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Abstract

Main conclusion [EtPy][Br] is more reactive toward
lignin than toward the PSs in wood cell walls, and
[EtPy][Br] treatment results in inhomogenous changes to
the cell wall’s ultrastructural and chemical components.

The effects of the ionic liquid 1-ethylpyridinium bromide
([EtPy][Br]), which prefers to react with lignin rather than
cellulose on the wood cell walls of Japanese cedar (Cryp-
tomeria japonica), were investigated from a morphology
and topochemistry point of view. The [EtPy][Br] treatment
induced cell wall swelling, the elimination of warts, and the
formation of countless pores in the tracheids. However,
many of the pit membranes and the cellulose crystalline
structure remained unchanged. Raman microscopic analy-
ses revealed that chemical changes in the cell walls were
different for different layers and that the lignin in the
compound middle lamella and the cell corner resists
interaction with [EtPy][Br]. Additionally, the interaction of
[EtPy][Br] with the wood cell wall is different to that of
other types of ionic liquid.
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Abbreviations

CC Cell corner

CML Compound middle lamella
[C2mim][CI] 1-Ethyl-3-methylimidazolium chloride
[EtPy][Br] 1-Ethylpyridinium bromide

PSs Polysaccharides

S, Middle layer of secondary wall

S;3 Inner layer of secondary wall

SEM Scanning electron microscopy
Introduction

With increased concern about global warming and fossil
resource exhaustion, lignocellulosics have attracted much
attention as an alternative to fossil resources. Woody bio-
mass is regarded as a promising resource because it is
carbon neutral, widely available and does not compete with
food supply. Much research has been conducted on con-
verting woody biomass into fossil resource alternatives
(Piskorz et al. 1988; Mok and Antal 1992; Taherzadeh
et al. 1997; Yamazaki et al. 2006; Zhao et al. 2008), and
ionic liquids have been vigorously studied as a pretreat-
ment for the chemical conversion of woody biomass (Lee
et al. 2009).

Ionic liquids have been the subject of intense study in
many fields since the discovery of air and water-stable
ionic liquids (Wilkes and Zaworotko 1992). Ionic liquids
are defined as organic salts with a low melting point
(around or below 100 °C). They have many remarkable
properties such as no detectable vapor pressure, low vis-
cosity and high thermal stability. They can dissolve a wide
range of organic and inorganic compounds (Seddon 1997,
Sheldon 2001; Rogers and Seddon 2003). Additionally,
ionic liquids can be designed as solvents for certain
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reactions by the selection of suitable cations and anions.
Therefore, they can be thought of as “designer solvents”
(Freemantle 1998). The high solubility and reusability of
ionic liquids are very attractive properties and, therefore,
ionic liquids show great promise as new reaction solvents
(Earle and Seddon 2000).

Recently, it has been found that certain ionic liquids have
the ability to dissolve cellulose (Swatloski et al. 2002; Zhang
et al. 2005; Kosan et al. 2008) and even wood (Honglu and
Tiejun 2006; Fort et al. 2007; Kilpeldinen et al. 2007). Ionic
liquid technology has subsequently been developed for the
efficient use of woody biomass. The interaction of wood with
ionic liquids has gradually been clarified from chemical
(Miyafuji et al. 2009; Nakamura et al. 2010a, b), topo-
chemical (Kanbayashi and Miyafuji 2014b; Zhang et al.
2014), and morphological (Lucas et al. 2011; Viell and
Marquardt 201 1; Miyafuji and Suzuki 2012; Kanbayashi and
Miyafuji 2013, 2014a) points of view. As in the references
given above, imidazolium-based ionic liquids are mainly
used in this research field and few studies exist on the use of
other types of ionic liquids. Our earlier research on lique-
faction of wood by ionic liquids revealed that both 1-ethyl-3-
methylimidazolium chloride ([C2mim][Cl]) and 1-ethylpy-
ridinium bromide ([EtPy][Br]) can liquefy all components of
wood although the reaction rate of the wood components
with these ionic liquids is different for the types of ionic
liquids. The yield of residue of western red cedar after
treatment with [C2mim][Cl] at 120 °C for 8 h can be
reduced to 30 %, and the decrease in yield of residue was
caused mainly by decrease in the amount of cellulose (Na-
kamura et al. 2010a). On the other hand, the yield of residue
of Japanese cedar after treatment with [EtPy][Br] at 120 °C
for 24 h can be reduced to 43 %, and the decrease in yield of
residue was caused mainly by decrease in the amount of
lignin (Yokoo and Miyafuji 2014). However, little is known
about the interaction of wood with ionic liquids with respect
to the pyridinium-based ionic liquids. For a better under-
standing of the effects of the pyridinium-based ionic liquid
[EtPy][Br], we investigated the morphological and chemical
changes in wood cell walls after treatment with [EtPy][Br].
Light microscopy and scanning electron microscopy (SEM)
were used to observe morphological changes. Raman
microscopy was employed to investigate spectral changes in
the different types of layers and to visualize chemical
changes in the cell wall during [EtPy][Br] treatment.

