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Research interest in quaternization of cellulose fibres has increased considerably over the past decades. However,
there is little or no consensus regarding how to characterize the material in terms of degree of substitution (DS),
and the literature suggests a range of different methods focusing on charge determination as well as nitrogen
content quantification. This work aims to fill the knowledge gap regarding how the different methods perform in
relation to each other, and for what cellulosic systems each method has advantages, disadvantages and even
potential pitfalls. FT-IR and NMR measurements are used to establish successful modification and determine the
relative number of substituent groups. Another six methods are compared for the determination of the DS of
cellulosic fibres and nanofibrils. The methods include Kjeldahl measurements, nitrogen determination by
chemiluminescence, determination of molecular nitrogen by the Dumas method, colloidal titration, conducto-
metric titration and polyelectrolyte adsorption. It can be concluded that most techniques investigated are reliable
within certain ranges of DS and/or when using appropriate post-treatment of the quaternized material and
suitable sample preparation techniques. The results from the present work hence provide recommendations to

make an educated choice of method, and experimental protocol, based on the technique at hand.

1. Introduction

Striving towards a more sustainable society, there is a growing de-
mand for reduced use of non-renewable materials from fossil-based re-
sources, and a simultaneous push towards the development of functional
and green alternatives. Using renewable and green materials from na-
ture is an alternative to developing such materials, and the lignocellu-
losic feedstock provides a source that is available on a large scale
(Klemm et al., 2005). Cellulosic fibres retrieved from this source might,
however, need to be combined with additives or to be modified to
improve, or simply change, the properties of the starting material. In
papermaking, cationic starch is commonly used as a retention aid and
paper strength additive (Lee et al., 2002; Prado & Matulewicz, 2014).
The starch additives are prepared by quaternization, which is most
commonly performed using 3-chloro-2-hydroxypropyltrimethylammo-
nium chloride (CHPTAC) or its ring-closed counterpart 2,3-epoxypropyl-
trimethylammonium chloride (EPTMAC), as reagent, which yields the
same functional moiety, a trimethylammonium group, on the

polysaccharide chain (Choudhury, 2014; Prado & Matulewicz, 2014).
Both reagents are commercially available, and the understanding of the
reaction mechanism with polysaccharides is fairly well described in the
literature.

The last decades of research efforts have also been focused on qua-
ternization of lignocellulosic raw materials for different applications,
but maybe most frequently to prepare cationic cellulose nanofibrils
(CNFs), using the same reactions and reagents, i.e. CHPTAC and EPT-
MAGC, as applied for the starch, and the number of scientific papers
dealing with the subject has increased significantly. Using the search
terms “quaternization-cellulose” in the Google Scholar database in-
dicates an almost exponential increase in publications over the last 20
years (Fig. 1).

The starting materials presented among the literature include
different types of bleached pulps (Olszewska et al., 2011; Pei et al.,
2013; Willberg-Keyrildainen et al., 2019), cotton linters (Baouab et al.,
2000; Hasani et al., 2009; Moral et al., 2016) and cellulose nanocrystals
(CNCs) (Hasani et al., 2008; Zaman et al., 2012), but also waste
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Fig. 1. Number of publications on the subject of quaternization of cellulose.
Data retrieved from Google Scholar using the search-term
“Quaternization+Cellulose”.

materials such as wood saw dust (Baouab et al., 2001; Zghida et al.,
2003), crop residues (Aguado et al., 2018) and fibre sludge (Sehaqui
et al., 2015). The applications of the quaternized materials include
immobilization of dyes and other anionic substances from water, which
is of interest both in terms of increasing the efficiency of textile dying
and removing of residual dye from waste-water (Baouab et al., 2001; Pei
et al., 2013; Sehaqui et al., 2015; Zghida et al., 2003). In papermaking,
the affinity to anionic substances also makes quaternized CNFs, prom-
ising candidates for further use as paper additives to improve both
retention of other additives and fillers and to act as strengthening aids
(Gao et al., 2016; Lu et al., 2020). An interesting example of this is the
use of quaternized cellulose to enhance the adsorption of PEDOT:PSS
(Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) in the prep-
aration of paper-based electrodes for energy storage devices (Isacsson
et al., 2022). Quaternized cellulose in combination with other materials
has also been studied for use in other non-conventional paper
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applications and dispersions of cationic CNFs and clay have been used
for the production of mechanically strong composite films (Ho et al.,
2012; Sethi et al., 2022). Quaternary groups are also recognized for their
antimicrobial properties (Grigoras, 2021). Cellulosic materials,
including fibres, CNFs and aerogels with bacterial-growth-inhibiting
properties, have been developed by the build-up of polyelectrolyte
multilayers based on quaternary polyvinylamine and polyacrylic acid
(Henschen et al., 2016; Illergard et al., 2012). It has also been demon-
strated that it is possible to achieve efficient inhibition of several types of
bacteria when subjecting them to nanocomposites based on quaternized
CNFs and polyvinylalcohol (Chaker & Boufi, 2015).

Quaternization of cellulose using CHPTAC or EPTMAC is described
to occur through an alkali-activated epoxide-ring-opening reaction
(Scheme 1), accompanied by an irreversible side reaction (Scheme 2)
(Prado & Matulewicz, 2014). Since the properties of quaternized cellu-
lose, as with any modified cellulose or cellulose derivative, will strongly
depend on the number of functionalized groups, it is essential to use a
reliable method for determining the DS of the quaternized material. The
multifunctionality of the substituent group, i.e. being nitrogen con-
taining, carrying a cationic charge and having an electrostatically bound
counterion, provides several approaches for evaluation of the specific
DS. Aguado et al. (2018) and Ho et al. (2011) use combustion-based
Dumas elemental analysis to determine the nitrogen while Olszewska
etal. (2011) and Zaman et al. (2012) determine the nitrogen content by
chemiluminescence. Several studies also use what is referred to as classic
Kjeldahl analysis to determine the nitrogen content of the quaternized
samples (Rana et al., 2021; Willberg-Keyrilainen et al., 2019). Others
use a determination of the counterion to the cationic charges, typically a
chloride ion, through a conductometric titration for the determination of
the DS, assuming a 1:1 ratio between the two (Hasani et al., 2008;
Odabas et al., 2016; Pei et al., 2013). Another method to determine the
charge of the modified material, and hence DS, uses a direct colloidal
titration of cationic CNFs or CNCs, assuming that all charges are located
at surfaces of the components and available to the titrant (Liimatainen
et al., 2014; Rostami et al., 2022; Zaman et al., 2012). In addition to the
above-mentioned methods, nuclear magnetic resonance spectroscopy
(NMR) has been suggested as a potential method. However, the insol-
ubility of cellulose fibres in common NMR-compatible solvents limits
the use of NMR for determination of the degree of substitution (King
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Scheme 1. Chemical reactions for quaternization of cellulose. [1] Conversion of CHPTAC into EPTMAC, [2] Substitution reaction for covalent linking of a qua-
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Scheme 2. Irreversible consumption of EPTMAC by alkaline hydrolysis
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et al., 2018). de la Motte et al. (2011) investigated the possibility of
using NMR for determining DS of hydrolyzed cellulosic materials, but
the extraction of useful information in their study was limited due to the
weak signals recorded. Only after increasing the concentration of the
cationic monosaccharides by ion exchange chromatography could an
estimation of DS be performed from the 1D 'H NMR spectra, and these
estimated values were slightly higher than the values obtained by
elemental analysis (de la Motte et al., 2011; de la Motte & Westman,
2012).

