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A novel method based on the use of reactive eutectic media for
the extraction of cellulose nanocrystals and their functionalization
with positively charged functional groups in a one-step procedure
is presented. With its ability to form strong hydrogen bonds, the
eutectic medium serves as a cellulose-solubilizing agent, while the
presence of a Leuckart reagent provides the reactivity toward the
reductive amination of carbonyl groups in the cellulose chains. In
the proposed method, amorphous cellulose domains are partially
dissolved by undergoing aminolysis, resulting in the formation of
water-dispersible nanocellulose products with high crystallinity.

Introduction

As one of the main components of lignocellulosic biomass,
cellulose is the most abundant biopolymer on earth and is
available to us as an almost inexhaustible resource due to the
continuous regrowth of plants. While it has served as a pivotal
source of energy and as construction or clothing material
throughout human history, research of the last decades has
discovered cellulose as the source of a unique biocompatible
crystalline nanomaterial with remarkable mechanical pro-
perties." Extraction of those desirable nanocrystals from plant
cellulose fibers is based on the selective acidic hydrolysis of
the amorphous regions, which periodically alternate with the
larger crystalline domains.>® The obtained rod-like nano-
particles or whiskers are commonly referred to as cellulose
nanocrystals (CNC). The combination of advantageous pro-
perties and sustainable origin makes CNCs one of the most
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promising material building blocks of the future.* However, a
safer and economically reasonable large-scale CNC production
requires alternatives to the commonly applied hydrolysis with
strong inorganic acids, although attempts have been made to
increase recyclability of the used acid.’

Among the alternative extraction methods, the utilization of
ionic media with the ability to form strong hydrogen bonds
deserves special attention:® Deep eutectic solvents (DES) are
simple to prepare and are made of low toxic (or even non-
toxic) components, often derived from renewable resources.””*
In combination with their low melting temperature, DES
provide optimal conditions to process natural carbohydrate
polymers in a sustainable fashion.” They have already proven
effective in wood treatment, lignocellulose delignification, and
nanocellulose extraction and modification."*™"?

The treatment of cellulose in eutectic media facilitates the
subsequent mechanical disintegration due to partial dis-
solution of the hemicellulose fraction and swelling of the cell-
ulose fibers."”"" This effect is enhanced using derivatizing or
reactive eutectic media (REM), which cause a chemical modifi-
cation of the carbohydrates. Thus, charged functionalities can
be introduced to the cellulose surface, decreasing the mechan-
ical energy required for the disintegration into nanoscale
fibers or particles by electrostatic repulsion.'” Like convention-
al TEMPO or acid treatments, the reported DES treatments
most often introduce anionic functionalities into the CNC
through carboxylation.'”™® Few treatments are reported to
introduce cationic groups, such as guanidine, and they usually
require multiple processing steps.”*>* A cheap and facile path
to cationic nanocellulose however broadens their application
range, for example as sorbents for wastewater treatment to
remove harmful anionic contaminants,>*** and expands the
toolbox of building blocks for complex and sustainable compo-
site materials.>®

This work aims to meet the requirements of green chem-
istry to prepare high-value materials from sustainable
resources, using technologies and chemicals with minimized
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impact on the environment. With the proposed method, CNCs
are extracted and functionalized with cationic groups in a sus-
tainable one-step procedure, using abundant and nontoxic
natural chemicals.

Results and discussion

Eutectic mixtures offer a broad range of design possibilities,
and their reactivity, as a function of their composition, can be
tuned by thoughtful selection of the components. Our pre-
vious research revealed increased activity of ammonium
formate towards the reductive amination of different sub-
strates,>® particularly carbohydrates,?” when applied as a com-
ponent of a eutectic medium, which in this case becomes reac-
tive. Ammonium formate is the salt of ammonia with formic
acid, two of the cheapest bulk chemicals.