Materials and methods
Samples and chemicals

Japanese cedar (Cryptomeria japonica) samples were cut to
make blocks (approx. S(R) x 5(T) x 5(L) mm) that were
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then extracted with ethanol/benzene (1:2, v/v) for 8 hin a
Soxhlet apparatus. The extracted wood was oven dried at
105 °C for 24 h before use. 1-Ethylpyridinium bromide
([EtPy][Br]) was purchased from Tokyo Chemical Industry
Co., Ltd., Japan.

Light microscopy analysis

The extracted wood samples were cut with a sliding
microtome into 15-pum-thick sections and mounted in a
20-um-deep hemocytometer (Sunlead Glass Corp., Sai-
tama, Japan). All mounted sections were dried for 2 h at
105 °C before adding 100 pL of [EtPy][Br] that was heated
to 120 °C by dropping the ionic liquid onto the mounted
section. The hemocytometer was closed with a cover glass
immediately after adding the ionic liquid. This was des-
ignated as the beginning of the treatment. The hemocy-
tometer was placed in an oven at 120 °C for various time
periods and then removed from the oven to examine ana-
tomical changes in the wood section using light micros-
copy (BH-2, Olympus). Three areas (cell lumen area, cell
wall area, and total of cell lumen area + cell wall area;
defined as shown in Fig. 1) were measured for five
neighboring cells in the late- and earlywood, using image
analysis software (Motic Image Plus 2.2S, Shimadzu Rika
Corporation, Tokyo, Japan) and the average was calculated
for each area.

Scanning electron microscopy (SEM) observations

Extracted wood samples were surfaced with a sliding
microtome. The surfaced samples were dried for 24 h at
105 °C and the surfaced area was treated by dipping into
[EtPy][Br] and heating to 120 °C for various periods of
time. During dipping treatment the [EtPy][Br] was stirred
gently with a magnetic stirrer. The treated specimens were
dipped in dimethylsulfoxide (DMSO) to remove [EtPy][Br]
and then washed with distilled water to remove DMSO.
After drying for 24 h at 105 °C, each specimen was

Total of cell lumen area + cell wall area

W OO

Cell lumen area

Cell wall area

Fig. 1 Definition of the cell lumen area, the cell wall area, and the
total of the cell lumen area + the cell wall area
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mounted on a specimen holder and then Au coated. The
exposed surface was examined by SEM (JSM-5510LV,
JEOL, Tokyo, Japan) at an accelerating voltage of 10 kV.
No morphological changes in the wood cells because of
this accelerating voltage were observed.

Raman microscopy analysis

For Raman microscopy the [EtPy][Br] treatment was the
same as that for light microscopy. To perform analysis on
the same cell wall area with respect to Raman mapping,
15-um-thick serial sections were prepared. After a specific
treatment time, a large amount of distilled water was
poured into the hemocytometer from its lateral direction,
and then the hemocytometer was placed in a Petri dish
filled with distilled water for 24 h at room temperature to
completely remove [EtPy][Py].

