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Structural Characterization of Modern and Fossilized Charcoal Produced in
Natural Fires as Determined by Using Electron Energy Loss Spectroscopy
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Abstract: Charcoal produced in natural
fires is widespread, but surprisingly
little is known about its structure and
stability. TEM and electron energy loss
spectroscopy (EELS) were used to
characterize the organized graphite-
like microcrystallites and amorphous
nonorganized phases of modern char-
coal that had been produced in natural
fires. In addition, a semiordered struc-

coal samples. Fossilized charcoal con-
tains fewer graphite-like microcrystal-
lites than modern samples. EELS spec-
tra confirmed that the dominant struc-
ture in fossilized charcoal is amorphous
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carbon. EELS measurements also re-
vealed that only the nonorganized
phase contains oxygen, which indicates
that the degradation of the fossilized
charcoal structure occurs mainly
through oxidation processes. The few
graphite-like microcrystallites found in
fossilized charcoal were composed of
onion-like structures that are probably
less prone to oxidation owing to their

. o oxidation
ture was identified in two modern char-

Introduction

Charcoal produced in open fires is of much interest in terms
of its role in the carbon cycle of the earth, as an important
component of certain soils, and as a source of information
on human management of fire in the past.'! Charcoal is
also a widely used material for radiocarbon dating of ar-
cheological sites.*”) Thus, understanding the structure of so-
called “natural” charcoal, as well as the manner in which it
degrades chemically with time (diagenesis) is important.
Surprisingly little is known about the structure of natural
charcoal,’”® and almost nothing is known about charcoal
diagenesis. In fact, until recently it was not clear whether
charcoal did actually degrade with time. Recent field obser-
vations and analyses of soil charcoal samples have shown
that indeed it does.’) Our own field observations at archae-
ological sites, which show an absence of charcoal in some
sites where fire was clearly used, or differential preservation
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rounded structures.

in different parts of the site, clearly support the notion that
charcoal does indeed degrade over time.

Much more is known about charcoal produced under con-
trolled conditions in ovens and at temperatures well above
those that natural fires reach (namely, up to about 900°C).
These studies show that the basic structural motif of char-
coal is composed of crystallites of graphite embedded in an
amorphous carbon phase.’™ The structure of wood char-
coal produced at temperatures above 1000°C was classified
as nongraphitizable carbon by Franklin."?! This classification
was attributed to the porous nature of wood, which is be-
lieved to cause the random orientation of graphite-like mi-
crocrystallites. Ishimaru et al. found that wood charcoal car-
bonized at 700°C contains various carbon structures, which
include graphite layers, onion-like particles, and diamond
structures.” Hata et al. showed that onion-like structures
form in areas that are dominated by lignin, whereas random
structures are found in areas in which the microfibrils (cellu-
lose) of wood are located."! However, it was found that the
graphite-like microcrystallites show some preferred orienta-
tion that might be affected by the cellulose orientation in
the native wood cell.*?'! Porous structures were also ob-
served that show curved, hollow features.'”! The wood char-
coal samples observed were produced under highly control-
led burning conditions that are very different from those in
an open fire,' in which the temperatures and oxygen avail-
ability can vary significantly.
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In the past, we have used FTIR and Raman spectroscop-
ies, TEM, thermogravimetric/differential thermal analysis
(TGA/DTA), ESR spectroscopy, and resistivity measure-
ments to show that natural wood charcoal (referred to as
modern charcoal) is composed of two phases:["! an organized
phase that contains graphite-like microcrystallites (average
size 5nm) and a nonorganized phase (following the termi-
nology used by Franklin™®) that resembles amorphous
carbon. The data obtained by means of these methods were
then used to characterize fossilized charcoal samples
(mostly associated with hearths) from various archaeological
sites.’' As the modern charcoal samples were produced in
simple open campfires and from tree species that were pres-
ent at these sites in the past,!'” it seems reasonable to direct-
ly compare the structures of the modern and the fossilized
charcoal specimens. It was found that fossilized charcoal has
the same basic structure as the modern samples, but with
what appears to be a major reduction in the amount of
graphite-like microcrystallites. In contrast to modern char-
coal, fossilized charcoal contains additional carboxylic
groups; this led us to conclude that the diagenesis of char-
coal mainly occurs by means of oxidation, which alters the
charcoal structure. The exact nature of the alteration is not
known, but it results in the reduction of the relative propor-
tion of graphite-like microcrystallites. The main problem as-
sociated with analyzing bulk samples is that the chemical
structure of the organized and nonorganized phases is not
differentiated.

