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Abstract. The pyrolysis of Dachengzi oil shale (OS), Huadian City, China, 
was carried out in a stainless-steel cylindrical retort at 520 °C both in the 
absence and presence of catalyst under argon atmosphere to evaluate the 
catalytic effects of Fe2O3 and CaCO3 additives on the products yield and 
characteristics of non-condensable gases. The results showed that the 
catalyst significantly affected the reactivity of OS kerogen pyrolysis. The 
shale oil yield increased after adding the catalyst, especially Fe2O3, but the 
shale char yield decreased in the presence of the catalyst. The non-
condensable gases yield rose in the CaCO3-catalysed pyrolysis and declined 
upon the Fe2O3-catalysed process, indicating that CaCO3 had a more 
pronounced catalytic effect on the secondary reactions of oil vapors. In 
addition, the gaseous products obtained both with and without the catalyst 
had a higher volume content of CO2, CH4 and H2, and a lower volume 
content of CO and C2–C4 hydrocarbons. The peak concentrations of CO2 and 
H2 increased in the presence of the catalyst, especially Fe2O3, while that of 
CO enhanced with addition of CaCO3 as a catalyst. H2 was generated at 
higher temperature compared to CO2 and CO. Furthermore, Fe2O3 and 
CaCO3 exhibited different effects on the evolution of C1–C4 hydrocarbons. 
COS and H2S evolved almost simultaneously, the amount of H2S released 
being higher than that of COS. The peak concentrations of the said gases 
decreased with adding the catalyst, especially Fe2O3. The non-condensable 
gases produced both before and after catalysis mainly consisted of CO2 and 
CH4, and some minor gases, in terms of mass distribution. The mass contents 
of ethane, butane, CO2 and H2 increased after the use of the catalyst, while 
those of butane, H2S and COS decreased. Moreover, adding Fe2O3 and 
CaCO3 resulted in the decline in the ethene/ethane and propene/propane 
ratios, respectively, suggesting that different catalysts possibly led to 
different changes in the physical structure of oil shale and then caused the 
secondary reactions of pyrolysis products to proceed to different extents. 
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CaCO3 was more efficient than Fe2O3 in producing non-condensable gases of 
high heating value. 
 
Keywords: oil shale pyrolysis, catalyst, products yield, non-condensable 
gases, physical characteristics. 

1. Introduction 

Oil shale, one kind of unconventional oil and gas resources, is a fine-grained 
sedimentary rock containing a large amount of kerogen which can be 
converted into shale oil, combustible gases and shale char through retorting 
processes [1, 2]. The obtained gaseous products have relatively high energy 
values and therefore can be used as potential fuels [3] whose yields and 
characteristics depend on several factors, such as the properties and compo-
nent composition of oil shale, retorting temperature, heating rate, catalysts, 
reactor type, etc. [4–6]. For producing gas products with high yield and 
quality, it is necessary to investigate the characteristics of their evolution 
under different retorting conditions. 

So far, investigators mainly focused on the evolution kinetics and dis-
tribution of various gas species produced during the non-catalytic pyrolysis 
of oil shale under different retorting conditions. Campbell et al. [7, 8] 
determined the kinetics of evolution of light gases (CO2, CO, H2, CH4, and 
the C2 and C3 hydrocarbons) and their content distribution during pyrolysis 
of Colorado oil shale at different temperatures and heating rates. Huss and 
Burnham [9] measured the rates of evolution of light gases at different 
temperatures. Marshall et al. [10] reported the generation kinetics of key 
components (CO2, H2O and CH4) during Australian oil shale decomposition. 
Charlesworth [11] described the kinetics of evolution of lower molecular 
weight hydrocarbons. The results indicated that the alkene to alkane ratio 
was dependent on the heating rate, pyrolysis temperature, type of oil shale, 
and, to a lesser extent, degree of conversion. All these parameters have been 
used as indicators of oil shale retorting conditions and may be related to 
secondary cracking and coking reactions of oil vapors. Wong et al. [12] 
determined 10 sulfur-containing pyrolysis gases ranging in concentration 
from several percent to less than 1 ppm produced from the pyrolysis of oil 
shale by using a fully computer automated triple quadrupole mass spectro-
meter. Reynolds et al. [13] demonstrated that the formation of non-hydro-
carbon gases, particularly H2S, CO2, CO and H2O, was highly dependent 
upon the interaction between the mineral matrix and kerogen of the shale. 

