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Effects of Inherent Minerals on Pyrolysis Behavior and Kinetics of
Jimsar Oil Shale
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ABSTRACT: In order to reveal the influences of different
inherent minerals on the pyrolysis behavior and kinetics of oil
shale, decarburization, and desilication, samples were obtained by
pickling and demineralization. The influence of inherent minerals
on the activation energy of oil shale at different conversion rates
and the pyrolysis kinetic model were researched by the equal
conversion method and principal curve method. The results
demonstrated that the average and maximum weight loss rates and
volatile release characteristic index of JM-C were lower than that of
JM-R; however, JM-S appeared with the opposite trend. At the
initial stage (a = 0.2—0.6), the pyrolysis activation energy of JM-C
was basically the same as that of JM-R, while the pyrolysis
activation energy of JM-S decreased. At the later stage (a = 0.6—
0.8), the pyrolysis activation energy of JM-C was higher than that of JM-R, while the activation energy of JM-S was between JM-C
and JM-R. The existence of inherent carbonates reduced the pyrolysis activation energy of oil shale, but only at the later stage of
pyrolysis. In addition, the existence of inherent carbonates changed the pyrolysis kinetic model of oil shale from an order model to a
one-dimensional diffusion model, encompassing f(a) = (1 — a)** and f(a) = 0.5a". However, the existence of inherent silicates
increased the activation energy of oil shale pyrolysis. Moreover, its mechanism was consistent with the original model, namely, an
order model, f(a) =1 — a.
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China is abundant in oil shale resources,”” with shale oil
. 1.3

reserves ranking second worldwide.” These resources are

Researchers worldwide have conducted comprehensive
investigations into the behavior and kinetics of inherent
minerals in oil shale pyrolysis. Through thermogravimetric

widely distributed, mainly located in Xinjiang, Jilin, Liaoning,
and Guangdong provinces.” Oil shale belongs to the class of
sedimentary rock, characterized by its high organic matter
content,” and the shale oil produced by its pyrolysis presents
properties similar to those of natural oil. Consequently, it is a
promising unconventional oil and gas energy source.”® QOil
shale organic matter consists mainly of kerogen and some
soluble bitumen.” Kerogen is a polymeric substance with a
reticulate structure'® and serves as the primary source of
pyrolytic oil and gas.'"'* Oil shale has a rich inorganic skeletal
structure,'”'* and its inherent minerals mainly include clay
minerals (such as kaolinite, montmorillonite, and illite),
carbonate minerals (dolomite and calcite), quartz, and traces
of pyrite."” The inherent minerals in oil shale exhibit uneven
distribution and are closely cross-linked with organic
matter.'"” In general, different inherent minerals impose
various influences on the pyrolysis of oil shale, in which
carbonates promote the Ipyrolysis of organic matter in oil shale,
while silicates inhibit it."® Therefore, inherent minerals exert a
remarkable influence on the pyrolysis behavior and mechanism
of organic matter within oil shale.
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analysis, Cai et al. observed an increase in the weight loss rate
of Yaojie and Longkou oil shale following acid washing
demineralization, and that the increase in porosity promoted
the pyrolysis of oil shale.'” Zhang et al. carried out
thermogravimetric analysis and found that after acid washing
demineralization of Longkou oil shale, carbonate rock could
catalyze pyrolysis of organic matter, and silicates could inhibit
the organic matter decomposition; the acid washing deminer-
alization lowered the initial temperature in the process of oil
shale pyrolysis, improving its eﬂclciency.20 By exploring how
minerals impacted Jimsar oil shale pyrolysis and adopting the
Friedman method for kinetic analysis, Pan et al. discovered
that inherent minerals did not remarkably impact organic
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Table 1. Proximate Analysis and Ultimate Analysis of Jimsar Oil Shale

sample proximate analysis/@,4 % ultimate analysis/@,4 %
M A % FC C H 0 N S,
JM-R 0.15 52.05 43.86 3.94 39.31 5.02 4.69 1.39 0.79

