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Abstract
Recently, thermal recovery technologies such as combustion have been studied for shale gas recovery. Thus, understanding 
of the microstructure of combusted shale is essential for evaluating the effects of thermal treatment on shale gas transport 
capacity. In this study, the effect of combustion on shale microstructure changes was investigated. Firstly, different-sized 
shale samples were combusted at 450 °C for 30 min. Afterward, shale microstructure properties including surface topogra-
phies, porosity and permeability of the raw and combusted shale samples were measured and compared. It was found that 
the pore volume and specific surface area increased after combustion, especially for small pulverized samples. According to 
surface topography obtained from atomic force microscope, more rough surfaces were obtained for the combusted shale due 
to larger pores and generation of thermal fractures caused by the removal of organic matter. Based on the mercury intrusion 
porosimetry measurements, the porosity of the shale samples increased from 2.79% to 5.32% after combustion. In addition, 
the permeability was greatly improved from 0.0019 to 0.6759 mD, with the effective tortuosity decreased from 1075.40 to 
49.27. As a result, combustion treatment can significantly improve the gas transport capacity.
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1  Introduction

Because of abundant reserves and low carbon emissions 
of shale gas, extraction of hydrocarbon products from 
shale reservoirs has attracted worldwide interests (Chen 
et al. 2017a; Huang and Zhao 2017). However, shale has 
extremely low permeability and complicated pore system, 
which is characterized by various pore types and wide pore 
size distributions (Sarkar et al. 2018). These characteristics 
significantly affect gas storage and flow transport behavior 
(Bai et al. 2019; Chen et al. 2016; Deng et al. 2016; Ji et al. 
2016; Tian et al. 2013). Hence, a large-scale extraction of 
the shale gas from the tight shale matrix is challenging. 
Recently, the combustion treatment has been proposed for 

shale gas recovery (Chapiro and Bruining 2015; Chen et al. 
2017b). Combustion treatment not only provides energy for 
gas desorption from pore surfaces but also promotes the 
gas transport by improving the permeability (Chen et al. 
2017b, 2018a, 2019c, d). However, pore system evolution 
during combustion process involves complicated physical 
and chemical processes. The knowledge in this area is still 
limited and needs further exploration.

Various classifications of pore types in shale have been 
proposed in previous studies (Desbois et al. 2009; Heath 
et al. 2011; Loucks et al. 2012; Pommer and Milliken 2015; 
Slatt and O’Brien 2011; Zhu et al. 2018). Based on pore size, 
shale pores could be divided into three types: micropore 
(< 2 nm), mesopore (2–50 nm) and macropore (> 50 nm) 
(Sing et al. 1985). Nanoscale gas transport mechanism and 
gas adsorption capacity in shale vary with different pore 
sizes and structures (Yu et al. 2017). The enlarged nanopo-
res can lead to an increase in the conductivity of slippage 
flow and the contribution degree of slippage flow to the total 
gas transport capacity (Sun et al. 2019). In addition, the 
non-negligible gas adsorption and surface diffusion in the 
micropores and fine mesopores (< 10 nm) significantly affect 
the potential of the storage and transport of shale gas (Xiong 
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et al. 2017; Yu et al. 2017). Based on pore connectivity, 
shale pores can be divided into interparticle pores, intraparti-
cle pores and organic pores (Katz and Arango 
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These analysis results are given in Table 1 (Chen et al. 
2019d).

2.3 � Pore characteristics of shale samples

In order to obtain pore characteristics of the shale samples, 
low-temperature N2 adsorption measurements were per-
formed using a Micromeritics TriStar II 3020 surface area 
analyzer. Before the measurements, all samples were dried 
and degassed at a constant temperature of 100 °C for 4 h 
to remove moisture and adsorbed gases. Then, about 0.2 g 
of these samples was analyzed exposed to N2 at 77 K. The 
N2 adsorption volume was measured with relative pressure 
(P/P0) ranging from 0.050 to 0.995. The pore parameters 
such as pore volume, surface area and pore size distribution 
can be calculated using multiple adsorption theories such 
as Langmuir, Brunauer–Emmett–Teller (BET) and Bar-
rett–Joyner–Halenda (BJH).

In this study, the raw and combusted samples with the 
particle size of 0.71–1.00 mm (RS1 and CS1) were sent to 
a commercial laboratory for the MIP test to measure the 
shale porosity and permeability. MIP tests were performed 
using a Micromeritics IV AutoPore 9500 Instrument, with 
the maximum pressure of 227.45 MPa. The shale samples 
RS1 and CS1 were dried and degassed prior to the tests. The 
porosity, permeability and effective tortuosity of the raw and 
combusted samples were investigated.