On the other hand, there have been reported a few studies on the yield 
distribution of gas products released during the catalytic pyrolysis of oil 
shale. The commonly used catalysts in the pyrolysis of oil shale mainly 
include alkali, alkaline earth metals and transition metal species as well as 
their compounds [14]. Some researchers reflected that alkali and alkaline 
earth metal cations might affect the reactivity of oil shale pyrolysis. 
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Karabakan and Yürüm [15] suggested that adding calcium-based catalysts 
during oil shale pyrolysis was helpful for the cracking of oxygen-containing 
functional groups in oil shale. Also, the said catalysts could effectively 
remove CO2 and gas-phase sulfur-containing compounds, such as H2S, COS, 
thiophene, different sulfides and mercaptans [16–18]. Moreover, the transi-
tion metal iron is considered to be a catalyst with high catalytic activity for 
hydrogenation and dehydrogenation reactions. Bakr et al. [19] revealed that 
adding pyrite accelerated the formation of free radicals during the thermal 
degradation of kerogen, which, according to Gai et al. [20], might be 
attributed to the nascent sulfur produced during the conversion process of 
pyrite to pyrrhotite. Hascakir et al. [21] and Hascakir and Akin [22] put for-
ward that adding three different iron powders (Fe, Fe2O3 and FeCl3) could 
improve the thermal conductivity of oil shale to accomplish efficient tem-
perature distribution and decrease the viscosity of oil by increasing the 
temperature, which favoured the recovery of oil from oil shale. Meanwhile, 
there was also shown that Fe2O3 had a positive effect on the breakdown of 
organic fuels [23]. In addition, Jiang et al. [24] proposed that the transition 
metal Co ion could also act as the activation center to accelerate the break-
down of chemical bonds in oil shale organic matter, and the Co ion could 
increase the selectivity of aromatic hydrocarbons and promote olefin 
aromatization. Williams and Chishti [25, 26] developed a two-stage oil shale 
pyrolysis reactor incorporating a second batch reactor using a zeolite ZSM-5 
catalyst. Based on the experiment results obtained the researchers suggested 
that the gas products mainly included CO2, CO, H2, CH4, C2H4, C2H6, C3H6 
and C3H8, and some minor hydrocarbon gases whose concentrations after the 
catalysed process significantly increased compared to the products from the 
uncatalysed pyrolysis. It has been found that adding inexpensive, effective 
and environment-friendly calcium- and iron-based catalysts during the 
pyrolysis of oil shale may improve the process reactivity and affect the pro-
ducts distribution. So it is necessary to investigate the mechanism of evolu-
tion of gas products with time in the catalytic pyrolysis of oil shale. 

In this paper, the low-temperature retorting of oil shale samples obtained 
from Dachengzi mine in Huadian City of China was carried out in a stainless 
retort at 520 °C in the absence and presence of the catalyst (Fe2O3 and 
CaCO3). The effect of the catalysts on the concentrations of the gaseous 
products was investigated. For determining the concentrations of major non-
hydrocarbon gases (CO and CO2), C1–C4 hydrocarbons and sulfur-containing 
gases, a multi-component Fourier transform infrared (FTIR) gas analyzer 
GASMET DX-4000 was used. The concentrations of H2 and CO2 were 
determined employing an MRU-Vario Plus industrial portable flue gas 
analyzer, while the H2S concentration was determined using a domestic EC-
440 H2S analyzer. Information about the products yields is needed not only 
to understand the pyrolysis reaction mechanism, but also to optimize the 
retorting conditions to obtain gas products of high yield and quality. 
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2. Experimental 

2.1. Raw material and catalysts 

The oil shale samples investigated in this paper were obtained from 
Dachengzi mine located in Huadian City, China. The general characteristics 
of the samples are given in Table. The original oil shale samples were 
crushed and screened to a mean particle size of less than 3 mm, following 
the National Standard of China GB 474-1996. All the samples were dried at 
105 °C to constant weight and then stored in a desiccator. The choice of 
catalysts for the study proceeded from scientific, technical and economic 
considerations. The selected CaCO3 and Fe2O3 were named Ca-based and 
Fe-based catalyst, respectively. During the experiments, the catalysts were 
mechanically mixed with oil shale and their mass content was 10% of the oil 
shale mass. 

