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Abstract Periodate oxidation introduces aldehyde

functionality to cellulose. The use of dialdehyde

cellulose has been demonstrated for crosslinking and

as a chemical intermediate towards functionalized

cellulose. Commercially available cellulose nanocrys-

tals (CNCs) typically carry a surface sulfate half-ester

functionality, which results from their manufacture via

sulfuric acid hydrolysis and subsequent esterification.

The sulfate half-ester group is a bulky group carrying a

net negative charge above pH 2 that modifies the

colloidal and electro-chemical properties of the CNCs.

Periodate oxidation is regioselective to the bond

between carbons in positions 2 and 3 in the anhy-

droglucose unit while the sulfate half-ester groups are

mostly considered to be located in carbon in position 6.

This regioselectivity could be the reason why the role

played by the sulfate half-ester group on modification

by periodate oxidation has not previously been eluci-

dated. Here, the influence of the sulfate half-ester on

the oxidation of CNCs, which is shown to steer the

oxidation kinetics and the properties of the resulting

materials, is studied. Conventional physicochemical

analysis of the oxidant consumption is accompanied by

elemental analysis, Fourier-transform infrared, X-ray

photoelectron and solid-state nuclear magnetic reso-

nance spectroscopy, and wide-angle x-ray scattering

analyses; the zeta potential is used to characterize the

colloidal properties of the suspensions and atomic

force microscopy for determining particle dimensions.

The presence of the sulfate half-ester group decreases

the rate of oxidation. However, the content of the

sulfate half-ester groups decreases when degree of

oxidation reaches approx. 50%. We demonstrate that

the CNC surfaces are affected by the oxidation beyond

the C2–C3 bond cleavage: insight into the kinetics of

the oxidation process is a prerequisite for optimizing

CNC oxidation.

Keywords Cellulose nanocrystals � Periodate
oxidation � Sulfate half-esters

Introduction

It is only recently that native cellulose has been

accessible to nanotechnology due to the
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heterogeneous morphology and the millimeter size of

wood fibers. The development of the liberation of

nanosized colloidal cellulose nanocrystals (CNCs)

from cellulosic materials via hydrolysis with mineral

acids, has transformed these entities into bio-based

nanoparticles (Kontturi et al. 2018). Sulfuric acid

hydrolysis is employed to digest the most accessible,

amorphous cellulose chain arrangements, leading to

the liberation of the remaining, more ordered, seg-

ments into CNCs. Hydrolysis with sulfuric acid leads

to the simultaneous esterification of the CNC surfaces

with sulfate half-ester groups (Eyley and Thielemans

2014). The salt-form (i.e., Naþ-CNCs, Kþ-CNCs)
allow drying and redispersing. CNCs have been

demonstrated as being suitable for use in nanocom-

posites, biomedical devices, emulsions and foams, and

as rheology modifiers (Sinha et al. 2015; Vanderfleet

and Cranston 2021).

Chemical modification for the functionalization of

CNCs utilizes the hydroxyl, sulfate half-ester groups,

or the reducing end group (Eyley and Thielemans

2014; Zoppe et al. 2020). The removal of the sulfate

groups is one way of modifying the CNCs (Jordan

et al. 2019). By far the majority of modifications make

use of the hydroxyl groups of cellulose.

Oxidation is a common reaction for modifying

CNCs. Periodate oxidation cleaves the bond in the

anhydroglucose unit (AGU) between carbons in

positions 2 and 3 (C2 and C3) transforming them into

aldehydes and further hydrated aldehydes in water

(Nypelö et al. 2021). The aldehyde groups can react

with vicinal hydroxyls to form hemiacetals or hemi-

aldals (Sulaeva et al. 2015). Moreover, further oxida-

tion or reduction leads to alcohol and carboxyl

derivates (Larsson et al. 2014; Liimatainen et al.

