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Characterization of Wood Surface Elemental
Compositions after Thermo-vacuum Treatment and
Superheated-steam Heat Treatment
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This research investigates the mechanisms behind color changes,
hygroscopicity reduction, and mechanical strength loss in pine wood
(Pinus kesiya var. langbianensis) and birch wood (Betula alnoides).
Elemental composition changes to the surfaces of pine wood and birch
wood that had undergone high-temperature heat treatment were
investigated with X-ray photoelectron spectroscopy. The O/C
(oxygen/carbon) ratios of the wood surfaces were reduced after the
thermo-vacuum and superheated steam heat treatments, which indicated
a decrease in the amount of oxygen-containing functional groups. The
content of C1 (carbon atoms bonded to carbon or hydrogen atoms)
increased, and that of C2 (carbon atoms bonded to one oxygen atom)
decreased after the thermo-vacuum and superheated steam heat
treatments. The results also indicated that the relative lignin content
increased and the hydroxyl group (-OH) content in the cellulose and
hemicellulose decreased. The ratio of O2 (oxygen atoms bonded to carbon
atoms with a double bond) to O1 (oxygen atoms bonded to carbon atoms
with a single bond) increased remarkably. Thus, the content of carbonyl
groups in the lignin increased.
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INTRODUCTION
Wood is a renewable and naturally complex material with three main constituents,
which are cellulose, hemicelluloses, and lignin (Sjöström 1981). In addition to these three
constituents, wood contains extractives such as aliphatic compounds, terpenes, terpenoids,
and aromatic compounds (Inari et al. 2006). High-temperature heat treatment (HTHT) (160
to 240 °C) can cause the degradation of wood components (Zaman et al. 2000). The
degradation intensity of HTHT depends on several factors, such as the wood specimen
(Esteves et al. 2008) and temperature and duration (Esteves et al. 2008; Korkut and Guller
2008). Moreover, degradation of the composition usually leads to changes in the wood
properties. For example, reductions in the hygroscopicity and equilibrium moisture content
(Kamdem et al. 2002; Pétrissans et al. 2003; Olek et al. 2013) and increase in the
dimensional stability have been found after HTHT (Tjeerdsma et al. 1998; Boonstra et al.
2006; Esteves et al. 2008; Gunduz et al. 2009; José et al. 2014). Furthermore, improvement
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in the resistances to decay (Gosselink et al. 2004) and fungus (Kamdem et al. 2002;
Weiland et al. 2003; Calonego et al. 2010) have also been observed. After HTHT, the
mechanical properties of wood decrease (Surini et al. 2012; Rautkari et al. 2014). Also,
darker wood tints are achieved (Aksou et al. 2011; Akgül and Korkut 2012; Allegretti et
al. 2012; Srinivas and Pandey 2012; Kamperidou et al. 2013; Carvalho et al. 2014).
Different wood species have different chemical compositions; therefore, the degrees of
thermal degradation vary (Kačik et al. 1992; Tjeerdsma et al. 1998; Wienhaus 1999;
Kotilainen et al. 2000; Zaman et al. 2000; Weiland and Guyonnet 2003; Nuopponen et al.
2005). Ultimately, changes to the chemical composition lead to changes of the heat-treated
wood properties (Sivonen et al. 2002; Weiland et al. 2003; Hakkou et al. 2005).
At present, X-ray photoelectron spectroscopy (XPS) is widely used to investigate
chemical states, surface chemical composition, as well as the location of atoms on
numerous lignocellulosic surface materials (Hon 1984; Sinn et al. 2001). This is because
the combinations and states of carbon elements play an important role in the determination
of wood component structures and properties. Inari et al. (2006) and Kocaefe et al. (2013)
have successfully used the XPS method to analyze the surface elements of beech (Fagus
sylvatica), jack pine (Pinus banksiana), aspen (Populus tremuloides), and birch (Betulus
papyrifera). The binding energy (BE) of C1s is strongly related to the atoms or groups
connected to carbon atoms. Thus, the changes to the chemical composition of wood
surfaces can be inferred from the chemical shifts of the C1s peak (Dorris and Gray 1978;
Barry et al. 1990; Liu et al. 1998; Kamdem et al. 2001; Nzokou and Kamdem 2005; Inari
et al. 2006; Popescu et al. 2009).
Carbon atoms are bonded to other atoms or groups; thus, the C1s spectra is usually
grouped into four classes (Dorris and Gray 1978; Barry et al. 1990; Liu et al. 1998;
Kamdem et al. 2001; Nzokou and Kamdem 2005; Inari et al. 2006; Popescu et al. 2009).
The C1 class is ascribed to carbon atoms that are bonded only to carbon or hydrogen atoms,
i.e. C-H or C-C. C1 atoms are mainly present in lignin, which contains phenyl propane
structures and extractives, such as fatty acids, fats, waxes, and terpenoids (Shen et al.
1998). The BE of C1 is low, at approximately 284.8 eV. The C2 class contains carbon atoms
that are bonded to one oxygen atom, i.e. C-O. Wood cellulose and hemicellulose molecules
contain a large quantity of hydroxyl groups (-OH), which bond to carbon atoms with a
single bond. Accordingly, the BE of C2 is higher, at approximately 286.5 eV. The C3 class
corresponds to carbon atoms that are bonded to one carbonyl oxygen atom or two noncarbonyl oxygen atoms, i.e. C=O or O-C-O. These atoms are derived from the acetal
structure (O-C-O) of cellulose and hemicellulose and the carbonyl structure (C=O) of
lignin. Moreover, the wood oxidation process usually produces a new C3 structure. High
oxidation states of the carbon atoms in C=O and O-C-O lead to a high BE of approximately
288 eV to 288.5 eV. The C4 class is associated with carbon atoms that are bonded to one
carbonyl oxygen atom and one non-carbonyl oxygen atom, i.e. O-C=O. These are acetyl
groups and glucuronic acid, which are present in hemicellulose and extractives, such as
resin acids, fatty acids, and other substances. Furthermore, the BE of C4 (289 eV) is higher
than that of the other carbon atom types because it has the highest oxidation state.
In accordance with the combination of oxygen and carbon atoms, the O1s spectra
is usually grouped into two components (Barry et al. 1990; Nzokou and Kamdem 2005;
Inari et al. 2006; Popescu et al. 2009; Kocaefe et al. 2013). The O1 peak that appears at a
higher BE corresponds to oxygen atoms that are bonded to carbon atoms with a single
bond. The O2 peak with a lower BE is associated with oxygen atoms that are bonded to
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carbon atoms with a double bond. The presence of O2 and O1 indicates that non-cellulose
substances are contained in the wood.
Both pine and birch woods have a wide planting area in Yunnan Province, China,
but their application is limited because of their poor dimensional stability and natural
durability. With the application of HTHT, the dimensional stability and resistance to
corrosion of these two species can be improved. This study aimed to characterize the
changes to the elemental composition of the wood surfaces after thermo-vacuum treatment
(TVT) and superheated steam heat treatment (SSHT) with XPS. These analyses aimed to
identify the molecular mechanisms behind color changes, hygroscopicity reduction, and
mechanical strength loss in the wood. Analyses of the O/C ratio, changes to the C1, C2, C3,
and C4 contents in the C1s spectra, and changes to the O2 and O1 in the O1s spectra were
conducted to evaluate the changes to the elemental composition of the wood surfaces after
the TVT and SSHT processes.

