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Highly monodispersed nanometric particles, with a poly-
functional nature due to the presence of phenolic and
aliphatic hydroxyl groups, were obtained by the simultane-
ous enzymatic saccharification and physical comminution
of lignin, which is a woody biomass resource.

The utilization of waste biomass is important for energy and
material innovation. For example, it offers the possibility of
creating useful material from waste biomass, which would enable
us to replace artificial, non-renewable resources with natural,
renewable resources.”” Lignin is a typical waste biomass that has
a three-dimensional network structure of the aromatic group,
and a number of phenolic and aliphatic hydroxyl groups.
Great quantities of lignin are extracted from a variety of
plants. Its application, however, has been limited to a few
cases'd because of difficulties in its transformation to a low
molecular weight molecule and the removal of impurities (e.g.,
cellulose and hemicellulose) without causing denaturation of the
functional groups.** Intact low molecular lignin that is soluble
in chloroform has recently been obtained by the simultaneous
acetylation and ball milling of plant cell walls.® This procedure,
however, still only yields lignocelluloses, i.e., a mixture of lignin
and cellulose, the existence of which usually causes a lack of heat
resistant properties upon materialization.

Recently, we performed a simultaneous enzymatic saccharifi-
cation and physical comminution (hereafter denoted as SESPC)
for the efficient fermentation of sugar.®} Surprisingly, the ratio
of saccharification of SESPC exceeds 85%, and the fermentation
of the saccharified solution gives ethanol with a yield of
approx. 100% relative to the theoretical value. Prior to the
saccharification process, the lignin was extracted as a black
powder.

Since the saccharification was performed enzymatically with
an extremely high ratio, it was expected that the lignin obtained
(hereafter referred to as SESPC-lignin) would be pure and lowly-
degradative in nature. Until now, the main source of lignin (Kraft
lignin) has been as a byproduct from the conversion of wood
chips to cellulosic fibers through the Kraft process.” In contrast,
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SESPC-lignin is obtained by a process of saccharification of
cellulose and hemicelluloses. In particular, it is expected that
SESPC-lignin would be pure relative to Kraft lignin because
the saccharification by SESPC takes place with a high ratio.
Confirmation of the properties of SESPC-lignin is therefore
important in order to demonstrate the feasibility of its usage
as a material and to better understand the nature of lignin. In
this Communication, the properties of SESPC-lignin are studied
in detail.

As shown in Fig. 1, SESPC-lignin is readily soluble in polar
organic solvents such as N,N-dimethyl formamide (DMF),
dimethyl acetamide (DMAc) and dimethylsulfoxide (DMSO).
SESPC-lignin is partly soluble in water, methanol (MeOH),
acetone and tetrahydrofuran (THF). In particular, SESPC-
lignin clearly separates into soluble and insoluble parts in
water and MeOH, but in contrast, it never dissolves in non-
polar organic solvents such as benzene, toluene, hexane and
chloroform. This solubility of SESPC-lignin in only polar
organic solvents suggests that little denaturation occurs on the
phenolic groups during the SESPC process, and that there are
few impurities, such as (hemi)cellulose, in SESPC-lignin.

* green : partly soluble, red : soluble

Fig. 1 Solubility of SESPC-lignin in various solvents, in which 50 mg
of SESPC-lignin was placed into 3.5 mL of solvent (equal to a 1.4 wt%
SESPC-lignin solution).

Observations by transmission electron microscopy (TEM)
clearly indicate that ESPSC-lignin is a particle (Fig. 2).

In the TEM image, the particle size is smaller than 100 nm.
Surprisingly, dynamic light scattering (DLS) measurements
revealed that the polydispersity index (PI) of SESPC-lignin
in DMAc is 0.155 (Fig. 3(a)), ie, the SESPC-lignin is a
monodispersed particle. The monodispersity of SESPC-lignin
was also confirmed by gel permeation chromatography (GPC)
measurements, as shown in Fig. S1(a).t Furthermore, the peak
for SESPC-lignin is at approx. 260 nm, which is considerably
smaller than that of lignin or lignocellulose (10 um ~), as
was reported previously. The peak changes with the duration
of the SESPC process, from 1 mm to 260 nm (data not
shown). These results encouraged us to use SESPC-lignin as a
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Fig. 2 A TEM image of SESPC-lignin. Since the specimen was
prepared by a negative staining method, the brighter region can be
considered to be SESPC-lignin.
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Fig.3 Dynamic light scattering (DLS) results for (a) a 1.4 wt% SESPC-
lignin DMAc solution and (b) the soluble part of SESPC-lignin in
MeOH.

