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ABSTRACT: As an alternative fossil fuel garnering attention in the wake of unstable crude oil prices, oil shale faces several
obstacles before its seemingly imminent commercialization. One of the largest environmental stumbling blocks to its widespread
use is the primary byproduct of oil extraction processes: semicoke. With the majority of semicoke disposed of in open landfills,
this waste stream poses a threat to the environment, and its disposal may well represent a waste of a potentially useable
byproduct. Previous studies show that oil shale from Estonia, China, and the United States, pyrolyzed at 500 and 1000 °C at a
rate of 20 °C min−1, yield semicokes with relatively high organic char contents and high surface areas. To determine how shale
origin and pyrolysis temperature impact the activation energy of oil shale semicoke combustion, we investigate the oxidation
kinetics of oil shale semicokes pyrolyzed at these two temperatures. Activation energies in air are in the range of 108−130 kJ
mol−1 for the semicokes pyrolyzed at 500 °C and 147−195 kJ mol−1 for samples pyrolyzed at 1000 °C. Depending on the oil
shale pyrolysis temperature and extent of reaction, the semicoke oxidative reaction orders range from 0.55 to 0.72.

■ INTRODUCTION

Whether viewed as a long-term solution to dwindling
conventional fossil fuel sources or as a bridge between pipelines
in the Middle East and a renewable energy future, unconven-
tional or alternative fossil fuels are of keen interest to public and
private enterprises alike. The United States has vast deposits of
oil shale,1 which is a fine-grained sedimentary rock containing a
proportionally large amount of kerogen, the organic portion in
the shale rock that can be converted to oil by thermal
degradation. The primary byproduct of current oil shale oil
extraction processes is semicoke, which is a semicarbonaceous
system that both poses a potential threat to groundwater via
leaching of polycyclic aromatic hydrocarbons, heavy metals, and
phenols that are entrained in the semicoke by rain and snow,
and a logistical and physical threat to surrounding areas by the
veritable mountains of semicoke produced.2−6 The Estonian
landscape is piled high with ∼300 million tons of ash and 110
million tons of semicoke.7,8 Although some semicoke finds its
way into construction materials such as concrete, rock wool,
asphalts, bricks, and other uses, this represents a small fraction
of the total semicoke produced,9−11 One of the more efficient
uses for oil shale semicoke is to be put back into the retorting
process as a fuel burned for heating the raw shale, especially
considering the energy-intensive nature of the retorting
process,4,12,13 or to further extract useable oil when combined
with fresh shale.14

In Estonia, where a substantial majority of the country’s
electricity is generated from oil shale, both the Kiviter-type
internal combustion vertical retorts and solid heat carrier units
are used. In the former, some generator gas produced is used in
oil shale retorting, while the rest is used in power plant boilers;
however, in the latter system, semicoke is burned to obtain the
solid heat carrier (ash) for the retorting, such that all the
generator gas is used as fuel in the power plant boilers.15

Semicoke, or organic char, has been shown to contain various
amounts of organic carbon, ranging from 1.7 wt % to 17.5 wt %,
with carbon content decreasing as the pyrolysis temperature
increases.16 [Note that “semicoke” is not referred to as organic
carbon as it is a heterogeneous carbonaceous system of carbon
and hydrogen with lesser amounts of sulfur, nitrogen and
oxygen present.] However, its relatively low critical temper-
atures suggest an underlying strong reactivity. A limited amount
of the oil shale literature probes the characteristics of oil shale
semicokes;17 the majority of the literature focuses on the oil
shale retorting process, quantifying extractable oil, and general
characteristics of the oil derived from shale. Here, we
investigate the potential conversion of oil shale semicoke
from a waste to a useable byproduct fuel by characterizing
semicoke reactivity in oxygen to determine activation energies
and reaction orders as a function of pyrolysis temperature and
shale origin.

