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Abstract

This research focuses on the non-isothermal CO: gasification and pyrolysis reactivity via thermogravimetric analysis. It was
found that COz decreased activation energy of all four types of oil shale (Fushun, Jinzhou, Wulin, Xingsheng). Activation energy
of XS oil shale was highly reduced from 59.86 kJ/mol to 9.48 kJ/mol. Reactivity index results showed that WL and XS oil shales
were observed to be more dependent on CO: atmosphere. Alkali metal oxide also contributed to thermal decomposition
according to thermogravimetric (TG) and differential thermal analysis (DTG) curves during COz gasification process. Overall,
COz atmosphere can be used to improve oil shale decomposition, especially for alkali- rich shales, while providing an efficient
and effective means to convert greenhouse gases into useful fuels.
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1. Introduction

Oil shale is an impermeable, combustible, naturally fine-grained brown material. A variety of complex heavy
organic compounds, known as kerogen, are evenly distributed in mineral matrix (1). Oil shale reserves in China are
estimated as nearly 4 billion tons, and due to its H/C atomic ratio, those reserves are considered as ideal alternative
energy source (2, 3). However, low volatile content leads to low heating value of gas product, while particle size
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requirement on feedstock restricts capacity, profit and efficiency as well as increases the complexity of oil shale
plant. In order to enhance the product yield, multiple approaches such as flash pyrolysis, multi-stage pyrolysis and
microwave-enhanced pyrolysis are used for oil shale thermal degradation process. All those techniques focus on
getting higher efficiency, achieving diversified products and reuse residues at maximum level (4-6).

Conventional pyrolysis technology using pure nitrogen as carrier gas was conducted by numerous researchers (2,
7). Great achievements have been reached to show the effect of different heating parameters on pyrolytic products.
However, utilization of CO; in oil shale gasification has caught rising attention in last few years due to the potential
capability on CO; emission mitigation (8). Many benefits were investigated by previous researchers and showed
positive impact on tuning H2/CO ratio in syngas for various downstream industry (9).

Thermogravimetric analysis (TGA) is widely used for oil shale thermal decomposition kinetics. Many studies
have concluded that weight loss during pyrolysis was combination of oil, water, gases and mineral decomposition
(10, 11). However, TGA still provides a quantitative approach for detailed observations of pyrolysis behavior
because of its high-accuracy assessment of many types of substances like oil shale, biomass and other blended
mixtures (12). In this paper, the CO; gasification and pyrolysis reactivity of four different oil shale was measured by
TGA. The alkali index, shale oil and syngas content, proximate and ultimate analysis and crystalline structure of
each oil shale were correlated with gasification and pyrolysis reactivity. Moreover, the kinetic study was also used to
compare the reactivity of four types of oil shale. Finally, the product quantity and quality changes were analyzed
with respect to the impacts of reaction atmosphere as well as interactions between inherent minerals and organic
matters.

2. Experimental sections
2.1. Sample preparation

Oil shale samples used in this work were obtained from four different mines in China: Fushun (FS) mine in
Liaoning Province, Jinzhou (JZ) mine in Liaoning province, Xingsheng (XS) Mine in Heilongjiang province and
Wulin (WL) mine in Heilongjiang province. Each type of lump oil shale was ground by jaw crusher (MSK-SFM-
ALO) to less than 1500pm. Ground oil shale was sieved then 1 size range (1000-710 um) was selected for pyrolysis
test and kinetic analysis and dried at 105°C to constant weight then stored in a desiccator for use.

2.2. Measurement

Proximate analysis was conducted by thermogravimetric analyzer (TG-DSC, NETZSCH STA449F3, Germany).
Proximate analysis shows different composition of moisture (M), volatile matters (VM), fixed carbon (FC) and ash
(A) in oil shale samples. Carbon (C), hydrogen (H), Sulphur (S) and nitrogen (N) of oil shale were analyzed by
CHNS/O Elemental analyzer (Euro Vector EA3000, Italy), and results are showed in Table 1.

