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Abstract:



The evolution of pore structure during in situ underground exploitation of oil shale directly affects the diffusion and permeability of pyrolysis products. In this study, on the basis of mineral analysis and thermogravimetric results, in combination with the low-pressure nitrogen adsorption (LPNA) and mercury intrusion porosimetry (MIP) technique, the evolution of pore structure from 23 to 650 °C is quantitatively analyzed by simulating in situ pyrolysis under pressure and temperature conditions. Furthermore, based on the experimental results, we analyze the mechanism of pore structure evolution. The results show the following: (1) The organic matter of Fushun oil shale has a degradation stage in the temperature range of 350–540 °C, and there is no obvious temperature gradient between decomposition of kerogen and the secondary decomposition of bitumen. The thermal response mechanisms of organic matter and minerals are different in each temperature stage, and influence the change of pore structure. (2) Significant changes occur in pore shape at 350 °C, where thermal decomposition of kerogen begins. The ink-bottle pores are dominant when the temperature is less than 350 °C, whereas slit pores dominate when the temperature is greater than 350 °C. (3) The change in pore structure of oil shale is much less significant from 23 to 350 °C. The pore volume, porosity, and specific surface area (SSA) of samples increase rapidly with temperature varying from 350 to 600 °C. The variation of each parameter is dissimilated from 600 to 650 °C: the porosity and pore volume increases with a small gradient from 600 to 650 °C, and SSA decreases significantly. (4) The lithostatic pressure does not cause change in the evolution discipline of the pore structure, but the inhibitory effect on the pore development is significant.
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1. Introduction


According to the World Energy Council (WEC) [1], global energy demand is expected to increase by approximately 30 percent by 2040. Oil shale, an organic-rich and fine-grained sedimentary rock, consists of a mineral porous matrix that contains insoluble kerogen. Liquid hydrocarbons (shale oil) and combustible shale gas can be obtained from insoluble kerogen after heat treatment [2]. The world’s oil shale reserves contain approximately 6050 billion barrels of shale oil, which is four times that of conventional crude oil [3]. Therefore, as a kind of unconventional energy, oil shale has attracted worldwide attention with its rich resources and comprehensive utilization value [4,5,6].



With the development of mining technology, in situ exploitation has become a new trend because of its large mining depth, high oil recovery rate, minimal land occupation, and environmentally friendly methods [7]. In situ oil shale exploitation refers to the method of directly heating the existing oil shale in the ground to convert the solid kerogen into liquid or gaseous hydrocarbon at high temperatures by means of electricity [8,9], fluid convection [10,11], radiation [12], or combustion [13]. These products are expelled through pores and fractures in the oil shale and are extracted through production wells. In situ pyrolysis of oil shale involves complex physicochemical reactions [14]. The microscopic pore structure and physicochemical properties (such as mechanical properties and adsorption properties) interact with each other and vary significantly during the pyrolysis process [15]. The complex porous structure in the oil shale plays an important role in the process of in situ exploitation, which influences the flow behavior and heat transfer efficiency of the heating medium directly during the in situ transformation process (convection heating mode), and also affects the diffusion and flow behavior of oil and gas products in oil shale [16,17]. Therefore, it is particularly important to pay attention to the characteristics of pyrolysis of oil shale and the mobility of products. At present, research has made great progress in describing the physicochemical characteristics of oil shale and kerogen [18,19,20,21,22], as well as the relationship between pyrolysis characteristics of oil shale and pyrolysis temperature, pyrolysis pressure, heating rate, heating duration, particle size, and other factors [23,24,25,26,27,28,29,30,31,32]. Analysis on the pore structure mainly focuses on shale’s geologically evolving processes or reservoir characteristics, such as the relationship between porosity and organic matter content, maturity, etc. [33,34,35,36,37]. However, this is not enough to study the evolution of pore construction in the pyrolysis process of oil shale.