Table 2. Ash Composition Analysis of Jimsar Oil Shale

sample ash composition/%
MgO CaO AL O, SiO, Fe,0, SO; TiO, P,Oq others
JM-R 5.48 7.24 1191 62.27 6.15 155 0.69 0.92 3.79

matter pyrolysis reaction in Jimsar oil shale and the original
and demineralized oil shale appeared to have same activation
energy distribution of pyrolysis.”’ Chang et al. removed
minerals from Huadian and Balikun oil shales by using acid
washing and performed kinetic analysis under the assistance of
the Coats—Redfern method. As found, when the temperature
changed from 350 to 510 °C, hydrochloric acid washing and
hydrofluoric acid—hydrochloric acid pickling reduced and
increased the apparent activation energy by approximately 10
and 30 kJ/mol, respectively.”” Sert et al. divided the pyrolysis
of a Turkish oil shale into two temperature ranges for kinetic
analysis. It was showed that the activation energy elevated after
HCI pickling in one reaction zone, the removal of silicates
slightly decreased the activation energy, and the activation
energy decreased in the second reaction zone due to the
removal of inorganic minerals from the organic structure.”’

In summary, the inherent carbonate and silicate minerals of
oil shale crucially impacted the pyrolysis behavior of organic
matter. However, studies have mainly focused on the way
inherent minerals impact the properties and average activation
energy exhibited by oil shale pyrolysis products. Therefore, we
investigated the pyrolysis behavior exhibited by intact and
demineralized oil shale samples using the thermal analysis
method, studied how inherent minerals affected the kinetic
mechanism of different pyrolysis stages of oil shale using the
isoconversion method (including the FWO and KAS
methods), and derived the mechanism function of pyrolysis
at different samples using the master curve method. The
aforementioned studies provide theoretical references for the
catalytic conversion as well as the clean and efficient utilization
of oil shale.

2. MATERIAL AND METHODS

2.1. Sample Preparation. The study object was Jimsar oil
shale in Xinjiang. The samples were crushed and sieved to
bring the particle size to less than 0.15 mm. Industrial and
elemental analyses were performed following the Industrial
Analysis Method of Coal (GB/T212-2008) and Elemental
Analysis of Coal (GB/T31391-2015), respectively, and the
results are summarized in Table 1. As observed, Jimsar oil shale
was characterized with a high volatile content and a low ash
content (Table 1). Moreover, the atomic ratio of H/C was
1.53 and that of O/C was 0.09. Therefore, according to the
Van Krevelen diagram of the kerogen type, this kerogen
belongs to type I,”* with a high oil production potential.”*°
The ash composition analysis of Jimsar oil shale using X-ray
fluorescence revealed that the main components of inherent
minerals of Jimsar oil shale encompassed silicon and
aluminum, in addition to iron and some other elements
(calcium and magnesium; Table 2).

2.2. Demineralization. Ten grams of the original sample
of Jimsar oil shale (JM-R) was added to 160 mL of 6 mol/L
HCI and 80 mL of 40 vol % HF, respectively, and stirred at 60
°C for 4 h using a magnetic mixer. Afterward, the
demineralized samples were vacuum-filtered and washed until
the pH was neutral. The acid-washed demineralized samples of
hydrochloric acid (JM-C) and hydrofluoric acid (JM-S) were
obtained. Finally, the samples received 24 h of drying
treatment at 105 °C in an oven.

2.3. Experimental Equipment. A NETZSCH STA 449
ES thermogravimetric analyzer served for investigating the
pyrolysis behavior and the kinetics of the raw and
demineralized oil shale samples. Samples were heated to 20—
900 °C, and N, was continuously introduced at 40 mL/min,
where the TG—DTG diagram in this experiment was
calculated and plotted according to the dry and ash free
base. The study also examined the effect of heating rates (10,
20, and 30 °C/min) on the pyrolysis characteristics.

2.4, Pyrolysis Characteristic Parameters. For a more in-
depth examination of the pyrolytic properties and behavior
exhibited by the three Jimsar oil shale samples, our study
mainly paid attention to the five pyrolysis characteristic
parameters

dw ) ( dw )
_— X _
( at / nax 4t/ mean

Ty X T, ><AT1/2 (1)

max

(1) Volatile initial temperature (T,): the temperature when
the volatiles of oil shale begin to be released, which is an
important index to measure the difficulty of volatile
release of oil shale. It refers to the point on the DTG

curve when the weight loss rate is 1 wt % min~.

(2) Tpax the temperature corresponding to the maximum
weight loss rate of the DTG curve.

(3) AT,,: the half-peak width corresponding to the
temperature interval (dw/dt)/(dw/dt) . = 1/2, which
indicates the concentration of the volatile fraction
released from oil shale pyrolysis.””*"

(4) (dw/dt)pmesn and (dw/dt)n,, denote the average and
maximum weight loss rates during oil shale pyrolysis,
respectively.

