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ARTICLE INFO ABSTRACT
Keywords: Understanding how the structure of carbonaceous materials changes upon oxidation at mild temperature as a
Mild oxidation of coal function of the graphitic order is of great importance for the development of clean combustion technologies,
Str“Ct.“re such as carbon fuel cells. The micro- and nanostructures of a range of carbon materials at room temperature
;‘}’gmy and upon mild oxidation at 300 °C have been analysed by means of mercury porosimetry, Nitrogen adsorption,
Raman X-Ray Diffraction, Raman spectroscopy and Electron Paramagnetic Resonance. The samples included carbons
EPR with increasing level of graphitic order: three chars derived from two bituminous coals and a lignite, a synthetic
carbon and a graphitized coke. The experimental characterization allows to classify the materials according
to different structural parameters, including porosity, surface area, degree of graphitization and paramagnetic
activation of the carbonaceous surface. A correlation with the rank of the analysed materials is observed. For the
graphitized coke, oxidation leads to more crystalline order and enhancement of the paramagnetic signal. A similar
increase in the paramagnetic activity is observed for the Lignite char. On the other hand, for the higher rank,
bituminous and synthetic chars, mild oxidation leads to a slight expansion of the amorphous carbon and loss of
paramagnetic activity. The differences are rationalized in terms of formation of new carbon-oxygen complexes on
the graphitized coke and on the Lignite char, and redistribution of already existing complexes for the higher-rank
coals. This investigation complements previous X-ray photoelectron spectroscopy measurements.
Introduction introduction of oxygen-based functional groups is the key to achieve

As a carbon material comes into contact with O, in air, uptake of
O, and change in the carbonaceous molecular [1] and supramolecular
[2] structures occur. Most of the studies that address the nature and
extent of microstructural changes of coals and coal chars upon oxida-
tion are performed at temperatures typical of combustion (> 400 °C)
[3-6]. Fewer recent studies investigate the oxidation of carbons at mild
temperatures (below 300 °C). Most of them focus on the conditions that
lead to the spontaneous ignition of coal [7-12]. For example, Xiao et al.
[10] have analyzed the structure of coal upon oxidation at 140-350 °C
by Fourier-transform infrared spectroscopy and X-Ray Diffraction
(XRD). These authors observed that the stacking height of the carbon
domains increases together with the content of aliphatic and aromatic
hydrocarbons, and oxygen-containing functional groups. Recently, mild
oxidation of carbons has also raised particular interest because it can
be exploited in applications such as ion batteries, supercapacitors and
innovative clean combustion technologies, such as carbon fuel cells
[13-16]. In the case of pitch, for instance, it has been shown that the
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a highly disordered structure, ensuring the appropriate cross-linkage
and limiting melting and rearrangement of the carbon structure upon
high-temperature carbonization [17]. The carbon materials used in ap-
plications for clean energy production include both disordered carbon
materials, such as coal or biogenic carbons, and more ordered carbons,
such as chars, coke and graphene. The efficiency of energy conversion
depends on the microstructure and functionality of the carbon material
and how they change upon mild oxidation as a function of the degree of
graphitic order. Therefore, characterizing the effect of mild oxidation
across a broad range of carbon structures is essential, but such studies
are currently lacking. A comprehensive study on mild oxidation of
carbons using a multitude of experimental techniques has never been
carried out for the temperature of oxidation of 200-300 °C.

In a recent work, a selection of coal chars obtained from coals of dif-
ferent rank and a synthetic carbon (Carboxen) has been characterised
after oxidation in air at moderate temperatures by X-ray photoelectron
spectroscopy (XPS) [1]. Deconvolution of the O 1s spectra provided
clues on epoxidation as being the prevalent type of oxygen function-
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Table 1
Proximate and ultimate analysis of carbon samples.
Graphitized Coke Lignite char South African char Colombian char Carboxen

Proximate analysis (W%)
Residual volatile matter 1.9 15.8 4.6 7.5 5.0
Fixed carbon 89.1 46.7 75.0 84.9 92.0
Ash 9.0 37.5 20.4 7.6 3.0
Ultimate analysis (w%)
Carbon 90.3 53.8 75.4 83.9 92.0
Hydrogen 0.3 1.2 1.2 1.1 0.7
Nitrogen 0.4 1.3 1.8 1.8 0.1

alization at room temperature for all the investigated carbons [1,18].
Moreover, a pronounced loss of C sp? hybridization after oxidation in
air at 300 °C (200 °C for a Lignite char) was deduced from the evolution
of the C 1s and valence band spectra. The present study complements
our previous investigation [1] by applying an extensive array of experi-
mental techniques to characterize the microstructure of different carbon
materials, namely: porosimetric analysis; Raman spectroscopy, Electron
Paramagnetic Resonance (EPR) spectroscopy, XRD. The scope is to char-
acterize these materials according to the degree of crystalline order and
porosity and to assess whether there are differences in the changes of
the structure and paramagnetic activity upon mild oxidation.

