. While 193 

Espinosa et al. (2017) demonstrated the ability to display small particle fractions 194 

that were not resolvable with DLS, Ruiz-Palomero et al. (2017) used AF4-MALS 195 

for detecting CNCs extracted from consumer goods. More recently, Mukherjee 196 

and Hackley (2018) focused on the improvement of AF4, in combination with 197 

MALS and differential refractometry (dRI), for size-based separation and on-line 198 

characterization of CNCs. However, their calculated mean rod length of 146 nm 199 

differed from reported mean lengths of the same CNC sample calculated from 200 

TEM images (87 nm) and AFM images (76 nm) by Jakubek et al. (2018). In this 201 

regard, Chen et al. (2020) focused on surface imaging analysis of single CNC 202 

fractions previously separated and analyzed using multi-detector AF4. While early 203 

eluting fractions contained mostly individual CNCs, they predominantly detected 204 

clustered CNCs at higher retention times—even though the suspension was 205 

ultrasonicated at 5 kJ g−1 CNC beforehand. 206 

Table 1 Summary of studies on multi-detector AF4 for analysis and fractionation of CNCs 207 

Cellulose 
source 

CNC initial state 
and surface 

Detection Offline 
validation 

Objectives♦ Reference 

Microcrystalline 
cellulose 
(Avicel), cotton 
fabric 

Never dried, 
sulfated 

MALS, 
DLS, dRI 

TEM PSD of CNCs – effect 
of cellulose source 
and processing; 
correlated with TEM 
results 

Guan et al. (2012) 
 

Cereal straws 
(wheat, corn, 
barley, oat) 

Never dried, 
TEMPO-
oxidized 

MALS, 
dRI 

DLS (Qualitative) PSD of 
polydisperse CNCs 

Espinosa et al. 
(2017) 
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Microcrystalline 
cellulose 
(Avicel) 

Never dried, 
TEMPO-
oxidized 

MALS, 
dRI 

DLS Qualitative detection 
of CNCs in consumer 
products 

Ruiz-Palomero et 
al. (2017) 

Softwood pulp; 
CNCs supplied 
by National 
Research 
Council, 
Canada 

Spray dried, 
sulfated, Na+-
exchanged 

MALS, 
DLS, dRI 

DLS, 
TEM 

Semi-preparatory 
CNC fractionation via 
AF4 for narrow PSDs 

Mukherjee and 
Hackley (2018) 

Softwood pulp; 
CNCs supplied 
by CelluForce 
Inc., Windsor, 
QC, Canada 

Spray dried, 
sulfated, Na+-
exchanged 

MALS, 
DLS, dRI 

AFM, 
DLS, 
TEM 

Fractionation of 
polydisperse 

CNCs—facilitated 

microscopy, 
correlated PSD, and 
agglomeration level 
with TEM results 

Chen et al. (2020) 

♦Related to purpose of AF4. 

Thus far, only a handful of studies have applied AF4 to CNCs. These are 208 

summarized in Table 1 and validate multi-detector AF4 for semi-quantitative and 209 

quantitative analysis of CNC suspensions. It is reported that, even in 210 

ultrasonicated and stable CNC suspensions, a considerable particle fraction exists 211 

in the agglomerated state, which implies a broad PSD. However, a narrow PSD of 212 

CNCs facilitates better dispersibility and reinforcement capacity in polymer 213 

matrices (Chen et al. 2020, Shojaeiarani et al. 2020), promotes tailoring of self-214 

assembly properties in the liquid crystalline phase and in chiral nematic films 215 

(Dong et al. 1998, Beck et al. 2011, Gicquel et al. 2019), and enables control over 216 

the viscosity of CNC suspensions (Shafiei-Sabet et al. 2012, Beuguel et al. 2018, 217 

Gicquel et al. 2019). Furthermore, a narrower PSD may be useful in 218 

nanotoxicological studies (Roman 2015, Shatkin and Kim 2015) and for in-line 219 

detection of CNCs and monitoring their PSD in complex environments (Foster et 220 

al. 2018). 221 

The aforementioned studies on the impact of ultrasonication on CNC suspensions 222 

showed that the treatment facilitates dispersion of clusters and narrowing of the 223 

PSD. However, while assessing their state of agglomeration with DLS, AFM, and 224 

TEM is qualitatively feasible, this comes with abovementioned shortcomings. In 225 

contrast, AF4 has only been used thus far for analysis of the state of 226 

agglomeration of CNCs. In this context, our primary objective was the targeted 227 

dispersion of CNC clusters by ultrasonication and the investigation of its impact 228 

on the full distribution of species via multi-detector AF4 and off-line techniques. 229 
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Anticipated effects of ultrasonication on colloidal CNCs are summarized in 230 

Figure 2. 231 

 232 

Figure 2: Effects potentially involved in the ultrasound treatment of colloidal CNCs 233 

Our hypotheses were based on reported literature that (i) ultrasonication induces 234 

breakage of agglomerates and clusters. An increase of the applied ultrasound 235 

energy density is generally associated with a cumulative reduction of cluster size 236 

and, thus, a decrease of mean particle size (Figure 2a). This may go unnoticed 237 

with commonly applied imaging techniques because laterally cohering CNCs may 238 

fabricate similar sizes compared to individual particles. Therefore, it does not 239 

necessarily significantly change the overall PSD of a sample (Jakubek et al. 240 

2018). However, surface charges obscured inside the clusters contribute to the net 241 

charge after ultrasonication (Girard et al. 2021). Moreover, (ii) CNC 242 

ultrasonication in water may induce the release of charged moieties from the 243 

bound-water surface layer of CNCs (Figure 2b) (Bouchard et al. 2016, Beuguel et 244 

al. 2018). In this context, Beck et al. (2011) and Bouchard et al. (2016) attributed 245 

the effect of ultrasonication on rheological and self-assembly properties of CNC 246 

suspensions mainly to a change of electrostatic particle interactions. No de-247 

sulfation has been reported during ultrasonication of sulfated, Na+-exchanged 248 

