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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procgdures used to develop this document and those intended for its further maintenance-gre
described|in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed-for the
different fypes of ISO documents should be noted. This document was drafted in accordance with the
editorial fules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention|is drawn to the possibility that some of the elements of this document may.be the subject of
ts. ISO shall not be held responsible for identifying any or all such patent rights. Detailq of
any patenf rights identified during the development of the document will be in the.Introduction andjor
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Cellulose nanomaterials, including cellulose nanocrystals (CNCs) and cellulose nanofibrils, are
anticipated to have significant commercial impact. Cellulose nanocrystals are extracted from naturally
occurring cellulose, primarily from wood and annual plants, by acid hydrolysis, or chemical or
enzymatic oxidation.[11[2][3] Their production from cellulose sources, such as wood pulps makes them a
candidate for use as a potentially non-toxic, biodegradable and sustainable nanomaterial. Furthermore,
the recent demonstration of the feasibility of CNC production on a large scale and the availability of
infrastructure for harvesting raw materials will facilitate their commercial development. CNCs and
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Nanotechnologies — Characterization of cellulose
nanocrystals

. s a—Repo e ooty —asea—metnot 0 he—eharacterization—ef, cellulose
napocrystals (CNCs), including sample preparation, measurement methods and data analysi§. Selected
mgasurands for characterization of CNCs for commercial production and applicatiofns, ar¢ covered.
Thiese include CNC composition, morphology and surface characteristics.

2 | Terms and definitions

For the purposes of this document, the following terms and definitions agply.

2.1
agglomerate
collection of weakly or medium strongly bound particles where the resulting external surfdce area is
sirhilar to the sum of the surface areas of the individual components

Note 1 to entry: The forces holding an agglomerate together are:weak forces, for example, van der Waals forces or
sinpple physical entanglement.

Nofe 2 to entry: Agglomerates are also termed secondaty particles and the original source particles fire termed
iimary particles.

[SOURCE: ISO/TS 80004-2:2015, 3.3]

agpregate
particle comprising strongly bonded or fused particles where the resulting external surface area is
significantly smaller than the siim of surface areas of the individual components

Note 1 to entry: The forces holding an aggregate together are strong forces, for example, covalent bondls, or those
requlting from sintering of"'complex physical entanglement, or otherwise combined former primary particles.

Nofe 2 to entry: Aggregates are also termed secondary particles and the original source particles gre termed
primary particles.

[SOURCE: ISO/TS 80004-2:2015, 3.4]

nanocCrystal
naho-object with a crystalline structure

[SOURCE: ISO/TS 80004-2:2015, 4.15]

2.4
nanofibre
nano-object with two external dimensions in the nanoscale and the third dimension significantly larger

Note 1 to entry: The largest external dimension is not necessarily in the nanoscale.

Note 2 to entry: The terms nanofibril and nanofilament can also be used.

© IS0 2016 - All rights reserved 1
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2.5
nano-object
discrete piece of material with one, two or three external dimensions in the nanoscale

Note 1 to entry: The second and third external dimensions are orthogonal to the first dimension and to each other.
[SOURCE: ISO/TS 80004-2:2015, 2.2]

2.6
nanorod
solid nanofibre

[SOURCE:|ISO/TS 80004-2:2015, 4.7]

2.7
nanoscalg
size rangq from approximately 1 nm to 100 nm

Note 1 to ¢ntry: Properties that are not extrapolations from a larger size will typically;but not exclusively,|be
exhibited ip this size range. For such properties the size limits are considered approxiniate.

Note 2 to gntry: The lower limit in this definition (approximately 1 nm) is introduced to avoid single and snjall

groups of 3toms from being designated as nano-objects or elements of nanostructures, which might be implfed
by the absg¢nce of a lower limit.

[SOURCE:|ISO/TS 80004-2:2015, 2.1]

3 Symbols and abbreviated terms

For the pyrposes of this document, the following symbals and abbreviated terms apply.

AEC anion-exchange chromatography

AFM atomic force microscopy

BET Brunauer-Emmett-Teller (method for determination of specific surface area)
Crl crystallinity index (also.CI)

CNC(s) cellulose nanocrystal(s)

CP-MAS | cross polarization magic angle spinning

dn hydrodynamic diameter

DP degree*of polymerization

D¢ translational diffusion coefficient
DSC differential scanning calorimetry
DLS dynamic light scattering

£ dielectric constant

EM electron microscopy

FE-SEM field emission-scanning electron microscopy

FTIR Fourier transform infrared spectroscopy

2 © IS0 2016 - All rights reserved
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GLC gas-liquid chromatography
ICP-MS inductively coupled plasma-mass spectrometry

ICP-OES  inductively coupled plasma-optical emission spectroscopy

ID isotope dilution

IR infrared

k Boltzmann-constant

PI polydispersity

sslNMR solid state nuclear magnetic resonance
SEC size exclusion chromatography

SEM scanning electron microscopy

TEM transmission electron microscopy

TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy free radical

TGA thermogravimetric analysis

Ug electrophoretic mobility

| viscosity

XP|S X-ray photoelectron spectroscopy.
XRD X-ray diffraction

4 | Production of cellulose nanocrystals (CNCs)

Celluloseisalinear polysaccharide composed of anhydroglucose unitslinked by an oxygen atorm between
th¢ C1 and C4 carbons offadjacent glucose rings. In cellulose biosynthesis individual, polydaccharide
chains are assembled by-an'enzyme complex into an elementary fibril with stacked chains held together
byfhydrogen bonding(Fhé number and organization of polymer chains is specific to the organism. These
elgmentary fibrils are*further assembled to give larger structures that contain ordered (crystalline), as
wdll as disorderéd cellulose and other components that depend on the organism.

Cellulose nanocrystals are formed from one or more elementary fibrils and contain |primarily
crystallinesahd paracrystalline regions. CNCs have length and cross-sectional dimensions that depend
on|thg cellulose source with typical aspect ratios between 5 and 50 and do not exhibit brgnching or
nefwork-like structures. The term nanocrystalline cellulose is synonomous with CNCs and the term
nalowWhisRers ras also beem used frequentty I the tterature. Cetiutose manofibritsare typically larger
than CNCs and are branched, entangled and agglomerated structures. The nanofibrils have crystalline,
paracrystalline and amorphous regions and can contain non-cellulosic components. They have cross-
sections between 5 nm and 50 nm and aspect ratios that are greater than 50. An ISO/TC 229 projectlé]
aimed at standardizing the terminology for cellulose nanomaterials has recently been initiated.

Cellulose nanocrystals are produced from a variety of cellulose sources, primarily wood and other
plants, but also algae, bacteria and tunicates.[2][3][Z][8][2][10][11][12][13] Their extraction from cellulose-
containing biomass begins with mechanical and/or chemical pre-treatment to remove non-cellulose
components, reduce the particle size and increase the exposed surface area. This is followed by a
hydrolysis or oxidation step that digests the more reactive amorphous cellulose and liberates CNCs from
the larger cellulose fibrils (Figure 1). Acid hydrolysis with sulfuric acid is the most widely used method
for CNC production in both research laboratories and pilot scale commercial facilities, although other

© IS0 2016 - All rights reserved 3
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acids (e.g. hydrochloric, phosphoric, phosphotungstic) have also been employed.[2I[3][Z][8][9][14][15] In
attempts to minimize the use of strong acids, a variety of other processes have also been examined
including ultrasonication-assisted hydrolysis (with or without an iron chloride catalyst), enzymatic
oxidation and ammonium persulfate oxidation.[16][17][18] After the acid hydrolysis or oxidation step,
CNCs are purified by a combination of centrifugation or filtration and washing steps, followed by
dialysis to remove residual salt and/or acids. A typical sequence for CNC production by acid hydrolysis
is illustrated in Figure 2.
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Figiire 1 — Cartoon description of the formation of CNCs from larger cellulose fibrils
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Biomass Pretreatment:

—Homogenization of biomass: chemistry and particle size
—Reacts more consistently

— Specific to biomass type: Trees, plants, bacteria, algae, etc.

Acid Hydrolysis:
—Dissolve disordered cellulose regions
—Control: acid, acid concentration, acid/pulp ratio
temperature, time.

Fractionation:
— Removal of larger particles
—Centrifugation, gravity settling, etc.

Repeat as
necessary

Ultrafiltration:
Removal of acids , sugars, etc.
Membrane, dialysis, etc.

Cellulose Nanocrystals){CNC):

— Composition (crystallinity, degree of polymerization,
surface chemistry)

—Particle Morphology_{length, width)

—Purity (lignin, metalion, contaminates, additives, etc.)

— Surface Properties (zeta potential, surface area, etc.)

Figure 2 — Overview of a.typical process for production of CNCs by acid hydrolysis

CNCs produced by sulfuri¢.acid hydrolysis have negatively-charged sulfate half-esters on thdir surface
which result in stable(aqueous colloidal suspensions. Negatively charged CNCs are also formed by
phpsphoric acid hydrolysis, whereas hydrochloric acid gives uncharged CNCs with only surface
hyflroxyl groups~Oxidation catalysed by TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy free radical)
can be used to coenvert surface hydroxyls to carboxylic acids for CNCs generated using either gulfuric or
hyfirochloric ‘acid.[19][20] Oxidation with ammonium persulfate also generates carboxylated CNCs.[16]
Thie CNC ditensions vary with the source of the cellulose; CNCs derived from wood pulps typically have
averageilengths of 100 nm to 200 nm and cross-sections of 4 nm to 9 nm, whereas those fron} bacterial
anfl tuhicate sources can be considerably larger, with lengths of 1 um to 2 um and cross-sectfions up to
50lnnmt(as reviewed in Reference [21). The preparation method, acid or oxidant concentration, reaction
time and temperature, and sonication steps during purification also affect the CNC dimensions and the
overall yield and kinetics.[21][22][23][24][25][26][27]

The acidic CNC suspensions produced by acid hydrolysis can be used in never-dried form. However,
in most cases the proton can be replaced by other cations by neutralizing the CNC suspension with
aqueous bases, such as hydroxides (XOH) or carbonates (X2C03), to give a salt form of the CNCs (X-CNC,
where X is the counterion associated with the anionic group). The pH-neutral sodium form, Na-CNC,
is most typically produced commercially and at large scale by in-line neutralization of H-CNCs with
sodium hydroxide (NaOH) or sodium carbonate (NazC03). Advantages, such as the water-dispersability
of the dried product,[28] allowing spray-dried or freeze-dried CNCs to be stored and shipped in the dry
form at significantly lower cost and then re-suspended at the point of use, account for this preference.
Proton counterions are most often exchanged for others by neutralization of the acidic groups with

© IS0 2016 - All rights reserved 5
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aqueous hydroxide bases,[29] but this can also be accomplished by treatment with the appropriate ion-
exchange resin.[30]

Dry CNC samples are prepared from the initial aqueous suspensions by evaporation, oven-drying, freeze-
drying (lyophilization), or spray-drying. Some characterization methods require dry samples, whereas
others employ a dilute suspension of CNCs. If the CNCs are already available as an aqueous suspension,
the sample can be diluted to the required concentration using deionized water or dilute buffer or salt
(NaCl) solution. Dry samples can be redispersed in pure water; general guidelines for dispersion of
powders in liquids can be found in ISO 14887(31]. Although an ultrasonic treatment step is typically used
to break up aggregates and agglomerates, a lack of reproducibility might contribute to variability of
results, a i T T va (omey fot} of
nanoparticles.[32] It is not trivial to obtain redispersed samples of CNCs that have size distributions’and
levels of ajggregates or agglomerates that are similar to those of a purified, but never-dried, safuple. An
early study showed that films of CNCs with fully protonated sulfate half-esters could not be redisperged
after drying, whereas CNCs with monovalent cations, such as sodium were redispersed-with mild
ultrasonid treatment to give stable colloidal suspensions that were similar to those prior‘to drying.[29]
Detailed grocedures for the redispersion of the neutral sodium-form of CNCs prepared by evaporatipn,
lyophilization or spray-drying have been reported.[28] The counterion and moisture content of the dry
CNCs and|the sonication conditions (energy, CNC concentration) were all show to affect the CNC (re)
dispersibiflity. While the sodium-form CNCs were fully dispersible when completely dried, the protonated
CNCs wer¢ only fully dispersible above a threshold water content of 4 wt %.

