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ABSTRACT: Shale rock is a complex geochemical system, which contains inorganic minerals
and organic matter (e.g., kerogen), of which the latter possesses porous, high-molecular-weight
carbon structures. The pores within organic matter hold the majority of recoverable
unconventional oil and natural gas. The organic matter also provides a possible source of
hydrocarbon fuel upon pyrolysis. To promote engineering developments in hydrocarbon
recovery using heating methods, it is essential to have a fundamental understanding of the
nature of the thermal behavior of shale. Consequently, we have investigated the thermal
evolution of a shale sample from the Marcellus Formation, Pennsylvania, using a multi-faceted
materials science approach, including in situ X-ray diffraction, in situ diffuse reflectance
spectroscopy, thermogravimetric analysis coupled with differential scanning calorimetry and
mass spectrometry, and transmission electron microscopy. Our aim was to link the naturally
heterogeneous and complex chemistry of the shale with its mineralogy and thermal stability up
to 900 °C. The thermally induced decomposition of organic and inorganic phases resulted in
systematic changes in the shale characteristics. More specifically, kerogen underwent complex
decomposition reactions between 200 and 600 °C, depending upon the heating rate and atmosphere (oxidative or inert); pyrite
decomposed from 300 to 400 °C; and above 600 °C, inorganic minerals, such as carbonate and clay, broke down. These
decompositions created microscopic cracks and left empty pores within the rock. Our results provide insight into the pyrolysis
process of shale for hydrocarbon recovery.
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■ INTRODUCTION

Shale rock is at the forefront of fossil energy production,
holding large storages of unconventional oil and gas, and thus
is also at the center of environmental considerations, especially
in terms of groundwater pollution.1−4 Shale is a fine-grained
sedimentary rock typically containing a mixture of clays (illite
and smectite), quartz, feldspar, carbonates (calcite and
dolomite), and pyrite, but most importantly, it also contains
kerogen, a complex organic matter of highly linked heavy-
molecular-weight carbons, including aromatic and aliphatic
carbons.5−7 Within a wide distribution of inorganic or organic
macro-, meso-, and micropores of shale hold valuable oil and
gas products. Current research focuses on industrially relevant
issues associated with extraction of oil and gas, including
measuring the pore structure of shale and modeling the
behavior of its confined hydrocarbon fluids.8−15

Previous efforts have investigated microstructural character-
istics of shale after thermal treatments and their relation to
mineral compositions. Specifically, Liu et al. linked the thermal
evolution of structural (crystallographic) to microstructural
(pores and surface areas) changes using experimental
techniques, including scanning electron microscopy, adsorp-
tion analysis, and X-ray-based techniques: ultrasmall, small,

and wide-angle X-ray scattering.16 A number of studies
characterized the thermal evolution of oil and gas products
and decomposition mechanisms of kerogen during pyroly-
sis.17−22 In addition, the thermal behavior and phase
transformations of inorganic constituents of shale, such as
quartz, feldspars, clays, carbonates, and pyrite, have been well-
studied.23−27 Nevertheless, there are still knowledge gaps in
the thermal evolution, especially of kerogen, that require
further studies. With the focus on the fundamental materials
science aspects of shale (which is essentially a hybrid
composite material) upon thermal treatment, we aim to link
its thermal evolutions with its chemistry, mineralogy, and
microstructure. The goal is to complement the previous
application-focused studies by investigating fundamental
aspects of shale thermal behavior.
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The characteristics of shale components as well as how they
are assembled (microstructure) essentially determine the
products and mechanisms of thermal decomposition. Such
characteristics include type of organic matter, inorganic
mineral species, porosity, permeability, etc. Therefore, with
the application of a materials science perspective, we can gain
valuable information on shale thermal evolutions. The shale
sample studied, which has a high total carbon content, was
retrieved from the Marcellus basin in Pennsylvania, a major
unconventional shale gas formation in the United States. To
probe the thermal behavior of Marcellus shale as a function of
the temperature under different gas atmospheres, we employed
several in situ high-temperature techniques, including in situ
powder X-ray diffraction (XRD), in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS), and
integrated thermogravimetry, differential scanning calorimetry,
and mass spectrometry (TG−DSC−MS). We also used ex situ
transmission electron microscopy (TEM) to characterize the
samples before and after heat treatment. The advantages of
applying our methodology are twofold: first, it provides a
detailed in situ account of thermal behavior, which may be
directly related to applications such as pyrolysis for oil and gas
recovery, and second, it allows us to peak into the complexities
of our shale from a post-mortem forensic perspective by
piecing together implications of its high-temperature behavior.
Simply put, this study provides fundamental insights into the
thermal behavior of Marcellus shale, which have important
implications for hydrocarbon recovery from unconventional
reservoirs.