2012; Nypelö et al. 2018), which are used for mod-

ifying the thermal and mechanical properties of

cellulose materials (López Durán et al. 2018; Larsson

et al. 2014). The periodate oxidation of crystalline

cellulose typically leads to degradation alongside the

chemical modification (Sun et al. 2015) and reduces

the crystal size or degree of polymerization. It has

been reported that the crystallinity of cellulose

decreases with oxidation (Liu et al. 2012). Elevated

temperature accelerates oxidation leading to, not only

an increase in the reaction rate, but also accelerated

degradation (Liu et al. 2012). Degradation of the

crystalline regions has been proposed as occurring

heterogeneously, leading to a local loss of order and

isolated oxidized domains (Kim et al. 2000). The

highly-ordered regions (crystalline) in cellulose are

reported to be affected already at low degree of

oxidation (DO) (Potthast et al. 2007, 2009). Peeling

off from the surface layer has been demonstrated as

being a result of oxidation, being evidenced by altered

CNC dimensions (Conley et al. 2017) and nuclear

magnetic resonance (NMR) spectroscopy analysis

(Koso et al. 2020). The determining factor of the

oxidation rate has been found to be the overall

crystallinity (Siller et al. 2015). The hierarchy (fiber,

fibril, crystal) of the starting materials does, however,

also play a role here (Yuldoshov et al. 2016).

The sulfate half-ester groups provide colloidal

stability to the CNC suspensions because their depro-

tonation leads to the presence of a negative charge. We

hypothesize that the groups may affect the oxidation

reaction as well. The effect of sulfate half-ester group

is suggested to be due to repulsion between the

charged sulfate half-ester group and the negatively

charged periodate ion. The bulky sulfate half-ester

group may also be a steric hindrance to the periodate

ion in accessing the oxidizable diols. The effect of

sulfate half-ester groups on the periodate oxidation of

CNCs are elucidated; furthermore, we investigated

how the initial content of sulfate half-ester groups

affects the properties of the oxidized CNC product.

Knowledge of the effect of the sulfate half-ester

groups on CNCs and their oxidative modification is

pivotal to optimizing the modification of the industrial

CNC grades and their employment in nanotechnology.

Experimental

Materials

CNCs (cellulose sulfate sodium salt) were purchased

from Celluforce (Canada). Cellulose is comprised of

anhydroglucose units (AGUs) (Fig. 1a) and the

cellulose sulfate contains a fraction AGUs with a

sulfate half-ester substitute (Fig. 1b). Sodium perio-

date, hydroxylamine hydrochloride, glycerol, sodium

chloride, sodium acetate, acetic acid, potassium bro-

mide, and hydrochloric acid were purchased from

Sigma-Aldrich and used without further purification.

MilliQ-water (resistivity = 18.2 X�1 cm�1 at 25 �C)
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was obtained from the Millipore water purification

system and used unless otherwise stated.

The CNCs were desulfated via acid catalyzed

approach. The method is known not to lead to

complete desulfation and is facile and scaleable (Jiang

et al. 2010). Desulfation of CNCs was performed so

that the CNC powder was dispersed inMilliQ-water to

a concentration of 5 wt%, after which 12 M HCl was

added to obtain an acid concentration of 1.8 M. The

dispersion was heated and stirred at 90 �C with reflux

for 2 h. The suspension was dialyzed until the pH of

the dialysate was the same as the deionized water used

for the dialysis. A spectrapore membrane with a cut off

of 12–14,000 g mol�1 (VWR, Sweden), was used for

dialysis. The desulfated CNC grade is henceforth

referred to as desulfCNC.

