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Abstract Cellulose nanocrystals (CNCs) are bio-
based building blocks for sustainable advanced mate-
rials with prospective applications in polymer com-
posites, emulsions, electronics, sensors, and
biomedical devices. However, their high surface
area-to-volume ratio promotes agglomeration, which
restrains their performance in size-driven applications,
thereby hindering commercial CNC utilization. In this
regard, ultrasonication is commonly applied to dis-
perse CNCs in colloidal suspensions; however, ultra-
sonication methodology is not yet standardized and
knowledge of the effects of ultrasound treatments on
CNC size distribution is scarce. The major goals of
this study were attributed to targeted breakage of CNC
agglomerates and clusters by ultrasound. The evolu-
tion of particle size distribution and potential de-
sulfation by ultrasonication as well as the long-term
stability of ultrasonicated CNC suspensions were
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investigated. Colloidal suspensions of sulfated CNCs
were isolated from cotton o-cellulose. Effects of
ultrasonication on particle size distribution were
determined by asymmetrical flow field-flow fraction-
ation (AF4) coupled with on-line multi-angle light
scattering and ultraviolet spectroscopy. These results
were complemented with off-line dynamic light
scattering. High ultrasound energy densities facilitated
cumulative dispersion of CNC clusters. Consequently,
the mean rod length decreased logarithmically from
178.1 nm at an ultrasound energy input of 2 kJ g~
CNC to 141.7nm (— 20%) at 40 kJ g~' CNC.
Likewise, the hydrodynamic diameter of the particle
collective decreased logarithmically from 94.5 to
73.5 nm (— 22%) in the same processing window.
While the rod length, below which 95 wt% of the
CNCs were found, decreased from 306.5 to 231.8 nm
(— 24%) from 2 to 40 kJ g~' CNC, the shape factor of
the main particle fraction ranged from 1.0 to 1.1,
which indicated a decreasing number of dimers and
clusters in the particle collective. In summary,
progressing ultrasonication caused a shift of the
particle length distribution to shorter particle lengths
and simultaneously induced narrowing of the distri-
bution. The suspension’s electrical conductivity con-
currently increased, which has been attributed to faster
diffusion of smaller particles and exposure of previ-
ously obscured surface charges. Colloidal stability,
investigated through electrical AF4 and elec-
trophoretic light scattering, was not affected by
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ultrasonication and, therefore, indicates no de-sulfa-
tion by the applied ultrasound treatment. Occurrence
of minor CNC agglomeration at low ultrasound energy
densities over the course of 6 months suggest the
effect was not unmitigatedly permanent.

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

Introduction

Cellulose nanocrystals (CNCs) have attracted sub-
stantial attention in academia and industry over the
past decade. They are considered, through extensive
review, to be renewable, biodegradable, and non-toxic
high-performance building blocks for numerous
potential commercial applications (Habibi et al.
2010; Moon et al. 2011; Abitbol et al. 2016; Vander-
fleet and Cranston 2020). CNCs were initially isolated
by Nickerson and Habrle (1947) and Ranby and Ribi
(1950) from cotton cellulose via acid-catalyzed
heterogeneous hydrolysis. Over the years, numerous
manufacturing methods were developed (Brinchi et al.
2013; Jonoobi et al. 2015; Reid et al. 2017; Trache
et al. 2017) and a number of natural cellulose sources
have been successfully employed (Trache et al. 2017).
To date, however, both academia and industry have
focused on isolation of CNCs via acid-catalyzed
hydrolysis of cotton or wood. The mostly crystalline
nanoparticles that remain after heterogeneous hydrol-
ysis—the CNCs—can be approximated as cylindrical,
semi-crystalline rods with diameters ranging between
3 and 50 nm and aspect ratios of 5 to 50 (Souza Lima
et al. 2003, ISO 2017b, Lin et al. 2019). Besides chain
cleavage, hydrolysis of cellulose with sulfuric acid
facilitates sulfation by esterification of some of the
hydroxy sites of CNCs (R-OSO;7). The introduced
electrical surface charge promotes colloidal stability
in polar media due to electrostatic interparticle
repulsion.

When the desired extent of hydrolysis of cellulose
is approached during CNC production, the reactant
solution—now containing CNCs, acid, and byprod-
ucts—is quenched with water. Its high ionic strength
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causes agglomeration of CNCs (Phan-Xuan et al.
2016; Metzger et al. 2020). Peptization and the
formation of a stable colloidal suspension is achieved
by separating CNCs from acid and byproducts via
sedimentation and filtration (Marchessault et al. 1961
Rudie 2017; Gicquel et al. 2019). Purified suspensions
are considered long-term stable, however, CNCs tend
to form lateral agglomerates and clusters of multiple
nanocrystals due to strong interparticle hydrogen
bonds (Marchessault et al. 1961; Chen et al. 2020).
Further mechanical treatment, such as ultrasonication,
is therefore needed to individualize the nanoparticles
(Revol et al. 1994; Dong et al. 1998; ISO 2018a). The
apparent particle size decreases with increasing
energy input as a result of ultrasound treatment
(Marchessault et al. 1961; Dong et al. 1998; Jakubek
et al. 2018; Mazloumi et al. 2018; Shojaeiarani et al.
2020). For example, Brinkmann et al. (2016) observed
a bi-exponential decrease of hydrodynamic apparent
particle diameter with increasing ultrasound energy.
The applied power (transferred energy per unit time)
predominates the effect on particle size rather than
absolute energy input or treatment time (Beuguel et al.
2018; Shojaeiarani et al. 2020). The overall impact of
ultrasound treatment on particle size distribution
(PSD) is assumed to be permanent and cumulative
when there is no change of state; for example, through
precipitation or drying (Beck et al. 2011, 2012).
Typically, brief ultrasonication at an energy density,
eys, of ~ 2kJ g~! CNC is sufficient to disperse
agglomerated CNCs (Dong et al. 1998; Beck et al.
2012). However, a more recent study suggests that an
eys of 10 kI g=' CNC is required to disperse CNCs
without any remaining large agglomerates (Beuguel
et al. 2018).