EXPERIMENTAL
Materials
Pine logs were collected from Munaihe forest in Cuiyun District (The geographical
coordinates are as follows: the northern latitude is 22°02'-24°50', and the east latitude is
99°09'-102°19'), Puer City, Yunnan Province, China in April 2007. The five logs collected
were approximately 35 years old with a breast height diameter (BHD) of 22 cm and height
of 16 m. Logs with trunks that were 1.3 m to 5.3 m above the ground were selected and
sawn into boards with a 40-mm thickness in the radial direction. Afterwards, these samples
were air-dried. Six birch trees were obtained from Jinghan Town (The geographical
coordinates are as follows: the northern latitude is 24°08′-24°39′, and the east latitude is
97°39′-98°17′), Longchuan County, Dehong City, Yunnan Province, China in December
2008. The average height and BHD of these trees were 10 m and 20 cm to 25 cm,
respectively. Trees with trunks approximately 1.3 m to 5.3 m above the ground were
selected and sawn into boards with a 40-mm thickness in the radial direction. These
samples were subsequently air-dried.
The boards were cut into specimens with the dimensions 150 mm (axial direction)
× 50 mm (tangential direction) × 20 mm (radial direction) from non-defective samples
before HTHT. All of the samples were conditioned in a humidity box (Binder KMF720)
with a constant temperature of 30 °C and relative humidity of 68%. The moisture content
of all of the samples was adjusted to 10% (dry basis).
Methods
TVT process
The TVT process was conducted at 200 °C (The temperature was measured by
temperature inspection instrument (XSL-A08ES2V0, Beijing, China)) under an absolute
pressure of 200 hPa for 4 h with a heating rate of 15 °C/h in a vacuum treatment chamber
(DZF-6210, Shanghai YiHeng, Shanghai, China). Ten replicates were processed at these
treatment conditions. After the target treatment time was reached, the heating power was
turned off, and the samples needed approximately 5 h to cool back to room temperature
before they could be removed from the vacuum chamber.
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SSHT process
The SSHT process was carried out at 200 °C (The temperature was measured by
temperature inspection instrument (XSL-A08ES2V0, Beijing, China)) for 4 h under
medium heated superheated steam with a heating rate of 15 °C/h. Ten replicates were
treated at the treatment conditions. After the scheduled treatment time, the heating power
was turned off, and the samples took approximately 5 h to cool back to room temperature.
XPS analysis
The XPS analyses were performed using a VG MKII system (MultiPak V9.3,
Kanagawa-ken, Japan) with a Mg Kα X-ray source. The samples were analyzed at a 10−6
Pa pressure with a 20-eV pass energy, 8-kV operating voltage, 30-mA operating current,
and 0.1-eV resolution at a temperature of 20 °C to 400 °C. The samples were thoroughly
cleaned and degreased before the removal of a 2 mm × 2 mm chip with the use of a cutter
blade. All of the samples were removed immediately before examination to minimize
contact with bare hands. After undergoing preparation, the samples were immediately
placed in a vacuum chamber. Three types of spectra were collected: a survey spectrum, i.e.
a low-resolution spectrum from 0 eV to 1100 eV; a high-resolution spectrum of the C1s
region from 278 eV to 298 eV; and a high-resolution spectrum of the O1s region from 523
eV to 543 eV. The O1s and C1s intensities were determined, and the O/C ratio was
calculated. The C1s and O1s spectra of the wood were fitted using Origin 8.5 software
(OriginLab, Northampton, MA, USA). The C1s spectra were grouped into four subpeaks,
whereas the O1s spectra were grouped into only two subpeaks.