(5) Integrated volatile release characteristic index (D), for
measuring the release performance of volatiles and
reflecting the pyrolytic reactivity of the oil shale.””*"

2.5. Kinetics Analysis. Kinetic analysis method helps to
comprehensively explain the reaction mechanism during oil
shale pyrolysis (JM-R, JM-C, and JM-S). Based on the multiple
scan rate method and Arrhenius equation, the kinetic
parameters were solved based on multiple TG curves at
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Figure 1. TG and DTG curves of pyrolysis of original and demineralized samples (a) TG; (b) DTG.
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Figure 2. Heating rate-dependent TG and DTG curves of original and demineralized samples (a) JM-R; (b) JM-C; (c) JM-S.

various heating rates. The equations of the nonhomogeneous
. . . 31,32
reaction system in the solid fuel process are as follows:

; ( ; )
Zexp| - —
P RT

In eq 2, t means the reaction time, f(a) denotes a reaction
mechanism function, a is the conversion rate, k(T) is the
reaction rate constant related to the reaction temperature, A
denotes the pre-exponential factor, f represents the heating

rate, E denotes the reaction activation energy, and R is the gas
constant [8.3145 J (mol K)™'].

da

da
=k UG ]
o = H@or

2)

_ my = my

a

(©)

m

o — My

40398

In eq 3, m,, m, and m; denote the initial sample mass, the
mass at the pyrolysis time t, and the final sample mass,
respectively.

In this experiment, the FWO® and KAS methods®* were
employed to determine the kinetic parameters. The expression
of the FWO method is as follows:

Inf = ln(i] — 5331 — 1.0516£

RG(a) RT (4)

When conversion rate a is constant, a linear fit can be

obtained for In § and 1/T. Then, the slope of the line can be

figured out: 1.0516 E/R. Finally, the pyrolysis activation energy
E can be gained.

The KAS method is expressed as follows:

https://doi.org/10.1021/acsomega.3c04780
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Table 3. Heating Rate-Dependent Pyrolysis Characteristics of Oil Shale and Demineralized Samples

sample heating rate (°C/min) T, (°C) Tpax (°C) (dw/dt) .y (% min) (dw/dt) ean (% min) ATy, (°C) D x 1077 (% min~>°C™>)
JM-R 10 433.4 473.5 7.72 0.44 35.33 4.69
20 432.6 488.6 14.03 0.86 38.02 14.98
30 430.0 488.8 21.11 131 38.82 33.93
JM-C 10 428.2 468.2 6.45 0.40 44.22 3.02
20 425.9 477.9 13.13 0.80 46.43 11.13
30 4209 482.9 19.36 1.27 4791 25.15
JM-S 10 418.2 473.3 13.87 0.72 33.01 15.34
20 403.3 483.3 28.26 149 33.25 65.12
30 375.9 487.9 40.79 2.25 35.56 140.71

B AE E volatilization was greatly reduced because of the removal of a

In| = [=In I large amount of sili fter pickling. Th k temperatur
T2 RG(q) RT (s) arge amount of silicate after pickling. The peak temperatures

In the presence of a linear fit for In (ﬂ/TZ) and 1/T, the
slope of the line can then be obtained: E/R. Finally, the
pyrolysis activation energy E can be figured out.

3. RESULTS AND DISCUSSION

3.1. Impact of Inherent Minerals on Oil Shale
Pyrolysis Behavior. Figure 1 represents the TG-DTG
curves for the raw and demineralized samples of Jimsar oil
shale at 10 °C/min when the temperature changed from 20 to
900 °C. As the temperature increased, the oil shale
decomposed because of the influence of heat, with
physicochemical changes occurring in its macromolecular
structure (Figure 2a). Among the different physiochemical
changes, the weight loss behaviors exhibited by the original and
demineralized samples differed. Within 600—800 °C, the
pyrolytic weight loss of JM-R was larger than that of JM-C
since the thermal decomposition of carbonate minerals
facilitated kerogen® cracking and volatile release in this
temperature range. However, the pyrolysis weight loss of JM-S
was much larger than that of JM-R and JM-C, indicating the
suppressive influence of silicate on thermal decomposition of
organic kerogen in oil shale. As shown in Figure 2b, the three
samples had obvious weight loss peaks from 350 to 550 °C,
which were caused by the cracking of organic kerogen in oil
shale. Chemical reactions (the depolymerization of macro-
molecules, C—C and C—H fracture, and so forth) were
accompanied by the generation and release of many free
radicals®® and the liberation of volatile oil and gas. The order of
the pyrolysis weight loss rate was JM-S > JM-R > JM-C. The
removal of carbonate and silicate minerals affected the weight
loss rate of pyrolysis, indicating that carbonate and silicate
minerals promoted and inhibited the cracking of organic
matter in oil shale, respectively. In the temperature range of
630—750 °C, JM-R presented a significant weight loss peak,
owing to carbonate mineral decomposition, which conformed
to the conclusions of Yan et al.”’

