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Abstract Aqueous nanocellulose dispersions were
prepared from wood cellulose by 2,2,6,6-tetram-
ethylpiperidine-1-oxyl radical (TEMPO)-mediated oxi-
dation. The obtained TEMPO-oxidized cellulose was
converted into TEMPO-oxidized cellulose nanofibrils
(TOCNs) of different lengths by controlling the
nanofibrillation conditions in water or using dilute acid
hydrolysis. The average lengths and length distributions
of TOCNs have been measured from transmission
electron microscopy (TEM) and atomic force micro-
scopy (AFM) images. However, because the number of
nanocelluloses observable in TEM and AFM images is
limited, a more reliable method is needed to obtain the
lengths/length distributions of TOCNS. In this study, the
aqueous TOCN dispersions were subjected to a com-
bination of field-flow fractionation (FFF) and multi-
angle laser-light scattering (MALLS). The optimum
FFF operation conditions for the acid-hydrolyzed
TOCN were first established to obtain reasonable data.
For TOCNs with average lengths > 400 nm, suit-
able separation could not be achieved using the FFF/
MALLS system. In contrast, the TOCNs with average
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lengths of 170 and 270 nm were adequately separated
according to their sizes by the FFF system. The TOCN
length distribution patterns corresponded well to those
obtained from TEM images. However, the amounts of
TOCNs with lengths > 250 nm were underestimated
compared with those determined from TEM images.
For TOCNs with average lengths of 170 and 270 nm,
the molar mass at each TOCN length was determined
using the FFF/MALLS system combined with a refrac-
tive index detector, where a specific refractive index
increment of 0.165 mL/g was used for TOCN.

Keywords TEMPO-oxidized cellulose nanofibril -
Length distribution - Field-flow fractionation - Multi-
angle laser-light scattering - Acid-hydrolyzed
TEMPO-oxidized cellulose nanofibril

Introduction

The morphologies of nanocelluloses primarily and
intrinsically govern the mechanical, optical, thermal,
oxygen-barrier, and other fundamental properties of
nanocellulose bulk materials and nanocellulose-con-
taining composite materials (Eichhorn et al. 2009;
Habibi et al. 2010; Klemm et al. 2011; Moon et al.
2011). Therefore, the establishment of accurate deter-
mination/controlling methods for the width/width
distribution and length/length distribution of
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nanocelluloses is essential for the expansion of their
applications to commodity and high-tech material
fields. Because most nanocelluloses are prepared by
mechanical disintegration of cellulose in water, they
have heterogeneous morphologies in terms of width
and length and form complicated network structures
(Isogai 2013). It is, thus, difficult to scientifically and
accurately determine their widths/width distributions
and lengths/length distributions.

In contrast, cellulose nanocrystals (CNCs) prepared
from plant celluloses by acid hydrolysis using, for
instance, 64% H,SO,, 2,2,6,6-tetramethylpiperidine-
1-oxyl radical (TEMPO)-oxidized cellulose nanofib-
rils (TOCNs) and phosphorylated cellulose nanofibrils
(PhCNs) are individually nano-dispersed in water
without the formation of any network structures under
appropriate preparation conditions (Habibi et al. 2010;
Isogai et al. 2011; Klemm et al. 2011; Noguchi et al.
2017). Therefore, their widths/width distributions and
lengths/length distributions are more likely to be
accurately measured than those of nanocelluloses
forming complicated network structures in water.

The average lengths and length distributions of
nanocelluloses have been measured primarily from
transmission electron microscopy (TEM) and atomic
force microscopy (AFM) images, where 100-300
nanocelluloses are counted for length/length distribu-
tion measurements (Elazzouzi-Hafraoui et al. 2008;
Kontturi and Vuorinen 2009; Lahiji et al. 2010;
Shinoda et al. 2012). However, because the number of
nanocelluloses observable in TEM and AFM images is
limited, a more reliable method is needed to obtain the
lengths/length distributions of CNCs, TOCNSs, and
PhCNs. Tanaka et al. (2014, 2015) reported methods
to determine the average lengths of TOCNs from the
shear and intrinsic viscosities of dilute TOCN/water
dispersions. In particular, an empirical equation relat-
ing the intrinsic viscosities of TOCN/water disper-
sions to the average aspect ratios of the TOCNs was
proposed based on various experimental data. This
equation is applicable to TOCNs with various lengths,
widths, and rigidities (from rigid rods to flexible
fibrils) (Tanaka et al. 2015). Because the length
determination method using intrinsic viscosities cov-
ers more than 10'° TOCN elements, more reliable data
can be obtained than with the TEM or AFM method,
where only 100-300 TOCN elements are measured.