RESULTS AND DISCUSSION
Elemental Composition Analysis of the Wood Surfaces
The survey XPS spectra of the surface of the two species before and after the
HTHTs are presented in Fig. 1. Table 1 gives the elemental compositions and relative
content of the elements. Figure 1 and Table 1 show that in addition to C and O elements, a
small amount of N, Si, and Ca elements were present on the wood surfaces. Inari et al.
(2006) reported that evaporation of volatile extractives initially present in the wood or the
formation of volatile by-products because of thermal degradation should increase the
volatile organic compound concentration in the oven, and result in more deposition of
contaminants on the wood surface. Moreover, the surfaces are rapidly contaminated even
at room temperature. C1s and O1s, located at the binding energy (BE) values of 284 eV to
290 eV and 531 eV to 534 eV, respectively, were the primary wood elements. A high O/C
ratio usually indicates a high relative carbohydrate content. Conversely, a low O/C ratio
indicates a high relative lignin content (Kocaefe et al. 2013).
The heat treatment resulted in a noticeable decrease in the O/C ratio for both
species. The O/C ratio of the pine decreased remarkably from 0.6852 before TVT to 0.5177
after TVT. Meanwhile, the O/C ratio of the birch decreased from 0.5946 to 0.4732 after
TVT and to 0.5007 after SSHT. During the TVT process, the O/C ratio decreased slightly
more than during the SSHT process. The O/C ratios of the wood surfaces decreased no
matter what treatment process was used, which manifested as an increasing content of
carbon atoms and a decreasing content of oxygen atoms. These results indicated that the
predominant oxygen-containing functional groups, such as the carboxyl, acetyl, and
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hydroxyl groups, of the heat-treated wood surfaces were reduced. Moreover, the relative
content of lignin increased and that of carbohydrates decreased (Yang et al. 2015). These
findings were in good agreement with the results for Cylicodiscus spp. (Shi 2011), Pinus
banksiana, Populus tremuloides, Betula papyrifera (Kocaefe et al. 2013), Fagus sylvatica
(Inari et al. 2006; Gérardin et al. 2007), Pinus sylvestris (Gérardin et al. 2007; Bryne et al.
2010), Picea abies, and Pinus radiata (Bryne et al. 2010) reported in previous studies.
Table 1. Elemental Composition, Atomic Percentage, and O/C Ratio of the
Untreated and Heat-treated Wood Surfaces
Sample
(a) UN pine