By characterizing the effects of oxidation on the structure of car-
bon materials with different degrees of graphitic order at temperatures
typical of the operating conditions of clean combustion processes, the
present study will help promote the further development of innovative
combustion techniques.

Experimental
Materials

The present study has been carried out on five different solid carbon
samples: a polycrystalline graphitic material (coke) and four turbostratic
carbons. The turbostratic samples comprise a synthetic carbon and three
chars obtained from coals of different rank and origin. The synthetic
carbon was supplied by Sigma-Aldrich under the name of “Carboxen
1000” (further called “Carboxen”, it is also known as “Spherocarb”). It
is a spherically shaped 60/80-mesh carbon commonly used as molecular
sieve in gas chromatography. It is synthesized by pyrolysis of an organic
polymeric precursor and has been used in prior studies to model the
behaviour of char under oxidative conditions [19]. The three chars were
obtained from a Lignite from Montana, which is a young, low-rank coal
with a relatively high content of volatiles, and two bituminous, medium-
rank coals, a South African and a Colombian coal. To obtain the chars
the coals were pyrolyzed in a lab-scale fluidized bed reactor at 850 °C
in N, flow for 5 min, a time long enough to release most volatile matter
and convert the amorphous carbon into turbostratic carbon. The residual
char particles were ground and sieved to the size of 100-150 pm and
stored in sealed vials under moderate vacuum. This procedure avoids
uncontrolled oxidation and uptake of moisture from atmospheric air.
The properties of the different samples are reported in Table 1. The
graphitic material is characterized by a high carbon content and limited
content of volatile matter.

Oxidation treatment

The samples were subjected to mild oxidation treatments according
to the following procedure. After grinding, the samples were placed in a
cylindrical stainless steel reactor and continuously flushed with air while
heating up to 300 °C by an external oven. Eventually, they were held at
the final temperature for a time ranging between 2 to 10 h. Since Lig-
nite char is known to be very reactive towards oxidation, for this sample
the temperature of oxidation was limited to 200 °C, which prevents ex-
tensive combustion. As for the original samples, oxidized samples were

stored in sealed vials under moderate vacuum prior to further analy-
sis. The samples, subjected to the same oxidation treatment, have also
been characterized by means of high-resolution XPS spectroscopy in a
previous work [1].

Porosimetric analysis

Nitrogen adsorption measurements were carried out in a Quan-
tachrome Autosorb 1 C area and porosity analyser. The samples (about
0.20 g each) were degassed under vacuum (10 um Hg) at 150 °C for
times between 4-12 h on the degassing port of the equipment prior
to adsorption (77 K in liquid N,). The adsorption data were automati-
cally acquired, and data in the relative pressure range 0 < P/Po < 0.30
used for BET (Brunauer-Emmett-Teller) analysis. For N, adsorption on
coals, P/Po is usually limited to ~0.3 as this relative pressure range cor-
responds to a multi-layer coverage of few layers of N,. At higher P/Po
values, condensation of N, in the pores occurs, leading to a large error
and a significantly lower predicted surface area.

Mercury Intrusion Porosimetry (MIP) measurements were obtained
using a Micromeritics AutoPore IV 9500 instrument. The samples were
first degassed at the low-pressure port (<50 um Hg). After evacuation,
the samples were pressurized in the high-pressure port where mercury
intrusion takes place. Both degassing and intrusion are controlled auto-
matically. Samples can be pressurized from 1.5 to 60000 psi. The mer-
cury contact angle and surface tension during intrusion were assumed
to be 130° and 0.485 Nm™!, respectively. Due to the small particle size
(100 um) problems arise at low pressure with the inter-particle voids.
Data have been worked out to evaluate the volume and the size distribu-
tion (dV/dlog(r)) of pores with diameter smaller than 1000 nm, which
corresponds to values of pressure above 15 psi. The reproducibility of
the results was checked by repeated tests.

X-ray diffraction analysis

The XRD profiles of the raw and oxidized samples were recorded us-
ing a Bruker D2 Phaser apparatus with Cu Ka radiation (30 kV, 10 mA)
as X-ray source. Scattered X-ray intensities were collected over a range
of scattering angle 260 = 5-75° with a scan velocity of 0.05 26s~!. The
percentage of amorphous vs. crystalline matter was computed using
Bruker’s software DIFFRAC-EVA after subtraction of the background sig-
nal. When the (002) band centered at about 20 = 25° was found to be
asymmetric, this was attributed to superposition of another peak, the
y band, at lower 26 values [20,21]. In these cases, a decomposition by
non-linear curve fitting of the spectra was carried out, where the y and
(002) band were fitted using Gaussian functions [22]. The fraction of
aromatic vs. aliphatic carbon in the crystalline matter was then calcu-
lated from the ratio of the areas under the two deconvoluted y and (002)
bands. The mean interlayer spacing dg, of the graphitic or turbostratic
crystallites was calculated by applying Bragg’s law using the (002) band
after background subtraction and deconvolution. The average stacking
height (L.) and average diameter (L,) of the graphene layers were cal-
culated using Scherrer formulas. From the values of dyg, and L. the
number of layers per crystallite n, was calculated as: ny = L¢/dgg, + 1.
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The fraction f, of aromatic vs aliphatic carbon was calculated from the
ratio of the areas under the y and (002) bands according to
__ G _ A

Ca+Cs  ApptA,
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where A represents the integrated area of the peak, while C, and Cg
are the number of aromatic and aliphatic (saturated) carbon atoms per
structural unit, respectively.