■ EXPERIMENTAL METHODS
Source Materials. The shale was retrieved from the

Marcellus formation in Pennsylvania, U.S.A. A Marcellus shale
core taken from a depth of 7544.15−7546.80 ft was provided
by the Marcellus Shale Energy and Environmental Laboratory
(MSEEL), a multi-disciplinary and multi-institutional effort
focused on improving unconventional resource recovery. The
Marcellus formation is the largest natural gas field in the
United States, and Marcellus shale at the MSEEL site primarily
consists of siliciclastic mudstones with interbedded carbo-
nates.28 The powder sample characterized in this work was
from a portion of the Marcellus shale core.
Compositional Analysis. Inductively coupled plasma

optical emission spectrometry (ICP−OES) was used to
analyze the cationic composition following United States
Environmental Protection Agency (U.S. EPA) Method 200.7
with a PerkinElmer Optima 2100 DV instrument. The
standards used for calibration were purchased from SPEX
Certiprep, Inc. To prepare the sample for ICP−OES,
approximately 35 mg of powder was added to a Teflon
digestion vessel. The solvents (2 mL of hydrogen peroxide, 1
mL of hydrofluoric acid, and 5 mL of nitric acid) were added
to the vessel and allowed to react in the unopened vessel for 30
min. The vessel was then sealed and heated in a Titan MPS
microwave system for two cycles (70 min per cycle) with a
maximum operating temperature of 220 °C. After the mixture
was cooled, 10 mL of 4% boric acid was added to each vessel
to neutralize HF. Loss on ignition (LOI) analysis was
performed by weighing a ∼1.0 g aliquot in a quartz crucible.
It was treated in air at 1000 °C in a Thermolyne muffle
furnace, held for 30 min, and reweighed upon cooling. The
LOI is the percentage of mass loss from the heat treatment
process.

Thermal Analysis. Thermal analyses using TG−DSC−MS
were carried out on a Netzsch Instrument STA 449 F5 Jupiter
coupled to a QMS 403 D Ae ̈olos quadrupole mass
spectrometer. For analysis in an inert environment, about 20
mg of powder sample was analyzed in an alumina crucible from
40 to 1000 °C at 10 °C/min under 50 mL/min nitrogen flow.
For analysis in an oxidizing environment, about 20 mg of
powder sample was analyzed in an alumina crucible from 40 to
1000 °C at 5 °C/min under 50 mL/min air flow. During
multiple step thermal analysis, about 20 mg of powder sample
was placed in an alumina crucible analyzed in a multi-step
thermal program, including atmosphere change at 600 °C,
specifically, (i) dynamic heating from 40 to 600 °C at 5 °C/
min under 50 mL/min nitrogen flow, (ii) isothermal heating at
600 °C for 30 min under 50 mL/min nitrogen flow, (iii)
isothermal heating at 600 °C for 30 min under 50 mL/min air
flow, and (iv) dynamic heating from 600 to 1000 °C at 5 °C/
min under 50 mL/min air flow. Evolved gases of TG−DSC
experiments were identified simultaneously by the coupled MS.
Each set of data was analyzed using the Proteus and Dispsav
software packages. All MS, derivative thermogravimetry
(DTG), and derivative differential scanning calorimetry
(DDSC) curves were plotted using Origin. We have applied
similar integrated thermal analysis methods on solid-state
materials with microporosity and interlayer spaces in several
ealier studies.29−32

