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Abstract The surface and bulk chemistry of Japanese
cedar (Cryptomeria Japonica), cotton cellulose and
lignin samples carbonized at 500-1,000 °C was inves-
tigated by elemental analysis, Fourier-transform infra-
red spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS) and micro-Raman spectrometry.
The objective was to link the original wood compo-
nents to the final carbonized wood microstructures.
The carbonized samples show increasing degrees of
order from cellulose to wood to lignin. The cellulose
component in the wood strongly affects the ordering of
polyaromatic carbons in carbonized wood; this order-
ing is attributed primarily to the difference in ratio
between aromatic and aliphatic carbons and to the
amount of cross-linking by ether and carboxylic groups
up to 500 °C.
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Introduction

Carbonized wood has been used traditionally as an
adsorbent to control humidity and purify water. Many
papers have discussed the porous structure and adsorp-
tion properties of carbonized wood [1-8]. It has been
reported that the pore structure and adsorption prop-
erties differ depending on the carbonization conditions.
Generally, the properties of a carbon material can be
linked to its microstructure, consisting of polyaromatic
stacks [9]. In addition to estimating the distribution and
size of pore structures by gas adsorption experiment, it
is important to analyze the microstructure of carbon-
ized wood in order to fully understand the carbonized
wood’s physical and chemical properties.

The microstructure of a carbon material can be
defined as the aggregate form of polyaromatic stacks
[10]. The polyaromatic stacks grow in the longitudinal
and transverse directions with the decrease of cross-
linking between aliphatic carbons and ether groups. In
non-graphitizable carbons such as carbonized wood,
generally the alignment of polyaromatic stacks is
disturbed by the development of cross-linking among
them at the early stage of carbonization [11, 12].
Therefore, it is important to study and characterize the
microstructures of polyaromatic stacks and functional
groups of carbonized wood.

The molecular structure and chemical composition
of the precursor in the carbon materials formed under
solid-phase carbonization affect the degrees of align-
ment and growth of polyaromatic stacks [13]. Wood is a
natural composite of cellulose, hemi-cellulose, and
lignin, which are bonded chemically in a rather complex
way [14]. It has been reported that the microstructure of
carbonized wood is not the same as the original
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microstructures of cellulose and lignin [15, 16]. There-
fore, the influence of the original components on the
microstructure of carbonized wood is complex.

Spectroscopic and microscopic analysis is a suitable
approach for the characterization of carbon materials
[9, 11]. A TEM study revealed that wood carbonized at
a temperature of 700 °C had a mainly amorphous
microstructure with some nano-diamond structures [17,
18]. Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS) have frequently been used to
characterize the surface chemistry and degree of
disorder of the polyaromatic stacks [19-28]. In partic-
ular, Fourier transform infrared spectroscopy (FTIR)
has been used to detect non-aromatic functional groups
as the cause of cross-linking in the early stage of
carbonization [11, 12]. Few studies have spectroscop-
ically examined the influence of wood constituent
components on the microstructure of carbonized wood,
especially at the early stage of carbonization from
500 °C to 1,000 °C. In this study, we investigated the
structural changes in polyaromatic structures and non-
aromatic functional groups together with the disorder
degree of the polyaromatic stacks of carbonized forms
of wood, cellulose, and lignin in the temperature range
of 500-1,000 °C with elemental analysis, FTIR, XPS,
and Raman spectroscopies.

Experimental
Samples and carbonization

The raw materials used in this work were sapwood
from a 50-year-old Japanese cedar (Cryptomeria
Japonica), commercial cotton cellulose fiber (Sanyo
Mengyo Co. Ltd.) and organosolve lignin powder (200
mesh pass, Alcell Technologies). These raw materials
were dried at 105 C for 24 h in an oven and heated
with a heating rate of 4 C/min to 500, 600, 700, 800,
900, and 1,000 °C and kept constant for 1 h in a
laboratory-scale electric furnace under a nitrogen
atmosphere.

Elemental analysis

Elemental analysis of carbon, hydrogen, and oxygen
(by difference) of carbonized samples was carried out
in a Perkin-Elmer CHN2400 instrument.