■ EXPERIMENTAL METHODS
A total of five oil shale samples, two originating from the Maoming
mine (Guangdong Province, Southwest China, local classifications of A
and C), one from the Aidu mine (northeast Estonia) and two from the
Green River Formation (Colorado, USA, 19 and 50 GPT) were
ground and sieved to yield samples of particle size between 45 μm and
75 μm. Approximately 5 g of each shale sample were placed in a
porcelain boat and pyrolyzed in a laboratory tube furnace at one of two
temperatures500 and 1000 °Cat a rate of 20 °C min−1 under a
helium flow of 300 cm3 min−1 and held for 1 h at the final temperature.
The 500 °C pyrolysis temperature represents an industrially applicable
surface retort temperature. We pyrolyzed the second sample at 1000
°C (although this is certainly past the 650−700 °C upper bound for
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surface retorting) to explore the semicoke characteristics following
decomposition of the oil shale mineral carbonate, which occurs at
approximately the upper bound of surface retorting. Some types of in
situ retorting involve a combustion step as a heat source at
temperatures in excess of the carbonate decomposition temperature,
such that some of the residual organic carbon is actually gasified by the
evolving CO2.

30 Therefore, the two selected pyrolysis temperatures
provide semicokes that are, in one case, representative of fresh surface
retorting byproducts and, in the other case, representative of
conditions that may be obtained during in situ retorting or any
semicoke combustion process. These choices enable a comparison of
semicokes before and after carbonate decomposition while avoiding
the complicating effects of CO2 gasification in the kinetics reported.
Fischer Assay oil yields, in units of gallons of oil per ton of oil shale
(GPT), were calculated from the kerogen content of the shales,
according to Cook et al.18 Calculated GPT values from our laboratory
aligned well with those from the shale providers (reported in Table 1).
In a previous paper, we have described the techniques used and data

obtained in the determination of the organic char portion, as well as
the resulting porosities of each of these samples.16

The oxidation of any organic char is comprised of a complex series
of chemical reactions; as such, it is often represented by an overall or
global kinetic analysis.19 The overall oxidation conversion rate (r) of
semicarbonaceous systems such as coal char and wood char is
expressed as a variety of functions. Some expressions include a surface
area or pore geometry factor term; others, such as the one we consider
herein, include a rate of oxidation of residual organic carbon as a
function of oxygen partial pressure:

= = −r
x
t

k x P
d
d

(1 ) n
(1)

where k is a rate constant, P the partial pressure of oxygen present, n
the oxygen-dependent reaction order, and x the fractional extent of
conversion at any time t. The latter can be obtained from experimental
data as follows:

Table 1. Isothermal Kinetic Parameters Used for Determination of Oxidation Activation Energies and Pre-exponential Factors
for Oil Shale Semicokes

temperature (°C) k (s−1) temperature (°C) k (s−1) Temperature (°C) k (s−1)

Colorado 19GPT 500 °C Pyrolysis Estonian 500 °C Pyrolysis Chinese M-A 1000 °C Pyrolysis
352 1.01 × 10−4 343 9.92 × 10−3 460 1.60 × 10−2

362 1.23 × 10−4 348 1.18 × 10−2 463 1.79 × 10−2

375 1.77 × 10−4 353 1.39 × 10−2 467 2.04 × 10−2

403 4.29 × 10−4 358 1.66 × 10−2 470 2.37 × 10−2

405 4.96 × 10−4 363 2.06 × 10−2 474 2.77 × 10−2

412 5.88 × 10−4 368 2.58 × 10−2 477 3.24 × 10−2

373 3.25 × 10−2 480 3.76 × 10−2

Colorado 19GPT 1000 °C Pyrolysis
447 2.05 × 10−5 Estonian 1000 °C Pyrolysis Chinese M-C 500 °C Pyrolysis
459 3.44 × 10−5 366 6.18 × 10−4 323 5.26 × 10−3