3.2. Impact of Inherent Minerals on Oil Shale
Pyrolysis Characteristics. Figure 2 displays the heating-
rate-based TG and DTG curves for the original and
demineralized samples and the pyrolysis characteristics. As
can be seen from Table 3 that lists the results, when the
heating rate was 10 °C/min, compared with JM-R, the volatile
initial precipitation temperatures of JM-C and JM-S were
reduced, which was attributed to the fact that pickling
increased the size of the pores inside the oil shale, promoting
the increase in the internal heat transfer rate.’”® As shown in
Table 2, the initial analysis temperature of the pyrolysis

corresponding to the maximum weight loss rates of JM-C and
JM-S were reduced, indicating that acid demineralization led to
oil shale pyrolysis proceeding at a lower temperature. Relative
to the original sample, JM-C had lower maximum and average
weight loss rates, and JM-S achieved remarkably higher
maximum and average weight loss rates, because the existence
of carbonate and silicate minerals promoted and inhibited
thermal decomposition of oil shale, respectively. Besides, at 10
°C/min heating rate, the full width at half-maximum loss rate
of the temperature range of JM-C increased by 8.89 °C relative
to that for JM-R. This was observed given that the removal of
carbonate minerals widened the temperature range regarding
oil shale pyrolysis, decreasing the pyrolysis volatile concen-
tration, thus slowing down the pyrolysis rate. The full width at
half-maximum loss rate of the temperature range of JM-S
decreased by 2.32 °C relative to that for JM-R, because of the
narrowed full width at half-maximum of oil shale pyrolysis that
resulted from the removal of silicate minerals and the release of
pyrolysis volatilization in a smaller temperature range, and the
more concentrated the pyrolysis reaction, the faster the
pyrolysis rate.

The initial analysis temperatures (T,) of the pyrolysis
volatilizing of JM-R, JM-C, and JM-S decreased as the heating
rate increased because increased heating rate enlarged oil shale
internal heat supply and accelerated the organic matter
reaction speed. Besides, T, gradually increased with the
heating rate, owing to the “thermal hysteresis” phenomenon in
the pyrolysis process. The difference between internal and
external temperatures increased with the pyrolysis process,
forming a temperature gradient, which led to the oil shale
pyrolysis process moving to the zone with high temperature.
When the heating rate increased, (dw/dt), and (d@/dt) nean
of the original and demineralized samples increased. This was
because as heating rate increased, the heat transfer rate
elevated, and the depolymerization of macromolecules was
accelerated, thus resulting in the easier release of volatile
products and precipitation of the pyrolysis oil and gas. The full
width at half-maximum AT),,, indicating the concentration
degree of pyrolysis volatilization release increased as heating
rate increased (Table 3), which was because the increase in
heating rate led to insufficient heat absorption time of oil shale,
making the reaction is not concentrated, and the reduced
concentration degree of pyrolysis volatilization release reduces.

The composite volatile release characteristic index (D)
essentially indicates the oil shale pyrolysis reactivity. Higher
values of D indicate higher volatile release performance and
better pyrolysis reactivity. D for JM-C at the three heating rates
was lower relative to that for JM-R. At 10 °C/min, D for JM-C

https://doi.org/10.1021/acsomega.3c04780
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Figure 3. Pyrolysis activation energies at each conversion rate for different samples obtained using the KAS and FWO methods: (a) JM-R; (b) JM-
C; (c) JM-S; (d) comparison of pyrolysis activation energies of samples from the KAS method.

was 36% lower than that of the original. As noted above, this
implied that carbonate minerals promoted volatilization and
remarkably enhanced oil shale pyrolysis reactivity. However, D
for JM-S was higher than that for JM-R under the three heating
rates. At 10 °C/min, the D for JM-S was 226% higher than the
original value. As aforementioned, silicate minerals inhibited
volatilization release and greatly reduced oil shale pyrolysis
reactivity.