2.4 � Morphology analyses of shale samples

The microstructure and morphology of the raw and com-
busted shale samples were analyzed using SEM and AFM 

imaging study. Before the experiments, in order to reduce 
the error of experimental results caused by heterogeneity 
of shale, the observation position was marked on the shale 
sample. The SEM equipment used (HITACHI SU8010) 
was operated under an acceleration voltage of 1 kV and a 
beam current of 10 μA. The scanning range of the AFM 
used (MFP-3D-BIO) was 90 × 90 × 15 μm, with accuracy 
of 0.6 nm and height precision less than 0.03 nm.

3 � Results and discussion

3.1 � Shale properties

As shown in Table 1, the shale sample has a high ash con-
tent of 87.58%, and the total organic matter is around 10%, 
including 2.39% fixed carbon and 7.44% volatile matter. 
The high content of organic matter provides a large amount 
of potential adsorption sites for shale gas (Chen et al. 
2018a). According to the kerogen-type descriptions, the 
kerogen type of these shale samples is dominated by Type 
II with the H/C atomic ratios about 1.07 and O/C atomic 
ratios about 0.145 (Jarvie 2015). The vitrinite reflectance 
(Ro) is 2.7%, which shows a relatively high thermal matu-
rity, indicating that the shale was in the dry gas window 
(Jarvie 2015), while for high mature shale (Ro = 2.7%) the 
amount of the dissolved gas would be ignored (Guo 2013).

Fig. 1   Combusted shale samples with different particle sizes: a 0.710–1.000 mm, b 0.355–0.450 mm, c 0.088–0.150 mm, d 0.045–0.063 mm, e 
0–0.045 mm

Table 1   Proximate analysis, ultimate analysis and vitrinite reflectance of shale sample, adapted from Chen et al. (2019d)

Moisture, % Ash, % Volatile matter, % Fixed carbon, % Carbon, % Oxygen, % Hydrogen, % Nitrogen, % Sulfur, % Vitrinite 
reflectance 
Ro, %

2.59 87.58 7.44 2.39 5.36 1.04 0.48 0.26 5.36 2.7
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1.54 × 10−3 cm3/g (RS1) to 22.19 × 10−3 cm3/g (RS5). The 
increased pore volume of 20.65 × 10−3 cm3/g showed the 
volume of newly exposed pores. It was 4.5 × 10−3 cm3/g 
less than the amount in combusted samples. Moreover, 
raw sample of each size had much smaller pore volume 
than the combusted samples. This can be attributed to 
the combustion treatment which can further improve the 
porosity and pore connectivity of shale. Compared with 
pulverization, the combustion treatment can significantly 
improve the porosity of shale. It is interesting that the 
increased pore volumes after combustion were all around 
20 × 10−3 cm3/g, which may reflect the amount of removed 
organic matter. This indicates that the effect of combustion 

on shale pores is mainly reflected in the removal of organic 
matter and the enlargement of organic pores.

3.2.3 � Pore surface area

The surface area plays a key role in the adsorption of the 
shale gas. The change tendency of pore surface areas was 
similar to that of pore volume. The specific surface areas 
measured based on the BET method are given in Fig. 5. The 
specific surface areas of the combusted samples increased 
from 8.99 m2/g (CS1) to 27.91 m2/g (CS5) with decreas-
ing particle size, while those of the raw samples from 
0.4199  m2/g (RS1) to 6.5886  m2/g (RS5). The surface 
areas of raw and combusted samples all increased with the 
decrease in particle size because of the newly developed 
open pores by pulverization. It also can be seen that the spe-
cific surface areas significantly increased after combustion. 
Given that the specific surface area is mainly affected by 
smaller pores (Tian et al. 2013) and the micropores in shale 
are largely developed in organic matter (Li et al. 2016), the 
increase in specific surface area may be mainly attributed 
to the oxidization of organic matter by combustion. In the 
oxidization process, numerous small organic pores enlarged, 
respectively. However, there are also some studies that found 
that the specific surface areas of shale decreased after com-
bustion. This may be due to the differences in sample prop-
erties and the oxidation degree of organic matter in shale.

3.2.4 � Pore size distribution

The pore size distributions of raw and combusted shale sam-
ples were analyzed using BJH adsorption data and are given 
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Fig. 3   The volumes of micropores, mesopores, macropores and the 
total pores of the different-sized combusted samples based on t-plot 
method and BJH method
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busted shale samples based on t-plot method and BJH model
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in Fig. 6. After combustion, the pore volumes of micropo-
res, mesopores and macropores were all increased, which 
means more flow transport channels were created. For high 
mature shale, micropores are well developed and hosted in 
organic matter (Tian et al. 2013; Yang et al. 2016). Under 
high-temperature combustion, a large amount of original 
closed micropores were reopened and the organic matters 
were decomposed, both of which resulted in the generation 
of significant micropores. The original stored gases in the 
closed pores became extractable. Besides, more mesopores 
and macropores were obtained due to the oxidization of 
organic matter. In micropores and mesopores, the gas flow 
was mainly slip flow or free molecular diffusion flow. As the 
pore size increased (Knudsen number Kn decreases), the gas 
transport shifted from diffusion flow to slip flow (Sun et al. 
2019; Darabi et al. 2012). Thus, the gas transport capacity 
was improved.