Electron Microscopy. We examined the sample morphol-
ogy using TEM (FEI Tecnai T20 with a LaB6 cathode at 200
kV) in the Franceschi Microscopy and Imaging Center at
Washington State University. ImageJ (National Institutes of
Health) was employed for micrograph analysis.33 The TEM
specimens were prepared by dispersing a small amount of
sample powder in ethanol using ultrasonication. Subsequently,
the suspension was dried on 200-mesh carbon-coated nickel
grids. Samples investigated were treated at the target
temperature isothermally for 3 h using a tube furnace in an
argon atmosphere.

Ex Situ and In Situ DRIFTS. The in situ DRIFTS
measurements were carried out in a high-temperature cell
(Spectra-Tech) equipped with ZnSe windows. The spectra
were collected from 30 to 600 °C under 50 mL/min helium
flow with a hold time of 2 min at each temperature step. The
sample powder was mixed with KBr at a ratio of 1:10 (shale/
KBr) and placed in a ceramic crucible, and KBr was also used
to collect background spectra. Ex situ DRIFTS data were
recorded at 30 °C after isothermal treatment at the desired
temperatures for 3 h using a tube furnace in an argon
atmosphere.

In Situ XRD. The structural evolution as the temperature
increases from room temperature to 1000 °C was monitored
by in situ powder XRD. The data were obtained using a Rigaku
Smartlab X-ray diffractometer with Cu Kα radiation (λ =
1.5406 Å) coupled with the Rigaku HT1500 heating stage with
a platinum strip crucible operated at a scan rate of 4°/min in
the 2θ range of 5−80° with a heating rate of 10 °C/min under
40 mL/min of helium with a hold time of 5 min prior to each
scan. To create the three-dimensional (3D) XRD plots of
intensity as a function of 2θ and temperature, the Python tool
of “Plotly” was employed to extract the data points and create
3D surface maps accordingly. To highlight changes in
representative peaks in selected 2θ ranges, an optimized
color bar for each was created to better visualize details. To
determine representative peaks for inorganic minerals in our
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XRD patterns, the American Mineralogist Crystal Structure
Database (AMCSD) was used as follows: quartz, AMCSD
0000789; pyrite, AMCSD 0000006; illite, AMCSD 0005015;
calcite, AMCSD 0000098; and orthoclase, AMCSD 0000313.

■ RESULTS AND DISCUSSION

Phase and Compositional Analyses. To investigate the
composition of our shale sample, we performed XRD for
crystalline phases, ICP−OES for a relative composition of
cationic elements (see Table S1 of the Supporting
Information), and LOI to estimate the total organics and
other combustible species. The room-temperature XRD
patterns indicate a mixture of quartz, feldspar, pyrite, illite
clay, and calcite phases. The ICP−OES analysis shows
predominately Si and Al with significant amounts (>1%) of
Na, Mg, K, Ca, and Fe. The LOI is 15.51 wt % and includes
contributions from all species that were removed during heat
treatment in air at 1000 °C, including water and/or hydroxyl
groups from clays, organic carbons (kerogen, etc.), inorganic
carbon (carbonates), sulfur (pyrite), etc. Further, the thermal
analyses using integrated TG−DSC−MS provide a more
detailed composition of species, which were removed during
LOI.
Thermal Analysis in an Inert Atmosphere. As the first

step of investigating the thermal behavior of shale, we apply
thermal analysis techniques using integrated TG−DSC−MS.
The data of thermal analysis under N2, mimicking pyrolysis