3.3. Impact of Inherent Minerals on Pyrolysis
Kinetics. 3.3.1. Activation Energy from FWO and KAS
Methods. FWO and KAS methods were adopted to investigate
the pyrolysis mechanism exhibited by the original and
demineralized samples of the Jimsar oil shale.’” The three
kinetic factors of the sample pyrolysis reaction were calculated:
activation energy (E), pre-exponential factor (A), and
mechanism function f(@). According to eq 5, at the conversion
rate (&) of 0.2—0.8, the pyrolysis activation energy curves of
JM-R, JM-C, and JM-S are described in Figure 3.

The correlation coefficients (R?) of E values of the three
samples were larger than 0.98, indicating that the results were
highly accurate. The variation trends of the E values calculated
by the FWO and KAS methods were consistent under different
conversion rates, and the E values calculated by the two
methods revealed a small difference, suggesting that the
calculation results were accurate and credible (Figure 3). It can
be seen from Figure 3a, For the Jimsar oil shale, the pyrolysis
activation energy was initially stable and then decreased rapidly
with the conversion rate (Figure 3). At 0.2—0.6 conversion rate
and 440—500 °C, the pyrolysis activation energy remained at
68—69 kcal/mol because —COOH, C—0O-C, C=C, and
other kerogenaceous functional groups of oil shale were broken

and free radicals were formed in this temperature range.
Various free radicals reacted with each other and combined
into small molecular compounds, generating gaseous products,
such as CO, and CO.* The volatiles of oil shale pyrolysis
began to separate out rapidly, producing oil and gas. A series of
chemical changes occurred, such as C—C and C—H fractures
and condensation reactions. At 0.6—0.7 conversion rate, the
corresponding temperature range was 530—570 °C. The
pyrolysis activation energy slightly increased, which was due
to volatilization of the pyrolysis oil and combination of the
hydrogen and hydrogenated aromatic rings in the volatilized
aliphatic hydrocarbons of pyrolysis fragments to form aromatic
compounds,
pyrolysis.
At 0.7—0.8 conversion rate, the corresponding temperature
range was 580—700 °C. The pyrolysis activation energy
decreased rapidly because of the catalytic influence of its
inherent carbonate minerals, which lowered the energy needed
for pyrolysis reaction. As shown in Figure 3b, at a of 0.2—0.6,
the pyrolysis activation energy of JM-C was similar to that of
Figure 3a, and the change trend was consistent. At a of 0.6—
0.8, the pyrolysis temperature corresponding to JM-C ranged
from 580 to 680 °C, and the E value continued to rise at high
temperature. The pyrolysis volatiles in the remaining samples
were reduced; the proportions of ash and fixed carbon
increased, and the pyrolysis reactivity decreased, thereby
increasing the activation energy required for the pyrolysis
reaction. Obviously, the increased conversion rate was
accompanied by fluctuating pyrolysis activation energy of
JM-S (Figure 3c). At 0.2—0.8 conversion rate, the correspond-
ing temperature range was 450—550 °C. Compared with JM-R,

increasing the activation energy required for
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Figure 4. Heating rate-dependent experimental pyrolysis curves regarding oil shale and demineralized samples (a) JM-R; (b) JM-C; (c) JM-S.

JM-S had lower pyrolysis activation energy, because removing
silicate minerals promoted oil shale organic matter pyrolysis.
Thus, the activation energy required for the pyrolysis reaction
fell.

Figure 3d displays the conversion rate-dependent change of
pyrolysis activation energy based on the KAS method. At 0.2—
0.6, the pyrolysis activation energy of JM-R and JM-C was
basically similar, and at 0.6—0.8, the pyrolysis activation energy
of JM-C was higher than that of JM-R. This was because the
inherent carbonate minerals exerted a catalytic effect on oil
shale pyrolysis, which contributed to enhancing pyrolysis of
organic matter of oil shale, releasing more pyrolysis oil and
pyrolysis gas, improving oil shale pyrolysis reactivity, and
reducing the activation energy required for the pyrolysis
reaction. At 0.2—0.6 conversion rate, the pyrolysis activation
energy of JM-S was lower than that of JM-R, because the
inherent silicate minerals suppressed pyrolysis of organic
matter. Hydrofluoric acid pickling led to the removal of silicate
minerals, and larger internal pores, which promoted mass and
heat transfer influence as well as occurrence of the pyrolysis
reaction and release of volatiles over a smaller temperature
range. At 0.6—0.8 conversion rate, the activation energy of JM-
S was between JM-C and JM-R, and the activation energy for
JM-S was much closer to that for JM-R.