Surface spectroscopic characterization

An FTIR-attenuated total reflection (ATR) technique
was used to analyze the functional groups in the

samples. Spectra were recorded in the range of 4,000
450 cm™" with a resolution of 4 cm™ by using a Perkin-
Elmer Spectrum One spectrometer.

The carbonized samples for XPS and Raman mea-
surements were placed on double-sided adhesive-car-
bon tape mounted on the sample holder. XPS spectra
of carbonized samples were obtained with an AXIS-
HS (Shimadzu/Kratos) photoelectron spectrometer
using non-monochromatised Mg Ko radiation
(1253.6 eV), the source of which was operated at
15 kV and 10 mA. The vacuum pressure during the
analysis was always lower than 2.0 x 10~ Pa. High-
resolution scans were performed at 40 eV pass energy
for the C;5 and Oy, spectra. The binding energy scale
was corrected by referring to the polyaromatic peak in
the Cys spectrum as being 284.4 eV. Shirley and linear
backgrounds were subtracted from the C;s and O
spectra. A mixed Gaussian-Lorentzian product func-
tion and a single Gaussian function were used for curve
fitting of the C;5 and O, spectra, respectively.

The Raman spectra of the carbonized samples were
recorded at room temperature with a Renishaw in Via
Raman spectroscope equipped with an air-cooled CCD
detector. An argon laser (4 = 514.5 nm) was adopted as
an excitation source. The laser was focused to approx-
imately 1 um in diameter at a power of less than 1 mW
at the sample surface in order to prevent irreversible
thermal degradation. The Raman spectra were recorded
more than three times on the same analysis point in
order to check sample damage by laser irradiation and
were also measured at three different points on a sample.
Backscattered Raman spectra were measured in the
1,000-1,800 cm™! zone. The wave number was calibrated
using the 520 cm™ line of a silicon wafer.

Results and discussion
Elemental analysis

The variation of H/C and O/C atomic ratios during
carbonization for carbonized forms of wood (CW),
cellulose (CC), and lignin (CL) was investigated by
elemental analysis. Figure 1 shows a van Krevelen
diagram by plotting the H/C versus O/C atomic ratios
of all samples, which were measured by elemental
analysis.

The carbonization processes of CW, CC, and CL
were described in terms of three successive stages in
the temperature range of 500-1,000 °C. The atomic H/
C and O/C ratios behaved most remarkably. From
500 °C to 600 °C, the upper right hand side of the
curves in Fig. 1, the O/C ratio of CW, CC, and CL

@ Springer



124

J Mater Sci (2007) 42:122-129

0.25

0.20 -

0.15

0.10

Atomic H/C ratio

0.05

' L

0.00 : ;
0 0.04 0.08 0.12

Atomic O/C ratio

Fig. 1 Van Krevelen diagram. Carbonization paths of the
samples: carbonized forms of wood (CW), cellulose (CC), and
lignin (CL)

decreased more clearly compared to their atomic H/C
ratios. The main reactions in this temperature range
were dehydration, decarbonylation, and decarboxyl-
ation. In the 600-800 °C range, the more or less
vertical middle section in Fig. 1, the atomic H/C ratios
decreased more clearly than the atomic O/C ratios.
Demethanation and dehydrogenation are the main
reactions at this stage. In the range of 800-1,000 °C,
the lower left hand side of the curves in Fig. 1, the
atomic O/C ratios decreased more significantly than
the H/C, indicating that dehydration, decarbonylation,
and/or decarboxylation were again the major reactions.
Generally, oxygen-containing functional groups at the
edge of polyaromatic stacks become volatile when
their alignment changes [11, 12]. It is supposed that the
polyaromatic stacks were ordered well within the
ranges of 500-600 °C and 800-1,000 °C.