Raman analyses were performed with a confocal mi-
croRaman system (LabRAM ARAMIS, Horiba Jobin
Yvon, Longjumeau, France) equipped with a confocal
microscope (BX41, Olympus) and a motorized X, y stage.
For high spatial resolution, the measurements were con-
ducted with a high numerical aperture (NA = 1.40) oil
immersion microscope objective (UPLSAPO 100XO,
Olympus) and a 532 nm diode-pumped solid state laser
(Ventus VIS 532, Laser Quantum, Cheshire, UK). The
theoretical lateral resolution on the sample was about
0.23 um (0.614/NA) where / is the wavelength of the laser
and NA is the numerical aperture of the microscope
objective. The incident laser power on the sample was
approximately 10 mW. Scattered Raman light was detected
by a charge-coupled device (CCD) detector behind either a
300 or 1,800 lines/mm grating. A confocal pinhole diam-
eter of 300 um was used for all experiments.

To obtain high-quality spectra and avoid damaging the
wood samples by the heat of the laser during the point
analysis, the Raman spectra were measured in ten cycles
with each cycle consisting of a 1 s integration time for one

Fig. 2 Light microscopy and
polarized light microscopy
images of a transverse section
before and after treatment for
72 h with [EtPy][Br] at 120 °C.
a, e Around the annual ring
boundary. b, f Polarized light
microscopy images of a and

e. ¢, g Magnified view of the
earlywood. d, h Magnified view
of the latewood. Filled arrow
ray parenchyma cell, open 72h &
arrow axial parenchyma cell :

Oh

spot. Ten spectra were obtained and averaged and these
averaged spectra from ten different locations were again
averaged. The grating used in the point analysis was
1,800 lines/mm. For mapping analysis, measurements were
conducted every 0.4 pm and the spectra were obtained by
averaging four cycles, each with a 0.2 s integration time.
The grating used for mapping was 300 lines/mm.

LabSpec5 software (Horiba Jobin Yvon) was used for
data acquisition and analysis. To remove the fluorescence
background, the raw spectral data were baseline corrected.
Smoothing to reduce spectral noise was done using the
Savitsky—Golay algorithm.

Results and discussion

Morphological characterization using light microscopy
and SEM

The light micrographs revealed the morphology of the cell
walls in [EtPy][Br]. Figure 2 shows light microscopy and
polarized light microscopy images of a transverse section
before and after treatment for 72 h with [EtPy][Br] at
120 °C. The cell walls of the tracheids were swollen and
the structure was slightly disordered. However, they were
hardly dissociated in both the late- and earlywood after
[EtPy][Br] treatment (Fig. 2e, g, h). In our earlier research
into morphological changes during 1-ethyl-3-methylimi-
dazolium chloride ([C2mim][Cl]) treatment, the cell walls
of Japanese cedar tracheids were found to be dissociated in
the latewood, but not in the earlywood (Miyafuji and Su-
zuki 2012). For the other tissues the ray parenchyma cells
were partly destroyed in the latewood, but not in the ear-
lywood (indicated by filled arrows), and the axial paren-
chyma cells collapsed on the cell lumen side (indicated by
open arrows). These morphological changes in the paren-
chyma cells were triggered by pressure from neighboring
swollen tracheids. From polarized light microscopy

@ Springer



512

Planta (2015) 242:509-518

1000
800 (-
& —@— Cell lumen area
:E}. 600 [ Earlywood | —&— Cell wall area
~ —ll- Total of cell lumen area + cell wall area
8 é —O— Cell lumen area
< 400 Latewood |~/ Cell wall area
—{— Total of cell lumen area + cell wall area

0 10 20 30 40 50 60 70
Treatment time (h)

Fig. 3 Changes in the cell wall area, the cell lumen area, and the total
of the cell lumen area + the cell wall area during [EtPy][Br]
treatment

observations, the brightness from the birefringence of
cellulose did not change after [EtPy][Br] treatment
(Fig. 2f). This result indicates that the crystalline structure
of cellulose in the wood cell walls was preserved after
treatment for 72 h with [EtPy][Br] at 120 °C.