A procedure from Dash et al. (2013) was adapted

for oxidation, whereby the CNCs were oxidized using

sodium metaperiodate to a CNC weight ratio of 0.7 in

0.1 M acetate buffer of pH 4 and 50 mM ionic strength

and results in dialdehyde cellulose (Fig. 1c). The

concentration of CNCs was 3 wt%. The DO was

controlled by reaction time. Glycerol was used to

quench the reaction. After oxidation, the suspensions

were dialyzed in order to remove the residual perio-

date, iodate and glycerol. The suspensions were then

stored at 4 �C. As the sodium metaperiodate molecule

is larger than the space between the cellulose crystals,

the oxidation reaction is expected to take place on the

crystal surface. The reaction has been reported to be

heterogeneous (Liu et al. 2012). With the aim of

decreasing the level of analysis complexity, a number

of assumptions were made in order to fit the reaction to

pseudo first-order kinetics (Eq. 1). These were: i) The

reaction is slow and is not limited by the mass transfer

with no brush formation on the surface causing

diffusion limitations to further reaction; ii) The

reaction is stoichiometric 1 to 1 and no side-reactions

take place; iii) The CNC concentration has low impact

on the rate. Thus, there is a linear dependence on the

concentration of the periodate and the rate:

½P�
½P0�

¼ e�k0 �t ð1Þ

The pseudo first-order kinetics on the periodate is

shown in Equation 1 where [P0] is the initial molar

concentration of periodate, [P] the periodate molar

concentration, k0 the reaction rate, and t the time.

Methods

Elemental analysis was performed by Mikrolab Kolbe

in Germany. The X-ray photoelectron spectroscopy

(XPS) analysis was performed using a PHI 5000

VersaProbe III Scanning XPS Microprobe at an angle

of 45�. Fourier-transform infrared spectroscopy

(FTIR) was recorded using a spectrometer (Perkin-

Elmer) and potassium bromide (KBr) tablets were

used to carry the specimen. KBr and the analytes were

kept at 50 �C for 5 h to remove water prior to grinding

and tableting. The specimens were stored in a

desiccator prior to analysis. Wide-angle X-ray scat-

tering (WAXS) was performed using SAXSLab

(Mat:Nordic).

Solid-state NMR spectroscopy was performed

using a Bruker 400 MHz instrument operating at

100.6 MHz for 13C with a 3.2 mm solid-state magic-

angle-spinning (MAS) probe head. Measurements

were conducted at 298 K with a MAS spinning rate

of 12 kHz. One-dimensional 13C Cross-Polarization

Magic-Angle Spinning (CP/MAS) spectra were

acquired with a 3.0 ls 1H 90� pulse, 2000 ls CP-

contact time, 33 ms acquisition time with proton

decoupling, and 2 s recycle delay. The number of

acquisitions for the CP/MAS spectra was 2048 times

with 13C in natural abundance. Chemical shift were
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Fig. 1 The schematic

structure of a AGU b AGU

with a sulfate half-ester

(blue) and c) 2,3-

dialdehyde-AGU. The

aldehyde groups are marked

in red
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calibrated indirectly through a-glycine carbonyl peak
(C=O) observed at 176 ppm relative to tetramethyl

silane (TMS) at 0 ppm.

The zeta potential of the dispersions was deter-

mined using the Zetasizer Nano (Malvern). The

measurements were performed at 25.0 ± 0.1 �C and

in 0.1 M acetate buffer at pH 4 with 0.25 wt%

suspensions. The data was processed by Malvern

Zetasizer Software v7.13. The zeta potential was

calculated as the average of 6 measurements, where

each measurement was comprised of 30 to 150 sub-

runs.

Semi-contact mode atomic force microscopy

(AFM, NTEGRA, NT-MDT, Russia) with

Tap300AI-G tips were used for morphology charac-

terization of the CNCs deposited on the silicon wafers

(Siegert wafers, Germany). Regions of interest of 5 �
5 lm were recorded for calculating the dimensions of

the CNCs. Significant amounts of potentially single

CNC profiles were extracted using the software

Gwyddion 2.56 after removing polynomial back-

grounds and aligning the rows of the 5 � 5 lm
images. The profiles were baseline corrected using

polynomial fitting; the height was calculated from the

resulting profile.

Determination of the sulfate half-ester content

Sulfate half-ester content was determined using ele-

mental analysis, XPS and FTIR analyses. The deter-

mination of the amount of half-ester groups from the

elemental analysis and XPS was performed by fitting

the contributions of substituted and unsubstituted

AGUs to the experimental data obtained. The

monosaccharide compositions considered were

AGUs, AGUs with a sulfate half-ester assumed to

reside at carbon 6 and 2,3-dialdehyde-AGUs (Fig. 1).