Some scholars, based on the combination of CT technology and three-dimensional reconstruction, studied the structure of microscale pore clusters during oil shale pyrolysis [38], the consistency of thermal weight loss and porosity [39], and estimation of permeability [40]. Yang et al. [41] quantitatively characterized the pore structure during pyrolysis by mercury intrusion porosimetry (MIP). On a smaller scale, using low-pressure nitrogen adsorption (LPNA), Han and Sun et al. [42,43] concluded that heating softens or carbonizes organic matter and causes pore blockage, which affects pore structure parameters. Wang et al. [44] considered that pore connectivity caused by the generation and migration of pyrolysis products is an important factor for the increase of porosity. Due to the different effective range and testing principles of various testing methods, while the pore size of oil shale has a larger-scale distribution from the nanometer level to the micrometer level under pyrolysis conditions, it is difficult to fully display the distribution of the entire pore space by using a single means. Therefore, Bai and Geng et al. [17,45] analyzed the pyrolysis characteristics and pore structure of oil shale by combining MIP with CT or LPNA. In the above studies, as a factor that cannot be neglected in in situ pyrolysis, the role of lithostatic pressure is seldom considered. Based on the condition of the in situ pressure, Nottenburg et al. [46] analyzed the change in mechanical properties of oil shale during pyrolysis and found that 380 °C is a turning point for the deterioration of mechanical properties of Green River oil shale. Allan et al. [47] described the pore structure change of oil shale qualitatively using a scanning electron microscope (SEM), and found that the lithostatic pressure caused partial pores to be compressed associated with the pyrolysis products escaping from oil shale. Eseme et al. [15] found that the increasing temperature results in loss of strength and decrease in Young’s modulus, and the response is correlated with organic matter content. The above results deepened people’s understanding of oil shale pore structure evolution during in situ pyrolysis. However, in situ pyrolysis characteristics and multiscale characterizations of oil shale pore structure remain largely unstudied.



The purpose of this study is to provide a more comprehensive and quantitative characterization of the pore structure evolution of oil shale during in situ pyrolysis. The lithostatic pressure is simulated, and the in situ pyrolysis is carried out at temperatures ranging from 23 to 650 °C. The pore structure evolution of Fushun oil shale is measured and analyzed at varying pyrolysis final temperatures by combining the LPNA and MIP techniques. This research is crucial to the technology for in situ underground conversion of oil shale.




2. Materials and Methods


2.1. Preparation of Oil Shale Samples


Oil shale samples were collected from the Eastern Fushun Opencast Mine in the Liaoning Province, China; they were collected at a depth of 400 m and were sealed immediately using paraffin wax to avoid weathering and deterioration. After that, they were machined into standard 50 mm diameter, 100 mm long cylinders and dried for 12 h at 70 °C for use in pyrolysis experiments.



The density and porosity of samples of initial oil shale were determined according to the national standards GB/T 23561.2-2009 [48] and SY/T 5336-2006 [49], respectively (Table 1). The mineral composition of the sample was determined by using a Rigaku D/Max-2500 X-ray diffractometer (manufactured by Shimadzu, Kyoto, Japan) (Table 1). Fushun oil shale has a relatively low original porosity, and quartz and clay are the primary mineral components of the oil shale, followed by microcline and albite, and smaller amounts of pyrite and ankerite. Clay minerals mainly contain illite and kaolinite.


Table 1. Physical parameters and mineral components of the Fushun oil shale.





	
Physical Parameters (23 °C)

	
Mineral Composition (%)




	
Density (g/cm3)

	
Porosity (%)

	
Quartz

	
Microcline

	
Albite

	
Pyrite

	
Ankerite

	
Clay






	
2.19

	
7.02

	
45.2

	
5.1

	
4.2

	
1.0

	
1.8

	
42.7










Pyrolysis characteristics of the samples were analyzed using thermogravimetric analysis (TGA) by utilizing a SETSYS Evolution 16/18 synchronous thermal analyzer (Setaram Co., Caluire, France). The TG resolution of this equipment is 0.03 μg, and the vacuum degree is 10–4 mbar. Oil shale samples were heated to 700 °C at a rate of 5 °C/min using nitrogen as a protective gas. Test results are shown in Figure 1. The total weight loss of the oil shale was 17.9%. The pyrolysis process can be divided into three stages. In the first stage, between 23 and 200 °C, weight loss was 0.4%, and peak weight loss corresponds to 93 °C. Weight loss in the first stage is also considered a measurement of free water content in the oil shale and kerogen. The second stage, between 200 and 540 °C, is the main oil shale pyrolysis stage; weight loss in this stage was 15.8%. The range 350–540 °C was the main weight loss range, accounting for 84.4% of the total stage weight loss; this is owing to the decomposition of organic matter such as kerogen and bitumen to release low-molecular-weight gaseous volatile matter [50]. Thus, the 350–540 °C range is considered to be the oil-producing stage of oil shale. The third stage, 540–650 °C, had a weight loss of 1.7% with no obvious weight loss peak. Weight loss in the third stage is related to the decomposition of inorganic matter, especially the decomposition of clay minerals [51].


