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Abstract A wood cellulose was oxidized with cat-
alytic amounts of 2-azaadamantane N-oxyl (AZADO)
or 1-methyl-AZADO, in an NaBr/NaClO system, in
water at pH 10. The oxidation efficiency, carboxylate/
aldehyde contents, and degree of polymerization (DP,)
of the oxidized celluloses thus obtained were evaluated
in terms of the amount of AZADO or 1-methyl-
AZADO catalyst added, in comparison with those
prepared using the TEMPO/NaBr/NaClO system.
When the AZADO/NaBr/NaClO and 1-methyl-AZ-
ADO/NaBr/NaClO oxidation systems were applied to
wood cellulose using the same molar amount of
TEMPO, the oxidation time needed for the preparation
of oxidized celluloses with carboxylate contents of
1.2-1.3 mmol/g was reduced from ~ 80 to 10—15 min.
Moreover, the molar amounts of AZADO and
1-methyl-AZADO that had to be added for the
preparation of oxidized celluloses with carboxylate
contents of 1.2-1.3 mmol/g were reduced to 1/32 and
1/16 of the amount of TEMPO added, respectively.
The DP, values for the AZADO- and 1-methyl-
AZADO-oxidized celluloses after NaBH, treatment
were in the range of 600-800. This indicated that not
only Cé6-carboxylate groups but also C2/C3 ketones
were formed to some extent on the crystalline cellulose
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microfibril surfaces during the AZADO- and 1-methyl-
AZADO-mediated oxidation. When the AZADO-
oxidized wood cellulose, which had a carboxylate
content of 1.2 mmol/g, was mechanically disinte-
grated in water, an almost transparent dispersion
consisting of individually nano-dispersed oxidized
cellulose nanofibrils was obtained, with a nanofibril-
lation yield of 89 %.

Keywords Azaadamantane N-oxyl - AZADO -
Catalytic oxidation - Nanofibrillation -
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Introduction

Various chemical reactions have been studied for
celluloses, to add some new functionalities or prop-
erties to native materials. 2,2,6,6-Tetramethylpyper-
idine-1-oxyl (TEMPO)-mediated oxidation—which
was first applied to water-soluble starch, amylodex-
trin, and pullulan to selectively oxidize their C6-
primary hydroxyls to C6-carboxylate groups (de Nooy
et al. 1995; Bragd et al. 2004)—is regarded as one of
the most promising and efficient chemical reactions
for polysaccharides. The major advantage of this
TEMPO-mediated oxidation is that it takes place
selectively at primary hydroxyls under aqueous and
mild conditions. Hence, the TEMPO/NaBr/NaCIO
oxidation process in water at pH 10, which was first
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used by de Nooy et al. (1995), has been applied to
convert various polysaccharides to new water-soluble
polyuronates, the C6-primary hydroxyls of which
were mostly or completely oxidized to C6-carboxylate
groups (Isogai and Kato 1998; da Silva Perez et al.
2003; Kato et al. 2003, 2004; Tamura et al. 2009).

When TEMPO-mediated oxidation is applied to
crystalline native celluloses such as cotton linters,
wood pulps, bacterial cellulose, and hemp bast holo-
cellulose under suitable conditions, the C6-primary
hydroxyl groups exposed on the crystalline cellulose
microfibril surfaces are selectively oxidized to C6-
carboxylate groups (Saito and Isogai 2004; Saito et al.
2006, 2007; Isogai et al. 2011; Puangsin et al. 2013). In
particular, when the TEMPO-oxidized higher plant
celluloses contain C6-carboxylate groups of more than
~1 mmol/g, they can be converted to TEMPO-
oxidized cellulose nanofibrils 3—4 nm in width, which
can be dispersed in water using mild mechanical
disintegration treatment, mostly at the individual
nanofibril level. Electrostatic repulsions and/or osmo-
tic effects work efficiently in the water between the
TEMPO-oxidized cellulose nanofibrils, which have
large amounts of anionic charges on their fibril surfaces
(Okita et al. 2010; Isogai et al. 2011). The TEMPO-
oxidized wood cellulose nanofibrils thus obtained have
been extensively studied as new bio-based nanofibers,
with the aim of applying them as environmentally
friendly gas barrier films, light-weight composites with
high strength and ductility, spider-like nano-network
fabrics for air filters, optically antireflective layer-by-
layer coating films, stiff hydrogels/aerogels, supports
for catalytic nano-metal particles, health supplements,
among other applications (e.g. Fukuzumi et al. 2009;
Koga et al. 2010; Shimotoyodome et al. 2011; Saito
etal.2011; Nemotoetal.2012; Qietal. 2012; Wuet al.
2012; Fujisawa et al. 2012).