At 500 °C, the far right hand points in Fig. 1, the
highest values for the atomic H/C and O/C ratios are in
the sequence CC, CW, and CL. This is in good
agreement with the atomic O/C ratios of 0.90, 0.72,
and 0.32 corresponding to cellulose, wood and lignin
before carbonization. This agreement is attributable to
the fact that in oxygen-rich raw materials, oxygen-
containing functional groups develop and polyaromatic
stacks become cross-linked [11, 12]. These high atomic
O/C ratios for CC, CW and CL before carbonization
strongly favored the development of oxygen-contain-
ing functional groups, and, for that matter, cross-
linking in the carbonized materials.

@ Springer

In the formation of polyaromatic stacks in carbona-
ceous materials at around 500 °C, it is important to
know the chemical structure related to the degree of
development of polyaromatic stacks and to the degree
of cross-linking during carbonization at that tempera-
ture [11, 12]. Therefore, the chemical structures of CW,
CC, and CL at 500 and 600 °C were studied in detail by
FTIR-ATR.

Fourier transform infrared spectroscopy

Figure 2a shows FTIR-ATR spectra from 600-
1,800 cm™ for CW, CC, and CL at 500 °C. The
attribution of each band is as follows: 1710 cm™,
C=O0 stretching vibrations; 1,590 cm™!, aromatic C=C
or carbonyl groups conjugated with aromatic struc-
tures; 1,440 cm™, the overlapping peak of C=C and C—
H vibrations; 1,350 cm™!, O-H and C=O vibrations;
1,250 cm™, ether bridges between aromatic rings;
1,150 cm™, C-O vibrations; 1,050 cm™, the primary
C-OH vibration; and 900-700 cm™, aromatic C-H
vibrations [11, 12, 29, 30]. In the FTIR-ATR spectra at
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Fig. 2 FTIR-ATR spectra of CW, CC, and CL: (a) carbonized at
500 °C, (b) carbonized at 600 °C
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500 °C, the peaks of oxygen-containing functional
groups were observed for CW and CC but less so for
CL.

Ether bridges between aromatic rings at the band of
1,250 cm™ and C=0 stretching vibrations at 1,710 cm™t
were observed clearly in the FTIR-ATR spectra for
CW and CC but not so much for CL, as shown in
Fig. 2a. The ether bridges between aromatic rings
stand for the cross-linking of polyaromatic stacks
disturbing the stacks’ orientation and development
[11, 12]. The C=O structure is also closely related to
the cross-linking of polyaromatic stacks in order to
lead to an aromatic C-H structure capable of forming
cross-linked polyaromatic stacks [11, 12, 31]. The
reason why cross-linking of CW and CC developed at
500 °C was that the more disordered the microstruc-
ture of a sample was, the more strongly the band for
C=0 appeared in the FTIR spectra at around 500 °C
[11, 12].

The absorption bands of the aromatic C=C at
1,590 cm™, the overlapping peak of C=C and C-H
vibrations at 1,440 cm™, the C-O vibrations at
1,150 cm™, and the aromatic C—H vibrations between
900 cm™ and 700 cm™ [11, 12, 29, 30] were obviously
observed in FTTR-ATR spectra for CW, CC, and CL at
600 °C, as shown in Fig. 2b. Due to the C=O stretching
vibrations at 1,710 cm™, the O-H and C=O vibrations
at 1,350 cm™, the ether bridges between aromatic rings
at 1,250 cm™, and the primary C-OH vibration at
1,050 cm™, the peak intensity of the bands decreased
significantly according to the FTIR-ATR spectra for
CW, CC, and CL at 500-600 °C. This is the logical
consequence of the fact that a large number of oxygen-
containing functional groups and cross-linking of
polyaromatic stacks decompose and volatilize in this
temperature range.

The shoulder between 1,300 cm™ and 1,150 cm™!
originating from the oxygen functions was clearly
observed in the FTIR-ATR spectra for CW and CC
but less so for CL. This shows that oxygen-containing
functional groups and cross-linking are more devel-
oped for CW and CC than for CL at 600 °C; this
developmental difference has a strong effect on the
degree of disorder of polyaromatic stacks during
carbonization.