However, the method using intrinsic viscosities only
provides one average length value for one TOCN
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sample, and length distributions cannot be obtained.
Because TOCNs have wide length distributions
(Tanaka et al. 2015) depending on the preparation
conditions, the development of a simple and reliable
method to determine length distributions is critical.
Field-flow fractionation (FFF) has been applied to
separation and analyses of synthetic and natural
polymer molecules dissolved in water, latex particles,
carbon nanotubes, and other nanoparticles and nanor-
ods dispersed in water (Chun et al. 2008; Messaud et al.
2009; Wyatt 2014). The molecules and particles
separated by the FFF system are analyzed by multi-
angle laser-light scattering (MALLS) to determine their
sizes and size distributions. Details of the separation
principles, approximation conditions, and limitations of
FFF/MALLS for determination of the length distribu-
tion of CNCs have been previously reported (de Souza
Lima and Borsali 2002, 2004; Gimbert et al. 2003;
Braun et al. 2008; Guan et al. 2012).

The length distributions of CNCs have been
analyzed by FFF/MALLS, and their length distribu-
tions were determined under various operation condi-
tions. The results were consistent with those obtained
from TEM images (de Souza Lima and Borsali 2002;
Guan et al. 2012). However, the morphologies and
surface charges of CNCs are significantly intrinsically
different from those of TOCNs, which have abundant
anionically charged sodium carboxylate groups on
their surfaces. Therefore, in this study, we prepared
four TOCN s with different average lengths and applied
FFF/MALLS to determine their length distributions.

Experimental
Materials

A never-dried softwood bleached kraft pulp (SBKP)
(Nippon Paper Industries Co. Ltd., Tokyo, Japan) with
water content of 80% was used as the starting wood
cellulose. Other laboratory-grade chemicals and sol-
vents were used without further purification (Wako
Pure Chemicals, Tokyo, Japan).

Preparation of TOCN dispersion
A fibrous TEMPO-oxidized cellulose was prepared

from SBKP using a TEMPO/NaB1/NaClO system in
water at pH 10 for 5 h followed by successive washing
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with water using centrifugation. The TEMPO-oxi-
dized cellulose was further oxidized with NaClO, in
water at pH 4.8 for 2 day to convert a small amount of
the Co6-aldehyde groups present in the oxidized
cellulose into C6-carboxylate groups (Shinoda et al.
2012; Tanaka et al. 2014). The carboxylate content of
the TEMPO-oxidized cellulose was ~ 1.3 mmol/g.
The TEMPO-oxidized cellulose/water suspension
(0.1%, w/v) was sonicated for 10, 40, and 80 min
(Tanaka et al. 2015) to prepare three TOCN/water
dispersions with different particle lengths: TOCN-10,
TOCN-40, and TOCN-80, respectively. The TEMPO-
oxidized cellulose was acid-hydrolyzed in 2.5 M HCI
at 105 °C for 4 h, followed by washing thoroughly
with water using centrifugation. The acid-hydrolyzed
TEMPO-oxidized cellulose/water suspension (0.3%,
w/v) was sonicated for 10 min to prepare acid-
hydrolyzed TOCN (AH-TOCN) (Tanaka et al.
2015). The length-weighted average lengths of the
AH-TOCN and TOCN-80 were 170 and 270, respec-
tively, as determined from TEM images (Tanaka et al.
2014, 2015). The sample preparation and operation
conditions for the TEM and AFM observations are
described elsewhere (Tanaka et al. 2014, 2015).

FFF/MALLS analysis

The concentration of all the TOCN/water dispersions
for FFF/MALLS analysis was adjusted to 0.1% (w/v).
Fractionation of the TOCNs and determination of the
corresponding lengths and masses were performed
using an Eclipse FFF (Wyatt Technology Co., Santa
Barbara, USA) and MALLS (DAWN HELEOS I,
Wyatt Technology Co.) with an isocratic pump (Agilent
1200, Agilent Technologies, Santa Clara, USA) and
vacuum degasser (Gastorr TG-14, Flom Inc., Tokyo,
Japan) (Guan et al. 2012). The 0.05 mL TOCN/water
dispersion was injected into a FFF separation channel
equipped with a polyethersulfone membrane filter with
a cut-off molecular mass of 5 kDa. For the eluent,
0—40 mM NaCl was used, and the elution flow rate was
fixed at 1.0 mL/min. The cross flow rate varied from 0.1
to 1.5 mL/min and was then ramped down to 0.1 mL/
min for 10-80 min to achieve optimum separation
conditions. Details concerning the MALLS and differ-
ential refractive index detection (RI) systems are
described elsewhere (Ono et al. 2016a, b). The refrac-
tive indices of the AH-TOCN/water dispersions at
concentrations of 0.078, 0.130, 0.275, and 0.550 mg/

