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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.
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Introduction

This document, which establishes testing methodologies for measuring the total elemental sulfur and
sulfate half-ester group contents of cellulose nanocrystals (CNCs), was developed in response to a need

for a simple and rapid method for indirect quantification of CNC surface charge.

The main purpose of the two methods covered (inductively coupled plasma-optic
spectroscopy (ICP-OES) and conductometric titration) in this document is to measure
charge of sulfated CNCs. Sulfate half-ester groups (R-0OSO3H) covalently bound at the
surface are lntroduced durlng concentrated sulfurlc ac1d hydroly51s by partlal esterlflc

and basic pH values the protons dlssoc1ate and the CNC surface is negatlvely charged (R
pKa pf the sulfate half-ester groups on CNCs is approximately 2,5 (as determined Ky, po
titration), implying that at very low pH the surface groups are protonated and CNCs have g
chargel2l. This surface charge controls many important properties of CNC suspensions, il
collojdal stability, self-assembly and rheological behaviour, both in the pure staté and in the
salts|and other additives. As such, the CNC surface charge is a very important factor in thg
and ¢levelopment of commercial products containing CNCs. The sulfate half-ester (sulfur)
also pe a key entry on material specifications sheets which will accompany the commert¢
enabling different product grades to be distinguished from eachcether and from other
products.

ICP-QES and conductometric titration are both included in this document as they provide
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hnsfer losses and slight differences in thepurification and protonation steps. CNCs
Fent cellulose sources have shown différent levels of agreement between the results f
methods[3]. The objective of this document is to use this information in quantifying the
charge arising from the easily ionized sulfate half-ester moieties introduced during hydrol
sulfation.

ests contained herein arebased on literature methods and were developed over sever
p of industry experts, and'were identified as being those which can yield reproducible §
ts. The tests are anticipated to be performed in a laboratory setting.

ith any laboratory procedure requiring the use of potentially hazardous chemicals
cted to havereeeived proper knowledge and training in the use and disposal of these ¢

documerit contains footnotes giving examples of apparatus, reagents and sometimes th
hse materials that are available commercially. This information is given for the convenig

s
prodr_\cts may be used if they can be shown to lead to the same results.

document and does not constitute an endorsement by ISO of the products named,

ent in a 1:1 ratio with the charged sulfate half-ester groups, and does not depend on the nature of
ounterion. Conductometric titration, on the othér hand, measures only protons ass¢ciated with
nionic R-0S03-, but is much less complicated to carry out. The two analysis methods should yield
Falent results (see 5.1 and 6.1), or within 5.% to 10 % owing to sources of uncertainty/error such

erived from
rom the two
CNC surface
[ysis or post-

hl years by a
nd accurate

the user is
hemicals.

e supplier(s)
nce of users
Equivalent

Annex A provides an alternative method of sample digestion for ICP-OES by wet ashing. Annex B
provides an alternative method of sample protonation for conductometric titration by treatment with

batches of ion exchange resin.
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INTERNATIONAL STANDARD ISO 21400:2018(E)

Pulp — Determination of cellulose nanocrystal sulfur and
sulfate half-ester content

1 Scope

This document specifies procedures for the laboratory determination of the total elemental sulfur and
the guifatetraif-estercomntentof tettutose Tanmocrystats (CNCs) by imductivety toupted pigsma-optical
emiskion spectroscopy and conductometric titration, respectively, including sampleéOpreparation,
meagurement methods and data analysis.

This|document is applicable to the characterization of CNCs:
a) ith all monovalent counterions (particularly hydronium and sodium cations);

b) hich are either in the never-dried state in aqueous suspension, of-hdve been redispgrsed from a
diried form; and

c) hich have been extracted from any naturally occurring celldlose source using a range of sulfuric
gcid hydrolysis conditions, or have been sulfated post-hydrolysis using sulfuric acid.

2 ormative references

The following documents are referred to in the téxt in such a way that some or all of their content
constitutes requirements of this document. For“/dated references, only the edition cited [applies. For
unddted references, the latest edition of the referenced document (including any amendments) applies.

IS0 3696, Water for analytical laboratorytise — Specification and test methods

ISO 14644-1, Cleanrooms and associated controlled environments — Part 1: Classification of ajr cleanliness
by pqrticle concentration

ISO/TS 80004-1, Nanotechnalogies — Vocabulary — Part 1: Core terms
ISO/T'S 80004-2, Nanotechnologies — Vocabulary — Part 2: Nano-objects

ISO/TS 80004-6, Nanotechnologies — Vocabulary — Part 6: Nano-object characterization

3 Terms-and definitions

For the pufposes of this document, the terms and definitions given in ISO/TS 80004-1, ISO/[TS 80004-2,
ISO/TSB0004-6 and the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at http://www.electropedia.org/

3.1
nanoscale
length range approximately from 1 nm to 100 nm

Note 1 to entry: Properties that are not extrapolations from larger sizes are predominantly exhibited in this
length range.

[SOURCE: ISO/TS 80004-1:2015, 2.1]

© ISO 2018 - All rights reserved 1
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nano-object
discrete piece of material with one, two or three external dimensions in the nanoscale (3.1)

Note 1 to entry: The second and third external dimensions are orthogonal to the first dimension and to each other.

[SOURCE: IS
3.3

0/TS 80004-1:2015, 2.5]

nanocrystal

nano-object

(3.2) with a crystalline structure

[SOURCE: IS

3.4

elementary
structure, d
chains speci

[SOURCE: IS

3.5
cellulose ng
CNC
nanocrystal
containing
than 50 but
network-lik

Note 1 to ent
depending or

Note 2 to ent

Note 3 to enf]
whiskers or
needles or ni

0/TS 80004-2:2015, 4.15]

fibril
riginating from a single terminal enzyme complex, having a configuration of cell
fic to each cellulose-producing plant, animal, algal and bacterial species

O/TS 20477:2017, 3.2.5]

inocrystal

(3.3) predominantly composed of cellulose with at least one elementary fibril
predominantly crystalline and paracrystalline regions, with aspect ratio of usually

1lose

3.4),
less

usually greater than 5, not exhibiting longitudinal splits, inter-particle entanglement, or

e structures

'y: The dimensions are typically 3 nm to 50 nm_ift,cross-section and 100 nm to several um in lg
the source of the cellulose nanocrystal.

y: The aspect ratio refers to the ratio of the longest to the shortest dimension.

ry: Historically, cellulose nanocrystals have been called nanocrystalline cellulose (NCC), cell

ngth,

ulose

cellulose nanowhiskers (CNW), ‘and cellulose microfibrils; they have also been called spheres,

nowires based on their shape;\dimensions and morphology. Other names have included cell

micelles, cellfilose crystallites and cellulose' microcrystals.

[SOURCE: IS

3.6

agglomerat
collection o
similar to th

Note 1 to ent

0/TS 20477:2017, 3.3.5, modified — Note 3 to entry has been revised.]

e
F weakly orvmedium-strongly bound particles where the resulting external surface af
e sum ofthe surface areas of the individual components

'y: The forces holding an agglomerate together are weak forces, for example van der Waals for

simple physi

ulose

ea is

fes or

alentanglement.

Note 2 to entry: Agglomerates are also termed secondary particles and the original source particles are termed

primary part
[SOURCE: IS

3.7
analyte

icles.