From the literature it is, surprisingly, clear that there is no consensus
regarding which approach or technique to use to determine the DS of
quaternized cellulosic materials. To the best of the authors' knowledge,
no attempts to compare the different methods have ever been presented
although proper comparability is of utmost importance since the DS is
expected to have a strong influence on the properties of the modified
material. The present work therefore aims to fill the knowledge gap
regarding the performance of commonly used methods for determining
the DS of quaternized cellulosic fibres and CNFs. In the study, the five
most commonly reported methods for determining the DS of quaternized
cellulose are compared, these include: elemental analysis of molecular
nitrogen after combustion, i.e. the Dumas method; elemental analysis by
chemiluminescence emitted upon relaxation of nitrogen dioxide excited
by ozone after combustion; nitrogen determination by Kjeldahl;
conductometric titration of fibres; and direct colloidal titration of CNFs
after fibrillation of the fibres. In addition, a sixth method based on
polyelectrolyte adsorption of a small polyelectrolyte is included in the
comparison. It is hypothesized that all methods included in this study
can be used for the determination of the DS, but only given certain
limitations and conditions. The results and conclusions presented in this
work will therefore be crucial for correct comparison of results from
different research groups using different techniques for determining the
DS. This study might also serve as a guide when choosing an appropriate
technique and methodology for characterization of quaternized cellu-
losic material.

2. Material and methods
2.1. Chemicals

The cationization reagent, EPTMAC, was purchased from Sigma
Aldrich (by the name Glycidyltrimethylammonium chloride technical
>90 %). Hydrochloric acid solution was prepared from 37 % ACS re-
agent hydrochloric acid also from Sigma Aldrich. Sodium hydroxide
(pellets, purity >98.5, AnalaR NORMAPUR® Reag. Ph. Eur.), silver ni-
trate (ReagentPlus®, >99.0 %), dextran (from Leuconostoc mesenteroides,
average molar mass approximately 2000 kDa), sodium bicarbonate
(powder, BioReagent) and poly(acrylic acid sodium salt) (PAA, average
M,, ~ 5100 Da) were acquired from VWR Chemicals and Sigma Aldrich,
respectively. These were used without further purification to prepare the
solutions used for the experiments.

2.2. Cellulose fibres

All modifications were performed using a fully bleached softwood
Kraft pulp from Scots pine and Norwegian spruce, kindly provided by
Stora Enso AB, Skoghall mill, Karlstad, Sweden. A thorough character-
ization of the starting material, including sugar analysis and fibre di-
mensions, is presented in Supplementary Data, Tables S1 and S2. Before
any use, the pulp was washed to ensure sodium as counterion to anionic
groups present and to remove dissolved and colloidal substances that
might be presented in the fibres. Washings were performed batch-wise
with 50 g dry pulp by suspending the never-dried pulp to a concentra-
tion of 20 g/L; the pH was adjusted to pH 2.0 by the addition of 1.0 M
HCL, and thereafter left for 30 min. The suspension was then washed
with deionized water until the conductivity of the filtrate dropped below
5 pS/cm. A second washing step was then performed where the still-wet
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fibres were resuspended to 20 g/L in a 0.001 M sodium bicarbonate
solution; pH was set to pH 9.0 by the addition 1.0 M NaOH. After 30 min,
the suspension was again filtrated and washed with deionized water
until the conductivity dropped below 5 pS/cm. The washed pulp was
collected in air-tight zip-lock bags and stored in the fridge (8 °C) until
further use; dry content was measured in triplicate. The measurements
were performed by overnight drying of a representative pulp sample in
pre-weighted aluminum cups in a 105 °C oven, noting the weight of the
material before and after drying. The dry content was calculated ac-
cording to Eq. (1).

My )

wet

Dry content =

where mg,, and m,,. are the masses of the dry and wet sample, respec-
tively, after subtracting the mass of the aluminum cup.

2.3. Fibre modification

A wet sample containing 30 g of dry fibres was then transferred to a
polyethene plastic bag and soaked in sodium hydroxide solution. This
alkali pre-treatment was performed for 30 min at room temperature
before EPTMAC was slowly poured into the reaction mixture. The re-
action mixture was kneaded (by hand) for 5 min to ensure proper mixing
before immersing the sealed bag into a 60 °C water bath. The concen-
trations of the reaction mixtures were set such that the final (i.e. after the
addition of EPTMAC to the fibres) dry content of fibres was 10 wt% and
the NaOH concentration was 4 wt%. As a guide, calculations and doses
have been summarized in Supplementary Data, Table S3. The amount of
reagent added was adjusted between the reaction batches to obtain
materials with a range of degrees of modification. More specifically,
EPTMAC was added to the reaction mixtures at the mole ratios of 0.5, 1,
2 and 4 with respect to the number of anhydroglucose units present in
the fibres, assuming pure cellulose in the sample. The water content of
the EPTMAC reagent corresponding to 25 wt% was adjusted for when
dosing the reagent and when calculating the dry content of the reaction
mixture (i.e. the cellulose dry content and alkali concentration were
somewhat higher than 10 wt% and 4 wt%, respectively, before mixing).
The reaction was allowed to proceed for 6 h before the material was
transferred to a Biichner funnel. After removal of the alkali solution by
vacuum filtration, the modified pulp was immersed in 150 mL of 1.0 M
HCI before washing with deionized water. Washing was performed until
the conductivity of the filtrate dropped below 5 puS/cm. The modified
pulp was collected in air-tight zip-lock bags and stored in the fridge
(8 °C) until further use. Dry content of the samples was measured in
triplicate according to the same procedure as described for the washed
pulp (Eq. (1)).

2.4. Homogenization of fibres and preparation of CNF dispersions

From each batch of modified fibres, 5 g were homogenized to CNFs.
To perform this, the never-dried fibres were resuspended to a concen-
tration of 10 g/L using deionized water and fluidized using a high-
pressure microfluidizer (Microfluidics M-110EH, Microfluidics Corp.,
Boston, USA). The sample was subjected to one passage through a series
of a 400 pm and a 200 pm chamber followed by three passages through a
series of 200 pm and a 100 pm chamber to obtain a CNF gel. The pres-
sures applied were 800 and 1600 bar, respectively, for the two chamber
combinations. The dry content of the gel was obtained by overnight
drying of the CNF gel at 105 °C. To minimize errors in the measurement
due to moisture sorption, the samples were prepared in pre-weighted
glass vials and the final dry weight was measured after cooling the
samples in a desiccator. Measurements were performed in triplicate and
the dry content was calculated according to Eq. (1). CNF dispersions
were prepared by diluting the CNF gels to a solids content of 2 g/L
followed by Ultra Turrax mixing at 12000 rpm for 10 min. Aggregates
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were dispersed by sonication at 40 % amplitude for 10 min, an ice bath
was used to avoid excessive heating of the sample. To assess the nano-
fraction of the dispersions, they were centrifuged at 2600g for 1 h. No
traces of a pellet could be distinguished visually, indicating that the fi-
bres had been successfully fibrillated to CNFs. Dry content of the
dispersion was determined according to the same procedure as
described for the gel. Lastly, the CNFs were characterized in terms of
length and width using atomic force microscopy, AFM, results are shown
in Supplementary Data, Table S4 and Fig. 1S.

2.5. Analyses

2.5.1. Infrared spectroscopy

Fourier-transform infrared spectrometry (FT-IR) was performed
using a PerkinElmer Spectrum 100 FT-IR equipped with a single
reflection attenuated total reflection system and a MKII Golden Gate.
The infrared spectra were attained from paper sheets made from the
modified fibres. All samples were analysed with 32 scans, ata 1 cm™!
resolution, from 4000 to 600 cm ™. The background was removed from
the spectra together with the contributions from moisture and carbon
dioxide. Spectra were normalized to the maximum peak height at 1030

cm
2.5.2. Nuclear magnetic resonance (NMR) spectroscopy

2.5.2.1. Solid-state cross-polarization/magic angle spinning carbon-13
(CP/MAS 3C) NMR. Never-dried modified fibres and reference fibres
were subjected to solvent exchange with acetone followed by drying
under ambient climate. The dry samples were packed uniformly in a
zirconium oxide rotor with an outer diameter of 4.0 mm. Measurements
were performed at 22 °C using a Bruker Avance III AQS 400 SB operating
at 9.4 T. Acquisition was performed at a MAS rate of 10 kHz and a CP
pulse sequence using a 3.35 psec proton 90° pulse, 800 psec ramped
(100-50 %) falling contact pulse and 2.5 s delay between repetitions. A
SPINAL64 pulse sequence was used for H decoupling, and a total of
16,384 transitions were recorded on each sample. Alpha-glycine was
used for the Hartmann-Hahn matching procedure, as well as an external
standard for calibration of the chemical shift scale relative to tetrame-
thylsilane. The data point of maximum intensity in the alpha-glycine
carbonyl signal was assigned a chemical shift of 176.03 ppm. The ac-
quired spectra were normalized based on the maximum height of the
Co35 signal at 73 ppm.