To analyze the swelling behavior of the tracheids during
[EtPy][Br] treatment in detail, time sequential measure-
ments of the cell wall area, the cell lumen area, and the
total cell lumen area + cell wall area (defined in Fig. 1)
were obtained using image analysis software. The results
are shown in Fig. 3. During the initial stages of [EtPy][Br]
treatment, all the measured areas in the earlywood only
changed slightly. The cell wall area and the total of the cell
lumen area + the cell wall area in the latewood increased
significantly. Thereafter, the changes varied. In the late-
wood, although the cell wall area and the total of the cell
lumen area + the cell wall area increased gradually with
an increase in treatment time, the cell lumen area hardly
changed. In the earlywood the cell wall area increased
slightly, but the total cell lumen area + the cell wall area
and the cell lumen area decreased. This decrease is caused
by the deformation of the cell walls because of pressure
from the swelling of the cell walls in the latewood. After
72 h of treatment, the cell wall areas in the earlywood and
the latewood increased 1.3 and 2 times, respectively. In our
previous study, we reported that the cell wall areas in the
latewood of the tracheids of Japanese cedar increased five
times after treatment for 48 h with [C2mim][Cl] (Miyafuji
and Suzuki 2012). These results indicate that the swelling
efficiency of [EtPy][Br] in the cell walls is lower than that
of [C2mim][Cl], and morphological changes in the cell
walls are different for each type of ionic liquid.

The SEM images in Fig. 4 show ultrastructural changes
in the various cell wall structures before and after treatment
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Fig. 4 SEM images of various tissues before and after treatment for
72 h with [EtPy][Br] at 120 °C. a, b Around the annual ring
boundary. ¢, d Magnified view of the earlywood. e, f Magnified view
of the latewood. g, h Bordered pits. i, j Taxodioid pits
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Table 1 Raman bands used for

Band assignment®

° , Raman band Component

the analysis and their PSs (cm™"

assignment (PS; cellulose and/

or hemicellulose) and lignin (L) 3,074 L
2,941 L
2,894 PS
2,850 L
1,656 L
1,620 L
1,596 L
1,453 PS,L
1,377 PS
1,336 L
1,272 L
1,193 L
1,151 PS
1,138 L
1,122 PS
1,096 PS
920 L
899 PS, L

* Assignments based on 785 L

literature (Wiley and Atalla 731 L

1987; Agarwal and Ralph 1997,

2008; Edwards et al. 1997; 591 L

Agarwal 1999; Schenzel and 457 PS, L

Fischer 2001; Agarwal et al. 381 PS

Aromatic C-H stretch

C-H stretch in OCHj3 (asymmetric)

C-H and C-H, stretching

C-H stretch in OCHj3 (symmetric)

C=C coniferyl alcohol + C=0 coniferyl aldehyde
C=C stretch of coniferyl aldehyde

Aromatic ring stretch (symmetric)

HCH and HOC bending, CH; bending in OCHj
HCC, HCO, and HOC bending

Aliphatic O-H bend

Aryl-O of aryl-OH and aryl-O—CH3; guaiacyl ring (with C=0 group)
mode

A phenol mode

Heavy atom (CC and CO) stretching, HCC and HCO bending
A mode of coniferyl aldehyde

C-0O-C stretch (symmetric)

C-O-C stretch (asymmetric)

CCH wag

HCC and HCO bending at C6, skeletal deformation
Skeletal deformation

Skeletal deformation

Skeletal deformation

Some heavy atom stretching, skeletal deformation

Some heavy atom stretching

2011)

for 72 h with [EtPy][Br] at 120 °C. After the 72 h treat-
ment, cracks were observed around the annual ring
boundary (Fig. 4b). Additionally, large parts of the com-
pound middle lamella (CML) and the cell corner (CC)
disappeared in both the earlywood and the latewood
(Fig. 4d, f). The surface of the middle layer of the sec-
ondary wall (S,) was full of large pores in the latewood
(Fig. 4f). The observed cracks and the disappearance of the
CML and the CC were not evident by light microscopy and
these changes may thus be attributed to a shrinkage of the
cell wall structure during SEM pretreatment, likely in the
drying process. The disappearance of the CML and the CC
may also be related to lignin distribution in the wood cells.
The CML and the CC regions contain more than 50 and
70 % lignin, respectively, whereas the S, region contains
about 20 % lignin (Donaldson 2001). Our recent study
revealed that lignin can be liquefied more rapidly than
cellulose by [EtPy][Br] (Yokoo and Miyafuji 2014).
Therefore, a significant liquefaction and elution of chemi-
cal components occurred in the CML and the CC regions,
and these regions, in which the volume decreased, shrunk
significantly upon subsequent drying. The formation of
pores in the transverse section’s surface of the secondary

wall has also been observed during chemical and physi-
cochemical treatments such as an alkaline treatment (Ji
et al. 2014), steam explosion (Corrales et al. 2012), and
ammonia fiber expansion (AFEX) (Chundawat et al. 2011).
The formation of large pores may be associated with the
partial liquefaction and elution of chemical components,
particularly lignin; however, the details still require further
investigation.