mL were determined using an off-line refractive index
detector (Optilab T-rEx, Wyatt Technologies), and the
specific refractive index increment (dn/dc) was deter-
mined to be 0.165 mL/g from the slope of the
concentration/refractive index plots (Ono et al. 2016a;
Shimizu et al. 2016). The relationships between the FFF
elution time and TOCN length or mass values were
established by data acquisition and processing using
Astra 5 software (Wyatt Technology Co.). The princi-
ples of FFF/MALLS analysis used to determine the
TOCN length and mass values are described elsewhere
(Gimbert et al. 2003; Braun et al. 2008; Guan et al.
2012). Briefly, particles dispersed or molecules dis-
solved in a solution injected into the FFF channel are
separated by a semipermeable ultrafiltration membrane
with channel and cross flows of an eluent, according to
their sizes. The separated particles or molecules are
eluted off with the eluent from the FFF channel, and the
particle and molecular size at each elution time is
determined with a MALLS detector.

Results and discussion

Optimum NaCl concentration of AH-TOCN
dispersion for FFF separation

The optimum NaCl concentration for the eluent in the
FFF separation was first evaluated by changing the NaCl
concentration from 0 to 40 mM. When ultrapure water
was used as the eluent, almost all the AH-TOCN
elements were eluted at an elution time of ~ 7 min,
and the fibril length plots were scattered as a function of
the elution time. Thus, suitable fractionation of TOCNSs
depending on their sizes could not be achieved in this case
(Fig. 1a). Because the AH-TOCN as well as other
TOCNs have abundant anionically charged sodium
carboxylate groups on their surfaces, the TOCN elements
may be fully expanded and their Debye lengths may
increase in pure water (Fukuzumi et al. 2014; Tanaka
et al. 2014), resulting in the inadequate FFF elution
pattern in Fig. 1a. When 40 mM NaCl solution was used,
the length plots of the AH-TOCNSs increased with
increasing elution time, depending on their sizes. How-
ever, a shoulder peak most likely caused by partial
agglomeration of AH-TOCN elements appeared at
~ 25 minin the FFF elution pattern detected by MALLS
(Fig. 1b). In contrast, almost all the TOCN elements were
adequately fractionated depending on their sizes when
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Fig. 1 FFF elusion patterns and corresponding length plots determined using MALLS for AH-TOCN with pure water (a) and 40 mM

NacCl (b) as the eluent

5 mM NaCl solution was used as the eluent. Therefore,
hereafter, 5 mM NaCl solution was used as the eluent for
the FFF/MALLS analysis.

Optimum cross flow rate and gradient time for FFF
separation

When a cross flow rate and gradient time of 0.8 mL/min
and 80 min, respectively, were used (Guan et al. 2012),
an anomalous peak most likely caused by partial
agglomeration of AH-TOCN elements was detected.
The cross flow rates were then varied from 0.1 to 1.5 mL/
min. The corresponding FFF elution patterns revealed
some agglomeration of AH-TOCN elements at cross flow
rates > 0.5 mL/min. The FFF separation capability
slightly decreased at a cross flow rate of < 0.3 mL/min.
The optimum cross flow rate was then fixed at 0.4 mL/
min. Next, the optimum gradient time was estimated. The
FFF separation capability became low for gradient times
of 10-20 min. In contrast, the analytical data obtained
using MALLS became inaccurate when the gradient time
was 60-80 min because of the low AH-TOCN concen-
tration in the eluent. Therefore, the gradient time of
40 min yielded the most reasonable data. In summary, the
optimum eluent, cross flow rate, and gradient time for
FFF separation of TOCNs were determined to be 5 mM
NaCl, 0.4 mL/min, and 40 min, respectively.