2.5.2.2. Liquid-state 'TH NMR. Ambiently dry fibres were dissolved at
65 °C in a Dimethyl Sulphoxide: Tetrabutylphosphonium acetate,
DMSO-dg:[P4444]1[OAc], (80:20 w/w ratio) solution according to an
earlier described procedure (Fliri et al., 2023; King et al., 2018). Mea-
surements were performed at 65 °C using a Bruker Avance III HD 400
MHz. Diffusion-edited 'H measurements were acquired using a 1D
bipolar-pulse pair with stimulated echo-diffusion-ordered spectroscopy
pulse sequence (‘ledbpgp2sld’ Bruker pulse program) with the
following parameters: 3 s relaxation time, 0.5 s acquisition time, 16
dummy scans and 512 transient scans. The sweep-width was set to 20
ppm with a transmitter offset of 6.1 ppm, diffusion time of 200 ms,
gradient recovery delay of 0.2 ms, eddy current delay of 5 ms, diffusion
gradient pulse duration of 2.5 ms and a z-gradient strength of 80 % at
>50 G/cm. To determine the relative number of substituent groups, the
spectra were normalized with the area of the H2 signal followed by
integration of the overlapping H10 and H5 signal. To obtain the H10
intensity the signal intensity for the H5 peak of the reference sample was
subtracted in all spectra. The relative number (RN) of modified groups
was calculated according to Eq. (2).

_ [H10

- 9[H2 @
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where [H10 is the integral of the H10 signal and [ H2 is the integral of
the H2 signal. The numbering of protons is presented in Fig. 3.

2.5.3. Fibre saturation point

The fibre saturation point (FSP) of fully swollen fibres was deter-
mined according to the method developed by Stone and Scallan (1967).
Excess water was removed from the quaternized fibres using vacuum
filtration; solids contents ranged from 18 wt% to 32 wt% depending on
the modified fibres propensity to swell. A sample corresponding to 0.8 g
dry fibres was collected for each sample and diluted to a final concen-
tration of 10 wt% using a 1.0 wt% dextran solution. The dispersions
were mixed and stored in sealed glass vials for three days for equili-
bration. The liquid was extracted from the sample by squeezing followed
by purification by passing the liquid through a 0.45 pm hydrophilic
nylon syringe filter with a polypropylene housing (VWR International
AB, Stockholm, Sweden). The dextran concentration of the liquid sam-
ples was determined using a Polartronic NH8 polarimeter
(Schmidt+Haensch, Berlin, Germany). A calibration curve was con-
structed using a 0.5, 1.0 and 1.5 wt% dextran solution, respectively,
from which the rotational angle obtained could be converted to dextran
concentration of the samples. Measurements were performed in dupli-
cate or triplicate.

2.5.4. Methods used for determination of the degree of substitution

2.5.4.1. Chemiluminescence following combustion. The content of nitro-
gen was determined using an ANTEK 7000 Model 737 (Antek In-
struments, Houston, USA). Analyses were performed at 1050 °C, and the
oxygen gas flows were set to 450, 35 and 25 mL/min for mild pyrolysis,
excitation (via ozone) and carrier gas flow, respectively. Argon gas flow
was set to 130 mL/min. A calibration curve was constructed using a 15
mg/g EPTMAC solution in the range of 0.8-4.0 pmol nitrogen (see
Supplementary Data, Fig. S2). The samples were prepared by first drying
a small amount of the quaternized fibres in a desiccator at ambient
temperature, then an aliquot with a weight of 3 + 0.5 mg was placed in a
quartz boat and injected into the instrument. Analysis was performed in
triplicate.

2.5.4.2. Dumas combustion method. Elemental analysis was also per-
formed using a Flash2000 Organic Elemental Analyzer. Analyses were
performed at 900 °C, the helium carrier gas flow was set to 140 mL/min
and the oxygen gas flow to 250 mL/min. A calibration curve was con-
structed wusing 2,5-bis(5-tert-butyl-2-benzo-oxazol-2-yl) thiophene
(BBOT) standard in the range of 0.8-7.8 pmol nitrogen (see Supple-
mentary Data, Fig. S3). The samples were prepared by drying a small
amount of the quaternized fibres at 50-65 °C for 24 h followed by
grinding of the sample. Aliquots in the mass range of 4.8 + 0.5 mg were
placed in tin crucibles and injected into the instrument. Analysis was
performed in triplicate.

2.5.4.3. Kjeldahl method. Kjeldahl nitrogen was analysed according to
the SMA 187.02 standard. In short, 150-300 mg of dried fibres was
digested with a Gerherdt Kjeldatherm (Gerhardt analytical systems,
Konigswinter, Germany) using a mixture of sulfuric acid and potassium
sulfate in the presence of a copper(Il) catalyst. The ammonium ions
formed were extracted by steam distillation using a Gerhardt Vapodest
followed by absorption in a boric acid solution forming ammonium
borate. The amount of nitrogen present in the solution was determined
by potentiometric titration (Metrohm Titrando 888) of the ammonium
borate with hydrochloric acid until the equivalence point was reached.
Each analysis was performed in duplicate or triplicate.

2.5.4.4. Conductometric titration. Conductometric titration was per-
formed to quantify the amount of chloride counterions present in the
quaternized fibre sample. This measurement was performed for both
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fibres and CNFs. The fibre sample was prepared by resuspension of
never-dried modified fibres to a concentration of 5 g/L and a sample
volume of 100 mL. The samples were titrated with 0.01 M silver nitrate
by adding 1000 pL of the titrant every minute. The CNF sample was
prepared by diluting the CNF dispersion to a concentration of 0.50 g/L
and a volume of 100 mL. The samples were titrated according to a
similar procedure using a 0.001 M silver nitrate solution. The conduc-
tivity of the sample was measured using an Orion Star A212 Benchtop
Conductivity Meter (Thermo Scientific, Waltham, MA, USA), and the
conductivity was read between each addition of silver nitrate. The
amount of chloride ions present was determined from the intersect be-
tween the plateau value observed as the chloride ions were consumed
and the slope of linear increase in conductivity once excess silver nitrate
was being added. The mass of the fibres was determined by filtration of
the titrated suspension, using a pre-weighted filter paper. The filter cake
was dried overnight at 105 °C before measuring the dry weight; the
weight of precipitated silver nitrate was subtracted to reach the initial
mass of fibres. For the CNF samples, an exact dry mass of 0.05 g was used
in each measurement.

2.5.4.5. Colloidal titration. The charge density of CNFs was determined
using a ParticleMetrix Stabino system (ParticleMetrix GmbH, Munich,
Germany) (Wachernig, 2009). The quaternized CNFs were titrated using
a potassium polyvinylsulfate (KPVS) solution until the potential dropped
below 0 mV. The charge density was back calculated using Eq. (3).

 CQuy X Vg x 1000

Vear X Cear )

Qear

where CQ, is the charge concentration of the KPVS solution, in this case
0.3003 peq/mL, and V,, and V., are the volumes consumed for the
KPVS and CNF solution, respectively. C., is the concentration of the
CNF-dispersion given in g/L. Four replicates were performed for each
sample.

