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ARTICLE INFO ABSTRACT

Keywords: TEMPO/NaClO/NaBr and sodium periodate were combined in a one-shot reaction to oxidise cellulose from
Carboxylated cellulose bleached pulp. Oxidation of cellulose forms two fractions: a highly-carboxylated water-insoluble (up to 1.9 mmol
TEMPO COO~ /g, DS = 0.39) and a water-soluble fraction (up to 4 mmol COO~ /g, DS = 1.1). Results show that these
Periodate regioselective oxidants work in synergy to produce fully-oxidised 2,3,6-tricarboxycellulose. Increasing the
Degree of substitution (DS) . . R, ; L.

Solubility periodate concentration results in fibrillation and extensive depolymerisation of the pulp cellulose as more

residual aldehyde groups participate in the depolymerisation process. X-ray diffraction (XRD) reveals that the
addition of periodate increases cellulose crystallinity, retains crystal size but slightly alters the XRD pattern. The
degree of substitution (DS), which governs the solubility of carboxylated cellulose, can be controlled by varying
the periodate concentration. Combining TEMPO/NaBr/NaClO with sodium periodate simultaneously in a one-

Degree of polymerisation (DP)

shot reaction produces low-cost cellulose with controlled level of carboxylation and unique properties.

1. Introduction

Cellulose is an ideal building block to design functional materials,
owing to its abundance, renewability, excellent mechanical properties,
and tunable surface chemistry. The three reactive hydroxyl groups of
cellulose anhydroglucose units are effective reactive sites for a myriad
of functional groups or molecules leading to a wide variety of appli-
cations (Klemm, Philpp, Heinze, Heinze, & Wagenknecht, 1998;
Klemm, Heublein, Fink, & Bohn, 2005).

Oxidation is a common reaction to prepare cellulose for medicinal,
pharmaceutical and industrial applications. Selecting the type of cel-
lulose, reagents, and condition enables to produce different oxidation
products varying in properties (Klemm et al., 1998). The resulting
carboxyl moieties form intermediate sites for further functionalisation
or grafting biomolecules (Curvello, Raghuwanshi, & Garnier, 2019).
Oxidation of cellulose is also used to impart surface charge density to
reduce the energy consumption required to delaminate fibres into na-
nocellulose fibrils (Isogai & Bergstrom, 2018; Isogai, Saito, & Fukuzumi,
2011). There are many reports of functional products from cellulose
oxidation (Curvello, Mendoza et al., 2019; Isogai et al., 2011; Mendoza
et al., 2019; Uribe, Chiromito, Carvalho, Arenal, & Tarpani, 2017; Yang
et al, 2017). Among all oxidation protocols, 2,2,6,6-Tetra-
methylpiperidine-1-oxyl-mediated (or TEMPO-mediated) and periodate
oxidation reactions are considered to be the most practical, owing to
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their regioselectivity, efficiency and “green” conditions.
TEMPO-mediated oxidation of cellulose (Fig. 1a) selectively con-
verts cellulose primary hydroxymethyl groups into carboxylic func-
tionalities. TEMPO, a water-soluble and stable radical catalyst, has been
extensively used to selectively oxidise alcohol groups to aldehydes,
ketones and carboxyl groups. Over the last two decades, catalytic oxi-
dations using TEMPO have been carried out and reviewed in detail
(Adam, Saha-Moller, & Ganeshpure, 2001; de Nooy, Besemer, &
vanBekkum, 1996). Particularly, de Nooy, Besemer, and van Bekkum
(1995) first reported the TEMPO-mediated oxidation of water-soluble
starch, pullulan, and dextran to sodium C6-carboxylate groups in water
at pH 10 and room temperature. It is however Isogai et al. that meth-
odologically developed and characterized this oxidation protocol for
cellulose, preparing nanocellulose products (Isogai, 2018; Isogai &
Kato, 1998; Isogai et al., 2011; Isogai & Shibata, 2001; Isogai, 2017;
Isogai, Saito, & Isogai, 2010; Isogai, Yanagisawa, & Isogai, 2009;
Mendoza, Batchelor, Tabor, & Garnier, 2018; Mendoza, Gunawardhana,
Batchelor, & Garnier, 2018; Mendoza et al., 2019; Saito et al., 2009).
Periodic acid or periodate is commonly used to selectively oxidise
vicinal hydroxyl groups in cellulose into aldehyde groups, whilst si-
multaneously breaking the C2-C3 linkage (Fig. 1b) (Liimatainen,
Visanko, Sirvio, Hormi, & Niinimaki, 2012; Nevell, 1957; Sirvio,
Hyvakko, Liimatainen, Niinimaki, & Hormi, 2011). The resulting dia-
ldehydes can be oxidised further into carboxylic groups to introduce
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Fig. 1. Schematic representation of the selective oxidation reactions of cellulose. a) TEMPO/NaBr/NaClO oxidation (C6 only); b) periodate (C2 and C3) and c)

combination of these reactions (C6, C2, C3).

imine bonds between cellulose and amine groups, for example. Peri-
odate oxidation was investigated for biodegradable and biocompatible
beads (Lindh, Carlsson, Strgmme, & Mihranyan, 2014; Ruan, Strgemme,
& Lindh, 2018).

