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Abstract

carbonization.

An Fe**-impregnation method was improved to disperse Fe** in wood powder more homogeneously, and the wood
powder was carbonized at various temperatures. The obtained iron-loaded charcoal samples were analyzed using
Méssbauer and Raman spectroscopy to understand the effects of the improved method on the reduction of Fe®*
and graphitization. G'(2D)-band was adopted as a marker of graphitic structure formation among Raman scattering
due to sp>carbon. Méssbauer and Raman characterization confirmed that the reduction from Fe** to Fe? s closely
related with the graphitization in charcoal; however, both the chemical changes progressed rapidly from a much
lower temperature-range and graphitization occurred more uniformly compared with charcoal synthesized using the
previous method containing no decompression-impregnation processes. Moreover, the effects of holding time at
carbonization temperature and Fe** content in the wood powder were examined in terms of relationship between
the reduction of Fe** and graphitization. It was suggested that there were multiple reaction paths to graphitization in

Keywords: Charcoal, Graphitization, Fe**-dispersion, Mdssbauer spectroscopy, Raman spectroscopy

Introduction
The carbon materials have been applied in various sci-
entific and engineering fields because of their diverse
electrical or mechanical properties. However, carbon
is not an abundant element in the earth’s crust. Carbon
resources available are limited, and will be seriously
depleted by haphazard usage. Woody biomass is not only
an alternative energy to fossil fuels, but also a prospective
resource for carbon materials.

Nevertheless, research on the utilization of woody
biomass as a starting material for functional carbon has
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not shown sufficient progress, because woody biomass
has disadvantages as a raw material for carbon. The car-
bon content of wood is much smaller than that of petro-
leum or coal, and wood is difficult to handle chemically,
because of its extremely limited solubility in any solvent.
Thus, a conventional technique to obtain carbon from
woody biomass is heat-treatment free from oxygen at
high temperatures, namely, carbonization. T. Suzuki and
K. Suzuki revealed that crystallized mesoporous carbon
with high electrical conductivity can be produced from
wood impregnated with iron(III) or nickel(II) salts even
at a temperature lower than 900 °C [1-9], and confirmed
that metal-loaded charcoal can contain crystallized car-
bon nanoshells that link to one another and form chain-
like structures. They have proposed that the nanoshell
chains should be named “graphite nanoshell chains” [9].
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We previously reported the Mossbauer and Raman
characterization of iron-loaded charcoal made from
wood powder Japanese cypress (Chamaecyparis obtusa)
at various temperatures [10]. As a result, it was found
that charcoal samples synthesized at above 850 °C were
largely graphitized, and contained metallic iron and
Fe,;C as principal iron species, suggesting that the reduc-
tion from Fe*™ to Fe® was closely related with graphiti-
zation. However, substantial amounts of amorphous
carbon remained even in charcoal synthesized at 900 °C
[10]. Thus, we assumed that the amorphous carbon res-
idue was due to poor homogeneity in the dispersion of
Fe3" in raw wood powder, and focused on two points to
obtain more even dispersion of Fe>" ions. One was the
improvement of the impregnation method of Fe*", and
the other was the change from Japanese cypress to wood
to be impregnated with Fe*™ more readily. In this study,
Japanese cedar (Cryptomeria japonica) was adopted as a
raw woody material instead of Japanese cypress, because
Japanese cedar wood is expected to be impregnated with
Fe>* more easily than Japanese cypress wood, owing to
its smaller apparent specific gravity. In addition, Japanese
cedar wood is much more inexpensive than Japanese
cypress wood.

The aim of this study is to investigate the effects of
Fe?*-dispersion in wood powder on Fe® species yields
and graphitization in charcoal, and to elucidate the
mechanism of reduction from Fe*" to Fe” and graphitiza-
tion more clearly. Charcoal was synthesized from wood
powder prepared using an improved Fe?'-impregnation
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process under various conditions, and then characteriza-
tion of iron and carbon in the iron-loaded charcoal was
performed using Mossbauer and microscopic Raman
spectroscopy. On the basis of the results obtained from
the spectroscopic analysis, we discuss the mechanisms of
reduction from Fe>* to Fe® and graphitization.

Experimental

Preparation of wood powder

Wood chips dried in air for more than 3 months were
ground into powder using a cutting-mill. The wood
powder, which passed through a 2.0-mm mesh but not
through a 1.0-mm mesh, was used for the production of
iron-loaded charcoal.

Impregnation with aqueous Fe3* solution

The whole procedures of preparation of iron-loaded
charcoal are schematically shown in Fig. 1. Iron(III)
nitrate was adopted as an iron salt, because iron nitrates
likely produce much less harmful substances than iron
halides and sulfates by heat-treatment together with
wood. We partly changed the impregnation method from
that used in the previous work [10] to enhance the homo-
geneity of Fe*'-dispersion in wood particles; however,
complete homogeneity cannot be accomplished, because
wood cell walls, aqueous Fe>' solution absorbent, is a
heterogeneous substance chemically and physically. The
key change in the impregnation procedure was the addi-
tion of a decompression-impregnation process, which is
frequently used to make liquid preservatives penetrate

Preparation of wood powder
impregnated with Fe’'

Adding aqueous iron(III) nitrate
solution to wood powder

¥

Decompression
impregnation for 20 min

¥

Carbonization

Heating and cooling processes
in a N, stream

. : Heating Cooling rate:
Removing residue water i ~50 °C/min
with a rotary evaporator 10 °C/min

Holding at carbonization
temperatures for 0.50,
1.0or 3.0 h

¥
Air drying for a few days |~

Vacuum drying
at 50 °C for 1 h

Iron-loaded
charcoal

Fig. 1 Flowchart of impregnation with Fe** and carbonization
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into lumber and logs, instead of immersion under atmos-
pheric pressure. It is expected that the air in small cracks
of cell wall and cell lumina is removed by the decompres-
sion-impregnation. The operation was as follows: wood
powder in the Fe>™ solution was kept under reduced
pressure for 20 min at room temperature in a vacuum
desiccator connected to a water-jet pump.