(b) TVT pine
(c) UN birch
(d) TVT birch
(e) SSHT
birch

C1s (%)

O1s (%)

N1s (%)

Si2p (%)

Ca2p (%)

O/C

59.34

40.66

-

-

-

0.6852

1.45

0.65

-

-

-

64.44

33.36

1.54

0.66

-

0.5177

S

1.36

1.21

0.3

0.07

M

62.71

37.29

-

-

-

0.5946

S
M
S
M

1.46
67.20
2.34
65.55

1.25
31.80
0.21
32.82

0.08
0.03
0.36

0.91
0.24
0.28

0.99

Mean
value(M)
Standard
deviation(S)
M

0.4732
0.5007

S
1.16
1.23
0.07
0.06
0.05
Sample descriptions: (a)– untreated pine wood (UN pine); (b) – thermo-vacuum-treated pine
wood (TVT pine); (c) – untreated birch wood (UN birch); (d) – thermo-vacuum-treated birch wood
(TVT birch); and (e)– superheated steam heat-treated birch wood (SSHT birch)

The decrease in the O/C ratio may have been because of the increased relative
content of lignin and the formation of volatile by-products with the lower oxygen content,
such as sugar, furfural, and acetic acid (Inari et al. 2006; Kocaefe et al. 2013). However,
Kocaefe et al. (2013) found that the O/C ratio of heat-treated jack pine (Pinus banksiana)
was higher than that of a group of untreated jack pine. Kamdem et al. (1991) reported that
the high carbon content in wood samples is also an indication of the presence of extractives
on the wood surface and a high relative content of extractives. Untreated jack pine was
abundant in carbon-rich extractives, such as waxes, fats, and terpenes, and rich in lignin
guaiacyl units (Gérardin et al. 2007). The increase in the O/C ratio in the jack pine was
probably because of the partial removal of abundant carbon-rich extractives during the
HTHT process. Wood extractions lead to higher O/C ratios, which confirms that extractives
affect the carbon enrichment of the surface (Inari et al. 2011). This chain of events led to a
lower O/C ratio for the untreated jack pine than for the heat-treated jack pine. The O/C
ratio changes may have been related to the relative content of extractives on the wood
surface and changes to the lignin and oxygen-containing functional groups of other
components during the HTHT process (Kocaefe et al. 2013).
The oxygen-containing functional groups of the birch wood surface decreased
slightly more after TVT than after SSHT, i.e. the increase in carbon atoms after TVT was
slightly higher than after SSHT. This was attributed to the different processes that occur
during the heat treatments.
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Fig. 1. XPS spectra of the untreated and heat-treated samples: (a) UN pine; (b) TVT pine; (c) UN
birch; (d) TVT birch; and (e) SSHT birch