Recently, these two selective oxidation protocols were combined in
a one-shot reaction to oxidise microcrystalline cellulose (Fig. 1c)
(Coseri et al., 2015). Water-soluble 2,3,6-tricarboxycellulose with a
carboxylate content of 3.11 mmol/g were thus prepared (Coseri et al.,
2015). In this study, we adapt the same protocol to oxidise native cel-
lulose from bleached Eucalyptus kraft pulp which contains residual
hemicellulose and lignin. We also rigorously quantify the yields and
properties of the polymers achieved. Particularly, the oxidised products
are characterised in terms of mass yield, surface charge density, che-
mical structure and degree of polymerisation. Changes in crystallinity,
crystal size and fibre morphology of the nanocellulose produced are
also investigated. The synergy of TEMPO/NaClO/NaBr and sodium
periodate oxidation systems are studied. The effects of periodate con-
centration on the properties of oxidised cellulose are assessed. By
varying the periodate concentration in the one-shot reaction, the degree
of substitution (DS) can be manipulated. DS is defined as the number of
hydroxyl groups on an anhydroglucose monomeric unit that has been
chemically substituted; it ranges from O (pure cellulose) to 3 (fully
functionalised). We highlight in this study that DS governs the solubi-
lity of carboxylated cellulose.

2. Materials and methods
2.1. Materials

Never-dried bleached Eucalyptus Kraft (BEK) pulp (~ 10 wt.% solids
content) was supplied by Australian Paper, Maryvale, Australia. This is
a standard grade used for fine paper production. All chemicals are
analytical grade and used without further purification. 2,2,6,6-
Tetramethylpiperidine-1-oxyl (TEMPO), sodium bromide (NaBr), so-
dium periodate (NalO,) and hydroxylamine hydrochloride
(NH,OH.HCI) were purchased from Sigma-Aldrich (NSW, Australia).
Hydrochloric acid (HCl) and sodium hydroxide (NaOH) pellets were
purchased from ACL Laboratories and Merck, respectively. 12 w/v%
sodium hypochlorite (NaClO) was purchased from Thermo Fisher
Scientific and used as received.

2.2. Oxidation protocols

All oxidation protocols are based on the TEMPO-periodate oxidation
of microcrystalline cellulose reported previously (Baron et al., 2019;
Coseri et al., 2015). Table SI shows the oxidation protocols and the
corresponding amount of each component in the oxidation system. In
the one-shot oxidation reaction (TEMPO/NaClO/NaBr/NalO,4), the
concentration of NalO4 was varied from 0 to 5.0 mmol/g cellulose. For
comparison, control reactions including the classical TEMPO and per-
iodate reactions were also performed. A set of sequential reactions (i.e.
TEMPO then periodate and vice versa) was also performed.

In a typical reaction, 10 g (dry weight basis) of BEK pulp was sus-
pended in 1200 mL distilled water with the designated amounts of
TEMPO, NaBr, and/or NalO,. The reaction vessel was covered with
aluminium foil to prevent any photoinduced decomposition of peri-
odate. NaClO (12% v/v, pH adjusted to 10.5), if necessary, was then
added dropwise under constant stirring. The pH of the reaction was
maintained at 10.5 by adding 0.5M NaOH. After 4h, the oxidation
reaction was stopped by quenching with ca. 10 mL ethanol. The water-
insoluble fraction was vacuum filtered and washed several times with
distilled water until neutral pH. The fibres were then freeze-dried for
24h. In addition, the water-soluble fraction was recovered by pre-
cipitation with an excess amount of ethanol, followed by centrifugation
at 14,000 rpm for 10 min. The water-soluble fibres were then redis-
solved in water, dialysed for at least 3 days and lyophilised for 24 h.

For the sequential reactions, 10 g of the water-insoluble fraction
from the first oxidation reaction was subjected to the next oxidation
reaction, for a total oxidation time of 8 h. The water-soluble fraction
was obtained after the second oxidation reaction.

The mass yields of the reactions were measured by weighing the
obtained freeze-dried products on an analytical balance.

2.3. Characterisation of the oxidised fibres

2.3.1. Carboxylate and aldehyde contents and degree of substitution (DS)

The carboxylate content of the oxidised fibres was determined by an
electrical conductivity method (Mendoza, Batchelor et al., 2018; Perez,
Montanari, & Vignon, 2003). Freeze-dried oxidised fibres (ca. 0.1 g)
were suspended in 40 mL deionised water. Prior to titration, 100 pL
0.1% (w/v) NaCl was added to increase sample conductivity and the pH
was adjusted to 2.5-3 to protonate all the carboxylate groups. Con-
ductimetric titration was performed using 0.1 N NaOH as titrant
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operating at a rate of 0.1 mL/min (Mettler Toledo T5 titrator). The
carboxylate content (mmol COO ™ /g fibre) was calculated using Eq. 1:

*/)_ Cx(h—-W
&~ w

Carboxylate content (mmol coo X 1000

@
where V, and V; are the volume of titrant required to neutralise the
carboxylic groups (plateau region in the titration curve), C is the NaOH
concentration (mol/L), and w is the dry sample weight.

Similarly, the degree of substitution (DS) was determined using the
titration results. DS was expressed as the ratio of the amount of the
sodium carboxylate groups and the total hydroxyl groups in the anhy-
droglucose unit (AGU). The degree of substitution was calculated by the
following equation:

162X C X (V5 — W) %100
w—111xCx (V, — W) @

Degree of Substitution =

where V, and V; are the volume of titrant required to neutralise the
carboxylic groups (plateau region in the titration curve), C is the NaOH
concentration (mol/L), w is the dry sample weight, 162 is the molar
mass of AGU, and 111 is the molar mass difference of 2,3,6-tricarbox-
ycellulose and AGU.