TEMPO-mediated oxidation therefore allows the
effective, selective and sense formation of Co6-car-
boxylate groups on the cellulose microfibril surfaces.
However, when the TEMPO/NaBr/NaClO oxidation
system was used to prepare TEMPO-oxidized cellu-
lose nanofibrils in water at pH 10, it took more than
1 hto introduce sufficient amounts of C6-carboxylates
to the wood cellulose. In this oxidation system,
the remarkable depolymerization of the cellulose
molecules was inevitable during the oxidation
(Shinoda et al. 2012). When the TEMPO/NaClO/
NaClO, or 4-acetamido-TEMPO/NaClO/NaClO,
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oxidation systems were used in water at pH 5-7 and
40 °C, the oxidized wood celluloses thus obtained had
higher molecular weights (Saito et al. 2009). However,
in these cases, it took more than 2 days to prepare
oxidized celluloses that could be converted to mostly
individualized cellulose nanofibrils (Tanaka et al.
2012). Thus, there is a need for a more efficient
catalytic oxidation system for the preparation of
oxidized wood cellulose nanofibrils with properties
similar to those of nanofibrils prepared using conven-
tional procedures. In this new oxidation system, it is
desirable for the amount of nitroxyl radical catalyst
added to be further reduced, and for the oxidation time
required for introduction of sufficient amounts of C6-
carboxylate groups to be reduced. None of the
TEMPO-analogous compounds or other nitroxyl sys-
tems examined so far have had higher wood cellulose
oxidation efficiency than TEMPO, when applied
under the same conditions (Iwamoto et al. 2010;
Biliuta et al. 2010, 2013; Coseri and Biliuta 2012;
Coseri et al. 2013).

Recently, 2-azaadamantane N-oxyl (AZADO) and
its derivatives have been developed as novel nitroxyl
radical catalysts to position-selectively oxidize hydro-
xyl groups to carboxyls or ketones (Shibuya et al.
2006; Iwabuchi 2008). AZADO-mediated oxidation
can be used under conditions similar to those in the
TEMPO/NaBr/NaCIO oxidation system, although
AZADO has much higher oxidation efficiency and
oxidation rate than TEMPO, at least for low-molec-
ular-weight compounds (Shibuya et al. 2006; Iwabu-
chi 2008).

In this study, therefore, the AZADO/NaBr/NaClO
and 1-methyl-AZADO/NaBr/NaClO oxidation sys-
tems were applied to a wood cellulose with different
amounts of catalyst, and the oxidized celluloses thus
obtained were compared with a TEMPO-oxidized
wood cellulose in terms of the reaction time, weight
recovery ratio, carboxylate/aldehyde contents, crys-
tallinity and crystal size of cellulose I, degree of
polymerization, and nano-fibrillation behavior.

Experimental

Materials

A never-dried softwood bleached kraft pulp was
supplied by Nippon Paper Industries Co., Ltd. (Japan)
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which had =90 % o-cellulose content. To achieve
demineralization, the pulp was soaked in dilute HCI at
room temperature for 0.5 h, and then washed repeat-
edly with water using filtration. This pulp was used as
the starting wood cellulose sample. AZADO,
1-methyl-AZADO (1-Me-AZADO), sodium bromide,
1.93 M sodium hypochlorite solution, and other
chemicals and solvents were of laboratory grade
(Wako Pure Chemicals, Tokyo, Japan) and were used
without further purification.