As observed, the average pyrolysis activation energy of JM-C
was 75.91 kcal/mol, and that of JM-R was 67.06 kcal/mol,
which was 8.85 kcal/mol lower than that of JM-C (Figure 3).
It can be concluded that the existence of inherent carbonate
minerals promoted organic matter pyrolysis and the volatile
component release of oil shale. The energy required for the
pyrolysis reaction decreased. The average pyrolysis activation
energy of JM-S was 59.63 kcal/mol, which was 7.43 kcal/mol
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lower than that of JM-R. It can be seen that the existence of
silicate minerals inhibited the kerogen organic matter cracking
and increased the energy required for pyrolysis reaction, which
was different from Pan,”’ who also studied the influence of
inherent minerals on the pyrolysis behavior and kinetics of
Jimsar oil shale, and pointed out that inherent minerals had no
influence on the pyrolysis activation energy of Jimsar oil shale,
owing to different compositions of the oil shale used. The
contents of Na, Ca, and Fe in the oil shales used in this
experiment were higher than those used by Pan et al. Since
they existed in the form of carbonate, the catalytic influence on
the pyrolysis reaction was better than that of the oil shale used
by Pan et al. Overall, carbonate and silicate minerals promoted
and inhibited the volatilization of organic matter in oil shale,
respectively.

3.3.2. Most Possible Pyrolysis Kinetic Model Established
by Principal Curve Method. Principal curve method is an
analytical method used for establishing the most probable
kinetic model (mechanism function) of the oil shale pyrolysis
reaction.””* It is more accurate than the traditional numerical
decision-mechanism function analysis method. In eq 6, G(a)
denotes the integral-form mechanism function, and T is the
reaction initial reaction temperature. The Jimsar oil shale
revealed a slow pyrolysis speed at the initial reaction
temperature (T,). Thus, the lower limit of the integral on
the right side of the kinetic eq 6 can be approximated by zero
and be transformed into eqs 7 and 8

G(a) = /Ou ﬁ da = % TDT exp(%) dT ©

https://doi.org/10.1021/acsomega.3c04780
ACS Omega 2023, 8, 40396—40406


https://pubs.acs.org/doi/10.1021/acsomega.3c04780?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04780?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04780?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04780?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

Table 4. Common Reaction Mechanisms of Solid State Process

reaction mechanism symbol fla) G(a)
order of reaction
first-order F, l1-—a -In (1 - a)
second-order F, 1 - a)? (1-a)'-1
third-order F, 1-a) [(1-a)?-1]/2
diffusion
one-way transport D, 0.5a7" o
two-way transport D, [-In (1 —a)]™* l-a)ln(l-a)+a
three-way transport D, 15(1 — @)1 — (1 — a)?])7! 1-0—a)P
Ginstling—Brounshtein equation D, LS[(1 —a) V3 =17 (1 =2a/3) - (1 — a)??
limiting surface reaction between both phases
one dimension R, 1 a
two dimensions R, 2(1 — a)? 1-(1-a)?
three dimensions R; 3(1 — a)¥? 1-(1-a)
random nucleation and nuclei growth
two-dimensional A, 2(1 — a)[-In (1 — a)]"? [-ln (1 — a)]"?
three-dimensional Ay 3(1 —a)[=In (1 — a)]*? [=In(1 = a)]'?
exponential nucleation
power law, n = 1/2 P, 20172 a'?
power law, n = 1/3 P, 3a* a'’?
power law, n = 1/4 P, 404 al*
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Figure 5. Comparison between experimental and standard pyrolysis curve comparison of different oil shale samples: (a) JM-R; (b) JM-C; (c) JM-S.

ol = foa ﬁ de= % ToT eXP(%) ar (7) pl) = f: —:2_“ du 9)

In above equations, u = E/(RT) and P(u) is the temperature

integral.
A T E AE Equation 9 is an expansion of p(u), which shows that p(u) is
~— / exp(—) dT = —P(u) not differentiable around « and oco. Therefore, p(u) has no
BJo RT PR (8) analytical solution and can be expressed as an approximation.
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Doyle’s rational approximation gives a sufficiently accurate
44
result.