The aldehyde content was also determined using an oxime reaction,
as previously reported (Sirvio et al., 2011). Freeze-dried oxidised fibres
(ca. 0.1g) were suspended in 0.2M NH,OH.HCI buffered in 0.1 M
acetate buffer (pH 4.5). The suspension was then stirred for 4 h at room
temperature and the resulting fibres washed several times with distilled
water and isolated by vacuum filtration followed by freeze-drying for
24 h. The nitrogen content of the oxidised fibres, which is directly re-
lated to the aldehyde content, was determined using a PerkinElmer
CHNS/O 2400 Series II elemental analyser.

2.3.2. Degree of polymerisation (DP,)

The average viscometric degree of polymerisation (DP,) was de-
termined as reported by Shinoda et al. (Shinoda, Saito, Okita, & Isogai,
2012). A known amount of the oxidised fibres (about 0.25 g) was dis-
solved in 0.5 M copper ethylenediamine (CED, 50 mL) for 30 min (“ISO
5351:2010 Pulps — Determination of limiting viscosity number in cupri-
ethylenediamine (CED) solution,” 2010). Intrinsic viscosities of the
solutions were obtained by using a Cannon-Fenske capillary visc-
ometer, and these values were converted to DP, values with the Mar-
k-Houwink-Sakurada equation (Saito et al., 2009) where [g] is the
average viscosity measured from three replicates:

[1] = 057 x DR, ®)

2.3.3. Fourier-Transform Infrared (FTIR) Spectroscopy

Approximately 50 mg of freeze-dried fibres were analysed with a
Fourier-Transform Infrared (FTIR) spectrometer (Agilent Technologies
Cary 630 FTIR) equipped with a diamond ATR accessory. Eight scans at
4 cm ™! resolution were recorded in the range of 4000-500 cm ™.

2.3.4. 13C Nuclear Magnetic Resonance (NMR)
The water-insoluble fibres (TPOFa, TOF, BEK) were subjected to

Table 1
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cross-polarization/magic angle spinning (CP-MAS) °C NMR analysis
(Bruker-Avance III 300) with a MAS rate of 10kHz. Samples were
packed uniformly in a 4 mm zirconium oxide rotor. On the other hand,
the water-soluble fraction was dissolved in D,O and '>C-NMR spectra
were recorded with a Bruker-Avance DRX600 MHz Spectrometer at
16,000 scans.

2.3.5. X-ray diffraction (XRD)

Freeze-dried water-insoluble fibres were subjected to powder X-ray
diffraction analyses using a Bruker D8 Advance diffractometer
equipped with a Cu Ka radiation source (A = 0.1548 nm). The samples
were pressed at 20,000 psi for 30 s to form a pellet. X-ray diffractograms
were recorded at diffraction angle 26 = 10°—30°. The crystallinity
index (CI) was calculated from the ratio of the area of the crystalline
region and the total area of the curve (Eq. 4). Areas were estimated by
curve-fitting using the Gaussian function. Crystal sizes of the 200 di-
rection of cellulose I were calculated from the full widths at half heights
of the diffraction peaks by Debye-Scherrer equation.

A
Crystallinity Index (%) = —< x 100
T A “@
where A. and A are the area of the crystalline region and the total area,
respectively.

2.3.6. Dynamic light scattering (DLS) and zeta potential

DLS and zeta-potential of the oxidised fibres were measured based
on a previous report (Okita, Saito, & Isogai, 2010). Suspensions of the
oxidised fibres (0.01 wt%) were sonicated for 2 min using an ultrasonic
homogeniser at 19.5kHz and 70% amplitude (ON/OFF, 5s). Un-
fibrillated fibres were separated by centrifugation at 12,000 gfor 5 min
and the supernatants were analysed by DLS and zeta-potential using a
particle size and zeta potential analyser (Brookhaven Nanobrook
Omni). Measurements were performed five times for each sample.

2.3.7. Field emission-scanning Electron microscopy (FE-SEM)

Scanning electron microscopy (SEM) was performed using an FEI
Nova NanoSEM 450 equipped with a field-emission source. Freeze-
dried fibres were mounted onto carbon stubs, coated with iridium
coating and examined at 5kV.

3. Results
3.1. Mass yield, carboxylic content and degree of substitution (DS)

Table 1 shows the mass yield of the water-insoluble and water-so-
luble fractions with their corresponding carboxylate contents and de-
gree of substitution (DS) after oxidation. The highest amount of water-
insoluble fraction was recovered from cellulose oxidised with NalO,4
and TEMPO/NaClO/NaBr (> 92% yield). As expected, periodate oxi-
dation did not significantly introduce carboxylate groups (0.06 mmol
COO-/g) in cellulose. The typical TEMPO/NaClO/NaBr oxidation pro-
duced  highly-oxidised  fibres with COO~  content of

Mass yield (%) and carboxylate content (mmol/g) of the water-insoluble and water-soluble fractions for the different oxidation protocols.