Catalytic oxidation of wood cellulose

The wood cellulose (2 g) was suspended in deionized
water (200 mL) containing sodium bromide (0.2 g,
2 mmol) and a chosen amount of AZADO or 1-Me-
AZADO (0.000625-0.02 mmol/g-cellulose) in a bea-
ker (300 mL). The AZADO- or 1-Me-AZADO-
mediated oxidation was started by adding the NaCIO
solution (5.2 mL, 5.018 mmol) to the cellulose slurry
at room temperature under continuous stirring. The
pH of the slurry was maintained at 10 by adding a
0.5 M NaOH solution with a pH stat until no
consumption of the NaOH solution was observed.
A small amount of ethanol was added to the slurry to
quench the oxidation, and the time between the
staring of oxidation and the ethanol addition was
defined as “reaction or oxidation time” in this study.
The AZADO- and 1-Me-AZADO-oxidized cellu-
loses were washed thoroughly with water using
filtration, and were stored at 4 °C without drying. An
aliquot of the oxidized cellulose (0.35 g) was further
oxidized at room temperature for 2 days in an
Erlenmeyer flask, using NaClO, (0.57 g, 5 mmol)
in a 0.05 M acetate buffer (50 mL); this process
converted any C6-aldehyde groups (if present) to C6-
carboxylate groups (Saito and Isogai 2004). Another
aliquot of the oxidized cellulose (0.25 g) was
reduced at room temperature for 2 days in an
Erlenmeyer flask, using NaBH, (0.5 g, 13 mmol) in
a 0.5 M NaHCOs; solution; this process converted
any C6-aldehyde groups and C2/C3-carbonyl groups
(if present) to hydroxyl groups (Shinoda et al., 2012).
After the reduction, the resulting sample was washed
thoroughly with water using filtration. The carbox-
ylate contents of the oxidized celluloses before and
after the post-NaClO, oxidation were determined
using the electric conductivity titration method (Saito
and Isogai 2004).

Nanofibrillation of oxidized celluloses

The cellulose samples were oxidized using TEMPO of
0.1 mmol/g-cellulose and AZADO of 0.00625 (0.1/
16) mmol/g-cellulose, and were suspended in water
(25 mL) at a solid content of 0.1 w/v%. The suspen-
sions were homogenized for 2 min at 7,500 rpm, using
a double-cylinder-type homogenizer (Physcotron NS-
56, Microtec), and were then sonicated using an
ultrasonic homogenizer equipped with a 7 mm probe
tip (US-300T, Nihon Seiki), at 300 W output power,
for 10 min. The partly fibrillated or unfibrillated
fraction present in the dispersion was removed using
centrifugation at 12,000x g for 10 min.

Analyses

Freeze-dried oxidized celluloses (0.1 g each) were
converted to pellets by pressing at 600 MPa for 1 min.
These pellets were subjected to X-ray diffraction
measurements in reflection mode, using a Rigaku
RINT 2000 with monochromator-filtered Cu Ko
radiation at 40 kV and 40 mA. The crystallinity and
crystal size of the cellulose I were calculated from the
X-ray diffraction patterns, using a previously reported
method (Tanaka et al. 2012). The oxidized celluloses
from before and after the NaBH, treatment (0.04 g
each) were dissolved in 0.5 M copper ethylene
diamine (20 mL). The intrinsic viscosity numbers of
the oxidized celluloses were determined using a
capillary viscometer, and were converted to viscos-
ity-average degrees of polymerization (DP,) using the
Mark-Houwink—Sakurada equation (Shinoda et al.
2012).

Results and discussion

AZADO- and 1-Me-AZADO-mediated oxidation
of wood cellulose

The representative AZADO- or 1-Me-AZADO-med-
iated oxidation of alcohol groups is shown in Fig. 1.
The mechanism for the oxidation of alcohol groups by
the AZADO/NaBr/NaClO system in water at pH 10 is
close to that associated with conventional TEMPO/
NaB1/NaClO oxidation. However, the catalytic activ-
ity of AZADO is higher than that of TEMPO for
the oxidation of low-molecular-weight compounds
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(Shibuya et al. 2006; Iwabuchi 2008), because
AZADO has a lower steric barrier around the nitroxyl
unit in each molecule. Thus, AZADO is expected to
oxidize the C6-primary hydroxyl groups that are
exposed on the crystalline cellulose microfibril sur-
faces in wood cellulose more efficiently than TEMPO.
However, it is plausible that not only C6-primary
hydroxyls, but also some C2 or C3 hydroxyls exposed
on crystalline cellulose microfibril surfaces might be
oxidized to ketones by the AZADO-mediated oxida-
tion, which is undesirable for the selective oxidation of
the C6-primary hydroxyls of cellulose. Thus, 1-Me-
AZADO was also used as an intermediate catalyst
between TEMPO and AZADO.