As shown in Fig. 4h, j, the pit membranes in the bor-
dered pits and in the taxodioid pits hardly changed. Most of
the warts on the surface of the tracheids (Fig. 4g, i) dis-
appeared after [EtPy][Br] treatment. The pit membranes
are mainly composed of cellulose microfibrils (Harada and
Coté 1985), whereas the warts are chemically composed of
lignin and hemicellulose (Jansen et al. 1998). The differ-
ence in the reactivity of [EtPy][Br] with these tissues
comes from their different chemical components.

Topochemical characterization using Raman
microscopy

Raman spectra of the tracheids treated with [EtPy][Br] at
120 °C for 0, 24, and 72 h were obtained for the S,, the
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Fig. 5 Raman spectra for S, (a), CML (b) and CC (c) of the tracheids
before and after treatment with [EtPy][Br] at 120 °C for 0, 24, and
72 h; enlargement of the spectral region from 350 to 1,050 em™!

CML, and the CC regions. Spectra from 350 to 3,150 cm™!
were studied because this spectral range includes bands
from the components of wood including cellulose, hemi-
cellulose, and lignin. However, no spectral features were
found between 1,710 and 2,750 cm~! before or after
treatment with [EtPy][Br]. Therefore, this region is not
shown here. The Raman spectral features of cellulose are
very similar to those of hemicellulose. The hemicellulose
band is broader and can reside beneath the cellulose band,
because less hemicellulose is present and it is less crys-
talline (Agarwal and Ralph 1997). Therefore, bands from
cellulose and hemicellulose cannot be distinguished and
they are referred to as polysaccharides (PSs) in this study.
The peak assignments discussed in this paper are summa-
rized from previous reports and shown in Table 1.

Point analysis
The Raman spectra were divided into four regions: from

350 to 1,050 cm™" (Fig. 5), from 1,050 to 1,540 cm™'
(Fig. 6), from 1,540 to 1,710 cm ™! (Fig. 7) and from 2,750
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Fig. 6 Raman spectra for S, (a), CML (b), and CC (c) of the
tracheids before and after treatment with [EtPy][Br] at 120 °C for 0,
24, and 72 h; enlargement of the spectral region from 1,050 to
1,540 cm ™

to 3,150 cm™" (Fig. 8). Each region is discussed in detail
below.

Region from 350 to 1,050 cm”!

The bands in this spectral region have not all been assigned
but the bands of components such as the PSs and lignin are
known. A decrease in band intensity was observed at 591,
731, and 920 cm™~! for the whole cell wall area. All these
peaks, with decreased intensity, are assigned to lignin.
Other lignin bands were observed at 457, 785, and
899 cm™~'. However, these bands partially overlap with the
PSs bands. Changes in the intensity of these bands differed
among the respective cell wall areas. For example, the band
intensity at 457 cm™' only changed slightly for the S,
during the treatment, whereas it decreased for the CML and
the CC with an increase in the treatment time. Addition-
ally, the band at 381 cm™', which is only assigned to
cellulose, decreased significantly for the CML and the CC
after the 72 h treatment. These differences in spectral
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Fig. 7 Raman spectra for CML of the tracheids before and after
treatment with [EtPy][Br] at 120 °C for 0, 24, and 72 h; enlargement
of the spectral region from 1,540 to 1,710 cm™!

changes among the S,, the CML, and the CC indicate that
the reactivity of [EtPy][Br] in wood cell walls is
inhomogeneous.

Several new peaks were observed at 687, 774, 828, and
950 cm~'. The band intensity at 687 and 774 cm™'
increased for the CML and the CC after the 24 h treatment
and decreased after the 72 h treatment, whereas the
intensity of these bands continued to increase after 72 h for
the S,. The band intensity at 698 cm™ !, which has not been
assigned, increased significantly for all the cell wall areas.
A peak at 852 cm™ ' was observed in both before and after
treatment with [EtPy][Br]. This band has not been detected
in other wood species (Agarwal and Ralph 1997) and,
therefore, this band may be characteristic of Japanese
cedar.