Oxidation Protocol Water-Insoluble Fraction

Water-Soluble Fraction

Mass yield (%) COO~ Content (mmol/g) DS Mass yield (%) COO~ Content (mmol/g) DS
NalO4 92 0.06 0.01 - - -
NalO,/NaClO/NaBr 79 0.59 0.16 5.5 - -
TEMPO/NaClO/NaBr 93 1.35 0.37 1.3 2.72 0.63
TEMPO/NaClO/NaBr/NalO4 73 1.91 0.52 8.0 4.03 1.10
TEMPO/NaClO/NaBr then NalO,4 73 1.47 0.40 5.6 2.92 0.63
NalO,4 then TEMPO/NaClO/NaBr 73 1.61 0.44 1.3 2.60 0.65

* NalO4 concentration was set to 2.5 mmol/g cellulose; oxidation reactions were performed at pH 10.5, room temperature for 4 h.
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Fig. 2. Effect of periodate concentration on the mass yield of the water-insoluble and water-soluble fractions from TEMPO/NaClO/NaBr/periodate-oxidation of
native cellulose (a). Mass yield, carboxylate content, and DS of the water-insoluble (b) and water-soluble fractions (c) from TEMPO/NaClO/NaBr/periodate-oxidation
of native cellulose at different periodate concentrations. Effect of DS on the mass yield of water-insoluble and water-soluble fractions [inset shows the relationship of

the DS of the water-insoluble and water-soluble fractions] (d).

1.35 = 0.11 mmol/g and DS of 0.37. One-shot TEMPO-periodate oxi-
dation and sequential oxidation reactions, on the other hand, sig-
nificantly reduced the yield of the water-insoluble fraction (73%) of
high carboxylate content (1.5-1.9 mmol COO~’g) and DS (0.4-0.52).
Further, all oxidation systems produced a water-soluble fraction except
for the oxidation with periodate alone. The one-shot TEMPO-periodate
oxidation produced the highest amount of water-soluble fraction (8%),
as well as the highest carboxylate content (4.03 mmol COO-/g pulp)
and DS (1.1) among all fractions.

Based on these results, we investigated the effect periodate con-
centration has on the recovery of the water-insoluble and water-soluble
fractions and their carboxylate content (Fig. 2). In general, increasing
the periodate concentration decreases the yield of the water-insoluble
fraction, whilst increasing the amount of water-soluble fraction
(Fig. 2a). The decrease in the yield of the water-insoluble fraction co-
incides with a drastic increase in its carboxylate content, especially at
NalO,4 concentrations greater than 2.5 mmol/g (Fig. 2b). Increasing the
periodate concentration also increased the carboxylate content of the
water-soluble products, which however, started to diminish over
1 mmol/g NalO,4 (Fig. 2¢). By varying the periodate concentration in
the one-shot reaction, the DS can be controlled from 0.2 to 1.1. Fig. 2d
shows a remarkable decrease in the yield of the water-insoluble product
as DS reaches 0.4. On the contrary, an abrupt increase in the water-
soluble fraction recovery occurs at DS = 1.1. There is a non-linear
correlation between the DS of the water-insoluble and water-soluble
fractions.

3.2. Chemical composition

The changes in chemical structure and composition of native

cellulose were probed spectroscopically. The FTIR spectra of the ori-
ginal native cellulose and the water-insoluble and water-soluble frac-
tions after the different oxidation reactions are shown in Fig. 3. A ty-
pical broad O—H stretching at 3300 cm ™! is present in all cellulose
samples. In addition, sp-hybridized C-H stretching at 2900 cm ™! is
also apparent, although the peak intensity decreased after oxidation
(almost complete disappearance of the peak in the water-soluble frac-
tions), indicating that the C-H groups (in C6, C2, and/or C3) originally
present in cellulose have disappeared due to oxidation. Moreover, the
C—0—C stretching vibrations at 1000-1060cm™!, —OH in-plane
bending at 1201cm™!, C—H deformation stretching vibration, at
1112cm ™! and asymmetry stretch vibration at 1165cm™' became
weaker after oxidation which suggests some degradation has occurred.
Sharp peaks at 1615 cm ™' are present in most oxidised samples, in-
dicating the formation of carboxylate groups under the sodium salt
form. Among the water-insoluble fractions, TPOF (one-shot oxidation
reaction) exhibited the highest intensity of the latter peak and thus the
highest degree of oxidation (Fig. 3a). On the contrary, the absence of
the 1615 cm ™! peak in P1OF (periodate-oxidised cellulose) reveals that
no carboxylate groups were formed. Instead, a very weak peak at
1717cem™ ' is present in P1OF which corresponds to the C=O
stretching vibration of the aldehyde groups. Unreacted sodium peri-
odate was even isolated in the water-soluble fractions of P20F. The
FTIR spectra of these fractions closely resemble those of sodium para-
periodate (NasH,IOg), a product of the reaction of NaClO and I03-
(Liimatainen, Sirvio, Pajari, Hormi, & Niinimé&ki, 2013).

The oxidised fibres were also analysed by NMR: i.e., the water-in-
soluble fractions by '3C CP-MAS solid-state NMR and the water-soluble
fractions by solution *C NMR. Fig. 4a shows the characteristic NMR
signals between 65 and 105 ppm are present in all samples. A peak
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Fig. 3. FTIR spectra of the (a) water-insoluble and (b) water-soluble fractions
from different oxidation reactions of BEK pulp.

around 105 ppm corresponds to the C1 carbon of cellulose while the
two peaks at around 88.6 ppm and 82.6 ppm are assigned to the C4
carbon in the crystalline and non-crystalline regions, respectively. In
addition, signals for the C6 carbon at the crystalline and non-crystalline
regions were located at 64.8 ppm and 62.7 ppm, respectively. Multiplet
signals between 76-70 ppm are assigned to C2, C3, and C5 carbons
(Foster et al., 2018).