Raman measurements

Raman spectra were recorded with an XploRA micro-Raman spec-
trometer operated in a backscattered configuration. The spectrometer
was equipped with an Olympus BX41 100 x microscope and a Nd:Yag
laser source (4y = 514 nm, source power 14 mW). Raman spectra were
recorded between 950 and 2200 cm~!. The area measured by the fo-
cused Nd:Yag laser beam was a few um?2. The power of the laser beam
was set at 10% (1.4 mW). Spectra acquisition for each sample was per-
formed at different locations to test reproducibility. A nonlinear base-
line was subtracted to get rid of the fluorescence background and curve
fitting was performed with the software Origin (OriginLab, Levenberg—
Marquardt fitting algorithm [23]). The spectra were fitted with a com-
bination of three bands: the D, ‘Defective’ (Lorentzian), G, ‘Graphitic’
(Lorentzian), and D3 (Gaussian) bands, centred at around 1340, 1595
and 1500 cm™1, respectively. No D3 band was found in the spectra of
the graphitized coke; however, an additional D2 Lorentzian band at
~1620 cm~! was found to be needed in the fitting in this case. This
band arises from a double resonant process activated by defects, such as
edge defects, that break the symmetry of the graphene planes [24]. The
spectra were normalized with respect to the G band at ~1580 cm™1,
which was found to be the most intense band in all cases. From the
values of the ratio I,/I;, where I is the peak area, the average diam-
eter (L,) of the graphene layers was evaluated using the Tuinstra and
Koenig relation [25] with C(514 nm) = 4.4 nm. The relative content of
amorphous sp? carbon was estimated from the ratio I3/Ig [26].

Electron paramagnetic resonance measurements

The EPR spectra were measured using an X-band (9.351 GHz)
EPR spectrometer. Each spectrum was obtained by monitoring the mi-
crowave absorption as the magnetic field is changed between 500 and
5500 G. The EPR signal was recorded as the first derivative of the ab-
sorption. The resonance condition is normally written as:

hv=gpB

where h is the Planck constant (6.62608 x 10734 Js), v is the fre-
quency of the microwave source (9.351 GHz), g is the Bohr magneton
(9.2740 x 10724 JT-1) and B is the magnetic field at resonance. Bands
were assigned based on their g values according to the classification
system proposed by Ottaviani et al. [27-28]. The peak-to-peak ampli-
tude (App) and peak-to-peak width (ABPP) were obtained as illustrated
in Fig. 1.

Results
Porosimetric analysis

Fig. 2 reports the N, adsorption and desorption isotherms obtained
for the different samples before and after oxidation. Additional figures
which better show the shape of the curves in the low P/Po region are
reported in Supplementary Material. BET areas obtained from N, ad-
sorption are reported in Table 2.

Inspection of the nitrogen adsorption/desoprtion curves reveals that
the Carboxen stems out of the group,being the only sample with a
marked convexity in the P/Po range 0-0.8. In fact, the Carboxen is
the only sample with extensive microporosity and high value of BET
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Fig. 1. Schematic illustration of how the parameters A, and AB,, are obtained
from the EPR spectra.

area (744 m2/g), which is an order of magnitude bigger than for the
other samples. Analysis of the Nitrogen adsorption curve according to
the Barrett-Joyner-Halenda (BJH) [29] method shows a bimodal pore
size distribution with a smaller fraction of pores with d, = 3 nm and a
larger fraction of pores with d, = 50 nm (the pore size distribution is
reported in Supplementary Material).

In the Lignite char and coke the shape of the adsorption isotherms
indicates that both micro- and mesoporosity are negligible. The steep
increase close to saturation pressure indicates filling of larger pores. An
H3 type hysteresis according to IUPAC classification is observed, which
is common in non-rigid aggregates of plate-like particles and slit-shaped
pores. Forced closure of the hysteresis loop due to the so-called tensile
effect is also observed. The Colombian and South African chars in the
low pressure range display a slope consistent with negligible microp-
orosity and H3 hysteresis, however some porosity is disclosed in the
meso-macropore range. The BET areas are respectively 34 and 18 m?/g
and the average pore diameters are 900 and 500 nm. The population of
pores in the South African char appears more uniform compared to the
pore size distribution of the other coal chars.