CNCs at room temperature and ultrasound energy density of 10 kJ g−1 CNC 249 

(Beuguel et al. 2018). We, however, investigated the effect of ultrasonication on 250 

protonated CNCs for which autocatalyzed de-sulfation has already been reported 251 

a

Reduced cluster size

b

Release of ions from solvation shell

c

Desulfation
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at low temperatures (Figure 2c) (Jiang et al. 2010, Beck and Bouchard 2014). 252 

Samples were, therefore, kept at 2 °C during all ultrasonication experiments to 253 

mitigate potential de-sulfation; nevertheless, ultrasound induces cavitation and 254 

local temperature peaks occur. Furthermore, (iii) deagglomeration by 255 

ultrasonication is permanent and cumulative when there is no change of state 256 

(Beck et al. 2011, 2012). 257 

Expanded understanding of the impact of ultrasonication on CNC suspensions 258 

provides potential for tailoring the PSD of CNCs through breakage of particle 259 

clusters. This is also emphasized by the ongoing development of technical 260 

specification ISO/TC 229 – PWI 23151 (ISO 2018a), which addresses ultrasound-261 

assisted deagglomeration of redispersed sulfated CNCs. 262 

Materials and methods 263 

Materials 264 

Whatman ashless filter aids (cotton α-cellulose) were purchased from Sigma-265 

Aldrich (Taufkirchen, Germany). Sulfuric acid (H2SO4, 96%) was used for 266 

preparing CNCs and was purchased from Carl Roth (Karlsruhe, Germany). The 267 

isolation of CNCs was performed under nitrogen atmosphere (N2, 99.8%, Linde, 268 

Pullach, Germany). Sodium chloride (NaCl, 99.5%) and sodium hydroxide 269 

(NaOH (aq), 2 mM), required for conductometric titration, were purchased from 270 

Carl Roth. Protonated strong acid cation ion-exchange resin (SAC; Dowex 271 

Marathon C) and Amberlite MB6113 H+ OH− mixed bed ion-exchange resin 272 

(MB) were purchased from Sigma-Aldrich and thoroughly rinsed with water 273 

before use. Syringe filters with hydrophilic polyethersulfone (PES) membranes 274 

and a pore size of 0.45 µm (CHROMAFIL Xtra PES) and hydrophilic glass fiber 275 

membranes with a pore size of 1 µm (CHROMAFIL Xtra GF) were purchased 276 

from Macherey-Nagel (Düren, Germany) and used for filtration of CNC 277 

suspensions. Sodium chloride (NaCl, 99.5%, Avantor Performance Materials, 278 

Gliwice, Poland) was diluted to 1 mM and used as the eluent in AF4 for CNC 279 

fractionation. All eluents were filtered by vacuum using a membrane filter with a 280 

pore size of 0.1 µm (Durapore, Merck, Tullagreen, Ireland). 281 
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All chemicals were used in their as-received state. Ultrapure (type 1) water (H2O) 282 

with a resistivity of 18.2 MΩ cm (Milli-Q Direct 8 system, Merck Chemicals, 283 

Schwalbach, Germany) was used to prepare solutions for all experiments. 284 

Preparation of CNCs 285 

Colloidal suspensions of sulfated CNCs were prepared through the heterogeneous 286 

hydrolysis of cellulose with sulfuric acid, based on the method of Cranston and 287 

Gray (2006) and Metzger et al. (2020). Cotton cellulose was dried at 105 °C for 288 

30 min to remove adsorbed water. Meanwhile, 96 wt.% sulfuric acid was diluted 289 

to 64.2 wt.% with water and pre-heated to 45 °C in a stirred tank reactor equipped 290 

with an anchor-type stirrer (Atlas, Syrris, Royston, UK). The dried cellulose was 291 

then added in at a mass-mixing ratio of 10 𝑚𝐻2𝑆𝑂4  𝑚𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒−1 with the weighed 292 

portions of sulfuric acid, 𝑚𝐻2𝑆𝑂4, and cellulose, 𝑚𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒; the reactant solution 293 

was stirred constantly at 200 rpm under nitrogen atmosphere. The reaction was 294 

quenched by ten-fold dilution with 4 °C water after 45 min and stirring was 295 

continued at 12 °C for 30 min. 296 

Excess acid and soluble byproducts were decanted, after leaving the precipitate to 297 

settle overnight. The resultant cloudy suspension was washed by two-fold 298 

centrifugation for 15 min at a relative centrifugal force of 4250 × 𝑔 (Centrifuge 299 

5910 R, Eppendorf, Hamburg, Germany), followed by decanting and further 300 

dilution with water. The precipitate was filled into regenerated cellulose tubes 301 

with a molecular weight cutoff of 12–14 kDa (ZelluTrans/ROTH T3, Carl Roth, 302 

Karlsruhe, Germany) and remaining acid and soluble byproducts were removed 303 

by dialysis against running water (0.5 L h−1) at 23 °C in a 7 L glass reactor for 10 304 

days. Agglomerates were broken via ultrasonication using a homogenizer 305 

(Sonopuls HD 3400 with the sonotrode VS 70 T, Bandelin, Berlin, Germany) at a 306 

specific energy of 2 kJ g−1 cellulose and a power of 33.3 W in a cooled secondary 307 

glass container at 2 °C. Incompletely hydrolyzed solid cellulosic residues were 308 

then removed by centrifugation for 15 min at 4250 × 𝑔. The final stock 309 

suspension of never dried sulfated and protonated CNCs was stored in a sealed 310 

container at 4 °C until further use. 311 
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Ultrasound treatment of CNCs 312 