conditions are presented in panels a−c of Figure 1. Overall,
three general stages of thermal decomposition are evidenced.
In stage I (−0.70 wt %), dehydration sees the loss of weakly
and tightly (pore/layer confined) adsorbed water and
dehydroxylation of clays up to 450 °C. Evidenced by the MS
m/z = 18 peaks in Figure 1c, weakly adsorbed water evolves,
peak at ∼114 °C, and more tightly bound water is removed
from interlayers of clays and pores, peaks at ∼214 and ∼334
°C, and clay dehydroxylates, peak at about 414 °C. Stage II
(−7.48 wt %) sees the decomposition of kerogen into light and
heavy organics, inorganic gases, and coke from 450 to 750 °C,
shown by the DTG and DSC (endothermic) peaks at 534 and
524 °C, respectively.19−21,34 The DSC peak occurring before
the DTG peak points to mass transport limitations as a result
of the inaccessible closed and open pores within rock and
kerogen networks. Water and CO2 are evolved from the
decomposition of carbonates, suggested by m/z = 18 peaks at
534 and 654 °C and m/z = 44 peaks at 569 and 654 °C.35−37

Further, during stage II, pyrite (FeS2) decomposes to
pyrrhotite (Fe1−xS) completely by 600 °C and finally to
troilite (FeS) at 800 °C.38 Finally, stage III (−5.88 wt %),
750−1000 °C, contains the decarbonation of carbonate phases,
including hydrated carbonate phases; see the DTG and DSC
(endothermic) peaks at ∼727 and ∼737 °C, respectively, as
well as the m/z = 18 peak at 784 °C and m/z = 44 peaks at
∼734 and ∼784 °C.39 The higher temperatures of carbonate
decomposition are likely due to mass transfer limitations

Figure 1. (a) TG and DTG, (b) DSC and DDSC, and (c) MS data of m/z = 18 and 44, in nitrogen at 10 °C/min of Marcellus shale.

Figure 2. (a) TG−DTG, (b) DSC−DDSC, and MS curves (c) m/z = 18 (H2O), (d) m/z = 18 (H2O), m/z = 32 (O2), and m/z = 44 (CO2), (e)
m/z = 18 (H2O), m/z = 32 (O2), and m/z = 60 (SO2), and (f) m/z = 12 (C), m/z = 17 (OH), m/z = 30 (NO), and m/z = 48 (SO), in oxygen at 5
°C/min of Marcellus shale.
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within the tight void space of the shale structure. The total
weight loss observed up to 1000 °C is 14.06 wt %, which
correlates well with the LOI analysis.
Thermal Analysis under Oxidative Environments. To

further our understanding of the thermal evolution of the
Marcellus shale, we conducted measurements in air. Thermal
analyses in this oxidative condition, TG−DTG, DSC−DDSC,
and m/z = 18, 32, 44, and 64 curves from 40 to 1000 °C, are
shown in panels a, b, c, d, e, and f of Figure 2, respectively.
Stage I (−0.15 wt %), as in the inert environment, suggests the
loss of weakly and tightly adsorbed water up to ∼285 °C,
evidenced by the MS m/z = 18 peak of 103 and 190 °C,
respectively. Stage II is complex and contains multiple events
(−12.95 wt %). First, the combustion of pyrite (FeS2) to Fe
oxide species hematite, α-Fe2O3, or magnetite, Fe3O4, and SO/
SO2 proceeds, shown by the DTG, DSC (exothermic), and MS
m/z = 64 peaks at 399, 396, and 399 °C, respectively.40