In this Technical Report, emphasis is placed on CNCs manufactured™ising sulfuric acid, with sulfate
half-ester|groups on the cellulose surface (cellulose sulfate); unless otherwise noted, all examples are
for this fqrm of CNCs. This reflects the emphasis on this matetial, in both commercial and research
laboratorijes. Most of the characterization methods are also applicable, in some cases with appropriate
adjustments, to other chemical forms of CNCs or cellulose nanofibres. For example, the detection and
quantificdtion of surface functional groups is specific terthe specific CNC production method. The
nature of the CNC counterion is important for some measurands, notably determination of the surface
charge dug to sulfate half-ester or carboxylate groups-by conductometric titration (see 5.2.1 and 5.2,.2)
and zeta potential (see 7.2). Unless otherwise mentioned, the particular counterion in the CNC sample
does not {ffect the characterization methods discussed in this Technical Report.

Cellulose hanocrystals have specific physice*chemical properties associated with both the underlying
cellulose particle and the surface chemistry imposed by its manufacturing process. At the point] of
commercifalization, it is necessary to-&larify the several descriptive systems that have been used in this
field: the geometric forms in nangteehnology, the industrial production method, and the chemical form
used in ndtional regulations. Al-three are found in the recent approval under Canada’s New Substanges
Notificatipn Regulations[33] gs.it'provides the following:

a) chemjcal description(cellulose, hydrogen sulfate, sodium salt with a total sulfur content greager
than ¢r equal to 055-% and less than or equal to 1,0 % by weight);

b) prodyction method description (obtained from sulfuric acid hydrolysis of bleached pulp);

c) geometric description of length (nominal length of 100 nm * 50 nm) and cross-section (crofss-
sectignal dimensions of less than or equal to 10 nm). As suggested in ISO 12805, compositipn,
length, diameter and surface area are the critical parameters to be considered first in setting
specifications.[34]

5 Composition

5.1 Chemical composition

The chemical identity of CNCs as cellulose can be assessed by a qualitative identification test employed
for microcrystalline cellulose; dispersion of dry CNCs in iodinated zinc chloride will result in a violet-
blue colour.[35] Their composition can also be verified by elemental analysis, based on the formula
[(C6H1005)n] and taking into account surface functional groups if their degree of substitution is known.

6 © IS0 2016 - All rights reserved
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Although elemental analysis provides some information on surface functionality (e.g. % S for sulfate
half-esters), more detailed tests are typically used to quantify surface functional groups (see 5.2). The
identity of inorganic metal counterions for CNCs with anionic surface groups can be determined by
inductively coupled plasma-optical emission spectroscopy (ICP-OES) using the procedure outlined
in 5.4.1 for sulfur. The density of CNCs has usually been assumed to be the same as other types of
cellulose,[2] as confirmed by a recent determination of 1,56 g/cm3 and 1,63 g/cm3 for the densities of

sulfated and unsulfated CNCs.[36]

5.2 Surface functional groups

5.2.1 Determination of sulfate half-esters

CNCs extracted by sulfuric acid hydrolysis have sulfate half-ester groups on their sur
centration of these negatively charged groups determines the CNC surface)charge de
trols the colloidal stability of CNCs in aqueous suspension, along with the s€lf-assembly
rheological properties. Two approaches have been used to determine the sulfate half-estg
first relies on measurement of total sulfur content by elemental analysis.[26][27] In ca
sample has been purified to ensure removal of all residual unbound ‘sulfate ions, the tg
tent can be converted directly to the CNC sulfate half-ester content.[87] The second appr
ductometric titration of the acidic sulfate half-ester groups on ‘the CNC surface using a
e. Both methods are described in this Clause, followed by a comparison of results for varig

Mdasurement of the total sulfur content can be accomplished\by elemental analysis or by ICP-
a 4pectrometer equipped with a concentric nebulizer, a cyclonic spray chamber and a qu
with a quartz injector tube, optimized according to the\manufacturer’s specifications. The
completely solubilized by microwave assisted sample digestion using high purity nitric and hy
acids in high pressure closed vessels or, by wet ashing with strong acids, such as nitric and
(38 A block digestion system can be used to evaporate excess acids after the initial digestion
ar¢ conducted by ICP-OES using the sulfur emission lines at 180,669 nm and 181,972 nm. Cal
ac¢omplished by the method of additions (to,compensate for any residual matrix interferenceg
indqremental spikes of sulfur as sulfate are prepared from a standard sulfur solution (e.g.
stgndard, such as NIST SRM 3154). Samples can be diluted to ensure linearity of response. Sa
gravimetrically spiked with at leasttywo incremental levels of appropriate amounts of known g
stgndard. The levels should be chosen such that the spike results in a one to twofold increase i
sulfur concentration in the sample with each spike and the analytical response is linear. The ¢
of the concentration of sulfurrequires a three point (minimum) standard additions calibration
e of the standard additions calibration function for the sample and blank are likely not €
arate calibrationsforCs and Cpk should be performed. Note that although total sulfur cq
0 be obtained by inductively coupled plasma mass spectrometry (ICP-MS, see 5.6.3) ICP-
re reliable and straightforward method unless the sulfur concentration is very low.

Thie sulfate half-ester content can be determined by conductometric titration of the acidic su
ester groups’on the CNC surface using an aqueous base, such as sodium hydroxide.[30][39] ]
mgqst commmonly used method for this purpose.[40] The sample should first be purified by
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e
deionized water (typically to <1,5 wt %) and dialyzed against pure water until the pH and conductivity
of the water surrounding the membranes no longer changes and approaches that of pure water. Hollow-
fibre membrane dialysis systems can also be used, they reduce dialysis time by drastically increasing
the exchange surface area and maintaining a large concentration gradient via counter-current sample
and dialysate flow. Prior to CNC protonation, the H-form strong acid cation-exchange resin should
be rinsed with a large excess of pure water until the filtrate is colourless and identical in pH and
conductivity to the wash water. A large excess of resin should be added to dialyzed CNC suspension
at a sufficiently low CNC concentration to ensure no coagulation, and the sample shaken to ensure
uniform mixing. The resin is then removed by filtration. Multiple successive treatments with fresh
resin might be required to achieve full protonation, particularly if the CNCs are in neutral salt form.
Alternatively, passing the diluted suspension through a column filled with such resin results in faster
treatment.[37Z] Such treatment ensures complete protonation of a pure CNC suspension containing
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no residual dissolved ions, yielding a 1:1 ratio of sulfate half-esters to protons and ensuring accurate
titration results. The concentration of the final protonated CNC sample is determined gravimetrically,
a sample of known volume is weighed and placed in a beaker with a dilute salt (NaCl) solution and
titrated against dilute sodium hydroxide using titration conditions optimized from the literature.[30]
[41] The sample conductivity is measured once the sample has equilibrated after the addition of each
aliquot of NaOH. Equivalence points are determined from the intersection of the regression lines fit to
the data points in the distinct regions of the titration curve (Figure 3).

8 © IS0 2016 - All rights reserved
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h) H-CNCs containing strong acid sulfate half-ester groups and-a;small quantity of weak acid
carboxylic acid groups
5

458
[.‘ -
35- (A)
3 (B
Y' 25
2 7 LA
151
o090
11 0,12 eq.
051 5 eq.
0 . . . .
0 5 10 Vil 5 Ve 20 25

xl

b) TEMPO-oxidized CNCs generated with two different concentrations of oxidant

Key

X volume NaQH added (ml)
Y conductivity (uS/cm)

X' volumeé NaOH (ml)

Y’ conductivity (mS/cm)

SOPRCE Beck et al. 2014 and Habibi et al. 2006.[37][42]

Figure 3 — Schematic illustration of conductometric titration curves

When interpreting conductometric titration data, it is important not to confuse the protons that are
actually detected (by neutralization with sodium hydroxide) with the sulfate half-ester content that is
calculated from the titration results. The calculations are based on the assumption that the protons in
the sample are in a 1:1 ratio with the sulfate half-ester groups. Despite this caveat, the titration method
does not require specialized and expensive equipment, and can be very useful for quality control during
CNC production.

Typical sulfate half-ester and sulfur content values for wood-based and other CNCs measured by
titration and elemental analysis are shown in Table 1. The differences between values obtained by
these two approaches have been discussed in the literature for CNCs of varying degrees of protonation.
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[30][37][39][43][44] Titration values are often lower than those found by elemental analysis;[40] this is
primarily due to insufficient sample preparation of the CNCs analysed by titration, notably failure to
ensure that the CNCs are fully protonated following purification by dialysis. Sodium-form CNCs are an
extreme example for which the sulfate half-ester content would not be measurable by conductometric
titration but would be by elemental analysis, such as ICP-OES. Treatment with mixed bed ion-exchange
resin (which contains hydroxide form anion exchange resin) has also been found to remove elemental
sulfur from CNC samples, and as such it is recommended to completely avoid the use of mixed bed ion-
exchange in CNC suspension purification; only dialysis should be used.[3Z] Alternatively, the presence of
contamination in the form of sulfur-containing species, such as sulfate ions will yield erroneously high
elemental analysis (and conductometric titration, if they are protonated) results. This illustrates the
importang§e of dialysis Tor CNC suspension purification.

Differenc¢s between sulfate half-ester/sulfur contents measured by titration and elemental ‘@nalylsis
methods, |[respectively, might also be caused by the presence of sulfate half-ester groups.'that are
inaccessiljle to titrant[32] or other forms of sulfur, introduced during biosynthesis of.the source
cellulose.[t3] Owing to these discrepancies, if elemental analysis is used to estimate CNGsurface charge
from sulfate half-esters, it is recommended to perform concurrent elemental analysis of the cellulgse
source of the CNCs being studied to obtain an estimate of sulfur. It is important tocariderstand that total
sulfur (mgasured by elemental analysis methods, such as ICP), titratable sulfur (protonated sulfate
half-ester|groups that are accessible to titrant), sulfate half-ester content contributing to surface chayge
(all surfade sulfate half-ester groups) and total sulfate half-ester content (sulfate half-ester groups that
are titranf-accessible and -inaccessible, if any) are not necessarily equivalent values. However, a recent
study has|[shown that total sulfur and titratable sulfur are equivalentfor softwood kraft pulp-derivyed
CNCs, ind|cating that all sulfate half-esters are at the surface.[3Z]<h"general, elemental analysis of the
source cellulose and CNCs combined with conductometric titration of protonated CNCs will give the
most complete picture. Elemental analysis of CNCs extractedfrom the same source by HCI hydrolyjsis
might alsq be helpful in determining the “base sulfur content”of the CNCs. The above recommendatigns
are partiqularly important if knowledge of the precise quantitative surface charge or sulfur content
is requirdd. Sulfur contents determined by the different methods typically vary by no more than
around 0,1 wt %, provided the CNCs contain no sulfur*containing impurities and are fully protonated if
required.[37]

An additional complication in assessing-stilfate half-ester content arises for samples that hgve
been extiacted by sulfuric acid hydrolysis and then subjected to TEMPO-catalysed oxidation|to
generate $urface carboxylic acids. It is\difficult to measure sulfate half-ester (strong acid) content|by
conductometric titration if significantlevels of weakly acidic carboxylic acids are present, but sulfate
half-esterf can be determined inthe presence of low quantities of carboxylic acid groups as shown| in
Figure 3 4) for a non-oxidized NG sample with a small number of weak carboxylic acid groups.[39][4}

—_

Finally, thie surface sulfurentent has also been measured by X-ray photoelectron spectroscopy (XHS).
[20][40][46]f47][48][49] Valde$ typically range between 0,3 to 0,6 atomic % S, although in a few cases the
sulfur conftent was reported to be too low to be detected. In several examples, the surface sulfur content
has been qgomparedto conductometric titration results for CNCs with sulfur content similar to the datd in
Table 1.[1201[40][48}{n 0ne study, both methods showed lower sulfur content for desulfated CNCs than for the
initial CN(s obtdined by sulfuric acid hydrolysis.[40] However, quantitative agreement was poor, with the
sulfur conftént showing a sixfold change by titration but only a twofold change by XPS. Although the fjlm
thickness was not reported, one should In principle obtain the same sulfur content for the two methods
when films of a single monolayer of CNCs are measured by XPS, since the depth penetration of ~10 nm is
greater than the particle cross-section (see 5.6.4 for more details on XPS measurements of CNCs).
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Table 1 — Sulfate half-ester and sulfur contents (in mmol/kg CNC) for various CNC samples

. . Elemental
Titration analvsis
Cellulose source (standard y Pre-treatment Reference
L (standard
deviation)a L.
deviation)a
Cotton 205 (10) 220 (20)b Dialysis, mixed bed [44]
ion-exchange resin
Softwood (bleached kraft 84 240¢ Dialysis [39]
pulp)
Bacteria (Nata de coco) 5 — Dialysis 19]
Hardwood (eucalyptus) 250 — D1a1y51s, mixed b?d 21]
ion-exchange resin
) . . . .
Joftwood (bleached sulfite 290 (35) L Dlalysw, mixed bgd 21]
pulp) ion-exchange resin
Joftwood (d_lssolvmg-grade 293 0,57 atom %(d Dialygy 40]
sulfite pulp)
Cotton 221 (6) 193¢ Dialysig;strong acid 30]
cationcexehange resin
Cotton 181 (6) 193¢ Dialysis, mixed bed 30]
ion-exchange resin
Softwood (bleached kraft 225 (15) 225 (15)f le'iIYSlS, strong acu_i 37]
pulp) cation-exchange resin
a | Standard deviation is listed when it was provided in the literatuyre reference.
b [ Elemental analysis technique not specified.
¢ | Elemental analysis by X-ray fluorescence analysis.
d | Elemental analysis by XPS (based on C, O and S contént).
e | Elemental analysis by quantitative conversion of sulfur to SO2 by combustion. The analyser uses IR jor thermal
cohductivity to detect sulfur in the combustion gases.
f | Elemental analysis by ICP-OES (total sulfus).

