Yokota et al. Journal of Wood Science (2022) 68:14
https://doi.org/10.1186/510086-022-02022-9

Journal of Wood Science

ORIGINAL ARTICLE Open Access

Alkali-activation of cellulose nanofibrils

=

Check for
updates

to facilitate surface chemical modification
under aqueous conditions

Shingo Yokota, Airi Nishimoto and Tetsuo Kondo”

Abstract

In this study, we developed a surface-activation technique for cellulose nanofibrils (CNFs) using mild-alkali and aque-
ous conditions. CNFs were initially processed using the aqueous counter collision (ACC) method to produce Janus-
type amphiphilic CNFs with both hydrophilic and hydrophobic faces on the surface of a single nanofibril (ACC-CNF).
Selective functionalization of the hydroxy groups on the hydrophilic faces creates an opportunity to develop novel
nano-building blocks that introduce heterogeneous and tailored surface characteristics into the design of nanomate-
rials. In this study, alkaline conditions were used to activate the hydroxy groups on the surface of ACC-CNFs as a pre-
treatment for the partial crystalline transformation from cellulose | to cellulose IIl. We found that alkali treatment with
sodium hydroxide (NaOH) solutions (concentration range 1-7 wt%) did not fully transform the structure of ACC-CNFs
into cellulose Il, nor change the morphology of nanofibrils, as seen from their wide-angle X-ray diffraction patterns
and atomic force microscopy images. We also found that the hydroxy groups at the surface region of the ACC-CNFs
were sufficiently reactive under the moderate alkali and aqueous conditions to undergo subsequent carboxymethyla-
tion. Therefore, alkali treatment of ACC-CNFs with a 1-7 wt% NaOH solution rendered the surface of the ACC-CNFs as
sufficiently reactive for chemical modification without morphological changes. This simple method for surface activa-
tion of CNFs can be useful in the development of future sustainable and novel materials for a variety of applications.
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Introduction

In nature, the hierarchical self-organization of molecular
or nano-scale building blocks can result in the formation
of three-dimensional structures with unique properties
and functions [1, 2]. Synthetic amphiphilic substances,
including low molecular weight surfactants [3], poly-
mers [4] and nano-objects [5] can also be fabricated into
functional materials with higher ordered structures. The
interfacial interaction between the building blocks is an
important factor in the bottom-up synthesis of these
higher ordered structures. In particular, the surface prop-
erties of the building blocks should be closely related to
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those of the target hierarchical structure to successfully
fabricate.

Cellulose microfibrils are important building blocks
in nature and are integral in the formation of plant cell
walls. Nowadays, cellulose microfibrils and their bundles
are capable to be extracted as cellulose nanofibrils (CNFs)
by methodological developments of nano-refining of
pulp fibers [6]. The unique properties of CNFs, with their
large specific surface areas [6], mechanical properties [7]
and thermal stabilities [8], and their natural role as a bio-
based nano-building block, make them suitable materials
in the fabrication of functional higher order structures.

Kondo et al. developed the aqueous counter colli-
sion (ACC) method as a nano-pulverization process [9,
10] that extracts nano-objects from a variety of natural
resources. When raw cellulosic material in an aqueous
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suspension is subjected to the ACC method, specific
intermolecular interactions are cleaved by the water col-
lision energy propagated throughout the sample, gener-
ating single CNFs (ACC-CNFs) dispersed in water [10,
11]. The size and morphology of the resulting ACC-
CNFs is dependent on the starting raw material [10-12].
Using the ACC method ensures that both hydrophilic
and hydrophobic planes, which are contained in natural
cellulose crystals, are exposed on the surface of single
ACC-CNFs [13]. Therefore, ACC-CNFs exhibit unique
“Janus-type” amphiphilic surface properties [13], includ-
ing switchable surface wettability [14], functioning that
facilitates the formation of Pickering emulsions [12, 15]
and adsorption onto hydrophobic polymer particles [16].
We recently reported that the surface properties of ACC-
CNFs can be altered via a simple process using oil drop-
lets in a Pickering emulsion as a reaction platform [17,
18]. In this way, the surface amphiphilicity of the initial
ACC-CNFs can be controlled to fabricate higher order
architectures with novel functionalities.

Generally, the surfaces of crystalline cellulose are
chemically resistant [19] and therefore, surface activa-
tion of the CNFs is required to add further functional-
ity. Ideally, surface activation should be achieved using
an environmentally friendly process with low energy
requirements and non-toxic reagents. Ball milling is a
commonly used approach for activating and chemically
modifying the surfaces of cellulose fibers in a solvent-free
system [20, 21]. For aqueous dispersions, alkali treat-
ments can enhance the chemical reactivity of cellulosic
materials by removing hemicellulose and lignin, as well
as by altering the crystallinity and the sporadic breaking
of hydrogen bonds [20, 22, 23].