Subsequently, the dehydroxylation of clay species ensues,
shown by the small, broad DTG and DDSC (endothermic,
hidden in the DSC by the strongly exothermic combustion
reactions) at about 422 and 427 °C, respectively. Lastly, the
combustion of kerogen and decomposition of carbonates,
beginning at ∼285 °C, into CO2 and water occurs, suggested
by the DTG and DSC (exothermic) peaks both at 479 °C as
well as MS m/z = 18, 32, and 44 peaks at 474, 479, and 479
°C, respectively. As a result of the fast combustion of organic
kerogen species and the high mobility of CO2, there appears to
be no large mass transport limitations. Stage III (−3.50 wt %)
sees the decomposition of multiple carbonate species,
evidenced by DTG, DSC (endothermic, shown in the
zoomed-in view of Figure S1 of the Supporting Information),
and m/z = 44 MS peaks at 710, 711, and 709 °C. The total
weight loss observed up to 1000 °C is 16.60 wt %, which
correlates well with the LOI analysis. Showing slightly higher
mass loss may be due to lower mass transport limitations, ∼20
mg of powder versus 1 g of aliquot. The mass loss is higher
than in the pyrolysis (N2) environment, expected to be due to
coking of kerogen and incomplete desulfurization of pyrite, as
pyrite decomposes to pyrrhotite and then troilite (FeS).38

Multi-stage Inert Oxidative Thermal Analysis. To
further investigate the decomposition of kerogen and the
influence of oxygen, we conduct a multi-stage thermal
treatment analysis, whereby we (1) dynamically heat from 40
to 600 °C at 5 °C/min in N2, (2) isothermally heat at 600 °C
for 30 min in N2, (3) introduce air and continue isothermally
heating for 30 min, and (4) dynamically heat from 600 to 1000
°C at 5 °C/min in air. TG−DSC is shown in Figure 3a, and m/
z = 18 and 44 are shown in Figure 3b for the multi-stage
thermal analysis. The advantage in this multi-stage thermal
analysis is that it allows us to highlight the thermal−chemical
stabilities of kerogen and other products within the shale rock,
specifically the thermal evolutions in pyrolysis versus oxidative
conditions. Specific values of interest here are the total weight
loss as a result of oxygen introduction, which enables us to
quantify the amount of unreacted and coked kerogen, the
“trapped” organics within kerogen, and FeS1−x species. In a N2
atmosphere, brought up to 600 °C and maintained for 30 min,
kerogen decomposition is complete, as seen by the flat TG
curve (−4.29 wt %); all decomposition reactions evolving
gaseous products have completed, and the system is in
equilibrium. Below 600 °C, DSC shows an endothermic peak
at 108 min (526 °C). MS supports this with m/z = 18 and 44
peaks at 107 min (524 °C) and 118 min (579 °C), the

combustion of oxygen and hydroxyl groups within kerogen.
Once air is introduced, the unreacted and coked kerogen, the
“trapped” organics within kerogen, and Fe1−xS species combust
rapidly (−9.06 wt %), as seen by DSC and m/z = 18 and 44
peaks at 159, 154, and 158 min, respectively. The evolution of
m/z = 64 (SO2) can be seen in Figure S2 of the Supporting
Information. From this analysis, we conclude that a significant
portion of kerogen is left unreacted and coked during pyrolysis
up to 600 °C. An iron sulfide phase, assumedly pyrrhotite,
remains stable, even up to 600 °C, evidenced by the mass loss
and SO2 evolution.

In Situ DRIFTS Analysis. The bonding specifics of shale
components were investigated under thermal pyrolysis
conditions in situ up to 600 °C and ex situ after isothermal
pyrolysis treatment in a tube furnace at 700 and 900 °C (see
panels a and b of Figure 4). Infrared peaks at low wavelengths,
∼800, ∼1000, and ∼1150 cm−1, all correspond to Si−O bonds
in silicates, such as quartz, illite, and felspar phases, present in
the XRD and retained during thermal treatment.41,42 The
peaks at 714 and 879 cm−1 suggest the presence of the calcite
phase, which is also supported by the signal at ∼1450 cm−1,
the asymmetric stretching vibration of CO3

2−.41 In situ, as the
temperature increases from near room temperature to 600 °C,
the peak at ∼1450 cm−1 appears to have little to no change,
but ex situ, at 700 and 900 °C, the peak significantly decreases
in intensity corresponding to the evolution of CO2 as a result
of calcite decomposition. This is in good agreement with our
thermal analysis and in situ XRD data. The peaks of 1614 and
∼1680 cm−1 correspond to the stretching vibration of CC
bonds and carbonyl CO group bond vibrations, which can