Fig. 3 reports the mercury intrusion curves of the different samples
before and after oxidation in the investigated pressure range. It can be
observed that a large volume of mercury was intruded at low pressure in
all samples (corresponding to large pore diameters). This phenomenon
is an artefact related to the interparticle voids and depends on the parti-
cle size distribution of the sample. For instance, in the Carboxen, which
has a rather regular spherical shape of nominal size of 60-80 mesh
(d = 200 um), interparticle voids of 20-30 um diameter are observed.
In the other samples, the size distribution of interparticle voids is wider
due to the less regular shape and particle size distribution. In these cases,
it is difficult to draw a clear distinction between internal porosity and
interparticle voids. Based on the inspection of the curves, an upper cut-
off to the pore size range was set at 1 um. The pore volume and average
pore diameter for this pore size range are reported in Table 2.

Analysis of the mercury intrusion curves confirm that Carboxen is the
most porous of the samples investigated, having a very large fraction of
pores of diameter d, in the order of 50 nm. The specific pore volume
measured by mercury intrusion is much smaller for all other samples
and decreases in the order: Lignite>oke>Colombian>South African. The
modest porosity of coal chars should not surprise since, as reported in
previous studies [30], soon after devolatilization the pore network of
chars is often “locked” (possibly by recondensation of volatile matter
at the pore entrance) and becomes accessible only after some degree of
combustion, when amorphous matter obstructing the pore entrances is
consumed.
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Fig. 2. N, adsorption-desorption isotherms before and after oxidation. SA =South African.
Table 2
Results of the porosimetric analysis.
Sample Oxidation N2 77K Mercury porosimetry
BET area m?/g Volume mm®/g (d, < 1 pm) Volume mm®/g (d, < 3.5 pm) Pore radius
nm
Lignite char Raw 8 140 170 42.00
200 °C3 h 53 146 193 52.00
South African char Raw 18 100 230 255.00
300 °C2 h 17 141 97 607.00
Colombian char Raw 34 175 364 452.00
300°C2h 21 130 400 580.00
Carboxen Raw 744 496 496 25.00
300°C2h 866 560 614 31.00
Graphitized coke Raw 11 126 200 94.00
300°C3h 12 120 197 217.00
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Upon oxidation, the Lignite char exhibits the most significant
changes in terms of nitrogen adsorption, with a vertical shift of the N,
adsorption isotherm and a clear increase of BET area. On the contrary,
mercury intrusion curves do not show any relevant changes up to 1 um
upon oxidation. Moreover, we note that the isotherm of the oxidized
Lignite char exhibits a singular behaviour in the desorption stage, with
a pronounced hysteresis which fails to close. This type of phenomenon
is in general ascribed to changes in volume of the adsorbent (swelling)
or irreversible uptake of molecules. In the Carboxen, oxidation leads
to a slight increase of porosity, both in terms of nitrogen adsorption
and of mercury intrusion. On the contrary, in the Colombian and South
African chars the effect of oxidation is to reduce the BET area as well as
the volume of intruded mercury. In the graphitized coke the pore vol-
ume measured by MIP also decreases upon oxidation but the BET area
remains relatively constant.

100000

In order to explain the observed behavior we shall firstly consider the
differences in combustion reactivity among the examined carbonaceous
samples. At one extreme, there is coke, which amongst the examined
samples is the least reactive, due to its relatively high degree of graphi-
tization and low mineral matter content: carbon consumption for coke
under mild oxidative conditions is indeed negligible, therefore changes
in porosity and surface area are irrelevant. At the other extreme, there is
Lignite, which is the most reactive material due to its low coalification
degree and also to the high content of mineral matter, which in lignites
is typically constituted by disperse and catalytically active metals ( such
as Ca, Na, K, Fe, Mg): The experimental oxidation conditions are in this
case sufficient to produce a non negligible extent of carbon consump-
tion and, in particular, to remove the amorphous carbon matter which
blocks small pores, thus increasing BET surface areas. The reactivity of
the Carboxen and the coal chars stands in between that of Lignite and
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Fig. 4. A. XRD spectra measured on the surface of the samples before and after oxidation. B. Contributions of the (002) and y bands to the XRD pattern of the raw

Colombian coal char after background subtraction and fitting.

coke, however the effects of oxidation on porosity of these samples is
quite different: porosity and BET areas are scarcely affected by oxida-
tion at 300 °C in the case of the Carboxen, and are reduced in the case
of the South African and Colombian chars. In the case of the Carboxen
the modest effects of oxidation can be due to the relatively low combus-
tion reactivity of this sample, which limits the extent of char consump-
tion, combined with the fact that Carboxen is a homogenous material
with a readily open microporosity and negligible mineral matter con-
tent. For the coal chars, the oxidation conditions are still too mild to
induce carbon consumption to an appreciable degree, however oxygen
chemisorption can be very relevant, thanks to the presence of meso- and
marcopores, which can act as oxygen reservoirs [30], as well as by the
presence of mineral matter, which may favour the uptake of oxygen. In
fact, in a previous work [31] it was found that at 300°C South African
char can gain up to 10 % of weight because of oxygen chemisorption.
Oxygen chemisorbed onto the internal area and partially filling the pores
would indeed explain the observed reduction of measured BET areas and
porosity.