Based on those findings, REMs containing ammonium
formate (T, 114 °C) as the main hydrogen bond acceptor com-
ponent were prepared in combination with different organic
acids, namely glycolic, lactic, and levulinic acid, used as hydro-
gen bond donors and effective melting point depressors
(Table S31). When mixing the components, the REM trans-
forms into a colorless transparent liquid, indicating the for-
mation of a eutectic. Differential scanning calorimetry (DSC)
of the used REM confirms the formation of the liquid phase at
a temperature below the melting temperature of the com-
ponents. Within the applied temperature range (—80-50 °C),
the REM remains thermally stable throughout three heating/
cooling cycles (Fig. S117).

The efficacy of the REM treatment was tested in a static
reactor using different REM compositions and reaction con-
ditions (Table S3t). Pure short fiber cellulose (SFC) and de-lig-
nified softwood kraft pulp (cellulose content 86%) served as
starting materials. Browning of the reaction mixture indicates
the formation of Maillard products. This implies partial clea-
vage of the polysaccharides into oligo- or monosaccharides via
aminolysis. X-ray diffraction (XRD) measurements of the separ-
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ated and purified solid products verify an increase of the crys-
tallinity index (CrI) by 2-7% compared to the starting material
SFC, proving the dissolution of the more susceptible amor-
phous cellulose sections in all of the tested REMs, while crys-
talline regions remain intact.

The REM treatment results in a considerably reduced fiber
length and fiber separation, as observed with polarized light
microscopy (see Fig. S21). An aqueous dispersion of polydis-
perse cellulose particles with restricted sedimentation stability
is obtained: The sediment consists of larger fibers and surface
adsorbed nanoparticles with lower charge, while electro-
statically stabilized nanoparticles form a supernatant colloidal
suspension that is stable for several months. These particles
exhibit a positive zeta potential in the range of 21-36 mV.
Impedance and laser diffraction measurements determine the
size of particles separated by sedimentation to approximately
5-30 um, while the stable colloidal fraction showed an average
size of 321 nm. Electron microscopy imaging (Fig. 1) reveals
nanoscaled cellulose whiskers about 100-300 nm in length
and ca. 10 nm in width, which is in the usual range for CNCs
from wood pulp.?® The degree of polymerization (Dp) of the
anhydroglucose chains, as estimated viscometrically, decreases
significantly from 2300 in the pristine SFC to around 300-330
in the particles. This corresponds to an average chain length
of 155-170 nm, which is in good accordance with the particle
size observed via TEM and is in the expected range (140-200
for crystalline domains in bleached wood pulp®®). GPC analysis
of the product, which was previously derivatized via carbanila-
tion to make it soluble in DMSO, exhibits a large fraction of
molecules in the M, range of 10000-1000000 Da, corres-
ponding to CNC-composing chains on the nanoscale. A
smaller shoulder in the range of 1000-10 000 Da corresponds
to the M,, of oligosaccharides, supposedly adsorbed at the
crystal surface.’® Pulp extraction products contain a consider-
able fraction of larger chains with a Dp around 2000-20 000
(M, of 1000 000 Da-10 000 000 Da), related to the presence of
larger fibers due to the diverse nature of the starting material
(see Fig. S37).

Fig. 1 (a) SEM and (b) TEM image of CNC extracted from SFC.
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Elemental analysis reveals a nitrogen content of around
0.3-0.4 wt% in the treated cellulose. A positive ninhydrin
probe (see Fig. S107) confirms the presence of nitrogen in the
form of amino groups, which, due to their basic properties,
cause the positive charge in the aqueous CNC dispersion. The
FTIR spectra of the extracted material and the starting material
SFC do not differ substantially, proving that no severe modifi-
cation of the cellulose took place, and the pristine structure of
the cellulose chains is preserved (see Fig. S77). The vibrational
mode at 1640 cm™', indicative of N-H bending in primary
amino groups, is detected with weak intensity, in accordance
with the low degree of amination (Fig. 2). More conclusive
difference spectra of the treated samples and the pristine cell-
ulose (see Fig. $81) show NH,-related bands at 3335 cm™" and
3280 cm™' (N-H stretch in primary amines), 1652 cm™" (N-H
bend in primary amines), 1058 cm™" (C-N stretch in aliphatic
amines), and 667 cm™* (N-H wag in primary amines).*'*?