To the best of our knowledge, no studies have
reported treatment of CNCs with high-frequency
ultrasound. In this respect, note that high-frequency
ultrasound irradiation of cellulose in water can cause
homolytic fission of water and subsequent radical
depolymerization of cellulose by scission of glyco-
sidic bonds and by delamination due to hydrogen bond
cleavage (Haouache et al. 2020). In contrast, low-
frequency ultrasonic laboratory baths are not suffi-
ciently powerful to individualize CNCs (Beck et al.
2012). On a related note, Beck et al. (2011) showed
that the use of conventional ultrasound homogenizers
with a frequency of 20 kHz and a power of up to
130 W facilitates CNC individualization. These
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process parameters reportedly do not cause breakage
of covalent bonds between CNCs and sulfate half-
esters—provided that thermal energy, converted from
ultrasound energy, is dissipated during the treatment.
The reaction rate of autocatalyzed de-sulfation by
proton counterions associated with sulfate half-esters
significantly increases with temperature (Dong and
Gray 1997; Jiang et al. 2010; Beck and Bouchard
2014). In this regard, however, Dong et al. (1998)
observed only an insignificant increase of sulfate half-
ester density on CNC surfaces when temperature was
maintained constant, just above 0 °C, during ultra-
sonication. This increase could be attributed to the
gained free surface through particle individualization
(Girard et al. 2021). Girard et al. (2021) further noted
that geometric and volumetric effects during ultrason-
ication must be considered and suggested an ultrason-
ication protocol for improved dispersion efficiency
based on a numerical approach.

Common methods for determining CNC size and
morphology—or for monitoring changes in PSD—are
dynamic light scattering (DLS), atomic force micro-
scopy (AFM), and transmission electron microscopy
(TEM) (Foster et al. 2018). These methods are usually
performed off-line and come with considerable lim-
itations. Particle sizing by DLS is performed under the
assumption that the sample comprises particles having
a single, constant rate of diffusion. Rod-like nanopar-
ticles like CNCs, however, have different translational
diffusion constants parallel and perpendicular to the
particle axis (Souza Lima et al. 2003). Thus, the
hydrodynamic apparent particle size obtained from
DLS cannot be directly correlated to actual particle
size. Furthermore, as an intensity-based method, DLS
results may be dominated by the presence of agglom-
erates and particle clusters (Chen et al. 2020).
Regardless, DLS is an established semi-quantitative
method for analyzing dispersed, rod-like CNCs (Fras-
chini et al. 2014; Foster et al. 2018). Imaging
techniques, such as AFM and TEM, enable the full
quantitative description of CNC size and morphology.
However, both techniques are preparatorily challeng-
ing and require sufficiently large data sets to ade-
quately describe PSD (Jakubek et al. 2018; Campano
et al. 2021). Native size and morphology of CNCs in a
liquid suspension may significantly differ from the dry
CNC:s required for AFM and TEM (Guan et al. 2012).
Furthermore, TEM imaging commonly involves neg-
ative staining of CNCs with uranyl acetate, which

favors lateral particle agglomeration and generates
radioactive waste (Kaushik et al. 2014). Jakubek et al.
(2018) therefore suggested the use of asymmetrical
flow field-flow fractionation (AF4) for the analysis of a
full distribution of dispersed CNCs (Supporting
Information, Fig. S1). Among the field-flow fraction-
ation techniques, which are subdivided by the applied
separation force, AF4 is the most prominent sub-
technique (Contado 2017; Drexel et al. 2020a, b).

Guan et al. (2012) were the first to apply AF4 in
combination with multi-angle light scattering (MALS)
to investigate the separation of CNCs. They estab-
lished a rod-like form factor and found that the length
distribution of CNCs calculated from MALS data
agrees well with the length from TEM analyses of
early eluting fractions. Espinosa et al. (2017) and
Ruiz-Palomero et al. (2017) used AF4-MALS for
qualitative detection of CNCs and correlated their
results with DLS. While Espinosa et al. (2017)
demonstrated the ability to display small particle
fractions that were not resolvable with DLS, Ruiz-
Palomero et al. (2017) used AF4-MALS for detecting
CNC:s extracted from consumer goods. More recently,
Mukherjee and Hackley (2018) focused on the
improvement of AF4, in combination with MALS
and differential refractometry (dRI), for size-based
separation and on-line characterization of CNCs.
However, their calculated mean rod length of
146 nm differed from reported mean lengths of the
same CNC sample calculated from TEM images
(87 nm) and AFM images (76 nm) by Jakubek et al.
(2018). In this regard, Chen et al. (2020) focused on
surface imaging analysis of single CNC fractions
previously separated and analyzed using multi-detec-
tor AF4. While early eluting fractions contained
mostly individual CNCs, they predominantly detected
clustered CNCs at higher retention times—even
though the suspension was ultrasonicated at 5 kJ g~
CNC beforehand.