2.5.4.6. Polyelectrolyte adsorption. The total charge of the fibres can be
measured by stochiometric adsorption of an oppositely charged poly-
electrolyte (Wagberg et al., 1989), assuming that the polyelectrolyte can
access all charges. To achieve this, a low-molecular-weight poly-
electrolyte, polyacrylic acid (PAA) with a molecular weight of 5.1 kDa,
was used together with a controlled pH of pH 10.0 to ensure full
dissociation of the carboxylic groups. The adsorption experiments were
performed using 5 g/L fibre suspensions with a volume of at least 50 mL
and in a series of at least six samples containing an increasing amount of
polyelectrolyte. Adsorption was performed for 30 min followed by
vacuum filtration. The filter cake was dried overnight at 105 °C to
determine the dry mass of the fibres, while the filtrate was collected for
polyelectrolyte titration to determine the amount of non-adsorbed PAA.

The concentration of residual PAA in the sample was determined by
polyelectrolyte titration with polydiallyldimethylammonium chloride
(pDADMAC) using an equipment setup similar to that described by Horn
(1978). In brief, the sample was diluted to 100 mL, followed by direct
titration with a 0.2978 peq/mL pDADMAC solution in the presence of an
orto toluidine blue colour indicator. The filtrate was titrated using a
Titrino polyelectrolyte titrator, and the colour change was monitored
using a photoelectric measuring head. The endpoint for titration was
evaluated using the Metrohm Tinet 2.4 software; a minimum of three
measurements were performed on each sample. Results from the mea-
surements were used to construct an adsorption isotherm (adsorption of
polyelectrolyte as a function of equilibrium concentration of poly-
electrolyte). The fibre charge was determined by extrapolating the
plateau value of the isotherm to zero concentration of polyelctrolyte, as
described earlier (Wagberg et al., 1989).
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2.6. Calculations

Depending on the chosen method, the numbers of substituent groups
are reflected as either charge or nitrogen content. These numbers are
recalculated to a common unit in terms of degree of substitution, DS,
according to Eq. (4).

DS — Mg x N%
" My x 100 — (Ms + M¢; — Myg) x N%
- Mo xQ @
"~ 108 — (Ms + Mo — Mig) x Q

where

DS = Degree of substitution [molsps/molacy]
N% = Nitrogen concentration [%]or [m(N)/m(sample)*100 |

Q = Charge [ueq/g]

Mg corresponds to the molar mass of the anhydroglucose unit, which
equals 162.1 g/mol, and Mg corresponds to the molar mass of the sub-
stituent, counterion excluded, which, for this particular modification, is
116.0 g/mol. For all methods except the conductometric titration
method the counterion is expected to be a chloride ion, after conduc-
tometric titration the counterion is instead expected to be a nitrate ion.
My corresponds to the weight of the counterion, which is 35.5 and 62.0
g/mol for the chloride ion and nitrate ion, respectively. Lastly, Mg
corresponds to the leaving group, in this case the removal of a proton
upon the covalent linkage of the substituent.

3. Results and discussion

In the present work, cellulosic fibres were modified using EPTMAC,
resulting in the covalent attachment of quaternized groups with the
characteristics of being nitrogen containing and carrying a net cationic
charge. A successful introduction of cationic groups to the cellulose was
first established using FTIR and solid-state NMR; however, due to peak
overlap, no quantitative determinations could be achieved. The FTIR and
NMR spectra are shown in Fig. 2. In the FTIR spectra of the quaternized
pulp, the emergence of a new peak can be distinguished at 1480 cm ™},
assigned to the C—N stretching vibration of the trimethylammonium
group (Odabasetal., 2016; Pei etal., 2013; Ranaetal., 2021; Zamanetal.,
2012). Apart from this, the most salient features of the pulp fibre spectra
remain unchanged after modification, indicating that the cellulose
structure is maintained after modification. Characteristic peaks from the
functional group introduced, including ether bonds in the region between
1030 cm ™! and 1163 em™}, could not be distinguished as they are also
present in the cellulose structure (Zaman et al., 2012). The '3C spectra of
the modified pulp shows a distinct peak around 55 ppm, corresponding to
the signal from the methyl moiety of the quaternary groups. The signals
arising from the other carbons on the substituent, expected at 65-75 ppm,
could not be distinguished due to the overlap with the characteristic
signals from the cellulose backbone (Courtenay et al., 2018; Song et al.,
2008; Udoetok et al., 2016; Wu et al., 2013).

Liquid-state 'H NMR measurements were performed on the quater-
nized cellulose after dissolving the material in an ionic liquid, NMR-
compatible, solvent. The spectra are presented in Fig. 3. From the
reference material, all the characteristic signals, arising from H1-6 in
the cellulose structure, could be appointed indicating that the cellulose
structure had not been altered during dissolution (de la Motte et al.,
2011; King et al., 2018). Increased modification with increased reagent
dose could be established by the increased intensity of the signal at 3.27
ppm attributed to the nine methyl protons of the substituent group
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Fig. 2. a. FTIR spectra and b. '3C NMR spectra of the reference pulp and quaternized pulp. The quaternized pulp corresponds the 4 EPTMAC:AGU sample with a

degree of substitution of around 0.2.

which overlaps the H5 signal of the cellulose backbone (Courtenay et al.,
2018; de la Motte et al., 2011). Also, the emergence of signals from H7-9
would be expected but remained unidentified due to overlap of the
signals. The relative number (RN) of substituent groups was calculated
using Eq. (2), the results are presented in Fig. 3. An increment of the
relative number of substituents proportional to the dosing of reagent
could be established, however, the data cannot be considered quanti-
tative due to the specific pulse sequence used. The data acquisition was
procured using specific pulse sequence enabling diffusion edition to
attenuate the signals for the solvents. This was necessary to improve the
spectral quality and enable selective integration of the relevant peaks
but it will naturally also affect the other proton signals in the spectra.
Furthermore, using the particular pulse sequence, some proportion of
fast-relaxing species are lost due to relaxation before acquisition which
has the consequence of enhancing the signal intensity of species with
longer relaxation time (King et al., 2018). As the relaxation time of the
methyl protons on the more flexible substituents groups is more
extended than the relaxation time of the protons on the cellulose
backbone increased resolution and intensity is expected for the, H10,
methyl signal (Courtenay et al., 2018; King et al., 2018).

A quantitative determination of the DS could be achieved by ana-
lysing either the nitrogen content or charge of the material. The results
from six different techniques, targeting either of these functionalities,
are summarized and presented in Fig. 4, where the data has been
recalculated to DS and charge using Eq. (4). The absence of data points
for the reference material is due to the undetectable levels of nitrogen or
charge, respectively.

Il Nitrogen by Kijeldahl

0.20 | I Nitrogen by Dumas M
c [ Nitrogen by chemiluminescence
.g ] Conductometric titration 4900
S [ ] cColloidal titration S
= 0.15 | [_IPolyelectrolyte adsorption Fex
= 0.
Ee! £
n 1600 @
—
S 010} 2
() (]

ey

o
= O
(@2}
[0} 4300
QA 0.05+

0.00 [1 0

Ref. 0.5E:A 1E:A 2E:A 4EA

EPTMAC:AGU ratio

Fig. 4. Degree of substitution of quaternized cellulose determined with nitro-
gen and charge-based methods. The designation 0.5-4E:A corresponds to
increasing dose of reagent resulting in an increase of the degree of substitution,
Ref. corresponds to the non-modified pulp material.

All methods manage to capture the trend of increasing DS with
increased dosing of the reagent and in general the different techniques
are in fairly good agreement with each other, regardless of whether the
target is the nitrogen or the charge of the material. Statistical evalua-
tions (F- and t-tests, respectively) of the different data sets have been

H10
RN
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—— 0.5 EPTMAC:AGU [0.14
—— 1 EPTMAC:AGU [0.24
= ——2 EPTMAC:AGU [0.40
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>
=
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Fig. 3. Liquid-state 'H NMR spectra of quaternized cellulose. The designation 0.5-4 EPTMAC:AGU corresponds to increasing dose of reagent resulting in an increase

of the relative number of substituent groups (RN).
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performed and are presented in Supplementary Data, Tables S5-12. As
indicated by the averages and standard deviations presented in Fig. 4 the
methods provide more scattered results at low DS and the results
significantly differ from each other. However, as the DS is increased,
most methods provide results that are not significantly different. It is
apparent that nitrogen analysis by chemiluminescence tend to over-
estimate the DS, while the polyelectrolyte adsorption technique exhibits
the opposite trend by underestimating the DS when the quaternization is
modest. Apart from this, less pronounced differences can be distin-
guished between the different methods, and a chemical and technical
background behind the techniques is crucial to fully understand the
outcome. Below, each method is analysed in depth, providing their in-
dividual advantages and disadvantages.