The amounts of AZADO and 1-Me-AZADO added
were varied from 0.1 to 0.003125 (0.1/32) and 0.00625
(0.1/16) mmol/g-cellulose, respectively; 0.1 mmol/g-
cellulose was the minimum amount of TEMPO
required for the maximum oxidation of wood cellu-
lose, when the TEMPO/NaBr/NaClO system was used
in water at pH 10. Hence, in this study, the molar
amounts of AZADO and 1-Me-AZADO added were
reduced to 1/32 and 1/16 of that of TEMPO added,
respectively. Figure 2 shows the relationships
between the amount of AZADO and 1-Me-AZADO
added and the reaction time required for the oxidation
of the wood cellulose. As a reference, the reaction time
for TEMPO (=~ 80 min) was also plotted in this
figure. When AZADO or 1-Me-AZADO with the
amount of 0.1 mmol/g-cellulose was used, the

e
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AZADO or 1-Me-AZADO

NaCIOi

NaCIO NaBr Ej,\ﬁ N
\ ~CH,0H , JCHOH
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Fig. 1 Oxidation of alcohol groups to carboxyls or ketones by
the NaBr/NaClO system with AZADO or 1-methyl-AZADO
catalyst in water at pH 10
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reaction time was shortened to 10—15 min; the oxida-
tion rate was improved remarkably when AZADO or
1-Me-AZADO was used as a catalyst in place of
TEMPO. Even when the molar amount of AZADO or
1-Me-AZADO added was reduced to 1/16 or 1/32 of
that of TEMPO added, the reaction time was similar to
that observed when TEMPO was used. Thus, at least in
terms of the oxidation time, both AZADO and 1-Me-
AZADO clearly improved the oxidation efficiency of
the wood cellulose compared with TEMPO.

Carboxylate and aldehyde contents of the oxidized
wood celluloses

The weight recovery ratios of the oxidized celluloses
prepared under the conditions shown in Fig. 2 ranged
from 91 to 97 %. The weight recovery losses mostly
resulted from the handling of the samples during the
isolation and purification processes; the oxidized cellu-
loses were obtained almost quantitatively, irrespective
of the amount of catalyst added. The carboxylate and
aldehyde contents of the AZADO- and 1-Me-AZADO-
oxidized wood celluloses are shown in Fig. 3. Even
when the added amounts of AZADO or 1-Me-AZADO
were reduced to 0.00625-0.003125 (0.1/16-0.1/32)
mmol/g-cellulose, the oxidized celluloses had high
carboxylate contents of more than 1.2 mmol/g, which
was generally sufficient for the TEMPO-oxidized
celluloses to be converted into cellulose nanofibrils
dispersed in water by a gentle mechanical disintegration
treatment in water. The oxidized celluloses prepared
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Fig. 2 Relationships between the added amount of TEMPO,
AZADO, or 1-methyl-AZADO and the reaction time required
for the oxidation of wood cellulose
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with 1-Me-AZADO had slightly higher carboxylate
contents than those prepared with AZADO, when
oxidized using the same molar amount of catalyst.
These carboxylate contents were slightly lower than that
of the oxidized cellulose prepared using 0.1 mmol/g-
cellulose of TEMPO (Fig. 3). It is possible that the
NaClO added was consumed not only in the oxidation of
C6-primary hydroxyls, but also in the oxidation of C2/
C3 hydroxyls to ketones; this is discussed later. It is
noteworthy that the aldehyde contents of the oxidized
celluloses prepared with both AZADO and 1-Me-
AZADO were quite low and 0-0.03 mmol/g, whereas
the TEMPO-oxidized cellulose had an aldehyde content
of 0.08 mmol/g.

