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ABSTRACT This study demonstrates that oil shale subjected to pyrolysis at 1000 °C strongly absorbs
electromagnetic radiation in the terahertz (THz) range. Analyses reveal obvious differences between oil
shale samples with and without pyrolysis, as well as between low-middle mature shale and oil shale samples.
The electromagnetic absorption effect of oil shale subjected to pyrolysis conditions is demonstrated to be
strongly related to its relatively small concentration of pyrite, which progressively yields pyrrhotite and
elemental Fe during pyrolysis that facilitates the absorption of THz radiation. Accordingly, oil shale can
be used not only as a resource for generating oil, natural gas, and petrochemical products, but the material
obtained after processing can also be employed for the absorption of THz radiation as a means of converting
incident electromagnetic radiation into heat or other forms of energy, which offers substantial prospects in

many engineering and technology applications.

INDEX TERMS Oil shale, THz spectroscopy, wave absorbing, pyrite.

I. INTRODUCTION

Oil shale represents a tremendously prolific and predomi-
nantly untapped natural energy resource with many known
deposits worldwide. Oil shale deposits are unconventional
hydrocarbon sources that are of interest in a number of
earth science disciplines, including petrophysics, geology,
geophysics, and energy engineering [1]-[3], and are studied
primarily because of their high kerogen content, which is
of prime importance as a source of oil and natural gas [4].
Kerogen, which is a highly cross-linked and insoluble macro-
molecular solid material found in sedimentary rocks, rep-
resents the dominant source of organic compounds on the
planet [5]. Typically, a single chemical formula is inadequate
to represent kerogen, whose specific composition in oil shale
depends on a long history of geological events and the ther-
mal maturity of the shale. The kerogen in oil shale can be
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converted into oil, natural gas, and semi-coke by thermal
degradation via pyrolysis under a temperature of 500 °C in
an inert atmosphere [6].

The comprehensive utilization of oil shale for both chem-
ical and energy extraction is a promising new technology
that has achieved high utilization factors [7]. However, pyrite
(FeS;) is a common mineral found in oil shale deposits,
and is also the main source of iron in oil shale residue and
SO2 emissions formed when pyrite is oxidized. For example,
oil shale collected from numerous regions in China has been
found to contain pyrite in concentrations of approximately
5 wt% [8]. This is an important consideration in the com-
prehensive utilization of oil shale because the associated
morphology of kerogen and pyrite has been shown to be an
important factor affecting the pyrolysis of kerogen. Moreover,
appropriate high-temperature conditions will reduce pyrite to
iron ore, which may impart unexplored and potentially useful
properties to oil shale. For example, a small amount of a
metal may have a strong effect on the optical properties of oil
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shale, making it useful as an optical material. Nonetheless,
little research has been applied toward the development and
utilization of pyrite in oil shale due to its relatively low
content [9].

While few studies have explored the above-discussed
alternative properties of oil shale, a considerable volume of
research has considered these properties for the detection of
oil shale, including some new technologies such as terahertz
(THz) spectroscopy and laser [10]-[13]. Among these, THz
spectroscopy in particular has been well exploited for char-
acterizing both the structural and dynamical properties of
materials [14], [15]. Moreover, the absorption of incident
electromagnetic radiation in the THz region by appropri-
ately absorbing materials can convert this electromagnetic
radiation into heat or some other form energy. As such, mate-
rials that achieve a high degree of electromagnetic absorp-
tion in the THz range offer substantial prospects in many
engineering and technology applications such as materials
detection, biological sensing, microbolometers, and solar
cells [16], [17]. Good THz absorbing materials are gener-
ally metallic composites, and were initially based on lossy
dielectric magnetic slabs backed with metallic reflectors.
At present, metamaterials are widely used as THz absorbers,
and a variety of single-, dual-, multi-frequency, and broad-
band metamaterial absorbers have been proposed. However,
these materials suffer from some shortcomings such as com-
plex structures, high manufacturing requirements, and, in
particular, high cost.