The mass of wood powder after drying at 105 °C for
1.0 h was adopted as the true mass of the wood powder.
Fe3" concentrations in the aqueous solution used in this
study were set to 0.50 w/w% (solution A) or 0.83 w/w%
(solution B). The contents of Fe>" in wood powder were
adjusted to be 3 w/w% or 5 w/w% by adding an appro-
priate amount of the solution A or B, respectively. If nec-
essary, a small amount of water was added to the wood
powder in order to immerse it entirely in the solution.
The wood powder in the aqueous iron(IIl) nitrate solu-
tion was treated with decompression-impregnation as
mentioned above. Excess solvent water was removed
from the solution containing wood powder using a rotary
evaporator at about 60 °C under reduced pressure and
then, the wet wood powder was dried in air for a few
days. After evaporation, it was confirmed that no soluble
powder remained in a flask connected with the evapora-
tor, indicating that almost all Fe>" ions were absorbed in
the wood powder. Thereby, the content of Fe> in wood
were estimated to be 3 w/w% or 5 w/w%.

Carbonization of Fe3*-impregnated wood powder

The block diagrams for carbonization are shown in the
right-hand part of Fig. 1. A simplified drawing of the car-
bonization apparatus used in this study is illustrated in
Fig. 2. The Fe**-impregnated wood powder (~3 g) was
placed in a stainless-steel vessel, the bottom of which was
made of stainless-steel mesh (mesh opening: 0.84 mm)
and the vessel was placed in a round-bottomed flask
connected to an oil rotary pump. The flask was heated
at 50 °C for 1.0 h under vacuum, and subsequently, the
vessel was transferred to a vertical stainless-steel tube
reactor. After replacing air with N, gas (>99.995%), the
reactor was heated to a carbonization temperature (CT;
300 °C, 600 °C, 650 °C, 700 °C, 750 °C, 800 °C, or 850 °C)
in a downstream of N, gas (1 mL STP cm™> min™") using
an electric furnace; the temperature was increased at
a rate of 10 °C/min. The reactor was held at the desired
temperature for 0.50 h, 1.0 h or 3.0 h, and subsequently,
pulled from the furnace. Ambient-temperature air was
blown over the tube reactor using an ordinary air dryer
during the cooling period. Cooling rates were estimated
to be ~50 °C/min. All carbonization processes, including
the cooling process, were carried out under N, gas flow.
The carbonization procedures used in this study were the
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same as reported previously [10] when the holding time
was set at 1.0 h.

The iron-loaded charcoal samples synthesized from
wood are abbreviated as FeX-Y-Z. The letters of X, Y,
and Z are the content (w/w%) of Fe** in wood, CT, and
holding time (HT) at CT, respectively. For example, the
charcoal samples made from wood with an Fe>" content
of 3 w/w% at 650 °C for 0.50 h is denoted as Fe3-650-0.5.
Furthermore, the following abbreviations, which collec-
tively represent a series of charcoal samples, are used as
appropriate: Fe3-Y-1, Fe3-700-Z, FeX-700-1, Fe5-Y-1, etc.

Mossbauer spectroscopy

5"Fe Mossbauer spectra were recorded in a conventional
transmission mode using a Mossbauer spectrometer
(Model-222, Topologic System Co., Japan) with a *’Co
(Rh) source (925 MBq). Charcoal samples were ground
in an agate mortar for a few minutes before Mdssbauer
measurements. Measurement temperatures were 298 K
and 78 K, which were regulated using a cryostat DN-1726
with an ITC-601 temperature controller (Oxford Instru-
ments PLC, UK). The y-ray transmission diameter of the
charcoal sample was ~8 mm. The Mossbauer spectra
were analyzed using a curve-fitting processing with the
MossWinn 4.0Pre program, assuming that all the spectra
were composed of Lorentzian-shaped absorption peaks.
The isomer shift (IS) and Doppler velocity scale were cali-
brated with respect to a-Fe at room temperature.

Raman spectroscopy

Charcoal samples were submitted to Raman measure-
ments after rough grinding. Raman spectra were obtained
using a Raman spectrometer (inVia Raman Microscope,
Renishaw PLC, UK) with 532 nm laser excitation (0.75 or
1.5 mW). Back-scattered Raman signals were collected
through a microscope (50x objective lens) with a spec-
tral resolution of approximately 3 cm ™, and the exposure
time was 50 s. Raman measurements were repeated at
more than 30 different points for each charcoal sample,
because the laser-irradiation point (~ 2 um diameter) was
too small for sample particle sizes, in which one meas-
urement might lead to a possible deflected result for a
sample with inhomogeneity. The calibration of Raman
shifts was carried out using the 520 and 1332 cm™! for a
silicon wafer and diamond, respectively.

Results and discussion

In this study, Fe3-700-1 and Fe3-850-1 charcoal sam-
ples were also synthesized from Japanese cypress wood
powder prepared using the improved Fe**-impregnation
method. As a result of Mossbauer and Raman analysis,
there were no important differences in iron species yields
and graphitization between Fe3-700-1 and Fe3-850-1
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samples made from Japanese cedar and Japanese cypress.
Thus, we discuss the carbonization of wood impregnated
with Fe?*, assuming that Japanese cedar has no signifi-
cant differences in the properties of iron-loaded charcoal
material from Japanese cypress.

Méssbauer spectra of Fe3*-impregnated wood powder
The color of the wood powder turned dark by the impreg-
nation with Fe>*, and the dark color was similar to that of

ancient buried Japanese cedar wood containing high con-
tents of multinuclear Fe*™-complexes bonding with func-
tional groups originating from wood constituents [11,
12]. When suspending the air-dried Fe*"-impregnated
wood powder in pure water, the aqueous solution turned
to brown color while the color of the wood powder was
slightly fade out. Thereby, most of the Fe*' ions in wood
powder probably formed chemical species of Fe>* soluble
in water.
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Figure 3 depicts the Mossbauer spectra at 298 K and
78 K of Japanese cedar wood powder impregnated with
the Fe** content of 3 w/w% after the air-drying at room
temperature. Both spectra were composed of a doublet
and their absorption line-shapes were able to be pro-
cessed as Lorentzian curves. The parameters obtained
using the curve-fitting method are listed in Table 1.