We have focused on the prospect of ACC-CNFs hav-
ing unique surface properties as a nano-building block.
In the initial step for facile modification of the surface,
this study attempts to activate the hydroxy group on the
surface of ACC-CNFs while maintaining their crystallin-
ity of the fiber shape under moderate alkaline conditions
using low concentrations of aqueous sodium hydroxide
(NaOH). Then, carboxymethylation, a method for ether
derivatization, was conducted as an example of post-
chemical modification of ACC-CNFs.

Experimental

Materials

The starting material for preparing the ACC-CNFs was
microcrystalline cellulose (MCC, Funacel II®, Funako-
shi Co., Ltd., Tokyo, Japan). MCC powder was rinsed
with excess water and ethanol prior to ACC treatment,
as implemented in previous studies [15, 24]. NaOH,
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chloroacetic acid and hydrochloric acid were purchased
from FUJIFILM Wako Pure Chemical Corp., Osaka,
Japan. Potassium bromide (KBr) was purchased from
Sigma-Aldrich Japan LLC., Tokyo, Japan. All chemical
reagents were used as received without further purifica-
tion. Deionized (DI) water was used for all experimental
procedures.

Preparation of cellulose nanofibrils (ACC-CNFs)

An aqueous suspension of pre-rinsed MCC (1.0 wt%) was
treated using an ACC system (CNNT Co., Ltd., Incheon,
South Korea) equipped with nozzles 160 pm in diam-
eter. The ACC treatment was repeated for 60 cycles at
an ejecting pressure of 200 MPa. To remove microme-
ter-scale residues, the concentration of the ACC-CNF
dispersion was diluted to 0.4 wt% and then centrifuged
(370xg, 10 min, 25 °C [10]).

Alkali treatment of ACC-CNFs

All dispersions and solutions were heated at 60 °C for
30 min prior to mixing. Typically, 10 g of an aqueous
ACC-CNEF dispersion (0.2 wt%) was mixed with 5 g of an
aqueous NaOH solution. The mixtures were then stirred
at. As a result, the final concentrations of NaOH in the
aqueous mixtures ranged from of 1-20 wt%. The initial
MCC powders prior to ACC treatments (0.02 g) were
stirred in 1-20 wt% NaOH aqueous solutions at 60 °C for
1h.

Surface carboxymethylation

The alkali-treated ACC-CNFs were collected as a pre-
cipitate by centrifugation (1500xg, 10 min, 25 °C). An
aqueous solution of chloroacetic acid was added to the
still wet samples. The final concentration of chloroacetic
acid in the mixture was adjusted to 20 wt%. The mixture
was then stirred at 45 °C for 4 h [25]. The reaction media
were displaced with DI water by centrifugation (1500xg,
10 min, 25 °C) to obtain the precipitated product.

Wide-angle X-ray diffraction (WAXD) measurement

As outlined above, after each alkali treatment, the alka-
line media were exchanged with DI water by repeated
centrifugation and re-dispersion, until reaching neutral
pH 7.0. Neutralized samples were freeze-dried ready for
wide-angle X-ray diffraction (WAXD) measurements
(RINT 2000 V or SmartLab, Rigaku Corp., Tokyo, Japan).
The WAXD profiles were acquired using Ni-filtered
CuKa radiation (1 =0.1542 nm) at 40 kV and 20 mA in
5-40°of 26. The scan rate and step were 0.5-2° min~!
and 0.05°, respectively. Carboxymethylated ACC-CNFs
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(CM-CNFs) were also measured via WAXD under the
same conditions.

Peak separation of the WAXD profiles [26—28] was
conducted based on the second derivative of the pro-
file data using the spectral data processing software
GRAMS/AI (Thermo Fischer Scientific, Inc. USA),
prior to the following calculations. The crystallinity and
the extent of transformation into cellulose II (Cellulose
IT ratio (%)) were calculated from the WAXD profiles
(n=3-5) according to previous references [27, 29-31]:

Crystallinity/%
= (total areas of typical diffraction peaks
from cellulose I and cellulose II

/total areas of crystalline and amorphous peaks)
x 100,

Cellulose II ratio / %
= (total areas of typical three diffraction

peaks from cellulose II/total areas of cellulose I
and cellulose II peaks) x 100.