XPS

The chemical structures of CW, CC, and CL from
500 °C to 1,000 °C were investigated by XPS, which
gives accurate information on the surface chemistry of
carbonaceous materials up to a depth of 5 nm. The
surface O/C atomic ratios of CW, CC, and CL

measured by XPS were compared with those of bulk
samples measured by elemental analysis, as shown in
Fig. 3, in order to determine the potential influence of
adsorbed water and/or oxygen in XPS spectra. The
surface O/C atomic ratios for CW, CC, and CL tended
to be higher than those of the bulk samples. Similar
tendencies were reported for coal and wood charcoal
[23, 32]. The surface O/C atomic ratios for CW, CC,
and CL are higher than the bulk due to the existence of
adsorbed water and/or oxygen on the sample surface.

The chemical structure was discussed by curve fitting
the Oy, peaks for CW, CC, and CL. Figure 4 shows the
Oq; spectra of CW from 500 °C to 1,000 °C. As there is
a more than negligible contribution of adsorbed
oxygen and/or water on the sample surface, as shown
in Fig. 3, the Oy spectra for CW, CC, and CL were
fitted to three peaks as depicted in Fig. 5: a peak for
C=0 type oxygen (C=0 and COOR; 530.9-531.9 eV),
another for C-O type oxygen (C-OH, C-O-C, and
CO-0-R; 532.6-533.9 eV) and a third assigned to
oxygen atoms in adsorbed oxygen and/or water (535.2—-
536.4 eV) [21, 23, 33]. Table 1 shows the relative area
of C=0, C-0, and adsorbed oxygen and/or water for
CW, CC, and CL.

With respect to the chemistry of oxygen-containing
functional groups such as C=0 and C-O, little change
was observed in the relative concentrations between
C=0- and C-O- type oxygen of CL at 500-1,000 °C.
For CC, the relative area of C-O-type oxygen
increased and that of C=O-type oxygen decreased with
increasing heat treatment temperature. The relative
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Fig. 3 Comparison of surface O/C atomic ratio by XPS with
bulk analysis for CW, CC, and CL
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Table 1 Relative areas of the XPS Oy peaks for CW, CC, and
CL by Oy spectra
Sample HTT(°C) Components
C=0 Cc-O0 CO & H,O
CW 500 424 53.8 3.8
600 42.5 54.4 3.1
700 42.5 53.2 4.3
800 41.2 53.3 5.5
500°C 900 41.9 49.7 8.4
1,000 35.6 54.5 9.9
CC 500 57 40 3
600°C 600 51.4 47.1 1.6
700 35.7 57.9 6.4
. 800 29.2 61.5 9.3
700°C 900 285 63.2 83
1,000 27.1 67.3 5.6
800°C CL 500 41.8 51.8 6.4
600 414 51.6 6.9
. 700 45.8 48.8 5.4
900°C 800 42.7 49.8 7.5
900 48.4 43.8 7.8
1000°C 1,000 45.7 51.7 2.6
concentration of C=0- type oxygen for CC was higher
510 5% s &5 than those for CW and CL up to 600 °C. The Oy

Binding Energy (eV)

Fig. 4 XPS Oy spectra of CW carbonized from 500 °C to
1,000 °C

concentrations of C=0- and C-O- type oxygen for CW
were within the range for CC and CL regardless of
temperature. Thus one may conclude that the types of
oxygen containing functional groups for CW are
similar to those for CC and CL.

From the XPS data in Table 1 as well as from the
FTIR-ATR curves in Fig. 2, it is clear that the relative

>

T T T T y T y T T
538 536 534 532 530 528
Binding Energy (eV)

Fig. 5 XPS O;s spectrum observed and calculated by curve
fitting of CW carbonized at 500 °C

@ Springer

spectra for carbonized samples showed that cross-
linking of polyaromatic stacks for CC develops more
than those for CW and CL at 500-600 °C.