X-ray diffraction analysis

Fig. 4A reports the XRD patterns recorded on the surface of the
samples before and after oxidation. The diffractograms of the graphi-
tized coke feature the (002) reflection as a narrow and highly intense
peak centred at 26 = 26.4°, and the much less intense (100), (101) and
(004) bands at, respectively, 42.3, 44.4 and 54.5° [25-29,32]. Notably,
the background intensity is very low, implying a limited presence of
amorphous matter as compared to the crystalline fraction. The lack of
background intensity from amorphous carbon and the narrowness of
the graphitic reflection pattern are related to a high degree of graphitic
order.

The turbostratic carbons show high background intensity, which in-
dicates that a significant amount of amorphous carbon is present. The
XRD pattern of the turbostratic carbons features the (002) reflection at
about 20 = 25° and the two-dimensional diffraction band at 20 ~ 43°.
However, the (002) band is found to be asymmetric. This has been at-
tributed in the literature to superposition of another peak, the y band, at
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low 26 values [33,34]. Separation of the contribution of the (002) and
y bands by curve fitting is illustrated in Fig. 4B for the Colombian char
sample. The origin of the y band may be associated with non-aromatic
structures, such as aliphatic side chains intercalated between aromatic
domains, or randomly oriented crystallites typical of non-graphitized
carbon materials. The other peaks in the spectra of the char samples are
related to the presence of inorganic matter. In particular, the presence
of SiO, generates the most intense, narrow reflections at 26 ~ 21 and
26°. No peaks due to inorganic components are present in the spectra of
the Carboxen.

The values of the XRD structural parameters for each sample are
reported in Table 3.

As expected, the graphitized coke is found to be the only truly
crystalline material among all the samples. The average height L. of
the graphitic crystallites is 27 nm and dgg, is 3.37 A, the latter being
only slightly different from that evaluated on perfect graphitic crys-
tals (3.35 A) [35]. Due to extensive overlap of the (100) band with
the (101) band in the graphitized coke spectra it was not possible to
calculate the L, values for this sample (L, values for this sample were
obtained from the Raman spectra, see next section). These features are
an indication of high degree of hexagonal AB stacking. For the raw char
samples and the Carboxen the interlayer spacing d, is larger, ranging
between 3.50 and 3.68 A. Such values are typical of random layer lattice
or turbostratic carbon structures. L. increases going from the Carboxen
(11.6 A) to the Colombian char (15.1 }0\), correspondingly L, increases
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from 26.9 A (Colombian char) to 31.9 A (Carboxen). The average height
of the graphite-like crystallites is about half the diameter of the aro-
matic sheets, which is common for coal-derived materials [5,26,33,36].
Finally, we note that the Carboxen displays crystallites with the smallest
thickness and largest diameter.

The values reported in Table 3 reveal that the largest changes in the
structural parameters upon mild oxidation are observed for the graphi-
tized coke and the Lignite char, the samples with the highest and lowest
degree of graphitic order, respectively. In the case of the coke, oxidation
at 300 °C for 2 h results in a decrease of the height of the crystallites
and packing (L. and n, values), whereas the interlayer distance d;, re-
mains relatively unaffected. In the case of the Lignite char, a decrease of
the L. and n, values is also observed, which is accompanied by a signif-
icant decrease in interlayer distance d,,. The latter observation can be
explained by a partial combustion of this sample, as also indicated by
the BET analysis. The ratio of aromatic over aliphatic carbon (f,) of the
Lignite char also decreases, suggesting that for this sample combustion
is predominantly consuming aromatic parts. In the turbostratic samples
slighter changes are observed upon mild oxidation. The degree of crys-
tallinity increases only in the truly graphitc material, coke, whereas it
decreases for all coal chars.

The Colombian char and coke samples were also oxidized at 300°C
for more prolonged times (9 and 10 h respectively). The effects of ox-
idation over longer times can be appreciated in Fig. 5, which reports
the ratio of the values measured for the oxidized samples over those of
the raw chars. The increase of the L. and n, values for the graphitized
coke sample after oxidation for 10 h suggests that prolonged oxidation
leads to a partial recover of the structural order of the raw material. On
the other hand, the crystallinity degree of the Colombian char decreases
continuously with oxidation time.