478 5.41 × 10−5 375 8.06 × 10−4 328 5.80 × 10−3

483 6.57 × 10−5 375 8.54 × 10−4 328 6.24 × 10−3

498 9.49 × 10−5 375 9.12 × 10−4 332 7.40 × 10−3

515 1.65 × 10−4 376 9.25 × 10−4 333 7.68 × 10−3

518 2.19 × 10−4 381 1.10 × 10−3 337 9.36 × 10−3

520 2.23 × 10−4 398 2.33 × 10−3 338 9.31 × 10−3

400 2.64 × 10−3 342 1.10 × 10−2

Colorado 50GPT 500 °C Pyrolysis 403 2.66 × 10−3 343 1.13 × 10−2

321 1.43 × 10−4 347 1.33 × 10−2

336 2.77 × 10−4 Chinese MA 500 °C Pyrolysis 348 1.32 × 10−2

340 2.66 × 10−4 292 2.56 × 10−3 352 1.62 × 10−2

350 4.28 × 10−4 297 3.06 × 10−3 353 1.60 × 10−2

363 5.61 × 10−4 302 4.12 × 10−3 357 1.81 × 10−2

365 6.77 × 10−4 307 5.11 × 10−3 358 1.82 × 10−2

370 7.29 × 10−4 308 5.46 × 10−3

372 8.66 × 10−4 312 6.33 × 10−3 Chinese M-C 1000 °C Pyrolysis
313 6.69 × 10−3 439 8.09 × 10−5

Colorado 50GPT 1000 °C Pyrolysis 317 8.22 × 10−3 447 1.09 × 10−4

440 4.47 × 10−4 322 9.84 × 10−3 459 1.79 × 10−4

464 1.18 × 10−3 323 1.06 × 10−2 462 2.05 × 10−4

465 1.19 × 10−3 327 1.20 × 10−2 478 2.77 × 10−4

473 1.73 × 10−3 328 1.27 × 10−2 488 4.72 × 10−4

480 2.05 × 10−3 332 1.50 × 10−2 498 5.37 × 10−4

482 2.26 × 10−3 333 1.59 × 10−2 501 5.95 × 10−4

488 2.87 × 10−3 337 1.86 × 10−2 503 6.75 × 10−4

503 5.01 × 10−3 338 1.98 × 10−2 513 9.32 × 10−4

343 2.37 × 10−2 517 9.86 × 10−4

348 2.88 × 10−2 523 1.11 × 10−3

353 3.42 × 10−2 536 1.69 × 10−3

358 3.79 × 10−2
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where mi is the initial mass of the semicoke (after drying), mt the mass
at time t, and mc the mass of the semicoke following complete loss of
the organic char portion of the semicoke.
Integrating eq 1 gives

− = − −x kP t tln(1 ) ( )n
0 (3)

The rate constant (k) can be obtained from the Arrhenius expression
under the assumption that the apparent oxidation of char is an overall
first-order reaction:

= −⎜ ⎟⎛
⎝

⎞
⎠k A

E
RT

exp a

(4)

where A is the frequency factor, also known as pre-exponential factor,
Ea the activation energy, R the universal gas constant, and T the
absolute temperature.20−22 The overall activation energy of the
oxidation reaction can be obtained by plotting the logarithmic
conversion rate versus the inverse absolute temperature, 1/T. The
slope of the curve equals −Ea/R. The pre-exponential factor
determined from the Arrhenius equation assumes an independence
from temperature; it is an empirical relationship.
The kinetic parameters of each oil shale semicoke were determined

using both a TA Instruments Model 951 thermogravimetric analyzer
(TGA) and a Mettler Toledo DSC/TGA-1, following the same overall
procedure. Between 5 and 10 mg of semicoke were added to a
platinum pan (TA Instruments), or 3−5 mg of semicoke were added
to an alumina crucible (Mettler Toledo) in each TGA to achieve a thin
layer of semicoke covering the bottom of the pans. All samples were
heated to 120 °C and held at this temperature for 20 min to ensure
moisture removal; experiments did not proceed until a constant mass
was obtained at this temperature.
Isothermal measurement of the oxidation rates of semicokes

occurred in dry air flowing at ∼175 cm3 min−1. Each sample was
subjected to at least six different temperature plateaus and at each the
rate of oil shale semicoke oxidation mass loss was measured. Another
measure of reactivity of char, the “critical temperature,” was also
determined. The critical temperature, as defined by Charpenay et al.,23

is the temperature at which the carbon mass loss rate is equal to 0.065
min−1. It is a gauge of char reactivity; the lower the critical
temperature, the higher the reactivity of the sample. For char
oxidation, this rate is easily measurable, but still low enough to ensure
operation within the kinetically controlled oxidation regime without
influence of mass transfer limitations. We chose to compare our oil
shale semicokes on this basis to coal chars for which this reactivity
measure has been previously published.