The CNC stock suspension was diluted to a particle concentration of 1 wt.%. The 313 

abovementioned homogenizer was used for ultrasound treatment and the probe 314 

was adjusted according to ISO/CD TS 23151 (2018a) to ensure minimal bubbling 315 

and aerosoling. The suspension was placed in a temperature-controlled secondary 316 

glass container at 2 °C. The sample temperature was constantly monitored and 317 

treatment was paused when the temperature exceeded 4 °C. The ultrasound power 318 

was set to 33.3 W. Aliquots were extracted from the stock suspension at seven 319 

prespecified energy inputs and the remaining suspension was further treated until 320 

an energy input of 40 kJ g−1 CNC was reached (Table S1). 321 

Removal of ionic species by ion-exchange resins 322 

Ultrasonicated aliquots were split and one respective half was stored at 4 °C. Ionic 323 

species were then removed from the other halves by successive batch treatments 324 

with MB followed by SAC as suggested by Abitbol et al. (2013). Resins were 325 

added in at a resin-to-CNC mass ratio of eight and the aliquots were continuously 326 

stirred for 24 h. After each treatment, the aliquots were rinsed with water over a 327 

sieve and filtered with 0.45 µm syringe filters before they were stored at 4 °C. No 328 

loss of CNCs was assumed by using microporous resins (Beck et al. 2015). 329 

CNC morphology 330 

Chen et al. (2020) separated sulfated, Na+-exchanged CNCs from softwood pulp 331 

with AF4 and classified them, with the help of imaging techniques, as singles, 332 

dimers, and clusters. They predominantly detected singles and dimers in early 333 

eluting fractions and the relative proportion of clusters in the particle collective 334 

increased toward later fractions. Herein, we assume that sulfated, protonated 335 

CNCs from cotton are composed of similar nano-objects and nanostructures and 336 

refer to them according to the illustration in Figure 3. 337 

 338 

Figure 3: Classification of CNCs, based on the work of Chen et al. (2020) 339 

Single

Dimer

Cluster
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Sample naming 340 

CNC suspensions are named here by the applied ultrasound energy density. For 341 

example: CNC-2 for an input of 2 kJ g−1 CNC and CNC-40 for 40 kJ g−1 CNC. 342 

Aliquots treated with ion-exchange resins are further denoted with a postposed 343 

“R”. For example: CNC-2-R for CNC-2 treated with ion-exchange resin. 344 

Fractionation of CNCs by AF4 345 

Size-based fractionation of colloidal CNCs was performed at 25 °C using an AF4 346 

system (AF2000) equipped with an autosampler (PN5300) and a channel 347 

thermostat (PN4020). All experiments were monitored using on-line coupled 348 

MALS and ultraviolet spectroscopy (UV) detectors. The CNC suspensions were 349 

filtered with 1 µm syringe filters and then diluted to 0.04 wt.%. Sample volumes 350 

of 20 µL were injected using 1 mM NaCl as the eluent. The applied separation 351 

parameters are shown in Table 2. 352 

Table 2: Separation parameters for AF4 353 

Step 
Flow type and rate 

/mL min−1 
 Duration /min  Mode 

General 
Detector flow 0.30     

Slot flow 0.20     

Focusing and 
injection 

Injection flow 0.20  

6 

  

Cross flow 1.00    

Focus flow 1.30    

Transition    0.5   

Elution 1 Cross flow 1.00  2  Constant 

Elution 2 Cross flow 1.00  40  
Power decay 

(exponent 0.2) 

Elution 3 Cross flow 0.10  40  Constant 

Rinse Rinse flow 0.50  15   

The planar separation channel (Figure 1) had a tip-to-tip length of 277 mm and 354 

was equipped with a Mylar spacer with a thickness of 350 µm and a regenerated 355 

cellulose (RC) membrane with a molecular weight cutoff of 10 kDa. Using the 356 

slot outlet option of the AF4 channel (PN1650), the eluting channel flow was split 357 

into a detector flow with a CNC-enriched fraction at a flow rate of 0.30 mL min−1 358 

and a particle-free eluent fraction at a flow rate of 0.20 mL min−1, which was 359 

discarded. All instruments and consumables in this section that were not 360 
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mentioned in earlier sections were provided by Postnova Analytics GmbH 361 

(Landsberg am Lech, Germany). 362 

Instrument measurements 363 

Preliminary evaluations of CNC suspensions separated with AF4 showed high 364 

repeatability and reproducibility in accordance with the guidelines of ISO/TS 365 

21362 (ISO 2018b). Thus, fractionation and related measurements were replicated 366 

twice. All other measurements were performed at least in triplicate and are 367 

presented with the 95% confidence interval of the mean. 368 

Optical measurements 369 

Multi-angle light scattering. The scattered light intensity of fractionated CNCs 370 

was detected under 19 active angles ranging from 12° to 156° with an on-line 371 

coupled MALS detector PN3621 (Postnova) at a wavelength of 532 nm and a cell 372 

temperature of 35 °C. The angular-dependent scattering intensity function, 𝑃(𝜃), 373 

is given by 374 𝑃(𝜃) = 2𝑞𝐿 Si(𝑞𝐿) − ( sin𝑞𝐿2𝑞𝐿2 )2
,      (1) 375 

with scattering angle, 𝜃; rod length, 𝐿; scattering vector, 𝑞 = 4𝜋𝑛0 sin (𝜃2) /𝜆; and 376 

sine integral function, Si(𝑞𝐿) (van de Hulst 1958). 𝑞 includes the refractive index 377 

of the eluent, 𝑛0, and the incidental wavelength, 𝜆. All data were normalized with 378 

respect to the signal at an angle of 90°. Standard polystyrene beads with a nominal 379 

size of 60 nm (NIST 2021) were fractionated and used to normalize detectors at 380 

different angles with respect to 90° to the radius of gyration, 𝑟𝑔, as a function of 381 

retention time by considering the angular-dependent spherical scattering intensity 382 

function 𝑃(𝜃) (Supporting Information Figure S1). In accordance with Mukherjee 383 

and Hackley (2018), a rod model was best suited for fitting MALS data of 384 

fractionated CNCs. Consequently, the relationship of 𝑟𝑔 and 𝐿 for thin rigid rods 385 

with a high 𝐿-𝑑 ratio, where 𝑑 is the particle diameter, can be approximated as 386 