Significant spectral modifications were observed after oxidation of
native cellulose. In parallel with the FTIR results, successful carbox-
ylation was evidenced by the presence of a distinct peak at around
175 ppm in all oxidised samples except P1OFa. Moreover, the peak
intensity for the C6 non-crystalline signals also decreased as some
CH,— OH groups were oxidised to COOH. In addition, the peak for the
C4 non-crystalline region changed from 82.6 ppm to 83.9 ppm after
oxidation with TEMPO or TEMPO-periodate. TPOFa exhibited a lower
intensity at signals arising from C2, C3, and C5 compared to the original
sample, implying the conversion of the OH groups in C2 and C3 to
carbonyl groups (Coseri et al., 2015). P10F did not show any resonance
in the carbonyl region which would arise from the two carbonyl moi-
eties formed during periodate oxidation. Similar to FTIR results, the
addition of NaClO and NaBr to periodate (P20Fa) promoted the oxi-
dation of hydroxyl groups into carboxylate groups.

The water-soluble fractions dissolved in D,O were analysed by so-
lution **C NMR. Fig. 4b shows the '*C NMR spectrum of TPOFb in D,0.
Interestingly, the water-soluble fraction isolated from the one-shot re-
action exhibited three dominant peaks in the range of 174-177 ppm,
indicating the presence of three different COOH groups from the an-
hydroglucose unit of the cellulose. The water-soluble product closely
resembles the structure of 2,3,6-tricarboxycellulose (TCC) or sodium
mesotartarate/monohydrated glyoxylate alternating co-polyacetal.
However, the presence of small and unknown signals in the '*C NMR
spectrum of the water-soluble fraction suggests that side reactions are
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Fig. 4. 13C CP/MAS NMR spectra (a) of cellulose and water-insoluble fractions
and '®C-NMR spectrum of water-soluble fractions in DO (b) from different
oxidation reactions of BEK pulp.

occurring. This corroborates the findings of Coseri et al. (2015) where
the same polymer was prepared from TEMPO-periodate oxidation of
microcrystalline cellulose. Similarly, Takaichi, Hiraoki, Inamochi, and
Isogai (2014) reported the preparation and characterisation of TCC at
high yields but low DP, values from AZADO-mediated oxidation of
regenerated cellulose.

In contrast, oxidation using TEMPO/NaClO/NaBr only shows one
distinct peak in the carbonyl region (around 175 ppm) which corre-
sponds to the C6 carboxylate group formed. Interestingly, performing
the oxidation reactions sequentially (in either order) did not result in
the formation of 2,3,6-tricarboxycellulose.

3.3. Degree of polymerisation (DP,)

Fig. 5a compares the DP, of BEK and the water-insoluble fractions
after the different oxidations at pH 10.5. From the original native cel-
lulose DP,, of 1354, a dramatic decrease in DP,, of the water-insoluble
fractions occurred. Oxidation of native cellulose with TEMPO/NaClO/
NaBr caused the DP,, to drop to 262, similar to the results from TEMPO-
mediated oxidation of bleached hardwood kraft pulp and cotton linter
(Kitaoka, Isogai, & Onabe, 1999; Saito & Isogai, 2004). The addition of
2.5 mmol/g of sodium periodate induces extensive depolymerisation,
causing a drop of DP, to 234. This is also the case when TEMPO-
mediated and periodate oxidations (and vice versa) are performed se-
quentially. Moreover, performing periodate oxidation at pH 10.5 de-
polymerises cellulose to DP, = 701 whilst the addition of NaClO and
NaBr to this oxidation system further promoted depolymerisation
(DP,, = 368).

We also investigated the effect increasing periodate concentration
has on the DP, of the water-insoluble fractions from the one-shot
TEMPO-periodate oxidation. Increasing the periodate amount in the
one-shot reaction decreases the DP, of the water-insoluble fraction
(Fig. 5b). This correlates with the increase in the carboxylate content
and degree of substitution of the water-insoluble fraction as the peri-
odate concentration increases. As shown in Fig. 5c, as DS increases, DP,,
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decreases with a consequent decrease in mass yield.

3.4. Crystallinity

Figure Sla shows the XRD patterns of native cellulose before and
after the different oxidation reactions. The typical diffraction peaks of
cellulose I at 20 = 14.8° (170), 16.4° (110) and 22.6° (200) (Saito &
Isogai, 2004) are observed. In most cases, the X-ray diffraction patterns
slightly change after the oxidation reactions, except for those oxidised
in the one-shot reaction (TPOFa). For TEMPO,/NaOCl/NaBr/periodate-
oxidised cellulose, the diffraction peak at the (200) plane shifted to
lower 26. Oxidation of native cellulose increases the crystallinity index
of the water-insoluble fraction (Figure S1b). Cellulose treated with the
one-shot oxidation reaction has the highest crystallinity index (CI ~
80%). However, the crystal size at the (200) plane is not significantly
affected by oxidation.

The effect of periodate concentration on the XRD pattern, crystal-
linity and crystal size of native cellulose was determined for the one-
shot reaction (Fig. 6). Increasing the periodate concentration also in-
creases the shift in the diffraction peak of the (200) plane (Fig. 6a -
except for 5.0 mmol/g). Increasing the periodate concentration also
increases the crystallinity but retains the crystal size of cellulose
(Fig. 6b). Further, Fig. 6¢ shows that the crystallinity index of the
water-insoluble fraction increases with DS.