5.2.2 Determination of carbexylic acids

Thie carboxylate content(of oxidized CNCs can be determined by conductometric titration with
soflium hydroxide using“a'similar approach to that described in 5.2.1. Typically, a known amount of
a dtrong acid, such as$-hydrochloric acid (HCI) is added prior to titration, ensuring full protpnation of
th¢ weak carboxyli® acid groups.[411[50][51] The carboxylate content is determined by extrapolating
anfl intersecting the three linear portions of the curve (strong acid, weak acid, excess titrant) to give
th¢ two equivalence points (strong acid and total acid). Subtracting the strong acid content from the
tofal acid Content gives the weak acid (carboxylate) content [Figure 3 b)]. As described in|5.4.1, the
présence,of strong acid sulfate half-ester groups hinders the determination of carboxylic acjd content
by|cofiductometric titration in sulfated CNCs that have been highly oxidized (e.g. by TEMPOtmediated
ox|dation).

Determination of surface carboxylic acids by conductometric titration has typically been reported as
degree of oxidation, which is defined as the mass fraction of carboxyl groups in the CNC sample.[31] In
several cases, the degree of oxidation has been measured as a function of the oxidant/cellulose ratio
for TEMPO-catalysed oxidation; a plateau value is obtained that is hypothesized to represent complete
conversion of accessible surface hydroxyl groups to carboxylic acids.[19][42] Reported degrees of
oxidation between 0,1 and 0,2 are typical;[16][42][50][52] in two cases the degree of oxidation corresponds
to ~900 mmol/kg,[19[50] which is considerably higher than the typical values of 200 mmol/kg for
sulfate half-esters (Table 1). Note that complete oxidation of surface hydroxyl groups will give different
degrees of oxidation for CNC particles with different surface area/mass ratios. In cases where the
fraction of surface, cellulose chains has been estimated based on the unit cell parameters for individual
crystallites, the predicted degree of oxidation is similar to that obtained experimentally.[42][52]
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Carboxylic acid groups have also been quantified by Fourier transform infrared spectroscopy (FTIR)
using the strong absorption band due to the carbonyl stretch of the carboxylic acid at 1 634 cm-1.[20]
[42][51][52] The degree of oxidation is calculated as the ratio of the intensity of the 1 634 cm-1 band to
that of strongest cellulose backbone band at 1 050 cm-1. Note that use of the carbonyl stretch of the
carboxylate anion at 1 608 cm-1 should be avoided due to interference from adsorbed water in this
region.[21] [n several cases, the FTIR method was shown to be in reasonable agreement with the results
from conductometric titration,[201[42][52] although it has been concluded that the titration method is the
more reliable and reproducible.[21]
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Figure 4 — Size exclusion chromatography plots used to determine the degree pf
polymerization for sulfated (B), desulfated (C), and polymer modified (A) CNC$

5.4 Crystallinity

5.4.1 General

Thie assembly of individual €ellulose chains to give elementary fibrils that pack into larger ynits leads
rions. The
H changes
gs, since it
in which
i$ the form
lymorphs
datriclinic
the most
variety of

0-S e ~ : : and more
recently by complementary methods such as solld state 13C nuclear magnetlc resonance (NMR) and
infrared (IR) and Raman spectroscopies.[63][64][65][66][67](68] The various methods provide information
on the fraction of the two crystalline polymorphs, the crystallinity (defined as the mass fraction of
the sample comprised of crystallites) and in the case of XRD, the size of the individual crystallites. As
noted in recent reviews,[63][64] the estimated crystallinity for cellulosic materials varies significantly
depending on the choice of measurement and analysis method. This variation partly reflects the fact
that different methods measure different properties. Furthermore, data analysis requires measuring
peak heights or peak areas, frequently for overlapping peaks that require correction for background
signals, and a variety of different deconvolution and data analysis methods have been employed.
Additionally, in some methods (XRD), the crystallinity depends on the instrument used. The general
approaches used for determination of the % crystallinity by XRD, NMR and vibrational spectroscopy
are discussed below, followed by a comparison of results obtained for CNCs. Note that most of the
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method development in this area has focused on wood pulps or larger cellulose fibrils, rather than
CNCs. Although various terms have been used to describe the degree of cellulose order/disorder in the
literature, we have used primarily the terms disordered and crystalline (% crystallinity) in this clause.

5.4.2 X-ray diffraction

Cellulosic nanomaterials give a characteristic diffraction pattern with contributions from both
crystalline and disordered components [Figure 5 a), b) and c)]. The % crystallinity can be assessed from
the relative intensities of each component and the various methods to do so have been reviewed recently.
[63][64][69] The simplest and most widely used method was developed in the 1950s by SegallZ0] and is

based on
and disor

the heigh
backgrou

Crl =

This method does not account adequately for the actual position of the broad amorphous peak a

uses data
disordere

overestinates the % crystallinity.[64]
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Figure 5 — X-ray diffraction spectra for cellulose (Avicel PH-101) illustrating three methods for

calculating the crystallinity index
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The crystallite size can be estimated from XRD measurements using the Scherrer formula,[Z2] which
relies on measurement of the half-width of the crystalline peak and assumes that the peak broadening
is dominated by the finite size of the crystallites.[Z2] The estimated broadening should be considered
a lower limit as instrumental broadening and crystal lattice defects might also contribute to the line
broadening.[63][73] Although the peaks for Iq and Ig cellulose occur at slightly different diffraction

angles, they are broad and are not typically used to quantify the ratio of the two polymorphs.[74]

5.4.3 Nuclear magnetic resonance

Cross polarization magic angle spinning (CP-MAS) solid state 13C NMR has been used to estimate the
crystallinfty for cellulosic nanomaterials, including CNCs,02]1Z5]176] although much less frequentlythan
XRD. The|cellulose carbon signals occur between 55 ppm and 120 ppm [see Figure 6 a)] with ’bropd,
but well-separated, peaks assigned to C1, C4 and C6 carbons. The C4 carbons have distinct resenanges
due to crystalline carbons at ~85 ppm to 92 ppm and disordered carbons at ~80 ppm to_85 ppm. The
C6 carboijs also show separate peaks due to crystalline and disordered cellulose. The/most common
approach [for estimating crystallinity takes advantage of this difference in chemical gshift and uses the
total integrated intensities under the C4 crystalline and disordered peaks to calculate the crystallinity.
[64][65] Fofr example, a crystallinity of 64 % is measured from the intensities 6f the amorphous gnd
crystalling signals for the C4 and C6 carbons for the spectrum shown in Figure 6 a) for wood-pulp
CNCs progfluced by sulfuric acid hydrolysis. Extensive NMR studies of various types of cellulose have
employed|a variety of peak fitting and deconvolution approaches to analyse the spectra in more detail.
As an example, the signal due to crystalline C4 carbon can in some cases be separated into componepts
arising fr¢m both Iy and Ig polymorphs and from para-crystalline c€llitlose [see spectrum of C4 regjon
after dec¢nvolution in Figure 6 b)]. Para-crystalline cellulose isless ordered than the crystalllne
componeint but more ordered than the disordered cellulose and is‘generally assigned to cellulose chajns

directly blelow the surface of the cellulose fibre or distortions in the interior. C1 and C6 carbons a

re

also usefyl for quantifying the ratio of Iy and Ig polymorphs as they show a single resonance for [lo-
cellulose but a doublet for Ig.[7Z] Peak fitting and deconyolution approaches have been used to reso|ve
the C4 caybon resonance for disordered cellulose into@ccessible and inaccessible carbons [Figure 6 b)],

which can provide an assessment of surface area, as discussed in 7.1. Detailed descriptions of th¢
approachgs and references to the primary literature can be found in several reviews.[65][77]

se

An alternpte approach has been used to gstimate cellulose crystallinity from CP-MAS 13C NMR ddta.

This method relies on the differences in the-proton rotating frame relaxation time constants (T1p(H))
resolve p¢aks due to ordered and disordered cellulose. The resonances due to noncrystalline cellul
decay mofe rapidly than those dueto)crystalline components, so that spectra recorded at two or mx
T1p(H) cah be used to obtain the fraction of crystalline cellulose.[65][78]

A recent teview has critically)compared the XRD and NMR methods based on a survey of literat

to
se
re

re

data fron] different laboratories for one commercial cellulose (Avicel PH-101) and estimation of the
crystallinfty for a selegtion of eight commercial celluloses using the methods described in 5.4.2 and this

subclause}[64] This study concluded that the peak height XRD method gives values that are significa

ly

higher than other‘methods and provides, at best, a rough approximation of the disordered content.

The otherymethods provided a narrower range of crystallinity values but the authors concluded th

it

was not possible to identify which method provided the most accurate evaluation of the crystallin]ty.
Furthermpre, it is important to consider that NMR will include surface groups in the disorderned
fraction, so that crystallinities will be lower than those measured by XRD, which estimates the total

volume fraction of crystalline cellulose.[79]
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Figure 6 — 13C cross polarization magic angle spinning solid state NMR spectra
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5.4.4 Vibrational spectroscopy

Vibrational spectroscopy has been used for both qualitative and quantitative assessment of
crystallinity for cellulosic materials and has the potential to provide quicker results using less
costly equipment (compared to XRD or NMR) for routine measurements. Early studies employed IR
spectroscopy to provide qualitative predictions of crystallinity; the subsequent development of FTIR
spectrometers enabled quantitative measurements. Several infrared approaches have been developed
and are based on measuring ratios of peaks due to disordered and crystalline content, or measuring
the intensity of peaks sensitive to crystalline content relative to a reference peak that does not vary
with crystallinity.[81][82][83][84][85] An initial crystallinity index, also referred to as the lateral order

index, usedmmmmmﬂwnreﬂﬁmmwgue
to defornfation of anomeric CH as a measure of crystalline and amorphous content, respectivelizlg6]

An alternative approach, the (total) crystallinity index, was based on the intensity ratio for signalq at
1 372 cml and 2 900 cm~1 due to CH bending modes and CH and CHj stretching modes, respéctivély.
The intensity of the CH bending mode increased with crystalline content, whereas the.CH stretch
was unaffected by variations in crystallinity.[83] A similar approach using a 1 280 ¢m~! CH bendjng
band that] varied with crystallinity and an OH bending band at 1 200 cm-1 has also*been employgd.
[85] In mofst cases, the infrared methods were validated or calibrated by using test samples of known
crystallinfty or comparing the measured crystallinity to values obtained by Xsray diffraction. A final
approach,| the hydrogen bonding intensity, is an empirical relationship based”on the intensity ratjos
for peaks|at 3 336 cm~1 and 1 336 cm-1, due to intramolecular hydrogen*bonds and an OH stretkch,
respectiv¢ly.[811[82] This relationship is related to the well-ordered crystalline phase and the degred of
intermolefular regularity. Each of these approaches reports on a soméwhat different aspect of sample
crystallinfjty/disorder and it is generally concluded that FTIR providé€s only qualitative information|on
crystallinjty.[63](64]

Raman spectroscopy has also been applied to measure_cellulose [ crystallinity. An initial method
was basegl on quantifying changes in the methylene berniding modes at 1 481 cm-1 (crystalline) dnd
1462 cmt! (disordered).[6Z] More recently, a detailed-stirvey of spectra for crystalline and disordered
cellulose fompared results for univariate and multivariate Raman methods and concluded that the
intensity fatio for bands at 380 cm~1 and 1 096,.¢m-1 provides a more sensitive method for detect|ng
changes inp crystallinity.[66] This approach wassubsequently validated for a number of different cellulgse
sources Which had contributions from fluorescence background and from lignin and hemicelluloses;
the Ramajn data were in good agreement.with XRD crystallinities calculated using the peak height
method with amorphous correction.[8Z] ‘The 380 cm-1 Raman method has recently been applied|to
estimate ¢rystallinities of CNCs and\ENFs.[88] In addition to crystallinity measurements, vibrational
spectroscppy has been used to as§ess the ratio of cellulose I and Ig polymorphs.[77Z](89]

5.4.5 Crystallinity measurements for CNCs

In most chses crystallinity measurements using XRD, NMR, or vibrational spectroscopy require dry
samples. §ome sample-preparation methods use the dry material directly, whereas in other cases thin
film samples are<prépared by depositing a suspension onto a suitable support and drying. For XRD,
samples 3
powder i
is deposif]
orientation of the crystals which will influence the 1nten51t1es of the diffraction peaks, so affecting both
Crl and crystallite size.[64] It has been recommended that reflection mode measurements and side-
loaded samples be employed to minimize these effects.[62] For NMR samples of dry CNCs are placed
in zirconium oxide MAS rotors with typical spinning rates between 3 kHz and 10 kHz. Rehydrated
samples or never-dried suspensions that are concentrated to remove most of the water can also be
measured by CP-MAS. For FTIR, dry CNCs are pressed into potassium bromide disks or suspensions are
used to deposit a thin film on an attenuated total reflection crystal.