Thus far, only a handful of studies have applied
AF4 to CNCs. These are summarized in Supporting
Information, Table S1 and validate multi-detector AF4
for semi-quantitative and quantitative analysis of CNC
suspensions. It is reported that, even in ultrasonicated
and stable CNC suspensions, a considerable particle
fraction exists in the agglomerated state, which
implies a broad PSD. However, a narrow PSD of
CNCs facilitates better dispersibility and reinforce-
ment capacity in polymer matrices (Chen et al. 2020;
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Shojaeiarani et al. 2020), promotes tailoring of self-
assembly properties in the liquid crystalline phase and
in chiral nematic films (Dong et al. 1998; Beck et al.
2011; Gicquel et al. 2019), and enables control over
the viscosity of CNC suspensions (Shafiei-Sabet et al.
2012; Beuguel et al. 2018; Gicquel et al. 2019).
Furthermore, a narrower PSD may be useful in
nanotoxicological studies (Roman 2015; Shatkin and
Kim 2015) and for in-line detection of CNCs and
monitoring their PSD in complex environments
(Foster et al. 2018).

The aforementioned studies on the impact of
ultrasonication on CNC suspensions showed that the
ultrasound treatment facilitates dispersion of clusters
and narrowing of the PSD. However, while assessing
their state of agglomeration with DLS, AFM, and
TEM is qualitatively feasible, this comes with above-
mentioned shortcomings. In this context, our primary
objective was the targeted dispersion of CNC clusters
by ultrasonication and the investigation of its impact
on the full distribution of species via multi-detector
AF4 and off-line techniques. Anticipated effects of
ultrasonication on colloidal CNCs are summarized in
Fig. 1.

Our hypotheses were based on reported literature
that (1) ultrasonication induces breakage of agglom-
erates and clusters. An increase of the applied
ultrasound energy density is generally associated with
a cumulative reduction of cluster size and, thus, a
decrease of mean particle size (Fig. 1a). This may go
unnoticed with commonly applied off-line imaging
techniques, such as AFM and TEM, because laterally
cohering CNCs may fabricate similar particle lengths
and diameters compared to individual particles in the
initial suspension. Therefore, it does not necessarily
significantly change the apparent PSD of a sample
(Jakubek et al. 2018). However, surface charges
obscured inside the clusters contribute to the net
charge after ultrasonication (Girard et al. 2021).
Moreover, (2) CNC ultrasonication in water may
induce the release of charged moieties from the bound-
water surface layer of CNCs (Fig. 1b) (Bouchard et al.
2016; Beuguel et al. 2018). In this context, Beck et al.
(2011) and Bouchard et al. (2016) attributed the effect
of ultrasonication on rheological and self-assembly
properties of CNC suspensions mainly to a change of
electrostatic particle interactions. No de-sulfation has
been reported during ultrasonication of sulfated, Na™-
exchanged CNCs at room temperature and ultrasound
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energy density of 10 kJ g~' CNC (Beuguel et al.
2018). We, however, investigated the effect of ultra-
sonication on protonated CNCs for which autocat-
alyzed de-sulfation has already been reported at low
temperatures (Fig. 1c) (Jiang et al. 2010; Beck and
Bouchard 2014). Samples were, therefore, kept at 2 °C
during all ultrasonication experiments to mitigate
potential ~ de-sulfation; nevertheless, ultrasound
induces cavitation and local temperature peaks occur.
Furthermore, (3) deagglomeration by ultrasonication
is permanent and cumulative when there is no change
of state (Beck et al. 2011, 2012).

Expanded understanding of the impact of ultrason-
ication on CNC suspensions provides potential for
tailoring the PSD of CNCs through breakage of
particle clusters. This is also emphasized by the
ongoing development of technical specification ISO/
TC 229—PWI 23151 (ISO 2018a), which addresses
ultrasound-assisted deagglomeration of redispersed
sulfated CNCs.

Materials and methods
Materials

Whatman ashless filter aids (cotton a-cellulose) were
purchased from Sigma-Aldrich (Taufkirchen, Ger-
many). Sulfuric acid (H,SO4, 96%) was used for
preparing CNCs and was purchased from Carl Roth
(Karlsruhe, Germany). The isolation of CNCs was
performed under nitrogen atmosphere (N,, 99.8%,
Linde, Pullach, Germany). Sodium chloride (NaCl,
99.5%) and sodium hydroxide (NaOH (aq), 2 mM),
required for conductometric titration, were purchased
from Carl Roth. Protonated strong acid cation ion-
exchange resin (SAC; Dowex Marathon C) and
Amberlite MB6113 HY OH™ mixed bed ion-exchange
resin (MB) were purchased from Sigma-Aldrich and
thoroughly rinsed with water before use. Syringe
filters with hydrophilic polyethersulfone (PES) mem-
branes and a pore size of 0.45 pm (CHROMAFIL Xtra
PES) and hydrophilic glass fiber membranes with a
pore size of 1 um (CHROMAFIL Xtra GF) were
purchased from Macherey—Nagel (Diiren, Germany)
and used for filtration of CNC suspensions. Sodium
chloride (NaCl, 99.5%, Avantor Performance Materi-
als, Gliwice, Poland) was diluted to 1 mM and used as
the eluent in AF4 for CNC fractionation. All eluents
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Fig. 1 Effects potentially involved in the ultrasound treatment of colloidal CNCs

were filtered by vacuum using a membrane filter with a
pore size of 0.1 pm (Durapore, Merck, Tullagreen,
Ireland).

All chemicals were used in their as-received state.
Ultrapure (type 1) water (H,O) with a resistivity of
182 MQ cm (Milli-Q Direct 8 system, Merck
Chemicals, Schwalbach, Germany) was used to pre-
pare solutions for all experiments.

Preparation of CNCs

Colloidal suspensions of sulfated CNCs were prepared
through the heterogeneous hydrolysis of cellulose with
sulfuric acid, based on the method of Cranston and
Gray (2006) and Metzger et al. (2020). Cotton
cellulose was dried at 105 °C for 30 min to remove
adsorbed water. Meanwhile, 96 wt% sulfuric acid was
diluted to 64.2 wt% with water and pre-heated to
45 °C in a stirred tank reactor equipped with an
anchor-type stirrer (Atlas, Syrris, Royston, UK). The
dried cellulose was then added in at a mass-mixing
ratio of 10 mu,s0,Mm_},1.s With the weighed portions
of sulfuric acid, mpy,so,, and cellulose, Mcejuiose; the
reactant solution was stirred constantly at 200 rpm
under nitrogen atmosphere. The reaction was
quenched by ten-fold dilution with 4 °C water after

45 min and stirring was continued at 12 °C for
30 min.