Using the TGA, isothermal mass loss rates were measured as a
function of varying partial pressures of oxygen (in a mixture with
nitrogen, at 1 atm. total pressure) and analyzed for the oxidation
reaction order. Each sample, following moisture removal as described
above, was held at its respective temperature for 40 min while a series
of four gases with varying mole fractions of O2:N2 (100:0, 25:75,
50:50, 21:79) (supplied by Corp. Bros., USA) flowed through the
TGA at flow rates between 170 and 180 cm3 min−1, as controlled by
an Omega III mass flowmeter. Each semicoke was run a minimum of
two times in each gas mixture to ensure reproducibility. The apparent
oxidation rate of the residual carbon remaining in the semicoke, as a
function of unknown reaction order (n) and oxygen partial pressure
(P), can be obtained from eq 1 by plotting ln r vs ln P, which provides
the reaction order with respect to the partial pressure of oxygen. The
slopes of the straight lines are the apparent reaction orders n. The
measurements taken under varying partial pressures of oxygen used to
determine the reaction order of each shale semicoke were all
performed on TA Instruments TGA equipment. In this instance, all
the 500 °C pyrolyzed samples were tested at 380 °C and the 1000 °C
samples were tested at 480 °C, within ±15 °C of the critical
temperature of all of the samples pyrolyzed at their respective
temperature.

■ RESULTS AND DISCUSSION
Table 1 details the raw data used to determine Ea and A using
the Arrhenius equation. Results from the isothermal determi-
nation of the activation energy and pre-exponential factor and
determination of the overall oxidation rate constants are given
in Table 2. The pyrolysis temperature clearly impacts the
oxidation kinetics of the oil shale semicokes. As seen in Table 2,

Table 2. Critical Temperature, Activation Energy, Pre-exponential Factor, and Reaction Order for Semicokes Pyrolyzed at 500
and 1000 °C with Previously Determined Fischer Assay GPT, Organic Char Content, and BET Specific Surface Areaa

sample
Fischer assay

(GPT) organic char (wt %)

critical
temperature

(°C)
activation energy

(kJ/mol)
pre-exponential factor

(s−1)
reaction
order

BET area
(m2 g−1 char)

Colorado 19 GPT, 500 °C
pyrolysis

21 2.6 380 108.3 ± 4.6 1.0 × 105 ± 1.3 × 104 N/D 301

Colorado 19 GPT, 1000
°C pyrolysis

21 1.7 464 150.4 ± 6.4 1.7 × 106 ± 3.0 × 105 N/D 136

Colorado 50 GPT, 500 °C
pyrolysis

51 6.2 371 106.9 ± 5.0 3.7 × 105 ± 6.2 × 104 0.65 338

Colorado 50 GPT, 1000
°C pyrolysis

51 2.1 464 175.0 ± 3.0 2.9 × 109 ± 1.7 × 108 N/D 362

Estonian, 500 °C pyrolysis 77 9.1 378 130.3 ± 5.0 1.1 × 109 ± 1.7 × 108 0.60 332
Estonian, 1000 °C
pyrolysis

