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A B S T R A C T   

The drastic decline of shale gas production after fracturing depresses the development of this unconventional gas 
resource. Although shale oxidant stimulation can dissolve unstable composition to enhance permeability, the 
shale-fluids interaction during this stimulation process is still not yet clear. In this study, the organic-rich shale 
collected from the Cambrian Shuijingtuo Formation of Yichang, Hubei province, China was selected to react with 
three oxidants, hydrogen peroxide (H2O2), sodium hypochlorite (NaClO) and sodium persulfate (Na2S2O8) at 
formation temperature. Variation of water chemistry, mineral composition and micromorphology were analyzed 
to reveal the mechanism of shale oxidative dissolution and evaluate its influence on shale permeability 
enhancement. Results showed that pyrite and OM can be discrepantly oxidized with different oxidants. At the 
same oxidation duration, the acidic environment was beneficial for carbonate dissolution, while the alkaline 
environment was favorable to the dissolution of dolomite and tectosilicate minerals such as quartz, albite, illite 
and chlorite. Nevertheless, the serious thermal decomposition of H2O2, precipitation of gypsum and ferric hy
droxide (Fe(OH)3) occurred during shale-fluids interaction at formation temperature might impede the 
enhancement of shale permeability. The oxidative dissolution of shale also brought about the release of trace 
elements, which might result in groundwater pollution. For the in-situ application of shale oxidative dissolution, 
difficulties such as thermal decomposition, secondary minerals precipitation and possible groundwater pollution 
should be considered further in the future.   

1. Introduction 

Over the past few decades, energy shortage and climate change have 
become much more serious with high global economy development 
(Edenhofer and Seyboth, 2013; EIA, 2018; Parmesan, 2006). As one of 
the efficient unconventional natural gas resources, the upsurge of shale 
gas development occurs after its successful commercial exploitation in 
North America. It is estimated that China has approximately 25 trillion 
cubic meters shale gas reserves (CGS, 2014), and its vigorous develop
ment is of great importance to the energy structure adjustment and 
environmental protection. 

However, only a minority of shale gas can be directly extracted from 
shale reservoir due to the ultra-low permeability of shale matrix. The 
shale fracturing technology such as hydraulic fracturing, liquefied pe
troleum gas (LPG) fracturing and carbon dioxide (CO2) fracturing, can 
effectively increase matrix diffusivity and enhance shale gas recovery 

(Liu et al., 2017; Pei et al., 2015; Rahm, 2011). Nevertheless, all these 
technologies are hard to realize the transformation of shale matrix and 
promote desorption of adsorbed gases in shale, resulting in the rapid gas 
production decline after shale fracturing (Karra et al., 2015; Liu et al., 
2019; Middleton et al., 2015; Moniz et al., 2011). 

Shale originates from the reducing environment in deep strata, being 
rich in brittle minerals (e.g., quartz, feldspar), clay minerals (e.g., 
kaolinite, illite, and chlorite), carbonate (e.g., calcite, dolomite), pyrite 
and organic matter (OM). Extensive studies show that the mineral 
composition and structure changes during shale-fluids (e.g., water, 
slickwater, liquid/supercritical CO2) interaction are quite related to 
fluid composition and shale geochemistry (Dieterich et al., 2016; Liu 
et al., 2016; Wang et al., 2015; Wilke et al., 2015). For example, when an 
acidic fluid such as hydrochloric acid, sulfuric acid or liquid/
supercritical CO2 is introduced into shale, more obvious carbonate 
dissolution and secondary minerals precipitation could be observed (Liu 
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et al., 2012; Paukert Vankeuren et al., 2017; Phan et al., 2018). The 
effect of shale-fluids interaction on shale porosity and permeability is 
quite dependent on whether the dominant mechanism is carbonate 
dissolution or clay mineral release, which is relevant to shale mineral 
composition (Ao et al., 2017; Jiang et al., 2016; Liu et al., 2012; Yu et al., 
2012; Zou et al., 2018). 