uniformly-sized nanometric material. The soluble part of
SESPC-lignin in MeOH has a peak at a smaller size (approx.
170 nm; Fig. 3(b)). Thus, the results of DLS indicate that the size
of an SESPC-lignin particle changes depending on the solvent,
i.e., SESPC-lignin’s affinity for a given solvent has an effect upon
its size.

The particle size of SESPC-lignin, as measured by DLS, is
about twice as large as that measured by TEM. Since the TEM
samples were prepared by negative staining through the drying
process (see the ESIT), this result suggests that the particle size
is diminished during the drying of the solvent, i.e., the SESPC-
lignin is a gel particle that has a three-dimensional network
structure of aromatic groups.

Because lignin has both phenolic and aliphatic hydroxyl
groups, its chemical modification has been widely studied by
previous researchers.® The acetylation of SESPC-lignin is able
to undergo heating with acetic anhydride in DMAc at 120 °C
for 18 h. The acetylation of SESPC-lignin was confirmed by
FT-IR (Fig. S2t) and '"H NMR (Fig. S3t) spectra. These
results suggest that SESPC-lignin is a nanometric particle with
a polyfunctional character, which encouraged us to employ it
as a macromolecular additive to polymer materials. Since the
solubility of SESPC-lignin in chloroform drastically increases
upon acetylation (Fig. S4t), the acetylation of SESPC-lignin
allowed us to apply lignin particles to nanocomposite materials
with various organic polymers. The particle size of the acetylated
SESPC-lignin was approx. 460 nm, which is larger than that of
non-modified SESPC-lignin (Fig. 4). The increase in particle size
is due to changes in the swelling properties of the SESPC-lignin
particles, as acetylation may increase the solvation and give a
gel-like character to the particles.
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Fig. 4 DLS results for a 1.4 wt% acetylated SESPC-lignin chloroform
solution (blue histogram) and a 1.4 wt% SESPC-lignin DMAc solution
(red histogram; the same data as in Fig. 2(a)). The PI of acetylated
SESPC-lignin in chloroform is 0.271. This result indicates that the size
distribution of SESPC-lignin particles is broadened due to changes in
its swelling properties and the low molecular weight by-product by
acetylation, which corresponds to the GPC results (Fig. S1(b)).

Conclusions

In conclusion, nanometric lignin particles were obtained by the
simultaneous enzymatic saccharification and physical comminu-
tion (SESPC) method. The lignin particles obtained by SESPC
(SESPC-lignin) are soluble in polar organic solvents due to
their high purity and low-degradative nature. Furthermore, the
size of the SESPC-lignin particles are highly mono-dispersed.
Since SESPC-lignin also has a polyfunctional nature due to its
phenolic and aliphatic hydroxyl groups, it offers the prospect
of applications in various nanosciences and -technologies, e.g.,
drug delivery systems (such as core-shell type nanometric
micelles) and macromolecular additives. Because SESPC-lignin
displays flame retardant properties (Fig. S5T), we can expect it
to be used as a flame retardant material and as a nanocomposite
material for organic polymers.

Although the utilization of lignin has been investigated by
many researchers,* there have been a number of difficulties
upon utilization due to its denaturation prior to materialization
or due to unremovable (hemi)cellulosic components that cause
a lack of heat-resistant properties. As shown above, the lignin
presented here is in the form of polyfunctionalized nanometric
particles with a uniform size. Furthermore, the SESPC method
can, in principle, be performed on an industrial scale. Thus,
the lignin obtained by this SESPC method encourages us to
pursue innovation with this material to serve both industry and
technology.
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I Simultaneous enzymatic saccharification and physical comminution
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milling with cellulase, hemicellulase and a buffer (pH =5.0) for enzymatic
saccharification at 50 °C for ~3 d. The saccharified solution and lignin
were then obtained as a supernatant and a black liquor, respectively.
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