Raman measurements

Fig. 6 reports the Raman spectra measured on the surface of the raw
and oxidized samples in the range 950-2200 cm™! after background
subtraction and normalization with respect to the G band. The raw
graphitized coke exhibits the typical Raman spectrum of polycrystalline
graphite, with L, bigger than 10 nm (see Table 3), featuring a narrow
and intense G band at about 1580 cm~! and a broader and much less
intense D (‘Defect’) band at about 1350 cm~!. For the other investigated
samples, the D and G bands appear broader and partly overlapping, with
maximum intensity at around 1330-1345 cm™! and 1590-1600 cm™!
respectively. Moreover, a broad peak centred at about 1500 cm~! (D3
band), typical of amorphous C sp2, is observed. The 1150 cm~! band,
indicative of sp2-sp® carbon sites, is barely visible in the South African
and Colombian chars, and can be appreciated only as a shoulder in the
spectra of the Carboxen. Figure 6B illustrates the band decomposition
after curve fitting analysis of the Raman spectrum of the raw Colom-
bian char. The full widths at half maximum (FWHM) of the D and G
bands, which range from 165 to 224 cm~! and from 61 to 76 cm™!, re-
spectively, and the presence of the D3 band of amorphous carbon are
typical of the Raman spectra of turbostratic carbon materials with a low
degree of crystalline order and a limited extension of the graphene lay-
ers [25]. It can be observed that the FWHM of the D and G bands is
significantly higher than for the graphitized coke, denoting a lower de-
gree of graphitization. Furthermore, the additional defective D2 band
at ~1620 cm~! had to be included in the fitting of the spectrum for a
good enough fit.

The values of the I,/Ig and Ip3/I derived from the analysis of the
Raman spectra are reported in Table 3 together with the FWHM of the
D band. The values of I;,/I; are indicative of the relative importance
of defective over graphitic carbon structure. As expected, this value is
the smallest for the sample of coke. The values increase sensibly moving
to the turbostratic chars. The value of I3/Ig, which can be considered
an index of the relative amount of sp2-bonded forms of carbon on the
sample surface, is virtually zero for the graphitized coke, due to the
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Table 3
Results of XRD and Raman spectroscopy.
Sample Oxidation XRD Raman
dopy & LA LA o, f, Cristallinity % Ip/Ig Ing/lg  L,r™m(R)  FWHM(D) (cm™)
Lignite char Raw 3.67 133 29.6 5 0.77 40.9 2.90 0.40 205
200 °C3 h 3.42 115 29.5 4 0.70 27.5 3.16 0.48 210
South African char Raw 3.50 145 26.9 5 0.72 66.9 2.62 0.39 204
300°C2h 3.49 15.1 27.8 5 0.76 63.4 3.01 0.43 205
Colombian char Raw 3.57 15.1 29.1 5 0.80 64.3 2.74 0.31 194
300°C2h 3.64 135 30.6 5 0.80 56.5 2.51 0.31 215
300°C9h 3.55 14.8 27.8 5 0.82 49.0 2.79 0.37 224
Carboxen Raw 3.68 11.6 31.9 4 1.00 49.8 2.82 0.37 165
300°C2h 3.76 11.8 324 4 1.00 49.0 2.77 0.32 170
Graphitized coke Raw 3.37 272.0 82 1.00 79.3 0.34 128 49.6
300 °C3h 3.37 163.2 49 1.00 84.3 0.41 107 59
300 °C10 h 3.37 204.0 62 1.00 83.7 0.08 531 61
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Fig. 6. A. Raman spectra of the samples before and after oxidation. All spectra are normalized with respect to the intensity of the G band. B. Fitting of a Raman
spectrum of the Colombian char before oxidation. The dotted and solid lines are relative to the experimental data and the best-fit curves, respectively.

lack of the D3 band, and is maximum in the young and more disordered
Lignite char and Carboxen samples. The L, values have been calculated
from Raman only for the graphitized coke and have been reported in
Table 3 as L, "™ For the chars the L,"™a" values are not reported
because they are affected by large errors [26].

After oxidation for 2-3 h an increase of the FWHM of the D band
occurs, which can be related to a decrease of the mean diameter L, of the

graphene layers. For the Colombian char the decrease of the I, /I value
correlates with the increase of L, obtained from the XRD measurements.
We note that the degree of crystallinity for this sample still decreases as
a result of a decrease of the average heights of the graphitic crystallites
L., as can be seen from Table 3. Extensive oxidation up to 10 h leads to
almost complete vanishing of the D band for the graphitized coke, and
the L, value becomes four times larger compared to the raw sample.



G. Levi, M. Causa, L. Cortese et al.

South African Char Colombian Char

Applications in Energy and Combustion Science 1-4 (2020) 100006

200 °C 3h Air

Intensity (a.u.)

N e

300 °C 2h Air

Graphitized Coke

=) 300 °C 9h Air
© 300 °C 2h Air
> 300 °C 2h Air
=
17)
c
o)
3
£
Raw
Raw
T T T T T —
Lignite Char Carboxen

30 20 sdo a8

300 °C 10h Air

300 °C 3h Air

Raw

T T T T T T 1 T T T T T
2500 3000 3500 4000 4500 5000 5500 1000 1500 2000 2500 3000

Magnetic Field (G)

T T T
1000 1500 2000

Magnetic Field (G)

T T T T T
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Magnetic Field (G)

T T T T 1
3500 4000 4500 5000 5500

Fig. 7. EPR spectra of the carbon samples before and after mild oxidation.

Table 4
Results of the EPR measurements.