3C CP/MAS (Fig. $121) and "H MAS NMR (Fig. S131) show
that the REM-treated cellulose product has the same crystalline
allomorph as pristine pulp, and confirm that no additional
carbon-containing functional groups were introduced. Signals
imputable to amino group hydrogens as well as N-bound
carbons in "H MAS or *C CP/MAS NMR respectively are not
distinguishable on spectra at the obtained resolution due to
expected overlap with other signals and the low degree of
substitution.**** X-ray photoelectron spectroscopy (XPS,
Fig. S147) of the REM-treated material detects nitrogen with a
binding energy corresponding to amines or amides.
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Based on the evidence, we presume that the treatment of
cellulose in the reported REM has a twofold effect: Firstly, the
eutectic dissolves amorphous cellulose domains by aminolysis,
induced by ammonium and organic acid. Secondly, the
Leuckart reagent causes derivatization by introducing amino
groups into the crystalline cellulose, thus evolving electro-
statically stabilized, nanocrystalline particles.

In the assumed reductive amination (Leuckart-Wallach
reaction), ammonium formate attacks carbonyl sites
(Scheme 1). In the absence of an oxidative pretreatment of the
cellulose, which would increase the number of carbonyl sites,
the only available carbonyl sites should be the reducing alde-
hyde ends of the cellulose chains.

According to the Dp (approx. 300) the reducing ends only
make up 0.33% of the polymer. However, calculated from
elemental analysis, around 4-5% of the anhydroglucose units
should contain an amino group, which exceeds the percentage
of reducing end groups by one order of magnitude. This
implies the presence of more carbonyl sites due to intrinsic
“defects”, i.e. oxidized functionalities in the cellulose starting
material, which are commonly introduced during the pulping
process.>® These additional reaction sites allow functionali-
zation along the entire length of the fibers.

It was previously reported that acid hydrolysis treatment
produces a material of inferior thermal stability, as it is
expected that an increased ratio of reducing ends in CNC with
lower DP promotes thermal degradation or depolymerization,

supposedly through dehydration, which in turn causes
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Fig. 2 ATR-IR spectra of cellulose products from the treatment of SFC with REM of ammonium formate and glycolic acid in a ratio of 2:1 in

different conditions.

OH OH OH OH
OH OH
HO o HO o OH 5 HcoonH, HO Q HO ) o\,
o L B2 o
HO o) HO AT HO (0] HO
OH OH OH OH
OH OH
n-2 n-2

non-reducing end  repeating unit reducing end

Scheme 1 Reductive amination (Leuckart—Wallach reaction) of the reducing end of a cellulose polymer chain with ammonium formate at elevated

temperatures.
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Fig. 3 TGA of CNC extracted by treatment with REM composed of 2 parts ammonium formate and 1 part of the respective acid, compared with the

starting material SFC.

hydrolysis.>*® However, the TGA of the starting material and
the nanocellulose samples produced via the method proposed
here do not show an onset degradation temperature signifi-
cantly changed through the REM treatment (Fig. 3).
Presumably, the amination of the reducing ends decreases
their reductive activity, resulting in a material with higher
thermal stability than previously reported carboxylated,®”
carboxy-methylated,*® or phosphorylated®® CNCs.