In TVT, almost no oxidation reactions in wood occur because of the presence of a
small amount of oxygen. Additionally, because the water boiling point is reduced under
vacuum conditions, a high amount of evaporation occurs at lower temperatures, and there
is almost no water within the wood during hydrolysis (Yang et al. 2015). This leads to a
lower decrease in carbon atoms. During HTHT, there is always water in the wood, which
is involved in hydrolysis and leads to a higher decrease in carbon atoms.
C1s Spectra Analysis of the Wood Surfaces
Figure 2 illustrates the high-resolution C1s spectra of the surfaces of both wood
species before and after heat treatment. The C1s spectra of both the UN and TVT pines
were grouped into four classes. The C1s spectra of both the UN and TVT birches were
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grouped into three classes, whereas that of the SSHT birch was grouped into four classes.
The detailed BE values and content of each carbon signal group are presented in Table 2.
The above-mentioned data indicated that the C2 class carbon atoms were the most
abundant before the heat treatment. The C1 class carbon was the second. The C3 class
carbon atoms presented a smaller proportion than C1 and C2, and the C4 class was even less
abundant. However, the content of the different types of carbons differed to a major extent
between the untreated and heat-treated wood samples. This finding indicated that changes
occurred to the chemical structure of the surfaces of the samples. In the present research,
the content of C1 in both species obviously increased, whereas the C2 content decreased.
These findings were in good agreement with previous results presented by Bryne et al.
(2010), Inari et al. (2006), and Kocaefe et al. (2013).
The C1 content of the pine increased noticeably from 22.8% to 45.6% after TVT
and that of the birch increased considerably from 29.3% to 42.2% after TVT. The C1
content of the birch also noticeably increased after SSHT from 29.3% to 41.7%. However,
the increase in the C1 content during the TVT process was slightly more than during the
SSHT process. The increase in the C1 content was observed as an increase in C-C bonds,
which was attributed to the increase in the lignin and extractives contents (The contents of
the benzene-ethanol extractives of the birch were increased from 1.47% to 3.99% after
TVT) (Yang 2016). According to the literature, the content of lignin in birch increased
from 23.7% to 32.3% (Yang et al. 2015), and that in pine increased from 28.4% to 32.9%
(Yang et al. 2016) after treatment at 200 °C for 4 h. The increase in the lignin content was
attributed to the increase in the C1 content. The extractive contents of the birch were also
determined by the authors (Yang 2016). The results showed that the contents of the cold
and hot water extractive contents of the birch were reduced from 6.26% to 2.56% and from
8.28% to 3.09%, respectively, after TVT. This was because water-soluble extractives move
to the wood surface during the process of heat treatment, along with moisture. This
phenomenon results in decreased cold and hot water extractive contents. The transfer of
extractives to the surface was another reason for the increase in the C1 content.
The C2 content of the pine decreased from 63.5% to 42.0% after TVT and that of
the birch decreased from 53.2% to 45.0% after TVT. The C2 content of the birch also
remarkably decreased after SSHT from 53.2% to 46.4%. However, the decrease in the C2
content during the TVT process was slightly more than the decrease that occurred during
the SSHT process. The decrease in the C2 content suggested that the content of hydroxyl
groups in the cellulose and hemicellulose decreased, which led to a relative decrease in the
carbohydrate content. According to the literature, the content of cellulose and
hemicellulose in birch decreased from 46.8% to 44.0% and from 28.6% to 23.6%,
respectively, after treatment at 200 °C for 4 h (Yang et al. 2015).
The C3 content of the pine increased slightly from 7.88% to 10.16% after TVT,
which indicated the formation of new lignin carbonyl groups. In contrast, the C3 content of
the birch decreased from 16.50% to 12.50% after TVT and to 7.56% after SSHT, which
indicated a decrease in acetal structures in the cellulose and hemicellulose. However, the
decrease in the C3 content during the TVT process was slightly less than during the SSHT
process.
The C4 content of the pine decreased slightly from 5.87% to 2.15% after TVT,
which showed that the acetylation reactions of hemicellulose led to a decrease in the
hemicellulose content. However, C4 was found on the birch surface and was 4.27% after
SSHT. The occurrence of C4 is usually attributed to the emergence of carboxylate ions,
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which have a six-membered ring structure that is relatively stable. However, the branched
chains on the six-membered ring structure were oxidized to form carboxylic acids during
SSHT, or were broken down and formed low molecular weight compounds. The low
molecular weight compounds can also be oxidized to form carboxylic acid. The breakdown
of the branched chains resulted in the loss of C4.
This analysis of the different types of carbon indicated that the C1 content increased
as the O/C ratio decreased. Overall, the wood lignin content increased, which was
demonstrated by the increased C1 peak. Meanwhile, the cellulose and hemicellulose
contents decreased, which was demonstrated by the decrease in the C2 peak after heat
treatment.
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Fig. 2. High resolution C1s XPS survey spectra of the untreated and heat-treated samples: (a)
UN pine; (b) TVT pine; (c) UN birch; (d) TVT birch; and (e) SSHT birch
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Table 2. High Resolution C1s Data of the Wood Surfaces
Sample
(a) UN pine
(b) TVT pine
(c) UN birch
(d) TVT birch
(e) SSHT birch