Excess acid and soluble byproducts were decanted,
after leaving the precipitate to settle overnight. The
resultant cloudy suspension was washed by two-fold
centrifugation for 15 min at a relative centrifugal force
of 4250 x g (Centrifuge 5910 R, Eppendorf, Ham-
burg, Germany), followed by decanting and further
dilution with water. The precipitate was filled into
regenerated cellulose tubes with a molecular weight
cutoff of 12-14 kDa (ZelluTrans/ROTH T3, Carl
Roth, Karlsruhe, Germany) and remaining acid and
soluble byproducts were removed by dialysis against
running water (0.5 L h™') at 23 °C in a 7 L glass
reactor for 10 days. Agglomerates were broken via
ultrasonication using a homogenizer (Sonopuls
HD 3400 with the sonotrode VS 70 T, Bandelin,
Berlin, Germany) at a specific energy of 2 kJ g~!
cellulose and a power of 33.3 W in a cooled secondary
glass container at 2 °C. Incompletely hydrolyzed solid
cellulosic residues were then removed by centrifuga-
tion for 15 min at 4250 x g. The final stock suspen-
sion of never dried sulfated and protonated CNCs was
stored in a sealed container at 4 °C until further use.

@ Springer
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Ultrasound treatment of CNCs

The CNC stock suspension was diluted to a particle
concentration of 1 wt%. The abovementioned homog-
enizer was used for ultrasound treatment and the probe
was adjusted according to ISO/CD TS 23151 (2018a)
to ensure minimal bubbling and aerosoling. The
suspension was placed in a temperature-controlled
secondary glass container at 2 °C. The sample
temperature was constantly monitored and treatment
was paused when the temperature exceeded 4 °C. The
ultrasound power was set to 33.3 W. Aliquots were
extracted from the stock suspension at seven prespec-
ified energy inputs and the remaining suspension was
further treated until an energy input of 40 kJ g~' CNC
was reached (Supporting Information, Table S2).

Removal of ionic species by ion-exchange resins

Ultrasonicated aliquots were split and one respective
half was stored at 4 °C. Ionic species were then
removed from the other halves by successive batch
treatments with MB followed by SAC as suggested by
Abitbol et al. (2013). Resins were added in at a resin-
to-CNC mass ratio of eight and the aliquots were
continuously stirred for 24 h. After each treatment, the
aliquots were rinsed with water over a sieve and
filtered with 0.45 pm syringe filters before they were
stored at 4 °C. No loss of CNCs was assumed by using
microporous resins (Beck et al. 2015).

CNC morphology

Chen et al. (2020) separated sulfated, Na™-exchanged
CNCs from softwood pulp with AF4 and classified
them, with the help of imaging techniques, as singles,
dimers, and clusters. They predominantly detected
singles and dimers in early eluting fractions and the
relative proportion of clusters in the particle collective
increased toward later fractions. Herein, we assume
that sulfated, protonated CNCs from cotton are
composed of similar nano-objects and nanostructures
and refer to them according to the illustration in Fig. 2.

Sample naming
CNC suspensions are named here by the applied

ultrasound energy density. For example: CNC-2 for an
input of 2 kJ g~' CNC and CNC-40 for 40 kJ g~
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Fig.2 Classification of CNCs, based on the work of Chen et al.
(2020)

CNC. Aliquots treated with ion-exchange resins are
further denoted with a postposed “R”. For example:
CNC-2-R for CNC-2 treated with ion-exchange resin.

Fractionation of CNCs by AF4

Size-based fractionation of colloidal CNCs was per-
formed at 25 °C using an AF4 system (AF2000)
equipped with an autosampler (PN5300) and a channel
thermostat (PN4020). All experiments were moni-
tored using on-line coupled MALS and ultraviolet
spectroscopy (UV) detectors. The CNC suspensions
were filtered with 1 pm syringe filters and then diluted
to 0.04 wt%. Sample volumes of 20 pL. were injected
using 1 mM NaCl as the eluent. The applied separa-
tion parameters are shown in Table 1.

The planar separation channel (Supporting Infor-
mation, Fig. S1) had a tip-to-tip length of 277 mm and
was equipped with a Mylar spacer with a thickness of
350 um and a regenerated cellulose (RC) membrane
with a molecular weight cutoff of 10 kDa. Using the
slot outlet option of the AF4 channel (PN1650), the
eluting channel flow was split into a detector flow with
a CNC-enriched fraction at a flow rate of
0.30 mL min~" and a particle-free eluent fraction at
a flow rate of 0.20 mL minfl, which was discarded.
All instruments and consumables in this section that
were not mentioned in earlier sections were provided
by Postnova Analytics GmbH (Landsberg am Lech,
Germany).

Instrument measurements

Preliminary evaluations of CNC suspensions sepa-
rated with AF4 showed high repeatability and repro-
ducibility in accordance with the guidelines of ISO/TS
21362 (ISO 2018b). Thus, fractionation and related
measurements were replicated twice. All other
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Table 1 Separation parameters for AF4
Step Flow type and rate (mL min~!) 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

measurements were performed at least in triplicate and
are presented with the 95% confidence interval of the
mean.