0/TS 80004-2:2015, 3.4]

element to be determined

3.8
calibration

blank solution

solution prepared in the same way as the calibration solution (3.9) but leaving out the analyte (3.7)

© ISO 2018 - All rights reserved
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calibration solution
solution used to calibrate the instrument, prepared from a stock solution (3.11) or a certified standard
by adding acids, buffer, reference element and salts as needed

3.10

matrix blank solution
solution prepared in the same way as the test sample solution (3.14) but omitting the test sample (3.13)

3.11

stock solution

solut
prim|

3.12

qualjiity control sample solution

solut
indej

3.13
test
port

3.14
test

H ikl ol l Lato D 70 i iy L) A€ L. H
ITUIL VVILIl dlClUl GLCI)’ NITUVVII MIlMl_yLC LJ-I ) CUIICTIILT quUllLD), lJl Cpal CuUu I'TUIIT Pul C CILITITITIC

ary standard

ion of known composition within the range of the calibration solutions (3.8), b
pbendently

sample
on taken from the laboratory sample after, for example, homogenizing or dividing

sample solution

Issuch asa

It prepared

test sample

solutlion prepared after extraction, dispersion, purificatien or other preparation of the
(3.13), such that it can be used for the envisaged measurement

4 S$ymbols and abbreviated terms

a slope of the standard addition plot, in mg/kg

b intercept of the standard addition plot, in mg/kg

c concentration [titre) of sodium hydroxide, in mol/I

CAS Chemical Abstracts Service, a division of American Chemical Society

CNC cellulese-nanocrystal

cps counts per second

ICP-QES inductively coupled plasma-optical emission spectroscopy

K conductivity corrected for dilution, in S/cm

mq mass of dry sample, expressedin g

Mint, i mass of the internal standard added to sample aliquot number i, in g

MKHP mass of potassium hydrogen phthalate standard, in g

M mass of original sample, in g

ms, i mass of the CNC sample present in sample aliquot number i, in g

Mstd, i mass of the sulfur standard added to sample aliquot numberi,in g

my oven-dry mass of resin-treated CNCs in the suspension being titrated, in kg
© IS0 2018 - All rights reserved
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meq milliequivalent

MWCO molecular weight cut-off

NIST National Institute of Standards and Technology

o.d. oven-dry

ppm parts per million

R; ratio of ICP-OES signals corresponding to the analyte and the internal standard

o CNC surface charge content, in meq/kg

Shik concentration of sulfur in the undiluted matrix blank solution, in mg/kg or.mg/1

Sstd mass fraction of analyte (sulfur) in the sulfur standard added to each sample aliquiot,
in mg/kg

SAC strong acid cation

1% added volume of titrant, in 1

Ve volume of sodium hydroxide solution required to reachthe equivalence point, in 1

Vi initial volume of test sample solution being titrated,'in 1

w mass fraction solids content, in percent

[R-0SO3H] quantity of protonated sulfate half-ester’groups [R-OSO3H] present on the CNC su
face, in moles per kg of dry CNCs

—
1

[S] blank corrected concentration of'sulfur in the CNC test sample, in mg/kg

5 Total ¢lemental sulfur content — ICP-OES method
5.1 Prindiple

5.1.1 This method covers_the determination of total elemental sulfur (S) content of cellfilose
nanocrystal$ (CNCs). Inductively coupled plasma-optical emission spectroscopy (ICP-OES) is used for
analysis, following samplé purification by dialysis to remove any sulfur-containing contaminants fpund
in the water|matrix of the aqueous CNC suspension, and sample digestion to ensure that most (all) of the
S in the CN(|sample-is'dissolved in the aqueous medium used for analysis.

5.1.2 Dialysislis typically used to purify CNC suspensions by removing dissolved ions, including resfidual
sulfur-containing contaminants such as sulfuric acid or sodium sulfate, from the aqueous phasel4l. The
final dialysed samples are freeze-dried prior to analysis by ICP-OES. Samples can also be digested and
analysed beginning directly from aqueous CNC suspensions, but this method is less precise owing to the
variations in solids content.

5.1.3 The aqueous sample containing the dissolved sulfur-containing ions is delivered by a peristaltic
pump into an analytical nebulizer where it is atomized and introduced into a plasma flame. The sample
is broken down into ions, which break up into their respective atoms, which then lose electrons and
recombine repeatedly in the plasma, giving off radiation at the characteristic wavelengths of the elements
involved. During analysis, light of wavelength around 180 nm to 182 nm (atom and ion lines) is emitted
from the sulfur and onto a detector that measures the amount of light emitted. The emission intensity is a
measure of the concentration of sulfur in the sample. The spectra are dispersed by a grating spectrometer
and the intensities of the lines are monitored by a detector. The signals from the detector(s) are then

4 © ISO 2018 - All rights reserved
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processed and controlled by a computer system. A suitable background correction technique is used to
compensate for variable background contributions.

5.1.4 ICP-OES is used to measure the total elemental sulfur content in a CNC sample. Sulfur is not
typically present in cellulose derived from native sources; the sulfur in the CNCs can therefore be
assumed to originate only from the surface sulfate half-ester groups imparted during CNC production
by sulfuric acid hydrolysis. However, if sulfur is known to be present in the original cellulose samplel5]
[6], comparing the total S content of the CNCs with that of the original material and with CNCs produced
from the same source by HCI hydrolysis (which do not contain sulfate half-ester groups) should give the
concentration of sulfur derived from sulfate half-ester groups.

5.2 | Reagents and apparatus
5.2.1 Water, ultrapure (deionized or distilled), conforming to Grade 2 of ISO 3696yor bettgrl).

5.2.2 Nitric acid (HNO3) solution, concentrated, trace metal grade (60 %@ 70 % assay) (CAS number
7697-37-2).

5.2.3 Hydrochloric acid (HCI) solution, concentrated, reagent grade (36 %) (CAS number{7647-01-0).
5.2.4 Calibration blank, solution of acid used to digest samples (see 5.5.3).
5.2.§ Standard sulfur reference material, for quality control sample solution?).

5.2.4 Primary sulfur standard stock calibration solution, containing 1 000 ppm to 10 000 ppm S,
and ¢ther elements3).

5.2.7 Solution of yttrium (Y) for internal standard, or other appropriate internal stanglard such as
europium (Eu) which will not interferewith measurement of the sulfur wavelengths?).

5.2.8 Probe-type sonicator, ‘with variable power output control, fitted with § probe of
apprppriate processing capabilityfor the volume of sample to be treated>).

5.2.9 Plastic centrifuge-tubes, 50 ml capacity.

1) |MilliporeMilli-Q® water purification systems are examples of suitable systems available commercially. This
informatiofiiis'given for the convenience of users of this document and does not constitute an endorserpent by ISO of
theselproducts.

2) CNCD-trertified €NCTeference materiat {Natiomat ResearchrCourncit Camada) contaiming 8720 mg/kg + 140 mg/
kg S in a matrix similar to the samples intended for analysis, and NIST bovine liver standard reference material
1577c containing 7 490 + 340 mg S/kg are examples of suitable products available commercially. This information is
given for the convenience of users of this document and does not constitute an endorsement by ISO of this product.

3) Pre-mixed calibration stock solution composed of 27 elements including 1 000 ppm S (Delta Scientific) or NIST
stock sulfur solution (10 300 mg/kg + 30 mg/kg) are examples of suitable products available commercially. This
information is given for the convenience of users of this document and does not constitute an endorsement by I1SO of
these products.

4) A 10 000 ppm Y solution from SCP Science is an example of a suitable product available commercially. This
information is given for the convenience of users of this document and does not constitute an endorsement by ISO of
this product.