Figure 1. TG/DTG curve of Fushun oil shale.
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2.2. In Situ Pyrolysis Experiment


The standard cylindrical specimens were treated under high temperature and triaxial stress conditions using the in situ pyrolysis test bench (Figure 2) developed by Taiyuan University of Technology (Taiyuan, China). The test bench is composed of a triaxial loading system and a temperature measurement and control system. The triaxial loading system is composed of an axial operating system and lateral operating system, which has a maximum pressure of 25 MPa. The temperature control system has a maximum limit of 650 °C, and the sensitivity is not less than 0.2%.


Figure 2. Schematic diagram of high-temperature triaxial pressure pyrolysis testing system: (1) support frame; (2) steel tube; (3) heating wire; (4) muff; (5) specimen; (6) thermocouple; (7) graphite packing; (8) temperature and pressure controller; and (9) oil pump.
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In this study, the lithostatic pressure at a depth of 400 m was simulated using an axial pressure of 10 MPa. The confining pressure was set to 12 MPa. The samples were put into the test bench separately and the axial and confining pressures were loaded to predetermined values under room temperature conditions. After applying the predetermined pressures, oil shale samples were heated to the target temperature (i.e., 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C, or 650 °C) at a rate of 2 °C/min. At the target temperatures, the samples were kept for 6 h and then cooled slowly to room temperature at the same 2 °C/min rate so as to ensure that the temperature distributions were uniform. After heat treatment, a 25 mm cube portion was cut from each sample for MIP testing and the remaining part of the sample was ground to particles smaller than 75 μm in diameter for LPNA testing. All the cubes and particles were dried before testing.




2.3. Pore Structure Tests at Different Scales


According to the Hodot classification method, oil shale pores can be divided into micropores (<10 nm), transition pores (10–100 nm), mesopores (100–1000 nm), and macropores (>1000 nm).



Based on the LPNA at 77 K, micropore and transition pore structures in oil shale after pressure and different temperatures effects were analyzed using the sample after in situ pyrolysis. The 3H-2000PS2 apparatus was used for LPNA testing. The equipment error is less than ±1.5%, and N2 was used as the test gas. The specific surface area (SSA) of the sample was obtained by the Brunauer–Emmett–Teller (BET) model [52], and the pore volume and pore size distribution (PSD) were obtained by the Barrett–Joyner–Halenda (BJH) theory [53] according to the desorption branch. The conditions of the effective test range are SSA more than 0.01 m2/g, and pore diameter 2–100 nm.



The AutoPore IV9500-type automatic mercury injection apparatus (Micromeritics Instrument Co., Norcross, GA, USA) and the sample after in situ pyrolysis was used for MIP testing. The experimental application pressure ranged from 0.00069 to 413 MPa and the effective aperture test ranged from 3 nm to 100 μm. As for the liquid mercury, 130° was the wetting angle, and 0.485 N/m was the surface tension. According to the Washburn equation [54], the pore radius corresponding to different pressures can be calculated, and the mercury–pressure curve of oil shale can be obtained. Based on this, the relevant pore structure parameters can be obtained.