Optical measurements

Multi-angle light scattering The scattered light inten-
sity of fractionated CNCs was detected under 19 active
angles ranging from 12° to 156° with an on-line
coupled MALS detector PN3621 (Postnova) at a
wavelength of 532 nm and a cell temperature of
35 °C. The angular-dependent scattering intensity
function, P(0), is given by

2 sin 4 2
P(0) = =Si(qL) — Z |, 1
(0) = 7 SilaL) ( r ) (1)

with scattering angle, 0; rod length, L; scattering
vector, ¢ = 4mng sin(4) /4; and sine integral function,
Si(gL) (van de Hulst 1958). ¢ includes the refractive
index of the eluent, n, and the incidental wavelength,
A. All data were normalized with respect to the signal
at an angle of 90°. Standard polystyrene beads with a
nominal size of 60 nm (NIST 2021) were fractionated
and used to normalize detectors at different angles
with respect to 90° to the radius of gyration, r,, as a
function of retention time by considering the angular-
dependent spherical scattering intensity function P(6)
(Supporting Information, Fig. S2). In accordance with
Mukherjee and Hackley (2018), a rod model was best
suited for fitting MALS data of fractionated CNCs.
Consequently, the relationship of r, and L for thin
rigid rods with a high L-d ratio, where d is the particle

diameter, can be approximated as (Stepto et al. 2015;
Mukherjee and Hackley 2018):

LZ
@:E ford < L (2)

The evaluation of r, was performed using the
NovaMALS software (Postnova Analytics GmbH
2020c). In addition, the hydrodynamic radius, 7y,
which depends on the translational diffusion coeffi-
cient of the CNCs, was derived from AF4 conditions,
such as cross flow rate, channel thickness, and channel
flow rate (Wahlund and Giddings 1987; Litzen and
Wahlund 1991). The effective channel height was
determined from the retention times of fractionated
standard polystyrene beads, with a nominal diameter
of 60 nm (NIST 2021). r, as a function of retention
time was evaluated using the NovaAnalysis software
(Postnova Analytics GmbH 2020a).

Ultraviolet spectroscopy An UV detector (PN3211,
Postnova) was coupled on-line with AF4 and absor-
bance was recorded at a wavelength of 254 nm. The
analyte recovery, Rec, was evaluated from the peak
area of the eluted sample, Ag, and the peak area of the
sample measured in absence of any separation field,
Ap, according to ISO/TS 21362 (ISO 2018b):

Rec(%) =25 100%. 3)
Ap
Zeta potential ( {) EAF4 (EAF2000, Postnova) was
used to determine the size-resolved electrophoretic
mobility and zeta potential ({) of colloidal CNCs on-
line. The same fractionation parameters as those for
the size-based fractionation experiment with AF4

@ Springer



10228

Cellulose (2021) 28:10221-10238

were applied (Table 1). Here, however, an amphiphilic
RC membrane (Postnova) with a molecular weight
cutoff of 10 kDa was used. The cross flow was
superimposed with an electrical field (PN2410), which
was controlled with the NovaFFF software (Postnova
Analytics GmbH 2020b). EAF4 data were evaluated
with the NovaAnalysis software (Postnova Analytics
GmbH 2020a).

Off-line zeta potential measurements were per-
formed with a Zetasizer Nano ZSP (Malvern Instru-
ments, Worcestershire, UK) in folded capillary cells
(DTS1070). CNC dispersions at a concentration of
0.25 wt% were analyzed after equilibration for 30 min
at 25 °C.

For both on-line and off-line measurements { is
calculated from the electrophoretic mobility assuming
Smoluchowski behavior with f(xr) = 1.5 for Henry’s
function, where x is the Debye length and r the particle
radius (Smoluchowski 1906).

Dynamic light scattering The hydrodynamic appar-
ent particle diameter, dj,, was determined off-line from
DLS using a Zetasizer Nano ZSP under a backscatter
detection angle of 173°. dj, and the dispersity, D, from
cumulants analysis was obtained according to ISO
22412 (ISO 2017a) for 0.04 wt% CNC suspensions
after equilibration for 3 min at 25 °C in disposable
polystyrene cuvettes (Stepto 2009).

Conductometric titration

The surface sulfate half-ester concentration, cg, of
colloidal CNCs was determined by conductometric
titration, as suggested by Beck et al. (2015). For the
electrical conductivity measurements, 5 mL of a 1
wt% CNC dispersion was diluted into 80 mL of water.
To elevate the electrical conductivity, o, to a measur-
able level, 1 mL of 0.1 M NaCl (aq) was added. The
titrant used was 2 mM NaOH (aq) in 0.2 mL incre-
ments under constant stirring. Stable conductivity
readings (Konduktometer 703 with the electrode
sensor SE 204, Knick, Berlin, Germany) were
recorded 30-60 s after each addition and plotted
against the amount of NaOH added. The equivalent
amount of NaOH, and, thus, the concentration of
accessible sulfate half-ester groups of the CNCs, was
calculated from the intersect of the least squares
regression lines of the two linear branches (R*> ~ 1) of
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the conductivity curve. All measurements were per-
formed at 25 °C.