5) A Sonics vibra-cell™ 130 watt ultrasonic processor with a 6 mm diameter probe is an example of a suitable
product available commercially. This information is given for the convenience of users of this document and does
not constitute an endorsement by ISO of this product.

© IS0 2018 - All rights reserved 5
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5.2.10 Dialysis membrane tubes, with molecular weight cut-off (MWCO) small enough to prevent
CNCs escaping but large enough to allow rapid dialysis®).

5.2.11 Dialysis clips.
5.2.12 Dialysis column or equivalent.
5.2.13 Freezer.

5.2.14 Freeze-drver and freeze-dryer flasks.

5.2.15 Desjccator.

5.2.16 Ovep, capable of maintaining a temperature of 105 °C + 3 °C.

5.2.17 Baldnce, accuracy * 0,000 1 g.

5.2.18 Aluminium weighing dishes.

5.2.19 Fume hood.

5.2.20 Volymetric flasks, 50 ml, 100 ml and 1 000 ml capacity.

5.2.21 Microwave digestion vessels, quartz or polytetrafluoroethylene (PTFE), with PTFE caps.

5.2.22 Stir|bars, egg-shaped, sized to fit in microwave digestion vessels with enough clearance to move
easily. Stir bars are not required with every microwave digestion system.

5.2.23 Microwave digestion system. Any._pressurized closed vessel microwave digestion system
equipped wjth temperature monitoring ¢apabilities is suitable”). Alternatively, a conventional hotplate
may be used (see Annex A).

5.2.24 ICP-OES system. Any inductively coupled plasma-optical emission spectroscopy system which
can detect cpncentrations of salfdr > 1 ppm is suitable8).

5.2.25 Argon gas, high purity (CAS number 7440-37-1), for [CP-OES system.

5.3 Sample purification by dialysis

5.3.1 Carry ot the entire prnr‘pﬂnrn in dnp]ir‘afn on separate test specimens

5.3.2 Around 0,25 g (0.d.) of CNCs are typically required to run the ICP-OES analysis, in order to obtain
a sulfur content in the sample solutions that lies in the mid-range of the standard curve; this mass may

6) Spectra/Por® 4 Regenerated Cellulose membranes with MWCO of 12 kDa-14 kDa are an example of a suitable
product available commercially. This information is given for the convenience of users of this document and does
not constitute an endorsement by ISO of this product.

7)  The CEM Discover SP-D is an example of a suitable instrument available commercially. This information is
given for the convenience of users of this document and does not constitute an endorsement by ISO of this product.

8)  The Thermo Scientific iCAP 6000 series is an example of a suitable instrument available commercially. This
information is given for the convenience of users of this document and does not constitute an endorsement by ISO of
this product.

6 © ISO 2018 - All rights reserved
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be adjusted as required. The mass of CNC suspension required can be calculated by dividing the desired
mass of CNCs for analysis by the mass fraction solids content of the CNC suspension.

5.3.3 Dilute never-dried CNC suspension containing at least 0,5 g (0.d.) of CNCs to around 0,55 %
(mass fraction) with water (5.2.1).

It is not recommended that concentrated CNC suspensions [>1 % (mass fraction)] be dialysed, as
diffusion rates will decrease due to the increased suspension viscosity, significantly reducing the

dialysis efficiency.

5.3.

(mag

(e.g.
stirri

5.3.5
desc

EXAN
sonic
to atf
timedq

Ultrs
prob

Soni
(e.g.
sonig

Soni

(normally titanium, aluminium or aluminium-containing alloys) released from the probe.

5.3.6
with

5.3.7
more
bettd
with
at led
wate
wate

A]fnrnahvn]y’ r‘pﬂlcpnrcn atleast 05 g (n d ) cpr:\y_r‘lrlnr‘] or freeze-dried CNCs to around 0,55 %

s fraction) in water (5.2.1) by gradually adding to water in a container while stirrin
with a magnetic stir bar). Cover and stir until all visible particles have disappeare
ng for 1 h.

Sonicate the redispersed dried CNC suspension to ensure full dispersion?A suitable
[ibed in Reference [3].

PLE A 30 g aliquot of 0,55 % (mass fraction) CNC suspension in;a/50 ml plastic centy
ated using a 6 mm diameter probe on a 130 W sonicator set at 60 %.dmplitude (7 W -8 W p
ptal energy input of 1 650 ] (= 10 k] per g CNCs in the sample). This operation is performed a
to obtain a sonicated sample containing 0,5 g of CNC.

sonic baths are not powerful enough to achieve full:dispersion of CNC agglomerate
es directly immersed in the suspension shall be used.

fation may be omitted if unsonicated and soni¢cated samples show no difference in
for never-dried CNC suspensions). Each different type of sample should be tested bef
ation.

fated suspensions may be filtered using'GF/F glass microfibre filter paper to remove mq

Soak dialysis membrane tubes in water (5.2.1) for 30 min, then rinse thoroughly in
fresh water (5.2.1).

Place suspension (n)dialysis membrane tubes after clipping one end, ensuring the {

r-quality water-for at least 3 days. If using dialysis columns (tanks containing static
magnetic stifibar or equivalent), change the water (5.2.1) at least three or four timeg
st 3 days, tintil constant pH and conductivity of the column water are reached for two
r changes. Both pH and conductivity should be within * 0,2 units and # 5 pS/cm of the vj
r used-for dialysis.

b vigorously
d. Continue

brocedure is

ifuge tube is
bwer output),
total of three

s; sonicator

final results
bre omitting

tal particles

side and out

ubes are no

than two-thirds {ull, then clip the other end. Dialyse the samples against running dleionized or

Vater stirred
per day for
consecutive
alues for the

5.3.

i .1 Lils + dial Jd CNLC 3 d ot tha £ a3
I'TCUTLZT dllu lyU}JlllllLC LT L,ualybcu GING DUDPCIIDIULLD dllU STUTUT UIIT ITCTCTZT UL IC

samples in a

desiccator.

Dried cellulose nanocrystals are hygroscopic and adsorb atmospheric moisture rapidly; they should
always be stored in a desiccator when not in use.

5.3.9 Accurately weigh (to + 0,000 1 g) a minimum of approximately 0,20 g of the freeze-dried CNCs
obtained in 5.3.8. Dry to constant mass at a temperature of 105 °C + 3 °C. Cool the sample in a desiccator
and weigh. Calculate w, the mass fraction solids content, expressed as a percentage, using Formula (1):

|
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where
w
Mo

mq

:2018(E)

is the mass, in grams, of the original sample;

is the mass, in grams, of the dry sample.

is the mass fraction solids content, expressed as a percentage, of the dialysed CNC suspension;

The CNC sample may also be dried to constant mass by storing the sample in a desiccator over

magnesium
5.4 Micrg

54.1 The
acid in high
(see Annex
contaminati
samples. Ad
assisted digg

5.4.2 Pre-
acid/water {

necessary, a
(5.4.10), the
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5.4.3 Mea
weighing a g

5.4.4 Accy
into a pre-cl

5.4.5 Inse
5.4.6 SloW
the inner w
sample solu

5.4.7 Set the-sample aside for about 15 min to pre-digest in the acid. Do not stir the sample.

NOTE

pnrr‘h]nrafn for8 H::yc

pwave-assisted sample digestion and sample preparation

sample is completely solubilized by microwave-assisted digestion using high purity
pressure closed vessels. Wet ashing digestion using a hotplate can preyide similar reg
A). The open glassware used in conventional wet ashing, however,-poses a risk of g
pn if several samples are being heated at one time and “bumping”-occurs in one or
Hitionally, losses due to volatilization are minimized in the closed vessels used for microy
pstion.