The IS and quadrupole splitting (QS) values at 78 K of
the doublet absorption are compatible with those of Fe**
in the ancient Japanese cedar wood [11, 12], revealing
that the Fe*" species are most likely present in the high-
spin state; however, Fe>" ions in the wood powder are not
present in ordinary iron(III) nitrate hydrate of a mononu-
clear aqua-complex. The Mossbauer absorptions should
show a broad and non-Lorentzian singlet line if Fe*" ions
form the aqua-complexes [13, 14]. The broadening and
deformation from a Lorentzian curve are due to the para-
magnetic relaxation effect, and the effect should increase
as measurement temperature decreases from 298 to 78 K
[15-17]. Actually, the Mossbauer absorptions even at
78 K of the raw wood powder are composed of a Lorent-
zian doublet, suggesting that high-spin Fe*' ions form
multinuclear complexes [18]. Wood constituents hav-
ing organic functional groups, e.g., hydroxy and carboxy

Relative intensity (a. u.)

-0 8 -6 4 2 0 2 4 6 8 10
Doppler velocity (mm/s)

Fig. 3 Mossbauer spectra at 298 Kand 78 K of raw Japanese cedar
wood impregnated with Fe** content of 3 w/w%: a 298 K, b 78 K
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groups, probably crosslink an Fe** ion with the others,
although it is possible that NO;™ ion also act as a bridg-
ing ligand. Accordingly, the Mdssbauer data shown in
Fig. 3 and Table 1 seem to indicate that the bulk of Fe*"
ions enter into the cell walls.

In general, a factor governing the efficiency of solid-
phase reactions is the uniform dispersion of reactants in
the reaction matrix. For example, to disperse the metal
atoms as a reactant homogeneously, polymer metal com-
plexes were used as a starting material for making func-
tional carbon [19]. Thus, woody biomass is probably
appropriate for a crude material of carbon-based materi-
als made using chemical treatments, because the biomass
is able to be impregnated with aqueous and hydrophilic
organic solutions.

Mossbauer spectra of Fe3-Y-1 charcoal
Figure 4 shows the Mossbauer spectra at 298 K of Fe3-
Y-1 charcoal samples. The Mossbauer parameters and
iron species corresponding to them are summarized
in Table 2. As is evident from the figure, the Moss-
bauer spectra of Fe3-300-1, Fe3-600-1, and Fe3-650-1
are composed of a doublet absorption. Conversely, sev-
eral components are resolved in the Mdgssbauer spectra
of charcoal samples synthesized at CT of >700 °C, and
some of them are assigned to Fe;C, a-Fe, or y-Fe. This is a
remarkable result which indicates that most Fe*' ions are
reduced to Fe’ species, i.e., Fe;C, a-Fe, and y-Fe, in the
CT range from 650 to 700 °C. It should be noted that the
CT range is considerably lower than that reported in our
previous work [10]. We will discuss such striking fall of
the CT range in detail in the later section of this article.
As for Fe3-300-1, Fe3-600-1, and Fe3-650-1, the IS
and QS values of their Mossbauer doublet lines are likely
assignable to those of high-spin Fe** species. The high-
spin Fe*" species included in Fe3-600-1 and Fe3-650-1
are expected to be nano-sized iron(III) oxide particles as
reported previously [10]. According to Gadalla et al. [18],
Fe(NO,); hydrates will be decomposed chemically and
changed into Fe,O4 up to ~400 °C. Despite strong inter-
nal magnetic fields of a-Fe,O5 and y-Fe,Os, no magnetic
hyperfine splitting can be observed in the Mossbauer
absorptions of Fe3-600-1 and Fe3-650-1, suggesting that
Fe,O; particles sizes are so small that a superparamag-
netic relaxation phenomenon appears [20].

Table 1 Mé&ssbauer parameters of Japanese cedar wood powder impregnated with Fe*

Temp. (K) Type of split IS (mm/s) QS (mm/s) LW (mm/s) Iron species
298 Doublet 037(1) 0.76 (2) 0.52 (3) High-spin Fe’t
78 Doublet 0491 (5) 0.853 (8) 0.55 (1) High-spin Fe**

IS isomer shift, QS quadrupole splitting, LW line width



Yamagishi et al. Journal of Wood Science (2022) 68:7

Fe3-300—1
,,‘;Mj.n

el

o
(=
2,

Fe3-600-1

|
|

J
~

T T
(o

oy
=
«l

Relative intensity (a. u.)

-10 8 -6 -4 -2 0 2 4 6 8 10
Doppler velocity (mm/s)

Fig. 4 Mossbauer spectra at 298 K of Fe3-Y-1 charcoal samples:

a Fe3-300-1, b Fe3-600-1, c Fe3-650-1, d Fe3-700-1, e Fe3-750-1, f
Fe3-800-1, g Fe3-850-1. Orange solid curve (doublet): high-spin Fe3*
species, blue solid curve (sextet 1): Fe;C, green solid curve (sextet 2):

a-Fe, magenta solid curve (singlet): y-Fe

The Mossbauer spectra of Fe3-300-1 consists of a Lor-
entzian doublet; however, its IS and QS values are signifi-
cantly larger compared with those of raw wood powder,
Fe3-600-1, and Fe3-650-1. Thus, Fe>* species contained
in Fe3-300-1 are likely to be different from the multinu-
clear complexes in raw wood powder and nano-sized
Fe,O; particles in Fe3-600-1 and Fe3-650-1. These Moss-
bauer parameters may suggest the formation of interme-
diate iron species before the Fe,O, formation [21].