The fitting searched the minimum molar percentage

error for all components analyzed, excluding Naþ. For
analysis based on XPS data, oxygen, sulfur and carbon

were considered.

FTIR data was normalized to 1060 cm�1 and the

baseline was corrected. The area used for the sulfate

was from 770 - 868 cm�1 (Gu et al. 2010). The

calculated areas were divided by the CNC areas and

multiplied by the amount of sulfur (S) detected in the

elemental analysis of the initial material.

Determination of the degree of oxidation

The DO during the oxidation reaction was tracked

using the periodate consumption by observing UV

absorbance at 290 nm (Malaprade 1928). The reaction

of hydroxylamine hydrochloride with the carbonyl

groups (Zhao and Heindel 1991) was used to deter-

mine the DO of the products. The DO was determined

using an aliquot, containing 0.1 g dry mass of the

oxidized CNC derivative and 0.25 M hydroxylamine

hydrochloride tuned to pH 4 and stirred for 2.5 hours at

room temperature (approx. 20 �C) to ensure to

complete the reaction. The solution was titrated back

to pH 4 with 0.01 M NaOH using SI Analytics

TitroLine 7000. The method is referred to as titration.

Elemental analysis was also used for establishing the

DO by fitting the contributions of substituted and

unsubstituted AGUs to the experimental data

obtained.

A method based on solid-state 13C CP/MAS NMR

was also used (Leguy et al. 2018) in the determination

of DO. As a first approximation, it was assumed that

the signals of the remaining unmodified cellulose after

periodate treatment were the same as in the starting

material. Since the C1 signal of cellulose at 104 ppm is

the only region where the spectra of untreated

cellulose and fully oxidized cellulose do not overlap,

it was used to calculate the DO using the C1 integral of

oxidized cellulose (
R
C1) relative to the one of the

corresponding non-oxidized cellulose (
R
C10). After

normalizing the entire spectrum to unity, the C1

integral was calculated from deconvolution. The

degree of oxidation determined by NMR spectroscopy

(DONMR) is defined by the number of aldehyde groups

per glycosyl residue and calculated using in Eq. 2.

DONMR ¼ 1�
R
C1

R
C10

� �

ð2Þ

Determination of the crystallinity index

WAXS analysis was used to determine the crys-

tallinity index (CIWAXS) and the crystallite size of

selected CNCs. The diffraction patterns obtained were

deconvoluted to Voigt functions using OriginPro

(2021). The crystallinity (Eq. 3) was calculated using

the crystalline area, Acrystal, and the amorphous area,

Aamorphous, which peak was located approximately at an
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angle 2h of 18�. The crystalline area was composed by

the crystalline areas of the following peaks: (101),

(101), (021), (002) (Eq. 4). The crystallite size was

determined using the Scherrer equation, using 0.9 as

the correction factor (Nam et al. 2016).

CIWAXSð%Þ ¼ Acrystal

Aamorphous þ Acrystal

� �

� 100 ð3Þ

Acrystal ¼ A101 þ A10�1 þ A012 þ A002 ð4Þ

The CI was also calculated by FTIR, CIFTIR, using

the method by Siller et al. (2015). The CIFTIR was

calculated from the ratio of the peak heights at 1370

over 2900 (Nelson and O’Connor 1964).

In addition to WAXS and FTIR, crystallinity index

was also determined by solid-state NMR spec-

troscopy. Using a deconvolution-based method pre-

sented elsewhere (Palme et al. 2014), the informative

C4 region was used to obtain CI.

Determination of the degree of surface substitution

The surface ratio (Rsur) was defined as the ratio

between the number of surface cellulose chains, nsur,

and the total number of cellulose chains of the CNCs.