clean the microwave vessels by washing with soap, followed by 50:50 vol:vol hydroch
olution, then rinse with ultrapure water (5.2.1). Dry.insthe oven at 105 °C + 3 °C for = 4
dd 5 ml of concentrated nitric acid and run the same microwave program as for the sarn
n rinse with ultrapure water (5.2.1) and dry.

y, if the sample is digested for ICP-OES by wet ashing, the method given in Annex A sh

sure the moisture content of each freeze-dried CNC sample immediately prior to analyg
ortion before and after drying ta"constant mass as described in 5.3.9.

rately weigh (to = 0,000 2~g)*about 0,25 g (0.d.) of the freeze-dried CNCs obtained in
paned microwave vessel, minhimizing the amount of CNCs on the inner walls of the vessg

rt clean stir bar intothe vessel if needed.

lly add 5 ml 6f-€oncentrated nitric acid to the vessel, ensuring that the CNCs are rinsed (¢
hlls. The anount of acid may be adjusted provided that the matrix composition of thd
fions and.the calibration solutions is the same (see 5.4.12).
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I0SS-
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is by
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> test

Freeze-dried CNC flakes are very light and tend to hold static charge. Therefore, they might fly onto

the inner walls of the vessel during vigorous mixing and adhere there such that they are not exposed to the liquid
acid during the subsequent steps, which could prevent them being fully digested.

5.4.8 Add 2 ml water (5.2.1) down the inner walls of the vessel to further rinse the CNCs into the acid.

5.4.9 Plac

e the PTFE cap on the vessel and load the sample into the microwave system.

5.4.10 Digest the sample in the microwave according to the manufacturer’s instructions or established

protocol (se

EXAMPLE

e example).

CNC microwave digestion protocol (operating parameters) for a CEM Discover SP-D.
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Step Temperature Ramp time Hold time Pressure Power Stirring
°C min min MPa w speed

1 100 4,0 1,0 2,76 300 Medium
2 90 2,0 1,0 2,76 300 Medium
3 180 6,0 3,0 2,76 300 Medium

5.4.11 After digestion, if there are undigested CNCs on the inner walls of the vessel or as visible solid
particles in a transparent solution, repeat the digestion steps using the same method.

The acid used might need to be adapted to obtain complete dissolution (a clear solution with no solid
residue), depending on the microwave system. A 3:1 vol:vol nitric acid/hydrochloric acid mixture has
also peen used to digest CNCs.

The microwave digestion program might need to be adapted depending on the microwave system. If
the instrument manufacturer provides a suggested program for cellulose matrices, it can pe used as a
startling point if the above method does not work.

5.4.12 Cool the digested sample and transfer into a 100 ml volumefric” flask by rinsing the vessel,
including the cap, with ultrapure water (5.2.1). Reconstitute the sample‘with water (5.2.1) to give a test
sample solution with a final volume of 100 ml (a 1:19 vol:vol ratio). The exact nitric acid congentration of
the matrix (~5 %) will vary depending on the exact concentration,{assay) of the concentrated nitric acid
(5.2.2). As long as the same ratio of the volume of concentrated @cid to the final volume of matrjix is used for
all telst sample solutions, calibration solutions, etc., the matrix-composition will be identical.|The amount
of acjd used to digest the sample in 5.4.6, as well as the final volume, may be adjusted provided that the
matrfx compositions of the test sample solutions and those of the calibration solutions are the[same.

The following optional drying and reconstitution-steps may be taken:
fter cooling, transfer the contents of theyessels to a pre-cleaned polypropylene or PTFE vial;
lace on a hotplate in the fume hoodiand evaporate to near dryness to remove the acid
issolve the residues in concentrated nitric acid;

— ¢ool and dilute each sampleywith water (5.2.1) such that the matrix composition of the test sample
golutions and the calibration solutions is the same.

5.4.13 Prepare a matrix’ blank solution by performing 5.4.2 to 5.4.12 without sample|(same final
voluine).

5.4.14 Prepare ‘quality control sample solution by performing 5.4.2 to 5.4.12 with stapdard sulfur
reference material (5.2.5).

5.4.15”To evaluate the performance of the analytical procedure and compensate for any resfidual matrix
interferences, samples should be spiked with at least three incremental levels of appropriate amounts
of known primary sulfur standard stock calibration solution (5.2.6), which contains between 1 000 ppm
and 10 000 ppm S.

5.4.15.1 Prepare a spiked sample solution series by dividing the (digested and diluted) test sample
solution into four equal portions and placing them in four vials (A, B, C, D). Spike vial B with x g or ml of
the primary sulfur standard stock calibration solution (5.2.6), vial C with 2x g or ml of the primary sulfur
standard stock calibration solution (5.2.6) and vial D with 3x g or ml of the primary sulfur standard stock
calibration solution (5.2.6) as shown in Table 1. To ensure each sample has the same volume, make up
the balance by adding 5 % nitric acid. The internal standard (5.2.7) may be added to the unknown test
sample solution prior to dividing it into four portions, or to each of the four portions separately.

NOTE It is assumed that each flask or vial contains more than enough sample volume for analysis.
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Table 1 — Samples for standard addition analysis and plot

int = internal
ms, j = mass, if
Mstd, i = Mass,

Mint, j = Mass,

std = sulfur stpmdard {5263

Vial Sample, i ms, Mstd, | Mint, i
A 1 1 0 1
B 2 1 1 1
C 3 1 2 1
D 4 1 3 1
Symbols:

S =CNC sample

standard (5.2.7)
) grams, of the CNC sample present in each sample aliquot
in grams, of the sulfur standard added to each sample aliquot

in grams, of the internal standard added to each sample aliquot

5.4.15.2 Pr
samples.

The concent
5.2.6) shoul
(sulfur from
not diluted §

The spiked
levels shoul
concentrati
10 ppm sul
100 ppm. Hd
the middle (

The concent

bpare a spiked sample series for both the undiluted matrix blank>and the quality cof

ration of analyte in the spiking solution (primary sulfur standard stock calibration soly
d be 50 to 100 times higher than the concentration of the‘analyte in the unspiked sa
CNCs). This allows the minimum volume of standard-to be added such that the sam
ignificantly (by more than ~5 %) if the balance is not¥hade up by adding 5 % nitric ac

concentration should be of the same magnitude as that of the sample itself. Sp
 be chosen such that the spike results in a_ehefold to twofold increase in the total s
n in the sample and the analytical response is linear. For example, a sample conta

wever, if the sample sulfur concentration is very low, it should be spiked at a level thaf
f the calibration range.

ration of the spiked sample should be within the calibration range. If necessary, dilut]

ntrol

tion,

imple

ble is
id.

king
ulfur
ning

ur may be spiked with 10 ppm and 26~ppm of a sulfur standard, but not 0,001 ppm or

isin

e the

spiked samjple (after spiking).

5.5 Preparation of calibration solutions and blanks

5.5.1 Enstyre that the matriXof all the calibration solutions and blanks matches that of the samplef and
contains the same final coneéntration of appropriate acid used to digest the samples.

5.5.2 Prepare sulfur’calibration solutions of incremental concentration (e.g. 1 ppm, 10 ppm, 20 ppm,
50 ppm and 100 ‘ppm or mg/1) from 1 000 ppm primary sulfur standard stock calibration solutign by
transferring| aliquots (e.g. 0,1 ml, 1 ml, 2 ml, 5 ml and 10 ml) to 100 ml volumetric flasks. Fill gbout

2.1

halfway withuttr aptrewatet (S.L.LJ, acrct pure
water (5.2.1) to 100 ml. Store in plastic bottles previously washed with a 50:50 hydrochloric acid/water
solution.