As summarized in a 2011 review,[2] plant-derived CNCs have reported crystallinities between 54 %
to 88 %, whereas tunicate derived CNCs generally have values in excess of 80 %. Table 2 summarizes
recent data measured for CNCs by XRD and NMR. The data have been selected primarily from studies
in which several complementary methods have been used to characterize CNCs, including crystallinity
and morphology. In one case, CNC crystallinity was measured by XRD for wood pulp CNCs as a
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function of acid concentration and hydrolysis time.[2Z] The peak height method gave higher values
than the deconvolution (peak area) method, the same trend observed for other cellulosic materials.
[27] Notably, the difference between the two methods was approximately twice as large for samples
with low crystallinity (see first entry in Table 2). The crystallinity as measured by the deconvolution
method varied between 68,9 % and 89,1 %, with the highest values (~90 %) and the smallest crystal
sizes (~6 nm, cross-section) obtained with 64 % acid at 45 °C. As expected, the highest crystallinity
corresponded to a minimum degree of polymerization. A similar trend of higher crystallinity (up to
90,7 %) for longer hydrolysis times was observed for CNCs extracted from rice straw.[20] Crystallinity
values of close to 90 % were also measured for CNCs extracted from ramie and cotton.[21] Carboxylated
CNCs produced by oxidation of cotton and wood pulp have reported crystallinity of 85 % and 83 %,
cldse to the maximum values for CNCs extracted with sulfuric acid.[TeI[>0] Note, however, that lower
values are obtained in other cases (Table 2); comparisons between samples, laboratoriestandl methods
ar¢ difficult since changes in crystallinity might be offset by effects of sample preparatidn or data

rall, the XRD data suggest that a limiting crystallinity ~90 % is achievablecfor plant-derived CNCs,
easured by XRD. By contrast, NMR studies have reported values of ~60 % for wood-based CNCs,[24]
[79[92][93] using either the C4 peak intensity method or the relaxation timendéthod. Interestingly, one of

thé¢se studies[Z9] found higher crystallinity for both bacterial and tunicate CNCs, consistent w
data.[2] As noted above, NMR will include surface sugars as part of the-damorphous contribuf
snjall particles have a larger fraction of surface atoms than large¢particles, one might expe

ith earlier
ion; since
't a larger

didcrepancy between XRD and NMR results for CNCs than for larger cellulose fibres.

[50][75][94]
employed,
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re are few examples where multiple methods have beenvused for the same sample.[24]
~ a CNC reference material,[24] both deconvolution and peak height XRD methods were

th crystallinity ranging from 60 % to 90 %, but witheut a clear trend towards higher valy
hk height method. For the same sample, NMR gaveésa value of 64 %, based on the mean d
th C4 and C6 resonances [Figure 6 a)]. In anothércomparison, NMR gave slightly higher v
D for wood-based CNCs.[24] Finally, the crystallinity of carboxylated CNCs (with either H
interions) produced by ammonium persulfate oxidation of cotton was 85 %, compared {
ue of 63 % for the lateral order index measured by FTIR in the same study.[20]

Table 2 — Crystallinity and-crystallite size for CNCs from various cellulose sour¢es
C¢llulose source ProductiqQ Metho_d Crystallinity Cry:it:e"ite Rdference
method (analysis)a (%) m
Whod pulp Sulfuric¢yacidb XRD (DC,PH) 68,9, 80,7 5,8t08,3 [27]
XRD (DC,PH) 89,1, 84,6 — [27]

Whod pulp Sulfuric acid XRD (DC) 3,4, 4,3, 4,5¢ [40]
Hydrochloric acid |XRD (DC) 4,1,4,2,5,0¢ [40]

Whod pulp Sulfuric acid XRD (PH) 66,4 — [49]

Sigal fibtres Sulfuric acid XRD (PH) 81 4,5 [91]

Rgndie Sulfuric acid XRD (PH) 88 5,3 [91]

Cotton Sulfuric acid XRD (PH) 38 6,0 [91]

Cotton Sulfuric acid XRD — 4,5 [Z3]

Rice straw Sulfuric acid XRD (PH) 90,7 4,24 [90]

Bacterial Sulfuric acid XRD (DC) 85d — [95]

a  Analysis methods: For XRD DC = deconvolution and PH = peak height (see 5.4.2 for discussion of variability in

crystallinity with measurement method and instrument and analysis procedures).

b Hydrolysis conditions: 25 min with 16 wt % acid, 45 °C (first line) and 65 wt %, 45 °C (second line).

¢ Dimensions of crystallites perpendicular to the three crystallographic planes.

d  Similar values measured for sulfated and desulfated CNCs.

e Anumber of CNCs produced from other sources by ammonium persuflate oxidation were also studied.
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Table 2 (continued)

Production Method Crystallinity Crys_talllte
Cellulose source . size Reference
method (analysis)a (%) nm
MCC Sulfuric acid NMR ~60 [92]
Wood pulp Sulfuric acid NMR 61-63 — [24]
Wood pulp Sulfuric acid XRD 50-55 — [24]
Wood pulp Sulfuric acid NMR 60 — [79]
Bacterial Sutfuricacd NVER 72 — t753
Tunicate Sulfuric acid NMR 80 — [79]
Cotton Ammonium per-|XRD (PH) 85 (H+*, Nat) — [50]
sulfate
MCC, avicgle Ammonium per-|XRD (DC) 82,7 — [16]
sulfate

c Dimen

d  Similaj

a  Analysfis methods: For XRD DC = deconvolution and PH = peak height (see 5.4.2 for dis€ussion of variability
crystallinily with measurement method and instrument and analysis procedures).

b Hydrolysis conditions: 25 min with 16 wt % acid, 45 °C (first line) and 65 wt %, 45 °C (second line).

bions of crystallites perpendicular to the three crystallographic planes.

e Anumber of CNCs produced from other sources by ammonium persuflate oxidation were also studied.

values measured for sulfated and desulfated CNCs.

—-

n

5.5 Mo

The watel content of CNC samples might be an important consideration for some applications. I
example, some analytical tests require removing, water from “dry” CNCs prior to analysis and f{
residual water content affects both the redispeysibility of the samplel28] and its stability during storalge
necessary, a quantitative determination of the water content can be obtained gravimetrica%y

[926] When|
using star]

typically

105 °C); ip cases where loss of othervolatile components might also occur, the sample should be dr

in a dessid

5.6 Cor

5.6.1 General

CNCs might in some cases contain trace amounts of other components that occur in the cellulg
biomass from{which they are isolated. These include polysaccharides, such as hemicellulos

amorphoy

sture content

dard methods developed for paper, pulp and boards, as outlined in ISO 638.[9Z] The proced

For

he

re

nvolves measuring the mass of a sample before and after oven drying (at approximatgly

ator.

taminants

s-cellulose that has not been completely removed during the production of CNCs, and in {

ed

sic
es,

he
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case of pla

are sometimes introduced during the isolation of CNCs (e.g. residual salts from the acid hydrolysis or
oxidation that are not removed by dialysis, residual small molecules, such as fatty acids or terpenes).
Residual metal ions might be present, either as impurities in the initial cellulosic biomass or introduced
during the isolation of CNCs. It is important to note that these impurities, if detectable, are usually
present in small amounts. Nevertheless, because even trace amounts of impurities can affect some CNC
applications, information on typical procedures for their detection is provided in 5.6.2, 5.6.3 and 5.6.4.
It should also be noted that additives which have been used to facilitate dispersion of CNCs might have
to be quantified and/or removed.

20
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5.6.2 Residual impurities derived from cellulosic biomass

Several standard methods are employed to quantify carbohydrate content and lignin content for
pulp, paper and board samples. These methods can be readily adapted for use with CNC samples,[79]
although in some cases the method detection limits might not be compatible with the trace amounts
of the specific component in CNCs. For residual polysaccharides, the methods involve hydrolysis of the
cellulose sample, followed by separation and quantitation of the individual monosaccharides by either
gas-liquid chromatography (GLC)[28] or high-performance anion-exchange chromatography (AEC).[29]
Standard samples of the various monosaccharides are required for calibration purposes. Lignin content
m wood-based CNCs can be determlned usmg a standard method that is appllcable to llgnm contents

: v v 69 cellulosic
orage and
1 involves
bxtraction
thane will
ight sugars,

Rekidual metal ions in CNCs pose a potential health and environrental risk and might interfere with
other tests or some applications/end uses of the material. Quantitation of metal impurities can be
undertaken by ICP-MS following complete solubilization of the'sample by microwave-assisted mixed-
acid digestion. Quantitation of Cr and Fe should be performed Gsing a sector-field mass spectijometer in
mgdium resolution mode (Am/m ~4 000) or a spectrometer equipped with a collision cell of dynamic
redction cell to eliminate potential interferences whicharise from the other constituents of the sample
or [plasma. Microwave digestion of the sample andcalibration by the method of standard additions are
sithilar to the method used for total sulfur content by ICP-OES described in 5.2.1.

Although the standard additions method is.frequently used for the determination of trace|elements,
significant signal drift can degrade theCaccuracy of the final results. The isotope diliition (ID)
mgthod with reverse ID calibration provides an alternative approach for applications that require
enhanced measurement accuracy and:precision.[102][103][104] ID is recognized as a primary method of
mdasurement and is often used for-the certification of reference materials.[102] This method permits
ac¢urate quantitation of analytes in samples once isotopic equilibration is achieved between [the added
splke and the endogenous analyte, compensating for loss of analyte during sample manipulation and
suppression of ion sensitivities by elements present in the sample matrix. The ID method has peen used
to Jquantify the content of cadmium, chromium, copper, iron, mercury, nickel and lead in yood pulp
CNCs.[94]

ICP-MS or ICP-QES can also be used to quantify the contamination of CNC samples with residual
salts, such asgsodium sulfate from their production by acid hydrolysis or oxidation. For example, the
diffference bétween the sodium and/or sulfur contents of a sample of Na-CNCs measured Hefore and
aftler exténsive dialysis might give an indication of the amount of free salt present in the ynpurified
samplé (See Reference [38]).