As shown in Table 2, all Méssbauer spectra of Fe3-Y-1
charcoal samples synthesized at >700 °C are composed
of four kinds of components. The three components
are attributed to reduced iron species (a-Fe, y-Fe, and
Fe;C), and the fourth is likely to be assigned to high-
spin Fe> species although this assignment is not com-
pletely free from ambiguity. It is noteworthy that the
total yield of the reduced iron species reaches 67% when
CT is set at 700 °C. This indicates that a rapid increase
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of the reduction rate from Fe*" to Fe? in charcoal occurs
in the CT range 650-700 °C, and this range is approxi-
mately 150 °C lower than that reported previously [10].
The charcoal samples, which were synthesized from
the Fe*'-impregnated wood powder prepared without
decompression-impregnation, maintained a considerable
amount of high-spin Fe*" species (yield: ~80%) when CT
was set even at 800 °C, despite the same synthesis con-
ditions in this study other than the Fe*'-impregnation
method. As seen in Table 2, the majority of Fe*>" species
in wood was reduced to Fe’ at 700 °C, suggesting that
addition of the decompression-impregnation process
lowered the initial temperature of reduction from Fe>" to
Fe’ remarkably.

Figure 5 illustrates the CT-dependence of iron spe-
cies yield from 600 to 850 °C. The yield of high-spin Fe>"
species decreases with the increase of CT, while those of
a-Fe and y-Fe show an increase tendency with CT from
more than 700 °C. The detection of y-Fe at the measure-
ment temperature of 298 K is explainable in terms of the
thermodynamic properties of y-Fe, which is in a meta-
stable phase, forming only in rapid cooling (~ 50 °C/min)
from a higher temperature than the eutectoid transfor-
mation temperature of 727 °C [22]; y-Fe cannot maintain
a thermodynamically stable state below this temperature.
Further investigations and additional experiment will be
required to explain the Fe,C yield change with CT.

Mossbauer spectra of Fe3-Y-Z charcoal: effects of HT

on iron species yields

Figure 6 depicts the Mossbauer spectra of Fe3-Y-Z char-
coal samples (Y=300 °C, 650 °C, 700 °C and 850 °C;
Z=0.50 and 3.0 h), and Table 3 contains a summary of
the Mossbauer parameters shown. When wood pow-
der with the Fe** content of 3 w/w% was carbonized at
300 °C or 650 °C, there was no indication of the presence
of reduced iron species in the Mossbauer spectra even
though HT was extended by 3.0 h. It should be noted that
no Fe’ species are detected in the Mossbauer spectrum
of Fe3-700-0.5, and the spectral line is composed only a
doublet showing the IS and QS values close to those of
Fe3-600-1 and Fe3-650-1. Conversely, the Mdssbauer
spectrum of Fe3-700-3 exhibits a similar spectral line-
shape to that of Fe3-700-1, indicating that the reduced
iron species remain during HT of 3.0 h.

Figure 7 displays the changes in iron species yields
with HT for Fe3-700-Z and Fe3-850-Z, where Z=0.50,
1.0, and 3.0 h. The yield of high-spin Fe*" species in Fe3-
700-Z decreases drastically and both the yields of Fe;C
and a-Fe increase clearly in the HT range from 0.50 to
1.0 h, although the yields of all the reduced iron (Fe°)
species exhibit no remarkable differences between Fe3-
700-1 and Fe3-700-3. In contrast to Fe3-700-Z charcoal
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Table 2 CT-dependence of Mossbauer parameters at 298 K of iron-loaded charcoal samples
Sample Type of split IS (mm/s) QS (mm/s) H(T) LW (mm/s) Yield (%) Iron species
Fe3-300-1 Doublet 0419 (4) 0.971(7) - 0.55(1) 100 High-spin Fe3*
Fe3-600-1 Doublet 0.340 (3) 0.893 (4) - 0.718 (7) 100 High-spin Fe3t
Fe3-650-1 Doublet 0348 (2) 0929 (4) - 0699 (7) 100 High-spin Fe?*
Fe3-700-1 Sextet-1 —0.003 (5) 0.02(1) 33.00 (3) 0.28 (1) 22(1) a-Fe

Singlet —0.09(2) - - 0.28 (4) 3(N y-Fe

Sextet-2 0.185(3) 0.032 (7) 20.70 (3) 0.36 (1) 42 (1) FesC

Doublet 034 (1) 0.89 (2) - 0.86 (4) 33(1) High-spin Fe3t
Fe3-750-1 Sextet-1 0.001 (3) —0.002 (6) 33.06 (2) 0.334(8) 34(1) a-Fe

Singlet-1 —0.095 (1) - - 0.321 (7) 30(1) y-Fe

Sextet-2 0.17 (1) 0.05 (2) 20.54 (8) 0.35(3) 1) Fe,C

Singlet-2 017 (3) - - 147 (7) 25 (1) High-spin Fe3t
Fe3-800-1 Sextet-1 0.002 (4) —0.008 (7) 33.12(2) 0.339(9) 18.8 (4) a-Fe

Singlet-1 —0.098 (2) - - 0.400 (6) 20.0 (3) y-Fe

Sextet-2 0.188 (1) 0.026 (3) 20.67 (1) 0.379 (4) 54.7 (4) Fe;C

Singlet-2 061 (2) - - 0.90 (7) 6.5 (5) High-spin Fe’*
Fe3-850-1 Sextet-1 0.005 (4) 0.010 (9) 33.07(3) 0.35 (1) 35(1) a-Fe

Singlet-1 —0.099 (5) - - 041 (3) 23(3) y-Fe

Sextet-2 0.187 (6) 0.02 (1) 20.80 (4) 0.37(2) 28(1) FesC

Singlet-2 022 (8) - - 0.99 (8) 14 (4) High-spin Fe**

CT carbonization temperature, IS isomer shift, QS quadrupole splitting, H internal magnetic field, LW line width