Sample Oxidation B (G) g-band* A% ABL%
Lignite char Raw 3347 1.996 (A) 100 100
200°C 3h 3357  1.990 (A) 789 55
South African char  Raw 2973 2.247 (A) 100 100
300°C2h 2979 2243 (A) 73 100
Colombian char Raw 3329  2.007 (A) 100 100
1350  4.949 (P)
300°C2h 3336  2.003 (A) 64 66
300°C9h 3273 2.041 (A) 18 71
Carboxen Raw 3259  2.050 (A) 100 100
300°C2h 3264 2.047 (A) 74 98
Graphitized coke Raw 3336  2.003 (G) 100 100
2775  2.408 (A) 100 100
300 °C3 h 3339  2.001 (G) 182 74
3001  2.226 (A) 99 98
300°C10h 3341 2.000 (G) 212 81
2902 2302 (A) 174 91

* (A) Amorphous; (G) Graphitic; (P) paramagnetic.

Prolonged oxidation results in an expansion of the graphene layers in
the case of the graphitized coke, while no significant changes in the
lineshapes of the spectrum of the Colombian char oxidized for 9 h are
detected.

Electron paramagnetic measurements

Fig. 7 shows the EPR spectra recorded on the surface of the raw and
oxidized samples. The g values, the peak-to-peak amplitudes (A,,) and
peak-to-peak widths (AB;) are reported in Table 4. The values of the
parameters obtained from the spectra of the oxidized samples were ex-
pressed in percentage with respect to the values of the parameters from
the spectra of the raw samples. The narrow signal (AB;, = 27 G) of
the g = 2.003 band of the graphitized coke is characteristic of highly
graphitic and poorly activated carbons, whereas the broad peaks (AB,
ranging from 584 to 1854 G) present in the spectra of all other samples
arise from unpaired electrons on carbonaceous surfaces containing oxy-

gen sites (activated carbon zone). In addition to this, in the spectrum of
the raw Colombian char, a very intense peak at g = 4.949 is observed,
which can be attributed to paramagnetic centers localized on a metal,
possibly high-spin ionic Fe(III) in an oxygen coordination environment
[27, 28]. The Carboxen was found to be the sample with the least intense
paramagnetic activity, while the Lignite char features the most intense
signal.

The evolution of the EPR signals upon oxidation up to 2-3 h varies
according to the type of carbon material. In the case of the graphitized
coke, oxidation at 300 °C for 3 h induces an increase of App and a de-
crease of the peak-to-peak width of the activated carbon band. As ox-
idation is prolonged for 10 h, the amplitude of the graphitized carbon
band increases. It can be deduced that prolonged oxidation results in
the formation of new paramagnetic sites. For the Colombian char ox-
idation reduces the amplitudes of the band of activated carbon, while
producing minor changes in the AB, values. This could be related to a
loss of the paramagnetic centers localized on carbon. Furthermore, com-
plete vanishing of the highly polar component (g-band 4.949) in the EPR
spectrum occurs after oxidation. As the oxidation time is extended up to
9 h, a further decrease of paramagnetic features with almost complete
vanishing of the EPR signal is observed. For the South African char and
the Carboxen, oxidation reduces the amplitude of the band of activated
carbon. Finally, in the case of the Lignite char, the amplitude of the EPR
signal increases upon oxidation by almost an order of magnitude, while
the width decreases by nearly 50%.

Discussion

First of all, the measurements performed in the present work provide
insights on the structure of the raw carbon materials. The porosimetric
analysis shows that the porosity of all the coal chars as well as of the
graphitized coke is rather modest. The synthetic char, Carboxen, stems
out of the group because, due to its preparation history, it exhibits well-
developed meso- and microporosities. The XRD analysis highlights that
the only sample with real graphitic order is the graphitic coke. Instead,
the coal chars (South African, Colombian and Lignite chars) all exhibit
the features typical of turbostratic materials, being characterized by a
large contribution of amorphous matter. Fig. 8 shows that a good corre-
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lation exists between the elemental carbon or volatile matter, which is
related to the rank of the coal, and the degree of crystallinity measured
by XRD, but again Carboxen stems out of the group with relatively wide
and thin crystallites and an overall degree of crystallinity smaller than
for a coal char of comparable carbon content. The spacing d,, between
graphitic layers decreases with increasing degree of crystallinity (see
Fig. 8), with the only exception of the Lignite char, which apparently
stems out of the group with a distinctively low value of dy,.

Raman proved to be less sensitive than XRD in distinguishing differ-
ences in the structure of carbon materials of turbostratic characteristics.
In fact, differences in Raman features are clearly appreciated only when
moving from the graphite to the turbostratic carbons. This finding is
consistent with results of a previous study on the effects of thermal an-
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Fig. 8. Correlation between crystallinity and spacing between
graphitic layers, carbon content, volatile matter. LIG = Lignite,
CA = Carboxen, CO = Colombian, SA = South African, GC = Graphi-

Oxidized tized Coke.