77 7.9 493 151.2 ± 4.9 1.3 × 109 ± 2.9 × 107 0.68 468

Chinese M-A, 500 °C
pyrolysis

45 17.3 347 127.3 ± 1.0 1.5 × 109 ± 3.2 × 108 0.61 306

Chinese M-A, 1000 °C
pyrolysis

45 11.4 494 195.4 ± 7.2 1.3 × 1012 ± 1.4 × 1010 0.72 341

Chinese M-C, 500 °C
pyrolysis

38 8.0 367 115.8 ± 2.3 7.2 × 107 ± 3.6 × 107 0.55 370

Chinese M-C, 1000 °C
pyrolysis

38 4.7 500 146.9 ± 3.2 5.1 × 106 ± 2.5 × 105 N/D 552

aData taken from ref 16.
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our critical temperatures range from 347 °C to 380 °C for
semicokes pyrolyzed at 500 °C, and from 464 °C to 500 °C for
semicokes pyrolyzed at 1000 °C, indicating a higher reactivity
for the 500 °C pyrolyzed samples. For comparison, critical
temperatures determined for chars produced from pyrolysis of
Argonne premium coals range from 430 °C to 519 °C.23 These
oil shale semicokes are thus of comparable reactivity to the
Charpenay et al. chars. The critical temperature values also
provided a relevant temperature range for performing our
kinetic experiments to obtain measurable rates that are low
enough to not be subject to mass-transfer limitations.
Figure 1 shows the significant influence of pyrolysis

temperature on measured oxidation rates, consistent with the

process of thermal annealing.30 Results are shown for the
Colorado 50 GPT semicoke pyrolyzed at 500 and 1000 °C.
Fractional carbon conversion, as a function of time, is shown at
two oxidation temperatures of each semicoke, at char
conversions of <50%. The oxidation rate of the 500 °C
semicoke at 321 °C is significantly greater than that of the 1000
°C semicoke oxidized at 440 °C. This general result holds
across all shale samples, regardless of their geographic origin,
showing that the process of thermal annealing applies to these
chars, just as it does to most other types of carbons.30 Figure 2
shows conversion for the Estonian 500 °C semicoke at 360,
375, 381, and 400 °C, used to determine the rate constant, k.
We find activation energies for the 500 °C pyrolyzed semicokes
in the range of 107−130 kJ mol−1, with the two 500 °C
Colorado semicokes having the lowest activation energies (see
Table 2). For the shales pyrolyzed at 1000 °C, the Colorado 19
GPT gives an activation energy of 150 kJ mol−1, while the
Colorado 50 GPT 1000 °C semicoke gives a value of Ea = 175
kJ mol−1; the Chinese C sample showed the lowest activation
energy among the 1000 °C pyrolyzed semicokes (147 kJ
mol−1).
The kinetic parameters are clearly a function of pyrolysis

temperature, as already noted. While the values for different oil
shales differ, they all show a consistent trend of an increase of

activation energy with heat-treatment temperature. In addition,
while the shale’s origin dictates the characteristics of its raw
kerogen, the similarity of all the Tcrit values shows that the
semicokes are fundamentally quite similar. It should also be
noted that the shale’s origin determines its mineral
composition.25 Hutton classified oil shales according to
formation environment: terrestrial, lacustrine, and marine.
These classifications were further subdivided according to
organic origin and age.26 These characteristics of the oil shale
will, logically, influence the properties of the oil shale semicokes
that are produced. This is clearly evidenced in the organic char
contents remaining after pyrolysis under comparable con-
ditions: ranging from 2.6% carbon for Colorado 19 GPT
semicoke pyrolyzed at 500 °C to 17.3% present in the Chinese
M-C sample pyrolyzed at the same temperature. Datangel and
Goldfarb demonstrated that the heavy-metal content of oil
shale and its semicokes is also dependent on both shale origin
and pyrolysis temperature.27 The residual mineral contents of
the shale can play a role in influencing oxidation reactivity,
because of the catalytic effect of the minerals (which were not
studied here.) Thus, it is not surprising that different shales
yield different rate constants.
Figure 3 shows the Arrhenius plot for the Estonian and

Colorado 50 GPT semicokes pyrolyzed at 500 and 1000 °C.
The linearity of the data confirm first-order kinetics, with
respect to residual carbon mass, as observed by many other
groups for the oxidation of oil shale semicokes.21,22 An upward
concave curve would be indicative of a reaction order of >1, or
multiple simultaneous decomposition reactions, and a concave
downward trend would indicates a reaction order of <1, or a set
of decomposition reactions in series. Given the relatively linear
Arrhenius plot over the measured temperature rangewith R2

values all greater than 0.98the overall or global reaction
order, with respect to char, is ∼1.
The reaction orders, with respect to oxygen partial pressures,

reported in Table 2, are recorded at conversion levels between
20% and 40%. Figure 4 shows an example of the results, with
respect to the partial pressure of oxygen for the Chinese M-A
500 °C pyrolyzed semicoke. The reaction orders, with respect
to oxygen, for all the semicokes investigated herein range from