3.1. Nitrogen-based methods

Nitrogen determination by Kjeldahl, chemiluminescence and the
Dumas method all rely on different techniques for elemental quantifi-
cation. While nitrogen determination by chemiluminescence and Dumas
are dry-combustion techniques which typically detect all nitrogen pre-
sent in the sample, Kjeldahl is a wet chemical method relaying on
digestion, distillation and titration for the determination of organic ni-
trogen (AppliChem., 2017). The samples used in this study are expected
to exclusively contain organic nitrogen and there is no statistical support
for systematic underestimation of the DS when using the Kjeldahl
method. However, at high degrees of modification a slight underesti-
mation could be distinguished compared to the other methods, which
could be attributed to incomplete digestion of the sample (Bradstreet,
1954). Comparing the dry-combustion methods with the other methods
evaluated in the study, the chemiluminescence method clearly deviate
from the other methods, overestimating the DS at low degrees of
modification. The same trend is not found for the Dumas method, even
though the methods have many similarities. In both techniques the
sample is first converted into nitrogen oxides, but while the nitrogen
oxides are reduced to molecular nitrogen in the Dumas method, the
chemiluminescence method instead relies on the detection of photons
emitted during the relaxation of excited nitrogen dioxide formed upon
reaction of nitrogen oxide with ozone (Jones et al., 1982). Earlier studies
using the same chemiluminescence instrument, an ANTEK 7000 N,
found that the calibration curve start to deviate from linearity at
comparably low nitrogen amounts of 0.72 nmol and a detector response
of around 4-10° (Frankovich & Jones, 1998), which is much lower than
the concentrations used, and counts recorded, in this study.

The construction of a reliable and linear calibration curve is crucial
for both the nitrogen determination by chemiluminescence and Dumas
method since the response retrieved for the samples is related to the
calibration curve for the nitrogen quantification. In this study, calibra-
tion curves were prepared from EPTMAC solution (15 mg/g) and BBOT
powder for the nitrogen analysis by chemiluminescence and the Dumas
method, respectively, the curves are shown in Figs. S2 and S3 (Supple-
mentary Data). While the Dumas technique yields a calibration curve
with a R-square value close to 1 (0.9996) in the region of interest, the
corresponding calibration curve constructed for the chemiluminescence
technique exhibits a somewhat lower R-square value of 0.98, which
indicates a deviation of linearity. Normalization of the response from the
chemiluminescence detector with the amount of nitrogen added dem-
onstrates a decay in sensitivity with increasing nitrogen content, indi-
cating saturation of the detector or a limitation in the conversion of the
sample into excited nitrogen dioxide. The Antek 7000 N is, indeed, built
primarily for analysis of minute amounts of nitrogen in liquids and
gaseous samples (Ewing, 1997), and might not be the best choice for
analysing the material in question, i.e. a solid material with fairly high
nitrogen content, which is also reflected in the results obtained. A
smaller sample size could be considered to reduce this problem, how-
ever, this raises concerns regarding sample variability and accuracy in
weighing of the sample (Mc Gill & Figueiredo, 1993).
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3.2. Charge-based methods

Conductometric titration and colloidal titration was evaluated for
the determination of the charge of the material. The methods are in
fairly good agreement with each other and the nitrogen determination
by Kjeldahl and the Dumas method. Both conductometric titration and
colloidal titration relay on counter ion exchange of the charged groups
and the accessibility silver ions and polyelectrolytes, respectively, is
essential for the measurements. Since the comparably large poly-
electrolyte is not expected to penetrate into the fibre wall, colloidal
titration was only performed on CNF material. Furthermore, CNFs were
only prepared from the more highly modified fibres due to difficulties
with homogenization of fibres carrying little or no charge. A trend of
slightly lower DS-values can be distinguished for the colloidal titration
method. This could be due to the polyelectrolyte not being able to access
all charges which would transpire if the homogenization or post-
treatment was insufficient leaving larger CNF aggregates behind.
However, no signs of aggregates could be found after centrifugation of
the dispersions. In other words, the procedure of CNF gel and dispersion
preparation, but also determination of dry contents, can influence the
quality of the measurement.

Previously, conductometric titration has also primarily been per-
formed on nanoscale cellulose fractions including CNCs and CNFs,
where most charges can be expected on the surfaces (Hasani et al., 2008;
Pei et al., 2013). The accessibility of the comparably bulkier reagent
during modification, together with a good agreement with the nitrogen-
based methods, also at low DS, does, however, imply that accessibility
during titration is not a pronounced problem. To demonstrate this,
conductometric titration was also performed using CNF dispersions
prepared from the same fibres (Fig. 5) and the results show slightly
lower values for the CNF dispersions compared to the fibre suspensions.
As the same trend was established for the colloidal titration method one
might argue that deviations in the dry-content measurements could be a
reasonable explanation for the slight underestimation of the DS when
CNF dispersions are analysed. However, the conductometric titration
method also relies on the assumption of a 1:1 ratio between quaternized
groups and chloride counter-ions and a partial counter ion exchange
during homogenization and CNF dispersion preparation would affect the
results in a similar way. It should be emphasised that the post-treatment
of the fibres after modification is crucial to ensure a 1:1 ratio between
quaternized groups and chloride counter-ions, therefore the reaction

0.25
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g 0.20 | Cellulose nanofibrils l [
E |
8 0.15
-
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©
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Fig. 5. Degree of substitution of quaternized fibre suspensions and quaternized
cellulose nanofibril dispersions determined by conductometric titration.
Increasing EPTMAC:AGU ratio indicates increasing dose of reagent and conse-
quently a higher degree of substitution.
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mixtures were neutralized with hydrochloric acid after modification
followed by through washing. To demonstrate this, one experiment was
performed using sulfuric acid for neutralization after the quaternization
reaction, and this indeed gave a drastic underestimation of the DS (i.e.
0.005 compared to 0.079 for the 2E:A sample). On the same note, a
deliberately insufficient washing resulted in an overestimation of the
DS.

In general, there are not many studies present that combine charge
and nitrogen-based methods for characterization of quaternized ligno-
cellulosic material. However, Zaman et al. (2012) combined colloidal
titration for charge density determination of CNCs and nitrogen analysis
by chemiluminescence for determination of the DS of the material.
Recalculation of the charge values reported to DS using Eq. (4) shows
that both methods are in good agreement with each other for CNCs
samples, especially when medium-charged CNCs with a DS of around
0.1 are used. Gao et al. (2016) also used colloidal titration for deter-
mination of the surface charge density of partially fibrillated quater-
nized fibres, while determining the degree of modification using the
Dumas method. In this case the colloidal titration method provides a DS
of 0.003 which is much lower compared to a DS of 0.154 provided by
elemental analysis. This can be explained by the inaccessibility of the
charges inside the fibre wall by the polyelectrolyte, which further
demonstrates the importance of using well-dispersed nanofibrillated
material to make a good estimation of the total charge and DS of the
material. A drawback with the polyelectrolyte titration method is hence
that nanofibrillated samples have to be used, adding requirements for
equipment availability and an extra process step.