100~ h

501 1

Yield of iron species (%)

600 650 700 750 800 850
CT (°C)
Fig. 5 CT-dependence of iron species yield in Fe3-Y-1 charcoal

samples. Orange open circle: high-spin Fe**, blue open rhombus:
Fe;C, green open square: o-Fe, magenta open triangle: y-Fe

samples, the yield of high-spin Fe>' species is less than
10% in Fe3-850-0.5, and shows little dependence on
HT. Similar to the high-spin Fe>" species, the yields of
the three reduced iron species exhibit no remarkable

changes with HT. These results confirm the suggestion
that the reduction reactions of iron are completed virtu-
ally up to HT of 0.50 h when CT is set at 850 °C. Moreo-
ver, the Mossbauer analysis provides important results
which reveal that the re-oxidation of reduced iron species
scarcely progresses up to HT of 3.0 h at least, because
no magnetic hyperfine splitting due to iron(III) oxides is
observed in Fe3-700-3 and Fe3-850-3 charcoal samples.

The appearance of magnetic hyperfine splitting corre-
sponding to Fe;C and a-Fe in the Mossbauer spectra of
Fe3-700-3 and Fe3-850-3 indicates that the two reduced
iron species probably formed particles whose sizes were
so large that superparamagnetic relaxation effect was
negligible [20]. The particle sizes of y-Fe also seem to be
comparable with those of Fe,C and a-Fe. Hence, if the re-
oxidation of reduced iron species proceeds, the produced
iron(III) oxides particles should be so large that the
Mossbauer spectra of Fe3-700-3 and Fe3-850-3 exhibit
magnetic hyperfine splitting assigned to them.

Mbssbauer spectra of Fe5-Y-1 charcoal: effects of Fe3*
content in wood on iron species yields

Figure 8 depicts the Mossbauer spectra of charcoal sam-
ples synthesized from the wood powder containing Fe*"
of 5 w/w%, and their Mossbauer parameters are sum-
marized in Table 4. It is worthy stressing that Fe5-650-1
charcoal contains Fe;C and a-Fe of which the yields are
6.2% and 20%, respectively. Whereas the reduction from
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Fig. 6 Mossbauer spectra at 298 K of Fe3-Y-Z charcoal samples: A Fe3-Y-0.5 (a, Fe3-700-0.5; b, Fe3-850-0.5); B Fe3-Y-3 (c, Fe3-300-3; d, Fe3-650-3;
e, Fe3-700-3; f, Fe3-850-3). Orange solid curve (doublet): high-spin Felt species, blue solid curve (sextet 1): Fe;C, green solid curve (sextet 2): a-Fe,

Table 3 HT-dependence of M&ssbauer parameters at 298 K of iron-loaded charcoal samples

Sample Type of split IS (mm/s) QS (mm/s) H(T) LW (mm/s) Yield (%) Iron species
Fe3-300-3 Doublet 0.398 (7) 0.99 (1) - 0.61(2) 100 High-spin Fe3*
Fe3-650-3 Doublet 0333 (6) 0.85(1) - 0.70 (2) 100 High-spin Fe3*
Fe3-700-0.5 Doublet 0.349 (6) 093 (1) - 071 (2) 100 High-spin Fe3t
Fe3-700-3 Sextet-1 0.001 (7) 0.01 (1) 33.06 (4) 032(2) 37(2) a-Fe

Singlet —-0.17(11) - - 044 (20) 3(1) y-Fe

Sextet-2 0.193 (9) - 20.61(7) 0.39 (2) 37(2) Fe,C

Doublet 035 (4) 091 (7) - 0.67 (8) 22(2) High-spin Fe3t
Fe3-850-0.5 Sextet-1 —0.001(9) 0.00 (2) 33.06 (6) 0.30(3) 21 (1) a-Fe

Singlet —0.096 (4) - - 040 (1) 30(1) y-Fe

Sextet-2 0.185 (5) 0.041 (11) 20.71 (4) 0.34 (2) 41(1) FesC

Doublet 0.72 (5) 0.65 (7) - 0.54(13) 8(1) High-spin Fe>*
Fe3-850-3 Sextet-1 —0.010 (4) 0.028 (8) 33.11(2) 0.32 (1) 25(1) a-Fe

Singlet —0.096 (2) - - 0.466 (7) 337 (4) y-Fe

Sextet-2 0.181 (4) 0.057 (7) 20.64 (3) 0414 (9 37(1) Fe;C

Doublet 0.61(1) 048 (2) - 0.28 (3) 41 (4) High-spin Fe3t

HT holding time at CT, IS isomer shift, QS quadrupole splitting, H internal magnetic field, LW line width

Fe®" to Fe’ scarcely proceeds in Fe3-650-Z charcoal sam-
ples even though HT was extended to 3.0 h, the reduced
iron species are clearly observed in the Mdssbauer spec-
trum from Fe5-650-1. Conversely, the yields of the iron
species in Fe5-700-1 show no remarkable differences
from those in Fe3-700-1, and the same applies for the
iron species yields in Fe5-850-1 and Fe3-850-1. These
Mossbauer data indicate that the reduction from Fe** to
Fe’ occurs at lower than 650 °C in the carbonization of
wood powder with the Fe** content of 5 w/w% and the

starting temperature of reduction depends upon Fe"
content.