Owing to the existence of unstable composition, such as pyrite and 
OM, shale permeability enhancement through oxidative dissolution at
tracts more attention recently. Kuila et al. (2014) found that OM in 
mudrock was easily oxidized by sodium hypochlorite (NaClO), and the 
clay-hosted porosity increased after OM removal. Dissolution of car
bonate, pyrite, chlorite and OM, as well as the generation of 
oxidation-induced fractures were observed by Chen et al. (2017a) when 
they compared the composition and pore structure of Longmaxi black 
shale before and after 15 wt % hydrogen peroxide (H2O2) treatment. 
Similarly, Zhou et al. (2018) also found the reaction between OM and 
H2O2 led to the increase of shale porosity, but the mineral composition 
remained unchanged. The different changes of mineral composition 
implied that the mineral assemblage significantly affected the 
shale-fluids interaction. Studies of coal oxidation with NaClO, potassium 
permanganate (KMnO4), H2O2 and potassium persulfate (K2S2O8) indi
cated their stimulation for coal seam permeability enhancement, which 
provided another evidence for enhancing shale permeability with 
oxidative dissolution (Dosko�cil et al., 2014; Jin et al., 2011; Jing et al., 

2018a, 2018b). However, all these studies were carried out at ambient 
temperature, and water chemistry which reflected the shale-fluids 
interaction mechanism and evaluated potential groundwater pollution 
was neglected (Harrison et al., 2017; Marcon et al., 2017; Marcon and 
Kaszuba, 2015; Yang et al., 2015). 

Therefore, the purpose of this study is to: 1) reveal the mechanism of 
shale-fluids interaction during shale oxidative dissolution, 2) evaluate 
the feasibility of shale oxidative dissolution with different oxidants at 
formation temperature. The Cambrian Shuijingtuo shale is chosen for 
this study because of its distinct geological characteristics and mineral 
composition with the Silurian Longmaxi shale in Sichuan Basin and 
Triassic Yanchang shale in Ordos Basin (Chen et al., 2018). Shale 
oxidative dissolution experiments with different oxidants are carried out 
to accomplish the two goals. Combining XRD, SEM and TOC analysis, 
the interaction mechanism between different oxidants and shale was 
illustrated through water chemistry, mineral composition and micro
morphology variation of shale. 

2. Material and methods 

2.1. Shale sample preparation 

High shale gas industry flow obtained from Cambrian Shuijingtuo 
Formation of Yichang, Hubei province, central China denotes a 

Fig. 1. Geologic map and location of shale gas wells in Yichang, Hubei province, central China.  
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significant breakthrough in marine shale gas exploitation in south China 
(Chen et al., 2017b). Yichang is located on the southeastern margin of 
Huangling uplift in the middle Yangtze platform, which has stable 
structures and good preservation conditions for shale gas (Chen et al., 
2018). The lower Cambrian Shuijingtuo shale (~1854 m) used in this 
study was collected from the Yiye-1 well of Yichang area (Fig. 1). 
Different from Silurian Longmaxi Formation and Triassic Yanchang 
Formation, the Shuijingtuo shale are generally characterized by high 
calcium and low silicon, as well as medium TOC content (Table 1). 

Samples were crushed and sieved to a particle size of 150–600 μm. 
The crushed samples were divided into seven groups: one group was 
fresh samples, the others were used for shale oxidative dissolution at 
different times. All crushed samples were dried at 60 �C for 48 h before 
all experiments. 

2.2. Oxidative dissolution experiments 

To simulate reservoir conditions, the oxidative dissolution experi
ments were carried out at reservoir temperature (60 �C) and atmo
spheric pressure. The atmospheric pressure was chosen due to security 
and its negligible effect on minerals solubility (Morel and Hering, 1993). 
Three different oxidants, H2O2 (15 wt %), NaClO (1.6 M, which contains 
5.68 g active chlorite, 7.8 g sodium hydroxide and 32 g sodium bicar
bonate per 100 mL solution) and sodium persulfate (Na2S2O8, 1 M) were 
used for shale oxidative dissolution experiments. Each 2 g shale was 
added into 40 mL solution (Deionized water or oxidants) in a 250 mL 
Teflon conical flask for experiments. The flasks were divided into six 
groups and shaken at 60 �C on an oscillator (180 rpm) for 5, 10, 24, 48, 
72 and 120 h, respectively. After the experiments, the solutions with 
residues were transferred into the 50 mL polypropylene centrifuge tubes 
for centrifugation (4000 rpm, 5 min). Then the supernatants were 
divided into two parts, one aliquot of supernatants were used for pH 
(PB-10, Sartorius, Germany) determination immediately, and the others 
were filtered and collected for ions analysis. The residues were washed 
with deionized water and followed by centrifugation five times to 
remove the dissolved salts. Then the cleaned residues were dried at 60 
�C for 48 h and collected for the analysis of shale mass loss, TOC, 
mineralogy and micromorphology. 