3.3. Polyelectrolyte adsorption method

Inspired by the colloidal titration method to determine the charge of
polyelectrolyte-like CNFs and the polyelectrolyte adsorption method
(Wagberg et al., 1989; Winter et al., 1986) for determining surface
charge of the fibres, a novel method for determination of charge, and
hence DS, was developed. When determining surface charge by poly-
electrolyte adsorption, a polyelectrolyte so large that it cannot penetrate
the fibre wall is used. However, with a polyelectrolyte which is really
small in relation to the pores of the fibre wall, the technique can in
theory also be used to assess the charge/DS of the fibres. Earlier studies
on fibres carrying an anionic charge have concluded that lowering the
molar mass of the polyelectrolyte increases the adsorption since the
availability of the fibre wall increases, and the same is expected for an
increased swelling of fibres since this will increase the pore sizes in the
fibre wall and hence the accessibility of polyelectrolytes (Sjostrom,
1989; Tanaka et al., 1990; Wégberg & Hagglund, 2001; Zhang et al.,
2016). With the combination of a high swelling of quaternized cellulose
and the use of a small-enough polyelectrolyte, it was hypothesized that
the accessibility could be enhanced to such an extent that the quater-
nized groups inside the fibre wall could also be reached. A traditional
methodology for determining fibre surface charge was used for this
purpose, but instead of directly titrating the fibre charge, a series of
experiments was conducted according to the methodology described by
Wagberg et al. (1989). From these adsorption measurements an
adsorption isotherm could be plotted, and from this isotherm it is
possible to determine the charge. It was shown earlier that the amount of
polyelectrolyte present in the solution will have an influence on the
amount polyelectrolyte adsorbed to the available fibre surface. This is
mainly due to an expansion of the polyelectrolyte layer on the fibre with
increasing interaction between the adsorbed polyelectrolytes causing
the charge stoichiometry between the accessible surface and the amount
of adsorbed polyelectrolyte to deviate from unity. The purpose of using
an adsorption isotherm instead of direct titration of the fibres is to
compensate for a non-equivalent stoichiometry between amount of
accessible charges on the fibre and the adsorbed polyelectrolyte
(Horvath, 2006; Wagberg et al., 1989). The adsorption isotherms con-
structed for the quaternized fibre samples are presented in Fig. 6, and
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Fig. 6. Adsorption isotherms for the adsorption of polyacrylic acid (molecular
weight 5.1 kDa) on quaternized cellulosic fibres; solid lines serve as a guide for
the eye. The inset graph shows the amount of polyelectrolyte adsorbed as a
function of total fibre charge determined by conductometric titration.

the stoichiometric adsorption of PAA is determined by extrapolating to
zero equilibrium concentration.

As presented in Fig. 4, the polyelectrolyte adsorption method pro-
vides an underestimation of the DS values at the lower degrees of
modification. However, at a higher degree of modification, and hence a
higher total charge of the fibres, the adsorption of PAA increased
significantly, and for the 2E:A and 4E:A samples, the DS predicted by
polyelectrolyte adsorption can be considered to be within the same
range as for the other methods. As an example, the polyelectrolyte
adsorption method yielded a DS of 0.21 for the 4E:A sample, while the
conductometric titration method and nitrogen determination by Dumas
method gave numbers of 0.20 and 0.21, respectively. The behavior of
increased adsorption with increased charge of the fibres is illustrated in
the inset graph presented in Fig. 6. From this, it is clear that the charge
values obtained from polyelectrolyte adsorption significantly deviates
from those determined by the conductometric titration when the fibre
charge is low. However, when the charge is increased, the values
determined by the two methods agree. The increased adsorption also
indicates an improved accessibility of polyelectrolyte to diffuse into the
fibre wall, which is a result of a charge-induced swelling of the fibres
arising from the build-up of an osmotic pressure inside the fibre wall
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Fig. 7. Fibre saturation point as a function of fibre charge determined by
conductometric titration.
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Table 1
Summary of the main advantages and disadvantages of the investigated methods for determination of the degree of substitution (DS) of quaternized cellulose.

Method Cellulose DS range Advantage(s) Disadvantage(s)

material
Kjeldahl Macro-, Medium to e Direct determination of nitrogen e Several subsequent reaction steps included, labour intensive

nanofibres high content by titration

e Only organic nitrogen included in
measurement
Elemental analysis by Macro-, All o Easy to operate e Small sample volumes (risk of inhomogeneity effects)
combustion nanofibres e Fast
Elemental analysis by Macro-, Low e Easy to operate e Very small sample volumes required (accuracy of sample weight
chemiluminescence nanofibres e Fast and risk of inhomogeneity effects)
e Detector saturation at higher nitrogen contents

Conductometric titration Macro-, All e Easy to operate e Assumes 1:1 ratio between charged group and counterion, post-

nanofibres e Relatively fast treatment of modified fibres essential. Risk of chloride contam-

e Cheap ination or counterion exchange
Polyelectrolyte titration Nanofibres Medium to e Relatively fast measurements o Only applicable for CNFs, tedious and complex sample
high (>0.03) preparation
e Assumes 1:1 ratio between CNF charge and charge of
polyelectrolyte

Polyelectrolyte adsorption Macrofibres High (>0.1) e Possible to determine DS of fibres “as o Relatively high DS required

they are”, barely any sample
preparation required

Time consuming measurements

(Sjostedt et al., 2015). An enhanced swelling of the fibre wall is indeed
corroborated by the FSP measurements shown in Fig. 7, showing a
threefold increase in swelling for highly charged fibres compared to the
non-modified starting fibres.

3.4. Summary and recommendations

Table 1 summarises the different methods evaluated in this study.
Each method holds its own advantages and disadvantages which must be
considered when choosing a suitable method for determining the DS of
quaternized cellulosic materials.

4. Conclusions

A successful introduction of cationic groups to the cellulose could be
established using FTIR and solid-state 13C NMR and a relative increase in
the presence of alkyltrimethylammonium groups with increasing degree
of modification could be demonstrated using liquid-state 'H NMR
spectroscopy. Beyond this, six different methods were evaluated for
determining the DS of quaternized cellulose. The results show that any
of the methods can be used as long as the conditions are correct which
confirms the hypothesis set for the investigation. Nitrogen analysis by
chemiluminescence (using an Antek N7000) is not suitable for mea-
surement of the relatively high amount of nitrogen present in the fibres
studied, mostly due to the uncertainty introduced during weighing if the
samples are very small and detector saturation which occur when too-
high amounts of nitrogen is present. The Dumas combustion method
and the Kjeldahl method perform well for nitrogen analysis, both for
relatively low and high nitrogen contents, despite the drawbacks of
requiring low sample volumes, with a risk of inhomogeneous sampling
and labour intensive efforts, respectively. Conductometric titration with
silver nitrate also worked well for both low-DS and higher-DS material,
but a correct pre-treatment of the quaternized material is essential to
meet the requirement of a 1:1 ratio between substituent group and
counterion chloride. If the fibres can be mechanically fibrillated to CNFs,
polyelectrolyte titration is a valid choice for measuring their surface
charge and thereby provides a representative DS value. However, the
measurements can lead to an underestimation of the DS due to limited
access to all charges. Limited accessibility is also a drawback shared by
the polyelectrolyte adsorption method. It can, however, be concluded
that the polyelectrolyte adsorption values are in good agreement with
other methods at a higher DS due to increased accessibility with
enhanced swelling of the fibre (herein supported by FSP measurements);
hence, it is recommended that this method is used only for quaterniza-
tions exceeding a DS of 0.1. All in all, post-treatment of the modified

material, the macroscopic dimensions of the material, i.e. whether cel-
lulose fibres, nanofibrils or crystals are used, and the estimated DS
should be considered when choosing a suitable technique for deter-
mining the DS. This study serves as a guide when making a qualified
choice of method for determining DS (i.e. charge or nitrogen content)
and when evaluating and comparing the results in relation to other
studies.

Funding sources

FibRe-Competence Centre for Design for Circularity: Lignocellulose-
based Thermoplastics, grant number 2019-00047.

CRediT authorship contribution statement

Johanna Sjolund: Writing — original draft, Visualization, Method-
ology, Investigation, Formal analysis, Conceptualization. Gunnar
Westman: Writing — review & editing, Supervision, Conceptualization.
Lars Wagberg: Writing — review & editing, Supervision, Methodology,
Conceptualization. Per A. Larsson: Writing — review & editing, Super-
vision, Project administration, Methodology, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

The authors are grateful for the financial and scientific support
provided by FibRe-Competence Centre for Design for Circularity:
Lignocellulose-based Thermoplastics, partly funded by Vinnova (grant
number 2019-00047). We acknowledge FibRe, and the reference group
within the centre, for valuable input to the project, and we thank
Nouryon Deventer for performing Kjeldahl measurements and for
allowing us to use their equipment for measuring the nitrogen content
by the Dumas method. Lukas Marcos Celada is acknowledged for
assisting with the liquid-state 'H NMR measurements.