5.6.4 Detection of contaminants by X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) has been employed in several studies for the detection of
contaminants in CNCs[4Z][48][93][105][106] using the same methods that have been applied to other
cellulosic materials.[107] XPS spectra are obtained by measuring the Kinetic energy and number of
electrons that escape from a surface that is irradiated with a beam of X-rays. Note that although XPS is
a surface analysis method,[108] its depth penetration (typically <10 nm) is similar to the cross-sectional
dimensions of individual CNCs. A recent method for estimating the detection limits for trace elements
in a variety of elemental matrices provides a useful practical guide to estimating the level of impurity
that can be detected.[109]

Low resolution XPS spectra of the carbon 1s and oxygen 1s peaks can be used to measure deviations
from the carbon to oxygen atomic ratio of 1,2 for pure cellulose. More detailed analysis can be provided
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by deconvolution of high resolution carbon 1s spectra at ~285 eV into the four component peaks due to
different carbon bonding patterns as shown in Figure 7: C1 for aliphatic carbons (C-C), C2 for C-0-C
or C-OH in the glucose ring, C3 for 0-C-0 in the glucose ring and C4 due to esters (0O-C = O) in the
polymer chains. The presence of aliphatic sp3 carbon (C-C/C-H) provides evidence for non-cellulose
contaminants since cellulose contains only carbon bonded to oxygen, and an 0-C-0 to C-O intensity
ratio approaching the theoretical value of 0,2 is indicative of pure cellulose.[4Z][105] Similarly, the
presence of carbon with three bonds to oxygen provides evidence for residual cell wall polysaccharides
with carboxylic acid groups.[4Z][105] Interestingly, in one case the polysaccharide contaminants could be
removed by ethanol extraction.[105] In another example, high resolution spectra showed the presence
of aliphatic carbons but the atomic ratio between cellulose carbon and oxygen was 1,2, as expected
for pure dellulose, Indicating adventitious contamination during storage or transport, rather than the
presence pf residual polysaccharides.[23] Beyond applications for detecting impurities and providing
qualitativp information on surface functional groups (e.g. carboxylates or sulfate half-esters;see 5/4),
XPS has frlequently been used to analyse surface-modified CNCs by detecting nitrogen atoms-or’changes
in the C/( ratio (see References [20], [47], [48], [92], [110]). XPS has also been used to detect other
elements,|such as silicon or silver.[106][111]

Y
€2
3
1
T T T T T 1

293 291 289 287 285 283 281
Key
X erlergy (eV)
Y cdunts

SOURCE Lgbet and Thielemans 201 1.[105]

Figure 7 [— XPS spectrum for sulfated cotton CNCs after deconvolution to separate peaks due|to
aliphatic carbon (C1, impurities), C-0-C (C2) and C-0-C (C3)

6 CNC Morphology

6.1 Distributions of length and cross-section from microscopy

6.1.1 General

The shape and size of individual CNCs can be assessed by imaging methods, such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM).
These methods can be used to visualize individual particles and measure their size (length, width,
height) and shape. Both electron microscopy (EM) and AFM require that the sample be deposited
on a surface and yield the most reliable information for well-dispersed particles. Therefore, it is
critical to provide details for sample preparation, including the dispersion procedure when starting
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with dry samples. Agglomerated/aggregated particles are frequently detected by both EM and AFM;
agglomeration/aggregation might result from the sample preparation method and does not necessarily
reflect the distribution of agglomerates in the initial sample.[112][113][114] The following subclauses
describe the basic method and sample preparation for EM and AFM, image analysis considerations and
a summary of representative data obtained for CNCs.

6.1.2 Electron microscopy

Electron microscopy (EM) uses a focused electron beam to visualize samples and measure their
morphology and/or composition. Images are constructed based on collecting secondary or
bafkscattered electrons from the surface of a thick sample for SEM, whereas in TEM the eleckrons that
ar¢ transmitted through a thin sample are collected for image formation. This results in a’2D’projection
of BD particles, which means that the length and width of particles can be determined, but not their
helght. Electron microscopes are typically operated under high vacuum for dry samples ahd heavy-
atqm-containing samples are needed for high contrast. SEM resolution is on the order of sgveral nm
anfl, therefore, its utility is limited for measuring the cross-sections of individual CNCs; however, it
hap been used in some cases for qualitative examinations of CNC morpholegy and for charpcterizing

thd
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b large aggregates found in dry CNCs.[42][57][112][113][114] Modern field ‘emission (FE) s
M operated in scanning transmission mode provide some improgement in resolution,
Lh its sub-nanometer scale resolution is the preferred method for-obtaining both length
tributions for CNCs.

mples for TEM characterization are prepared from ancsaqueous suspension of CNCs

,01 % mass/volume (m/v). A small volume (5 pL to 10 pl) Is deposited on an EM grid, incy
reral min and then blotted to remove excess liquid andiwashed several times with deioni
Fbon-coated copper EM grids have been the most commonly used, although it might be adv
use a positively charged grid to facilitate immobilization of negatively charged CNCs. One

reported that hydrophilic silicon oxide coated grids give better dispersed CNCs than either f
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‘bon-coated grids and that pH 3,5 is optimalfor minimizing aggregation.[112] In most casef
ining with uranyl acetate has been used-to'improve contrast, although several TEM and
dies of unstained CNCs have also beent‘eported.[22][79][112][115] One of these examples rep
th careful control of imaging conditiens it was possible to obtain TEM images of sufficie
measure size distributions for~tnstained CNCs.[112] Sample staining is accomplished
mersing the EM grid in an aqueous uranyl acetate solution (0,5 % to 2 % m/v) followed b
th water, or by adding a smalkaliquot of the staining solution to the grid, waiting for 1 mi
 then blotting the sample.)Samples are dried in a clean, dust-free environment, taking c
ist or rupture the coating)Samples for FE-SEM are prepared using similar grids and negatiy

urces for
but TEM
ind width

liluted to
ibated for
red water.
hntageous
study has
brmvar or
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cryo-TEM
prted that
nt quality
by either
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h to 2 min
are not to
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récedures.[38][113][116]
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st EM studies, 0f"CNCs have used a TEM equipped with a CCD camera with an operating voltage
<200 kV for/high resolution imaging[31[21[6][Z] or a FE-SEM operated between 10 kV to 30 kV. The
croscope isscalibrated using a standard of known size, such as polystyrene spheres, collpidal gold
calibration gratings. Certified calibration standards are preferred for this purpose. M¢thods for
ibrating TEM image magnification using reference materials with periodic structures arg available
in [SO°29301.[117] The microscope should be carefully aligned in accordance with the manyfacturer’s
re¢ommendation to obtain accurate particle sizes and optimized for high resolution imaging. After
installing the sample in the microscope chamber, several large field-of-view images of different sample
areas are measured to verify that the sample quality is adequate. Samples with large numbers of
individual particles and few agglomerates are ideal and might require some optimization of sample
preparation conditions (e.g. type of grid, appropriate dilution of initial CNC suspension, incubation and
wash procedures).

Multiple smaller field-of-view images (typically <1 pm x 1 pm) are required for statistical analysis of
particle dimensions. The combination of magnification and camera pixel size should be appropriate
to ensure that individual CNCs are imaged with a sufficient number of pixels, while maximizing the
number of particles per image. The image recording time should be long enough to give adequate signal
to background while minimizing stage drift and sample damage. A sufficient number of images are
recorded to interrogate a minimum of ~1 000 individual CNCs. A representative TEM image for CNCs
is shown in Figure 8 for a sample stained with uranyl acetate; individual and agglomerated CNCs are
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evident in the image. Analysis of the data gives an average length of 76 nm and an average width of
5,0 nm with standard deviations of 32 nm and 1,7 nm, respectively.
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SOURCE Cellulose Nanocrystal Reference Material Certificate (2014).[94]

Figure 8 — Transmission electron microscopy image a) of CNCs derived from wood pulp and
length b) and width c) histograms from analysis of ~1 500 particles
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6.1.3 Atomic force microscopy

Atomic force microscopy functions by scanning a sharp tip attached to a flexible cantilever across the
sample surface. The movement required to maintain a constant deflection or oscillation amplitude of the
cantilever, as it scans the surface is used to construct a 3D image. AFM provides both lateral dimensions
and particle height. The lateral resolution of AFM is limited by the convolution of the tip geometry with
the sample geometry, leading to a tip-broadening effect for measurement of features that are similar
in size or smaller than the tip. Note, however, that particle heights are not subject to tip-convolution
effects and can be measured accurately. The apparent width of individual CNCs measured by AFM is
substantially larger than the actual width, particularly for smaller CNCs, such as those from wood pulps.
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T pyTramidat tip withra radius of curvature of T inmaging acytimdricat feature withrad
m, the measured width will be ~15 nm. This approximation is based on Formula (2), whex
asured width, ris the radius of the feature and R is the radius of curvature of the tip.[L28]

W = z(r(r + ZR))%

e tip broadening effect is small relative to the particle length for rgd-shaped CNCs wift
DO nm (<10 %, depending on the length and height of the particles, the tip dimensions an
ection relative to the long axis of the CNC particle). Correcting fottip convolution effect
it the tip size be measured, which has been accomplished in pne case by co-depositing
nm (mean diameter) gold nanoparticles as a reference.[119]
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e Wis the

(2)

h lengths
1 the scan
5 requires
LNCs with

br a large area and the availability of a clean surface that is generated by cleaving seve

ca, has advantages for the reproducible immohilization of the negatively charged CNCs.[21][
0][121] Uniform, positively charged surfaces’can be prepared by dipping freshly cleaved
ute solution of poly-lysine for ~30 min, followed by washing with deionized water and dry
leous suspensions (dilution and amotint vary with surface used) of CNCs are incubated
face for several min, washed by inntiersing in water to remove unattached material, and
rogen stream or in a clean envirgnment, such as a nitrogen-purged box. Alternate procedur
ting or drop casting have been uSed for AFM sample preparation in a few cases.[Z9][110] T
bosition procedure requires.optimization to minimize CNC agglomeration, as described
CNCs can also be imaged_ ih an aqueous environment.[120] Although this might be advant

mple preparation for AFM is similar to EM in that a dilute aqueous CNC suspension is deposited on
olid surface.[5][9][10][11][12][13] Mica is the most widely~used support due its low surface foughness
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ers immediately prior to use. The use of a positively charged surface, such as poly-lysine-coated
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applied by the tip does not compress the sample It is 1mp0rtant to verify this by testing several applied
forces. The AFM scanner calibration (X, y and z scales) should be verified by measuring a standard
calibration grid; the z-step height should be comparable to the height of the particles to be measured.
Detailed guidelines are provided in ISO 11952[122], ASTM E2530[123] and ASTM E2859[124],

aging of CNC meotphology requires an AFM that is compatible with measurements of part
hometer-scalé.dimensions. Intermittent contact mode operation (often referred to as tappj

requently Used to minimize movement of the individual particles by the tip, although contact mode
5 also been’ employed for qualitative measurements. Probes with a radius of curvature of <[l0 nm are

Representative AFM images are shown in Figure 9. Large scan areas (5 um x 5 um or 10 pm x 10 pm)
provide an assessment of the overall sample morphology and CNC distribution. Some microscopes are
equipped with an optical microscope that can be used to assist with identification of suitable sample
areas for AFM. Detailed size analysis for individual particles requires images that are 1 um x 1 um or
smaller. Note that for an instrument with a typical 512 points/line scana 1 pm x 1 pm image corresponds
to ~2 nm/pixel. The number of images required will depend on the particle distribution and the number
of individual particles required for analysis. Histograms for length [Figure 9 d)] and height [Figure 9 e)]
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0of 300 CNCs from three samples give mean values of 5,0 nm + 1,6 nm and 109 nm * 46 nm, respectively.
Images often require flattening to remove artefacts prior to analysis.[125] Most AFM software includes
an option to exclude nanoparticles while flattening the background.
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SOURCE Brinkmann et al. (2016).[126]

Figure 9 — AFM images of CNCs a), b) derived from wood pulp, a cross section c) for one CNC and
length d) and height e) histograms from analysis of 300 particles
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6.1.4 Image analysis considerations

The measurement of a large number of individual particles is required to construct histograms of
particle size. This is particularly important for CNCs which have a broader size distribution than some
synthetic nanomaterials (e.g. gold nanoparticles). Information on methods for image and particle size
analysis and sampling for microscopy is provided in ISO 9276[127] and ISO 13322-1[128], It is important
to ensure statistically representative sampling when employing microscopy methods that interrogate a
very small fraction of the total sample. One recommendation is to split the original sample and measure
at least three separate parts.[17][18] Additional guidelines for ensuring representative sampling
are provided in ISO 14488[129], An overview of the types of 1nformat10n that can be obtained from

¢ : esthat should

iring size
e possible
re. This is
excluding

lomerated particles. However, this approach is frequently unsatisfactory, since it require
ge background be uniform and the sample free of contamination:The other main issue 4

agey
imp
with image analysis is the frequent presence of agglomerated particles, which might be pred
initial suspension or might form when the sample is deposited o a surface. Although it is

to [restrict analysis to individual (non-overlapping) CNCs, excluding large numbers of agg
pafticles increases the number of images required and ificreases the risk that the sampling is not

representative. In practice, adjacent particles can only be.ahalysed if the edges of individua
ar¢ clearly defined. The choice of “analysable” particles'unfortunately does introduce user
the¢ analysis process. An additional factor to consider’in analysing the height or width of CN
the¢ cross-section might vary along the length of the nanocrystal [see Figure 9 b) and Figul
systematic approach (for example, reporting thé maximum cross-section, based on either
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e approach for reporting CNC size data'is to plot histograms that illustrate the distribution of length
l width and/or height; typically the{mean (number average) and standard deviation (as a measure of
e width of the distribution) are provided and the aspect ratio is calculated from the mean length and
dth (or height). Procedures for calculating mean sizes and standard deviations of size disfributions
histogram data are sumunarized in ASTM E2578-07[130]. Considering the above imagg analysis
ommendations, it is impartant to provide information on the number of particles that ar¢ analysed
 also on the procedure for dealing with agglomerated CNCs. Representative histogramp for TEM
= 1 500) and AFMC= 300) data are shown in Figures 8 and 9 for a wood pulp CNC sgmple. For
st cases where @-elatively large number of particles have been measured, the histograis can be
bquately fittedby a log normal distribution.