Results and discussion
Size distributions of ultrasonicated CNCs
Effect of ultrasonication on size distribution

Suspensions of 1 wt% colloidal CNCs were ultrason-
icated with increasing energy densities ranging from 2
to 40 kJ g=' CNC. Each sample was then size
fractionated by AF4. The fractograms in Fig. 3a show
MALS intensities at 90° (solid lines) along with the
radii of gyration of three selected samples (filled
points). As shown in Fig. 3b, the UV absorbance
signals were slightly left-shifted in regard to the
MALS scattering intensity. All intensity distributions
followed lognormal behavior, in accordance with the
AF4 separation pattern, and had peaks, [, at
1R (Lnax)- tR(Inax) shifted to shorter retention times
with increasing ultrasound energy density, which is
equivalent to a shift to smaller particle sizes. Concur-
rent narrowing of the MALS scattering intensity
implied narrowing of the CNC size distribution.
Simultaneously, an exponential decrease of I,,,, with
increasing ultrasound energy was observed (Support-
ing Information, Fig. S3) and the mass-weighted
particle concentration, derived from the UV signal,
decreased by 25 wt% from CNC-2 to CNC-40. As all
samples were branched off from the same stock
solution with constant CNC concentration, the origin
of the apparent mass loss is ambiguous. Throughout all
AF4 experiments, the initial void peak remained at a
constant and insignificant level. Similarly, no signif-
icant field-off peak was observed during rinsing when
cross flow was zero, which therefore indicated incon-
siderable agglomeration during fractionation. Simul-
taneously, recoveries of 84-92% were achieved for all
samples while no dependence of Rec on eyg was
observable. Hence, only marginal particle adsorption
to or diffusion through the membrane occurred and
good separation performance was achieved, in accor-
dance with ISO/TS 21362 (ISO 2018b). No sedimen-
tation was observed for all samples over the course of
1 month and in contrast to UV spectroscopy, con-
formable count rates during off-line DLS measure-
ments implied no sample loss. The apparent mass loss
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Fig. 3 Fractograms of CNC suspensions ultrasonicated at
different energy densities ranging from 2 to 40 kJ g~' CNC.
a MALS scattering intensity distributions and radii of gyration
are represented by solid lines and filled points, respectively.

with increasing ultrasound energy input revealed by
the UV detector may result from an additional size and
shape-dependent scattering contribution of rod-like
CNCs and irregularly shaped clusters to the overall
UV absorbance signal (van de Hulst 1958). This may
lead to overestimation of the overall CNC concentra-
tion and, hence, UV spectroscopy is not suited to
evaluate the mass balance at varying ultrasound
energy input. Consequently, the comparability of
incremental size fractions decreases with increasing
retention time and quantification is only feasible for
early eluting fractions, wherein singles and dimers
predominate (Chen et al. 2020).

Figure 4a shows the shift of #g(1,4y), as well as the
narrowing of MALS intensity distributions, with
regard to their full widths at half maximum, FWHM,
in response to increasing ultrasound energy density.
Both had a linear interrelationship (Fig. 4b) and could
be individually approximated logarithmically.

Equivalent to the MALS peak shift in Fig. 4a, r, at
tr(Inax) and the associated decrease of rod lengths
with more extensive ultrasonication followed loga-
rithmic laws. A decrease in rg(Lax), from 51.4 £+ 0.5
t0 40.9 £ 0.2 nm (— 20%), was observed from CNC-
2 to CNC-40, and L decreased conformably, from
178.1 &£ 1.7 to 141.7 & 0.7 nm (Fig. 5). In the same
interval, the mean hydrodynamic apparent diameter of
the full particle collective, determined by off-line
DLS, decreased from 94.5 & 0.3 to 73.5 &= 0.4 nm

Radii of gyration are displayed for retention times higher than
10.6 min (dashed vertical lines). b UV absorbance signal
(dashed lines) are slightly left-shifted with regard to the MALS
scattering intensity

(— 22%). No statistically significant trend was found
for B, which ranged between moderate values of
0.155 £ 0.014 and 0.174 £ 0.013 for all samples
(ISO 2017a).

It is recognizable from Fig. 3 that in all CNC
suspensions notable sample fractions were eluted at
retention times earlier than 10.6 min, which, there-
fore, had an r, below 25 nm. The share of this
particular fraction, ¢ _ ¢ ¢min» Of the cumulative par-
ticle mass was quantified from the UV absorbance
signal (Fig. 3b); it increased from 1.0 & 0.3 to
5.3 £ 0.1 wt% from CNC-2 to CNC-40, following a
power law (Fig. 6a). Consequently, extensive ultra-
sonication caused progressive dispersion of dimers
and clusters and the amount of CNCs with lengths <
87 nm increased. It is unclear whether this fraction
was only comprised of individual CNCs. Reported
mean particle lengths of CNCs from cotton a-cellulose
are typically in the range of 100-250 nm and may vary
with hydrolysis severity (Araki et al. 2001; Beck-
Candanedo et al. 2005; Wang et al. 2012; Boluk and
Danumah 2014). Other groups who have analyzed
size-fractionated CNC suspensions by MALS in
combination with imaging techniques have also not
identified particle fractions with lengths < 80 nm
(Guan et al. 2012; Mukherjee and Hackley 2018;
Chen et al. 2020). However, all of those studies have
only applied a maximal ultrasound density of 5 kJ g~
CNC. Therefore, extensive ultrasonication may induce
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a progressing release of not fully immobilized

oligosaccharides that were previously trapped in the
solvation shells of the particles (Bouchard et al. 2016)
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or debris from formerly fringed polymer chains that
seceded from the bulk particles (Kontturi 2018).
Furthermore, acid-catalyzed hydrolysis of cellulose
in combination with ultrasonication reportedly
enables the production of spherical cellulose nano-
objects with diameters down to 10 nm (Wang et al.
2007, 2008; Zianor Azrina et al. 2017). Thus, cavita-
tion-induced temperature increase may have induced
progressing autocatalysis during ultrasonication of
protonated CNCs, facilitating their disintegration into
spherical fragments with radii of gyration < 25 nm.