The present study addresses this issue by proposing the
use of very inexpensive oil shale as a new THz absorb-
ing material. Oil shale subjected to pyrolysis at 1000°C is
demonstrated to absorb electromagnetic radiation strongly in
the THz range. Analyses reveal obvious differences between
oil shale samples with and without pyrolysis, as well as
between low-middle mature shale and oil shale samples. The
electromagnetic absorption effect of oil shale subjected to
pyrolysis conditions is demonstrated to be strongly related
to its relatively small concentration of pyrite, which progres-
sively yields pyrrhotite and elemental Fe during pyrolysis
that facilitates the absorption of THz radiation. Accordingly,
oil shale can be used not only as a resource for generating
oil, natural gas, and petrochemical products, but the mate-
rial obtained after processing can also be employed for the
absorption of THz radiation as a means of converting incident
electromagnetic radiation into heat or other forms of energy.

Il. EXPERIMENTAL

The oil shale deposits used in this research were collected
from the Huadian district of Liaoning province, China. The
mining depth of the oil shale materials was approximately
360 m. The oil shale material was cut into 2 mm thick slices,
pyrolyzed at high temperatures, and allowed to cool in air for
conducting THz absorption experiments. The surface mor-
phologies of the oil shale samples and their entrained kerogen
deposits were evaluated by scanning electron microscopy
(SEM) to characterize the complex distribution and
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FIGURE 1. Schematic illustrating the THz time-domain spectroscopy (TDS)
pump probe system with both transmission and reflection modes, and its
use for evaluating the electromagnetic absorption properties of oil shale
in the THz range.

association of organic, mineral, and pore phases at the nano-
to-micro scales [3]. In addition, the samples were further
subjected to energy dispersive X-ray (EDX) spectroscopy
analysis to evaluate the elemental compositions of the
materials.

A typical THz time-domain spectroscopy (TDS) system
with both transmission and reflection modes was used for
investigating the electromagnetic absorption properties of oil
shale in the THz range. As shown in Fig. 1, the system
consisted of an ultrafast laser, two THz emitters and a single
detector, an optical delay line, a set of parabolic mirrors,
and the oil shale samples. The optical beam pathways are
shown in red and the THz beam pathways in green. The
laser was diode-pump mode-locked with a center wavelength
of 800 nm, a pulse width of 100 fs, and a repetition rate
of 80 MHz. The laser beam was split into two beams with
high and low optical power by a splitter, and the high power
beam was used as the pump beam, while the low power beam
was used as the probe beam. The THz emitters and detector
were photoconductive antennae. The THz radiation emitted
from the THz emitters was focused as collimated electro-
magnetic beams on the sample surfaces. Similarly, the THz
radiation emitted from the sample surfaces was focused as
collimated electromagnetic beams to meet the probe beam at
the detector [18]. The THz signal was detected and amplified
by a lock-in amplifier, which greatly increased the signal to
noise ratio (SNR). A PC was used to control the measurement
process and collect the signal data.

Ill. RESULT AND DISCUSSION

Figure 2 presents representative SEM images and the EDX
results for the surface of an oil shale sample not subjected to
pyrolysis. The SEM images exhibit highly variable surface
morphologies, and mainly dispersed kerogen deposits can be
clearly observed in Figs. 2(a)—(f) with a variety of shapes,
such as strip-like and ball-like deposits. The EDX results
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® C O Si Al Ca Na Cl
1 72.18 18.73 2.10 0 0 2.08 3.86
2 87.38 12.19 0 0 0.43 0 0
3 72.72  21.08 3.03 1.73 0 0 1.43
4 7792 27.08 0 0 0 0 0

FIGURE 2. Direct scanning of kerogen in an oil shale sample without
pyrolysis: (a) overview SEM image of the top surface and cross-section of
an oil shale sample; (b) enlarged view of (a); (c) a further enlarged view
of (b) exhibiting an obvious kerogen deposit; (d) enlarged view of

(a) showing a kerogen deposit between mineral components; (e) another
kerogen deposit similar to that shown in (c); (f) another kerogen deposit
similar to that shown in (d); (g) EDX analysis results presenting the
concentrations of various elements in the observed kerogen deposits
shown in (c), (d), (e), and (f).

in Fig. 2(g) confirm that the darker areas are organic kerogen,
and the lighter gray areas are an inorganic mineral matrix
primarily composed of varying amounts of dolomite, calcite,
quartz, and clays. The SEM and EDX analyses indicate that
the kerogen in the oil shale sample is intimately associated
and tightly bound with the heterogeneous mineral matrix. The
mass fraction of carbon in the kerogen was observed to fall in
the range 50-65 wt%.