Figure 3. (a) TG−DSC treated in a multi-step thermal program,
including changing atmospheres from nitrogen (orange) to air (blue),
dynamic heating from 40 to 600 °C at 5 °C/min under nitrogen flow,
isothermal heating at 600 °C for 30 min under nitrogen flow,
isothermal heating for 30 min under air flow, and dynamic heating
from 600 to 1000 °C at 5 °C/min under air flow. The temperature
program is shown in gray. (b) Select MS of m/z = 18 (H2O) and m/z
= 44 (CO2) from the multi-step thermal program.
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Figure 4. (a) In situ DRIFTS spectra from 30 to 600 °C in helium and (b) ex situ DRIFTS spectra at 30 °C following isothermal treatment at the
desired temperature for 3 h in argon.

Figure 5. TEM of shale at room temperature and after thermal treatment in argon at 700, 900, and 1000 °C for 3 h. RT = room temperature.
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be associated with the complex carbon chemistry of kerogen, as
seen in previous studies on the chemistry of kerogen.41,42 In
situ, these peaks diminish as the temperature increases to 600
°C; however, ex situ, the peaks remain up to even 900 °C,
suggesting evidence that kerogen does not decompose
completely. The pyrolysis decomposition of kerogen is
significantly kinetic- and mass-transfer-limited, and the ex situ
samples experience coking when rapidly heated to the
isothermal treatment temperature, leading to the high amount
of CC and carbonyl CO groups. In Figure S3 of the
Supporting Information, the weak peaks at ∼2930 and ∼2850
cm−1 correspond to symmetric and asymmetric stretching
vibrations of CH2 and CH3 groups.42 This could be from
kerogen or lower weight hydrocarbons trapped within the
shale. According to our data and the lack of noticeable
methane or other low-weight hydrocarbons in MS, we hesitate
to identify these peaks belonging to “free” hydrocarbons. As a
result of the peaks at ∼2930 and ∼2850 cm−1 vanishing above
300 °C, we assign them to free hydrocarbons as the reactions
take place below what is expected from the decomposition
temperature of kerogen. The peak at 3627 cm−1 suggests
isolated hydroxyl groups, which are likely to be OH surface
groups of illite clay. The peak intensity of the OH stretching
vibration decreases gradually with the temperature increasing
from 400 to 600 °C, corresponding to the loss of the surface
hydroxyl groups, as suggested by the weight loss in the TG
curve and water peak in the MS curve. Hydroxyl peaks are not
observed in ex situ samples heated to 700 and 900 °C. From
this DRIFTS analysis, we draw the following conclusions that
directly support our thermal analyses: the small amount of
“free” hydrocarbons evolve between 100 and 400 °C; kerogen
decomposes gradually with significant coking during rapid

heating (10 °C/min); dehydroxylation of clays occurs between
400 and 600 °C; and most decarbonation occurs between 600
and 900 °C.

High-Temperature Morphological Behavior. To eluci-
date the morphological evolution as a result of thermal
treatment, TEM was performed on samples isothermally
treated in an inert atmosphere (see Figure 5). Images were
taken from shale treated at room temperature and at high
temperatures of 700 °C (after kerogen decomposition), 900
°C, and 1000 °C (after full carbonate decomposition). At
room temperature, grains of flake-like layered clay materials
and silt-sized grains of quartz, feldspar, carbonates, and pyrite
are evidenced with relatively homogeneous smooth surfaces.
After heat treatment to 700 °C, following partial decom-
position of carbonates, pyrite, and kerogen, removal of trapped
water and organic species, and dehydroxylation of clays, the
morphology of each sample is quite different. The evolution
and release of gases as well as decomposition of products cause
cracks and crater-like openings throughout the sample. At 900
°C, only the most stable phases remain unaltered, mainly
feldspar and quartz, and all carbonates are decomposed. The
surfaces exhibit worm-like extrusions and large gaps, resulting
from thermal decomposition and evolution of gaseous
products. At 1000 °C, the extreme conditions of high-
temperature treatment act to disperse the high-energy rough
edges of the pores and extrusions. Clear evidence of particle
growth is observed, and the sample surfaces are smoother.
However, there remains large cracks, gaps, and channels,
suggesting empty internal space left after decomposition of
organic species. From room temperature up to 1000 °C, TEM
shows large gaps of ∼10−50 nm cracks, gaps, and channels
created in the minerals that remain after decomposition.