Figure 1. Fractional carbon conversion versus time for Colorado
50GPT semicokes; 500 °C pyrolyzed semicokes measured at 321 and
370 °C (black); 1000 °C semicokes measured at 440 and 482 °C
(gray).

Figure 2. Fractional conversion as a function of time for Estonian
semicokes pyrolyzed at 500 °C taken at varying temperatures: (●) 360
°C, (○) 375 °C, (△) 380 °C, (+) 400 °C, and (×) 418 °C.
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0.55 to 0.72, depending on the pyrolysis temperature. The oil
shale semicokes pyrolyzed at 500 °C were investigated at an
oxidation temperature of 380 °C, while the samples pyrolyzed
at 1000 °C (less-reactive samples) were oxidized at 480 °C.
The apparent reaction orders of the oil shale semicokes increase
with pyrolysis temperature, and are quite similar to those for
coal char and wood chars.24,28 The 500 °C samples have
reaction orders of ∼0.6, and the 1000 °C samples have reaction
orders of ∼0.7. In fact, all of the orders are quite similar to
those reported for an enormous range of carbons.31 There were
several oil shale semicoke samples (both Colorado 19GPT
semicokes; Colorado 50GPT 1000 °C; Chinese M-C 1000 °C)
for which we were not able to accurately determine the reaction
order, because of the low (<5 wt %) organic char content and
potential secondary reactions in the mineral portions of the
char. However, we see from the data on the other semicokes
that the reaction orders, with respect to oxygen, appear to be
independent of shale origin.

Our data, and those of others, suggest that the final pyrolysis
temperature is critical to the oxidation kinetics of the semicoke,
and others have reported an effect of heating rate as well, as
seen in Table 3. Qing et al. measure activation energies for
oxidation in air of semicoke produced at three temperatures
from oil shale from the Huadian mine in the Jilin province of
China. Their samples were pyrolyzed at 2 °C min−1, which is a
slower rate than used here. They separated their activation
energies into a low-temperature stage (up to 400 °C) and a
high-temperature stage (410−650 °C). The low-temperature
stage results in activation energies of 118.5, 133.9, and 233.9 kJ
mol−1 for the Huadian semicoke pyrolyzed at 500, 600, and 700
°C, respectively. For the high-temperature stage, the activation
energies for these semicoke samples were 131.7, 146.3, and
360.1 kJ mol−1, respectively.3 Hence, the same trend of
increasing activation energy with increasing pyrolysis temper-
ature was obtained, although the increase was much more
significant. Fujimoto et al. found an oxidation activation energy
of 81.2 kJ mol−1 for semicoke from Green River Colorado 24
GPT shale that was rapidly pyrolyzed at 530 °C. They found
the oxidation of this rapidly pyrolyzed shale to be well-
represented by a second-order reaction, with a possibility of
two simultaneous first-order reactions. Fujimoto et al.
concluded that char from rapid heating is 2−3 times more
reactive than char from slow pyrolysis.20 Since their reaction
order, with respect to char, is quite different from that found in
this study, it is unclear whether their activation energies can be
directly compared to those reported here. As seen in Table 3,
Han et al. also measured the oxidation activation energies of
Chinese Huadian oil shale slowly pyrolyzed to 500 °C over two
nonisothermal temperature ranges; the oxidation of the
Huadian shale semicokes pyrolyzed at temperatures below
530 °C gave oxidation activation energies of 59.91, 67.98, and
81.05 kJ mol−1 for heating rates of 20, 40, and 60 °C min−1,
respectively. When oxidized at temperatures between 730 °C
and 850 °C, the reported activation energies of the Huadian
semicoke were 108.69, 81.68, and 80.45 kJ mol−1 at the same
respective heating rates.4 Thus, there was no clear trend of
activation energy with heating rate (in one case, it increased; in
the other, it decreased); however, the activation energies
obtained were similar to those obtained by Fujimoto et al.
However, these values of the oxidation activation energies were
lower than that normally obtained for disordered carbons. The
activation energies reported by Kaljuvee et al.29 bracket the low
values of Fujimoto et al. and Han et al. and the higher values
obtained here. An activation energy value for Estonian oil shale
char is given in the work of Ots17 as 100 kJ/mol. This is
comparable to some values reported by Kaljuvee et al. but
lower that the value obtained here for the Estonian Oil shale
semicoke sample pyrolyzed at 500 °C. It is not known how the
heating rate in the present study compares to that used by Ots.
Our pyrolysis experiments were performed at a relatively