The Rsur was calculated using WAXS data and Eq. 5,

where d 110ð Þ and d 1�10ð Þ are the plane spacings, L2 and

L1 are the height and the width of the crystal,

respectively (Habibi et al. 2006; Eyley and Thiele-

mans 2014).

Rsur ¼
nsurP

n
¼

2 L1
d 110ð Þ

� �
þ 2 L2

d 1 �10ð Þ

� �

L1L2
d 110ð Þd 1 �10ð Þ

ð5Þ

The degree of surface substitution (DSS) of DO,

DSSDO (Eq. 6), and the sulfate half-ester groups, DSSS
(Eq. 7), were determined as being the amount of 2,3-

dialdehyde-AGUs, nox, and AGUs with the sulfate

half-ester, nS, per surface cellulose chains. The degree

of surface sites used, DSSU, was defined as the

percentage of the surface modified AGUs and the

actual surface of the AGUs that was modifiable

(Eq. 8). Due to the 180� angle of the b-1,4-glycosidic
linked glucose units, every other superficial AGU was

considered modifiable by oxidation. Thus, the DSSU
was calculated as the number of molecules substituted

by the surface molecules modifiable by periodate

oxidation. In Eq. 7, cS is the sulfur molar concentration

from elemental analysis.

DSSDO ¼ nox
nsur

¼ DO

Rsur
ð6Þ

DSSS ¼ nS
nsur

¼ cS
Rsur

ð7Þ

DSSU ¼ nox
nsur
2

ð8Þ

Statistical analysis

The statistical analysis performed in this paper,

namely linear fittings, non-linear fittings, descriptive

statistics, F-test and ANOVA with the Bonferroni-

Holm test, were performed using the software Orig-

inLab Pro (2021). The variations are considered

significant at P-values less than 0.05.

Results and discussion

Oxidation kinetics and composition of the CNCs

According to the elemental analysis (Table 1), a

sulfate half-ester group resided in every 18th glucose

unit present prior to desulfation, and was reduced to

every 69th unit after desulfation. The CNC and the

desulfCNCs were subjected to periodate oxidation.

The consumption of sodium periodate was monitored

Table 1 Elemental analysis of sulfur in the CNCs expressed as

wt%. The DO, degree of oxidation is based on periodate

consumption determination by UV absorbance. The standard

deviation was less than 0.02 wt%

Specimen DO (%) S (wt%)

CNC – 1.09

DAC 12 0.71

DAC 29 0.69

DAC 57 0.66

desulfCNC – 0.29

desulfDAC 13 0.30

desulfDAC 33 0.26

desulfDAC 53 0.24
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in situ by determining the UV absorbance (Fig. 2),

which was fitted to a pseudo first-order kinetic reaction

(Liu et al. 2012). The calculated reaction rate of the

consumption periodate for the oxidation of CNC was

k01 = -1.98�5 ± 1�10�6 s�1. The reaction rate for the

desulfCNCs was higher with k02 = -5.09�10�5 ± 4�10�6

s�1. Both regressions were considered acceptable ac-

cording to the R-square. The assumption of a linear

dependence on the periodate concentration [P] and the

negligible impact of the CNC concentration [AGU] on

the rate (r) suggested that r ¼ k½AGU�x½P�y, for which
x and y are the orders (power dependence of rate on the

concentration of the reactant) for each reactant, the

order for the AGU was x\\1. There is a linear

dependence of the rate on the periodate concentration

(Fig. 2). The reaction rates were statistically different

according to the F-test. The decrease in the content of

sulfate half-ester groups on the surface increased the

reaction rate coefficient by approx. 150%. The

oxidized CNCs and desulfCNCs are referred to as

DAC and desulfDAC, respectively.