The chemical bond of carbon atoms was studied for
CW, CC, and CL by curve fitting the C;; spectra.
Figure 6 shows the Cy; spectra of CW at 500-1,000 °C.
Previous authors fitted the C; spectrum to a polyaro-
matic peak, symmetric peaks for functional groups, and
a plasmon peak [34, 35]. Some papers have added an
additional peak around 285.0 eV for carbon in ali-
phatic and small aromatic structures [21, 22, 36]. This
peak was added for the curve fitting because the bands
of aliphatic carbon were clearly detected in the FTTR-
ATR spectra of CW, CC, and CL at 500 and 600 °C, as
shown in Fig. 2. The C;s spectra were fitted to six
peaks, as depicted in Fig. 7: a peak for polyaromatic
carbons (C-C, 284.4 eV), for aliphatic and small
aromatic carbons (C-H, 285.0-285.3 eV), for carbon
singly bonded to one oxygen atom (C-O, 286.0-
286.4 eV), for carbon doubly bonded to one oxygen
or singly bonded to two oxygen atoms (C=0 or O-C-
0, 287.2-287.9 eV), for carboxylate groups (O-C=0,
288.7-289.2 €V), and a peak for the plasmon (290.7-
291.5 eV). Table 2 shows the relative area of each
component obtained by curve fitting of the C, spectra
for CW, CC, and CL.

The intensity of the polyaromatic carbon peak is the
strongest in the Cy; spectra for CW, CC, and CL from
500 °C to 1,000 °C. From 500 °C to 600 °C, the relative
concentration of the polyaromatic carbon peak
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Fig. 6 XPS Cj spectra of CW carbonized from 500 °C to
1,000 °C

increased remarkably for all three samples, indicating
that the microstructure is composed mainly of polya-
romatic carbons between 500 °C and 600 °C.

On the other hand, especially at 500 °C, a non-
negligible contribution of aliphatic and small aromatic
carbons was observed in the Cyg spectra of CW, CC,
and CL as shown in Table 2. The relative areas of
aliphatic and small aromatic carbon peaks for CW and
CC were higher than that for CL, which means that at
500 °C the cross-linking among polyaromatic carbons
is developed more in CW and CC than in CL.

The relative concentration of aliphatic and small
aromatic carbons decreased remarkably from 500 °C

e
296 204 292 290 288 286 284 282 280
Binding Energy (eV)

Fig. 7 XPS C;s spectrum observed and calculated by curve
fitting of CW carbonized at 500 °C

to 600 °C and was hardly observable above 800 °C, as
depicted in Table 2. This is in good agreement with the
variation in the atomic H/C ratio from 500 °C to
800 °C. Most of the cross-linking by aliphatic and small
aromatic carbons was broken up at 800 °C, reflecting

the improvement in the order of polyaromatic stacks
above 800 °C.

Raman spectroscopy

Raman spectroscopy was used for a detailed investi-
gation of the degree of ordering of polyaromatic stacks
in carbonized samples. Figure 8 shows the Raman
spectra of CC from 500 °C to 1,000 °C. Raman bands
of carbonized samples appeared at the positions of
approximately 1,350 and 1,600 cm™, corresponding to
the in-plane vibrations of sp>-bonded carbon with
structural imperfections (D band) and to the in-plane
vibrations of the sp®-bonded crystalline carbon (G
band), respectively [37-40]. Moreover, a “D” band at
the position of approximately 1,525 cm™' and a shoul-
der at about 1,190 cm™ were observed. The Raman
peaks were extracted using these four peaks, giving a
good fit [24, 41]. The full width at half maximum
(FWHM) of the D band was used as the major
parameter to estimate the disorder degree of polyaro-
matic stacks [41]. Figure 9 shows the FWHM of the
Raman D bands for CW, CC, and CL as a function of
heat treatment temperature. The FWHM decreases
with temperature and thus decreases as the degree of
ordering for polyaromatic stacks increases.

The disorder degrees of the polyaromatic stacks in
CW, CC, and CL clearly decreased from 500 °C to
600 °C and from 800 °C to 1,000 °C, as shown in Fig. 9.
From 500 °C to 600 °C, the decrease results from the
formation of polyaromatic stacks, the breaking of
cross-links, and the volatilization of oxygen-containing
functional groups, as shown in Figs. 1 and 2 and in
Table 2. From 800 °C to 1,000 °C, the decrease is due
to the destruction of the cross-linking of the aliphatic
and small aromatic carbons that occurs (i.e., the cross-
linking occurs) between polyaromatic stacks up to
800 °C, as shown in Table 2.