This study takes advantage of the high-resolving capabili-
ties of TEM and electron energy loss spectroscopy (EELS)
to obtain detailed structural and chemical information on
the organized and nonorganized phases in modern and fos-
silized charcoal. The EELS spectra of various polymorphs
of crystalline carbon, as well as its amorphous phase, are
well documented.”” In particular, characteristic peaks in the
low-loss region of the spectrum, and in the electron-energy-
loss near-edge fine structure (ELNES) of the carbon K-
edge, were attributed to various bonding and coordination
states.”?! In addition to the carbon structural properties,
the occurrence of other light elements, such as oxygen and
nitrogen, was also investigated.

Results and Discussion

Modern charcoal: High-resolution images and EELS spectra
were obtained from four modern charcoal samples and five
fossilized samples (four from Kebara cave and one from Tel
Dor, Israel). The images and spectra obtained for the
modern charcoal samples show that variations exist between
charcoal samples that are derived from different tree spe-
cies, and are characterized by two types of structure: a two-
phase structure (in Ceratonia and Olea) and a single-phase
semiordered structure (in Quercus and Laurus). The two-
phase structures are composed of an organized phase and a
nonorganized phase. The organized phase comprises graph-
ite-like microcrystallite sheets (Figure 1a). Line a in the
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Figure 1. TEM images of modern charcoal samples: a) Ceratonia that
contains organized and nonorganized phases (inset: fast Fourier trans-
form (FFT) of the organized region); b) nonorganized phase of Ceratonia
charcoal; ¢) Quercus charcoal showing a semiordered phase; and d) low-
magnification image of Ceratonia charcoal showing a faceted charcoal
flake.
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Figure 2. EELS spectra of modern charcoal samples: a) The Ceratonia
charcoal organized phase reveals the presence of the three characteristic
peaks of graphite at 6.5, 284, and 291 eV. b) The Quercus charcoal semi-
ordered phase. The peak at 6.5 eV hardly exists, and the peak at 291 eV
is present along with the peak at 284 eV. ¢) The Ceratonia charcoal non-
organized phase. An amorphous phase is indicated by the fact that the
peak at 6.5 eV hardly exists, the lack of the peak at 291 eV, and the fact
that the 284 eV peak is not well separated.

EELS spectra shown in Figure 2 contains the three main
peaks at 6.5, 285, and 291 eV that are characteristic for
graphite microcrystallites. The peak observed at 6.5 eV is at-
tributed to the electronic transition from m—am* levels and
can be assigned to C=C bonds (in the low-loss region). That
at 285 eV is attributed to the 1s—n* levels and can be as-
signed to C=C bonds (the core-loss region), and that at
291 eV is attributed to the transition from 1s—o* and can
be assigned to the C—C bond. The structure of the nonor-
ganized phase is characterized by a uniform texture (Fig-
ure 1b). The EELS spectrum of the nonorganized phase
shows the features of amorphous carbon (line c in Figure 2),
which is characterized by the existence of some C=C bonds
(a weak peak at 6.5eV in the low-loss region and a less-
well-defined peak at 285eV). The modulations around
290 eV that were attributed to the sigma bond appear to
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have merged together in this instance as a result of a disor-
dered environment.*!

The single-phase semiordered structure is characterized
by exfoliated graphene layers and small stacks of 2 to 3
layers, which result in only short-range order (Figure 1c).
These features are similar to nongraphitizing (sucrose)
single-layer carbon structures reported by Harris et al.**]
The EELS spectrum of the semiordered phase (line b in
Figure 2) contains the peak in the low-loss region at 6.5 eV
and also the peak at 285 eV in the core region. The peak at
291 eV is very small, but unlike in the amorphous carbon
phase, it is distinct, which indicates that the samples contain
short-range order and a significant amount of sp® hybridiza-
tion.”” No significant amount of oxygen was detected in any
of the phases of modern charcoal specimens. At low mag-
nification the modern charcoal samples tend to be composed
of flat layers (Figure 1d).

The various structures obtained from the modern charcoal
samples can be correlated with other properties of modern
charcoal that we have observed previously.”! The Quercus
and Laurus samples contain a homogeneous semiordered
structure according to the EELS spectra. These samples
were found to contain small amounts of organic residues, as
deduced from the relatively high temperature DTA peak
values and low resistivity values obtained. We surmise that
the structure of the semiordered charcoal (the conjugated
double bonds and the relative lack of amorphous material)
makes them better conductors. The Ceratonia and to some
extent Olea samples, which according to the EELS spectra
have relatively large amounts of amorphous carbon, contain
higher amounts of organic residues, based on lower temper-
ature DTA peak values and higher resistivity values.