As a preliminary investigation of the THz absorption of
oil shale, Fig. 3 presents the THz field signal amplitude as
a function of time after transmission or reflection of THz
pulses through the air (as a reference) and oil shale samples
without pyrolysis (25°C) and with pyrolysis at 1000°C. The
heating rate was 10°C/min, and the furnace temperature was
kept for 1 hour after reaching the target temperature. Compar-
ison with the reference spectra obtained during transmission
and reflection indicates that the THz signal peak intensities
(EP) of the oil shale samples subject to pyrolysis at 1000°C
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FIGURE 3. THz spectral analyses of oil shale samples without pyrolysis
(25°C) and with pyrolysis at 1000°C: (a) transmission THz-TDS;

(b) selected data in (a), where the inset presents the THz absorption of
the oil shale samples in the 0.2-1.0 THz range; (c) reflection THz-TDS.

were attenuated to a much greater extent than the samples
without pyrolysis under both conditions, which represents a
strong absorption for the pyrolyzed samples in the THz range.
Meanwhile, Fig. 3(a) and its enlarged view in Fig. 3(b) indi-
cate that the characteristics of the THz transmission spectra
obtained for the two samples differed substantially, showing
that the physical properties can be differentiated using trans-
mitted THz spectra. For example, the value of EP obtained
for the oil shale sample at 25°C was 23 times greater than
that of the sample pyrolyzed at 1000°C. In addition, the inset
of Fig. 3(b) presents the frequency dependent absorbance
spectra obtained according to the THz-TDS data in
the 0.2—-1.0 THz range. Here, we note that the oil shale sample
pyrolyzed at 1000°C exhibited strong absorption over the
entire range, particularly in the 0.5-1.0 THz range. Mean-
while, we note from Fig. 3(c) that the THz reflection spectra
of the oil shale samples are quite similar in the THz range.
Oil shale samples pyrolyzed at 100°C were character-
ized by SEM in an effort to ascertain their THz absorp-
tion mechanism. Figures 4(a)—(h) present a number of SEM
images, and the results of EDX analysis at points 1-8 are
shown in Fig. 4(k). We note from Figs. 4(a) and (b) that
numerous octahedral pyrite crystals were observed on the
surface of the pyrolyzed sample, which is consistent with
the high proportion of Fe and S shown in the EDX results
for points 1 and 2. Moreover, the Fe/S ratio is approximately
1:2, which is consistent with the stoichiometric composition
of FeS,, indicating a high purity for the pyrite microcrys-
tals. In addition, Figs. 4(c)—(h) indicate that pyrite micro-
crystals with a polyhedral structure were observed within
kerogen deposits on the surface, which is consistent with
the high proportion of C and O shown in the EDX results
for points 3 and 5-8 with very little or no concentration
of other elements associated with sandstone and carbonates
(e.g., Si, Ca, and Mg). The individual pyrite microcrystals
were approximately 0.1 to 3 um in size. Moreover, the SEM
images and corresponding EDX results indicate that the pyrite
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Fe 33.66 3443 854 3399 963 2114 1965 931

Others 0 0 196 194 0 0 0 1524

FIGURE 4. Microstructure and chemical analysis of minerals and
inorganic mineral grains dispersed within kerogen deposits on an oil
shale sample subjected to pyrolysis at 100°C: (a) overview SEM image of
the oil shale sample surface showing large numbers of mineral particles;
(b) enlarged view of (a) showing several octahedral pyrite crystals;

(c) overview SEM image of uniformly sized mineral particles on the
sample surface; (d) enlarged view of (c) showing numerous particles with
diameters less than 1 xm; (e) overview SEM image of numerous pyrite
crystals semi-wrapped in kerogen; (f) enlarged view of (e); (g) overview
SEM image of uniformly sized pyrite particles coated with kerogen;

(h) enlarged view of (g); (k) EDX analysis results showing the
concentrations of various elements in the observed kerogen and pyrite
deposits in (b), (d), (f), and (h).

microcrystals were generally distributed unevenly and encap-
sulated within the kerogen deposits, but were at times packed
closely together in a regular arrangement, as shown in the
middle of the Fig. 4(g). Consequently, we can conclude that
the kerogen was associated with the pyrite microcrystals.