O Raw

nealing on the structure of coal chars [19,37]. In that work chars were
produced from given coals using different heat treatments and then anal-
ysed by thermogravimetric analysis and Raman to highlight changes
in combustion reactivity and structure. It was observed that, while the
combustion reactivity of the chars gradually decreased during the heat
treatment, thermal annealing did not result in changes of the Raman
features up to the most severe heating conditions, when a sharp change
in the Raman features occurred.

The experimental analysis also allows to characterize the different
responses of the carbon materials to mild oxidation. The porosity of the
raw chars is initially quite low. It is known that some degree of combus-
tion can make the internal porosity accessible, but the oxidation condi-
tions adopted in the present work are too mild to result in any carbon
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Fig. 9. Correlation between carbon content and % of sp? or sp® carbon from
data reported in [1]. LIG = Lignite, CA = Carboxen, CO = Colombian, SA =
South African.

consumption for most of the samples, with the exception of the Lig-
nite char. For this sample, mild oxidation results in an increase of BET
area, decrease of aromatic L., n, and dy,, decrease of crystallinity and
increase of Ij/I; These results indicate consumption of carbonaceous
matter by combustion, resulting in disruption of the aromatic regions,
with possible collapse or compaction of the graphitic islands. In the bi-
tuminous Colombian and South African chars, the main result of mild
oxidation is to reduce the BET area and the volume of intruded mercury,
which may be due to upatake of oxygen with subsequent reduction of the
free volume of the pores. XRD and Raman show a slight increase of L,,
fa and Iy /1 upon mild oxidation, accompanied by an a decrease of crys-
tallinity degree, and, notably by an increase of dy,, which suggests that
the formation and rearrangement of C-O complexes causes some slight
changes within the carbonaceous structure; in particular the aromatic
areas seem to stretch out, but the process is different from graphitiza-
tion, which would be accompanied also by an increase of crystallinity
and other parameters, such as L., and n, . In the graphitic coke upon mild
oxidation, even though carbon consumption does not take place due to
the low combustion reactivity, several parameters typical of graphitic
order (ny, L., L,) decrease, indicating that the carbonaceous structure
is unexpectedly affected. Significantly, the lowest rank carbon material,
the Lignite char, and the most graphitic one, the coke, are the samples
that undergo the biggest changes upon mild oxidation, even though the
effect of the oxidation is different for the two materials. This singularity
is further confirmed by the EPR measurements, which show an impor-
tant activation of carbon upon oxidation only in the case of the Lignite
and the graphitized coke. Differently, in the other chars oxidation re-
duces the EPR signal intensity by quenching the paramagnetic activity
of the surface.

The picture emerging from the results of the experimental measure-
ments performed in the present work may benefit from comparison with
the results of the XPS experiments presented in a previous article [1] for
the same carbon materials. The intensities of sp? carbon, sp3 carbon
and of the other carbon functionalites identified in the Cls spectra in
reference [1] are plotted in Fig. 9 as a function of the carbon content.
It can be observed that for the three coal chars a good correlation ex-
ists between C sp? content and rank, while the synthetic material, the
Carboxen, stems out of the group with a particularly high percentage
of sp? carbon. In addition, the analysis of the present work shows that
Carboxen presents extended micro- and mesoporosities, and relatively
wide and thin crystallites. After mild oxidation, a pronounced loss of
C sp? was observed in all samples by XPS [1], which is confirmed by
the Raman results in the present work. XPS clearly demonstrated also a
redistribution of the C-O complexes available on the surface upon mild
oxidation. In particular, epoxy-type oxygen decreases while ether and
carbonyl C-O bonds become predominant. Besides, in the Lignite char,
oxidation at 200 °C resulted in formation of new C-O bonds on the sur-
face of the sample. This is confirmed here by the EPR measurements
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after oxidation, which show a quenching of the paramagnetic activity
in the other coal chars and a pronounced activation of the Lignite. The
possibility that some degree of carbon oxidation is occurring in the case
of the Lignite char at 200 °C is also suggested by the increase of porosity
of this sample

Conclusions

By using different experimental techniques (mercury porosimetry,
N, adsorption, XRD, Raman spectroscopy, EPR) we have characterized
the structure of different carbonaceous materials and assessed the im-
pact of oxidation at mild temperatures on it.

The structural characterization of the raw samples highlights a good
correspondence between the rank of the coal and the degree of crys-
tallinity. Alterations of the structural features is significant for the Lig-
nite and the graphitized coke, while the medium rank chars exhibit only
slight changes. Porosimetric analysis showed an appreciable increase of
porosity upon oxidation for the Lignite char, as a result of partial com-
bustion; otherwise the effect of mild oxidation was to reduce the BET
area and the volume of intruded mercury. The EPR activity is seen to
increase in the Lignite and coke samples upon oxidation.

These results complement our previous investigation by high-
resolution XPS [1] and support the picture that mild oxidation induces
the formation of new C-O bonds on the surface of low rank chars, such
as Lignite chars, and transformation of already existing C-O species in
higher rank coal chars.
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