3.3 � The porosity and permeability of combusted 
shale

The porosity and permeability are the most important 
parameters to assess the gas transport in shale. Based on 
the results from MIP tests, it was found that the porosity of 
shale increased sharply from 2.79% to 5.32% after combus-
tion at 450 °C. Furthermore, the permeability was greatly 
improved from 0.0019 to 0.6759 mD, with the effective tor-
tuosity decreased from 1075.40 to 49.27.

Combustion resulted in not only the enlargement of open 
pores but also the generation of microfractures and the expo-
sure of inaccessible pores. In addition, the decrease in effec-
tive tortuosity can also improve gas diffusion capacity. The 
diffusion coefficient can be given as (Veltzke and Thöming 
2012):

where s is the pore diameter and M is molar mass.
The effective tortuosity � is often related to effective dif-

fusion coefficient (Sun et al. 2018):

where De is the effective diffusion coefficient in the porous 
media, m2/s; ϕ is porosity, and Le/L is the geometrical 
tortuosity.

Thus, the significant decrease in effective tortuosity τ 
indicates the improvement in effective diffusion coefficient 
based on Eqs. (1) and (2). This reveals that the gas diffu-
sion potential inside shale pore systems was promoted after 
combustion treatment.

3.4 � Pore‑fracture morphology analyses based 
on SEM images

In order to study the microstructures of shale, the pore-frac-
ture morphologies of the raw and combusted shale samples 
were observed using SEM. It is shown in Fig. 7a that the 
open pore networks in these samples mainly consisted of 
interparticle pores connected by microfractures. Numerous 
flocculated clay microfabrics are also shown in Fig. 7b, d. 
As a result of thermal cracking, the obvious microfractures 
that existed in combusted shale samples (Fig. 7c, d) can sig-
nificantly improve the porosity and permeability of shale.

During the pulverization process, many closed pores 
were exposed to microfractures and the isolated intrapar-
ticle pores, such as pores in Fig. 7a, might be enlarged. In 
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addition, the microfractures were possibly generated. The 
original open pore networks could be developed due to the 
newly developed microfractures. This process reflects the 
enhancement of the pore connectivity.

3.5 � AFM topography image of shale sample

During the combustion, some kerogen on the shale sur-
face was removed and released as gas through oxidiza-
tion (Chen et al. 2017b). To investigate the changes in 
shale morphology at the beginning of the rapid oxidization 
stage, the shale sample (RS1) was combusted at 400 °C 
for 30 min. The surface topographies of the shale samples 
before and after combustion (400 °C) were investigated 
using AFM. Using a sharp probe (a few nanometers in 
diameter) to measure the forces between the probe and the 
sample as a function of their mutual distance, nanoscale 
surface topography of shale surface (2D and 3D) was 
obtained, as shown in Fig. 8. The grooves (darker areas) 
in the grayscale images can be considered as nanopores 

(Javadpour and Ettehadtavakkol 2015). The raw shale sam-
ple (Fig. 8a, b) had more even surfaces with about 1.4 μm 
in height and the maximum depth of 1.2 μm, while the 
combusted shale sample (Fig. 8c, d) had a more uneven 
surface with about 2.4 μm in height and 2.0 μm in depth, 
indicating deeper groove areas. This indicates that more 
organic matter was removed from the shale and resulted 
in larger pore volume. Moreover, the inaccessible pores 
blocked or restricted by organic matter might be connected 
to pore networks after combustion treatment.

It can be seen from Fig. 9a that the surface depth of 
raw shale is mainly between 0.5 and 1.5 μm. Moreover, 
the depth around 1.2 μm has the biggest percentage. After 
being combusted at 400 °C, the shale got wider surface 
depth distribution, ranging from 0.3 to 3.2 μm (Fig. 9b). 
Deeper surfaces were produced and were mainly in the 
range of 1.5 to 3.2 μm. As discussed before, the removal 
of organic matter resulted in bigger pore depth and areas. 
In other words, the porosity of the shale samples could be 
improved.

Fig. 7   SEM images of (a, b) raw and (c, d) combusted shale samples
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4 � Conclusions

In this study, the effects of combustion treatment on shale 
physical and geochemical proprieties such as porosity and 
permeability changes were investigated. The main conclu-
sions are listed as follows:

(1)	 The total organic matter content of the shale sample is 
around 10%, and the vitrinite reflectance value (Ro) was 
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