Table. Proximate and ultimate analysis of Dachengzi oil shale, wt%, ar [27, 28] 

Proximate analysis Ultimate analysis 

Moisture 11.54 C 27.33   
Volatile matter 36.21 H 3.59 
Ash 48.24  Oa 7.89 
Fixed carbon 4.01 N 0.57 
Lower heating value, kJ/kg 11076.07 S 0.84 

 

Note: a – calculated by difference; ar – as received. 
 

2.2. Experimental setup and procedure 

All experiments were performed in a stainless-steel cylindrical retort (70 mm 
i.d., 100 mm height), as shown in Figure 1. 

The temperature of the reactor vessel was measured by a thermocouple 
and controlled by a proportional-integral-derivative (PID) controller. To 
study the effect of the catalyst on product characteristics, 50 g of the dried 
oil shale sample and the mixture of 50 g of the dried oil shale sample and 5 g 
of the catalyst were respectively fed into the reactor electrically heated at a 
heating rate of 12 °C min–1 from room temperature to 520 °C and held for 
20 minutes under argon atmosphere. The volatile products escaped from the 
reactor were cooled using cold traps which were immerged in low-tem-
perature troughs (about 0 °C) filled with the mixture of ice and water. The 
liquid product was separated from gases, and, based on their density 
difference, further divided into shale oil and water in another separation unit. 
The gas products were sampled into the online gas analyzers. The mass of 
shale char and liquid product was determined, while the non-condensable 
gases yield was calculated by overall material balance. In this study, all the 
experiments were repeated twice and the product yields were calculated by 
an average value of two equivalent tests. 
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Fig. 1. Schematic diagram of the experimental oil shale retorting system. 

1 – argon cylinder, 2 – automatic temperature controller, 3 – flowmeter, 4 – flow 
control valve, 5 – thermocouple, 6 – gas inlet, 7 – sample inlet, 8 – retort reactor,  
9 – oil shale, 10 – insulation, 11 – electric heater, 12 – steel stand, 13 – copper tube, 
14 – conical flask, 15 – silicone tube, 16 – wide mouthed bottle, 17 – gas washing 
bottle, 18 – water/ice condenser, 19 – U-tube, 20 – stand, 21 – gas flowmeter,  
22 – gas analyzer, 23 – vent. 

 
2.3. Gas analysis 

For analysis the gas products were sampled into the online gas analyzers. A 
multi-component FTIR gas analyzer GASMET DX-4000 was used to 
analyze major non-hydrocarbon gases (CO and CO2), C1–C4 hydrocarbons 
and sulfur-containing gases. H2 and CO2 were subjected to analysis by 
employing an MRU-Vario Plus industrial portable flue gas analyzer, while a 
domestic EC-440H2S analyzer was used for analyzing H2S. The heating 
value of non-condensable gases is the sum of heating values of effective gas 
components. 

3. Results and discussion 

3.1. Product yield 

Figure 2 shows the average yields of shale char, shale oil, non-condensable 
gases and water produced by retorting oil shale in the absence and presence 
of the catalyst at 520 °C with a heating rate of 12 °C min–1 under argon 
atmosphere. The product yield presented in the figure refers to the weight 
ratio of the derived product to raw oil shale sample. 

It can be seen from Figure 2 that the shale char yield slightly decreases in 
the presence of Fe2O3 and CaCO3 as catalysts, being respectively 67.49 and 
67.18 wt%. The volatile matter content increases after the addition of the 
catalyst, especially CaCO3. In addition, the figure displays that after adding 
Fe2O3 and CaCO3 the shale oil yield is respectively 1.02 and 1.01 times that 
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Fig. 2. Influence of different catalysts on the yield of products derived by retorting 
Dachengzi oil shale. 