J. Sjolund et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.carbpol.2024.122734.

References

Aguado, R., Moral, A., & Tijero, A. (2018). Cationic fibers from crop residues: Making
waste more appealing for papermaking. Journal of Cleaner Production, 174,
1503-1512.

AppliChem. (2017). Nitrogen determination by Kjeldahl method. PanReac, 1-12.

Baouab, M. H. V., Gauthier, R., Gauthier, H., Chabert, B., & El Baker Rammah, M. (2000).
Immobilization of residual dyes onto ion-exchanger cellulosic materials. Journal of
Applied Polymer Science, 77(1), 171-183.

Baouab, M. H. V., Gauthier, R., Gauthier, H., & El Baker Rammah, M. (2001). Cationized
sawdust as ion exchanger for anionic residual dyes. Journal of Applied Polymer
Science, 82(1), 31-37.

Bradstreet, R. B. (1954). Kjeldahl method for organic nitrogen. Analytical Chemistry, 26
(1), 185-187.

Chaker, A., & Boufi, S. (2015). Cationic nanofibrillar cellulose with high antibacterial
properties. Carbohydrate Polymers, 131, 224-232.

Choudhury, A. R. (2014). Coloration of Cationized cellulosic fibers-a review. AATCC
Journal of Research, 1(3), 11-19.

Courtenay, J. C., Ramalhete, S. M., Skuze, W. J., Soni, R., Khimyak, Y. Z., Edler, K. J., &
Scott, J. L. (2018). Unravelling cationic cellulose nanofibril hydrogel structure: NMR
spectroscopy and small angle neutron scattering analyses. Soft Matter, 14(2),
255-263.

de la Motte, H., Hasani, M., Brelid, H., & Westman, G. (2011). Molecular characterization
of hydrolyzed cationized nanocrystalline cellulose, cotton cellulose and softwood
Kraft pulp using high resolution 1D and 2D NMR. Carbohydrate Polymers, 85(4),
738-746.

de la Motte, H., & Westman, G. (2012). Regioselective cationization of cellulosic
materials using an efficient solvent-minimizing spray-technique. Cellulose, 19,
1677-1688.

Ewing, G. W. (1997). Analytical instrumentation handbook-organic elemental analysis,
determination of nitrogen (2nd ed.). Marcel Dekker.

Fliri, L., Heise, K., Koso, T., Todorov, A. R., Del Cerro, D. R., Hietala, S., ... King, A. W.
(2023). Solution-state nuclear magnetic resonance spectroscopy of crystalline
cellulosic materials using a direct dissolution ionic liquid electrolyte. Nature
Protocols, 18(7), 2084-2123.

Frankovich, T. A., & Jones, R. D. (1998). A rapid, precise and sensitive method for the
determination of total nitrogen in natural waters. Marine Chemistry, 60(3-4),
227-234.

Gao, Y., Li, Q., Shi, Y., & Cha, R. (2016). Preparation and application of cationic modified
cellulose fibrils as a papermaking additive. International Journal of Polymer Science,
2016.

Grigoras, A. G. (2021). Natural and synthetic polymeric antimicrobials with quaternary
ammonium moieties: A review. Environmental Chemistry Letters, 19(4), 3009-3022.

Hasani, M., Cranston, E. D., Westman, G., & Gray, D. G. (2008). Cationic surface
functionalization of cellulose nanocrystals. Soft Matter, 4(11), 2238-2244.

Hasani, M., Westman, G., Potthast, A., & Rosenau, T. (2009). Cationization of cellulose
by using N-oxiranylmethyl-N-methylmorpholinium chloride and 2-oxiranylpyridine
as etherification agents. Journal of Applied Polymer Science, 114(3), 1449-1456.

Henschen, J., Illergérd, J., Larsson, P. A., Ek, M., & Wagberg, L. (2016). Contact-active
antibacterial aerogels from cellulose nanofibrils. Colloids and Surfaces B:
Biointerfaces, 146, 415-422.

Ho, T., Zimmermann, T., Hauert, R., & Caseri, W. (2011). Preparation and
characterization of cationic nanofibrillated cellulose from etherification and high-
shear disintegration processes. Cellulose, 18, 1391-1406.

Ho, T. T., Zimmermann, T., Ohr, S., & Caseri, W. R. (2012). Composites of cationic
nanofibrillated cellulose and layered silicates: Water vapor barrier and mechanical
properties. ACS Applied Materials & Interfaces, 4(9), 4832-4840.

Horn, D. (1978). Optisches Zweistrahlverfahren zur Bestimmung von Polyeketrolyten in
Wasser und zur Messung der Polymeradsorption an Grenzflachen. Progress in Colloid
& Polymer Science, 251-264.

Horvath, A. E. (2006). The effects of cellulosic fiber charges on polyelectrolyte adsorption and
fiber-fiber interactions KTH.

Illergérd, J., Romling, U., Wéagberg, L., & Ek, M. (2012). Biointeractive antibacterial
fibres using polyelectrolyte multilayer modification. Cellulose, 19, 1731-1741.

Isacsson, P., Jain, K., Fall, A., Chauve, V., Hajian, A., Granberg, H., Boiron, L.,
Berggren, M., Hakansson, K., & Edberg, J. (2022). Production of energy-storage
paper electrodes using a pilot-scale paper machine. Journal of Materials Chemistry A,
10(40), 21579-21589.

Jones, B., Harris, G., & Daughton, C. (1982). LBL-15816, quantitation of oil shale
wastewater quality: A manual of analytical methods. Chapter V Nitrogen: Kjeldahl and
combustion/chemiluminescence. U.S Department of Energy.

King, A. W., Mékela, V., Kedzior, S. A., Laaksonen, T., Partl, G. J., Heikkinen, S., ...
Cranston, E. D. (2018). Liquid-state NMR analysis of nanocelluloses.
Biomacromolecules, 19(7), 2708-2720.

10

Carbohydrate Polymers 347 (2025) 122734

Klemm, D., Heublein, B., Fink, H. P., & Bohn, A. (2005). Cellulose: Fascinating
biopolymer and sustainable raw material. Angewandte Chemie International Edition,
44(22), 3358-3393.

Lee, H. L., Shin, J. Y., Koh, C.-H., Ryu, H., Lee, D., & Sohn, C. (2002). Surface sizing with
cationic starch: Its effect on paper quality and papermaking process. Tappi Journal, 1
(1), 34-40.

Liimatainen, H., Suopajarvi, T., Sirvio, J., Hormi, O., & Niinimaki, J. (2014). Fabrication
of cationic cellulosic nanofibrils through aqueous quaternization pretreatment and
their use in colloid aggregation. Carbohydrate Polymers, 103, 187-192.

Lu, Z., An, X., Zhang, H., Liu, L., Dai, H., Cao, H., ... Liu, H. (2020). Cationic cellulose
nano-fibers (CCNF) as versatile flocculants of wood pulp for high wet web
performance. Carbohydrate Polymers, 229, Article 115434.

Mc Gill, W., & Figueiredo, C. (1993). Total nitrogen. In Chapter 22. Soil sampling and
methods of analysis. Edited by: Martin R. Carter. Canadian Society of Soil Science. In:
Lewis publishers. Florida: Boca Raton.

Moral, A., Aguado, R., & Tijero, A. (2016). Alkalization and cationization of cellulose:
Effects on intrinsic viscosity. Fibers and Polymers, 17, 857-861.

Odabas, N., Amer, H., Bacher, M., Henniges, U., Potthast, A., & Rosenau, T. (2016).
Properties of cellulosic material after cationization in different solvents. ACS
Sustainable Chemistry & Engineering, 4(4), 2295-2301.