(Stepto et al. 2015, Mukherjee and Hackley 2018): 387 𝑟𝑔2 = 𝐿212 for 𝑑 ≪ 𝐿.       (2) 388 

The evaluation of 𝑟𝑔 was performed using the NovaMALS software (Postnova 389 

Analytics GmbH 2020c). In addition, the hydrodynamic radius, 𝑟ℎ, which depends 390 
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on the translational diffusion coefficient of the CNCs, was derived from AF4 391 

conditions, such as cross flow rate, channel thickness, and channel flow rate 392 

(Wahlund and Giddings 1987, Litzen and Wahlund 1991). The effective channel 393 

height was determined from the retention times of fractionated standard 394 

polystyrene beads, with a nominal diameter of 60 nm (NIST 2021). 𝑟ℎ as a 395 

function of retention time was evaluated using the NovaAnalysis software 396 

(Postnova Analytics GmbH 2020a). 397 

Ultraviolet spectroscopy. An UV detector (PN3211, Postnova) was coupled on-398 

line with AF4 and absorbance was recorded at a wavelength of 254 nm. The 399 

analyte recovery, 𝑅𝑒𝑐, was evaluated from the peak area of the eluted sample, 𝐴𝑆, 400 

and the peak area of the sample measured in absence of any separation field, 𝐴𝐷, 401 

according to ISO/TS 21362 (ISO 2018b): 402 𝑅𝑒𝑐 (%) = 𝐴𝑆𝐴𝐷 ∙ 100%.       (3) 403 

Zeta potential (𝜻). EAF4 (EAF2000, Postnova) was used to determine the size-404 

resolved electrophoretic mobility and zeta potential (𝜁) of colloidal CNCs on-line. 405 

The same fractionation parameters as those for the size-based fractionation 406 

experiment with AF4 were applied (Table 2). Here, however, an amphiphilic RC 407 

membrane (Postnova) with a molecular weight cutoff of 10 kDa was used. The 408 

cross flow was superimposed with an electrical field (PN2410), which was 409 

controlled with the NovaFFF software (Postnova Analytics GmbH 2020b). EAF4 410 

data were evaluated with the NovaAnalysis software (Postnova Analytics GmbH 411 

2020a). 412 

Off-line zeta potential measurements were performed with a Zetasizer Nano ZSP 413 

(Malvern Instruments, Worcestershire, UK) in folded capillary cells (DTS1070). 414 

CNC dispersions at a concentration of 0.25 wt.% were analyzed after equilibration 415 

for 30 min at 25 °C. 416 

For both on-line and off-line measurements 𝜁 is calculated from the 417 

electrophoretic mobility assuming Smoluchowski behavior with 𝑓(𝜅𝑟) = 1.5 for 418 

Henry’s function, where 𝜅 is the Debye length and 𝑟 the particle radius 419 

(Smoluchowski 1906). 420 

Dynamic light scattering. The hydrodynamic apparent particle diameter, 𝑑ℎ, was 421 

determined off-line from DLS using a Zetasizer Nano ZSP under a backscatter 422 

detection angle of 173°. 𝑑ℎ and the dispersity, Đ, from cumulants analysis was 423 

obtained according to ISO 22412 (ISO 2017a) for 0.04 wt.% CNC suspensions 424 
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after equilibration for 3 min at 25 °C in disposable polystyrene cuvettes (Stepto 425 

2009). 426 

Conductometric titration 427 

The surface sulfate half-ester concentration, 𝑐𝑆, of colloidal CNCs was determined 428 

by conductometric titration, as suggested by Beck et al. (2015). For the electrical 429 

conductivity measurements, 5 mL of a 1 wt.% CNC dispersion was diluted into 80 430 

mL of water. To elevate the electrical conductivity, 𝜎, to a measurable level, 1 mL 431 

of 0.1 M NaCl (aq) was added. The titrant used was 2 mM NaOH (aq) in 0.2 mL 432 

increments under constant stirring. Stable conductivity readings (Konduktometer 433 

703 with the electrode sensor SE 204, Knick, Berlin, Germany) were recorded 434 

30–60 s after each addition and plotted against the amount of NaOH added. The 435 

equivalent amount of NaOH, and, thus, the concentration of accessible sulfate 436 

half-ester groups of the CNCs, was calculated from the intersect of the least 437 

squares regression lines of the two linear branches (𝑅2 ≈ 1) of the conductivity 438 

curve. All measurements were performed at 25 °C. 439 

Results and discussion 440 

Size distributions of ultrasonicated CNCs 441 

Effect of ultrasonication on size distribution 442 

Suspensions of 1 wt.% colloidal CNCs were ultrasonicated with increasing energy 443 

densities ranging from 2–40 kJ g−1 CNC. Each sample was then size fractionated 444 

by AF4. The fractograms in Figure 4a show MALS intensities at 90° (solid lines) 445 

along with the radii of gyration of three selected samples (filled points). As shown 446 

in Figure 4b, the UV density distributions were slightly left-shifted in regard to 447 

the MALS density distributions. All intensity distributions followed lognormal 448 

behavior, in accordance with the AF4 separation pattern, and had peaks, 𝐼𝑚𝑎𝑥, at 449 𝑡𝑅(𝐼𝑚𝑎𝑥). 𝑡𝑅(𝐼𝑚𝑎𝑥) shifted to shorter retention times with increasing ultrasound 450 

energy density, which is equivalent to a shift to smaller particle sizes. Concurrent 451 

narrowing of the MALS density distributions implied narrowing of the CNC size 452 

distribution. Simultaneously, an exponential decrease of 𝐼𝑚𝑎𝑥 with increasing 453 

ultrasound energy was observed (Supporting Information Figure S2) and the 454 
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mass-weighted particle concentration, derived from the UV signal, decreased by 455 