P(u) = 0.00484-exp( — 1.0S1 — 6u) (10)

We first used the equal conversion rate obtained from the
above method for calculating the samples’” pyrolysis activation
energy. Then, we compared their experimental and the
standard curve shapes to calculate the most possible
mechanism function.

We selected @@ = 0.5 as a reference point and substituted it
into approximate eq 10 for acquiring eq 11. The ratio in eq 12
was obtained by dividing eq 10 by eq 11.

AE
G(0.5) = ﬁ_RP(uO'S) (11)

Gla) _ P(w)
G(0.5)  P(uys) (12)

The activation energies at different pyrolysis stages and the
Doyle approximation formula described in eq 9 were calculated
according to the equal conversion rates method of FWO and
KAS, and experimental curves P(u)/P(ugs) at various heating
rates were obtained. The average activation energies obtained
by the equal conversion rate methods were calculated (Figure
4). The experimental curves of the original and demineralized
samples of Jimsar oil shale at 10, 20, and 30 °C/min coincided,
indicating that a single kinetic mechanism was adopted for the
weight loss of this pyrolysis process. For the commonly used
15 kinetic model functions (Table 4),**® we linearly fit @ by
G(a)/G(0.5) to acquire the standard curves (principal curves).
The parameter u was then calculated based on the average
activation energy and the corresponding temperature T in
various pyrolysis stages. A series of experimental curves were
obtained by the further linear fitting of a with P(u)/
P(uols)(Figure 4). During the entire pyrolysis reaction stage,
if coincident experimental curves were attained at various
heating rates, it was used to describe the thermal weight loss
process within such a temperature range using a single kinetic
mechanism model. Furthermore, both experimental and
standard curve shapes were compared. In the case of the
experimental curve coincident with a standard curve, the
reaction mechanism function was the kinetic model function
that corresponded to the coincident standard curve. If the
experimental curve and a certain standard curve did not
overlap perfectly but the trend of change was consistent, it was
impossible to confirm the most possible mechanism function
by integer n.

Finally, the integral form of the kinetic mechanism function
was substituted into eq 11. At a certain heating rate, different n
values were taken at the interval of 0.1. Under the assistance of
the least-squares method, a straight line was obtained by linear
fitting of EP(u)/(BR) with G(a). The line had a correlation
coefficient (R?) approaching 1, and the slope was pre-
exponential factor A.

Subsequently, the experimental (20 °C/min) and the
standard curves drawn using 15 kinetic model functions were
compared; the shapes of the P(u)/P(u,s) and G(a)/G(0.5)
curves were compared (Figure 5). In the case of the
overlapping of the experimental curve with the standard
curve, the mechanism function was the most possible
mechanism function regarding the pyrolysis reaction. The
experimental curve of the JM-R sample did not overlap with

any standard curve but tended to be consistent with F, and F;
and lied between them (Figure Sa), indicating that the kinetic
mechanism could not be analyzed by integer n. The
experimental curve of the JM-R sample did not overlap with
any standard curve (Figure Sb or Sc). The experimental curves
of JM-C and JM-S and the standard curves D, and F, appeared
the same shape and almost overlapped, indicating that it was
allowed to explain the thermal weight loss of their pyrolysis
process could be explained using a single kinetic mechanism.
Therefore, the thermal decomposition processes of JM-R and
JM-S were order models, and the kinetic mechanism of JM-R
was not consistent with the ideal model. In this regard, the
value of n needed to be determined. However, the pyrolysis
process of JM-C was a one-dimensional diffusion model.

As shown in Figure 5b, according to the comparison of the
shape position of the experimental and the standard curves, the
n value of the most probable mechanism function of JM-R was
between 2 and 3. Next, using the formula of the order model in
the kinetic mechanism function, the conversion rate a was
substituted into G(@). According to eq 6, the average pyrolysis
activation energy E and the corresponding temperature T at
different pyrolysis stages were substituted into eq 9 to obtain
P(u). EP(u)/(PR) was plotted as G(a). The slope is the line
that refers to front pre-exponential factor A. An interval of 0.1
was adopted for confirming the optimal value of n for original
oil shale samples (JM-R), and it was determined when the
correlation coefficient R? of the fitted line was close to 1. The
kinetic factors of the pyrolysis process of JM-R were
determined. The results are shown in Table S. The mechanism