 
 

obtained in the non-catalytic retorting process, and the non-condensable 
gases yield is respectively 97% and 1.05 times that obtained in the absence 
of the catalyst. The catalytic behavior of different catalysts in the pyrolysis 
of oil shale is possibly related to their different catalytic mechanisms. The 
alkali and alkaline earth metal carbonates have a positive effect on the crack-
ing of oxygen-containing functional groups in oil shale. At the same time, 
the alkaline earth metal cations may react with –COOH and –OH functional 
groups to form the alkaline earth-oxygen complexes or clusters [29]. Mean-
while, it has also been reported that Fe2O3 can reduce the bond energy of 
oxygen-containing functional groups and mainly react with –COOH and  
C–OH to generate iron-oxygen complexes or clusters [30, 31]. These 
complexes probably serve as the active sites on the oil shale sample surface, 
resulting in a significant increase of the reactivity of oil shale pyrolysis. So it 
is observed that the shale char yield decreases and the shale oil yield 
increases after adding the catalyst. In addition, iron as a transition element 
exhibits high catalytic activity in hydrogenation and dehydrogenation reac-
tions, in which there are involved unpaired d-orbital electrons and a vacant 
orbital of low energy. The active metal iron atoms will easily attract hydro-
gen molecules to form chemisorption bonds when the hydrogen molecules 
are close enough to the active surface of the metal catalyst. Then the hydro-
gen molecules can decompose to active hydrogen atoms which will react 
with free radicals fragments or olefins formed during oil shale pyrolysis to 
produce stable low-molecular-weight oil [23]. Simultaneously, Hascakir et 
al. [21] and Hascakir and Akin [22] indicated that adding Fe2O3 into an 
electrically heating retort could improve the thermal conductivity of oil shale 
samples to accomplish efficient temperature distribution. In addition, Fe2O3 
enhances the reaction rate by decreasing the activity energy of the pyrolysis 
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reaction, and also reduces the viscosity of oil, causing the oil gas to rapidly 
evolve from the reactor, which results in the increase of shale oil yield after 
the addition of the catalyst. Rizkiana et al. [32] also suggested that Fe could 
transfer the heat more effectively since generally it has higher thermal 
conductivity. The oil shale could be rapidly heated and thus the pyrolysis 
would take place more intensely during a very short time. Therefore, the 
shale oil yield is much higher from the Fe2O3-catalysed pyrolysis compared 
to that obtained after adding CaCO3. 

On the other hand, the addition of the catalyst probably results in the 
change of the physical structure of oil shale particles during the pyrolysis 
process [33]. Qi et al. [34] also reported that the pore structure of char 
changed significantly during the catalytic pyrolysis of coal. In this work,  
the non-condensable gas yield after the addition of CaCO3 was higher 
compared to that obtained after adding Fe2O3, indicating that the said 
catalysts might have a different influence on the structure of oil shale 
particles in the pyrolysis process. The different physical structure of oil shale 
particles may cause the oil gas to evolve from them at different times and 
lead to the secondary reactions of oil vapors in the particles to different 
extents. The secondary reactions of oil vapors are more vigorous after the 
use of CaCO3. 

 
3.2. Concentration distribution of non-condensable gases 

The non-condensable gases generated from retorting oil shale mainly com-
prise some non-hydrocarbon gases (CO2, CO and H2) and small molecule 
hydrocarbon gases (C1–C4 alkanes and C2–C4 alkenes). The volume per-
centages of these gases obtained in the presence and absence of the catalyst 
in relation to reaction time are shown in Figures 3–6. 