6.1.5 Microscopy size distributions for CNCs

TEM ahd’AFM have been used extensively to measure lengths and widths/heights for CNCs fron
of péllulose sources. In many cases, data are based on analysis of a limited number of imageg/particles
and an average or range of dimensions is provided; rarely are full details on the number of particles
analysed and the analysis procedures provided. Summaries of this (qualitative) data and references to
the primary literature can be found in several recent reviews.[2][8] This subclause focuses on a subset
of more detailed microscopy studies where larger numbers of particles are analysed and histograms
of size distributions (number-based) are provided along with mean values and standard deviations. A
selection of representative data are summarized in Table 3.

havariety

There are a number of trends in the data in Table 3, and previous reviews. [2][8 First, CNCs show distinct
nanorod morphologies, with dimensions that vary substantially depending on the cellulose source
and the extraction process. Wood pulp CNCs have been the most extensively studied and have average
cross-sections between 4 nm and 9 nm and average lengths of 100 nm to 200 nm. Other plants, such
as sisal and ramie have similar dimensions, but cotton CNCs typically have significantly larger cross-
sections. Bacterial and tunicate CNCs are substantially larger with average cross-sections <50 nm and
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10 nm to 20 nm and average lengths <1 um and 1 um to 3 um, respectively. Several studies[211[22][23]]

24]

[26] have examined the effects of the production process on the CNC size. An AFM study measured CNC

lengths and heights for ~300 individual nanocrystals for softwood pulps[21] as a function of hydroly

sis

time and acid /pulp ratios. The average CNC length varied from 105 nm to 141 nm and the height varied
from 4,5 nm to 5,0 nm, with reduced length and cross-section for longer hydrolysis times and higher
acid/pulp ratios. A similar study of cotton CNCs also demonstrated a reduction in length for higher
temperature hydrolysis.[22] This study concluded that the length and width were correlated, with

longer particles being wider. Although this does not appear to have been examined in other studi

es,

it might have implications for modelling dimensional data obtained by light scattering (see 6.2). The

drying method had little effect on the dimensions of wood CNCs,[23] although it did affect the abil
to obtain[well-dispersed samples.[ZZ] Finally, the dimensions of wood pulp CNCs with carboxyla
surfaces gre within the range obtained for those with sulfate half-esters at their surfaces.[16][50]

A second|trend is that the size distributions are broad, as observed by qualitative inspection
individual images and quantified by the standard deviation of the distribution. As illustrated’in Tablé
standard deviations of 30 nm to 70 nm and >1,5 nm are common for length and width; respectivg
of plant-bpsed CNCs. This is consistent with ensemble measurements using dynamic light scatter
for which| polydisperse size distributions are obtained (6.2). The broad distributions mean that if
challenging to differentiate between populations of CNCs with similar size distributions. Note that {
size distrijbution is somewhat broader for length as compared to width/height-(the standard deviat
is typically 240 % of the mean length, but a smaller fraction of the mean ctoss-section, Table 3).

A third observation is that agglomeration of particles is a significaht problem; it can be minimiz
(but never eliminated) by sample dilution and/or sonication and hyychoice of charged surfaces or gr
for CNC itnmobilization. It is difficult to distinguish agglomerates that form during sample deposit
from those that are pre-existing in the sample; however, caréful comparison of particle counting a
ensemble[measurements, such as light scattering might provide some insight. Although it is prefera
to analys¢ only individual CNCs, this leads to exclusion“ef large (and variable) numbers of touch
particles. [This has a practical limitation in that many mere images are necessary to achieve the requif
particle cpunt. It might be a more serious issue if agglomeration depends on particle size, for examy
if large palrticles have a greater tendency to agglomerate, the size distribution based on individual CN
will be skewed towards smaller particles. This_factor has, to the best of our knowledge, not yet be
addressed.

The fourth observation is that CNC particles are irregularly shaped. This is obvious from TEM imaj
in which tghe ends of the particles aréismaller than the middle, a tapered, spindle-like structure tha
responsibfle for the use of the teym>eellulose “whiskers”. Irregularly shaped particles are also evid
in high rgsolution AFM images;which demonstrate that the height varies by up to several nm alg
the long ajxis of the particle (Eigure 9, see References [22], [73], [113], [131], [132]). This might be d
to incompllete hydrolysis af-the amorphous regions between crystals or removal of parts of individ
crystalling regions durifigithe hydrolysis process. It appears that CNCs extracted by acid hydrolysis §
usually cqmposed of.se€veral elementary crystallites,[2][22] This is consistent with XRD measureme
which estjmate an@average particle length of ~20 nm, which is >5 times shorter than the average leng{
measured by mierescopy for wood pulp derived CNCs.[2] Note that the estimated cross-sections of 3 1
to 5 nm from<XRD are similar to those obtained by microscopy.
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Table 3 — Sizes (nm) for CNCs from various cellulose sources and extraction methods

A Average
verage Cross.
Cellulose Production Method, length :
s sectionc¢ Nd Reference
source methoda conditionsb | (standard
- (standard
deviation) .
deviation)
Wood pulp 45°C, 64 % AFM, PLL-mi- 141 (60) 5,0 ~320 [21]
(black spruce) H2S04, 25 min, ca, contact
A/P=8,75
Weodpulp 452664 AT PEEmT= +26-(45) 49 325 21]
(black spruce) H2S04, 45 min, ca, contact
A/P=8,75
Wpod pulp 45°C, 64 % AFM, PLL- 105 (36) 4,5 ~270 [21]
(black spruce) H2S0g4, 25 min, mica, contact
A/P=175
Wpod pulp (US FPL) AFM, PLL- 6,4 (h) 100 [119]
mica, TM 7,8 (w)e
Softwood kraft |45 °C, 64 % AFM, titania- 63 (53) 4,4 >104f 123]
pulp H2S0g4, 25 min, coated silicon,
2 % consistency; |TM
never-dried
Softwood kraft |45 °C, 64 % AFM, titania- 53 (31) 4,3 >104f 123]
pulp H2S04, 25 min, coated silicon,
2 % consistency; |TM
dry at 110 °C
Blgached soft- FPInnovations FE-SEM, + 116 (48) | Approximately | 1230 [lL16]
wood kraft pulp grid, UA 9 nm (limited
resolution)
Softwood kraft |H2S04, AFM, PLL- 109 (46) 5,0 (1,6) 300 194]
pulp FPInnovations mica, TM
Softwood kraft |H2S04, TEM,C-C 76 (32) 5,0 (1,7) 1500 194]
pulp FPInnovations grid, UA
Whod pulp H2S04, 45 °C, TEM, C-C grid 211 (70) 8,8 (5,5) 200 [24]
60 min TEM, silicon 149 (73) 5,2 (1,6) 200 [24]
oxide coated
grid
TEM, C-C 248 (72) 9,1(3.2) 200 124]
grid, UA
Kraft eucalyp- {56 °C, 58 % TEM, C-C 174 (125) 10,7 (8,.5) 510, 623 126]
tup pulp H2S04, 40 min, grid, UA (1, w)
Wpbod pulp 64 % H2S04 (US |AFM, PLL-mi- 130 (67) 59 (1,8) ~400 179]
FPL) ca, TM
Bdcteyial 60°C,37% AFM, PLL-mi- | 1103 (698) 14,0 (7,4) ~430 179]
H>SO7, 48 Ta, T M

copper grid.

a  A/Pisacid to pulp ratio.

f Automated analysis.

g Height of 7,3 nm measured by AFM.

e  After deconvolution using gold nanospheres to measure tip size.

d N values estimated from histograms in literature references are indicated with “~".

b PLL-mica is poly-lysine coated mica; TM = tapping mode AFM; UA = uranyl acetate staining; C-C grid, carbon-coated

¢ Height for AFM and width for EM, unless otherwise noted. Standard deviations are listed only when available in the
literature reference.
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Table 3 (continued)

A Average
verage Cross.
Cellulose Production Method, length .
e sectionc Nd Reference
source methoda conditionsb | (standard
s (standard
deviation) deviati
eviation)
Tunicate 48 % H2S04, AFM, PLL-mi- 1187 9,4 (5,0) >500 [79]
ca, TM (1066)
Cotton linters 45°C, 65 % TEM, C-C 141 (39) 27 (52)8 >800 [22]
HoS04-30-m# srieHA 54
cryo-TEM
Cotton linters 72°C, 65 % TEM, C-C 105 (47) 21 (52) >800 [22]
H2S04, 30 min grid, UA
Microcryst 72°C, 65 % TEM, C-C 105 (35) 12 (42) >800 [22]
tal-line cel]lulose |H2S04, 30 min grid, UA
(wood pulp)
Microcryst 44°C,62% AFM, mica, 246 (128) 59 (2,3) < [73]
tal-line cellulose [H2S04, 30 min ™
(cotton)
Cotton fibfes 55°C, 65 % TEM, C-C 140 (15) 14,3 (2,0) — [91]
H2S04, 30 min grid, UA
Ramie fibfes 55°C, 65 % TEM, C-C 185 (25) 6:5.(0,7) — [91]
H2S04, 30 min grid, UA
Sisal fibrep 55°C, 65 % TEM, C-C 115 (21) 5,0 (1,5) — [91]
H2S04, 30 min grid, UA
Sisal fibrep 50°C, 65 % TEM, C-C 215 (679 5,0(1,5) 425, [133]
H2S504, 40 min grid, UA 2015
(L w)
Wood pulp Ammonium per- |AFM, TM 124 (41) 6,0 (1,7) 200, 253 [16]
sulfate (1, w)
Wood pulp Ammonium per- |AFM, PLL~ 109 (46) 6,9 (3) 100 [50]
sulfate mica, TM
a  A/Pis hcid to pulp ratio.
b PLL-mjca is poly-lysine coated mica; TM = tapping mode AFM; UA = uranyl acetate staining; C-C grid, carbon-coafed
copper grid.
¢ Height|for AFM and width for’EM; unless otherwise noted. Standard deviations are listed only when available in the
literature reference.
d  Nvalug¢s estimated fronnhistograms in literature references are indicated with “~”.
e After deconvolution\wsing gold nanospheres to measure tip size.
f Autompted analysis.
g  Heightlof 73 ’m measured by AFM.

The width of CNCs is not always equal to the height, as is evident for the long, high aspect ratio tunicate
CNCs which have a ribbon structure with a helical twist.[22] A detailed AFM, TEM and cryo-TEM study
reported that CNCs derived from cotton and wood pulp also differed in length and width, leading to the
conclusion that most CNCs were composed of laterally associated individual crystallites.[22] The authors
hypothesized that previous studies showing smaller widths were most likely measuring individual
crystallites, rather than laterally bound crystallites. Based on the predicted crystal structures for wood
pulps, one expects a square cross-section with width equals height in the 3 nm to 5 nm range, consistent
with most EM and AFM data. In one case, it has been suggested that the width is 1,4 nm larger than
the mean height, suggesting unequal short axis lengths.[119] However, the width was determined from
deconvolution of AFM data, which might introduce additional errors in the measurement.
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The largest amount of data in Table 3 is for wood pulp-derived CNCs and, for the most part, the data
from different laboratories are in reasonable agreement. With a few exceptions, the cross-section is
approximately 5 nm and the lengths vary from 80 nm to 140 nm. CNCs from other plant sources, such
as sisal and ramie have a similar size. The agreement for CNCs prepared and measured in different
laboratories with different methods and sample preparation procedures indicates that applying
standard data acquisition and analysis protocols to the same sample should generate results consistent
with development of technical specifications.