Determination of TOCN length distributions
by FFF/MALLS

Figure 2a presents the FFF elution pattern and corre-
sponding fibril length plots determined using MALLS
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for the AH-TOCN; these data were measured under
the optimum conditions determined in the previous
section. No peaks caused by TOCN agglomeration
were detected in the FFF elution pattern. The fibril
length plots increased with increasing elution time up
to 40 min, indicating that the TOCNs were adequately
separated according to their sizes in this elution time
range. Figure 2b presents the results for TOCN-80
measured under the same conditions as those for AH-
TOCN. The length-weighted average length of
TOCN-80 was 270 nm according to the TEM images.
No peak due to TOCN agglomeration was detected in
the FFF elution pattern obtained using MALLS, and
the fibril length plots increased with increasing elution
time up to 42 min.

Figure 2c presents the results for TOCN-40, which
had a length-weighted average length > 400 nm. The
length plots increased with increasing elution time up to
55 min. However, a shoulder peak was observed at the
elution time of 51 min, indicating the presence of
TOCN agglomerates. Figure 2d presents the results for
TOCN-10, which most likely had the highest length-
weighted average length of the TOCNs used in this
study. The fibril length plots were almost constant as a
function of FFF elution time, indicating that the TOCN-
10 elements could not be separated according to their
sizes. Thus, TOCN-10 with long fibril lengths cannot be
separated using the FFF system under the conditions
used in this study. In this study, the samples injected to
the FFF system had the same 0.1% (w/v) TOCN or AH-
TOCN concentration, and the same 40 mM NaCl was
used as the eluent. These conditions may have been
unsuitable for the long TOCN-10 elements.



Cellulose (2018) 25:1599-1606

600
o
500 et
©
— =
E 400 g :'é\
= EZ
2 300 =) ?
(0] £ 5
= 535
S 200 T
- @
100 k)
-
0 , , ,
20 30 40 50
Elution time (min)
600
=)
500 et
©
— 2
E 400 g 2
- 3
B a00] 52
3 28
= oRe]
S 200} "
b b
100 f S
-
0

20 30 40 50 60 70
Elution time (min)

100 |

1603
600
=
500 2
()]
—_ 2
E 400}t =
= g5
£ = >
= L
2 300 X
= gL
8 200+ ®E
L o
(2]
£
()]
s

20 30 40 50
Elution time (min)

800

600

400

Fibril length (nm)

200

Light scattering intensity at 90°
(arbitrary unit)

20 30 40 50
Elution time (min)

Fig. 2 FFF elusion pattern and corresponding length plots determined by MALLS for AH-TOCN (a), TOCN-80 (b), TOCN-40 (c), and

TOCN-10 (d)

Consequently, FFF/MALLS analysis for determination
of length distributions is limited to TOCNs with length-
weighted average lengths < 300 nm under the analyt-
ical conditions used in this study.

TOCN length distributions determined by FFF/
MALLS and TEM

Figure 3 shows the relationships between the length
distribution determined by FFF/MALLS and TEM for
AH-TOCN (a) and TOCN-80 (b). The length distri-
bution determined by FFF/MALLS was mostly con-
sistent with that determined from TEM images. Thus,
FFF/MALLS is applicable for determining the length
distribution of acid-hydrolyzed TOCNs or TOCNs
with average lengths < 200 nm.

However, the length distributions for lengths
> 250 nm determined by FFF/MALLS were some-
what underestimated compared with those determined
from TEM images. The equations to calculate the

length distribution of nanosized particles from FFF/
MALLS data are based on rigid rod models (Braun
et al. 2008; Guan et al. 2012). Mostly rigid rod
morphologies were observed for AH-TOCN in TEM
images (Fig. 4), whereas some curved, bent, and long
fibrils with some kinks were observed for TOCN-80
(Tanaka et al. 2014, 2015). These long and flexible
TOCN elements may have caused the underestimation
of their lengths using the rigid-rod-model based FFF/
MALLS analysis.

Another possible explanation for the discrepancy at
fibril lengths > 250 nm between FFF/MALLS and
TEM in Fig. 3 is the validity limitation of the
Rayleigh—Gans—Debye (RGD) approximation (Braun
et al. 2008; Guan et al. 2012). The detailed limitation
and validity of the RGD approximation have been
previously described in detail in terms of parameters
of the particle refractive indices of eluent and CNCs,
their particle sizes, and the wavelength of MALLS
(Braun et al. 2008; Guan et al. 2012). It was concluded

@ Springer
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Fig. 3 Length distributions determined using FFF/MALLS and TEM images for AH-TOCN (a) and TOCN-80 (b)

Fig. 4 TEM images of AH-TOCN and TOCN-80

that the RGD approximation cannot be applied to
nanocelluloses with lengths > 350 nm. Therefore, it is
possible that the length distribution at > 250 nm for
AH-TOCN and TOCN-80 cannot be determined
quantitatively because of the RGD limitation.