Figure 6. (a) 2D and (b) 3D plots of in situ XRD patterns, (c) 2θ of 6−10° showing the (001) peak of illite, (d) 2θ of 29−29.8° showing the (104)
peak of calcite, and (e) 2θ of 32.6−33.3° showing the (200) peak of pyrite. Normalized integration of intensity from representative phase peaks (f)
(001) of illite, (g) (104) of calcite, and (h) (200) of pyrite.
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In Situ Mineralogical Evolutions. The crystalline phase
structure and composition were tracked during thermal
treatment using in situ XRD up to 1000 °C. The two-
dimensional (2D) full pattern plots are presented in Figure 6a,
and the full range 3D plot is presented in Figure 6b. In panels
c−e of Figure 6, representative peaks of major phases are
presented as a function of 2θ. To track the phase
decomposition of each phase, we use the integrated intensity
of its representative peaks, which directly suggests the total
amount of the phase present. For ease of understanding, we
normalized the data as a percentage of the integrated intensity
of the first pattern at near-room temperature (panels f−h of
Figure 6). Figure 6c shows the representative (001) peak of
illite at ∼8.5°. Peak evolutions are hard to track in the pattern
of illite here because of its low total intensity, which makes the
changes difficult to distinguish. Additionally, the normalized
integrated intensity tends to be affected by small changes in the
background (see Figure 6f). However, we can still observe a
general trend that illite undergoes intensity weakening
beginning at above 500 °C undergoing dehydroxylation and
continues until its decomposition at ∼900 °C. The
decomposition of illite occurs above 500 °C when dehydrox-
ylation begins and finishes at ∼900 °C. The decomposition of
illite, a representative of clays, indicates the loss of interlayer
space within the clay components of the shale.16 This is
supported by a lack of layered structures in TEM at 1000 °C
(see Figure 5). In panels d and g of Figure 6, showing the
representative (104) peak of calcite and its normalized
integrated intensities, it is shown that calcite undergoes
phase decomposition at ∼560 °C and is completely
decomposed by 700 °C. Considering the kinetic limitations
and mass transport from the rapid heating in TG−DSC−MS,
this supports our TG−DSC−MS analysis. Calcite decomposes
at above 560 °C; this pairs well with the literature.16,37 In
panels e and h of Figure 6, showing the representative (200)
peak of pyrite and its normalized integrated intensities, it can
be seen that pyrite undergoes intensity weakening beginning at
above 100 °C as its normalized integrated intensity drops to
80% and then experiences complete decomposition from ∼300
to 460 °C. The sulfur release at ∼400 °C supports this, as
shown in our thermal TG−DSC−MS analysis. In comparison
to pure pyrite in an inert environment, pyrite in this shale
mixture decomposes and exhibits a similar behavior at
temperatures to those reported in the literature.38 Our in situ
XRD phase analysis supports the findings in the thermal and
infrared analyses by sharing similar decomposition temper-
atures with synchronizing loss of representative peaks and their
normalized integrated intensity.
In combination of our multi-faceted approach in investigat-