There are relatively few examples, where the same sample has been assessed by both AFM and EM.
One study used AFM, fleld emlssmn SEM, and TEM to characterize CNCs isolated from mlcrocrystalllne
o e ana1y51s

the¢ two methods or between different laboratories. AFM and TEM can provide '¢omplementary
information since TEM provides particle width while AFM provides particle height:.Because [of the tip-
brpadening effects, it might be advisable to obtain only height measurements from AFM and tely on EM
forl measurements of CNC width and length. Nevertheless, the sample staining used to enhancg contrast
in [most EM measurements of CNCs has been suggested to increase particle agglomeratign.[22][112]
Finally, the choice of microscopy techniques will frequently be determined by cost and availahility. AFM
caf be readily combined with either force spectroscopy to obtain mechanical properties or with optical
(flnorescence, Raman) microscopy for correlated measurement of the same sample area o a single
inlegrated microscope platform. Such approaches should be particularly valuable for charadterization
of chemically modified CNCs and composite materials containing CNCs, although these materials are
oufside the scope of this Technical Report.

6.2 Size measurement by dynamic light scattering (DLS)

Dypnamic light scattering measures the time-depéndent fluctuations in intensity of light|scattered
frqm particles suspended in liquid and undergoing Brownian motion. These intensity flyctuations
ar¢ directly related to the rate of diffusion‘of the particle through the solvent and can He used to
defermine the translational diffusion ceefficient, which is proportional to particle size, as well as
the hydrodynamic diameter of the particle. For a non-spherical particle, one obtains the ¢quivalent
hyflrodynamic diameter which is therdiameter of a rigid sphere that diffuses at the same rpte as the
anplyte particle. DLS is an ensemble method (compared to the particle counting approadh used in
mifroscopy, 6.1) and calculates sizes based on simultaneous analysis of a large number of parficles. It is
a simpler, less expensive and more widely accessible method than either EM or AFM and can|therefore
bejreadily implemented for.quality control and routine measurements. However, the intensityfweighted
eqpivalent hydrodynamic¢ diameter, dy, of solvated particles estimated from DLS will almqgst always
difffer from the diameter measured by microscopic methods. For spherical particles, the djifferences
ar¢ primarily due-te’the electrical double layer, whereas the situation will be more compley for other
particle shapes; such as nanorods.

Mdasuremént of nanoparticle size distributions by DLS is well-established and the genera| methods
anfl data,analysis are described in several standards and protocols. .[134][135][136] For CNC$, samples
dilutedito a mass fractlon of 0, 05 % in 5 mmol/L to 10 mmol/L NaCl are typlcal The use pf a lower
a to avoid
contamlnatlon (e.g. dust partlcles) of the sample cuvettes or NaCl solutlon due to the much larger
scattering intensity from larger particles; the suspension should be filtered to remove such particles.
The scattering intensity is proportional to ré (where r is the radius of the scattering particle) which
means that the scattered intensity from a 100 nm particle will be one million times larger than that
from a 10 nm particle. Typically, a minimum of three measurements (which are each averages of several
readings, the exact number typically being automatically selected by the instrument data acquisition
software) per sample should be obtained and an equivalent blank sample (without CNCs) should be
measured to check for background scattering.

The raw data (light scattering intensity fluctuations) are plotted as a correlation function from which
the translational diffusion coefficient, Dy, is obtained. ISO 22412[134] recommends use of the Cumulants
analysis method which fits the data to a polynomial expansion to obtain D;. The Stokes Einstein
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Formula (3), where k is the Boltzmann constant, T is the temperature in K and 7 is the viscosity of the
medium, is then used to calculate the mean hydrodynamic diameter, dy:

d, = kT /3mnD, (3)

This calculation requires accurate values for the temperature (usually provided by the instrument
software) and the viscosity and refractive index of the liquid (e.g. 5 mmol/L NaCl solution) in which the
particles are suspended for calculation of the diffusion coefficient. The fit of the correlation function
also provides the polydispersity index, PI, which is a dimensionless measure of the broadness of the
size distrjbution [134] For a single Gaussian distribution PI_is defined hy Formula (4) where g is the
standard fleviation and dy, is the mean size (expressed as equivalent hydrodynamic diameter):

Pl=q%/d} (4)

Note that(data fits using the Cumulants approach give only the intensity-weighted mean)and PI, not the
actual siz¢ distribution.

DLS provjdes intensity-weighted distributions that differ from the number-weighted distributiqns
obtained from particle counting methods. The fact that CNCs are considerablypolydisperse in at least
one dimefsion (length) further complicates their measurement by this method. Since the scattering
intensity |s proportional to r6, the contribution of light scattered from swmiall particles might be a véry
small fradtion of the total intensity and larger particles might further screen the light scattered from
the small¢r ones. Smaller particles are thus difficult to quantify@ccurately, affecting the accuracy| of
the partidle size distribution measured by DLS. It is possible to¢onvert the intensity distribution tp a
volume distribution using Mie scattering theory and the refractive index of the particle. The volume
distributipn has the advantage of more clearly showing sigrals due to small particles that have lpw
scattering intensity and is shifted to lower apparent diameter, as shown by the intensity and volume
plots in Flgure 10. The practical difficulties associated with this conversion are discussed in a rece¢nt
ASTM stapdard which does not recommend further-¢onversion to a number distribution.[135]
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SOURCE Cellulose Nanocrystal Reference Material Certificate (2014).[24]

Figure 10 — Dynamic light scattering data for CNCs in 5 mmol/L NaCl showing intensity (left)
and volume (right) plots

The standard Cumulants method for extracting size information from DLS works well for monodisperse
samples (PI < 0,1). Although several algorithms have been used to fit correlation curves to extract
multiple components for polydisperse samples (summarized in Reference [135]), there is so far no
generally accepted method for analysing such samples. Methods and limitations for extraction of bimodal
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or multimodal distributions of particle sizes have been reported for spherical latex particles[137][138]
and it is likely that dealing with highly polydisperse samples will be even more problematic for non-
spherical particles, such as CNC nanorods.

Representative DLS data for wood pulp CNCs are provided in Figure 10, with dy = 78,5 nm and a PI
of 0,21. The measured equivalent hydrodynamic diameter represents the size of a sphere that would
diffuse at the same rate as the CNCs, but additional information is required to convert this number
to the actual CNC dimensions. For non-spherical particles, such as the high aspect ratio CNCs, the
scattered light will have an angular dependence due to rotational motion, requiring measurement of
the rotational diffusion coefficient. Despite this limitation, DLS has been used as a qualitative method
to ) . .

surface functionality/counterions.[29][40][48][54][132][139][140] A similar approach has also.bex
validate procedures for redispersion of dry CNCs[28] and to evaluate the effect of storage)con
th¢ physico-chemical stability of dry and suspended CNCs.[26] In cases where DLS-results

compared to microscopy size measurements, similar trends are observed for changes in d,, a
(13p][140]

Seyeral approaches have been explored to deal with the problem of obtaining informative pa
didtributions from light scattering data for rod-shaped CNCs, particularly the particle length
rafio. A combination of polarized and depolarized dynamic light scattering has been used
rotational and translational diffusion coefficients for cotton CNCs,[34¥] The Broersma formy
relate the translational and rotational diffusion coefficients to, the rod length and the ratio
lerlgth to its cross-section were used to calculate the averdge CNC dimensions (length,

Thiis gave estimates that were in reasonable agreement/with the average CNC sizes me
TEM, although sample polydispersity was a complicating factor in some cases. Multi-a
scdttering has also been employed to obtain length distributions.[142][143] [n this method, th
dependence of the scattered light intensity is used jn“combination with the theoretical form
a 1jod to obtain the CNC length distribution (or ayérage dimensions and polydispersity indej
detailed approach that accounts for the effect of'aspect ratio, shape and polydispersity has
puplished recently.[144] Another recent reparthas taken the potentially simpler approach of
trgnslational diffusion coefficient from DL§'measurements and an average CNC cross-section
by|microscopy to obtain the mean particle length, assuming a cylindrical rod,[145] as also 1
br
len

ref

gth, since the translational diffusion coefficient depends more strongly on particle le
ss-section and the CNC crossssection is less variable than the length. Note that all these a
require assumptions about the'CNC shape. Based on microscopy data, the CNC length and cro

va
sq
Fir
by

hare or rectangular gross-section predicted from crystallography data.

light scattering and nanoparticle tracking.[116] CNC aspect ratios were estimated from tra

difffusion coefficients obtained by DLS, assuming both ellipsoidal and cylindrical shapes, an

gopd agreement with EM data. The DLS and EM data were also compared to data from na
trdcking analysis. This non-imaging particle counting method tracks light scattered from

pafticles moving under Brownian motion to follow their dynamics and provides a num
si

efly in an earlier study.[146] Thissmiéthod might be sufficient to obtain qualitative data d

'y substantially along the“long and short axes, respectively, and might also differ from|

ally, a recent study has compared CNC size estimates from electron microscopy to thosg
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distribution. The volume-weighted CNC radius estimated from DLS was 22 nm, as compared to a

number-weighted radius of 37 nm from particle tracking, the apparent size discrepancy was suggested
to be caused by sample polydispersity and inherent differences between the two methods. Although
this appears to be the only example in which particle tracking was applied to CNCs, this method has the
potential advantage of providing number-based distributions that can be compared with microscopy
data and that might better resolve the broad length distribution.

7 CNC Surface characteristics

7.1 Specific surface area

The specific surface area of dispersed particles, either dry or in suspension, is an important parameter
for characterization of any nanomaterial. For CNCs, the surface area provides information on the
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dispersibility of the material and the available surface area for modification to incorporate functionality
(e.g. for catalysis applications or incorporation in composite materials).

The specific surface area of solids is typically determined by measuring the amount of physically
adsorbed gas according to the Brunauer-Emmett-Teller (BET) method for interpreting gas adsorption
isotherms. ISO 9277[147] provides details on the determination of overall specific external and internal
surface areas of dispersed or porous solids; dry samples are degassed at elevated temperature
(>100 °C) before measuring adsorption of gas, usually nitrogen. Although, the BET method has been
applied to some nanomaterials, complications related to particle agglomeration and/or aggregation
have also been noted.[148][149] CNCs typically form relatively large tightly-packed agglomerates and

aggregateﬁmmmwmﬁﬁﬁﬁiﬂmmmmﬂat
elevated emperatures that precedes gas adsorption when using the BET method might cause further

aggregatipn or degradation of the cellulose. Therefore, surface areas measured for dry agglomérated or
aggregatgd CNCs are much lower ~1 m2/g[34][94] than values estimated by calculating the surface atea
based on pverage CNC dimensions (e.g. 419 m2/g for CNCs with dimensions of 6 nm x ,An1'x 180 1m,
see Refergnce [150]). This indicates that measuring a specific surface area for dry,(dispersed CNCs
using the |BET method will require the development of a drying method that prevents aggregation of
individual particles.

Measurenpent of the surface area for CNC suspensions, rather than dry material, might frequently|be
more relgvant since it provides the accessible surface for reaction in selution or for formulation|in
composit¢ materials. A solution method based on adsorption of Congo,red dye that has been employed
to measufte specific surface areas of bacterial and microfibrillated celtulosel[151] was recently used for
CNCs. Wopd pulp and bacterial CNCs prepared by sulfuric acid hydyolysis gave values of 249 m2/g and
272 m2/g} within the expected range for typical CNCs.[152] Twe NMR methods that have been uged
for cellulgsic materials or nanoparticles might also be useful:approaches. The first employs CP-M|AS
13C solid $tate NMR to measure the ratio of inaccessible arid accessible signals for the disordered [C4
carbons fpr hydrated cellulosic materials [Figure 6 b)]. This ratio can be used to calculate the surface
area, assuming a rectangular particle shape and using:thte known density of cellulose.[153] For a nevgr-
dried disdolving pulp, this NMR method provided a specific surface area that was twofold larger than
the value fletermined by the BET method for a sample dried by a solvent exchange method, in which the
water was replaced by a series of successively less polar solvents before final drying under argon.[153]
A similar LP-MAS NMR approach has been used to examine the role of the drying method in controlling
the laterall aggregation of cellulose fibrils.and hence the surface area available for functionalizatipn.
[154] Adapting this method to evaluate the specific surface area of never-dried or redispersed CNCs
gave valugs[126] that were in reasonable agreement with calculated surface areas using average CNC
dimensions from microscopy and the range of internal specific areas measured by the BET method for
CNC aerogels (216 m2/g to 605m2/g).[150]

A second NMR approach that has been applied to suspensions of nanomaterials[155] takes advantdge
of the mufh shorter relaxation time for liquids on a particle surface compared to the bulk liquid. The
measured solvent relaXation time is a weighted average of the surface and bulk relaxation times,
weighted |by the rélative amounts of surface and bulk liquid. Although NMR relaxation times h3gve
been used to examine interactions of cellulose with a variety of plant wall components and to provide
informatipn @n'cell wall pore volume to surface area,[65] the method has not yet been applied to CNC
surface aféaymeasurements. NMR relaxation times can be measured on a routine solution NMR|or
bench-top Instrument, making this a potentially easy to use and accessible method. To date, neither
NMR approach has been sufficiently widely used to assess whether it will be a generally useful method
for measuring the specific surface area of CNCs or other cellulosic nanomaterials.