25 wt.% from CNC-2 to CNC-40. As all samples were branched off from the 456 

same stock solution with constant CNC concentration, the origin of the apparent 457 

mass loss is ambiguous. Throughout all AF4 experiments, the initial void peak 458 

remained at a constant and insignificant level. Similarly, no significant field-off 459 

peak was observed during rinsing when cross flow was zero, which therefore 460 

indicated inconsiderable agglomeration during fractionation. Simultaneously, 461 

recoveries of 84%–92% were achieved for all samples while no dependence of 462 𝑅𝑒𝑐 on 𝑒𝑈𝑆 was observable. Hence, only marginal particle adsorption to or 463 

diffusion through the membrane occurred and good separation performance was 464 

achieved, in accordance with ISO/TS 21362 (ISO 2018b). Simultaneously, no 465 

sedimentation was observed for all samples and in contrast to UV spectroscopy, 466 

conformable count rates during off-line DLS measurements implied no sample 467 

loss. A tentative explanation for the apparent mass loss during AF4 can be 468 

concluded from the size and shape-dependent interaction of rod-like CNCs and 469 

irregularly shaped clusters with light at an incidental wavelength greater than the 470 

particle dimensions (van de Hulst 1958). Consequently, the comparability of 471 

incremental size fractions decreases with increasing retention time and 472 

quantification is only feasible for early eluting fractions, wherein singles and 473 

dimers predominate (Chen et al. 2020). 474 

 475 

Figure 4: Fractograms of CNC suspensions ultrasonicated at different energy densities ranging 476 

from 2–40 kJ g−1 CNC. (a) MALS density distributions and radii of gyration are represented by 477 

solid lines and filled points, respectively. Radii of gyration are displayed for retention times higher 478 

than 10.6 min (dashed vertical lines). (b) UV density distributions (dashed lines) are slightly left-479 

shifted with regard to the MALS density distributions 480 

Figure 5a shows the shift of 𝑡𝑅(𝐼𝑚𝑎𝑥), as well as the narrowing of MALS 481 

intensity distributions, with regard to their full widths at half maximum, 𝐹𝑊𝐻𝑀, 482 
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in response to increasing ultrasound energy density. Both had a linear 483 

interrelationship (Figure 5b) and could be individually approximated 484 

logarithmically. 485 

 486 

Figure 5: (a) Evolution of peak maximum (left vertical axis) and 𝐹𝑊𝐻𝑀 (right vertical axis) of 487 

the MALS signal as a function of ultrasonication energy density and (b) the respective relationship 488 

of 𝐹𝑊𝐻𝑀 and peak maximum 489 

Equivalent to the MALS peak shift in Figure 5a, 𝑟𝑔 at 𝑡𝑅(𝐼𝑚𝑎𝑥) and the associated 490 

decrease of rod lengths with more extensive ultrasonication followed logarithmic 491 

laws. A decrease in 𝑟𝑔(𝐼𝑚𝑎𝑥), from 51.4 ± 0.5 nm to 40.9 ± 0.2 nm (−20%), was 492 

observed from CNC-2 to CNC-40, and 𝐿 decreased conformably, from 178.1 ± 493 

1.7 nm to 141.7 ± 0.7 nm (Figure 6). In the same interval, the mean 494 

hydrodynamic apparent diameter of the full particle collective, determined by off-495 

line DLS, decreased from 94.5 ± 0.3 nm to 73.5 ± 0.4 nm (−22%). No statistically 496 

significant trend was found for Đ, which ranged between moderate values of 497 

0.155 ± 0.014 and 0.174 ± 0.013 for all samples (ISO 2017a). 498 
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 499 

Figure 6: Rod length 𝐿 at 𝐼𝑚𝑎𝑥 , from AF4-MALS, and hydrodynamic diameter 𝑑ℎ, from off-line 500 

DLS, decrease logarithmically with increasing ultrasound energy. 𝑟𝑔 and 𝐿 at 𝐼𝑚𝑎𝑥 are linearly 501 

proportional, according to equation (2) 502 

It is recognizable from Figure 4 that in all CNC suspensions notable sample 503 

fractions were eluted at retention times earlier than 10.6 min, which, therefore, 504 

had an 𝑟𝑔 below 25 nm. The share of this particular fraction, 𝜑<10.6𝑚𝑖𝑛, of the 505 

cumulative particle mass was quantified from the UV density distribution (Figure 506 

4b); it increased from 1.0 ± 0.3 wt.% to 5.3 ± 0.1 wt.% from CNC-2 to CNC-40, 507 

following a power law (Figure 7a). Consequently, extensive ultrasonication 508 

caused progressive dispersion of dimers and clusters and the amount of CNCs 509 

with lengths <87 nm increased. It is unclear whether this fraction was only 510 

comprised of individual CNCs. Reported particle lengths of CNCs from cotton 511 

α-cellulose are typically in the range of 100–250 nm (Araki et al. 2001, Beck-512 

Candanedo et al. 2005, Boluk and Danumah 2014). Other groups who have 513 

analyzed size-fractionated CNC suspensions by MALS in combination with 514 

imaging techniques have also not identified particle fractions with lengths <80 nm 515 

(Guan et al. 2012, Mukherjee and Hackley 2018, Chen et al. 2020). However, all 516 

of those studies have only applied a maximal ultrasound density of 5 kJ g−1 CNC. 517 