Region from 1,050 to 1,540 cm ™'

In all the cell wall areas, the band intensities at 1,138,
1,193, 1,272, 1,336, and 1,453 cm™' decreased with an
increase in treatment time. Most of these bands can be
assigned to lignin. The most significant decrease was at the
positions where coniferyl aldehyde (1,138 cm™') was
present. On the other hand, the peaks at 1,122, 1,151, and
1,377 cm™ "' became sharper after the treatment. All these
bands come from the PSs. However, the band intensity at
1,006 cm ™" in the CML and the CC decreased gradually
with an increase in the treatment time, and this band can be
assigned to the PSs. These changes come from a decrease
in the peripheral lignin bands. From these results, lignin
preferentially reacts with [EtPy][Br] compared with the
PSs in wood cell walls. This result is similar to our pre-

Raman intensity (a.u.)

72h

3100 3000 2900 2800
Raman shift (cm-")

Fig. 8 Raman spectra for S, (a), CML (b), and CC (c) of the
tracheids before and after treatment with [EtPy][Br] at 120 °C for 0,
24, and 72 h; enlargement of the spectral region from 2,750 to
3,150 cm ™

vious paper on liquefaction of the wood flour of Japanese
cedar by [EtPy][Br] which reported that lignin can be
easily liquefied in [EtPy][Br] than cellulose (Yokoo and
Miyafuji 2014).

A new band appeared at 1,496 cmfl, and this band’s
intensity increased as the treatment time increased. This
change is similar to our previous report on the treatment of
wood with the ionic liquid, 1-ethyl-3-methylimidazolium
chloride ([C2mim][Cl]) (Kanbayashi and Miyafuji 2014b).

Region from 1,540 to 1,710 cm™!

As shown in Fig. 7, several marked changes are observed
in the spectral region from 1,540 to 1,710 cm™'. These
mainly originate from lignin. In this region, only spectral
changes for the CML were observed because the Raman
spectra of the S,, the CML and the CC show similar
changes upon [EtPy][Br] treatment. The band intensity
decreased at 1,596, 1,620, and 1,656 cm_l, whereas
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Fig. 9 Raman mapping on the Oh
transverse section of the e
tracheids before and after
treatment with [EtPy][Br] at
120 °C for 0, 24, and 72 h.
a—c Bright field images of the
measured position and the
rectangles show the selected
regions used for mapping.
d—f Distribution of lignin
(1,581-1,613 cm™}).

g-i Distribution of the PSs
(2,884-2,905 cm™"). Bright
regions indicate high
concentrations of specific
chemical compositions, and
dark regions indicate low
concentrations

several new peaks and shoulders appeared at 1,554, 1,590,
1,607, 1,630, and 1,674 cm™'. The new peaks at 1,554,
1,674, and 1,630 cm™! are assigned to o-quinone, p-qui-
none, and the C=C bond of stilbene, respectively (Agarwal
1998; Agarwal and Atalla 2000). Therefore, it is possible
that the C=C bonds in the coniferyl aldehyde units and in
the coniferyl alcohol units decreased and thus quinone and
stilbene derivatives were produced upon [EtPy][Br] treat-
ment. Although most of these changes also occurred upon
[C2mim][CI] treatment (Kanbayashi and Miyafuji 2014b),
the peak shift at 1,596 cm™' because of an aromatic ring
vibration after treatment with [EtPy][Br] was more sig-
nificant than that after treatment with [C2mim][Cl]. The
band at 1,596 cm ™" in the spectrum of untreated wood was
found to shift to 1,607 cm” Additionally, a weak shoul-
der appeared at 1,590 cm™'. These changes are thought to
come from the modification or removal of functional
groups related to the aromatic ring. The difference in band
shifts after treatment with [EtPy][Br] or [C2mim][Cl]
indicates that the interaction of wood with ionic liquids is
different. Furthermore, it is suggested that the specific
structure of lignin is altered, whereas most of the aromatic
rings remain, without change, after treatment with
[EtPy][Br] for 72 h.
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24h 72h

Region from 2,750 to 3,150 cm™!