3. Results and Analysis


3.1. Experimental Results and Analysis Based on LPNA


Different adsorption isotherm shapes reflect different adsorption materials and pore distributions. Therefore, the surface properties of the material can be analyzed according to the type of the adsorption curve. The isothermal curves of the Fushun oil shale at different pyrolysis temperatures are shown in Figure 3. The adsorption branches of N2 adsorption–desorption isotherms in all samples increase gradually with the relative pressure lower than 0.8 and rise steeply when P/P0 > 0.8. The adsorption branch does not show a plateau even as the relative pressure approaches 1, which indicates that the samples possess a heterogeneous pore structure containing a broad range of pore sizes from micropores to macropores [55,56]. According to the International Union of Pure and Applied Chemistry (IUPAC) isotherm classification criteria [57], adsorption isotherms at 23–300 °C are of type IV; while the isotherms exhibit a steep rise at relative pressures below 0.1 (typically characteristic of a type I isotherm) from 400 °C, this is an indicator of the presence of micropores [58], and so the isotherms are a combination of types I and IV. The variation of the isothermal curve indicates that the pyrolysis temperature controls the type of the N2 adsorption isothermal curve.


Figure 3. Adsorption–desorption isotherms of Fushun oil shale at varying temperatures.
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Because the relative pressure responding to capillary condensation and evaporation is different, the oil shale adsorption and desorption isotherms are not coincident at higher relative pressure (P/P0 > 0.4). The desorption isotherm is located above the adsorption isotherm. Therefore, a hysteresis loop occurs; the shape of this reflects the pore structure. The shapes of hysteresis loops between 23 and 300 °C are of the H2 type, indicating that the pores are ink-bottle shaped (Figure 3). However, the shapes of hysteresis loops between 400 and 650 °C are of the H3 type, indicating that the pores are slit pores. The above results show that the oil shale pore structure changes significantly after pyrolysis at varying temperatures.



The pore structure parameters of the Fushun oil shale are shown in Table 2. The SSA shows a decreasing–increasing–decreasing trend with rising temperature (Figure 4). The SSA decreases slowly from 23 to 200 °C and reaches a minimum of 3.59 m2/g at 200 °C. It significantly increases from 300 to 500 °C and reaches a maximum of 35.31 m2/g at 500 °C—this is 5.13 times greater than the initial state. From 600 to 650 °C, the SSA shows a slight decrease. The variation trends of the total pore volume as well as the pore volume in each pore size range are in agreement with the SSA (Figure 4). However, the total pore volume and transition pore volume reach a maximum at 600 °C—2.93 and 5.78 times greater, respectively, than the initial state. From 23 to 600 °C, the average pore size increases with temperature, but the pore size become smaller at 300 °C.


Figure 4. Specific surface area (SSA) and pore volume curve with varying temperature by LPNA.
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Table 2. Low-pressure nitrogen adsorption (LPNA) pore structure characteristic parameters.





	
Sample

	
Specific Surface Area

	
Average Pore Size

	
Pore Volume

	
Volume of Different-Sized Pores cm3/g




	
°C

	
m2/g

	
nm

	
cm3/g

	
Micropores

	
Transitional-Pores

	
Mesopores






	
23

	
5.758

	
4.31

	
0.023

	
0.0151

	
0.0079

	
0




	
100

	
3.6486

	
5.27

	
0.0203

	
0.0123

	
0.008

	
0




	
200

	
3.5883

	
6.53

	
0.0183

	
0.0105

	
0.0078

	
0




	
300

	
9.9257

	
6.14

	
0.0436

	
0.0276

	
0.016

	
0




	
400

	
25.0759

	
8.62

	
0.0614

	
0.0324

	
0.029

	
0




	
500

	
35.3099

	
10.85

	
0.0861

	
0.0401

	
0.046

	
0




	
600

	
34.8532

	
12.17

	
0.0904

	
0.0368

	
0.0536

	
0




	
650

	
30.9812

	
10.9

	
0.0737

	
0.0336

	
0.0401

	
0










PSD curves of the Fushun oil shale all show a unimodal distribution (Figure 5). Curve shape variations are not obvious between 23 and 650 °C, and the peak of PSD is about 4 nm, which indicates that pores of this size are well developed. At 300 °C, the PSD curve shows a maximum peak. Starting at 400 °C, the pore distribution on both sides of the peak increases gradually with increasing temperature, which indicates the gradual development of micropores and transitional pores. It can be seen from the Figure 3 that the isotherms diverge at P/P0 = 0.4–0.5 and are invariable over temperature in all the samples. According to the Kevin equation, when the relative pressure is 0.5, the corresponding pore diameter is approximately 3.6 nm, which can be confirmed from the PSD.