Dispersion of clusters

The concurrently observed dispersion of large clusters
further manifested narrowing of PSD. The rod length,
below which 95 wt% of the CNCs were found,
decreased from 306.5 £ 7.3 to 231.8 &+ 0.0 nm
(— 24%) from CNC-2 to CNC-40 (Fig. 6b). The
concurrent change in shape of clusters was quantifi-
able by the shape factor, which is represented by the
ratio of the radius of gyration and the hydrodynamic
radius, rgrh’1 , that is shown in Fig. 7. The mass-related
large portion of CNCs with lengths of 130-270 nm
had shape factors ranging from 1.0 to 1.1, which
increased toward shorter lengths. This substantiates
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the observation of Chen et al. (2020) that the number
of dimers and clusters decreases toward shorter
retention times, which increases the effective L-d

ratio and, consequently, the shape factor increases.'
The shape factors of the fractions outside of this length
range were notably increased. With reference to the
MALS scattering intensity and the UV absorbance
signal, note that these particular fractions only repre-
sented < 4 wt% of each particle collective. Comple-
mentary to the decrease of the shape factor with
increasing particle length ranging between 130 and
270 nm, a minor shift toward lower shape factors was
observed with increasing ultrasound energy input. The
notable decrease of the shape factor for CNC-40 at rod
lengths > 270 nm only constituted 1 wt% of the
particle collective.

The overall shift of the CNC lengths with increas-
ing ultrasound energy density, toward smaller values,
and the concurrent narrowing of the PSD is shown in
the cumulative mass-weighted length distribution plot
in Fig. 8a. Equally, the rod length at 7,,, decreased,
which is shown in Fig. 8b for arbitrary particle
diameters along with the size-related definition of
CNCs, according to ISO/TS 20477 (ISO 2017b).” The

! rgr}, 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).

2 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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resolution limit of our set-up (87 nm) is indicated by
the vertical solid line in the figure. Provided that
singles are infrangible, the dispersion of dimers can
occur laterally, axially, or in a mixed form, depending
on the arrangement of the nanostructure (Fig. 2).
When laterally agglomerated dimers are dispersed the
length is merely altered, whereas the diameter remains
consistent when axially agglomerated dimers are
dispersed. Figuratively translated to Fig. 8b, disper-
sion of laterally agglomerated dimers causes a vertical
upward shift—the diameter decreases and the L-d ratio
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increases. In contrast, dispersion of axially agglomer-
ated dimers induces a diagonal downshift parallel to
the dashed lines, which represent the particle diame-
ter—length and L-d ratio decrease. Similar consider-
ations are applicable to the dispersion of clusters that
have intrinsically higher L-d ratios than dimers
(Fig. 7).

In summary, extensive ultrasonication of CNC
suspensions caused a progressive shift of the length
distribution to shorter particle lengths and a concurrent
narrowing of the distribution. Shorter CNCs had
higher shape factors and, hence, lower diameters at
similar length. Ultrasonication therefore facilitated
CNC individualization by dispersing laterally and
potentially present axially agglomerated nanostruc-
tures. Note that laterally agglomerated CNCs may not
be perfectly congruent and, hence, a single deagglom-
eration event can cause a decrease of both particle
length and particle diameter at the same time.
Analogously, Beck et al. (2012), Beuguel et al.
(2018), and Shojaeiarani et al. (2020) found that
ultrasound treatment of CNC suspensions induces
concurrent decrease of mean particle size and narrow-
ing of particle size distribution, which then involves a
reduction of the L-d ratio.

Surface charge and colloidal stability
of ultrasonicated CNCs

Conductivity of CNC suspensions and surface charge
density of CNCs

The electrical conductivity of the CNC stock suspen-
sion was measured in parallel to its incremental
ultrasonication. The sample CNC-2 had a conductivity
of 190.2 + 0.2 pS cm™ . The conductivity increased,
following a power law, to 254.8 + 0.9 pS cm™"' (34%)
for CNC-40 (Fig. 9a). The background conductivity of
water was 0.07 & 0.01 uS cm™". An increase of ¢ with
increasing ultrasound energy density may have been
attributed to the elevated diffusion coefficient of
smaller particles and, in accordance with Fig. 1, the
contribution of previously obscured surface charges in
clusters, charged moieties that were released from the
solvation shells of the particles, and potentially
detached sulfate half-esters due to de-sulfation. For
further insight into the origin of the increased electri-
cal conductivity, each aliquot was treated with ion-
exchange resins to scavenge free ions from the
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Fig. 9 a Electrical conductivity of 1 wt% CNC at different stages of ultrasound treatment and b the corresponding surface sulfate
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suspensions. Subsequently, the sulfate half-ester den-
sity of all samples was determined by conductometric
titration (Fig. 9b). With increasing ultrasound energy
density, an increase of the apparent sulfate half-ester
density ~ with  power-law  behavior, from
209 + 3 mmol kg~ CNC for CNC-2 to
285 + 7 mmol kgf1 CNC for CNC-40 (36%), was
observed. In the same interval, c¢g increased from
233 + 4 mmol kg™' CNC to 336 & 8 mmol kg™
CNC (44%) for ion-exchange resin-treated CNC
suspensions. The mean apparent sulfate half-ester
density of resin-treated suspensions was elevated
overall by 16 £ 2% compared to untreated suspen-
sions. All measured values were in the range of
commonly reported surface group densities for sul-
fated CNCs from cotton a-cellulose, ranging from 80
to 350 mmol kg{l CNC (Abitbol et al. 2013; Cherhal
et al. 2015; Reid et al. 2017).

Each resin-treated CNC suspension was then sep-
arated with AF4 and analyzed by MALS and UV
under equal measurement conditions as those for non-
treated suspensions discussed earlier. No loss of
sample mass was observed and congruent particle
length distributions of non-treated and resin-treated
CNC suspensions at each stage of ultrasonication
implied that no adsorption of CNCs to the ion-
exchange resin occurred (Supporting Information,

Fig. S4). Furthermore, the hydrodynamic particle
radius remained constant and, therefore, the shape
factors were unaltered. In accordance with Abitbol
et al. (2013) and Beck et al. (2015), it was concluded
that the treatment of suspensions with ion-exchange
resins promoted protonation of CNCs. Concurrently,
constant hydrodynamic CNC properties suggested that
no release of ionic species from the solvation shell or
the particle surface occurred. Thus, the increase of
both the electrical conductivity of the suspension and
the increase of the apparent sulfate half-ester density
with increasing ultrasound energy density was
attributable to faster diffusion of smaller particles
and exposure of surface charges, which were previ-
ously obscured in clusters (Girard et al. 2021).