The results given in Figs. 2 and 3 showed that
AZADO and 1-Me-AZADO reduced the time needed
for the oxidation of wood cellulose, using the same
molar amount of catalyst as that used for TEMPO.
Alternatively, the molar amount of AZADO or
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Fig. 3 Relationships between the added amount of TEMPO,
AZADO (A) or 1-methyl-AZADO (B) and either carboxyl or
aldehyde content of the oxidized wood celluloses

1-Me-AZADO added could be reduced to 1/16 or
1/32 of that of TEMPO added, although in this case, a
reaction time similar to that used with TEMPO was
required for the oxidation of wood cellulose to
produce carboxylate contents similar to that in the
TEMPO-oxidized cellulose. It is well known that
AZADO-mediated oxidation can also convert second-
ary alcohols to ketones to some extent (Iwabuchi
2008). However, in the AZADO/NaBr/NaClO system,
when reactants have both primary and secondary
alcohols, the primary alcohols are preferentially
oxidized to carboxylate groups via aldehyde groups
(Nicolaou et al. 2009; Celindro et al. 2012). When
AZADO/NaB1/NaClO oxidation is applied to wood
cellulose suspended in water at pH 10, three oxidations
could feasibly take place: (A) from C6-primary
hydroxyls to C6-aldehydes: (B) from Cé6-aldehyde
groups to Co6-carboxylates: and (C) from C2/C3
secondary hydroxyls to ketones. The results in Fig. 3
showed that the reactions A and B proceeded prefer-
entially for the wood cellulose in the AZADO- and
1-Me-AZADO-mediated oxidations.

Degree of polymerization of the oxidized wood
celluloses

In the TEMPO/NaB1/NaClO oxidation in water at pH
10, some depolymerization of the wood cellulose
molecules was inevitable, primarily owing to the
B-elimination of the C6-aldehydes formed as interme-
diates under alkaline conditions, and/or hydroxyl
radicals formed in situ as a side reaction (Shinoda
et al. 2012). Moreover, when an alkaline 0.5 M copper
ethylene diamine solution was used as the solvent to
determine DP, values, additional depolymerization
took place artificially, owing to B-elimination on the
TEMPO-oxidized celluloses that contained small
amounts of Cé6-aldehdydes (Shinoda et al. 2012).
Thus, in the case of TEMPO-oxidized celluloses, for
DP, values to be determined accurately, a post-
oxidation treatment with NaClO, is required to convert
residual C6-aldehydes to C6-carboxyls. Alternatively,
post-reduction with NaBH,—to convert C6-aldehydes
and C2/C3 ketones to C6-hydroxyls and C2/C3
hydroxyls, respectively,—can also be applied (Shi-
noda et al. 2012) for the accurate determination of DP,,
values for the oxidized celluloses; this also helps to
avoid the depolymerization of the oxidized celluloses
during DP, measurements.
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In the case of AZADO-mediated oxidation, the
formation of C2/C3 ketones can take place on the
wood cellulose to some extent, and can cause depo-
lymerization of the oxidized celluloses via B-elimina-
tion during DP, measurements under alkaline
conditions. Thus, in this study, post-reduction with
NaBH, was applied to the AZADO- and 1-Me-
AZADO-oxidized wood celluloses before the DP,
measurements. Figure 4 shows the relationships
between the amount of AZADO or 1-Me-AZADO
added and the DP, values for the oxidized and then
NaBH;-treated wood celluloses. The DP,, values of
AZADO-oxidized celluloses before the NaBH, treat-
ment are also shown in this figure.

The DP, value for the original wood cellulose
decreased from 1,090 to 600-800 after the AZADO-
or 1-Me-AZADO-mediated oxidation, even though
the post NaBH, reduction was applied to the oxidized
celluloses; some depolymerization of the cellulose
molecules was unavoidable during the AZADO- and
1-Me-AZADO-mediated oxidation in water at pH 10,
similar to TEMPO-mediated oxidation (Shinoda et al.
2012). Although the C6-carboxylate and C6-aldehyde
contents in the oxidized celluloses were similar for the
products prepared using AZADO and 1-Me-AZADO
catalysts with the amounts of 0.003125-0.1 (0.1/
32-0.1) and 0.00625-0.1 (0.1/16-0.1) mmol/g-cellu-
lose, respectively, the DP, values for the oxidized
cellulose increased with increases in the amount of

1200 — . ; : , :
1000 [ ]
800 [ PR R ]
g 600 | m AZADO without NaBH, ]
TEMPO/NaBH
0.1/16 a 4
200 Fo.1/32 @ AZADO/NaBH, ]
O 1-Me-AZADO/NaBH
200 WW W u =
1 1 1 1 1 1

0.00 002 004 006 008 0.10
Amount of catalyst added (mmol/g-cellulose)

Fig. 4 Relationships between the added amount of TEMPO,
AZADO, or 1-methyl-AZADO and the viscosity-average
degree of polymerization (DP,) of the oxidized and then
NaBHy-treated wood celluloses. The effects of the NaBH,
treatment on DP, are also shown for the AZADO-oxidized
celluloses
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catalyst added. Thus, as shown in Fig. 2, the longer
oxidation time may have been the primary factor
influencing the decrease in the DP, values for the
oxidized celluloses.