1

|l 1 £ 4 FRpA | tdesas s d (D D PR DA ) NS N A
S HITUT CUNICTINIT ALCTU TN dUIU [ J. 4.4 ] dITU UHTULT WILIT UItT d

Primary sulfur standard stock calibration solutions and test sample solutions may be diluted either
gravimetrically or volumetrically; care shall be taken to ensure that the dilution method is applied
consistently. Calibration solutions shall not be prepared by serial dilution, but rather from an
appropriate aliquot of the primary standard stock solution.

5.5.3 Prepare calibration blank solution (acid blank) by diluting the acid used to digest the samples to
the same concentration as the matrix of the samples to be analysed.
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5.5.4 Prepare internal standard by diluting stock solution (5.2.7) to an appropriate concentration, e.g.
10 mg/1 yttrium, following the procedure in 5.5.2.

5.6 Analysis of standards and samples by ICP-OES

5.6.1 Switch on the inductively coupled plasma-optical emission spectrometer and configure it for
detection of sulfur according to the manufacturer’s instructions.

The wavelength(s) used for sulfur detection (around 180 nm to 182 nm) may be varied slightly
depending on the ICP-OES manufacturer and interference from sample matrix components.

5.6.71 Reference the analyte lines to the internal standard line (e.g. yttrium, wavelength.22%,306 nm).

5.6.3 Rinse the instrument with calibration blank solution.

Ideally, the acid concentration of the rinse solution should match that of the samples, |but a small

varidtion is acceptable.

5.6.4
the i
conc

Run at least five incremental sulfur standard solutions and a‘calibration blank solution, rinsing
hstrument with calibration blank solution between each sample. Plot the signal intensity against
bntration and verify that the instrument response is linear ifivthe range of sample measgirements.

f calibration
at the same

To de¢
blanl
level

termine if there is any memory effect, compare the sighal with the first measurement
K (rinse) solution. If the signal is higher, keep runningtinse solution until the signal is
as the first measurement.

A calibration range from 1 ppm to 100 ppm or mg/1 sulfur will help to ensure the sampl¢s are in the

linear range of the calibration curve.

Alw3g
shou
in th

ys make sure that the sample signal intensity lies within the calibration range. If ot, samples
Id be diluted or an additional standard with higher concentration prepared (making sjure it is still
e linear range).

A mi " calibration

funct

nimum linear regression ceefficient of 0,99 has to be achieved to ensure that a linea
ion has been obtained.
5.6.5

Run a calibration-blank or rinse solution to check for carryover. If there is carryoyer, increase

rinse

5.6.6
or ri
rang
purc

time until signalis\at the same level as the first measurement of calibration blank or ri

nse solution.

Run sulfurstandards as unknowns to check the calibration, each followed by a calibjration blank

hse solution. The calibration check standard concentrations shall cover both the loy
e of the'calibration curve, e.g. 1 ppm and 50 ppm or mg/l. The calibration check stand{
hased'or prepared from a different primary stock solution, preferably from a different

w- and mid-
hirds shall be
source than

the primary sulfur stock solution (5.2.6).

5.6.7 Run matrix blank solution followed by a calibration blank or rinse solution.

5.6.8 Run spiked sample series for each unknown sample, the blank and the quality control samples,
each series followed by a calibration blank or rinse solution. Check the calibration for drift when needed.
If necessary to ensure that the signal strength is not out of range, dilute the samples while ensuring that
the final acid concentration is the same.

5.6.9 After all samples have been analysed, run calibration blank solution or rinse solution to rinse the
instrument.
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5.7 Calculation of dry CNC total elemental sulfur content and CNC surface charge

Construct a standard addition plot for each CNC sample and for the quality control sample, using the
following approach.

Since the slope of the standard addition calibration function for the sample and blank might not be
equivalent, separate plots for the samples and the blanks should be constructed.

Prepare a standard addition plot for each series of spiked CNC (or quality control) samples:

y=b+ax

where

b is tIe intercept, in mg/kg, of the standard addition plot for the samples;
a isthe slope, in mg/kg, of the standard addition plot for the samples.
The values for the y and x axes are given by:

Y =Sstd(nstd, i/ms, ;) fori=1, 2, 3, 4, mg/kg
X = Ri(mjnt, i/ms, ;) fori=1,2,3,4

where

ms,; [s the mass, in grams, of the sample present inveach sample aliquot;
Mstd, i [S the mass, in grams, of the sulfur standard added to each sample aliquot;
Mint, ;i S the mass, in grams, of the internalstandard added to each sample aliquot;

Sstd is the mass fraction, in mg/kg, of-analyte (sulfur) in the sulfur standard added to each
sample aliquot;

R; is the ratio of signals corresSponding to the analyte and the internal standard.

The total el¢mental sulfur contént’in each sample, [S], expressed in mmol/kg of dry sample is obtained

from Formulla (2):

1 —-100h
Sl=—f— =5 2
(5] 32,06( v blk) (2)

where

[S] is the total content, in mg/kg, of sulfur in the sample;
32,06 isthe molar mass of sulfur, in mg/mmol;

w is the mass fraction solids content, expressed as a percentage, of the CNC or quality control
sample taken for digestion, calculated using Formula (1) in 5.3.9;

Spik  is the concentration of sulfur, in mg/kg, in the undiluted matrix blank solution obtained
from the average of the standard addition plots for the blank samples.
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If volumetric dilution is used, replace all masses with volumes expressed in I, and replace all
concentrations expressed in mg/kg with concentrations expressed in mg/I.

NOTE Assuming that all residual sulfate ions or other sulfur-containing contaminants were removed by
dialysis, the total content of sulfate half-ester groups is equivalent to the total elemental sulfur content when
expressed in mol per kg of dry CNCs.

The CNC surface charge content, o, expressed in meq per kg of dry CNCs, is equivalent to the total
elemental sulfur content [S] expressed in mmol/kg of dry sample.

Repeatability and reproducibility data for this method are given in Annex C.

5.8 | Testreport

The test report shall contain at least the following information:

a) areference to this document, i.e. ISO 21400;

b) areference to the method used;

c) ¢omplete identification of the sample including source, date of receipt, form of sample;
d) the results of the duplicate determinations;

e) the sulfurline and internal standard line used;

f) any details not specified in this document or which are’optional;

g) any unusual features observed during the determination;

h) 4ny deviations from this method and details’of all circumstances which could have pffected the
fesults.

6 Sulfate half-ester content —€onductometric titration method

6.1 | Principle

6.1.1 This method covers the determination of sulfate half-ester content of cellulose nanocrystals
(CN(s). Conductometri¢-titration is used for analysis, following sample purification by dialysis to remove
any sulfur-containingzand other ionic contaminants found in the water matrix of the afjueous CNC
suspgension, and sample protonation to ensure that most (all) of the sulfate half-ester groups in the CNC
sample are in the-acidic form and thus detectable by titration with sodium hydroxide during|analysis.

6.1.1 Conductometric titration measures the protons associated with the anionic sulfate half-ester
groups-on the CNCs. If excess acid of any kind is present in solution, an erroneously hjgh titration
reading=will be obtained. On the other hand, if some of the sulfate half-ester groupsare not protonated
(i-e. if sulfate half-ester groups have counterions other than protons, such as Na+), a low reading will be
obtained. A protonation step following purification is therefore vital to obtaining reliable and accurate
conductometric titration results[3l[Z]. Protonation is performed by treating the CNC suspension with

hydrogen form strong acid cation (SAC) exchange resins.