Fourier transform infrared (FT-IR) spectroscopy
To undergo FT-IR measurements, the CM-CNFs
were lyophilized and embedded into KBr pellets.

Measurements were performed using an FT-IR spectro-
photometer equipped with a TGS detector (FT/IR-620,
JASCO Corp., Tokyo, Japan). The accumulation num-
ber, resolution and wavenumber region of the meas-
urements were 32 scans, 2 cm~' and 400-4000 cm™?,
respectively. All spectra were normalized using the
band at 1162 cm™, attributable to the C—O stretching
vibration of the cellulose backbone [32].

Atomic force microscopy (AFM)

At each treatment step, the size and morphology of
the ACC-CNFs were observed by AFM (MFP-3D Ori-
gin; Oxford Instruments Asylum Research, Inc., Santa
Barbara, CA, USA) using a silicon cantilever (OMCL-
AC160TS-R3; Olympus Corp., Tokyo, Japan). An aque-
ous dispersion of CNFs (1.0 x 10~ wt%) was dropped
onto a cleaved natural mica substrate (The Nilaco
Corp., Tokyo, Japan), then dried at room temperature.
The AFM measurements were operated in AC mode
under ambient conditions.

Conductivity titration

The quantity of carboxy groups on the surface of the
CM-CNFs was estimated using the conductivity titra-
tion method [33]. Water dispersions of CM-CNFs were
adjusted to a pH of 3 or less using HCl in the presence
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Fig. 2 Crystallinity (closed circles) and cellulose Il ratio (open squares)
calculated from WAXD profiles (n =3-5) of cellulose nanofibrils
treated with aqueous NaOH solutions. NaOH concentration: 1.0, 3.0,
5.0,7.0,and 10.0 wt%

of NaCl. The titration was performed with a 0.01 M
aqueous NaOH solution.

Sedimentation test
Water dispersions of ACC-CNFs and CM-CNFs were
adjusted to pH 4, 7 and 10 prior to shaking for 30 min

Absorbance

T73500 2500 1500
Wavenumber / cm™
Fig. 3 FT-IR spectra of cellulose nanofibrils derivatized through

carboxymethylation after alkali-activation with different NaOH
concentrations. NaOH concentrations: a 0.0 wt%, b 1.0 wt%, ¢ 3.0

500

wt9, d 5.0 wt% and e 7.0 wt%, corresponding to Fig. 1b
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at room temperature. Centrifugation (500xg, 10 min,
25 °C) was used to compare the dispersion stability of
each sample.

Results and discussion

Alkali-induced swelling of cellulose nanofibrils

ACC-CNFs were treated with 1-20 wt% aqueous NaOH
solutions, and the extent of alkali-induced swelling of the
nanofibrils was indirectly estimated from the transfor-
mation of the crystalline polymorphs. Figure la shows
WAXD profiles of the raw materials of ACC-CNFs,
namely MCC powders, in a dried state after rinsed with
DI water following alkali treatment. The native cellu-
lose I structure of the wood-based MCC was almost
unchanged with up to 10 wt% NaOH. The cellulose II
structure became dominant as crystal structure by alkali
treatment at 12.5 wt% NaOH, while significant cellulose I
structure was not observed over 15 wt% NaOH. Figure 1b
shows the WAXD profiles of the alkali-treated ACC-
CNFs. The original wood-based ACC-CNFs provided
the reference diffraction pattern for a native cellulose
I structure similar to MCC. Following alkali treatment
with up to 10 wt% NaOH, the WAXD profiles show the
appearance of shoulders and diffraction peaks attribut-
able to the cellulose II crystal structure. With alkali treat-
ment over 12.5 wt% NaOH, the intensity of these peaks
stabilized, indicating that the ACC-CNF crystal structure
had transformed from cellulose I to cellulose II. Thus,
the structural transformation of ACC-CNFs was implied
to be more sensitive to the alkali concentration than the
case of microfibers.
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Fig. 4 Carboxylate content in CM-CNFs estimated by conductivity
titration. Carboxymethylation was performed after alkali-activation
with different NaOH concentrations
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Fig. 5 AFM height images of a ACC-CNFs, b alkali-treated CNFs (7 wt% NaOH) and ¢ CM-CNFs. Scale bar 500 nm

Table 1 Height and length values of ACC-CNFs, alkali-treated
CNFs and CM-CNFs, calculated on the basis of their AFM images

ACC-CNFs Alkali-treated CNFs CM-CNFs
Height/nm 84+47 82+£39 83+4.1
Length/um 0.9340.55 0.96 £0.55 0934037
v

i

i

( (

i

pH 4

pH7

pH 10

Fig. 6 Photographs of CNF suspensions after centrifugation at pH 4,
7 and 10: a unmodified CNFs, b CM-CNFs