As can be seen from Figures 3–6, the amounts of CO2, CH4 and H2 
obtained are high and those of CO and C2–C4 hydrocarbon gases are low. In 
addition, Figure 3a shows that CO2 begins to evolve at 290 °C, while its 
amount evolved gradually increases with rising temperature and reaches the 
peak value at 490–500 °C. The peak concentration of CO2 increases after the 
addition of the catalyst, the increase being especially remarkable after adding 
Fe2O3. CO2 is a common product of the thermal treatment of organic matter, 
while its high amounts are typically produced upon the generation of hydro-
carbons from the thermal cracking of kerogen, probably due to decarboxyla-
tion of organic acids and esters. At the initial stage of oil shale pyrolysis, 
CO2 is mainly produced by decarboxylation of carboxyl groups. When  
the temperature rises up to 400–530 °C, the aliphatic and aromatic C–H 
bonds and oxygen-containing functional groups, e.g. carboxyl groups, in  
oil shale are broken. The carboxyl groups firstly decompose to form CO  
and then CO combines with oxygen atoms in oil shale to produce CO2. So 
the peak concentration of CO2 is mainly observed in this temperature range 
[35]. 
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(a)                (b) 
 

   
 

      (c) 

 

Fig. 3. Volume percentages of non-hydrocarbon gases obtained from oil shale pyro-
lysis in the presence of different catalysts as a function of reaction time. 

 
 
Figure 3b demonstrates that CO begins to evolve at about 310 °C and 

290 °C respectively in the absence and presence of the catalyst. As the tem-
perature increases, the CO concentration goes up and reaches the maximum 
value at 500–520 °C in the absence of the catalyst. The peak concentration 
of CO is increased by adding the catalyst, the increase being more noticeable 
after adding CaCO3. The above suggests that the two catalysts favour the 
formation of CO. CO released during oil shale pyrolysis may result from the 
cleavage of organic oxygen-containing functional groups in oil shale, such as 
–COOH, –OH, –COH, etc. The phenolic hydroxyl groups, ether bonds and 
carbonyl groups decompose to generate CO. The carbonyl groups are broken 
to generate CO at about 400 °C, and the heteroaryl epoxy is broken to 
produce CO at higher temperature [36]. 

Figure 3c shows that H2 begins to be released at about 340 °C. The H2 
evolution temperature is higher than those of CO and CO2, which is possibly 
because less hydrogen is generated as oil shale earlier decomposes to 
bitumen. The H2 concentration increases with increasing temperature and 
reaches the maximum value after staying constant for 1–2 min at 520 °C. 
The peak concentration of H2 rises after the addition of the catalyst and 
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increases more noticeably under the catalytic action of Fe2O3, which gives 
evidence of that Fe2O3 and CaCO3 have a catalytic effect on the formation of 
hydrogen, while Fe2O3 exhibits a much higher catalytic activity. In the pyro-
lysis process, trace amounts of H2 are generated as kerogen decomposes to 
form bitumen, and a high amount of H2 is produced during the pyrolysis of 
bitumen, which mainly results from the dehydrogenation of the side chains 
of aromatics, alkanes and cycloalkanes [8]. 

Figures 4 and 5 show the evolution of methane and C2–C4 hydrocarbons 
to occur at about 380 °C and 420–440 °C, respectively. The concentrations 
of C1–C4 hydrocarbons reach the maximum value after staying constant for a 
few minutes at 520 °C, and exhibit different trends of change after the 
addition of the catalyst. Generally, the methane evolved during the oil shale 
pyrolysis process may result primarily from the cleavage of methyl and 
methoxyl groups attached to aromatic and aliphatic structures, as well as the 
cleavage of methylene bridges connecting the aromatic rings. In addition, 
methane is mostly produced by the secondary reactions of compounds that 
have already been released by the thermal decomposition of kerogen. The 
C2–C4 hydrocarbons are mainly generated from the cleavage of aliphatic side  
 

 
(a)                (b) 
 

  
 

(c)                 (d) 
 

  
Fig. 4. Volume percentages of alkane gases obtained in the presence of different 
catalysts as a function of reaction time. 
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 (a)                (b) 
 

  
 

    (c) 
 

 
Fig. 5. Volume percentages of alkene gases obtained in the presence of different 
catalysts as a function of reaction time. 

 
 

chains attached to the aromatic structures and formed from cracking of 
aliphatic hydrocarbons via free radical mechanisms [37]. These reactions can 
be enhanced by adding the catalyst, which results in the increase of the 
content of H2 and decrease of that of some hydrocarbons. 