2.3. Measurement of total organic carbon content 

The TOC content of untreated and treated shale samples was 
measured by TOC Analyzer (Elementar Vario, Germany). Prior to anal
ysis, all shale samples were crushed and passed through 100 mesh 
(<150 μm) sieve. Sufficient hydrochloric acid was used to react with 
samples to remove carbonate before TOC analysis. 

2.4. Mineralogy and micromorphology characterization 

The mineral composition of all shale samples was analyzed by X-ray 
diffraction (XRD, D8-FOCUS, Bruker Company, Germany) with Cu Kα 
radiation after they were crushed and passed through 200 mesh (<75 
μm) sieve. All samples were scanned from 5� to 90� with a scanning rate 
of 10�/min and a step size of 0.01�. Then the mineral composition of 
shale samples was quantitatively determined by the reference intensity 

ratio method (Hillier, 2000). The micromorphology change and element 
distribution of shale were imaged by scanning electron microscopy 
(SEM, SU800, Hitachi, Japan) with energy dispersive spectroscopy 
(EDS). Images were collected based on an accelerating voltage of 10–25 
kV after samples coated by gold. 

2.5. Water chemistry analysis 

The filtered supernatants were divided into four parts, which were 
used for concentration measurements of Fe(II þ III), oxidants, cations 
and anion, respectively. To avoid the Fe(II) oxidation and oxidants 
decomposition, the concentrations of Fe(II), Fe(III) and oxidants were 
measured immediately after sampling. Samples tested for cations were 
acidified with 2 wt % nitric acid. Concentrations of Fe(II) and Fe(III) 
after oxidative dissolution experiments were determined by the 1,10- 
phenanthroline method at 510 nm using a UV–visible spectrophotom
eter (U-3900, Hitachi, Japan) (Tamura et al., 1974). Concentrations of 
oxidants including H2O2, NaClO and Na2S2O8 were measured at 400 nm 
using a UV–visible spectrophotometer (U-3900, Hitachi, Japan) (Liang 
et al., 2008). The concentrations of major cations and trace elements 
were measured by ICP-OES (5100, Agilent, Technologies, USA) and 
ICP-MS (ELAN DRC-II, PerkinElmer Company, USA), separately. An in
ternal standard, Rh, was used for ICP-MS analysis to reduce the uncer
tainty of measurement. The concentration of anion was measured by IC 
(ICS-1100, DIONEX, USA). 

3. Results 

3.1. Evolution of water chemistry 

3.1.1. pH 
As a significant factor determining the degree and direction of water- 

rock interaction, pH of the reaction solutions after shale treated with 
different oxidants was shown in Fig. 2a. Due to the buffering of car
bonate minerals, pH of the H2O2 solution increased sharply from 4.13 to 
7.61, then remained stable in weakly alkaline condition over time. 
Compared to H2O2, the pH of NaClO and Na2S2O8 solutions was quite 
disparate. The pH of NaClO solution showed a minor variation between 
13.5 and 14.0 during the oxidation process, remaining at strong alka
linity environment due to the existence of sodium hydroxide and sodium 
bicarbonate in solution. Conversely, pH of the Na2S2O8 solution 
declined slowly from 1.28 to 0.46 and then became rather stable in the 
strong acid environment. The discrepancy of pH in solutions with 
different oxidants resulted in diverse shale-fluids interactions. 