Scanning Electron Microscope (SEM, Sigma VP, Zeiss) coupled with an Energy Dispersive X-ray Spectrometer
(EDX, Oxford, UK) was used to achieve mineral composition of oil shale. 20 analysis sections were chosen for each
type of oil shale to obtain average mineral composition value.

Table 1. Proximate and ultimate analysis of four types of oil shale.

Properties FS OS JZOS XSOS WLOS
Proximate analysis (wt%, raw basis)

Moisture 1.33 0.81 1.12 6.88
Volatile 18.79 19.70  14.30 30.30
Fixed carbon 1.22 1.77 15.29 20.19
Ash 78.66 7772 69.29  42.63

Ultimate analysis (wt%, dry ash free basis)
C 47.23 50.46  63.03 38.04



1696 Luyao Tang et al. / Energy Procedia 158 (2019) 16941699

H 6.06 7.68 433 2.88
N 6.80 6.01 1.88 1.54
(0) 35.95 30.60 29.54 56.58
S 3.97 5.24 1.23 0.95
H/C atomic ratio 1.54 1.83 0.82 091
HHV (MJ/kg) 4.12 4.70 7.87 15.03

3. Results
3.1. Kinetic analysis
In solid fuel non-isothermal kinetic analysis, the basic reaction was represented in the following (13):

A (solid) = B (solid) + C (gas)
The rate of kinetic process is normally put in the form:

dx _ 1
=k () (1)

Where x is the extent of conversion, Ky is the rate of constant and t was the time
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The extent of conversion could be written as above. mo and or refer to values of initial weight and final weight.
Based on Arrhennius law, the temperature related to the rate constant is defined in the following equation:

K, :Aexp(—R—b;) 3)

E represents the activation energy and A is the pre-exponential factor. R is the gas constant, which is 8.314J mol'K-
!, Eliminating this equation with last equation

dx _ E 4
o = Aen(= 2D () 4
For non-isothermal conditions, B is used to represent constant heating ratef=dT/dt. The first order kinetics is
assumed and substituting B into previous equations, where dt is replaced by p and dT.

The integral method was widely used for kinetic analysis of non-isothermal data. The method used in this work was

based on following kinetic equation

dx A E
=" ——)1- (5)
ir B xXp( T )1 =x)
Therefore, taking natural log on the both sides produced the logarithmic form as following:
h(_hl(lzx)):_iﬂnﬁ (6)
T RT  BE

Plotting ]n(_]n(lizx)) against 1/T gives a fitting line having a slope of -E/R and an intercept of In AR/BE. Activation
T

energy E and pre-exponential factor A are derived from these values.

The activation of oil shale sample was determined by plotting linear form of the above logarithmic equation.
Conversion extent in the range of 0.2-0.5 and 0.5-0.7 were selected for activation energy calculation, which was
based on the weight loss curves. All R? values of linear fitting lines are above 0.90 thus suggesting high reliability.
The activation energy is listed in table 2
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Table 2. Activation energy of four oil shale under N»/CO, atmosphere.

0.2-0.5 FS 1Z WL XS

E. R? E. R? E. R? E. R?
N 115.415 0.9987 148.962 0.9986 13.6358 0.9405 59.855 0.9928
CO; 96.027 0.9964 125.35 0.996 9.332 0.9248 9.48 0.944
0.5-0.7 FS 1z WL XS

E. R? E. R? E. R? E. R?
N, 77.92 0.9979 85.850 0.9893 26.496 0.9995 39.487 0.9995
CO, 47.908 0.9971 65.359 0.9784 3.817 0.9328 2.63 0.9288

Apparent from the table, good correlation was obtained for both conventional pyrolysis and CO, gasification
process (R*>0.9). Among all four types of oil shale, FS and JZ oil shale samples showed relatively higher activation
energy (>100kJ/mol) while WL and XS oil shale showed lower activation energy. This is possibly due to the
different crystalline structure and mineral-organic interactions in different samples. That being said, a further
reduction of 10-30kJ/mol in activation energy of all samples tested was observed when using CO, as processing
atmosphere as long-chain organics are more likely to react and break into light hydrocarbons.