Fossilized charcoal: Five fossilized charcoal samples (four
from Kebara Cave and one from Tel Dor) were examined
by means of high-resolution TEM (HRTEM) and EELS.
The HRTEM results showed that the amorphous phase (Fig-
ure 3a) is much more abundant in the fossilized samples
than in the modern samples, which is consistent with the
EELS spectra obtained for the fossilized samples (line b in
Figure 4). Furthermore, the fossilized amorphous phases all
contain oxygen. The ELNES spectrum of the oxygen K-
edge comprises two peaks: one at 532 ¢V that can be attrib-
uted to the 1s—ax* transition of a C=0O bond and a second
peak, at 541 eV, that can be attributed to the 1s—o* transi-
tion of a C=O bond.* Sample CH-16 and an identified fos-
silized oak (Quercus) sample from Kebara Cave (Figure 3a)
are composed entirely of amorphous carbon, whereas sam-
ples F-19 and CH-4 (Figure 3b) from Kebara Cave, and the
sample from Tel Dor (CHI-5) (Figure 3c), also contain small
amounts of an organized phase. This organized phase is
found mainly in the form of rounded structures that are
reminiscent of the porous structures reported from modern-
wood charcoal,™ and observed in our own modern charcoal
samples (Figure 5a). We also noted curled structures in the
Tel Dor sample that produced EELS spectra that are indica-
tive of ordered and semiordered phases (line a in Figure 4).
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Figure 3. TEM images of fossilized charcoal samples: a) fossilized Quer-
cus from Kebara Cave; b) onion-shaped graphite-like microcrystallites
from Kebara cave (CH-4); c) curled graphite-like microcrystallites from
Dor (CHI-5); d) low-magnification image of Dor charcoal sample (CHI-
5).
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Figure 4. EELS spectra of fossilized charcoal samples: a) The Dor (CHI-
5) onion-like organized phase reveals the presence of the three character-
istic peaks of graphite at 6.5, 284, and 291 eV. No oxygen was detected.
b) The nonorganized phase. The fact that the peak at 6.5eV is almost
nonexistent, the lack of a peak at 291 eV, and the fact that the peak at
284 eV is not well separated are all indications of an amorphous phase.
Oxygen was detected in the 532 and 541 eV peaks.

Figure 5. TEM images of a) modern and b) fossilized charcoal samples of
the rounded, porous structures (inset shows an enlargement of the region
marked by the arrow).

Oxygen was not detected in these ordered structures. We
observed that at low magnification the fossilized samples
tended to be rounded and have unusual curled structures
(Figure 3d) that are rarely seen in the modern samples (Fig-
ure 1d).
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Degradation in Fossilized Charcoal

A detailed examination of the onion-like spherical struc-
tures in the HRTEM images in Figure 5 shows that the
outer layers of the structure seem to be less ordered than
the inner layers in the fossilized charcoal samples. However,
in the modern charcoal specimens, the external and internal
layers seem to be equally ordered, which suggests that deg-
radation may occur through a layer-by-layer degradation
process, from the outside to the core. Unlike the graphite-
like microcrystallite sheets in which oxidation occurs at the
edges,”” in the onion-like structures oxidation probably only
occurs at defect points along the layers.”®! As the defects in
the layers are less abundant than at the edges, the oxidation
probably proceeds much faster in the graphite sheets than in
the rounded, ordered structures; this would explain the ab-
sence of graphite-like sheets and the presence of only a few
large rounded, ordered structures in the fossilized samples.
On the other hand, the fossilized oak sample (Quercus) is
uniformly composed of amorphous carbon that contains
oxygen. The lack of an organized phase can be explained by
considering the Quercus modern charcoal composition. The
oxidation process is probably faster in this phase compared
with the larger organized phases because its structure has a
small diameter and is composed of thin (2-4 layers) graphite
crystallites, and its EELS spectra indicate some amorphous
carbon character (the semiordered structure). We note that
the decrease in the amount of ordered (or semiordered)
structures in fossilized charcoal is consistent with the bulk
properties of fossilized charcoal when compared with
modern charcoal.l”

EELS spectra also revealed the presence of oxygen in the
amorphous phase of the fossilized samples and not in the or-
dered phase. This result reveals that charcoal degradation
occurred by means of oxidation in the nonorganized phase.
We can only surmise that because most of the ordered
phase is missing, it was almost entirely degraded by means
of oxidation, which raises the question as to whether the de-
graded graphite-like microcrystallites are converted into
amorphous carbon or not. Although we do not have direct
evidence for this, this hypothesis could account for the in-
crease in the relative proportion of the amorphous phase
relative to the organized phase in fossilized versus modern
charcoals. The amorphous phase has been likened to a
humic acid-like material, which is a complex organic materi-
al found in soils. It is interesting to note that in some cases,
graphite-like microcrystallites were found as part of soil
humic acid structures./-***"!