Formation processes of iron species speculated

from Mossbauer spectra of iron-loaded charcoal

As mentioned earlier for the explanation of Fig. 4, it is
expected that almost all high-spin Fe>* species in Fe3-
600-1 and Fe3-650-1 is probably assigned to nano-sized
Fe,O, particles. Chemical species displaying the effec-
tive reducing power are CO, H,, and CH, among main
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Fig. 7 HT-dependence of iron species yield in Fe3-700-Z and
Fe3-850-Z charcoal samples. Open mark: Fe3-700-Z charcoal, full
mark: Fe3-850-Z charcoal. Orange circle: high-spin Fe**, blue
rhombus: Fe;C, green square: a-Fe, magenta triangle: y-Fe
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Fig. 8 Mossbauer spectra at 298 K of Fe5-Y-1 charcoal samples: a
Fe5-600-1, b Fe5-650-1, ¢ Fe5-700-1, d Fe3-850-1. Orange solid curve
(doublet): high-spin Fe3* species, blue solid curve (sextet 1): Fe,C,
green solid curve (sextet 2): a-Fe, magenta solid curve (singlet): y-Fe
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gases emitted from wood impregnated with Fe** during
the pyrolysis processes [23, 24]. These gases are succes-
sively produced from a temperature of <400 °C during
ordinary thermal decomposition of woody biomass [25].
Thus, solid carbon (C) and the three gaseous compounds
can act as reductants for Fe,O5 in charcoal, and amor-
phous carbon was generated in charcoal synthesized
even at 300 °C, which will be described in details later in
the section on Raman spectroscopic results. Based on the
reduction mechanism of iron ores accepted generally, the
possible reduction reactions are represented as follows:
CO reduction [26, 27]:

3Fe;O3 + CO — 2Fe304 + COy
Fe3O4 + CO — 3FeO + CO,

FeO 4+ CO — Fe + CO,
H, reduction [27]:
3Fe;O3 + Hy — 2Fe304 + HyO

Fe3O4 + Hy — 3FeO + H,O

FeO + Hy — Fe + H,O
CH, reduction [27]:

Fey O3 + 3CHy4 — 2Fe 4+ 6Hy 4+ 30
C reduction [26, 27]:

3Fey03 + C — 2Fe304 + CO

Fe3O4 + C — 3FeO + CO

FeO + C — Fe+ CO

In addition, CH, conversion and cracking, Fe carburiz-
ing (formation of iron carbide), and CO disproportiona-
tion reactions will occur during carbonization processes.
The whole reduction mechanism in iron-loaded charcoal
is presumably composed of the reactions described above
and should be complicated; therefore, the contribution
of the reductants to Fe,O; reduction is expected to be
highly susceptible to carbonization settings.

There occurred no Mossbauer absorptions attribut-
able to Fe;O, or FeO in the spectra of any of the charcoal
samples, whereas the formation of Fe;O, and FeO were
confirmed in reduced substance from hematite (a-Fe,O,)
using powder X-ray diffractometry [26, 28, 29]. A possi-
ble explanation for no detection of Fe;O, and FeO is that
the contents of the intermediate iron oxides remaining
in the iron-loaded charcoal submitted to the Mossbauer
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Table 4 Mé&ssbauer parameters at 298 K of iron-loaded charcoal samples synthesized from wood containing Fe**+ of 5 w/w%

Sample Type of split IS (mm/s) QS (mm/s) H(T) LW (mm/s) Yield (%) Iron species
Fe5-600-1 Doublet 0327 (3) 0.918 (5) - 0.682 (8) 100 High-spin Fe3*
Fe5-650-1 Sextet-1 0.010(3) —0.009 (7) 33.11(2) 0.30(1) 20 (1) a-Fe

Sextet-2 0.185 (8) 0.06 (2) 21.02 (5) 0.24 (2) 6.2 (4) Fe,C

Doublet 0.330(2) 0.896 (3) - 0.682 (5) 74.0 (3) High-spin Feit
Fe5-700-1 Sextet-1 —0.001(2) —0.005 (3) 33.17(1) 0.301 (5) 30.7 (4) a-Fe

Sextet-2 0.189 (2) 0.022 (4) 20.80 (1) 0.375 (5) 37.1(4) FesC

Doublet 0.327 (4) 0.913 (6) - 0.72(1) 323(3) High-spin Fe3t
Fe5-850-1 Sextet-1 0.004 (4) 0.003 (8) 33.04(2) 031 (1) 269 (7) a-Fe

Singlet —0.096 (2) - - 0.407 (6) 32.1(4) y-Fe

Sextet-2 0.181 (3) 0.022 (6) 20.74 (2) 0.349 (8) 35.8(7) Fe,C

Doublet 0.56 (1) 044 (2) - 031(3) 5.1(4) High-spin Fe3t
IS isomer shift, QS quadrupole splitting, H internal magnetic field, LW line width
measurements might be too small to detect them clearly
by the measurement in this study. The analytical method 2700 1590
other than Mossbauer spectroscopy may be needed to i G' G 1350 1
determine whether the intermediate iron oxides are gen- 2040 | D 1
erated in the carbonization procedure. : : ]

It is assumed that the four types of reduction occur
competitively during the carbonization. Numerous stud-
ies on the reductions of Fe,O4 have been reported, and
most of them discussed the reduction reactions occur-
ring at temperatures higher than 800 °C, which were set
based on the reduction of iron ore in a blast furnace.
However, several reports provided X-ray diffractometry
evidence of the production of metallic iron and Fe;C
from nano-sized Fe,O; powder at lower than 700 °C
without a catalyst [26, 28].

Consequently, the remarkable growth of Fe’ species
yield at lower CT is probably caused by the enhancement
of the homogeneity of Fe*-dispersion in wood cell walls,
owing to the addition of decompression-impregnation.

Raman spectra of iron-loaded charcoal

Figure 9 shows the typical Raman spectra of Fe3-Y-1
charcoal samples. All the Raman spectra exhibit G- and
D-bands; moreover, a G’(2D)-band appears in the spectra
of charcoal samples synthesized at CT of >700 °C. These
three bands are due to sp2—carbon; however, the D- and
G’-bands are not ordinary Raman bands and their Raman
shifts are dependent on the wavelength of the excita-
tion laser. Furthermore, the G’-band is the over tone of
the D-band; nevertheless, the intensity of the G’-band is
not proportional to that of the D-band. In addition, it is
generally recognized that D-band intensity increases as
lattice defects in the graphite structure increase [30]. We
adopted the G’-band as a marker of graphitic structure
formation, assuming that amorphous carbon does not
show a G’-band in its Raman spectrum. Furthermore, we

Fe3-300-1

Fe3—600-1

Fe3—650-1

Fe3-700-1

Fe3—750-1

Relative intensity (a. u.)
o

Fe3—800-1

Fe3—850-1

2000 1000

Wavenumber (cm!)