Figure 6 reveals that the non-condensable gases also include the sulfur-
containing compounds COS and H2S. Both the products are released in the 
pyrolysis process of oil shale with and without the catalyst, the content of 
H2S being higher. H2S evolves at about 300 °C. Its concentration increases 
with rising temperature and reaches the maximum value after staying 
constant for less than 4 min at 520 °C. Moreover, the peak concentration of 
COS occurs at 480–490 °C. The two gases are nearly simultaneously 
released. H2S and COS are possibly produced by the decomposition of pyrite 
and organic sulfur in oil shale, while COS may originate from the reaction 
between CO and pyrite or sulfur derived from the decomposition of pyrite. 
The concentrations of H2S and COS are affected by the pyrolysis atmosphere 
and secondary reactions. As the H2 concentration in the gaseous products  
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(a)                (b) 
 

   
Fig. 6. Volume percentages of sulfur-containing gases obtained in the presence of 
different catalysts as a function of reaction time. 

 
 

increases, the extent of COS evolution may be limited by the shift reaction 
COS + H2 = CO + H2S, however, this reaction promotes the generation of 
H2S. Adding the catalyst has only a slight impact on the concentration of 
H2S and COS in the initial stage of their generation, while the peak con-
centrations of the gases are affected to a greater extent. So, the peak con-
centrations of H2S and COS decrease after the addition of the catalyst, and 
drop more abruptly after adding Fe2O3. It is possibly because adding CaCO3 
may lead to the following reactions: H2S + CaCO3 = CaS + H2O + CO2 and 
COS + CaCO3 = CaS + 2CO2 [38]. CO2 and H2O generated in the two reac-
tions will react with pyrite in oil shale to generate H2S and COS. And, after 
adding Fe2O3 to oil shale by mechanically mixing, the catalyst is mainly 
adhered to the external surface of oil shale particles and reacts with the 
sulfur-containing gases generated by pyrolysis of oil shale to form metal 
sulfide when they diffuse from the interior of oil shale particles to their 
surface. The optimal sulfidation temperature of iron-based sorbents is 450–
550 °C [39]. In this temperature range, the H2S concentration significantly 
decreases and the metal sulfide Fe1-xS produced may react with CO2 in the 
pyrolysis gas products: Fe1-xS + CO2 = Fe1-xO + COS. So the decrease of 
COS concentration is less marked than that of H2S in the Fe2O3-catalysed 
pyrolysis process. 

 
 

3.3. Mass distribution and heating value of non-condensable gases 

The mass distribution of non-condensable gases is calculated by the volume 
percentage shown in Figures 3–6 and the volume flow rate of the gases. The 
heating value of non-condensable gases is the sum of low heating values of 
effective gas components. The mass distribution and heating value of non-
condensable gases produced in the absence and presence of the catalyst are 
depicted in Figure 7. 
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(a)                (b) 
 

  
 

(c)                (d) 
 

  
 

      (e)  
 

 
Fig. 7. Influence of different catalysts on the composition and heating value of non-
condensable gases: (a) alkane gases; (b) alkene gases; (c) non-hydrocarbon gases; 
(d) sulfur-containing gases; (e) heating value of non-condensable gases. 

 
 
As can be seen from Figure 7, the gases obtained from the pyrolysis of oil 

shale mainly consist of CO2 and CH4, and some minor gases. Adding Fe2O3 
increases the mass contents of ethane, butane, CO2 and H2 and decreases 
those of H2S, COS and other hydrocarbons, while the mass contents of all 
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the gases except butane, H2S and COS increase after adding CaCO3. The 
overall yield of non-condensable gases increases in the presence of CaCO3 
possibly because its effect on the secondary reactions of oil vapors is more 
pronounced than that of Fe2O3. 

