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A one-pot esterification and hydrolysis of cellulose was carried out
by treating cellulose fibres with molten oxalic acid dihydrate. Each
cellulose oxalate had a free carboxyl content above 1.2 mmol g~*
and an average molecular weight of approximately 40 kDa.
Aqueous suspensions of the oxalates were sonicated to prepare
cellulose nanocrystals with a gravimetric yield of 80.6%.

Cellulose nanomaterials or nanocellulose have attracted
increased attention over the past 10 years due to the possibility
of using these renewable nanoparticles to prepare materials with
many interesting properties for several applications." Hitherto,
the reported classic methods for preparing nanocellulose from
plant fibres could generally be categorized into 2 groups: (1)
preparation of cellulose nanocrystals (CNC) through strong
mineral acid-catalysed hydrolysis followed by mechanical
fibrillation,”™ and (2) preparation of cellulose nanofibrils (CNF)
through mechanical fibrillation of cellulose fibres in aqueous
suspensions directly or following a pretreatment such as partial
carboxymethylation, enzymatic treatment or 2,2,6,6-tetramethyl-
piperidine-1-oxy (TEMPO) mediated oxidation.”°
Recently, new methods, such as using solutions of organic acids
for the pretreatments of cellulose fibres to prepare cellulose

radical

nanomaterials with improved yields, surface functionalities,
and/or thermal properties, have also been reported.'*™*

Here, we report a simple and effective way of preparing
functionalised cellulose nanocrystals with high yield. A one-
pot esterification and hydrolysis of cellulose was carried out by
mixing softwood dissolving pulp with molten oxalic acid di-
hydrate at 110 °C for 15 min, 30 min, 60 min, and 120 min,
respectively, under constant mixing and reflux, to obtain cell-
ulose oxalates (COX), denoted as COX15, COX30, COX60,
COX120, respectively. Oxalic acid dihydrate is an inexpensive
chemical and can industrially be produced from plant-based
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resources. It is a naturally abundant, biodegradable, non-vola-
tile, and thus a sustainable reagent. Previously, oxalic acid
dihydrate has been used as an esterification agent for wood
fibres, whereas its dehydrate, oxalic acid, has been used in
various solutions to hydrolyse pure cellulose for the prepa-
ration of cellulose nanocrystals."'>"'* However, to the best of
our knowledge, it has never been used in a water- or solvent-
free system to convert pure cellulose fibres (dissolving pulp in
this case) into cellulose derivatives.

In this study, oxalic acid dihydrate was used due to its rela-
tively low melting point of 104-106 °C, which makes it poss-
ible to carry out a solvent-free reaction for the esterification of
cellulose at 110 °C. The molten oxalic acid dihydrate could wet
the fibres, taking part in simultaneous hydrolysis and derivati-
zation of cellulose.

After the reaction, all samples were sufficiently washed by
filtration and then Soxhlet extraction, to remove the excess
oxalic acid dihydrate (see ESIt). After drying, cellulose oxalates
were obtained as fine and white powders.

Fourier transform infrared spectra showed that all the cell-
ulose oxalates exhibited broad absorption bands at 1739 cm ™"
(Fig. S1, ESIt), corresponding to the C=O stretching of the car-
bonyl group.'* This signal indicates successful esterification of
cellulose by oxalic acid dihydrate. However, it is difficult to
differentiate the signals of carboxylic acids (-COOH) and ester
bonds (-COO-) as they overlap. "*C NMR spectrum of COX15
was recorded to further study the structure of the cellulose
oxalate. Two distinct peaks at 174 ppm and 157 ppm, corres-
ponding to the carboxylic acid and the ester functional groups
respectively, could be observed (Fig. S2, ESIt). This observation
suggests not only the formation of covalent bonds as a result
of the esterification of cellulose, but also the existence of car-
boxylic acid groups in the cellulose oxalate.