3.1.2. Oxidant 
The residual concentration ratio (R) of oxidants during shale 

oxidative dissolution was shown in Fig. 2b. Concentrations of all oxi
dants decreased sharply before reaching a relative slow reduction ten
dency. Among the three oxidants, the concentration of H2O2 showed a 
dramatic decrease within 5 h and was undetectable after 24 h treatment, 
which was ascribed to the severe thermal decomposition of H2O2 (Wil
liams, 1928). The NaClO concentration showed a 59.9% decrease after 5 
h treatment, higher than that of 33.9% in Na2S2O8. This can be caused 
by the differences in the oxidation efficiency of the two oxidants, as well 

Table 1 
Comparison of shale mineral composition and TOC content.  

Sample type TOC content (wt %) Mineralogical compositions (wt %) Source 

Quartz Calcite Dolomite Clay Feldspar Pyrite Siderite 

Shuijingtuo shale core 4.64 36.8 25.6 5.5 22.2 5.8 4.1 0.0 This study 
Longmaxi Shale outcrop 4.00 53.5 0.0 2.2 31.9 7.6 2.6 2.2 Chen et al. (2017a) 
Longmaxi Shale outcrop 4.02 57.4 3.8 5.7 24.9 5.8 2.4 0.0 Pan et al. (2018) 
Chang 7 shale core 5.64 23.6 3.6 2.5 47.3 20.4 2.6 0.0 Pan et al. (2018) 
Chang 7 shale core 4.32 26.6 4.1 4.0 34.3 22.7 8.3 0.0 Pan et al. (2018)  
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as the partial thermal decomposition of NaClO at the experimental 
temperature. Na2S2O8 had the maximum R value among three oxidants 
after 5 h treatment due to its thermal stability. Then, the R value of 
Na2S2O8 significantly decreased from 0.66 to 0.10 at the reaction time 
from 5 to 24 h, indicating its large consumption during minerals disso
lution at the acid environment. 

3.1.3. Major ions 
Fe, which mainly originated from pyrite in shale, can be used to 

reflect the oxidation mechanism of various oxidants. Concentrations of 
different Fe species during the oxidation process were plotted in Fig. 3a. 
There were seldom Fe(II) and Fe(III) in H2O2 solutions, which might be 
ascribed to the thermal decomposition of H2O2 and precipitation of iron 
hydroxide (Fe(OH)3). The Fe(II) concentrations in NaClO and Na2S2O8 
solutions were quite similar, while that of Fe(III) increased significantly 
with time during Na2S2O8 treatment but remained quite small with 
NaClO treatment. Precipitation of Fe(OH)3 at the strong alkaline envi
ronment can be inferred from the different concentrations of Fe(III) in 
Na2S2O8 and NaClO solutions after treatment. Sulfate ion was another 
product of pyrite oxidation, the concentration of which was shown in 
Fig. 3b. The concentration of sulfate ion in NaClO was larger than H2O2, 
which illustrated much more pyrite being oxidized by NaClO than H2O2 
at the experimental condition. 

The evolution of other cations after treatment with different oxidants 
was shown in Fig. 4. The concentrations of K, Mg and Ca in Na2S2O8 
solutions showed a significant increase at first, then the ascending rate 
became slowly over time, while the concentration of Al in Na2S2O8 so
lutions increased linearly with time. Distinct concentration and release 
rate among K, Mg, Ca and Al demonstrated that the dissolution rate of 

shale minerals such as carbonate and clay minerals were quite different 
at the strong acid environment. Compared to Na2S2O8, the concentra
tions of K, Na, Mg and Al in H2O2 solutions were rather small, while that 
of Ca was comparable. Different from Na2S2O8 and H2O2, seldom Ca and 
Mg occurred in NaClO, but the abundant K and Si, as well as the less 
amount of Al, appeared in NaClO solutions, indicating the dissolution of 
quartz and clay minerals rather than carbonate. 

3.1.4. Trace elements 
The 120 h treatment of shale with different oxidants resulted in 

diverse trace elements mobilization (Fig. 5). After the experiments, 
limited concentrations of trace elements were detected in H2O2 solution, 
and it was quite similar to deionized water treatment. High mobility of 
As, Ba, Cr and V was observed in NaClO and Na2S2O8 solutions, while 
the concentrations of Cu, Ni, Rb and U in Na2S2O8 solution were higher 
than NaClO solution after the experiment. 