In addition, based on Figures 7a and 7b, the ethene/ethane, propene/ 
propane, butene/butane and total alkene/alkane ratios in the absence and 
presence of the catalyst can be obtained. The alkene/alkane ratio has been 
used to determine the reaction mechanism and characterize pyrolysis condi-
tions. For example, Williams and Ahmad [4] and Carter and Taulbee [40] 
suggested that the increase in the ethene/ethane, propene/propane, butene/ 
butane and total alkene/alkane ratios with increasing temperature might be 
related to the acceleration of the secondary gas phase cracking reaction. As 
Figures 7a and 7b show, after adding Fe2O3, the ethene/ethane ratio drops 
from 0.69 to 0.42, while those of propene/propane, butene/butane and total 
alkene/alkane increase from 2.29 to 2.90, 1.48 to 1.90 and 0.376 to 0.384, 
respectively. Meanwhile, after the addition of CaCO3, the propene/propane 
ratio decreases from 2.29 to 2.11, while the ethene/ethane, butene/butane and 
total alkene/alkane ratios increase from 0.69 to 0.70, 1.48 to 1.74 and 0.376 
to 0.408, respectively. Jacobson et al. [41] also reported that the ethene/ 
ethane ratio could be used as the indicator of oil shale retorting conditions, in 
particular pyrolysis temperature. Raley [42] presented a chemical reaction 
mechanism to explain the oil vapor cracking reactions, and found that the 
declined oil yield was related to the increased ethene/ethane ratio. Williams 
and Nazzal [43] considered that the ethene/ethane, propene/propane, butene/ 
butane and total alkene/alkane ratios increased with rising pyrolysis tem-
perature, reflecting the acceleration of secondary reactions and increase of 
aromatics concentration of shale oil. This work demonstrates that the butene/ 
butane and total alkene/alkane ratios increase after the addition of the 
catalyst, but the ethene/ethane and propene/propane ratios exhibit different 
trends of change. This suggests that the two catalysts may exert a different 
effect on the structural changes of oil shale in the pyrolysis process as well 
as on the secondary reactions of the pyrolysis products. 

Figure 7e displays that the heating value of non-condensable gases is 
30.209, 27.349 and 30.913 MJ/kg without the catalyst and in the presence of 
Fe2O3 and CaCO3, respectively, which indicates that CaCO3 is more efficient 
than Fe2O3 in producing non-condensable gases of high heating value. 

4. Conclusions 

In this paper, the gas evolution characteristics were investigated in the 
absence and presence of catalysts, Fe2O3 and CaCO3. Based on the results 
obtained, the following conclusions were drawn: 
1. After the addition of the catalyst, the shale oil yield increases and the 

shale char yield decreases. More shale oil is produced in the presence of 
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Fe2O3 compared to CaCO3. The non-condensable gases yield rises in the 
CaCO3-catalysed pyrolysis and declines in the presence of Fe2O3. The 
results indicate that adding the catalyst affects the reactivity of kerogen 
pyrolysis and the secondary reactions of oil vapors. In addition, the 
catalysts exert a different effect on the oil shale pyrolysis due to different 
catalytic mechanisms. 

2. The volume percentages of CO2, CH4 and H2 in the non-condensable 
gases produced are much higher and those of CO and C2–C4 hydro-
carbons are lower. The peak concentrations of CO2 and H2 increase after 
adding the catalyst, especially Fe2O3, while that of CO also increases in 
the presence of especially CaCO3. Fe2O3 and CaCO3 have a different 
impact on the evolution of C1–C4 hydrocarbons. COS and H2S evolve 
nearly simultaneously, the H2S content being higher than that of COS. 
The catalyst has a low effect on the concentrations of H2S and COS in the 
initial stage of their evolution, while the influence on the gases peak con-
centrations is higher. The peak concentrations of H2S and COS decrease 
after adding the catalyst, especially Fe2O3. 

3. The produced non-condensable gases mainly consist of CO2 and CH4, as 
well as some minor gases, in terms of mass distribution. After the use of 
the catalyst, the mass contents of ethane, butane, CO2 and H2 increase, 
while those of butane, H2S and COS decrease. The total non-condensable 
gases yield increases after adding CaCO3, indicating that this compound 
has a more pronounced catalytic effect on the secondary reactions of oil 
vapors. Adding Fe2O3 and CaCO3 respectively reduces the ethane/ethane 
and propene/propane ratios, suggesting that different catalysts have a 
different impact on the changes in the structure of oil shale and therefore 
cause the secondary reactions of pyrolysis products to proceed at 
different rates. CaCO3 is more efficient than Fe2O3 in producing non-
condensable gases of high heating value. 
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