Therefore, extensive ultrasonication may induce a progressing release of not fully 518 

immobilized oligosaccharides that were previously trapped in the solvation shells 519 

of the particles (Bouchard et al. 2016) or debris from formerly fringed polymer 520 

chains that seceded from the bulk particles (Kontturi 2018). Furthermore, acid-521 

catalyzed hydrolysis of cellulose in combination with ultrasonication reportedly 522 

enables the production of spherical CNCs with diameters down to 10 nm (Wang 523 

0

50

100

150

200

250

1 10 100

D
im

e
n
s
io

n
a
l 
s
c
a
le

 /
n
m

eUS /kJ g-1 CNC

Rod length

Hydrodynamic diameter

L = -13.11 ∙ ln(eUS) + 188.59

dh = -7.13 ∙ ln(eUS) + 100.16



21 

et al. 2007, 2008, Zianor Azrina et al. 2017). Thus, cavitation-induced 524 

temperature increase may have induced progressing autocatalysis during 525 

ultrasonication of protonated CNCs, facilitating their disintegration into spherical 526 

fragments with radii of gyration <25 nm. 527 

 528 

Figure 7: (a) Cumulative mass fraction at retention times <10.6 min, derived from UV signal, and 529 

(b) rod lengths when 50 wt.% and 95 wt.% of CNCs are shorter than this value 530 

Dispersion of clusters 531 

The concurrently observed dispersion of large clusters further manifested 532 

narrowing of PSD. The rod length, below which 95 wt.% of the CNCs were 533 

found, decreased from 306.5 ± 7.3 nm to 231.8 ± 0.0 nm (−24%) from CNC-2 to 534 

CNC-40 (Figure 7b). The concurrent change in shape of clusters was quantifiable 535 

by the shape factor, which is represented by the ratio of the radius of gyration and 536 

the hydrodynamic radius, 𝑟𝑔𝑟ℎ−1, that is shown in Figure 8. The mass-related 537 

large portion of CNCs with lengths of 130–270 nm had shape factors ranging 538 

from 1.0–1.1, which increased toward shorter lengths. This substantiates the 539 

observation of Chen et al. (2020) that the number of dimers and clusters decreases 540 

toward shorter retention times, which increases the effective 𝐿-𝑑 ratio and, 541 

consequently, the shape factor increases.a The shape factors of the fractions 542 

outside of this length range were notably increased. With reference to the MALS 543 

and UV density distributions, note that these particular fractions only represented 544 

<4 wt.% of each particle collective. Complementary to the decrease of the shape 545 

                                                 

a 𝑟𝑔𝑟ℎ-1 of rod-like nanostructures is ~2, while hard and soft spheres have shape factors of 0.778 

and 0.977, respectively (Brewer and Striegel (2009). 
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factor with increasing particle length ranging between 130 and 270 nm, a minor 546 

shift toward lower shape factors was observed with increasing ultrasound energy 547 

input. The notable decrease of the shape factor for CNC-40 at rod lengths > 270 548 

nm only constituted 1 wt.% of the particle collective. 549 

 550 

Figure 8: The shape factor of CNC suspensions as a function of rod length 551 

The overall shift of the CNC lengths with increasing ultrasound energy density, 552 

toward smaller values, and the concurrent narrowing of the PSD is shown in the 553 

cumulative mass-weighted length distribution plot in Figure 9a. Equally, the rod 554 

length at 𝐼𝑚𝑎𝑥 decreased, which is shown in Figure 9b for arbitrary particle 555 

diameters along with the size-related definition of CNCs, according to ISO/TS 556 

20477 (ISO 2017b).b The resolution limit of our set-up (87 nm) is indicated by the 557 

vertical solid line in the figure. Provided that singles are infrangible, the 558 

dispersion of dimers can occur laterally, axially, or in a mixed form, depending on 559 

the arrangement of the nanostructure (Figure 3Error! Reference source not 560 

found.). When laterally agglomerated dimers are dispersed the length is merely 561 

altered, whereas the diameter remains consistent when axially agglomerated 562 

dimers are dispersed. Figuratively translated to Figure 9b, dispersion of laterally 563 

agglomerated dimers causes a vertical upward shift—the diameter decreases and 564 

the 𝐿-𝑑 ratio increases. In contrast, dispersion of axially agglomerated dimers 565 

induces a diagonal downshift parallel to the dashed lines, which represent the 566 

particle diameter—length and 𝐿-𝑑 ratio decrease. Similar considerations are 567 

                                                 

b CNCs are defined as individual nano-objects with a diameter of 3–50 nm and a 𝐿-𝑑 ratio of 5–50. 
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applicable to the dispersion of clusters that have intrinsically higher 𝐿-𝑑 ratios 568 

than dimers (Figure 8).  569 

In summary, extensive ultrasonication of CNC suspensions caused a progressive 570 

shift of the length distribution to shorter particle lengths and a concurrent 571 

narrowing of the distribution. Shorter CNCs had higher shape factors and, hence, 572 

lower diameters at similar length. Therefore, ultrasonication facilitated CNC 573 

individualization by dispersing both laterally and axially agglomerated 574 

nanostructures. 575 

 576 

Figure 9 (a) Cumulative mass-weighted length distribution of CNCs at different ultrasonication 577 

energy densities and (b) rod lengths at 𝐼𝑚𝑎𝑥 . The diagrams comprise the confinements of CNCs, 578 

according to ISO/TS 20477 (2017b), which describes them as nano-objects with diameters of 3–579 

50 nm (dashed lines) and aspect ratios of 5–50 (vertical axis). 580 
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Surface charge and colloidal stability of ultrasonicated CNCs 581 

Conductivity of CNC suspensions and surface charge density of CNCs 582 

The electrical conductivity of the CNC stock suspension was measured in parallel 583 

to its incremental ultrasonication. The sample CNC-2 had a conductivity of 190.2 584 

± 0.2 µS cm−1. The conductivity increased, following a power law, to 254.8 ± 0.9 585 