C1
284.82
284.88
285.06
284.85
284.85

BE of C1s (eV)
C2
C3
286.64 288.05
286.51 288.04
286.68 288.30
286.47 288.14
286.49 288.03

C4
288.71
289.19
289.62
289.57
289.11

Peak Area of C1s (%)
C1
C2
C3
C4
22.77
63.47
7.88
5.87
45.64
42.05 10.16
2.15
29.31
53.23 16.50
0.96
42.18
44.99 12.50
0.33
41.74
46.44
7.56
4.27

O1s Spectra Analysis of the Wood Surfaces
Figure 3 shows the changes to the high-resolution O1s spectra of the wood surfaces
before and after heat treatment. The detailed BE values and content of each oxygen signal
group are presented in Table 3. Oxygen atoms that bonded to carbon atoms with a single
bond (C-O) at a higher BE were denoted as O1. Meanwhile, oxygen atoms that bonded to
carbon atoms with a double bond (C=O) at a lower BE were denoted as O2. The existence
of both O1 and O2 atoms indicated that the wood contained non-cellulosic components.
Figure 3 and Table 3 show that the O2 content was much lower than the O1 content on the
surface of both wood species before and after the heat treatment; therefore, it was
concluded that oxygen atoms mainly bonded to carbon atoms with a single bond. The O2/O1
ratio in the pine increased considerably from 0.0147 to 0.0879 and that of the birch
increased from 0.0131 to 0.0487 after TVT. Moreover, the O2/O1 ratio of the birch majorly
increased from 0.0131 to 0.0523 after SSHT.
The O2 content increased, whereas the O1 content decreased after TVT and SSHT.
This result was in good agreement with the data from previous studies conducted by Inari
et al. (2006), Shi (2011), and Kocaefe et al. (2013). The increase in the O2/O1 ratio after
TVT and SSHT showed that an increasing amount of oxygen atoms were bonded to carbon
atoms with a double bond, i.e. there was an increase in carbonyl groups in the lignin and
an increase in the oxidation states of the carbon atoms (Shi 2011). The slight increase in
the O2 content after the heat treatment may have been because of carbonyl groups, which
was an indication that oxidation and condensation reactions occurred in the lignin during
HTHT. Meanwhile, the decrease in the O1 content in the wood after the heat treatment may
have been the result of the dehydration reaction that occurred in the cellulose and the
deacetylation reaction that occurred in the hemicellulose (Shi 2011). These reactions
resulted in a decrease of oxygen-containing functional groups within the wood (Inari et al.
2006; Shi 2011).
Table 3. High Resolution O1s Data of the Wood Surfaces
Sample
(a) UN pine
(b) TVT pine
(c) UN birch
(d) TVT birch
(e) SSHT birch

BE of O1s (eV)
O1
O2
533.13
531.10
532.90
531.27
533.26
531.10
532.96
532.93

531.14
531.14
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Peak Area of O1s (%)
O1
O2
98.55
1.45
91.92
8.08
98.71
1.29
95.36
95.03

O2/O1 ratio

4.64
4.97
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Fig. 3. High resolution O1s XPS survey spectra of the untreated and heat-treated samples:
(a) UN pine; (b) TVT pine; (c) UN birch; (d) TVT birch; and (e) SSHT birch

CONCLUSIONS
1. Quantitative characterizations of the elemental composition of two kinds of wood
surfaces during TVT and SSHT were successfully conducted using XPS.
2. The O/C ratios of the surface of both species were reduced after HTHT, which indicated
there was a reduction in the amount of oxygen-containing functional groups on the
wood surfaces.

Yang et al. (2018). “Superheated steam & Wood,”

BioResources 13(1), 1895-1908.

1904

PEER-REVIEWED ARTICLE

bioresources.com

3. The C-H/C-C content of (C1) content of the surface of both wood species increased,
whereas the C-O (C2) content decreased after heat treatment. Therefore, the relative
content of non-carbohydrates increased, and the hydroxyl group content in the cellulose
and hemicellulose decreased.
4. The C=O/C-O (O2/O1) ratio of the surface of both species increased after heat treatment.
This outcome suggested that the amount of carbonyl groups in the lignin and the
oxidation states of carbon atoms increased.
5. The ratios of O/C and O2/O1, and the contents of C1, C2, C3, and C4 obtained after TVT
and SSHT indicated that more oxidation states of the carbon atoms occurred during the
SSHT process.
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