6.1.3 Conductometric titration is the most commonly used analytical technique for the quantification
of sulfated cellulose nanocrystal surface chargel8], offering clearer end point determination than pH
titration, and being more accessible than ICP-OES by virtue of the simpler equipment and chemicals
it requires. Although conductometric titration measures the surface charge directly, it can provide the
equivalent information to ICP-OES (total elemental sulfur content), provided the CNCs are pure and fully
protonated as described abovel3].
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6.2 Reagents and apparatus

6.2.1 Water, ultrapure (deionized or distilled), conforming to Grade 2 of ISO 3696 or better?).
6.2.2 Potassium hydrogen phthalate (KHP), primary standard (CAS number 877-24-7).
6.2.3 Sodium hydroxide (NaOH) solution, 0,010 M (CAS number 1310-73-2), standard grade.

6.2.4 Sodium chloride (NaCl) solution, 0,10 M (CAS number 7647-14-5), reagent grade.

6.2.5 pH 4tandard solutions, pH 4, 7 and 10 or similar.
6.2.6 Desjccator.
6.2.7 Oven, capable of maintaining a temperature of 105 °C * 3 °C.

6.2.8 Baldgnce, accuracy + 0,000 1 g.

6.2.9 Dialysis membrane tubes, with molecular weight cut-off (MWCO) small enough to pr¢vent
CNCs escapihg but large enough to allow rapid dialysis?).

6.2.10 Dialysis clips.
6.2.11 Dialysis column or equivalent.

6.2.12 Probe-type sonicator, with variable power-output control, fitted with a probe of appropriate
processing dapability for the volume of sample to be‘treated11).

6.2.13 Plasgtic centrifuge tubes, 50 ml capacity.

6.2.14 SAC|exchange resin, hydrogén)form, with an exchange capacity of around 1,8 meq per ml of
resin in the hydrogen form2).

6.2.15 Glags column with glass frit and tap, inner diameter 1,9 cm or similar.
6.2.16 Filt¢r funnel.

6.2.17 Ashless filter paper or GF/F glass microfibre filter.

9) Millipore Milli-Q® water purification systems are examples of suitable systems available commerecially. This
information is given for the convenience of users of this document and does not constitute an endorsement by ISO of
these products.

10) Spectra/Por® 4 regenerated cellulose membranes with MWCO of 12 kDa-14 kDa are examples of suitable
products available commercially. This information is given for the convenience of users of this document and does
not constitute an endorsement by ISO of these products.

11) A Sonics vibra-cell™ 130 watt ultrasonic processor with a 6 mm diameter probe is an example of a suitable
instrument available commercially. This information is given for the convenience of users of this document and does
not constitute an endorsement by ISO of this product.

12) Dowex™ Marathon C hydrogen form SAC exchange resin is an example of a suitable product available
commercially. This information is given for the convenience of users of this document and does not constitute an
endorsement by ISO of this product.
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6.2.18 Buret, 50 ml graduated or automated titration system?3),

6.2.19 Conductivity probe and meter. A conductivity probe with a cell constant of up to 1 cm-1 is
appropriate for the conductivity ranges typically measured during the conductometric titration.

6.2.20 pH probe and meter.
6.2.21 Stirrer (propeller mixer or stir plate and magnetic stir bar).

6.2.22 Beakers.

6.2.23 Glass graduated cylinder, 100 ml to 250 ml capacity, tolerance = 1 ml.

6.2.24 Nitrogen gas, pre-purified (CAS number 7727-37-9), for bubbling through samnples during
titragion.

6.3 | Sample purification by dialysis
6.3.1 Carry out the entire procedure in duplicate on separate test specimens.

6.3.1 Around 0,15 g (0.d.) CNCs are required for one €enductometric titration. The mass of CNC
suspgension required for the desired number of replicates<can be obtained by dividing the desired mass
of CNCs for analysis by the mass fraction solids contentsof the CNC suspension. Purifying pnd treating
exce$s suspension is desirable to compensate for transfer losses which may occur.

6.3.3 Dilute never-dried CNC suspension to around 0,55 % (mass fraction) with water (6.4.1).

It is [not recommended that concentrated. CNC suspensions [>1 % (mass fraction)] be dialysed, as
diffusion rates will decrease due to the increased suspension viscosity, significantly reducing the
dialyfsis efficiency.

Dialysis results in slight dilutienof the CNC suspension; it is not necessary to determine an extremely
accurate value of the mass fraction solids content before dialysis.

6.3.4 Alternatively, redisperse spray-dried or freeze-dried CNCs to around 0,55 % (mass|fraction) by
gradpally adding to water (6.2.1) in a beaker while stirring vigorously with a magnetic stir bgr. Cover and
stir yntil all visible)particles have disappeared. Continue stirring for 1 h.

6.3.3 Sonicate the redispersed dried CNC suspension to ensure full dispersion. A suitable procedure is
described'in-Reference [3].

EXANPLE A 30 g aliquot of 0,55 % (mass fraction) CNC suspension in a 50 ml plastic centyifuge tube is
sonicated using a 6 mm diameter probe on a 130 W sonicator set at 60 % amplitude (7 W - 8 W power output), to
a total energy input of 1 650 | (= 10 k] per g CNCs in the sample).

Ultrasonic baths are not powerful enough to achieve full dispersion of CNC agglomerates; sonicator
probes directly immersed in the suspension shall be used.

Sonication may be omitted if unsonicated and sonicated samples show no difference in final results
(e.g. for never-dried CNC suspensions). Each different type of sample should be tested before omitting
sonication.

13) A Metrohm Titrando titrator system is an example of a suitable instrument available commercially. This
information is given for the convenience of users of this document and does not constitute an endorsement by ISO of
this product.
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Sonicated suspensions may be filtered using GF/F glass microfibre filter paper to remove metal particles
(normally titanium, aluminium or aluminium-containing alloys) released from the probe.

6.3.6 Soak dialysis membrane tubes in a container of several litres of water (6.2.1) for 30 min, then
rinse thoroughly inside and out with fresh water (6.2.1).

6.3.7 Place suspension in dialysis membrane tubes after clipping one end, ensuring the tubes are no
more than two-thirds full. Dialyse the samples against running deionized or better-quality water for at
least 3 days. If using dialysis columns (static water stirred with magnetic stir bar or equivalent), change
the water (6.2.1 1) at least three or four times per day for atleast 3 days untll constant pH and conduct1v1ty
of the colummn : 3 Fty

within + 0,2 unlts and +5 uS/cm of the values for the Water used for dialysis.

6.3.8 Accyrately weigh (to + 0,000 1 g) approximately 10 ml of the dialysed CNC suspensioh obtgined
in 6.3.7. Dry to constant mass at a temperature of 105 °C + 3 °C. Cool the sample ina.desiccator and
weigh. Calcylate w, the mass fraction solids content expressed as a percentage, using-Farmula (3):

w=100l1-"o"Md
m

}:100m (3)
m

(0] (o]

where

w is the mass fraction solids content, expressed as a percentage, of the dialysed CNC suspension;
my is the mass, in grams, of the original sample;
mq 1is the mass, in grams, of the dry sample.

This step mpy be omitted, provided that it is knowmrapproximately how much the dialysis step dilutes
the original|sample of known mass fraction solids content. An estimate is sufficient at this point.