3.5. Fibre morphology

FE-SEM images of the water-insoluble fibres from the different
oxidation systems are shown in Fig. 7. Fibres after TEMPO/NaClO/NaBr
(Fig. 7b) oxidations at pH 10.5 are morphologically similar to those of

—=— Crystallinity Index
—=— Crystal size

the native cellulose (Fig. 7a). However, the addition of periodate in the
TEMPO/NaClO/NaBr system creates more fibrillated and shorter fibres
(Fig. 7c). Particularly, the fibrillation of the long fibres can be readily
observed from concentrations of 0.1 mmol/g periodate (Figure S2a) and
the formation of short fragments or particles are noticeable after oxi-
dation with 0.5 mmol/g periodate in the one-shot reaction (Figure S2b-
d). Sequential oxidations also promote the fibrillation and scission of
fibres (Figure S2e-f). Further, dynamic light scattering analysis of the
fibre suspensions reveals that increasing the periodate concentration in
the one-shot reaction decreases the effective fibril diameter (Fig. 7D).

4. Discussion
4.1. Mechanism of cellulose TEMPO-periodate oxidation

Based on results and literature, a mechanism of cellulose TEMPO-
periodate oxidation is proposed in Fig. 8. The three hydroxyl groups of
cellulose are converted to carboxylic acids in the presence of TEMPO/
NaClO/NaBr and sodium periodate at pH 10.5. The reaction proceeds
by converting the three hydroxyl groups to aldehydes and ultimately, to
carboxylic acids. In the first stage of the reaction, the C6 — OH groups
are oxidised to aldehydes by TEMPO and NaClO. The cationic TEMPO*
ions generated from the oxidation of TEMPO with NaBrO and NaClO
preferentially oxidises the primary alcohol group at C6, forming alde-
hyde groups (Isogai & Shibata, 2001; Kitaoka et al., 1999; Saito &
Isogai, 2004; Saito, Nishiyama, Putaux, Vignon, & Isogai, 2006; Saito,
Kimura, Nishiyama, & Isogai, 2007). At the same time, the C2 and
C3—OH groups are converted to 2,3-dialdehydes following the peri-
odate oxidation mechanism. The vicinal diols react with periodate to
form a cyclic periodate ester which readily undergoes rearrangement,
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Fig. 6. (a) X-ray diffraction patterns of the water-insoluble fraction from TEMPO-periodate oxidation of BEK pulp. (b) Effect of periodate concentration on the
crystallinity and crystal size (in the (200) direction) of the water-insoluble products from TEMPO/NaClO/NaBr/periodate-oxidation of native cellulose. (c) Effect of

DS on the crystallinity and yield of the water-insoluble product.
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Fig. 7. Changes in fibre morphology of oxi-
dised native cellulose. FE-SEM images of (a)
BEK pulp after (b))TEMPO/NaClO/NaBr oxida-
tion and (c) one-shot TEMPO/NaClO/NaBr/
periodate oxidation (2.5mmol/g periodate).
(d) Effect of periodate concentration on the
effective diameter (as determined by DLS) of
TEMPO/NaClO/NaBr/periodate-oxidised cel-
lulose fibres.

forming two aldehyde groups and 103~ as a by-product (Coseri et al.,
2015; Kristiansen, Potthast, & Christensen, 2010; Liimatainen et al.,
2012). However, as revealed by FTIR and *C NMR analyses, no or very
few aldehydes were formed. Oxime reaction and subsequent elemental
analysis confirm the presence of only a few aldehyde groups in P10Fa
(0.01 mmol/g pulp). Periodate oxidation, usually performed at low pH
and elevated temperatures (Kristiansen et al., 2010; Sirvio et al., 2011),
is severely inhibited at alkaline pH (Nevell, 1957). Performing peri-
odate oxidation at pH 10.5 severely hampers the formation of aldehyde
groups in cellulose, as the resulting complex does not readily decom-
pose into iodate and an aldehyde. However, the presence of other
oxidants and co-catalysts such as NaClO and NaBr in the system (pro-
duct P20Fa) synergistically works in the formation of dialdehydes and/
or carboxylic acid. This is evidenced by the increase in yield of its
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water-soluble fraction and COO~ content (Table 1).

In the second stage, the aldehyde groups are further oxidised to
carboxylic acids in the presence of TEMPO/NaBr/NaClO. Under alka-
line conditions, aldehydes undergo hydration and successive dissocia-
tion which enable TEMPO™ to form new covalent bonds, resulting in
the formation of carboxy groups and N-hydroxy-TEMPO molecules.
Aldehydes might be converted to carboxylate groups due to the pre-
sence of NaBrO and/or NaClO from the TEMPO/NaBr/NaClO system at
pH 10-11(T. Isogai et al., 2010).

4.2. Effect of periodate on cellulose one-shot TEMPO-periodate oxidation

The presence of periodate ions is crucial in the one-shot oxidation of
cellulose. Thus, the effect of periodate concentration on the properties
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Fig. 8. Proposed chemical reaction for the oxidation of cellulose in the presence of TEMPO/NaBr/NaClO and sodium periodate.
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of the oxidised products was investigated.