ing the thermal behavior of Marcellus shale, we are able to
better understand the dynamic thermal behavior of shale. Here,
we distinguish the thermal evolution of shale into three stages,
as is typical when investigating non-isothermal treatment of
shale.43,44 In stage I, below 200 °C, weakly adsorbed water and
other volatile species are removed. In stage II, complex
kerogen decomposition occurs between 200 and 600 °C
depending upon the heating rate and specific kerogen
composition, mainly C/H ratio, and in stage III, above 600
°C, inorganic minerals, such as carbonate and clay materials,
decompose.19 The cracks in TEM images in Figure 5 are
principally caused by carbonate, pyrite, and kerogen decom-
position. Meanwhile, thermal expansion of crystalline phases
and transitions of oxide components also contribute to the

change in the microstructure and porosity.45 Integrated
thermal analyses and in situ structural and spectroscopic
methodologies provide a systematic platform to deepen our
understanding on the properties of shale under extreme
conditions.
Pyrolysis of shale rock for the purpose of extracting

hydrocarbons is a complex process as a result of the kinetic
and mass transport limitations involved in the decomposition
of the desired products, such as kerogen and “free”
hydrocarbons, and undesired components, including water
from clays, sulfur from pyrite, and carbon dioxide from
carbonate. Of our highlight phases, those present in high
amounts and relevant in gaseous evolutions from shale, pyrite
has the lowest thermal stability, decomposing at about 400 °C,
but reacts “quickly” compared to the decomposition of
kerogen products, which occurs over a large range of
temperatures (400−600 °C).38 Kerogen cannot be treated as
one simple compound as a result of its extremely complex
carbon networks and structures formed under geochemical
environments. The decomposition of kerogen is a kinetically
complex phenomenon with intercompeting reactions: faster
heating rates lead to higher coking, and slower heating rates
lead to more evolved hydrocarbons.34,43,46 Significant coking of
kerogen occurs, evidenced especially by differences in inert/
oxidative thermal analysis and multi-stage thermal analysis,
which suggests significant CO2 evolution directly following the
introduction of oxygen at 600 °C to an inert environment. The
coking of kerogen is a complex function of the heating rate and
C/H ratio, which can be categorized by the origin of the
organic material and age as well as kinetic and mass transport
limitations.17,20,47,48 We may have to engineer cracks and
channels as observed in the morphological analysis to
maximize the extraction and diffusion of organics, especially
the kerogens tightly confined within the less accessible mineral
structures.6,49 The thermally induced decomposition of illite
and calcite overlaps with that of kerogen as illite dehydrox-
ylates at about 500 °C (but retains its phase structure up to
∼900 °C) and carbonate phases decompose with evolution of
carbon dioxide from 550 to 900 °C. In our ongoing studies, we
have expanded our investigation to link the microstructure and
micromorphology with the chemical and structural evolutions
under dynamic thermal conditions using a multi-scale
approach employing X-ray “nano” computed tomography
(nano-CT) and an in-depth crystallographic analysis.

■ CONCLUSION
Using analyses of contrasting multiple in situ techniques, we
link the chemistry and microstructure of the shale with its
mineralogy and thermal behavior. These insights interconnect
materials science techniques to geochemical systems with
pyrolysis of shale rock. The complex decomposition reactions
of kerogen occurred between 200 and 600 °C depending upon
the heating rate and atmosphere (oxidative or inert). During
this expected range, we witnessed very little expected gaseous
hydrocarbon evolution, such as methane. We anticipate this is
due to exodus from pores during preparation for experiments
by grinding to a fine powder. With the overlap of this key
temperature range, pyrite, clay, and carbonate decomposition
occurred, which prompts consideration of processing con-
ditions and steps during the design of pyrolysis. Mirroring the
escape of products evolved from organic matter and minerals
at high temperatures, the remaining rock displays microscopic
cracks and empty pores. Broadly, our integrated approach
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provides a model study for consolidating results from multiple
“common” in situ materials science characterization techniques
to investigate the complex chemistry and microstructures of
natural materials.
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thermal program, including dynamic heating from 40 to
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