3000

Fig. 9 Typical Raman spectra of Fe3-Y-1 charcoal samples: a
Fe3-300-1, b Fe3-600-1, ¢ Fe3-650-1, d Fe3-700-1, e Fe3-750-1, f
Fe3-800-1, g Fe3-850-1

qualitatively evaluated the ratio of graphite to amorphous
carbon from the ratio of the G’-band intensity to G-band
intensity.
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The most noticeable observation obtained from Fig. 9
is changes in spectral line-shape occurring between 650
and 700 °C. This is due mainly to the sharpening of the
D-band and appearance of the G’-band, indicating crys-
tallization of sp’*-carbon (i.e., graphitization), and this
takes place in the same CT range as the reduced iron
species are generated in charcoal samples. Another point
worth noting in Fig. 9 is the detection of D- and G-bands
in the top Raman spectrum although they are consider-
ably broadened and poorly resolved from each other,
suggesting that the formation of chemical bonds involv-
ing amorphous sp-carbon even at CT of 300 °C. On
the other hand, a strong G’-band and sharp D-band are
observed in the bottom spectrum of Fe3-850-1, indicat-
ing that graphitization progresses quite well. However,
it is apparent that the solid carbon even in Fe3-850-1 is
far from complete graphitization, comparing with the
Raman spectra of high-grade graphite [31, 32].

Although the Raman spectra shown in Fig. 9 are a rep-
resentative Raman line-shapes of each Fe3-Y-1 charcoal
sample, measurement-point dependence of the line-
shape was observed in Fe3-650-1, Fe3-700-1, and Fe3-
750-1, and especially so in Fe3-700-1. Figure 10 depicts
the six Raman spectra measured at different points on
each charcoal sample. The relative intensity and line-
shape of the D-, G-, and G’-bands of Fe3-700-1 largely
fluctuates with the measurement point; therefore, the
Raman spectrum (Fig. 9d) is an average spectrum of Fe3-
700-1 rather than a typical one. A few Raman spectra of
Fe3-750-1 as displayed in Fig. 10C-a showed a weaker
G’-band as compared with other spectra. As for Fe3-650-
1, almost all the Raman spectra showed a broad D-band
and no G’-band; however, only a Raman spectrum
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exhibiting a very weak G’-band was obtained, as shown
in Fig. 10A-f.

Interestingly, as shown in Fig. 11, this weak G’-band
was observed only at measurement points on pit border
(PB) of Fe3-650-1; moreover, the G’-band intensity on
the PB tends to be stronger than that on the wall of other
parts in the Raman spectra of Fe3-700-1. The results are
currently under consideration in terms of the structures
and constituents of wood cell walls.

With respect to Fe3-Y-1 other than Fe3-650-1, Fe3-
700-1, and Fe3-750-1 charcoal samples, the line-shape
of the three Raman bands were scarcely changed by the
measurement point, although the intensity ratio of the
D-band to G-band seems to be slightly dependent on the
measurement point on Fe3-800-1 and Fe3-850-1 charcoal
samples. Consequently, the Raman spectra of Fe3-Y-1
charcoal samples provide further evidence that graphiti-
zation is closely related to the reduction from Fe** to Fe®
in the carbonization of wood powder impregnated with
Fe?*.

Figure 12 depicts the Raman spectra of six different
points on Fe3-700-0.5 and Fe3-700-3 charcoal samples.
As is evident from the figure, the measurement point
influences the Raman spectra of both charcoal samples,
especially for Fe3-700-0.5. Approximately half of Raman
spectra of Fe3-700-0.5 exhibited little or no G’-band,
and the G’-band intensity was weak compared with the
typical spectra of Fe3-700-1 even though the band was
detected. Conversely, a strong G’-band appeared in
almost all the Raman spectra of Fe3-700-3. A point worth
noting in Fig. 12A is the detection of the G’-band in sev-
eral Raman spectra, indicating the formation of graphitic
structures in the charcoal.

2700 N
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1590 1350 1
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oo \ P A : :
3000 2000 1000 3600
Wavenumber (cm™")
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Fig. 10 Measurement-point dependence of Raman spectral line-shape observed from Fe3-650-1, Fe3-700-1, and Fe3-750-1 charcoal samples: A

. . . T . . .
2000 1000 3000 2000 1000
Wavenumber (cm™!)
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Fig. 11 Cell-wall site dependence of the relative G’-band intensity observed from Fe3-650-1 and Fe3-700-1 charcoal samples: a ordinary wall of
Fe3-650-1; b pit border of Fe3-650-1; ¢ ordinary wall of Fe3-700-1; d pit border of Fe3-700-1. PB* pit border
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Fig. 12 Measurement-point dependence of Raman spectral line-shape observed from Fe3-700-0.5 and Fe3-700-3 charcoal samples: A Fe3-700-0.5,

Figure 13 displays the typical Raman spectra of Fe5-
Y-1 charcoal samples. The Raman spectra of these char-
coal samples show the same CT-dependence as that of
Fe3-Y-1. In other words, a critical spectral change was

observed in the CT range from 650 to 700 °C. It should
be noted that no G’-band was found in Fe5-650-1 char-
coal despite more than 100 different point-measure-
ments containing the pit border.
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Fig. 13 Typical Raman spectra of Fe5-Y-1 charcoal samples: a
Fe5-300-1, b Fe5-600-1, ¢ Fe5-650-1, d Fe5-700-1, e Fe5-750-1, f
Fe5-850-1

Graphitization mechanism deduced from Mdssbauer

and Raman data

We comprehensively discuss the relationship between
the reduction from Fe** to Fe” and graphitization in the
carbonization of wood powder impregnated with Fe3™,
based on the results obtained from the Mdossbauer and
Raman spectroscopic characterization.