7.2 Surface charge

The CNC surface charge is frequently estimated from zeta potential measurements. Zeta potential is
defined as the difference between the electrical potential of the bulk liquid and that of the stationary
layer of fluid attached to the dispersed particles (i.e. the slipping plane which is the region of the liquid-
solid interface where the liquid starts to slide relative to the surface under the influence of shear stress).
[156] It is a model/method dependent value that is derived from electrophoretic mobility and is a metric
for the surface potential or the degree of electrostatic forces acting between two charged particles or a
charged particle and a surface. The electrophoretic mobility, Ug,[156] is measured by applying a potential
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across two electrodes in a sample cell and measuring the movement of charged particles towards the
oppositely charged electrode (cathode or anode) as a function of the applied electric field. Although
particle mobility was initially measured by monitoring the movement of individual particles by video
microscopy, it is now more common to use electrophoretic light scattering. This is an ensemble method,
similar to dynamic light scattering, in which Ug is measured from the Doppler shifts in the frequency of
scattered light from the particle moving in the applied field. The theoretical background and methods
for obtaining the electrophoretic mobility are described in ISO 13099-1[156] and ISO 13099-2[157] and
references within them. Practical guides for measuring Ug and zeta potential for biological materials
and nanoparticles are also available.[158][159]

fboth the
Fticle and its surrounding solution. Methods for measuring Ug assume unrestricted mobillity of the

M¢
std

pr
by
arg

rticles and the values obtained depend on the pH, temperature, particle concentration, ioni
the dispersing solution and the presence of polyvalent ions. Therefore, a zeta potential meg
5 little value unless all relevant parameters are reported. Electrophoretic mgbility can I
fermine zeta potential using Formula (5), where € and n are the dielectric constant and v

the electrical double layer thickness and varies between 1,0 and 1,5. Fox.Iarge particles i
spension a value of 1,5 is typically assumed (Smoluchowski appreximation) whereas
Fticles in organic liquid a value of 1 is used (Huckel approximation);158]

U = (e x zeta potential x f(ka)) /61

asurement of zeta potential from Ug for CNCs has beén frequently used to assess thg
bility and to measure the electrical charge on thecnanocrystals, both of which are rela
bsence of charged functional groups. Note that the number of titratable surface groups

C strength
surement
e used to
scosity of

e medium. The term f(xa), known as Henry’s function, is related to the ratio of the particle radius

h aqueous
for small

(5)

colloidal
ted to the
measured

conductometric titration (see 5.4) can be converted to an equivalent charge density if t
ba is known. Zeta potential measurements have typically used dilute CNC suspensions

e surface
,05 % to

1,0
for
or

%) in deionized water, in some cases with‘added NaCl. The sample preparation is similar to that
DLS (see 6.2) and it is particularly important to filter samples and ensure that additjonal ions
contaminants are not introduced during sample dilution or measurement. Several studies have
reg)orted values of zeta potential between —40 mV and -60 mV for sulfated CNCs produced By sulfuric
acid hydrolysis of wood pulp, ricé straw and filter paper.[20][49][90][132][139][160] These experiments
inqlude data for both protonated and sodium form CNCs at approximately neutral pH and in the
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tence of added salt. The data are consistent with a stable suspension of charged part
heral guideline, suspensions with negatively charged particles that have zeta potentials

-40 mV are considered-moderately stable while values of -60 mV to -80 mV indicate

bility.[158] In one recent study, the effects of NaCl on sulfated softwood pulps were asse
fentials decreasedrom -62,8 mV in deionized water to approximately -20 mV in the p1
mmol/L NaCl{cléarly showing the significant effect of added sodium ions.[132] In anothet
e zeta potentials for cotton-derived CNCs varied with their sulfur content, with more negaf]

ton CNEsl161][162] than for the other plant-derived CNCs mentioned above, although it is pr
rompare results of different studies since there are frequently differences in conditions an

cles. As a
bf —30 mV
very good
ssed; zeta
resence of
example,
ive values

asured for,CNCs with higher sulfur content.[161] Lower values (-2 mV to -30 mV) were objtained for

oblematic
d possibly

aldo(n the approximations used to calculate zeta potential.

8 Miscellaneous

8.1 Thermal properties

The thermal stability of CNCs is an important factor for some applications, for example, in the
production of CNC nanocomposites which frequently require a thermal processing step. Thermal
stability is typically measured by thermogravimetric analysis (TGA), a method that measures the mass
of a sample while heating at a controlled rate in either an inert or oxidizing atmosphere. This method
can be used in dynamic mode where the mass change is measured as a function of temperature under
controlled heating conditions or in isothermal mode where the mass change at a specific temperature
is measured as a function of time. There are published ISO and ASTM standards[163][164][165][166] that
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outline general methods and calibration procedures for TGA of a variety of materials, with those for
polymers and carbon nanotubes[165][166] being the most relevant to CNCs. Certified reference materials
should be used for calibration of both the mass scale and temperature. Typical TGA experiments for

CNCs use 5 mg to 20 mg of dry sample, with a flow of either nitrogen or air and a heating rate of 2 °C
10 °C from room temperature to 2500 °C.

to

Most TGA measurements of CNCs have used dynamic mode with the data plotted, as either a thermogram
or a differential thermogram and frequently the data are compared to those for the cellulose biomass
source.[24][52][90][95][161][167][168][169] Results are reported in several ways, including the temperature

for the onset of mass loss, the temperature for maximum change in mass and the % char remaining
a specifie ; i

at

on the tylpe of cellulose particle, the surface functional groups, the heating rate and atmogphg¢re

(air vs nifrogen). A study of bacterial cellulose prepared by sulfuric acid hydrolysis under\varic

condition$ provides a useful overview of the typical trends observed in the literature (Figure 11).[95]
The unhy{lrolyzed bacterial cellulose showed a modest mass decrease at low temperatures due to lpss

of water, followed by a major change between 250 °C and 325 °C, which was attributed to cellul
degradatipn processes, such as dehydration, depolymerization and decomposition.of'sugars, follow

by formatjion of a char residue. Further decomposition of the residue occurs above ~425 °C and was
assigned fo oxidation and formation of low weight gaseous products. The mass,loss occurred at lowyer
temperatyres and over a broader temperature range as the CNC sulfate halfester content increasgd.

These resplts have been attributed to a combination of two processes: the degradation of the sulfaf
regions of the CNCs occurs at lower temperature, possibly with catalysis’of the dehydration reactid
by the aciglic sulfate half ester groups, and is followed by the decomposition of the unsulfated interio1
the crystql at higher temperatures.
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Figure 11 — Thermogravimetric and derivative thermogravimetric curves for bacterial
ellulose (solid line) and-CNCs produced by sulfuric acid hydrolysis using conditions that give
ifferent numbers ef surface sulfate half esters (decreasing sulfate content from left o right)

[Pl e]

Overall, a nimber of studies have reported similar results, with the surface modified cellulode starting
to degrade-at lower temperatures than the source cellulose and with a more complex thermpgram.[20]
[16§1][167 ){T68][169] The onset of degradation (ignoring the loss of residual water and/or other volatile
compounds below 150 °C) is typically in the range of 190 °C to 220 °C for sulfated CNCs derfived from
wood pulp, cotton and bacterial celluloses, always significantly lower than the unhydrolyzed cellulose.
Carboxylated CNCs have been reported to be more thermally stable with <5 % mass loss below ~220 °C
to 270 °C for CNCs from a variety of sources.[16][19][52] However, this study did not include a direct
comparison of TGA results for sulfated and carboxylated CNCs measured under identical conditions.
Interestingly, the phosphorylated and uncharged CNCs produced by hydrolysis with phosphoric acid
and HC], respectively, also showed higher thermal stability (<5 % mass loss below 305 °C and 290 °C for
phospholylated and hydroxylated CNCs), a single well-defined decomposition step and low char content.
By contrast, sulfated CNCs prepared from the same cellulose source gave a broad thermogram shifted
to lower temperatures.[14] The surface phosphate content was ~4 mmol/g as compared to ~100 mmol/g
for the sulfated CNCs, so the higher stability of the phosphorylated CNCs might be primarily due to the
different concentration of charged surface groups.
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Although most studies of thermal stability have used TGA, there are a few examples where differential
scanning calorimetry (DSC) has been used as an alternate method for either CNCs or surface modified
CNCs.[170][171][172] DSC is much more widely used for assessing changes in thermal properties for CNC
nanocomposites, usually at lower temperatures than those used to measure the thermal degradation
of CNCs.

The thermal expansion coefficient is an important property for consideration when CNCs are
incorporated in nanocomposites. Although it can be measured experimentally for CNC films or
composites, it is difficult to measure experimentally for individual CNCs. The few experimental
determinations from the d-spacing measured by low temperature XRD indicate a low coefficient of
thermal egparstomrimrthe range of 5 ppm/Kto 58ppm/ K amdave beerrsupported by vatues obtained
by simulations.[173][174][175] The same applies to the tensile strength of CNCs.[174]

8.2 Visgosity

nanocrysfals. It has been suggested that, similarly to DLS, viscosity might provide,a rapid method for
routine characterization for commercial production of CNCs. The intrinsic viscésity, which measures
the contrbution of the suspended material to the viscosity of the suspending solution is typicqlly
measured, using either a capillary viscometer or a rolling ball viscometer{ln these experiments, the
relative v]scosity of the suspension is measured over a range of CNC coricentrations and the intrinfsic
viscosity [is obtained by extrapolation of plots of relative viscosity vs’concentration or reciprogal
concentrjtion (expressed as weight/volume), using one of several data treatment methods described in

The viscIsity of CNC suspensions depends on the dimensions and surface properties of the

the literafure. For wood pulp CNCs, two recent studies have repofted intrinsic viscosities of 270 ml./g
and 213 npL/g, with the differences in the values attributed to different dimensions, surface charge gnd
counterioh for the two samples.[132][176] A significantly different value was obtained for larger tunicate
CNCs (1,0B dL/g; see Reference [177]) and increasing theconic strength of the suspension by adding
NaCl also pffected the intrinsic viscosity.[132] As discussed'in 5.3, intrinsic viscosity has also been uged
to assess [the degree of polymerization of cellulosic manomaterials, although in this case the method
relies on dompletely dissolving the samples prior to-analysis.

At low foncentrations CNC suspensions shave randomly oriented crystals; with increasing
concentrations the rod-shaped CNCs first align to give an anisotropic nematic liquid-crystalline phase
and at a cfitical concentration a chiral nematic phase forms. The formation of these ordered phases is
responsibjle for the unique optical properties of CNC suspensions and films. Since the particle alignment
is highly dependent on the shear rate, many studies have focused on measuring the viscosity af a
function qf shear rate (dynamic viscosity, units of Pa-s). Several studies have shown that the viscosfity
depends dqtrongly on time, shear)jrate, and CNC counterion.[43][132][178] Most of these studies have uged
high concentrations of CNCs containing anisotropic phases or incorporated CNCs in other materials for
modificatjon of their rheolagical properties[160][162][179] and are thus beyond the scope of this Technifal
Report. Sgveral reviews provide an overview of work in this area.[2][8][180]

9 Condluding’comments

This Techhieal Report has summarized methods used to characterize CNCs with an emphasis on sample
preparation, data acquisition and data analysis. The review ol the current state-oi-the-art for CNC
characterization focuses on methods that are well-established and broadly applied. Alternate methods
which have been shown to be useful for other types of nanomaterials have not been included, as their
utility for CNCs has yet to be demonstrated.[181] These include particle sizing or fractionation methods,
such as small angle X-ray diffraction, field flow fractionation or analytical ultracentrifugation and
surface analysis methods, such as secondary ion mass spectrometry. However, other types of cellulose
nanomaterials have been studied using some of these methods.[182][183][184][185] Also excluded are
optical and mechanical properties, which are important parameters for thin film CNC samples and for
CNC nanocomposite applications, but which are outside the scope of a review that focuses on properties
of unmodified CNCs. The characterization of CNCs is a first step towards realizing the market potential
for a wide variety of cellulose nanomaterial-enabled products.[4](5]
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