Figure 5. Pore size distribution (PSD) curve of LPNA at different pyrolysis temperatures.
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3.2. Experimental Results and Analysis Based on MIP


The morphology of pore volume versus pore diameter curves is closely related to the pore structure of the sample, which can be used to qualitatively analyze pore structure variation in oil shale (Figure 6). During the MIP test, the influence of the pore shielding effect [59,60,61] results in the mercury being prone to hysteresis and even residue. Hysteresis in MIP experiments indicates that “ink-bottle” pores have developed within the oil shale, which is consistent with the LPNA analysis.


Figure 6. Pore volume versus pore diameter curves of mercury intrusion porosimetry (MIP) at different pyrolysis temperatures.
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Pore volume versus pore diameter curves for oil shale at different pyrolysis temperatures are shown in Figure 6. From 23 to 300 °C, the pore volume accumulation curves are all concave, indicating the development of micropores, transitional pore, and macropores. Mesopores are not developed. In addition, the connectivity among pores is poor. However, an “anti-S-shaped” curve is present between 400 and 650 °C, which indicates the development of transitional pores and mesopores. Micropores and macropores are not developed. Also, pores are more concentrated, and pore connectivity is improved.



PSD curves of the Fushun oil shale are concentrated in two intervals (less than 100 nm and more than 100 μm) when the pyrolysis temperature is below 400 °C (Figure 7a), indicating that pore size has a bimodal distribution. For T = 400–650 °C, PSD curves change radically (Figure 7b). PSD curves show a primary peak and a secondary peak. The peaks shift to the right with increasing temperature, changing from 77.1 nm and 5.2 nm at 400 °C to 120.7 nm and 40.3 nm at 600 °C, which indicates an increase in pore size. At 650 °C, the PSD is concentrated further, and the PSD becomes unimodal with a peak at 151.1 nm. The pore volume in each pore size range and cumulative total volume changes slightly before 400 °C (Figure 8, Table 3). The total pore volume increases continuously from 400 to 650 °C, and the transitional pore volume increases sharply at 400 °C (Figure 8, Table 3); however, the pore volume increase with increasing temperature is lower than that of the total pore volume, which was validates the result that as new transition pores form, some of the previous transition pores expand into mesopores. When the temperature exceeds 600 °C, the total pore volume increases slightly, and the pore structure shows a change from transition pores to mesopores. It should be noted that the results of tests by MIP and LPNA have some differences in PSD, which is mainly related to the increase of mesopores beyond the scope of the LPNA test, and the average pore size is also the same.


Figure 7. PSD curves at different temperatures of MIP. (a) 23–300 °C; (b) 400–650 °C.
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Figure 8. Diagram of the relationship between pore volume and temperature by MIP.
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Table 3. Main pore structure parameters of MIP.