4.2.1. Carboxylate content

Oxidation of bleached pulp in a typical TEMPO/NaBr/NaClO reac-
tion forms a highly-carboxylated water-insoluble fraction (1.35mmol
COO ™ /g). This coincides with previous studies on TEMPO-oxidation of
native cellulose (using ca. 8 mmol/g NaClO) (A. Isogai & Kato, 1998;
Mendoza, Batchelor et al., 2018; Mendoza, Gunawardhana et al., 2018;
Mendoza et al., 2019; Shinoda et al., 2012). However, the addition of
periodate in the classical TEMPO/NaClO/NaBr system, either in a one-
shot or sequential reaction, increases the carboxylate contents and DS
of the water-insoluble fractions and decreases their mass recovery
(Table 1). This increase in carboxylate content is expected, as sodium
periodate introduces more sites (i.e. two aldehyde groups) for carbox-
ylate formation. Interestingly, there is a remarkable increase in the
carboxylate content up to 1.9 mmol/g (corresponding to the addition of
2.5mmol/g 1057 ). However, Shinoda et al. reported the highest car-
boxylate content for the classical TEMPO-oxidation of native cellulose
to be only up to 1.7 mmol/g (Shinoda et al., 2012). In theory, the
maximum carboxylate content TEMPO-oxidation of native cellulose can
only be 1.61 mmol/g (Hiraoki, Ono, Saito, & Isogai, 2015). These re-
sults suggest that in the one-shot oxidation system, the three hydroxyl
groups (C6, C2 and C3) exposed in the crystal surface may be oxidised
to carboxylate groups.

The oxidation of the three hydroxyl groups was further evidenced
by the formation of 2,3,6-tricarboxycellulose (TCC) in the water-soluble
product of the one-shot reaction (Fig. 4). The formation of this highly
oxidised product (4.01 mmol/g) strongly supports the mechanism pro-
posed (Fig. 8). Interestingly, TCC only forms when native cellulose is
oxidised with TEMPO/NaBr/NaClO and sodium periodate in a one-shot
reaction. On the contrary, performing TEMPO and periodate oxidations
in a two-step process yielded water-soluble products similar to 6-cel-
luronic acid.

4.2.2. Crystallinity and crystal size

Significant peak shift in the (200) plane was observed in TEMPO-
periodate oxidised cellulose (Fig. 6a). This observation is not commonly
observed in TEMPO-oxidised native celluloses as the crystal structure
usually remains unchanged (Okita et al., 2010; Saito & Isogai, 2004).
The shifts in the diffraction peak at the (200) plane may be attributed to
the addition of carboxylate and aldehyde groups on the crystal surface
of cellulose I. Increasing the periodate concentration also increases the
crystallinity index of the water-insoluble fraction whilst simultaneously
decreasing the mass yield (Fig. 6b and c). This is correlated with the
accessibility and crystalline state of cellulose. Oxidation of the highly
crystalline cellulose I is difficult; as only the accessible hydroxyl groups
on the surface are oxidised (Saito, Yanagisawa, & Isogai, 2005). On the
other hand, the amorphous regions, susceptible to oxidation, are dis-
solved during the washing process because of their enhanced water-
solubility (Saito & Isogai, 2004) with the crystals remaining. However,
this oxidation clearly did not cause significant changes to the crystal
size (Fig. 6b).

4.2.3. Degree of polymerisation (DP,) and fibre morphology

The influence of TEMPO-periodate oxidation on the average visco-
metric degree of polymerisation (DP,) was determined. Copper ethy-
lenediamine (CED) was selected as solvent as it can completely dissolve
partially and fully-oxidised cellulose molecules (Shinoda et al., 2012). It
was assumed from a previous study (Smith, Bampton, & Alexander,
1963) that the same Mark-Houwink-Sakurada equation (DP = 1.75 [g])
is valid for both the oxidised and non-oxidised cellulose.

Fig. 5 shows a dramatic decrease in DP, of the water-insoluble
fractions. These DPv values are close to the levelling-off DP (LODP)
reported for native celluloses hydrolysed by dilute acid (Palme,
Theliander, & Brelid, 2016). Several studies have reported important
depolymerisation of cellulose during TEMPO-oxidation (Coseri, 2017;
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Saito, Hirota, Tamura, & Isogai, 2010; Shinoda et al., 2012). For in-
stance, DP, of regenerated celluloses, ranging from 220 to 680, de-
creased to 40 after oxidation (Isogai & Isogai, 2009; Isogai et al., 2009;
Shibata, Yanagisawa, Saito, & Isogai, 2006) and DP,, of bleached wood
pulps and cotton linters also decreased to 200-300 (Isogai & Shibata,
2001; Kitaoka et al., 1999). Depolymerisation in TEMPO-mediated
oxidation systems is attributed to the B-elimination of glycosidic bonds
as C6 aldehydes are formed in the oxidation process. In addition, some
radical species in the oxidation system may also form and contribute to
the depolymerisation. Furthermore, extensive depolymerisation also
happens during the dissolution of cellulose in CED (pH 14) as the re-
sidual aldehyde groups promote further cleavage of the glycosidic
bonds (Coseri, 2017; Shinoda et al., 2012). Post-NaClO,-oxidation or
post NaBH,-reduction is sometimes employed to eliminate residual al-
dehydes prior to dissolution in CED solution (Shinoda et al., 2012).

Fig. 5b demonstrates that the addition of periodate in the TEMPO/
NaClO/NaBr system further promotes depolymerisation. Periodate in-
troduces more aldehyde groups in the C2 and C3 positions which par-
ticipate in the depolymerisation process through a -elimination me-
chanism. Extensive depolymerisation was also observed as the
oxidation time and TEMPO and NaClO concentrations were increased
(Saito et al., 2010). Fig. 5c indicates that the DS negatively influences
DP,.