Colloidal stability

Anionic surface sulfate groups on CNCs provide
colloidal stability in aqueous suspensions by electro-
static particle repulsion. Their concentration is an
important parameter for the manufacture of advanced
materials with predictable and homogeneous proper-
ties. However, the concentration of surface sulfate
half-esters provides no insight into colloidal stability
and, instead, zeta potential measurements are
employed (Foster et al. 2018). Herein, neither
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ultrasonication nor treatment with ion-exchange resins
had significant effect on colloidal stability in terms of
the zeta potential. The zeta potentials of CNCs treated
with 2 and 40 kJ g~' CNC, determined by ELS for the
full particle collective and by EAF4 at [,,,,,,, are shown
in Table 2. All values were in the common range
of — 50 to — 20 mV of sulfated CNCs (Foster et al.
2018). The elevated zeta potential of CNC-40-R was
in the same stability regime as the other samples and
all values indicated moderate colloidal stability (Ku-
mar and Dixit 2017).

Stability of ultrasonicated CNC suspensions

All samples were hermetically sealed in glass vials and
then conditioned at 4 °C under exclusion of light for
6 months. AF4-MALS-UV was subsequently applied
to determine the long-term stability of ultrasonicated
CNC suspensions. A comparison of the cumulative
mass-weighted length distributions of colloidal CNCs,
before and after conditioning, is shown in Fig. 10 for
different extents of ultrasonication. Overall, no sig-
nificant change of particle length distribution was
observed. The mass-weighted particle fractions with
lengths < 87 nm changed by + 1 wt% (Supporting
Information, Fig. S5) after 6 months and L at [,
shifted to larger values by less than 2% for all samples.
Concurrently, marginal broadening of the PSD, in
terms of the FWHM, was noticeable. Figure 11 shows
the related shape factors before and after conditioning.
Generally, all samples exhibited lower shape factors
after 6 months while the decline of rgrh’1 was
mitigated with increasing ultrasound energy density.
In accordance with literature, CNCs are inferred to be
susceptible to lateral agglomeration (Chen et al.
2020); however, extensive ultrasonication provided
improved long-term stability.

Conclusions and outlook

This work presents, in detail, the effect of ultrason-
ication on the size distribution of colloidal CNCs from
cotton a-cellulose in aqueous suspensions. We applied
AF4 with on-line coupled MALS and UV to analyze
the particle dimensions in their native colloidal state.
Furthermore, conductometric titration, EAF4, and
ELS were applied to assess the surface charge density
and the colloidal stability of ultrasonicated CNCs.

The results confirm that ultrasonication causes a
decrease of mean particle length, along with a
narrowing of particle length distribution. Increasing
shape factors at shorter particle lengths indicate
ultrasound-induced dispersion of dimers and clusters.
The process conditions applied during ultrasound
treatment did not cause liberation of ionic species from
solvation shells of the particles and no de-sulfation
was detected. Nevertheless, ultrasonication elevated
the apparent sulfate half-ester density, which was
attributed to a higher surface area by dispersion of
clusters. Concurrently, colloidal stability remained
constant throughout the experimental series. The
stability of ultrasonicated CNC suspensions was
assessed after conditioning the particles for 6 months
in a benign environment. The impact of ultrasonica-
tion on PSD was found to be more lasting for high
ultrasound energy densities, whereas CNCs ultrason-
icated at low energy inputs form lateral agglomerates
over the course of 6 months.

Ongoing endeavors directed at the commercializa-
tion of CNCs require comprehension and standard-
ization of unit operations during CNC processing, as
well as the implementation of consistent, reliable, and
accurate characterization methods. In this context, our
work addressed targeted ultrasonication of CNC
suspensions to facilitate production of colloidally
stable CNCs with narrow PSD and, thus, predictive
and uniform properties. In addition, multi-detector

Table 2 Zeta potential of colloidal CNCs ultrasonicated at 2 and 40 kJ g~' CNC

2kl g ! CNC 40 kI g~' CNC
{ from ELS (off-line) (mV) ( at I, from EAF4 (on-line) (mV)
Untreated — 314+ 18 —29.1 £49 —275+£5.1
Resin-treated —358+27 —27.1+£49 — 368 £2.38
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AF4 enables qualitative and quantitative characteri-
zation of CNCs in their native state.

Future work on ultrasonication of CNC suspension
should address the combined effect of further process
conditions—such as particle concentration, frequency,
and amplitude—on size, colloidal stability, and the
crystallinity index of CNCs. While our work suggests
that no morphological degradation of CNCs occurs,
Shojaeiarani et al. (2020) reported a notable decrease
of crystallinity index by extensive ultrasonication.
Therefore, investigating the structural impact of
ultrasound treatment on CNCs is necessary to facil-
itate its targeted adaption to their required perfor-
mance in advanced materials. Issues raised by our
work that require further investigation involve size-
related characterization of particle fractions with radii
of gyration r, < 25 nm via imaging techniques and
the evaluation of agglomeration kinetics of protonated
CNC:s at different extents of ultrasonication.

Supporting Information

Validation of AF4 set-up, evolution of maximal
MALS intensity, effect of CNC treatment with ion-
exchange resins, and fractograms after CNC condi-
tioning for 6 months.
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