Reaction rate r can be determined by extent of conversion x and reaction time t
e ™

dt

The average initial reactivity (Ri), the reactivity index (Rs) and the average final reactivity (Rf) were calculated
following equation 8-10.

X=0.1
r
R =0 ®)
' N
g =03
©150
X=0.9
dr
R, = X=07_ (10)
N

Where X, 150 and N denotes the extent of conversion, the time needed for the conversion to reach 50% and
number of data points, respectively.

According to reactivity results, FS and JZ oil shale have shown little changes throughout the entire process due to
the high ash content as determined by proximate analysis in Table 1. The reactivity of WL and XS oil shale
increased significantly during the initial and final stages, which can be attributed to the endothermic nature of CO»-
C reaction that has also been reported in other literature (13). Specific inherent minerals, such as carbonates, are
difficult to decompose under CO; atmosphere, which resulted in slight reactivity change. Table 3 shows mineral
composition (organic free basis) found in four types of oil shales. According to the mineral composition and ash
content, it is obvious that ash content has remarkable influence on pyrolysis and CO, gasification reactivity. Higher
ash content resulted in relatively lower reactivity, especially during the initial and final stages. However, an increase
in alkali metal oxide composition, such as potassium oxide and calcium oxide led to higher reactivity This suggests
that ash quality and quantity have profound impact of the thermal behavior of samples.

Table 3. Mineral composition in oil shale.

)

FS JZ WL XS
MgO 1.4% 1.4% 0.9% 0.9%
ALO; 23.4% 25.7% 28.1% 26.4%

SiO ‘ 52.8% 56.9% 55.4% 61.5%
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S 1.2% 0.7% 0.8% 0

K;O 2.4% 1.9% 7.0% 4.9%
CaO 1.1% 2.2% 4.5% 3.5%
TiO, 2.3% 1.6% 1.0% 1.9%
Fe,03 15.4% 9.6% 2.3% 0.9%

Fig 1 and 2 show the non-isothermal decomposition profiles of oil shale samples which were pyrolyzed and/or
CO»-enhanced processed under same conditions. In both cases, oil shale experienced maximum weight loss within
300-600°C. All four types of oil shale exhibited earlier decomposition in CO; gasification compared with pyrolysis
test. WL and XS oil shale presented rapid decrease when temperature reached 150 “C. The maximum peak
temperature of the WL and XS oil shale CO; gasification was lower by 5% and 30% than that of pyrolysis. However,

Ri

FS N2FS CO2 JZN2 JZC02 WL N2WL CO2 XS N2XS CO2

Rs

Rf

Fig.1. Reactivity index of four types of oil shale
no apparent trends were observed for FS and JZ samples which suggests that these samples are not responsive to
CO; environment during gasification. This is possibly due to the high silica and aluminum oxide ratio and high ash
content, which counteract the positive influences of alkali metals and CO, atmosphere.

4. Conclusion

The performance of CO2 gasification and pyrolysis of four types of oil shales were compared in this work. It
was found that WL and XS oil shales processing were improved by using CO2 atmosphere. Kinetic analysis showed
that activation energy was decreased for all four types of oil shales within conversion range of both 0.2-0.5 and 0.5-
0.7. The more reactive nature of oil shale was linked to the lower percentage of ash and relatively higher content of
alkali metal oxides. Comparison between non-isothermal CO2 gasification and pyrolysis revealed the interactions
between minerals, organic contents and reaction atmosphere resulted in positive synergistic effects, which iterates
further CO2 utilization possibilities in oil shale industry.
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Fig.2. TG and DTG curves of four oil shale under N»/CO, atmosphere
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