We previously reported that both reduction and gra-
phitization progressed rapidly from 800 to 850 °C [10].
Nevertheless, the Mossbauer and Raman measurements
in this study indicate that rapid progress occurs in the
CT range of 650-700 °C. As mentioned above, this dif-
ference for the critical CT range is probably attributable
to improvement in Fe*'-impregnation. In particular, it
is presumed that Fe*" ions are dispersed more homo-
geneously in wood cell walls, owing to the addition of
decompression-impregnation, and thereby, the starting
temperature of Fe*"-reduction is greatly reduced.

Here, a key issue that should be discussed based on
the spectroscopic characterization is the chronological
order of the reduction from Fe** to Fe and graphiti-
zation in the carbonization process. In other words, it
is necessary to find clues to determine which reactions
occur earlier, reduction or graphitization. A few stud-
ies have been published on graphitization in carbon-
based materials containing iron and nitrogen [33, 34]
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or metallic iron—amorphous carbon systems [35, 36],
and they have individually proposed a hypothesis on
the mechanism of graphitic structure formation on the
basis of experimental evidence. All of them provide a
cogent, scientific explanation for the mechanism of gra-
phitization involving iron; however, it is likely to be dif-
ficult to explain graphitization completely in complex
systems such as iron-loaded charcoal using a reaction
path alone.

The graphitization mechanisms with iron reported pre-
viously have been explained in the two following ways:

1. Metallic iron and Fe,C, which are Fe° species, start
to graphitize amorphous carbon. In other words, Fe’
species play a role as a catalyst for graphitization [36].

2. Iron forms intermediate species prior to the reduc-
tion to Fe’, and these species contribute to construct
graphite structures [33, 34].

The reduction from Fe?" to Fe® must occur before the
formation of graphitic structures even if partly when the
mechanism (1) is solely applied to this study. The absorp-
tions due to Fe? species appear weakly but clearly in the
Moéssbauer spectrum of Fe5-650-1 (Fig. 8b); however, no
Raman scattering assigned to the G’-band was detected
despite more than 100 different point-measurements,
and the first detection of the G’-band was confirmed in
Fe5-700-1. Thus, the Mossbauer and Raman spectro-
scopic data for Fe5-Y-1 charcoal can be explained using
the mechanism (1). Moreover, as for Fe3-Y-1 charcoal,
both Fe® species and graphite structure were confirmed
in the samples synthesized at >700 °C, although a very
weak G’-band was detected at only two measurement
points among more than 50 in Fe3-650-1 despite obser-
vation of no Fe’ species. Hence, it is likely that both the
Moéssbauer and Raman spectroscopic analyses of Fe3-Y-1
charcoal are not inconsistent with the mechanism (1).
However, whereas the appearance of the G’-band was
confirmed in a number of Raman spectra of Fe3-700-0.5
(Fig. 12A), neither absorptions due to a-Fe nor Fe,C were
observed in the Mdssbauer spectrum (Fig. 6¢). It is dif-
ficult to account for the results for Fe3-700-0.5 without
contradiction only using mechanism (1), even assuming
that the Méssbauer doublet contains the absorptions due
to trace amounts of nano-sized a-Fe or Fe;C particles
showing no magnetic hyperfine splitting.

Similarly, it is difficult for the mechanism (2) by itself
to explain all the Mdssbauer and Raman results for
the following reasons. First, although the G’-band is
expected to be observed in the Raman spectra of FeX-
650-Z at least because graphitic structures should be
formed before the production of Fe® species, no solid
G’-band was detected (Figs. 10A and 13c). Second, no
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absorptions attributable to intermediate iron species
were found in the Mdssbauer spectra of any charcoal
samples.

Various chemical reactions and physical changes
(e.g., pyrolysis of wood, redox of iron, crystallization,
aggregation, and diffusion) should progress competi-
tively in the carbonization of the complicated materi-
als used in this study. It can be presumed that there are
multiple reaction paths to graphitization and the main
path easily switches with others depending on the car-
bonization conditions. With respect to the charcoal
samples synthesized at >750 °C, it may be expected
that Fe® species provide strong support for graphitiza-
tion. However, other mechanisms of graphitization are
required for the carbonization in the critical CT range
of 600-700 °C. Thus, we could have a hypothesis that
Fe;O, and/or FeO also develop graphitic structures,
although the formation of the intermediate iron oxides
has not been observed experimentally. In addition, gra-
phitization might not progress smoothly until func-
tional groups and molecular frameworks originated
from wood constituents are almost pyrolyzed, even if
Fe? species and amorphous sp>-carbon were generated
in charcoal. Further study and insights are necessary to
elucidate the mechanisms of reduction from Fe*" to Fe’
and graphitization more clearly.

Conclusion

The Mossbauer and Raman spectroscopic characteri-
zation of iron-loaded charcoal carbonized using the
improved Fe*'-impregnation method provided the
important information about the carbonization of
wood impregnated with Fe3*.

We conclude that the generation of Fe® species at the
lower CT range of 600-700 °C is attributed to enhance-
ment of the homogeneity of Fe*™-dispersion in wood
cell walls. It can be presumed that more homogene-
ous dispersion of Fe’' ions makes the Fe,O; particle-
size smaller, and thereby the reduction of Fe,O; occurs
smoothly.

The results obtained from the Mdssbauer and Raman
measurements indicated that carbonization reac-
tions are complicated and cannot be comprehensively
explained using a simple model. However, it is likely
that Fe® species provide strong support for graphitiza-
tion when CT and HT are set at > 750 °C and >1.0 h,
respectively. Moreover, multiple possible reaction
paths to graphitization are expected to be included in
the whole carbonization process, and the primary path
might be readily exchangeable for others depending on
the carbonization settings.
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