The DP, values for the AZADO-oxidized cellu-
loses to which no post-NaBH, treatment was applied
were approximately 200, much lower than those of the
NaBH;-treated samples. Because the C6-aldehyde
contents of the oxidized celluloses were sufficiently
low (Fig. 3), this depolymerization likely occurred via
B-elimination at the C2/C3 ketones during the DP,
measurements, which were performed using 0.5 M
copper ethylene diamine, under alkaline conditions.
Thus, the results in Fig. 4 indirectly indicated the
presence of some C2/C3 ketones in the oxidized
celluloses formed during the AZADO- and 1-Me-
AZADO-mediated oxidation of wood cellulose in
water at pH 10. A reliable method to accurately
determine the C2/C3 ketone content in the oxidized
celluloses using non-toxic reagents is currently under
investigation.

X-ray diffraction patterns for the oxidized
celluloses

Figure 5 shows X-ray diffraction patterns for the
original wood cellulose, and the AZADO-oxidized
wood celluloses prepared using different amounts of

AZADO added
(mmol/g-cellulose)

0.1/32

Original

I 1 1 1 1
10 15 20 25 30

Diffraction angle 26 ( °)

Fig. 5 X-ray diffraction patterns for the original and oxidized
wood celluloses prepared with different amounts of AZADO
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Fig. 6 Crystallinity index or (2 0 0) crystal width of cellulose I
for the oxidized wood celluloses prepared using different
amounts of AZADO or 1-methyl-AZADO

AZADO. Even though significant amounts of carbox-
ylate groups were present in the oxidized celluloses
(Fig. 3), all of the products maintained the original
cellulose I crystal structure, indicating that the oxida-
tion of C6-primary hydroxyls (and also C2/C3 hydrox-
yls, to some extent) took place selectively on the
crystalline cellulose microfibril surfaces. Very similar
X-ray diffraction patterns were obtained for the 1-Me-
AZADO-oxidized celluloses. Figure 6 shows plots of
the crystallinity and the (2 0 0) crystal width of
cellulose I in the oxidized celluloses. As expected, both
the crystallinity and the crystal size were almost
unchanged by the oxidation, revealing that the oxida-
tion mostly took place on the crystalline cellulose
microfibril surfaces. This position-selective oxidation
of wood cellulose was also observed in TEMPO/NaBr/
NaClO oxidation in water at pH 10 (Saito and Isogai
2004; Okita et al. 2010; Isogai et al. 2011), TEMPO/
NaClO/NaClO, oxidation in water at pH 5-7 (Saito
etal. 2009), and TEMPO electro-mediated oxidation in
water at pH 7-10 (Isogai et al. 2011).

B’ observed with
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Fig. 7 Wavelength-dependent light transmittance of 0.1 %
dispersions of TEMPO- and AZADO-oxidized celluloses before
and after centrifugation to remove unfibrillated fractions. Photos
of some of the dispersions taken with and without cross
polarizers are also shown

Nanofibrillation of the AZADO-oxidized wood
cellulose in water

One of the primary purposes of this study was to
determine whether AZADO-oxidized wood celluloses
with a sufficient number of C6-carboxylate groups
could be converted to mostly individualized cellulose
nanofibrils dispersed in water under gentle mechanical
treatment of the oxidized cellulose/water slurries, as is
true in the case of TEMPO-oxidized wood celluloses
(Saito et al. 2006, 2007; Isogai et al. 2011). Hence, the
oxidized celluloses prepared in the TEMPO/NaBr/
NaClO system using TEMPO of 0.1 mmol/g-cellu-
lose, and those prepared in the AZADO/NaBr/NaClO
system using AZADO of 0.00625 (0.1/16) mmol/g-
cellulose were mechanically disintegrated in water at
0.1 w/v% solid content. Neither post-oxidation with
NaClO; nor post-reduction with NaBH, was applied
to these oxidized celluloses. The carboxylate and
aldehyde contents of these oxidized celluloses are
shown in Fig. 3.