3.2. Shale composition variation 

3.2.1. Mass loss 
Mass loss of shale before and after experiments, which was shown in 

Fig. 6, was the quantification of water-rock interaction. The mass loss of 
Na2S2O8-treated shale was increased most significantly with time and 
reached up to 15.27% after 120 h treatment, indicating the severe 
dissolution of OM and mineral. Although the mass loss curve of H2O2- 
treated shale was similar to the study of Chen et al. (2017a) at room 
temperature, only about half of the magnitude occurred in this study due 
to the thermal decomposition of H2O2. Interestingly, the mass loss of 
NaClO-treated shale increased first and then decreased over time, which 

Fig. 2. (a) Solutions pH variatioin with different oxidants treatment; (b) Residual concentration ratio (R) of oxidants over time. R is calculated as C/C0, where C and 
C0 are the current and initial concentration of oxidants in solution, separately. 

Fig. 3. The concentration of (a) Fe in different species and (b) sulfate ion during the oxidation process (Concentration of sulfate in Na2S2O8 solutions was not shown 
due to its inherent high concentration.). 
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Fig. 4. The concentration of major cations during oxidation process (Concentrations of Na in NaClO and Na2S2O8 solutions were not shown due to their inherent high 
concentration.). 

Fig. 5. Trace elements concentration after 120 h treatment with 
different oxidants. 

Fig. 6. Mass loss of shale with time for different oxidants treatment.  
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might be caused by the precipitation of secondary mineral in the strong 
alkaline environment. 

3.2.2. Change of mineral composition 
To reveal the mechanism of shale-oxidants interaction, the alterna

tion of shale mineral phases after 120 h treatment was measured with 
XRD (Fig. S1). Quantitative analysis showed that the untreated Shui
jingtuo shale has a mineralogical composition of 32.3 wt % illite, 25.0 wt 
% quartz, 14.7 wt % calcite, 11.4 wt % albite, 8.0 wt % chlorite, 5.4 wt % 
pyrite and 3.2 wt % dolomite (Table 2). The declined content of calcite 
(10.5 wt %), dolomite (2.0 wt %) and pyrite (3.4 wt %) was observed 
after H2O2 treatment, while the diffraction peak of pyrite even dis
appeared in NaClO and Na2S2O8-treated shale. Moreover, a large 
amount dissolution of calcite, dolomite and chlorite, as well as precip
itation of gypsum were observed after Na2S2O8 treated shale. The 
distinct change of relative content of minerals indicated the differential 
shale-fluids interaction during shale oxidative dissolution in different 
oxidant solutions. 

3.2.3. Change of organic matter content 
The TOC content of shale was used for its OM quantification, whose 

variation was shown in Fig. 7a. The TOC of untreated shale was 4.64 wt 
% and declined distinctly with time after different oxidants treatment. 
Furthermore, all TOC content remained stable after 24 h decreasing, 
indicating the fast OM oxidation rate at the experimental condition. The 
removal efficiency of TOC with NaClO oxidation was 74.77%, larger 
than that of H2O2 (11.08%) and Na2S2O8 (28.63%) (Table 3). To clarify 
the discrepancy of TOC decline with different oxidants, the TOC 
decrease rate was calculated and shown in Fig. 7b. The descending TOC 
decrease rates were shown in NaClO-treated shale, and the same phe
nomenon could be observed in H2O2-treated shale at the first 24 h. 
However, a peak TOC decrease rate occurred in Na2S2O8-treated shale, 
indicating the slow OM oxidation rate at the first 5 h treatment. The non- 
monotonic TOC decrease rate of Na2S2O8-treated shale suggested that 
the dissolution of minerals at the first 5 h were more conducive to shale 
OM exposure and oxidation, indicating the benefit of rapid mineral re
action on OM oxidation under acidic condition. 

3.3. Micromorphology variation of shale 

SEM images showed that the micromorphology of untreated shale 
was dominated by angular grains before oxidative dissolution (Fig. 8a). 
The presence of carbonate (Fig. 8b), pyrite (Fig. 8c), clay mineral 
(Fig. 8d) and organic matter (Fig. 8e) were qualitatively confirmed by 
the element composition from EDS analysis (Fig. 8f). 