Periodate oxidation of cellulose with sulfate half-

ester groups should result in no change in the sulfur

content if the sulfate half-ester groups reside in the C6

position, since that position will be unaffected by

regioselective oxidation. The decreasing content of S

(Table 1) implies that the sulfate groups are affected

and removed during the oxidation. Where the oxida-

tion of desulfCNC is concerned, the amount decreased

slightly and the difference from the first point to the

second point was within the standard deviation of the

analysis. The O/S ratio (Table S2, Supplementary

Information) increased for both CNC and desulfCNC

when oxidized. In the case where sulfate half-ester

groups are not affected, this ratio should not increase

with the increasing degree of oxidation. However, the

amount of sulfate half-ester groups in the material

decreases as the DO of the CNCs increased, regardless

of the analysis method used: elemental analysis, FTIR

spectroscopy or XPS (Fig. 3).

We compared the DO determined by analysis of

reactant consumption to the DO values that were

determined using titration, solid-state NMR spec-

troscopy and elemental analysis of the oxidized CNC

derivatives (Fig. 4). NMR spectroscopy was only

performed for the highest DOs used in this study

(� 50 %). In Fig. 5, the 13C CP/MAS NMR spectra of

CNC, desulfCNC, DAC and desulfDAC are shown.

The absence of signals in the 160-200 ppm region for

DAC and desulfDAC indicate that there are no

aldehyde groups in these materials. This absence can

be explained by the fact that the aldehydes have

reformed with neighboring hydroxyl groups to provide

various hemiacetal and/or hemialdal entities, previ-

ously shown to appear as broad peaks in the 90-100

ppm region (Guigo et al. 2014; Azzam et al. 2015;

Fig. 2 Consumption of periodate during the oxidation of the

CNCs (Filled diamond) and desulfCNCs (open diamond). The

equations containing k01 and k02 correspond to CNC and

desulfCNC, respectively. R-square, i.e., the coefficient of

determination (COD), qualifies the regression. These curves

are comprised of three oxidation series for each CNC derivative.

Selected points are excluded for clarity but are included in the

fitting and statistical analysis

Fig. 3 AGUs per sulfate half-ester groups in CNC and DAC

(Filled diamond) and desulfCNC and desulfDAC (open

diamond) with respect to the DO calculated using elemental

analysis (green), FTIR area 770–868 cm�1 (purple) and XPS

analysis (orange)
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Codou et al. 2015). These newly formed signals

overlap with the C1 and C4 signals, and in order to

correct for this in the DO calculation, deconvolution of

the affected area was performed (see Supplementary

Information Table S1 for all parameters). For the CNC

and desulfCNC, the number of deconvolution signals

were selected according to the native cellulose fibril

model, and signals were decomposed into Lorentzian

and Gaussian functions for crystalline and amorphous

contributions, respectively (Heux et al. 1999; Hult

et al. 2002). For the DAC and desulfDAC, in addition

to the signals above, several Gaussian signals were

added to correct for the oxidized material. The

deconvolution of this new broad peak area was

performed using literature describing oxidized cellu-

lose structures (Plappert et al. 2018; Nypelö et al.

2021), however to fully assign these signals remains a

future work. As the C1 signal is consumed during

Fig. 4 Degree of oxidation, DO, according to titration (cyan), elemental (green) and NMR spectroscopy (yellow) analysis for DACs

and desulfDACs. DO on x-axis is based on periodate consumption determination by UV absorbance

Fig. 5 13C CP/MAS NMR

spectra of a CNC,

b desulfCNC, c DAC, and d
desulfDAC. Deconvoluted

signals in the spectrum are

attributed to the different

cellulose moieties of the

cellulose fibril model, with

crystalline and

paracrystalline (cry) signals

in blue, non-crystalline

(non-cry) accessible fibril

surface and inaccessible

fibril signals in green, and

overlapping cellulose

oligomer signals in red.

Several broad signals were

added, shown in gray, to

correct for the oxidized

material. The sum of the

deconvolution is shown by

dotted gray line
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oxidation, the DO could be determined using the Eq. 2,

and the results obtained were in good agreement with

both the titration and the UV absorbance measure-

ments. The DO calculated for the oxidized CNC by

elemental analysis was lower compared to the other

methods, while the DO calculated by elemental

analysis for the desulfCNC was higher than for the

other methods employed. This discrepancy could be

due to the low accuracy of the method in finding the

difference between AGU and dialdehyde-AGU within

the elements used for the analysis and the reducing end

of cellulose was not taken into account.