Olszewska, A., Eronen, P., Johansson, L.-S., Malho, J.-M., Ankerfors, M., Lindstrom, T.,
Ruokolainen, J., Laine, J., & Osterberg, M. (2011). The behaviour of cationic
nanofibrillar cellulose in aqueous media. Cellulose, 18, 1213-1226.

Pei, A., Butchosa, N., Berglund, L. A., & Zhou, Q. (2013). Surface quaternized cellulose
nanofibrils with high water absorbency and adsorption capacity for anionic dyes.
Soft Matter, 9(6), 2047-2055.

Prado, H. J., & Matulewicz, M. C. (2014). Cationization of polysaccharides: A path to
greener derivatives with many industrial applications. European Polymer Journal, 52,
53-75.

Rana, V., Malik, S., Joshi, G., Rajput, N. K., & Gupta, P. (2021). Preparation of alpha
cellulose from sugarcane bagasse and its cationization: Synthesis, characterization,
validation and application as wet-end additive. International Journal of Biological
Macromolecules, 170, 793-809.

Rostami, J., Benselfelt, T., Maddalena, L., Avci, C., Sellman, F. A., Cinar Ciftci, G., ...
Tian, W. (2022). Shaping 90 wt% NanoMOFs into robust multifunctional aerogels
using tailored bio-based Nanofibrils. Advanced Materials, 34(38), 2204800.

Sehaqui, H., de Larraya, U. P., Tingaut, P., & Zimmermann, T. (2015). Humic acid
adsorption onto cationic cellulose nanofibers for bioinspired removal of copper (II)
and a positively charged dye. Soft Matter, 11(26), 5294-5300.

Sethi, J., Wagberg, L., & Larsson, P. A. (2022). Water-resistant hybrid cellulose nanofibril
films prepared by charge reversal on gibbsite nanoclays. Carbohydrate Polymers, 295,
Article 119867.

Sjostedt, A., Wohlert, J., Larsson, P. T., & Wégberg, L. (2015). Structural changes during
swelling of highly charged cellulose fibres. Cellulose, 22, 2943-2953.

Sjostrom, E. (1989). The origin of charge on cellulosic fibers. Nordic Pulp & Paper
Research Journal, 4(2), 90-93.

Song, Y., Sun, Y., Zhang, X., Zhou, J., & Zhang, L. (2008). Homogeneous quaternization
of cellulose in NaOH/urea aqueous solutions as gene carriers. Biomacromolecules, 9
(8), 2259-2264.

Stone, J. E., & Scallan, A. M. (1967). The effect of component removal upon the porous
structure of the cell wall of wood II. Swelling in water and the fibre saturation point.
TAPPI, 50(10), 496-501.

Tanaka, H., Odberg, L., Wagberg, L., & Lindstrom, T. (1990). Adsorption of cationic
polyacrylamides onto monodisperse polystyrene latices and cellulose fiber: Effect of
molecular weight and charge density of cationic polyacrylamides. Journal of Colloid
and Interface Science, 134(1), 219-228.

Udoetok, I. A., Wilson, L. D., & Headley, J. V. (2016). Quaternized cellulose hydrogels as
sorbent materials and Pickering emulsion stabilizing agents. Materials, 9(8), 645.

Wachernig, H. (2009). Comprehensive ionic charge sensing for macromolecules and particles.
Poster presented at: ACS Colloid and Surface Science Symposium.

Wagberg, L., & Hagglund, R. (2001). Kinetics of polyelectrolyte adsorption on cellulosic
fibers. Langmuir, 17(4), 1096-1103.

Wagberg, L., Odberg, L., & Glad-Nordmark, G. (1989). Charge determination of porous
substrates by polyelectrolyte adsorption. Nordic Pulp & Paper Research Journal, 4(2),
71-76.

Willberg-Keyrildinen, P., Pitkanen, P., Hulkko, J., Asikainen, M., & Setald, H. (2019). The
effect of mixing and consistency on cellulose cationization. Heliyon, 5(3), Article
e01349.

Winter, L., Wagberg, L., Odberg, L., & Lindstrom, T. (1986). Polyelectrolytes adsorbed on
the surface of cellulosic materials. Journal of Colloid and Interface Science, 111(2),
537-543.

Wu, X. L., Guo, Y. C., & Wang, P. X. (2013). Preparation and characterization of high-
substituted cationic starches in aqueous solutions. Applied Mechanics and Materials,
268, 555-558.

Zaman, M., Xiao, H., Chibante, F., & Ni, Y. (2012). Synthesis and characterization of
cationically modified nanocrystalline cellulose. Carbohydrate Polymers, 89(1),
163-170.

Zghida, H., Baouab, M. H. V., & Gauthier, R. (2003). Sorption of chromium oxy-anions
onto cationized ligno-cellulosic material. Journal of Applied Polymer Science, 87(10),
1660-1665.

Zhang, H., Zhao, C., Li, Z., & Li, J. (2016). The fiber charge measurement depending on
the poly-DADMAC accessibility to cellulose fibers. Cellulose, 23, 163-173.


https://doi.org/10.1016/j.carbpol.2024.122734
https://doi.org/10.1016/j.carbpol.2024.122734
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0005
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0005
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0005
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0010
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0015
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0015
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0015
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0020
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0020
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0020
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0025
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0025
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0030
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0030
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0035
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0035
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0040
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0040
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0040
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0040
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0045
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0045
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0045
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0045
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0050
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0050
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0050
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0055
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0055
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0060
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0060
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0060
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0060
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0065
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0065
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0065
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0070
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0070
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0075
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0075
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0080
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0080
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0080
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0085
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0085
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0085
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf1000
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf1000
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf1000
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0090
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0090
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0090
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0095
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0095
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0095
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0100
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0100
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0105
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0105
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0110
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0110
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0110
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0110
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0115
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0115
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0115
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0120
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0120
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0120
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0125
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0125
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0125
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0130
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0130
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0130
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0135
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0135
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0135
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0140
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0140
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0140
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0145
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0145
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0145
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0150
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0150
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0155
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0155
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0155
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0160
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0160
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0160
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0165
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0165
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0165
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0170
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0170
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0170
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0175
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0175
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0175
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0175
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0180
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0180
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0180
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0185
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0185
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0185
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0190
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0190
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0190
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0195
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0195
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0200
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0200
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0205
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0205
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0205
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf2000
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf2000
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf2000
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0210
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0210
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0210
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0210
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0215
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0215
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0220
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0220
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0225
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0225
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0230
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0230
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0230
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0235
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0235
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0235
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0240
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0240
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0240
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0245
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0245
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0245
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0250
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0250
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0250
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0255
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0255
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0255
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0260
http://refhub.elsevier.com/S0144-8617(24)00960-3/rf0260

	On the determination of charge and nitrogen content in cellulose fibres modified to contain quaternary amine functionality
	1 Introduction
	2 Material and methods
	2.1 Chemicals
	2.2 Cellulose fibres
	2.3 Fibre modification
	2.4 Homogenization of fibres and preparation of CNF dispersions
	2.5 Analyses
	2.5.1 Infrared spectroscopy
	2.5.2 Nuclear magnetic resonance (NMR) spectroscopy
	2.5.2.1 Solid-state cross-polarization/magic angle spinning carbon-13 (CP/MAS 13C) NMR
	2.5.2.2 Liquid-state 1H NMR

	2.5.3 Fibre saturation point
	2.5.4 Methods used for determination of the degree of substitution
	2.5.4.1 Chemiluminescence following combustion
	2.5.4.2 Dumas combustion method
	2.5.4.3 Kjeldahl method
	2.5.4.4 Conductometric titration
	2.5.4.5 Colloidal titration
	2.5.4.6 Polyelectrolyte adsorption


	2.6 Calculations

	3 Results and discussion
	3.1 Nitrogen-based methods
	3.2 Charge-based methods
	3.3 Polyelectrolyte adsorption method
	3.4 Summary and recommendations

	4 Conclusions
	Funding sources
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