At each heat treatment temperature, the FWHM of
the Raman D band for CL had the lowest value,
whereas in all samples the corresponding value for CC
was the highest (Fig.9). The value for CW was
intermediate between CC and CL. The degrees of
cross-linking development for CW, CC, and CL from
500 °C to 600 °C are described in ascending order as
CC, CW, and CL (Figs. 1 and 2). The disorder degree
of polyaromatic stacks is lower for CL than for CW and
CC, as shown in Fig. 9. On the other hand, the disorder
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Table 2 Relative areas of the
XPS Cys peaks for CW, CC,

Sample HTT(°C) Components

and CL

Polyaromatic Aliphatic and small aromatic C- C=0 COOH Plasmon
carbon carbon (@)
CW 500 49.1 30.2 11.1 3.8 42 1.6
600 71.9 6.7 98 51 41 2.4
700 74.9 44 98 43 39 2.7
800 77.9 0.7 9 57 4 2.7
900 77 1 10 47 35 35
1,000 73.4 0.7 136 42 42 39
CC 500 36.6 30.3 187 76 48 1.7
600 713 72 111 38 44 2.3
700 68.4 33 152 57 4 3.4
800 66.6 2.8 141 94 38 34
900 75 0.4 121 56 3 3.7
1,000 79.2 0.5 94 48 28 34
CL 500 53.9 19.9 16.5 4 3.6 1.8
600 68.7 8.6 114 47 35 31
700 66.8 4.4 12.8 85 3.6 3.7
800 65.1 14 13.1 126 39 3.6
900 76.5 0 74 74 42 41
1,000 79.4 0 81 46 4 39

degree of the stacks for CW was closer to that of CC
than to that of CL. This is attributable to the fact that
the development degrees of cross-linking of oxygen-
containing functional groups as well as of aliphatic and
small aromatic carbons of CW are almost the same as
those of CC (Figs. 1 and 2 and Table 2). This implies

% )
600°C

700°C
800°C
900°C

1000°C

1200 1400 1600
Raman shift / cm-1

Fig. 8 Raman spectra of CC carbonized from 500 °C to 1,000 °C
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that the cellulose component in wood strongly affects
the formation process for ordering of polyaromatic
carbons in CW.

Conclusion

The carbonization behavior of CW, CC, and CL in the
range of 500-1,000 °C was studied spectroscopically. A
carbonized structure composed mainly of polyaromatic

240

—A—CW
—H —cc

R o
210 \

180 -

D band width (cm™)

150 -

120
500 600 700 800 900 1000

Heat Treatment Temperature (°C)

Fig. 9 Effects of heat treatment temperature on the FWHM
(Raman D band) for CW, CC, and CL
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carbon was formed due to the decomposition and
volatilization of non-aromatic functional groups up to
600 °C, after which the Raman D-band width of carbon
decreased further up to 1,000 °C. The degree of
ordering of polyaromatic stacks at each heat treatment
temperature is described in the ascending order of CL,
CW, and CC. This may be due to differences among
CW, CC, and CL in the degree of cross-linking, such as
ether bridges and small aromatic structures, in the
range of 500-600 °C. It appears that the degree of
development of the polyaromatic structures and the
cross-linking for CW, CC, and CL during carbonization
are closely related to the O/C atomic ratio before
carbonization. Byrne and Nagle have proposed a
cellulose microfibril dominance model for the forma-
tion mechanism of carbonized wood microstructures
[25, 42]. Tt appears that the CW formation mechanism
is closer to that of CC than to that of CL. The
microstructure in carbonized wood is strongly affected
by the composition ratio of carbon to oxygen atoms in
wood.

By using these diverse spectroscopic data, we have
been able to pinpoint the initial steps in the carbon-
ization process of wood.
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