µS cm−1 (34%) for CNC-40 (Figure 10a). The background conductivity of water 586 

was 0.07 ± 0.01 µS cm−1. An increase of 𝜎 with increasing ultrasound energy 587 

density may have been attributed to the elevated diffusion coefficient of smaller 588 

particles and, in accordance with Figure 2Error! Reference source not found., 589 

the contribution of previously obscured surface charges in clusters, charged 590 

moieties that were released from the solvation shells of the particles, and 591 

potentially detached sulfate half-esters due to de-sulfation. For further insight into 592 

the origin of the increased electrical conductivity, each aliquot was treated with 593 

ion-exchange resins to scavenge free ions from the suspensions. Subsequently, the 594 

sulfate half-ester density of all samples was determined by conductometric 595 

titration (Figure 10b). With increasing ultrasound energy density, an increase of 596 

the apparent sulfate half-ester density with power-law behavior, from 209 ± 3 597 

mmol kg−1 CNC for CNC-2 to 285 ± 7 mmol kg−1 CNC for CNC-40 (36%), was 598 

observed. In the same interval, 𝑐𝑆 increased from 233 ± 4 mmol kg−1 CNC to 336 599 

± 8 mmol kg−1 CNC (44%) for ion-exchange resin-treated CNC suspensions. The 600 

mean apparent sulfate half-ester density of resin-treated suspensions was elevated 601 

overall by 16 ± 2% compared to untreated suspensions. All measured values were 602 

in the range of commonly reported surface group densities for sulfated CNCs 603 

from cotton α-cellulose, ranging from 80–350 mmol kg−1 CNC (Abitbol et al. 604 

2013, Cherhal et al. 2015, Reid et al. 2017). 605 
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 606 

Figure 10: (a) Electrical conductivity of 1 wt.% CNC at different stages of ultrasound treatment 607 

and (b) the corresponding surface sulfate charge of colloidal CNCs, along with ion-exchange 608 

resin-treated CNC suspensions at equal stages of ultrasonication 609 

Each resin-treated CNC suspension was then separated with AF4 and analyzed by 610 

MALS and UV under equal measurement conditions as those for non-treated 611 

suspensions discussed earlier. No loss of sample mass was observed and 612 

congruent particle length distributions of non-treated and resin-treated CNC 613 

suspensions at each stage of ultrasonication implied that no adsorption of CNCs to 614 

the ion-exchange resin occurred (Supporting Information Figure S3). 615 

Furthermore, the hydrodynamic particle radius remained constant and, therefore, 616 

the shape factors were unaltered. In accordance with Abitbol et al. (2013) and 617 

Beck et al. (2015), it was concluded that the treatment of suspensions with ion-618 

exchange resins promoted protonation of CNCs. Concurrently, constant 619 

hydrodynamic CNC properties suggested that no release of ionic species from the 620 

solvation shell or the particle surface occurred. Thus, the increase of both the 621 

electrical conductivity of the suspension and the increase of the apparent sulfate 622 

half-ester density with increasing ultrasound energy density was attributable to 623 

faster diffusion of smaller particles and exposure of surface charges, which were 624 

previously obscured in clusters (Girard et al. 2021). 625 

Colloidal stability 626 

Anionic surface sulfate groups on CNCs provide colloidal stability in aqueous 627 

suspensions by electrostatic particle repulsion. Their concentration is an important 628 

parameter for the manufacture of advanced materials with predictable and 629 
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homogeneous properties. However, the concentration of surface sulfate half-esters 630 

provides no insight into colloidal stability and, instead, zeta potential 631 

measurements are employed (Foster et al. 2018). Herein, neither ultrasonication 632 

nor treatment with ion-exchange resins had significant effect on colloidal stability 633 

in terms of the zeta potential. The zeta potentials of CNCs treated with 2 and 40 634 

kJ g−1 CNC, determined by ELS for the full particle collective and by EAF4 at 635 𝐼𝑚𝑎𝑥, are shown in Table 3. All values were in the common range of −50 to −20 636 

mV of sulfated CNCs (Foster et al. 2018). The elevated zeta potential of CNC-40-637 

R was in the same stability regime as the other samples and all values indicated 638 

moderate colloidal stability (Kumar and Dixit 2017). 639 

Table 3: Zeta potential of colloidal CNCs ultrasonicated at 2 and 40 kJ g−1 CNC 640 

 2 kJ g−1 CNC  40 kJ g−1 CNC 

 𝜁 from ELS (off-line)  𝜁 at 𝐼𝑚𝑎𝑥  from EAF4 (on-line) 

 mV  mV 

Untreated −31.4 ± 1.8  −29.1 ± 4.9  −27.5 ± 5.1 

Resin-treated −35.8 ± 2.7  −27.1 ± 4.9  −36.8 ± 2.8 

Stability of ultrasonicated CNC suspensions 641 

All samples were hermetically sealed in glass vials and then conditioned at 4 °C 642 

under exclusion of light for six months. AF4-MALS-UV was subsequently 643 

applied to determine the long-term stability of ultrasonicated CNC suspensions. A 644 

comparison of the cumulative mass-weighted length distributions of colloidal 645 

CNCs, before and after conditioning, is shown in Figure 11 for different extents 646 

of ultrasonication. Overall, no significant change of particle length distribution 647 

was observed. The mass-weighted particle fractions with lengths <87 nm changed 648 

by ± 1 wt.% (Supporting Information Figure S4) after six months and 𝐿 at 𝐼𝑚𝑎𝑥 649 

shifted to larger values by less than 2% for all samples. Concurrently, marginal 650 

broadening of the PSD, in terms of the 𝐹𝑊𝐻𝑀, was noticeable. Figure 12 shows 651 

the related shape factors before and after conditioning. Generally, all samples 652 

exhibited lower shape factors after six months while the decline of 𝑟𝑔𝑟ℎ−1 was 653 

mitigated with increasing ultrasound energy density. In accordance with literature, 654 

CNCs are inferred to be susceptible to lateral agglomeration (Chen et al. 2020); 655 

however, extensive ultrasonication provided improved long-term stability. 656 
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 657 

Figure 11: Comparison of the cumulative mass-weighted length distributions of colloidal CNCs 658 

ultrasonicated at energy densities of (a) 2 kJ g−1 CNC, (b) 10 kJ g−1 CNC, (c) 20 kJ g−1 CNC, and 659 