slow heating rate (20 °C min−1), which is orders of magnitude
lower than what fine particles can experience in an industrial
boiler, which can occur at rates of over 1000 °C s−1. The
published data by Qing et al. show highest activation energies
for semicokes pyrolyzed at 2 °C min−1 to 700 °C and these
values are much higher than those measured herein for
semicokes pyrolyzed at 20 °C min−1 to temperatures of either
500 or 1000 °C.3 It is unclear whether the difference between
these studies is really due to a heating rate effect, because, again,
the highest activation energies obtained by Qing et al. are not
characteristic of most char oxidation processes.

Figure 3. Arrhenius plot for Colorado 50 GPT semicokes pyrolyzed at
(●) 500 °C and (○) 1000 °C and Estonian semicokes pyrolyzed at
(×) 500 °C and (+) 1000 °C.

Figure 4. Determination of oxidative reaction order as a function of
oxygen partial pressure for Chinese M-A oil shale semicoke pyrolyzed
at 500 °C.
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The relatively low overall activation energies obtained here
for the oil shale semicokes pyrolyzed at 500 °C are associated
with their low degree of carbonization.9,15 Shales pyrolyzed at
lower temperatures will tend to have a higher volatile content, a
higher degree of disorder, and higher hydrogen and oxygen
contents than those pyrolyzed at higher temperatures;16,17,20 at
high pyrolysis temperatures, the combustible matter remaining
is mostly elemental carbon.4 Ots shows that the C/H mass ratio
in char can be in the range of 25−30, which makes oil shale
semicokes more reactive toward oxygen than if they were truly
composed of pure carbon. The same study also shows that the
combustion rate of oil shale char in the kinetically controlled
region decreases with an increase in C/H ratio, which supports

the findings of the present study17 and is consistent with the
concept of annealing.30

The high oxidation reactivities of oil shale semicokes,
especially those pyrolyzed at 500 °C, make them an attractive
co-fired fuel for the generation of energy or syngas production.
As a co-fired fuel with raw oil shale, Wang et al. note that the
rapid combustion of organic material in oil shale improves the
co-combustion characteristics of various semicoke−oil shale
blends. However, they note that as the semicoke fraction
increases, the activation energy increases presumably because
the raw oil shale is characterized by a lower activation energy
than the heat-treated semicoke, consistent with the results of
this study.12 In agreement with these studies, our data show

Table 3. Activation Energies as Functions of Final Pyrolysis Temperature and Heating Rate, Oxidation Temperature Range, and
Shale Origin across the Literature Compared to This Work

final pyrolysis
temperature (°C)

pyrolysis heating rate (
°C min−1)

oxidation
method

oxidation temperature
range (°C)

activation energy
(kJ mol−1) kinetics model ref

Colorado 24GPT
530 rapid isothermal 384−474 81.2 Arrhenius equation 20

Estonian (Isoconversional Oxidation)
not specified rapid isoconversional 200−485 67.3−100.9 model-free kinetics

(Friedman)
29

not specified rapid isoconversional 330−700 81.3−86.1 model-free kinetics
(Friedman)

29

not specified rapid isoconversional 465−870 182.7−185.8 model-free kinetics
(Friedman)