Judging from the similarity of the product characteristics,
the type of organic acid used as a component of the REM has
little influence on the mechanism or success of the treatment.
Further studies are therefore conducted using only the glycolic
acid-containing REM. The reactivity of the REM towards carbo-
hydrates is rather related to the unique combination of an
organic acid with the Leuckart reagent ammonium formate. In
the liquid state, ammonium formate exists in a Lewis acid-base
dissociative equilibrium with ammonia and formic acid, influ-
enced by the presence of the additional acidic REM component.
For all the tested REM, heating over 120 °C starts the intensive
formation of ammonia, detected in the TGA-MS (Fig. 4) as frag-
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Fig. 4
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ments with m/z = 17, 16, 15, revealing lower thermal stability of
ammonium formate within the REM compared to the neat com-
pound (T4(HCOONH,) ~ 180 °C). Thermal degradation of the
REM already starts around 80 °C with a significant loss of water
(m/z = 18) and ammonia. Combined with the signals corres-
ponding to formic acid (m/z = 46) and its fragments (m/z = 45:
HCOO, m/z = 29: HCO), this implies the decomposition of
ammonium formate into ammonia and formic acid as well as
minor formation of formamide as a by-product. This in situ gen-
erated ammonia provides the unusual reactivity of REM towards
the amination reaction. The formamide formation is accelerated
at higher temperatures and can be monitored by the ion frag-
ments NH,-C=0" (m/z = 44) and CH, = NH, " (m/z = 30).
Considering that the thermal conversion of the REM starts
at 80 °C already, and that the Leuckart reaction usually takes
place around 140 °C-180 °C (upper temperature is limited by
the decomposition of the neat ammonium formate), the reac-
tion temperature was decreased to as low as 140 °C and the
reaction time was varied between 1 h and 6 h. This also con-
siders the maximum in the occurrence of the aminating
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miz16 - - m/z29 ---- miz45| 14

ion current/(A-10°°)

- 0.01
0" T HEOOH Ty jseenyaai, o ene ~aggrueiaf
50 100 150 200 250 300
temperature/°C

Left: TGA of REM composed of ammonium formate and glycolic acid in 2 : 1 molar ratio. Right: TGA-MS of the same REM.
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(a) Nitrogen content of REM1-treated SFC samples; (b) nitrogen content of REM1-treated pulp samples dependent on reaction temperature

and time; (c) zeta potential and crystallinity index of all samples dependent on the reaction temperature.

species, detected as NH;" and NH," ions in TGA-MS, observed
in the temperature range of 140-160 °C. The CNC products
exhibit an increase of both nitrogen content and CrI compared
to the starting materials in every tested reaction condition
(Fig. 5a-c; Table S17). At milder reaction conditions, i.e. lower
temperature and shorter reaction time, the amount of carame-
lization or Maillard by-products were visibly reduced, yielding
a much brighter reaction mixture. Apparently, lower tempera-
tures suffice to provide the activation energy for the aminolysis
of amorphous cellulose, while the thermodynamically more
stable crystalline domains remain intact and are extracted as
the desired CNC. A higher reaction temperature of 180 °C pro-
motes aminolysis, ie depolymerization, of crystalline
domains, demonstrated by a decreased Crl and broadening of
the XRD maxima.

The variation between the zeta potential measured for
samples treated for different times at the same temperature
increases with increasing temperature (see Fig. 5¢), suggesting
a higher reproducibility at lower temperatures. In contrast, car-
rying out the reaction for a longer time at 180 °C results in
partial decomposition of the material, CNC with poorer struc-
tural characteristics, and excessive formation of the nonenzy-
matic browning reaction by-products from soluble monosac-

This journal is © The Royal Society of Chemistry 2021

charides. The treatment at 160 °C results in the highest crystal-
linities, suggesting optimal conditions for the CNC extraction.

Conclusions

We have developed a sustainable method to extract cationically
modified cellulose nanocrystals in an efficient one-step
process using natural raw materials with low toxicity. The
mechanism of the extraction appears to be based on a reduc-
tive amination, which proved to be most controllable and
effective in a temperature range of 140-160 °C. In these con-
ditions, a balance is achieved between aminolysis of amor-
phous cellulose domains and preservation of the native crystal-
line structure, while successfully introducing positively
charged amino groups into the chains, resulting in water-dis-
persible CNCs with good thermal stability.
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