Table 5. Kinetic Factors of Original and Demineralized Oil
Shale Samples at Various Heating Rates

sample B K min™' E kcal mol™ As! fla) R?
JM-R 10 67.06 2.051 x 10° (1 )—2 . 0.99931
o)
20 4.101 x 10" 0.99931
30 6.153 x 10V 0.99931
JM-C 10 75.91 2.674 x 10 0.5a7" 0.98862
20 1.622 x 10% 0.98948
30 2.298 x 10*! 0.98643
M-S 10 59.63 2286 x 107 1 —a 0.99842
20 2.361 x 10" 0.99744
30 2.764 x 10" 0.99838

function of the pyrolysis process of JM-R was f(a) = (1 — a)*,
with its pre-exponential factors including 2.051 X 10'%, 4.101 X
10", and 6.153 X 10". The linear fitting correlation
coefficients R*> of the three samples of greater than 0.99
indicated that the calculation results of the three kinetic factors
were credible.

The removal of silicates did not change the pyrolysis kinetic
model of oil shale. JM-R and JM-S were order models whose
corresponding mechanism functions were fla) = (1 — a)**
and f(a) = 1 — a. The diffusion speed of the oil shale samples
through the product layer was much higher than the chemical
reaction speed on the contact surface. Therefore, the chemical
reaction rate decided the rates of the JM-R and JM-S pyrolysis
processes. Removing carbonates changed the pyrolysis kinetic
model regarding oil shale. JM-C was a 1D diffusion model
whose mechanism function was f(a) = 0.5a”'. Under this
model, the diffusion speed was very slow and played a
controlling role in the slowest step in the solid-phase reaction.

https://doi.org/10.1021/acsomega.3c04780
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The chemical reaction speed was much greater than the
diffusion speed; suggesting that the process was controlled by
diffusion.

4. CONCLUSIONS

(1) The existence of carbonates promoted oil shale pyrolysis
and volatile component release, whereas silicates
inhibited thermal decomposition of organic kerogen.
The pyrolysis weight loss of JM-C was less than that of
JM-R from 600 to 800 °C, but the pyrolysis weight loss
of JM-S was much greater than that of JM-R during the
pyrolysis process. The order of the pyrolysis weight loss
rates of the three samples was JM-S > JM-R > JM-C.
The pyrolysis temperature intervals of JM-C and JM-C
were higher than that of JM-R, and the degree of
volatilization of pyrolysis decreased. The pyrolysis
temperature interval of JM-S was lower than that of
JM-R, and the pyrolysis reaction was more concentrated.

(2) At 10 °C/min heating rate, compared with JM-R, the
initial analysis temperatures of JM-C and JM-S reduced
by 5.2 and 15.2 °C, respectively. Relative to JM-R, JM-C
had lower (dw/dt)ye,n and (dw/dt),. and JM-S had
remarkably larger (dw/dt),c.n and (dw/dt),.. The
index (D) of JM-C volatilized was 36% lower than that
of the original sample, and the D value of JM-S was
226% higher than that of the original sample. Therefore,
with increased heating rate increases the D value of the
oil shale, and carbonate minerals and silicate minerals
effectively improved and reduced the oil shale pyrolysis
reactivity, respectively.

(3) At 0.2—0.6 conversion rate, JM-C and JM-R presented
same pyrolysis activation energy, whereas the pyrolysis
activation energy of JM-S decreased, indicating that the
inherent silicate minerals played an inhibitory role in the
cracking of oil shale kerogen. At 0.6—0.8 conversion rate,
the pyrolysis activation energies of JM-C and JM-S were
higher than that of JM-R. Hence, inherent carbonate
minerals could catalyze oil shale pyrolysis and reduce its
pyrolysis activation energy. Relative to JM-R, the average
pyrolysis activation energy of JM-C was 8.85 kcal/mol
higher, and that of JM-S was 7.43 kcal/mol lower.

(4) The existence of silicates did not change the pyrolysis
kinetic model of oil shale. The thermal weight loss in the
JM-R and JM-S pyrolysis processes could be, thus,
interpreted using a single kinetic mechanism, which was
an order model. The chemical reaction speed decided
the pyrolysis speed, and the mechanism functions were
fla) = (1 — @)*® and f(a) = 1 — q, respectively. The
removal of carbonate changed the oil shale pyrolysis
kinetic model of oil shale. JM-C was a 1D diffusion
model in which the pyrolysis process was controlled by
diffusion, and its mechanism function was fs(a) =
0.5a7".
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