The reduction in the amount of graphite-like microcrystal-
lites and the existence of oxygen in the fossilized samples
are consistent with the notion that degradation occurs
mainly through oxidation processes. It is possible that the
rounded structures in the fossilized samples are more stable
than the microcrystallite sheets because they are less suscep-
tible to oxidation.
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Conclusion

The different phases of the modern-wood charcoal structure
were characterized by means of HRTEM and EELS. We
identified two different structural types of charcoal. A two-
phase structure composed of organized and nonorganized
phases was found in charcoal from two different tree spe-
cies. This structural type contains large amounts of the non-
organized phase, which accounts for the high resistivity in
the bulk material. The second structural type is a homoge-
neous semiordered structure that is characteristic of
nongraphitizing carbon, which contains a small amount of
nonorganized phase and exhibits low resistivity in the bulk
material. The fossilized samples are dominated by the amor-
phous phase, which contains oxygen according to analysis by
using EELS. These results show that the major degradation
mechanism is oxidation, which degrades the graphite-like
sheets and alters the amorphous phase. Four out of five sam-
ples contained an additional partially organized phase that
is mainly present as rounded, hollow structures or as curled
structures that are not common in the modern samples, and
are probably more stable structures that are less prone to
oxidation.

Experimental Section

Modern charcoal sample preparation: A series of modern charcoal sam-
ples from different tree species (carob (Ceratonia siliqua), bay (Laurus
nobilis), olive (Olea europaea), and oak (Quercus caliprinos)) were pro-
duced in open fires on a clean rocky substrate. Sections of tree trunks
and thick branches were dried for several days in the summer sun prior
to burning. The average maximum temperature reached during burning
was 920°C.’"l They were treated with 1N aqueous HCI to remove the re-
maining ash, washed twice with deionized water, centrifuged at 3000 rpm,
and finally dried in an oven at 60°C. The samples were homogenized by
gentle crushing and grinding in an agate mortar and pestle, and then
sieved to <250 um. These samples were then characterized.”!

Fossilized charcoal sample preparation: The samples are from the Iron
Age strata of Tel Dor, Israel (3000 BC, sample CHI-5)*? and the Mous-
terian and early Upper Paleolithic strata of Kebara Cave, Israel (50000
40000 BC, samples CH-4, CH-16, F-19, and an identified fossilized oak
(Quercus)).”* The latter are from the southern part of the cave. These
represent two extreme archaeological environments of preservation. Tel
Dor sediments almost always contain calcite, which is indicative of an al-
kaline environment, whereas in Kebara Cave only the sediments in the
northern part of the cave contain calcite. The sediments in the center and
southern parts contain authigenic phosphate minerals, which indicate that
the paleo-pH was once around 4 to 5.°!

Each sample was analyzed as a single piece of charcoal. The samples
were homogenized by gentle crushing and grinding in an agate mortar
and pestle, and then sieved to less then 250 um. The samples were divid-
ed into two parts, one part was left untreated and the other was treated
with 1N aqueous HCI for half an hour to dissolve associated minerals
such as calcite. The treated samples were cleaned with deionized water
and dried; this was repeated and the weight loss was noted.

EELS: The charcoal samples were powdered and dispersed in an ultra-
sonic bath by means of floating in a Cup Horn to avoid heating (Heat
Systems, Farmingdale, NY) for 3 min in ethanol. After an additional
2 min to allow the heavy particles to settle, a drop of the supernatant was
placed on a holey carbon-coated TEM grid. Each sample was analyzed
twice and in each grid 10 to 15 different locations were examined. The

www.chemeurj.org — 2309


www.chemeurj.org

CHEMISTRY—

1. Cohen-Ofri et al.

A EUROPEAN JOURNAL

particles were observed by using an FEI Tecnai-F30 (300 KeV-FEG) mi-
croscope equipped with a Gatan imaging filter (GIF). Crystalline areas
were first found by using the electron diffraction mode, and then high-
resolution images were taken. Finally, the EELS spectra from the or-
dered and associated disordered phases were recorded. The GIF entrance
aperture was 2 mm and the energy resolution was 1.2 eV. EELS measure-
ments were carried out in diffraction coupling mode, on regions of 20—
50 nm in thickness and approximately 20 nm in diameter. Owing to the
anisotropy of graphite, measurement conditions were set up to a collec-
tion semiangle of 3.4 mrad (tested with pure graphite reference sample)
to avoid (or minimize) orientation effects of the ELNES.* Spectra were
analyzed by using Digital Micrograph (Gatan) software.* Background
interference was removed by means of fitting the data to a power law in
the pre-edge region. For thick areas, deconvolution of the edge with the
low-loss spectrum was done by using the Fourier-ratio method to elimi-
nate multiple-scattering effects.
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