As shown in Fig. 7, the 0.1 % dispersion of
AZADO-oxidized cellulose nanofibrils showed a
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Fig. 8 Oxidation of crystalline wood cellulose microfibrils by the AZADO/NaBr/NaClO or 1-methyl-AZADO/NaBr/NaClO system in

water at pH 10

lower light transmittance than the TEMPO-oxidized
cellulose nanofibril dispersion, probably because the
former had a lower carboxylate content (1.2 mmol/g)
than the latter (1.4 mmol/g). The carboxylate contents
of the TEMPO-oxidized celluloses sensitively influ-
enced the nano-dispersibility after they were mechan-
ically disintegrated in water under the same conditions
(Saito et al. 2007). Photos A and B in Fig. 7 show the
visibly different transparency or turbidity in the two
dispersions.

Both of the dispersions became highly transparent
after the application of centrifugation, because partly
fibrillated or unfibrillated fractions were removed by
this treatment. The nanofibrillation yields calculated
from the dry weight of the removed fractions were 93
and 89 % for the TEMPO-oxidized and AZADO-
oxidized celluloses, respectively; both dispersions had
sufficiently high nanofibrillation yields. Because the
centrifugation-treated dispersion of AZADO-oxidized
cellulose showed clear birefringence when observed
between cross-polarizers, it was conclude that this
dispersion consisted of mostly individualized cellu-
lose nanofibrils (De Souza Lima and Borsali 2004).

Based on the results obtained in this study, Fig. 8
illustrates the AZADO- and 1-Me-AZADO-mediated
oxidations of crystalline wood cellulose microfibrils in
water at pH 10 in the presence of NaBr and NaClO. The

@ Springer

oxidation of C6-primary hydroxyls to C6-carboxylate
took place preferentially on the cellulose microfibril
surfaces, maintaining the original crystallinity and
crystal size of cellulose I. However, some of the C2/C3
hydroxyls present on the microfibrils surfaces likely
oxidized to ketones. There was no intrinsic difference
in the oxidation behavior of wood cellulose when
AZADO and 1-Me-AZADO catalysts were used.

Conclusion

When the AZADO/NaB1/NaClO and 1-Me-AZADO/
NaB1/NaClO oxidation systems were applied to wood
cellulose suspended in water at pH 10 and room
temperature, the oxidation of C6-primary hydroxyl
groups exposed on the crystalline cellulose microfibril
surfaces to C6-carboxylates proceeded quite effi-
ciently compared with the conventional TEMPO/
NaB1r/NaClO oxidation. Specifically, when AZADO
or 1-Me-AZADO was used for oxidation, the reaction
times were reduced from ~80 min to 10-15 min.
Even when the molar amounts of AZADO and 1-Me-
AZADO added were reduced to 1/32 and 1/16 of that
of TEMPO added, respectively, the carboxylate con-
tents in the oxidized celluloses were as high as 1.2 and
1.3 mmol/g. In these cases, longer reaction times
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(~80 min)—similar to that observed in the case of
TEMPO-mediated oxidation—were required. When
the DP, values of the AZADO-oxidized celluloses
were measured directly using 0.5 M copper ethylene
diamine, the obtained DP, values were as low as
~200. When the DP, values of the AZADO- and
1-Me-AZADO-oxidized celluloses were measured
after an NaBH, treatment, the DP, values were in
the range of 600-800, which was still lower than that
of the original DP, of wood cellulose (1,090). Thus,
some depolymerization of the cellulose and the
oxidized cellulose molecules was inevitable during
the AZADO- and 1-Me-AZADO-mediated oxidation.
These results also indicated that not only C6-carbox-
ylate groups, but also C2/C3 ketones were formed to
some extent on the crystalline cellulose microfibril
surfaces during the oxidation. When the AZADO-
oxidized wood cellulose with a carboxylate content of
1.2 mmol/g was mechanically disintegrated in water,
an almost transparent dispersion consisting of indi-
vidually nano-dispersed oxidized cellulose nanofibrils
was obtained, with the nanofibrillation yield of 89 %.
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