Figure 2 shows the crystallinity and the proportion of
cellulose II structure in the crystalline region, as calcu-
lated from the WAXD profiles of CNFs treated with less
than 10 wt% NaOH solution. When the NaOH concen-
tration exceeded 7 wt%, there was a significant decrease
in the crystallinity and increase in the proportion of cel-
lulose 1II structure present. These results indicate that the
cellulose I structure at surface regions of the ACC-CNFs
was partially transformed into the cellulose II structure
[34]. The results also imply that the alkali-penetrated
region of ACC-CNFs is sensitive to the NaOH concen-
tration. According to previous studies [20, 23] regarding
alkali treatment of plant fibers at low NaOH concentra-
tions (less than ca. 10 wt%), the hydroxide ions cannot
fully penetrate the cellulose crystalline lattice because of
size restrictions of the hydrated ions. Therefore, transfor-
mation of the crystal structure in entire cellulosic fibers
is not likely to occur. The partial crystalline transition
of ACC-CNFs at low concentrations of NaOH might be
due to the large specific surface area of our material [11,
13]. Namely, treatment with 1-5 wt% of NaOH solution
promoted conversion of the hydroxy groups into alkoxide
groups only at the surface of the ACC-CNFs. Therefore,
it was important to investigate the activation effect of
the alkali treatment on surface chemical modification of
the crystalline ACC-CNFs, as discussed in the following
sections.

Carboxymethylation of activated cellulose nanofibrils

FT-IR spectra for the ACC-CNFs after the carboxym-
ethylation reaction are shown in Fig. 3. The absorption
band detected at 1603 cm™! is attributable to the C=0
of the carboxylate [35]. The band intensity increased
with increasing concentration of the NaOH used during
the pre-treatment stage. The quantity of carboxymethyl
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(CM) groups introduced on the surface of the ACC-CNFs
was estimated by a conductivity titration. When the pre-
treatment concentration of NaOH was over 3 wt%, the
quantity of CM groups increased (Fig. 4). These results
suggest that the initial alkali treatment activated the reac-
tivity of the hydroxy groups on the surface of ACC-CNFs,
enhancing the introduction efficiency of the CM groups
during subsequent carboxymethylation. However, higher
concentrations of NaOH (over 10 wt%) caused a signifi-
cant transition of the crystal structure from cellulose I
to cellulose II (see Figs. 1 and 2). Therefore, 3—7 wt% is a
suitable alkaline concentration range for the surface acti-
vation of the ACC-CNFs. AFM measurements showed
that the alkali pre-treatment and carboxymethylation had
a negligible influence on the size and morphology of the
ACC-CNFs (Fig. 5 and Table 1).

Sedimentation tests were performed to examine how
dependent the introduction of CM groups was on the
surface properties of the ACC-CNFs, as shown in Fig. 6.
The aqueous dispersions of the untreated ACC-CNFs
and CM-ACC-CNFs were centrifuged at 500xg for
10 min at pH 4, 7 and 10. The untreated ACC-CNFs pre-
cipitated regardless of the pH (Fig. 6a). In contrast, the
CM-ACC-CNFs appeared dispersed under basic condi-
tions (Fig. 6b). This is presumably because of the increase
in electrostatic repulsion between the negatively charged
carboxylate groups (pK, 4.4) [36]. The aggregation and
precipitation of CM-CNFs under acidic conditions are
hypothesized to result from the formation of acidic car-
boxyl groups. These results indicate that the introduction
of CM groups to the surface introduces pH-responsive
surface properties.

Conclusions

In this study, we investigated a simple and novel
approach for the surface activation of ACC-CNFs under
mild aqueous and alkaline conditions. Hydroxy groups
were activated at the surface of the wood-derived ACC-
CNFs through partial swelling by mild alkali treatment
with aqueous NaOH solutions. The extent of the subse-
quent CM derivatization of the ACC-CNF surface was
dependent on the alkali-activation conditions, with 3 to 7
wt% found as the optimum alkaline concentration range
for surface activation. The introduction of CM groups
to the ACC-CNF surface improved their dispersibility
in water and simultaneously introduced pH-responsive
behavior. This is an exciting example of introducing a
dynamic chemically modified surface onto CNFs. Over-
all, this facile activation treatment allowed for the sub-
sequent chemical modification of the ACC-CNF surface
under mild conditions, thus creating new opportunities
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for ACC-CNFs to be developed into functional bio-based
materials.
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