6.4 Sample protonation by ion exchange

6.4.1 Ion ¢xchange resin treatment.may be performed by adding resin directly into the sample follpwed
by mixing and removal of the resin by/filtration (the batch method, described in Annex B), or by flowing
the CNC suspension through a celumn containing a bed of the resin and collecting the treated eluatg (the
column method). Column treatment is analogous to an infinite series of batch steps; continuous coptact
between fresh resin and theysample to be treated favourably drives the exchange equilibrium. Cojumn
treatment is|therefore significantly faster and more efficient than batch treatment(2l.

6.4.2 Ringe hydregen form SAC exchange resin with a large excess of ultrapure water (6.2.1) (gengrally
3 1to 51, d¢perding on the quantity of resin to be used) until the filtrate is colourless and similar in
conductivity te'the original wash water (<5 puS/cm).

Hydrogen form SAC exchange resins can undergo decrosslinking of the polystyrene matrix during
storage, which causes them to release small quantities of protonated sulfonated polystyrene oligomers
into the CNC suspension, which would cause overestimation of the sulfate half-ester content by
titration[10]. These resins shall therefore be thoroughly rinsed with large volumes of ultrapure water
(6.2.1) immediately before use.

Mixed bed (H and OH form) ion exchange resin has been used in several publications with the purpose
of both purifying and protonating the CNCs. Further study has shown that this practice reduces the
total elemental sulfur content of the CNCs. For this reason, the use of mixed bed ion exchange resin is
strongly discouragedI3l].
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6.4.3 Remove water by filtration with a filter paper or GF/F glass microfibre filter (plastic mesh filters
may not remove fine resin fragments) until the resin is just slightly damp (similar to the resin in the
container).

NOTE Around 21 g of damp resin per g (0.d.) of CNCs to be treated is sufficient for an SAC exchange resin
with an exchange capacity of 1,8 meq/ml and a volume of 0,81 ml/g.

Varying water contents of the damp resin will affect the protonation capacity. If this appears to affect
the results, use more damp resin.

6.4.4 Form a slurry of freshly rinsed resin in ultrapure water (6.2.1) and pour into a column with a

fritt

The 1

EXAN
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volun
Assul
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help {

6.4.5
10 b
cond
level

The {

NOTH
1,9 cy

6.4.6
cm2

Sma
colu

6.4.7

d glassdisk(or simitar)at the bottom, ensuring no air bubbies Temalm i the Tesim.

esin bed should preferably have an aspect ratio of at least 10:1 to ensure efficientipn

PLE For the preparation of 2,5 g (0.d.) of CNCs, equivalent to 500 ml of 0,5-% (mass f
nsion, a column is prepared with 52,5 g of damp SAC resin with an exchange capacity of 1,8 1
he of 0,81 ml/g. The total column exchange capacity is therefore 52,5 g x 1,8 meq /ml x 0,81 ml
ming the CNCs contain 240 mmol/kg of sulfate half-ester groups, each associated with an Ng
hmple will consume 0,002 5 kg x 240 meq/kg = 0,6 meq, or less than 1 % of-the column’s capa
ensure efficient ion exchange.

Rinse the resin quickly with at least 10 bed volumes of-tiltrapure water (6.2.1) an
pd volumes of ultrapure water (6.2.1) at a flow rate of afgund 1,3 ml/min/cm2, or unt
juctivity is stable and close to that of the water used foriwashing (<5 pS/cm). Do not allg
to fall below the top of the resin bed.

low rate shall be slow enough to keep the exchahge reaction in equilibrium.

A flow rate of 1,3 ml/min/cm? is equivalént to 3,69 ml/min for a column with an inne

Pass the dialysed CNC suspension-through the resin column at a flow rate of around
hnd collect the treated suspension,

quantities (<100 ml) of-CNC suspension may be treated using a batch method in
n method (see Annex B).

If unsure as to whether the sample is fully protonated, pass the treated suspension

column again; the conductivity should be identical to the conductivity of the sample after th¢

NOTH
repla

6.4.9
cons

The cenductivity of the CNC suspension will increase during resin treatment as othe
ced by protens, which have a higher mobility.

Accurately weigh (to = 0,000 1 g) 10 ml or more of the final resin-treated CNC suspe}

xchange[11].
raction) CNC
neq/ml and a
g =76,5 meq.
+ counterion,
city. This will

d then with
il the eluate
w the water

I diameter of

1,3 ml/min/

stead of the

through the
p first pass.

r cations are

sion. Dry to

[arit mass at a temperature of 105 °C + 3 °C. Cool the sample in a desiccator and weigh.

Calculate w,

the mass fraction solids content, expressed as a percentage, using Formula (3).

6.4.9

shall

6.5

be followed.

Sample analysis by conductometric titration

If the batch method of ion exchange resin treatment is used, the method described in Annex B

6.5.1 Calibrate the pH meter with fresh pH standards according to the manufacturer’s instructions.
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6.5.2 Standardize the sodium hydroxide solution against dry primary standard potassium hydrogen
phthalate.

6.5.2.1 Dry potassium hydrogen phthalate for at least 4 h in an oven at 105 °C £ 3 °C.
6.5.2.2 Cool to room temperature in a desiccator.

6.5.2.3 Accurately weigh (to + 0,000 1 g) a small amount of potassium hydrogen phthalate, such that
the volume of sodium hydroxide solution required to neutralize can be accurately measured into a 250 ml
beaker and add 200 ml of ultrapure water (6.2.1). Stir until dissolved.

6.5.2.4 Tif
solution in
volume of s(

6.5.2.5 Ca

myg

C=
204,

where

MKHP

204,22

Ve

6.5.3 Prej

6.54 Accy
containing dpproximately 0,15 g (o.d-),of CNCs into a 250 ml beaker.

6.5.5 Add

6.5.6 Add

solution wif

created, for
be rapidly b
solution.

[culate c, the concentration (titre) of sodium hydroxide expressed in mol/lLusing Formul

rate potassium hydrogen phthalate solution against the fresh 0,010 M sodium hydr
triplicate and determine the precise concentration (titre) of sodium hydroxide fron
dium hydroxide solution required to reach the equivalence point.

(HP
22V,

is the concentration, in mol/l, of sodium hydroxide;
is the mass, in grams, of potassium hydrogen phthalate standard;
is the molar mass, in g/mol, of potassium;Hydrogen phthalate;

is the volume, in |, of sodium hydroxide-solution required to reach the equivalence pa
are and calibrate the conductivity probe according to the manufacturer’s instructions.

rately weigh (to = 0,000 1-.g)a known volume of SAC exchange resin-treated CNC suspel

sufficient ultrapurehot DI) water (6.2.1) to give a total sample volume of 198 ml.

2 ml of 0,1<M-sodium chloride solution to the sample with mixing to give a test sa|
h a final-sgdium chloride concentration of 1 mM. Stir, ensuring that air bubbles ar
severalminutes until the conductivity reading is stable. It is recommended that nitroge
ubbled-through the suspension to prevent carbon dioxide from being incorporated int

bxide
 the

L (4):
(4)

int.

nsion

mple

b not
n gas
0 the

When stirring, ensure that air bubbles are not created, to avoid the incorporation of carbon dioxide into
the sample, which would create carbonic acid and consume sodium hydroxide, thereby interfering with
end point detection and giving an erroneously high equivalence point.

NOTE The sodium chloride is added to increase the sample conductivity and ensure that it lies in an
acceptable range for accurate detection of conductivity differences by the conductivity meter.