As shown in Fig. 5, the oil shale sample pyrolyzed at 100°C
also contained a significant number of spheroidal inclusions
with diameters of ~100 nm characteristic of kerogen deposits
consisting of collections of evenly arranged polyhedron-
shaped pyrite microcrystals, some of which are regular
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FIGURE 5. Analysis of spheroidal inclusions with diameters of ~100 nm
characteristic of kerogen deposits consisting of collections of evenly
arranged polyhedron-shaped pyrites microcrystals on the surface of the
pyrolyzed oil shale sample: (a) overview SEM image of the oil shale
surface; (b) enlarged view of (a) showing several inclusions; (c) enlarged
view of (b) showing a highly concentrated and regular right-angle
arrangement of pyrite microcrystals; (d) another enlarged view of (a);

(e) enlarged view of (d) showing a highly concentrated group of pyrite
microcrystals with 60° or 90° arrangements; (f) another inclusion with a
highly concentrated group of pyrite microcrystals with both 120° and 90°
arrangements.

octahedrons with a smooth appearance and sharp edges,
which are common in oil shale materials. As shown
in Figs. 5(c), (e), and (f), some of the pyrite microcrystals
were arranged at right angles, while some were arranged in
an equilateral triangle at angles of 120°.

The results in Figs. 4 and 5 support the following con-
jectures regarding the associated formation of pyrite micro-
crystals and kerogen in Huadian oil shale. A high rate of
subsidence during the deposition of the oil shale members
caused significant deepening of the Huadian depositional
lake, as well as high lacustrine productivity, and thereby pro-
viding abundant organic matter for oil shale formation. This
inference is supported by biomarker data, which show that the
organic matter preserved in the oil shale samples mostly con-
sists of alginite (lamalginite and telalginite), with only small
amounts of terrigenous organic matter. In this circumstance,
sulfate-reducing bacteria were active owing to the sufficient
supply of organic matter. Low productivity or high sedimen-
tation rates caused dilution of the accumulated organic matter
by detrital minerals (pyrite). The existence of kerogen and
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pyrite together imparts the absorption characteristics of the
oil shale in THz range.

The SEM and EDX results shown in Fig. 6 are evaluated
here to explore the effect of morphology and composition
of oil shale samples subjected to pyrolysis above 600°C
in an effort to investigate the reason why THz absorption
drastically increased when the oil shale sample was pyrolyzed
at 1000 °C. As a baseline, we first considered the pyrite
microcrystal cluster shown Figs. 6(a) and (b) for an oil shale
sample subjected to pyrolysis at 100°C, which the EDX
results indicate is composed of a fairly stoichiometric con-
centration of Fe and S indicative of FeS;. From Fig. 6(c),
we note that pyrite microspheres are obtained after pyrolysis
at 650°C. The EDX results for points 2 and 3 in Fig. 6(d) indi-
cate that the cluster mainly contained Fe and O with similar
Fe/O ratios for both points, as well as a small amount of resid-
ual S. The existence of a small concentration of Si at point 3
is indicative of a silicate matrix. These results indicate that
pyrite on the surface of the microspheres begins to decompose
for a pyrolysis temperature greater than 500°C, and sulfur gas
is released, resulting in the formation of an iron sulfide of
lower sulfur content, i.e., pyrrhotite FeSx, where 1 < x < 2,
which was then subjected to successive oxidation. As such,
the SEM image in Fig. 6(d) represents an incompletely oxi-
dized pyrite particle with two different textures composed of
a rim surrounding the particles that was retained from the
direct oxidation of the pyrite at an earlier heating stage, and
an inner part derived from the oxidation of the pyrrhotite.
Interestingly, Fig. 6(e) shows that the pyrite microspheres
subjected to pyrolysis at 700°C yield nanorods radiating out-
ward from the broken pyrite microspheres. The EDX results
for point 4 indicate that these nanorods are mainly composed
of Fe and O, but S (18%) and a small concentration of other
elements are also present. Clearly, these crystals consisted of
iron oxides and incompletely oxidized pyrrhotite. As shown
in Figs. 6(f) and (g), the most striking feature of the crystal
clusters in the oil shale samples pyrolyzed at 750°C and
800°C was that the concentration of Fe was much greater
than that of the other elements, particularly at 800°C, where
the Fe concentration was as high as 95%, indicating that
FeS; is reduced to elemental Fe in the process [19], [20].
Meanwhile, we plotted the THz-TDS of oil shale samples
pyrolyzed at 100, 650, 750, 800°C in Fig. 7, showing that THz
absorption of oil shale became very strong when the pyrolysis
temperature was larger than 750°C.These results indicate that
pyrite proceeded through a multi-step process with increasing
pyrolysis temperature according to the following sequence:
pyrite (FeS,) — pyrrhotite [(FeS)N(S2)1—-N,0.91 <N < 1]
— Fe. Itis well known that metal has a small transmittance in
the THz frequency range. As such, these results may help to
explain why the THz absorption drastically increased when
the oil shale sample was pyrolyzed at 1000°C.