29

Colorado 19GPT
500 20 isothermal 352−412 108.3 Arrhenius equation this

work
1000 20 isothermal 447−520 150.4 Arrhenius equation this

work
Colorado 50GPT

500 20 isothermal 321−372 106.9 Arrhenius equation this
work

1000 20 isothermal 440−503 175.0 Arrhenius equation this
work

Estonian (Isothermal Oxidation)
500 20 isothermal 343−373 130.3 Arrhenius equation this

work
1000 20 isothermal 366−403 151.2 Arrhenius equation this

work
Chinese M-A

500 20 isothermal 292−358 127.3 Arrhenius equation this
work

1000 20 isothermal 460−480 195.4 Arrhenius equation this
work

Chinese M-C
500 20 isothermal 323−358 115.8 Arrhenius equation this

work
1000 20 isothermal 439−536 146.9 Arrhenius equation this

work
Chinese Huadian (Isothermal Oxidation)

500 2 isothermal <400 118.5 Coats and Redfern 3
500 2 isothermal 410−650 131.7 Coats and Redfern 3
600 2 isothermal <400 133.9 Coats and Redfern 3
600 2 isothermal 410−650 146.3 Coats and Redfern 3
700 2 isothermal <400 233.9 Coats and Redfern 3
700 2 isothermal 410−650 360.1 Coats and Redfern 3

Chinese Huadian (Various Oxidation Rates)
500 1.5−3.5 20 °C/min <530 59.91 Arrhenius equation 4
500 1.5−3.5 20 °C/min 730−850 108.69 Arrhenius equation 4
500 1.5−3.5 40 °C/min <530 67.98 Arrhenius equation 4
500 1.5−3.5 40 °C/min 730−850 81.68 Arrhenius equation 4
500 1.5−3.5 60 °C/mm <530 81.05 Arrhenius equation 4
500 1.5−3.5 60 °C/mm 730−850 80.45 Arrhenius equation 4
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that, as pyrolysis temperature increases, the ability to co-fire
large quantities of semicoke may decrease because of higher
activation energies and lower organic char fractions.

■ CONCLUSIONS
Overcoming obstacles to the commercial retorting of oil shale
to produce oil requires one to address the environmental
impact of the semicoke waste. One way of utilizing this waste is
to co-combust the semicoke with parent fuel or other fuel
sources. However, our data and others in the literature show
that it is imperative to know the conditions under which the
shale was retorted. Examination of the literature on oil shale
semicoke oxidation kinetics still offers a somewhat confusing
picture, with different workers recently reporting very different
kinetic constants. It is unclear what the origin of these
differences might be, although it seems unlikely to be
attributable to be heating rate effects.
In general, the activation energy required to oxidize oil shale

semicokes clearly increases as the retort temperature increases:
this is likely due to the progressive increase in C/H ratio in oil
shale semicoke. Similarly, semicokes pyrolyzed at higher
temperatures also exhibit slower char oxidation rates. The
oxidation reactions of oil shale semicokes produced at 500 and
1000 °C at a heating ramp rate of 20 °C min−1 appear well-
represented by the Arrhenius equation, with an overall reaction
order of 1, with respect to remaining carbon. The reaction
orders, with respect to the partial pressures of oxygen, ranged
from 0.55 to 0.72, with the semicokes pyrolyzed at higher
temperatures exhibiting slightly higher orders. Again, this is
entirely consistent with the low-temperature oxidation kinetics
reported for a large number of different types of chars.
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K.; Liira, M.; Mõtlep, R. Fuel 2012, 93, 172−180.
(12) Wang, W.; Wang, H.; Sun, B.; Bai, J.; Guan, X. Fuel 2009, 88,
1520−1529.
(13) Jaber, J. O.; Probert, S. D. Appl. Energy 1997, 58, 161−175.
(14) Yan, J.; Jiang, X.; Han, X. Energy Fuels 2009, 23, 5792−5797.
(15) Siirde, A.; Roos, I.; Martins, A. Oil Shale 2011, 28, 1−4.
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