All the lignin bands at 2,850, 2,941, and 3,074 cm™!
decreased with prolonged treatment for all the cell wall
areas. The decrease in the band intensity of the CC was
lower than that of the S, and the CML. The PSs band
intensity at 2,894 cm ™' decreased after 24 h, but no change
was observed from 24 to 72 h for all the cell wall areas. In
this spectral region, many small peaks were detected par-
ticularly for the CML and the CC after [EtPy][Br] treat-
ment. The appearance of small peaks may be attributed to
C-H stretching in the modified woody components.

Raman mapping

To investigate chemical changes in the cell walls over a
larger area during [EtPy][Br] treatment, a time sequential
Raman map of lignin and the PSs was obtained. Figure 9a—
¢ shows bright field images of the tracheids in the trans-
verse sections before and after [EtPy][Br] treatment. All
the micrographs are images of the same area, and Raman
mapping was performed on these cell walls. In the
micrographs, the rectangles show the areas selected for
mapping. The cell walls gradually became discolored upon
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prolonged treatment (Fig. 9a, b). This discoloration of the
cell walls supports the point analysis results where the
components of the cell walls change their nature upon
treatment with [EtPy][Br].

Figure 9d—f, g—i shows Raman images of the distribution
of lignin and the PSs before and after treatment with
[EtPy][Br], respectively. The band regions from 1,591 to
1,613 cm~! and from 2,884 to 2,905 cm~ ! in the Raman
spectra were selected for the Raman images of lignin and PSs
distribution, respectively. The bright areas indicate a high
concentration, whereas the dark areas indicate a low con-
centration. Although the lignin concentration in S, decreased
significantly with treatment time, the lignin concentration in
the CML and the CC only changed slightly. The lignin in the
CML and the CC contains many p-hydroxyphenyl propane
units and it forms a highly condensed structure (Whiting and
Goring 1982; Terashima and Fukushima 1988). This lignin
structure is highly stable against delignification (Whiting and
Goring 1982; Akim et al. 2001). Therefore, the CML and the
CC retain high concentrations of lignin after the 72 h treat-
ment. However, the reduction in the amount of lignin in the
CML and the CC upon treatment with [EtPy][Br] was greater
than that upon treatment with [C2mim][Cl], as reported
previously (Kanbayashi and Miyafuji 2014b). Additionally,
the concentration of lignin in S, decreased homogeneously
unlike the case of [C2mim][Cl] treatment. In the Raman
image of the 24 h treatment product, it was found that the
lignin concentration of the nearby inner layer of the sec-
ondary wall (S3) was higher than that of S,. This difference is
probably due to differences in the original lignin concen-
tration of the cell wall layers. It has been reported that certain
wood species have lignin concentrations in the S; of the
tracheid that are higher than that of S, (Scott and Goring
1970; Donaldson 1987), and Japanese cedar may be one of
these species. However, these results were not obtained from
S; of the non-treated tracheids. This is because the spatial
resolution was not sufficient for the observation of S3, which
is approximately 0.1-um thick (Harada and Coté 1985).
After the 24 h treatment, the thin S; swelled because of
[EtPy][Br] and it could be distinguished from S,. With
respect to the PSs, their concentrations decreased signifi-
cantly after 24 h (Fig. 9h), but no significant changes were
observed after 72 h (Fig. 9i). The first decrease in the PSs is
likely caused by a reduction in cell wall density because of
cell wall swelling.

Conclusions

We investigated the morphological and chemical changes
in wood cell walls after treatment with the ionic liquid,
[EtPy][Br]. The treatment of Japanese cedar wood with
[EtPy][Br] induced a swelling of the wood cell walls

without a significant destruction of the tissue structure or
the cellulose crystalline structure. The lignin in the wood
cell walls preferentially reacted with [EtPy][Br] and some
of its component structures changed. However, the PSs
dissolved with difficulty and their nature changed after
[EtPy][Br] treatment. Changes in the Raman spectra of the
S,, the CML, and the CC varied partially during [EtPy][Br]
treatment indicating that the reactivity of [EtPy][Br] in
wood cell walls is inhomogeneous. Consequently, these
new insight into the interaction of wood with ionic liquid at
the microscopic cell level provides further comprehension
of liquefaction mechanism of woody biomass in ionic
liquids. Furthermore, this information will lead to efficient
wood disintegration and bioconversion.
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