	
Sample

	
Average Pore Size

	
Porosity

	
Pore Volume

	
Volume of Different-Sized Pores cm3/g




	
°C

	
nm

	
%

	
cm3/g

	
Micropores

	
Transitional-Pores

	
Mesopores

	
Macropores






	
23

	
12.9

	
7.0189

	
0.035

	
0.0173

	
0.0111

	
0.001

	
0.0056




	
100

	
12.4

	
5.5175

	
0.0274

	
0.015

	
0.0078

	
5 × 10−4

	
0.0041




	
200

	
8.4

	
4.2829

	
0.0199

	
0.0118

	
0.0048

	
5 × 10−4

	
0.0028




	
300

	
10.2

	
5.6020

	
0.0275

	
0.017

	
0.0067

	
8 × 10−4

	
0.003




	
400

	
35.8

	
18.2599

	
0.0914

	
0.0051

	
0.0777

	
0.0067

	
0.0019




	
500

	
38.6

	
22.7861

	
0.1215

	
0.006

	
0.0816

	
0.0274

	
0.0065




	
600

	
25.8

	
32.4670

	
0.1884

	
0.0242

	
0.0975

	
0.0627

	
0.004




	
650

	
30

	
32.3090

	
0.1983

	
0.0221

	
0.0864

	
0.0824

	
0.0074










Porosity is an important parameter for characterizing pore development in oil shale, which determines the quantity of pores. The changing porosity causes changes in permeability, which determines the mass transport capability [62]. On the other hand, it affects heat transfer rates between permeable pores and a low-permeability rock matrix [63]. The porosity of oil shale shows little change in the low temperature range and a continuous increase in the high temperature range with increasing temperature (Table 3). From 23 to 200 °C, the porosity decreases slightly and reaches a minimum of 4.28% from 7.02%. Porosity shows little change at 300 °C and increases between 300 and 600 °C. At T > 600 °C, the comprehensive effect of the lithostatic stress and the decomposition of inorganic mineral cause the porosity to decrease slightly. It can be concluded that temperature increase is beneficial for increasing porosity; however, porosity stabilizes between 600 and 650 °C.





4. Discussion


This study examines the pore structure from 2 nm to 100 μm, and the results present a comprehensive characterization of the Fushun oil shale pore structure evolution. In the common effective range of the LPNA and MIP tests, the test data showed a significant difference between the two test methods concerning the transitional pore (10–100 nm) volume due to the different testing principles. However, the variation trend of data with increasing temperature has better consistency (Figure 9), showing a small change at 23–300 °C, with a significant increase at 300–600 °C, and a decrease at 600–650 °C. This illustrates the reliability of the test results.


Figure 9. The relationship between transition pore volume and temperature from MIP and LPNA.
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The process of pyrolysis of organic matter in oil shale is complex and involves a series of parallel reactions [23,64]. Usually, the decomposition of the organic matter is a two-stage process: first is the organic matter decomposition of unstable intermediate and small-molecular-weight liquid and/or gaseous hydrocarbons; second, as the temperature increases, the unstable intermediate produces secondary cracking, further releasing some liquid and gaseous products [65,66]. The decomposing temperatures of different organic matter structures are different, and may show one or two stages on the TG-DTG curve, depending on the type of oil shale. In this study, the DTG curve has only one peak in the pyrolysis process, indicating that the pyrolysis is done in the same temperature range. In this study, a single peak state is presented on the DTG curve, which means that the two pyrolysis stages of the oil shale sample are completed in the same temperature range (350–540 °C).



There are many controlling factors on pore structure evolution under varying temperature and pressure, including the swelling pressure of organic matter and pyrolysis products, decomposition of inorganic minerals, and connectivity and blockage of pores caused by thermal cracking of the mineral skeleton. These factors contribute to the change of pore structure in oil shale. (1) From 23 to 200 °C, micropores, which are produced by free water escaping from the oil shale and thermal deformation of minerals, account for some pore space. Some pores shrink or even close, resulting in a loss of pore space, caused by organic matter softening and structural adjustment under pressure. The competition between them makes the pore parameters change. SSA, cumulative pore volume, pore volume in each pore size range, and porosity show a slight decreasing trend. At 300 °C, the organic matter in the oil shale has not yet reached its decomposition temperature, but the uncoordinated thermal deformation of mineral grain leads to a slight upward trend in all pore parameters. The pore volume of micropores increases greatly, which leads to a corresponding decrease in average pore size. The mechanical properties of oil shale are relatively stable at T < 300 °C, and the effect of formation pressure on pore structure is not obvious. (2) The temperature range of organic matter pyrolysis is 400–600 °C, where the product is separated from the mineral skeleton and the pore space is formed; this is the reason for the reduced load-bearing capacity of the oil shale [15,67]. The organic matter in the oil shale reaches the pyrolysis temperature and decomposes violently, forming a large amount of oil and gas, resulting in pressure that enlarges pervious pores or forms new pores. In addition, thermal fractures caused by inhomogeneous thermal stress on inorganic minerals and thermal decomposition of clay minerals cause an increase in the volume or number of pores. All of the above reasons lead to an increase in porosity, pore size, pore volume, SSA, and transformation from an H2-type to an H3-type pore structure. At 600 °C, the organic matter is almost completely pyrolyzed (Figure 1). The comprehensive effect of water loss from clay minerals and the expansion stress from the quartz phase transition from α- to β-quartz make the pore structure continue to expand. At this temperature, the mineral skeleton has not been completely destroyed, and the formation pressure effect leads to shrinkage and even closure of some micropores as well as a decrease in SSA. (3) At 650 °C, in oil shale, thermal reaction of the solid framework occurs mainly under pressure and causes an intensity decrease: The rate of pore growth is determined by thermal fracture, and the rate of pore reduction is caused by pore structure collapse, blocking, and the structure recombination and pore shrinkage of clay minerals. The competition of these rates of pore growth and reduction leads to a complex pore structure.