Furthermore, increasing the periodate concentration in the one-shot
reaction promotes fibrillation of the fibres and formation of short
fragments. Perpendicular scissions along the fibre axis were clearly
observed. Similar observations were reported by Saito et al. for TEMPO-
oxidations of different types of cellulose (Saito & Isogai, 2004). As in-
dicated by XRD, the formation of short fragments and fine particles
results from the depolymerisation of the non-crystalline region, liber-
ating water-insoluble cellulose crystals.

4.3. DS governing the solubility of carboxylated cellulose

The role of DS on the solubility of cellulose derivatives is well
documented (Brydson, 1999; Samaranayake & Glasser, 1993;
Wiistenberg, 2014). At low DS (0.8-1.3), ethyl cellulose is soluble in
water as replacing some hydroxyl groups by ethoxy groups reduces the
hydrogen bonding across the cellulosic chains (Brydson, 1999). Sodium
carboxymethyl cellulose, on the other hand, readily dissolves in water
at DS greater than 0.7. Similarly, at this DS, carboxymethyl groups are
sufficient to disrupt the crystalline region of cellulose and become
water-soluble (Wiistenberg, 2014).

In the one-shot reaction, varying the periodate concentration con-
trols the degree of substitution. DS correlates with the yield of the
water-insoluble and water-soluble fractions (Fig. 2D). The DS of the
water-insoluble fractions also correlates with their water-soluble frac-
tions. Increasing the DS of the water-insoluble product to 0.39 results in
a significant increase in the yield of the water-soluble fraction
(DS = 1.1). This is expected since more carboxylate groups increase the
polarity of cellulose. The degree of polymerisation decreases with the
extent of reaction, represented by DS (Fig. 5c). The decrease in the
degree of polymerisation leads to a decrease in the yield of the water-
insoluble fraction, as long molecules are depolymerised into short
chains. Similarly, increasing DS also increases the crystallinity of the
water-insoluble fractions (Fig. 6¢). Indeed, at DS = 0.39, almost 100%
crystallinity was achieved. These results are consistent with the de-
crease in the yield of the water-insoluble fraction; i.e., the accessible
amorphous regions become more soluble as DS increases. However, 1.1
was the highest DS achieved. The varying degree of accessibility of the
hydroxyl groups results in a heterogenous oxidation reaction. In addi-
tion, the presence of residual lignin and hemicellulose in the sample is
likely to interfere with the oxidation reaction.

The schematic representation of the one-shot TEMPO-periodate
oxidation of native cellulose is represented in Fig. 9. Depending on the
degree of substitution or carboxylate content, the TEMPO-periodate
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oxidation of native cellulose results in the formation of partially-oxi-
dised water-insoluble and fully-oxidised water-soluble fractions. The
water-insoluble fraction is a crystalline-rich fraction where surface
carboxylate groups are present. In contrast, the water-soluble fraction is
composed of a variety of fully-oxidised polyglucoronans, including
2,3,6-tricarboxycellulose.

5. Conclusions

Oxidation of native cellulose from Kraft bleached pulp by combining
TEMPO/NaClO/NaBr and sodium periodate in a one-shot reaction re-
sults in the formation of two fractions: a highly-carboxylated water-
insoluble (up to 1.9 mmol COO~ /g, DS = 0.39) and a water-soluble
fraction (up to 4 mmol COO ™ /g, DS = 1.1). The concentration of per-
iodate in the one-shot reaction plays a crucial role in the chemical and
physical properties of the oxidised cellulose derivatives. The addition of
periodate in the classical TEMPO/NaClO/NaBr system significantly
increases the carboxylate content of the water-insoluble fraction, whilst
decreasing the mass recovery. FTIR and '*C NMR analyses confirm the
introduction of carboxylate groups in native cellulose and that a highly-
water-soluble 2,3,6-tricarboxycellulose was prepared in the water-so-
luble fraction. Viscometric analysis reveals that increasing the peri-
odate concentration promotes extensive depolymerisation of the native
cellulose due to the presence of more residual aldehyde groups parti-
cipating in the depolymerisation reaction. X-ray diffraction shows that
the periodate increases the crystallinity and retains the crystal size of
cellulose I in the (200) plane, but also causes slight alterations in the
XRD pattern due to the oxidation of the accessible C2, C3 and C6 hy-
droxyl groups on the surface of the crystalline cellulose. FE-SEM and
DLS analyses also reveal that increasing the periodate concentration in
the one-shot reaction promotes the fibrillation and reduction of fibres
into small fragments. Furthermore, when periodate and TEMPO-medi-
ated oxidations are performed sequentially in two steps, different oxi-
dation products are obtained, suggesting that the TEMPO/NaClO/NaBr
and periodate oxidation systems work in synergy to carboxylate the
three reactive hydroxyl groups in cellulose.

Varying the periodate concentration in the one-shot reaction con-
trols the degree of substitution (DS). DS governs the solubility of car-
boxylated cellulose in water. By increasing the DS of the water-in-
soluble product to 0.39, a significant increase in the yield of the water-
soluble product (DS = 1.1) occurs. Depending on DS or carboxylate
content, the TEMPO-periodate oxidation of native cellulose results in
the formation of partially-oxidised water-insoluble (crystalline-rich)
and fully-oxidised water-soluble fractions (polyglucoronans from the
amorphous regions). The one-shot TEMPO-periodate oxidation allows
the synthesis of low-cost cellulose with controlled level of carboxylation
and unique properties.
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