We note that low-middle mature shale is composed of
layered structures that are similar to those of oil shale.
Therefore, we also evaluated the THz transmission spec-
tra, surface morphologies, and chemical compositions of

VOLUME 8, 2020

(2) AR (b)

4 "

Fe Others

0 0 6471 3279 2.50
0 3677 340 59.82 3.15
247 3965 0 5618 1.70
6.92 31.69 18.84 39.55 0.55
244 3936 0 5704 117
0 444 0 9556 0

0 2180 0 7820 0

S I A N N N

FIGURE 6. Morphology and elemental analysis of pyrite inclusions within
oil shale samples pyrolyzed at various temperatures: (a) SEM image of oil
shale pyrolyzed at 100°C showing a number of pyrite particles;

(b) enlarged view of pyrite particles in (a); (c)-(g) SEM images of pyrite
products in oil shale pyrolyzed to semi-coke at 650°C, 700°C, 750°C, and
800°C, respectively; (h) EDX analysis results at different locations of the
oil shale samples.
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FIGURE 7. THz-TDS of oil shale samples pyrolyzed at 100, 650, 750,
800°C, Which corresponded to Figure 6.

low-middle mature shale samples without pyrolysis (25°C)
and with pyrolysis at 1000°C for comparison with the oil
shale samples. As shown in Fig. 8(a), the waveforms of
the THz transmission spectra differ substantially from those
of the corresponding oil shale samples given in Fig. 3(a) in
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FIGURE 8. THz spectral analysis, SEM images, and EDX analyses of
low-middle mature shale samples without pyrolysis (25°C) and with
pyrolysis at 1000°C: (a) transmission THz-TDS; (b) SEM image of the
original shale sample; (c) SEM image of pyrolyzed shale sample; (d) EDX
analyses of shale samples in (b) and (c) with principal components
consisting of carbonates/silicates and nanometer rod oxides, respectively.

terms of the EP values and the peak time positions, which
indicates that shale and oil shale samples can be differentiated
based on THz transmission spectra. The EP values of the
shale samples with and without pyrolysis were equal, and
both signals were attenuated by approximately half compared
to the reference. This indicates that shale is not a strong
wave absorber in the THz range with or without pyrolysis.
The SEM images shown in Figs. 8(b) and (c) reveal similar
morphologies and anisotropic features to those of oil shale,
particularly when subjected to pyrolysis at 1000°C, where
numerous nanometer rods are observed. However, the EDX
results shown in Fig. 8(d) indicate that the principal compo-
nents of the shale sample without pyrolysis were carbonates
and silicates, while the principal components of the shale
sample subjected to pyrolysis were oxides. Therefore, while
oil shale and shale had similar morphologies and anisotropic
features, they contained different organic materials and min-
erals. The absence of pyrite in the shale is a distinctive feature
indicative of the role of pyrite in the strong THz absorption
of the pyrolyzed oil shale samples.

IV. CONCLUSION

In summary, oil shale was verified to be an effective elec-
tromagnetic absorbing material in the THz range. Analyses
based on THz-TDS, SEM images, and EDX results revealed
obvious differences between oil shale samples with and
without pyrolysis, as well as between low-middle mature
shale and oil shale samples. Oil shale reflected small absorp-
tion effect and reflectivity, while the pyrolyzed oil shale at
high temperature exhibited low transmittance and reflectivity,
simultaneously. This proved oil shale to be a natural THz
wave absorbing material, indicating that oil shale can be
widely used as optical material after pyrolyzed for oil and
gas resources. The pyrite in oil shale was the key compo-
nent for the wave absorbing effect. When decomposed into
pyrrhotite and element Fe, oil shale converted the incident
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electromagnetic wave into other energy. This research
reported a new application of oil shale as THz wave absorber
and revealed the mechanism of wave absorbing, which would
promote economic benefit of oil shale.
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