Previous studies have shown that stress can cause a decrease in oil yield or systematic changes in the composition of shale oil generated [68,69]. Similarly, the stress can also affect the development of pore structure and the transmission capacity of the hydrocarbon product during pyrolysis. Compared with other scholars’ conclusions on the Fushun oil shale, the variation trend of the test results with temperature in this study is consistent with the current literature [38,45]. MIP test results show that the total pore volume and porosity obtained by in situ pyrolysis are smaller than those in data from a no-nitrogen pressure test [45]. Specifically, the difference is small in the temperature range 23–300 °C, and obvious in the temperature range 400–600 °C. Oil shale strength is stable and pores are undeveloped under low-temperature conditions. Pressure and temperature have little effect on the pore structure. After the organic matter is decomposed, the load-bearing capacity of the mineral skeleton surrounding the pore space is insufficient to support the lithostatic stress, which leads to the collapse or blockage of some pores, indicating that lithostatic pressure inhibits pore structure development. Hence, oil shale pore structure during the pyrolysis process is related to the pyrolysis temperature, and the influence of lithostatic pressure cannot be neglected.




5. Conclusions


Based on the mineral composition and TGA analysis of the Fushun oil shale, the oil shale pore structure evolution was studied after in situ thermal treatment under simulated lithostatic pressure with a temperature range of 23–650 °C by LPNA and MIP tests. Conclusions are as follows:

	(1)

	
In situ pyrolysis is the process of heat injection into an oil shale reservoir under lithostatic pressure. The lithostatic pressure does not cause change in the evolution discipline of the pore structure, but the inhibitory effect on the development of pores is significant and cannot be neglected.




	(2)

	
The LPNA results display that pores are primarily ink-bottle shaped, and the effect of heating on the pore structure of oil shale is insignificant at 23–300 °C. However, at 400–650 °C, pores are mainly slit pores, which is closely related to the pyrolysis of oil shale organic matter at 350 °C. This means that pyrolysis plays a controlling role in the evolution of oil shale pore structure. The SSA shows a three-stage characteristic with increasing temperature: it decreases slowly from 23 to 200 °C, significantly increases from 300 to 500 °C—reaching a maximum at 500 °C—and slightly decreases from 600 to 650 °C.




	(3)

	
The results from the MIP show that micropores, transitional pores, and macropores are developed from 23 to 300 °C, and the connectivity among pores is poor. While the transitional pores and mesopores are developed from 400 to 650 °C, the PSD becomes concentrated, and pore connectivity is improved. The porosity changes insignificantly from 23 to 300 °C, and increases steadily from 300 to 600 °C, while the development of porosity is limited at 600–650 °C. It can be concluded that temperature increase is beneficial for increasing porosity; however, porosity remains stable when the temperature is above 600 °C.




	(4)

	
The evolution of oil shale pore structure involves complex physicochemical processes which are the result of the interaction between organic matter, pyrolysis products, and inorganic minerals under the actions of pressure and temperature. The change in pore structure before 350 °C is small and primarily caused by the deformation and fine adjustment of the components of oil shale under temperature and pressure. The pore structure changes greatly from 350 to 540 °C, mainly caused by the influence of the pyrolysis of organic matter and the escape of the product, followed by the decomposition and thermal cracking of inorganic minerals. At 600 °C, the further expansion of pores is attributed to the decomposition and thermal cracking of inorganic minerals. Above 600 °C, as a result of pressure, the mineral skeleton cannot support the pore space, resulting in the collapse and blockage of pores, complicating the pore structure. Therefore, the in situ pyrolysis final temperature should be selected on the premise of complete organic matter decomposition and optimization of pore structure parameters.
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