The FFF/MALLS analysis provides more reliable
average lengths and length distributions of TOCNs
than those determined from TEM images because the
FFF/MALLS analysis can cover more than 10'
TOCN elements for the length determination when
the volume of injected 0.05 mL of 0.1% (w/v) TOCN/
dispersions is ~50 pL. In contrast, the lengths of only
200-300 TOCN elements are measured from TEM
images. However, the results obtained in this study
indicate that only TOCNs with lengths < 300 nm or
CNC:s provide reasonable lengths and length distribu-
tions for the FFF/MALLS analysis.
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Determination of TOCN fibril mass by FFF/
MALLS

When the dn/dc value of TOCN is used in FFF/
MALLS analysis with a RI detector, the fibril mass per
mole of TOCN with a particular length can be
estimated. Figure 5a presents the FFF elution patterns
and corresponding plots of the fibril mass as a function
of FFF elution time for AH-TOCN and TOCN-80.
Figure 5b shows the relationships between the TOCN
fibril length and corresponding fibril mass calculated
from the results in Fig. 5b reveal that the mass of AH-
TOCN is approximately twice that of TOCN-80 at the
same fibril length. The average widths of AH-TOCN
and TOCN-80 determined from AFM height images
were ~ 3.8 and ~2.6 nm, respectively (Tanaka et al.
2015). The FFF/MALLS results in Fig. 5b correspond
well to those obtained from AFM images, because the
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fibril masses are proportional to the square of the fibril
lengths.

The fibril length/mass results in Fig. 5b indicate
that the width of one TOCN element increased from
~ 2.6 nm in the original TOCN to ~ 3.8 nm by
binding two TOCN elements in a parallel manner.
Most likely, the carboxylate-group-containing surface
molecules present on each TOCN element were
partially degraded and removed from the surface
during acid hydrolysis. Then, the TOCN surfaces with
almost no carboxylate groups (such as cellulose
molecules) agglomerated to form TOCNs with larger
widths during acid hydrolysis.

In our previous papers, we assumed that the cross-
sections of TOCNs prepared from wood celluloses
were square and consisted of 6 x 6 = 36 cellulose
chains based on TEM and AFM images, and X-ray
diffraction (XRD) patterns (Okita et al. 2010; Isogai
et al. 2011; Shinoda et al. 2012; Saito et al. 2013).
However, Fig. 5b reveals that the TOCN with the fibril
length of 200 nm (which corresponds to a degree of
polymerization of 400 for the cellulose I crystal) has a
~ 3200 kg/mol. This molar mass value corresponds to
the 7 x 7 = 49 model, for which the square cross-
section of each TOCN consists of cellulose and
surface-oxidized cellulose chains. This value is over-
estimated according to recently published models of
cellulose microfibrils in plant cell walls (Cosgrove
2014; Nixon et al. 2016). The molar mass plots of
TOCNSs swollen in water were determined using FFF/
MALLS in this study, different from the fibril widths
of TOCNs determined in dry state by TEM, AFM, or
XRD. This difference between dry and swollen states

of TOCNs may have caused the difference in fibril
widths, because TOCNs have hydrophilic sodium C6-
carboxylate groups densely and position-selective
present on the surfaces. Further studies are, however,
required to clarify the reason for the large cross-
sectional TOCN widths, when determined using FFF/
MALLS.

Conclusions

The optimum operation conditions of a FFF/MALLS
system were established for AH-TOCN and TOCN:s,
which have abundant anionically charged sodium
carboxylate groups on their surfaces. These FFF
operation conditions differed from those for CNCs.
When AH-TOCN and TOCN-80 with length-weighted
average lengths of 170 and 270 nm, respectively, were
used, the obtained length distributions were mostly
consistent with those determined from TEM images.
However, the distributions of lengths > 250 nm deter-
mined by FFF/MALLS were underestimated compared
with those determined from TEM images. The FFF/
MALLS analysis provided no reasonable data for
TOCN-40 and TOCN-10 with length-weighted average
lengths > 400 nm. Therefore, reliable lengths and
length distributions can be obtained by FFF/MALLS
analysis only for TOCNs with lengths < 200 nm. The
FFF/MALLS/RI analysis also provided fibril mass
distributions for AH-TOCN and TOCN-80.
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