To study the effect of the reaction time on the esterification,
two titration-based determinations of carboxyl content were
performed to quantify the total carboxyl content (TCC) and the
free carboxyl content (FCC). Oxalic acid is a dicarboxylic acid
where either one or both of the carboxyl groups can react with
the hydroxyl groups of the cellulose. Therefore, the esterifica-
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tion of cellulose with oxalic acid dihydrate could lead to either
crosslinking between two anhydrous glucose units or the intro-
duction of free carboxylic acid functionalities in the cellulose.
TCC is the total amount of both free carboxyl groups (-COOH)
and bonded carboxyl groups/ester groups (-COO-) of the oxa-
lates while FCC is just the number of free carboxyl groups. The
ratio between FCC and TCC indicates the degree of cross-
linking. For making nanocellulose, ideally, one carboxyl group
of the oxalic acid shall bond to cellulose through an ester
bond, while the other one should be left free. In this case, the
ratio of FCC/TCC 1is 0.5, which indicates no crosslinking is
present, while a ratio of 0 would indicate that all carboxyl
groups take part in the formation of ester bonds with cellulose
and there are no free carboxyl groups. The degree of substi-
tution, total carboxyl content, free carboxyl content and the
ratio of FCC/TCC of the different samples are shown in
Table 1. After 15 min, the ratio of FCC/TCC was 0.47. As the
reaction continued to 30 min, it slightly decreased to 0.43 and
then became stable for over 2 h. This indicates that most of
the oxalic acids bonded to cellulose through one of their two
carboxyl groups, while the other one was left free. Both TCC
and FCC increased the most during the first 30 min and
reached a maximum after 60 min.

The esterification of cellulose by oxalic acid dihydrate was a
quick process as the DS reached 0.25 after only 15 min. Then,
it increased slightly to 0.34 after another 15 min and then
became stable. As it has been reported,">'® approximately 5%
of the total cellulose chains are located at less-ordered and
accessible surfaces of fibrils or fibril aggregates. Considering
the fact that the esterification of cellulose occurs most easily at
the C6-OH (Fig. S3, ESIY), the theoretical DS of a cellulose
ester prepared in a solvent free reaction without a pretreatment
of cellulose (e.g., swelling) is 0.05. However, in the current
study, all DS exceeded this value. It indicates that the esterifi-
cation occurred not only on the accessible surfaces but also on
the less-ordered but inaccessible surfaces (in this case, the
theoretical DS can reach 0.25-0.5) between the fibrils within
the fibril aggregates. It is proposed that oxalic acid dihydrate is
able to reach and consequently functionalise parts of the in-
accessible surfaces, due to swelling of the fibril aggregates
with a low amount of water that was present in the reaction.
Nevertheless, the strong intermolecular interactions among
the cellulose chains hampered the further migration of oxalic
acid towards the ordered and crystalline interior of the fibrils,
so that the esterification could not proceed further and a
maximum DS of 0.35 was obtained after a reaction time of
60 min.
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The transformation of the fibres into very fine powders
suggested a breakdown of the macromolecular structure, pre-
sumably arising from the hydrolysis of cellulose chains which
was catalysed by oxalic acid. To verify this assumption, the
molecular weight properties of the cellulose oxalates were
determined by size exclusion chromatography.

The treatment of cellulose with oxalic acid dihydrate led to
a substantial decrease in the molecular weight (M), as shown
by Table 2. The M,s of all cellulose oxalates were approxi-
mately 40 kDa, which is only one tenth that of the original
material. During the esterification, the molten oxalic acid di-
hydrate presumably acts as an extremely concentrated acid
solution that catalyses the hydrolysis of cellulose.
Nevertheless, due to the limited migration of the acid towards
the ordered and crystalline regions, the hydrolysis should
mostly occur in the less-ordered regions that are located at the
surfaces of and within the fibrils or fibril aggregates.
Moreover, it is interesting to see that the M,, increased slightly
when the reaction time was prolonged from 15 min to 30 min
and afterwards stabilised. As discussed above, the crosslinking
of a few of the cellulose chains might be the reason for the
increase of the M,,. The polydispersity index (PDI), except for
COX60, gradually decreased from 11.1 to 3.1, suggesting the
formation of a more homogenous material over longer reac-
tion time.

The significantly decreased M,, as well as the considerable
amount of free carboxyl groups suggests the possibility of dis-
integrating the cellulose powders in aqueous suspensions to
prepare cellulose nanomaterials. Attempts were made to fibril-
late COX30 and COX60 with the highest FCCs through soni-
cation, and the supernatants were collected after centrifu-
gation. By dynamic light scattering (DLS), the z-average of the
nanoparticles in the suspension was 170 nm, which is in the
length range of cellulose nanocrystals prepared from wood

pulps.?