The sulfate half-esters provide electrostatic repul-

sion, and hence, colloidal stability. The zeta potential

of the CNCs was -28 mV and desulfation increased it

to -19 mV (Fig. 6). An increase in the DO led to an

increase in the zeta potential of both grades. When the

DOwas approx. 50%, the zeta potential of both grades

was approx. -5 mV and the low zeta potential

manifested the colloidal instability.

CNC dimensions

The decrease in the sulfur content of DACs implies

that the sulfate half-ester groups were affected by

oxidation. We suggest that this decrease in S content

was caused either by the cleaving off of the sulfate

half-ester groups or by the peeling off of cellulose

chains from the surface, which are then removed

during purification via dialysis. The diameter of the

CNCs and desulfCNCs, 4.1 ± 1.0 and 4.0 ± 1.5 nm,

respectively (Fig. 7), were statistically not different

(Table S3, Supplementary information) thereby sug-

gesting that desulfation did not decrease the diameter

of the CNC. Oxidation of CNCs into DAC with a DO

of 57% led to a decrease in the diameter down to 3.0±

0.8 nm. The average diameters of the CNC and DAC

were statistically different, supporting the hypothesis

that cellulose chains peel off due to oxidation. The

average diameter of desulfDAC, however, increased.

The desulfDAC with a DO of 53 % was not

statistically different from the non-oxidized grades,

hence not supporting the hypothesis of oxidation

leading to peeling off of CNC surface chains. We did,

however, note that the desulfDAC aggregated in the

suspension, as evidenced by the close to neutral zeta

potential (Fig. 6), and consequently on the silicon

support, thereby increasing uncertainty in the deter-

mination of diameter.

Crystallinity

Desulfation, which uses an acid that cleaves the sulfate

half-ester groups, resulted in CI increasing in all three

methods studied (Fig. 8). Besides, cleaving off the

sulfate half-ester groups, the acid appeared to remove

regions of less organized polysaccharide. This is,

indeed, directly seen in Fig. 5a by the overall NMR

spectral sharpening of the desulfCNC compared to

CNC, particularly in the C1 (100–113 ppm) and C4

(79–92 ppm) regions. Periodate oxidation has been

shown to decrease the CI of cellulose (Liu et al. 2012)

Fig. 6 Zeta potential of CNC and DAC (Filled diamond) and

desulfCNC and desulfDAC (open diamond) suspensions

Fig. 7 Dimensions of the CNCs determined using AFM

analysis of height profiles. The degree of oxidation of DAC

and desulfDAC was 57% and 53%, respectively
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and consequently, the CI of oxidized grades decreased

compared to the non-oxidized CNC and desulfCNC

using WAXS and FTIR (Fig. 8). For the DAC and

desulfDAC the spectral resolution was too poor to

determine the CI using NMR. In general, the

CIWAXS was higher than the CI calculated by

NMR spectroscopy and FTIR due the inherent meth-

ods (Park et al. 2010).

Degree of surface substitution

The ratio between the cellulose chains present on the

surface and the total cellulose chains, Rsur (Table 2),

increased with oxidation, which implies a reduction in

diameter. The unit cell is considered as remaining

unaltered so the smaller the diameter, the larger the

fraction of cellulose chains located on the surface. The

degree of surface functionality of the CNC derivatives

is shown in Table 2. The DSSS decreased, as expected,

with desulfation but also with oxidation due to the S

content decreasing (Table 1 and Fig. 4), thereby

complying with the findings of Lin and Dufresne

(2014). At the degree of oxidation 57% and 53% for

DAC and desulfDAC, respectively, in the oxidized

grades, the DSSDO indicated that almost all of the

chains present on the surface were oxidized.