(d) 40 kJ g−1 CNC before and after storage for six months 660 

 661 

Figure 12: Comparison of the shape factors of colloidal CNCs ultrasonicated at energy densities 662 

of (a) 2 kJ g−1 CNC, (b) 10 kJ g−1 CNC, (c) 20 kJ g−1 CNC, and (d) 40 kJ g−1 CNC before and after 663 

storage for six months 664 

Conclusions and outlook 665 

This work presents, in detail, the effect of ultrasonication on the size distribution 666 

of colloidal CNCs from cotton α-cellulose in aqueous suspensions. We applied 667 

AF4 with on-line coupled MALS and UV to analyze the particle dimensions in 668 

their native colloidal state. Furthermore, conductometric titration, EAF4, and ELS 669 

were applied to assess the surface charge density and the colloidal stability of 670 

ultrasonicated CNCs. 671 

The results confirm that ultrasonication causes a decrease of mean particle length, 672 

along with a narrowing of particle length distribution. Increasing shape factors at 673 

shorter particle lengths indicate ultrasound-induced dispersion of dimers and 674 

clusters. The process conditions applied during ultrasound treatment did not cause 675 

liberation of ionic species from solvation shells of the particles and no de-676 

sulfation was detected. Nevertheless, ultrasonication elevated the apparent sulfate 677 

half-ester density, which was attributed to a higher surface area by dispersion of 678 

clusters. Concurrently, colloidal stability remained constant throughout the 679 

experimental series. The stability of ultrasonicated CNC suspensions was assessed 680 

after conditioning the particles for six months in a benign environment. The 681 
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impact of ultrasonication on PSD was found to be more lasting for high 682 

ultrasound energy densities, whereas CNCs ultrasonicated at low energy inputs 683 

form lateral agglomerates over the course of six months. 684 

Ongoing endeavors directed at the commercialization of CNCs require 685 

comprehension and standardization of unit operations during CNC processing, as 686 

well as the implementation of consistent, reliable, and accurate characterization 687 

methods. In this context, our work addressed targeted ultrasonication of CNC 688 

suspensions to facilitate production of colloidally stable CNCs with narrow PSD 689 

and, thus, predictive and uniform properties. In addition, multi-detector AF4 690 

enables qualitative and quantitative characterization of CNCs in their native state. 691 

Future work on ultrasonication of CNC suspension should address the combined 692 

effect of further process conditions—such as particle concentration, frequency, 693 

and amplitude—on size, colloidal stability, and the crystallinity index of CNCs. 694 

While our work suggests that no morphological degradation of CNCs occurs, 695 

Shojaeiarani et al. (2020) reported a notable decrease of crystallinity index by 696 

extensive ultrasonication. Therefore, investigating the structural impact of 697 

ultrasound treatment on CNCs is necessary to facilitate its targeted adaption to 698 

their required performance in advanced materials. Issues raised by our work that 699 

require further investigation involve size-related characterization of particle 700 

fractions with radii of gyration 𝑟𝑔 <25 nm via imaging techniques and the 701 

evaluation of agglomeration kinetics of protonated CNCs at different extents of 702 

ultrasonication. 703 

Supporting Information 704 

Validation of AF4 set-up, evolution of maximal MALS intensity, effect of CNC 705 

treatment with ion-exchange resins, and fractograms after CNC conditioning for 706 

six months. 707 
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Figures

Figure 1

Longitudinal section of an EAF4 channel (reprinted with permission of Postnova Analytics GmbH)



Figure 2

Effects potentially involved in the ultrasound treatment of colloidal CNCs

Figure 3

Classi�cation of CNCs, based on the work of Chen et al. (2020)

Figure 4

Fractograms of CNC suspensions ultrasonicated at different energy densities ranging from 2–40 kJ g−1
CNC. (a) MALS density distributions and radii of gyration are represented by solid lines and �lled points,
respectively. Radii of gyration are displayed for retention times higher than 10.6 min (dashed vertical
lines). (b) UV density distributions (dashed lines) are slightly left-shifted with regard to the MALS density
distributions



Figure 5

(a) Evolution of peak maximum (left vertical axis) and FWHM (right vertical axis) of the MALS signal as a
function of ultrasonication energy density and (b) the respective relationship of FWHM and peak
maximum



Figure 6

Rod length L at I_max, from AF4-MALS, and hydrodynamic diameter d_h, from off-line DLS, decrease
logarithmically with increasing ultrasound energy. r_g and L at I_max are linearly proportional, according
to equation (2)



Figure 7

(a) Cumulative mass fraction at retention times <10.6 min, derived from UV signal, and (b) rod lengths
when 50 wt.% and 95 wt.% of CNCs are shorter than this value



Figure 8

The shape factor of CNC suspensions as a function of rod length



Figure 9

(a) Cumulative mass-weighted length distribution of CNCs at different ultrasonication energy densities
and (b) rod lengths at I_max. The diagrams comprise the con�nements of CNCs, according to ISO/TS
20477 (2017b), which describes them as nano-objects with diameters of 3–50 nm (dashed lines) and
aspect ratios of 5–50 (vertical axis).



Figure 10

(a) Electrical conductivity of 1 wt.% CNC at different stages of ultrasound treatment and (b) the
corresponding surface sulfate charge of colloidal CNCs, along with ion-exchange resin-treated CNC
suspensions at equal stages of ultrasonication

Figure 11

Comparison of the cumulative mass-weighted length distributions of colloidal CNCs ultrasonicated at
energy densities of (a) 2 kJ g−1 CNC, (b) 10 kJ g−1 CNC, (c) 20 kJ g−1 CNC, and (d) 40 kJ g−1 CNC
before and after storage for six months



Figure 12

Comparison of the shape factors of colloidal CNCs ultrasonicated at energy densities of (a) 2 kJ g−1
CNC, (b) 10 kJ g−1 CNC, (c) 20 kJ g−1 CNC, and (d) 40 kJ g−1 CNC before and after storage for six
months
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