Table 2 The molecular weight properties of cellulose oxalate samples
after esterification. COX: cellulose oxalate. 15, 30, 60, and 120 are the
reaction times (min). SDP: softwood dissolving pulp as the reference.
M,,: average molecular weight. PDI: polydispersity index

Sample M,, (kDa) PDI
SDP 392 11.1
COX15 38 3.7
COX30 44 3.5
COX60 44 4.4
COX120 41 3.1

Table 1 The degree of substitution (DS), total carboxyl content (TCC), and free carboxyl content (FCC). COX: cellulose oxalate

Sample Reaction time (min) Gravimetric yield (%) DS TCC (mmol g ™) FCC (mmol g™*) Ratio of FCC/TCC
COX15 15 — 0.25 2.59 1.22 0.47
COX30 30 99 0.34 3.15 1.34 0.43
COX60 60 94 0.35 3.26 1.39 0.43
COX120 120 — 0.33 3.07 1.30 0.42
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Fig. 1 Transmission electron microscopy images of cellulose nanocrys-
tals in dilute aqueous suspension.

Transmission electron microscopy images shown in Fig. 1
confirmed the presence of nanostructured cellulose in the pre-
pared suspension. The pH was adjusted to 3.5 to improve the
dispersibility of the nanoparticles in dilute aqueous suspen-
sion."” The shape of the nanocellulose was more similar to
individual rods rather than fibrils, with an average length of
150-220 nm and an average width of 16-20 nm. When a con-
centrated suspension was observed between cross polarizers,
birefringence patterns were present (Fig. 2), indicating an
ordered arrangement of the cellulose nanocrystals.'®
Moreover, it was possible to prepare transparent films through
solvent casting of the suspension (Fig. 3). The films exhibited
iridescence when tilted under light. The gravimetric yields for
the conversion of cellulose oxalates into nanocrystals were
86.2% and 59.0%, as calculated from the dry weight of COX60
and COX30, respectively, while the overall gravimetric yields
for the conversion of pulp/cellulose fibres into nanocrystals by
using the current method were 80.6% (86.2% x 94%) and
58.3% (59.0% x 99%), as calculated from the dry weight of the
softwood dissolving pulp.

The crystallinity indexes (CI) of the cast films from COX30
and COX60, as well as the reference dissolving pulp, were
68.2%, 74.5%, and 70.9% respectively. It is noteworthy that the

Fig. 2 A concentrated aqueous suspension (approximately 7 g I™%) of
cellulose nanocrystals observed between crossed polarizers.
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Fig. 3 An example of a freestanding film made up of cellulose
nanocrystals.

CI of COX30-film was lower than that of the reference.
Although the hydrolysis should have led to an increase of the
CI as a result of the removal of less-ordered regions, the esteri-
fication of cellulose might make the cellulose chains locating
at the surfaces of fibrils even less ordered, by introducing new
functional groups that might interfere with the intermolecular
interactions among the chains, which consequently results in
a lower CI. The COX60-film has the highest CI among all the
samples, which is presumably attributed to a more extensive
removal of the less-ordered regions as a result of an extended
hydrolysis. This is also supported by the lower gravimetric
yield of COX60 than that of COX30, as shown in Table 1.

The described work demonstrates the possibility of prepar-
ing powder-shaped cellulose oxalates through a simple and
solvent-free treatment of cellulose with molten oxalic acid
dihydrate. A considerable amount of free carboxyl groups were
introduced onto the surface of cellulose and the macromolecu-
lar structure of cellulose was broken down due to the acid-cata-
lysed hydrolysis. By disintegrating the powder-shaped cellulose
oxalates in aqueous suspension, carboxyl functionalised cell-
ulose nanocrystals could be prepared. Compared to classic
methods for the preparation of cellulose nanocrystals, the
described method is simpler due to shortened procedures for
purification, since no dialysis over several days is needed (see
ESI}). On the other hand, the bulk reaction greatly improved
the overall yield of the cellulose nanocrystals (81% versus
30-50%"") and reduced the extensive consumption of water
that is often required in the classic method. Moreover, the
described method also has a high potential of recycling both
the unreacted oxalic acid dihydrate and the solvent used for
washing the cellulose oxalates. All of these factors could con-
tribute to reduce both the cost of production of cellulose nano-
crystals and the negative environmental impact, and thereby
may promote the market adaption of this renewable nano-
material. It is noteworthy that, for analytical purposes, the pre-
pared cellulose oxalates in this study were thoroughly washed
by THF, which should be replaced by safer and more environ-
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mentally friendly solvents such as water and alcohols in the
future.
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