The rotation of AGUs due to the glycosidic bond

means, however, that not all of the functionalities can

be placed on the surface of every cellulose molecule:

the substitution present on both oxidized grades, i.e.,

DAC and desulfDAC, therefore almost doubled the

number of sites accessible on the surface for such a

degree of modification. The requirement that such a

high degree of surface be available suggests that those

functionalities were located elsewhere than on the

surface, which we suggest were in chains that had been

peeled off during oxidation.

Conclusions

Sulfate half-ester groups are present in most industri-

ally available CNCs. Oxidation using periodate is a

way of oxidizing the cellulose by opening the ring

structure, equipping the molecule with aldehyde or

alcohol functionality and altering, for example, reac-

tivity and the thermal deformability. However, the role

played by sulfate half-ester groups in periodate

oxidative modification and its products has not

previously been elucidated. The understanding of

their impact and function is crucial for further

chemical modifications.

We have demonstrated that the sulfate half-ester

groups decrease the oxidation reaction rate. Increasing

Fig. 8 Crystallinity index, CI, of CNC, desulfCNC and their

oxidized derivates DAC and desulfDAC in DO 57% and 53%,

respectively. The CI was determined using wide angle X-ray

analysis (blue), NMR spectroscopy (green, only for CNC and

desulfCNC) and FTIR (purple)

Table 2 Distribution of the moieties on the surface of the CNC

derivates. S: Number of molecules per each sulfate half-ester

group. DO: degree of oxidation from UV absorbance. Rsur:

ratio of molecules on the surface per total molecules. DSSS:

degree of surface substitution of S on all the molecules on the

surface. DSSDO: degree of surface substitution of dialdehydes

on all the molecules on the surface. DSSU: degree of surface

sites used by periodate oxidation to achieve such amounts of

moieties on the surface

Sample S DO (%) Rsur (%) DSSS (%) DSSDO (%) DSSU (%)

CNC 18 0 38 15.0 0 0

desulfCNC 69 0 38 3.8 0 0

DAC 30 57 56 6.0 102 203

desulfDAC 84 53 53 2.2 100 200
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the degree of oxidation led to a decrease in the sulfate

half-ester group content independent of its initial

content, which was proven not only by a decrease in

sulfur content, but also by an increase in the zeta

potential. The control of the desulfation by oxidation

could lead to a DAC with the desired colloidal

properties. The conclusion we draw is that desulfation

is due to the peeling-off of the cellulose chains from

the CNC surfaces.

A scenario in which an aldehyde functionality was

introduced to the use of CNCs has been examined. In

this particular situation, it is necessary that the effect

had by the sulfate half-ester groups on the reaction

time and conditions is known in order to optimize the

reaction. Moreover, improving knowledge of how the

sulfate half-ester group content develops (i.e.,

decreases) with oxidation allows us to contribute to

creating materials in which they are desired in varying

amounts together with the aldehyde functionality.

Lastly, we have made discoveries pertaining to the

degradation mechanism of the crystalline cellulose

during periodate oxidation via observations of the

sulfur content, which we then employed as a direct

measurement of the loss of the surface layers on

CNCs.

Supplementary information

NMR spectroscopy deconvolution chemical shifts and

line widths. Complete elemental analysis. Bonferroni-

Holm test comparing the dimensions of the CNC

derivatives.
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Perea-Buceta JE, Potthast A, Rosenau T, Heikkinen H,

Maaheimo H, Isogai A, Kilpeläinen I, King AWT (2020)
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Larsson PA, Berglund LA, Wågberg L (2014) Highly ductile

fibres and sheets by core-shell structuring of the cellulose

nanofibrils. Cellulose 21(1):323–333. https://doi.org/10.

1007/s10570-013-0099-9

Leguy J, Nishiyama Y, Jean B, Heux L (2018) Ultrastructural

characterization of the core-shell structure of a wide range

of periodate-oxidized cellulose from different native

sources by solid-state 13C CP-MAS NMR. ACS Sustain

Chem Eng 7(1):412–420. https://doi.org/10.1021/

acssuschemeng.8b03772

Liimatainen H, Visanko M, Sirviö JA, Hormi OE, Niinimäki J
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