6.5.7 Under constant stirring, perform conductometric titration of CNC samples, adding standardized
0,010 M sodium hydroxide in 0,05 ml to 0,10 ml increments, allowing the conductivity to stabilize between
readings (a 30 s to 60 s equilibration time, which should be consistent throughout, is recommended if
performing the titration manually).
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NOTE If the titration is not automated, larger aliquots of NaOH solution (e.g. 0,2 ml to 0,5 ml) can be used far
from the equivalence point, and smaller aliquots (0,05 ml to 0,10 ml) can be used near the equivalence point to
ensure sufficient resolution is achieved.

6.5.8 Once the equivalence region has been passed, continue adding aliquots of sodium hydroxide
titrant until the conductivity value approaches the original value if possible, such that there are sufficient
data points at a distance from the equivalence point(s) to allow accurate linear fits and extrapolation

(see Figure 1).

6.6 Calculation of dry CNC sulfate half-ester content and CNC surface charge

6.6.1‘LI Correct for dilution due to addition of the sodium hydroxide titrant, by mulltiplying the
condfuctivity readings by the factor (Vi + v)/Vi where V; is the initial test samplée.solufion volume
expressed in 1, and v is the added volume of titrant expressed in L.

6.6.] Plot the corrected conductivities k expressed in mS/cm versus the,'added volumg of sodium
hydrpxide titrant v expressed in | to give a plot similar to one of the schemati¢ conductomefric titration
curves in Figure 1.

“A KA

a) For strongacids b) For mixtures of strong and weak acids
Key
V  yolume

Kk dorrected conductivity
Ve Yolume at‘equivalence point

Figure 1 — Schematic conductometric titration curves

6.6.3 If only strong acids (i.e. protonated sulfate half-ester groups) are present and a v-shaped curve
is seen, extrapolate linear fits of the data close to zero added titrant volume and close to the final added
titrant volume. If small quantities (<100 mmol COOH/kg CNC) of weak acids are also present, perform the
second extrapolation from a linear fit of the data points in the more horizontal intermediate weak acid (i.e.
carboxylic acid groups) region. The intersection of the extrapolated curves gives the volume of sodium
hydroxide added at the equivalence point for the titration of the strong acid sulfate half-ester groups.

NOTE If small quantities (<100 mmol COOH/kg CNC) of weak acid groups are present, the graphical
determination of equivalence points naturally results in some operator bias in the selection of data points
to constitute the small central weak acid (R-COOH) region, leading to possible differences in the slope of its
trendline for different operators. Typical variation introduced into calculated sulfate half-ester content values is
around 1 % to 2 %.
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Small quantities (<100 mmol COOH/kg CNC) of weak acid groups such as carboxylic acids present on
cellulose nanocrystals may be determined simultaneously with strong acid groups such as protonated
sulfate half-esters by measuring both end points as described above. It is recommended to verify the
total sulfur content of CNCs containing weak acid groups by ICP-OES analysis. Larger quantities of weak
acid groups interfere with the detection of the strong acid end point. Conductometric titration is not
recommended for the determination of sulfate half-ester groups on CNCs which also contain more than
100 mmol COOH/kg CNC.

6.6.4 Calculate the quantity of protonated sulfate half-ester groups [R-OSO3H] present on the CNC
surface, expressed in moles per kg of dry CNCs, using Formula (5):

[R-05(

where

[R-0SO

Ve

c

mg
NOTE As
were protons
(neutralized)
dry CNCs, is

dry CNCs. Th
of dry CNCs,

6.6.5 Calc
0SO3H], the
0,001 mol/

NOTE Ed

6.6.6 Rep

6.7 Test}
The test rep|

arefere

V.c
H] —_&
3
my
BH] is the quantity of protonated sulfate half-ester groups present on the CNC surface

expressed in mol/kg;

is the volume, in |, of added sodium hydroxide solution at the.equivalence point;

is the concentration (titre), in mol/l, of the NaOH solution;

is the oven-dry mass, in kg, of resin-treated CNCsin.the suspension being titrated|
suming that all residual sulfate ions were removed by @ialysis, that all the sulfate half-ester g
ited by SAC exchange resin treatment, and that the<carboxylic acid groups are fully deproto
during titration, the quantity of sulfate half-esterigroups, [R-OSO3H], expressed in moles per
bquivalent to the total elemental sulfur contentieasured by ICP-OES, expressed in moles per

b quantity of sulfur, [S], associated with protonated sulfate half-ester groups, expressed in mg
s obtained by multiplying [R-0OSO3H] by 32.060 (the molar mass of sulfur expressed in mg/mo

pulate the CNC surface charge content, o, expressed in meq/kg of dry CNCs by dividin
quantity of protonated sulfate half-ester groups expressed in moles per kg of dry CN(
heq.

ch sulfate half-ester group-bears one negative charge.

patability and reproducibility data for this method are given in Annex C.

report

ort shall contain at least the following information:

(5)

foups
hated
kg of
kg of
er kg
D).

[R-
, by

» 94

a)

nce)to this document, i.e. ISO 21400;

b)
0)
d)
€)
f)
g)

arefere

results.

20

nce to the method used;

complete identification of the sample including source, date of receipt, form of sample;
the results of the duplicate determinations;
any details not specified in this document or which are optional;

any unusual features observed during the determination;

any deviations from this method and details of all circumstances which could have affected the
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Annex A
(normative)

Sample digestion by wet ashing

A.1 Reagents and apparatus

A.1.1 Water, ultrapure (deionized or distilled), conforming to Grade 2 of ISO 3696 or-betté¢r.
A.1.2 Perchloric acid (HCIO4) solution, 65 % - 71 %, trace metal grade (CAS itmber 7601-90-3).

A.1.3 Nitric acid (HNO3) solution, concentrated, trace metal grade (60,% 70 % assay) ([CAS number
7697-37-2).

A.1.4 Hydrochloric acid (HCI) solution, concentrated, trace, metal grade (36 %) ((AS number
7647-01-0).

A.1.3 Hydrochloric acid solution, 6 M. Add 500 ml of(concentrated hydrochloric acid to] 1 1 of water
(A.1.l) to obtain a 6 M HCl solution.

A.1.6 Conical oxidation flasks, 300 ml capacity:
A.1.7 Fume hood, perchloric acid type, coiforming to ISO 14644-1, class 10.
A.1.8 Hotplate.

A.1.9 Volumetric flasks, 100-mP'and 1 000 ml capacity.

A.2 | Digestion proeedure
A.2.1 Carry outthe’entire procedure in duplicate on separate test specimens.

A.2.2 Ringeall glassware with 6 M hydrochloric acid (A.1.5) and water (A.1.1).

A.2.3 Clmmediately prior to analysis, measure and calculate the mass fraction solids content w of each
dialysetthemfreeze=dried{ 53-8 CNCsampte wsing FormmatH=s i 5-35-

A.2.4 Accurately weigh (to = 0,000 1 g) about 0,25 g (0.d.) of the freeze-dried CNCs into a conical
oxidation flask.

A.2.5 Add 50 ml concentrated nitric acid (A.1.3) to the sample, followed by 2 ml perchloric acid (A.1.2).

A.2.6 Place the sample on a hotplate in a perchloric acid type fume hood at low heat until the brown
fumes subside. Increase the heat until the acid boils.

A.2.7 Continue heating until all the nitric acid is boiled off. When only perchloric acid remains and is
giving off dense white fumes, heat for an additional 5 min.
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