After interaction with H2O2, the edge and surface of carbonate 
became smoother and were attached by much small debris (Fig. 9a and 
e), indicating the partial dissolution of carbonate at the weak acid 
environment. Based on the SEM-EDS results of H2O2-treated shale, the 
new spherical flocs were mainly comprised of Fe and O, confirming the 
oxidative dissolution of pyrite and the precipitation of Fe(OH)3 (Fig. 9b 
and e). After NaClO treatment, the crystal shape of clay mineral changed 

from angular to spherical, while the mineral surface attached with new 
minerals (Fig. 9c). With the analysis of SEM-EDS, it might be the coex
istence of clay mineral dissolution and Fe(OH)3 precipitation (Fig. 9e). 
Due to a large amount of Ca dissolution from carbonate and S input in 
Na2S2O8 solution, well-crystallized gypsum was observed in shale after 
Na2S2O8 treatment (Fig. 9d and e). 

To further clarify the effect of different oxidants on pyrite oxidation, 
the images of shale samples and the distribution of the corresponding 
element of Fe and S in untreated and treated shales were shown in 
Figs. S2 and S3. The aggregation and coexistence of element Fe and S in 
some locations not only indicated the abundant pyrite in untreated shale 
but also confirmed its incomplete dissolution in the H2O2 solution 
(Figs. S3a and S3b). After the treatment of NaClO, the distribution of 
element Fe and S was rather homogeneous, indicating the complete 
dissolution of pyrite. Comparing with NaClO-treated shale, similar but 
rather less density of Fe occurred in Na2S2O8-treated shale, demon
strating the Fe release from pyrite oxidation in Na2S2O8 (Fig. S3d) as 
well as the precipitation of Fe(OH)3 in NaClO (Fig. S3c). Moreover, it 
was also evident that the enriched S in shale after Na2S2O8 treatment 
was ascribed to the precipitation of gypsum (Fig. S3d). 

4. Discussion 

4.1. Oxidation, dissolution and precipitation of minerals 

4.1.1. Oxidation of pyrite 
The ubiquitous pyrite in shale forms from the anoxic environment, 

and is easily oxidized when exposed to atmosphere or water contained 
oxygen, not to mention other oxidants (Moses and Herman, 1991; Moses 
et al., 1987). Reactions between pyrite and oxidants can be generally 
represented as follows: 

2FeS2 þ 15H2O2→2Fe3þ þ 4SO2�
4 þ 2Hþ þ 14H2O (1)  

2FeS2 þ 15ClO� þ 8OH� →2FeðOHÞ3↓þ 15Cl� þ 4SO2�
4 þ H2O (2)  

2FeS2þ 15S2O2�
8 þ 16H2O→2Fe3þ þ 34SO2�

4 þ 32Hþ (3)  

FeS2þ 14Fe3þ þ 8H2O→15Fe2þ þ 2SO2�
4 þ 16Hþ (4) 

The reduction of pyrite content after shale-oxidants interaction 
demonstrates the feasibility of pyrite oxidation (Figs. S1, S2, S3 and 
Table 2), however, diverse shale-oxidants interaction result in different 
oxidation efficiency. Instead of little pyrite being left in shale after 
NaClO or Na2S2O8 treatment, there was still 63.0% of pyrite remaining 
in shale under H2O2 oxidation. The discrepancy is consistent with the 
residual concentration of oxidants over time (Fig. 2b), indicating that 
the thermal decomposition of H2O2 is responsible for the low oxidation 
efficiency of pyrite. The shale-H2O2 interaction results in less major and 
trace elements dissolution (Figs. 3–5) when compared with the other 
two oxidants, which is also ascribed to the H2O2 decomposition. Despite 
the oxidation efficiency, there are discrepancies in Fe species after 
oxidation, which quite depends on the pH of the aqueous solution. Ac
cording to the Eh-pH diagram of Fe–O–H system (Brookins, 1988), the 
Fe(OH)3 precipitation easily occurs in the neutral and alkaline envi
ronment, while the Fe(III) can only exist in an acid environment (Jew 
et al., 2017). Furthermore, rate of pyrite oxidation significantly in
creases with the elevated pH, and the soluble Fe(II)/Fe(III) carbonate 
complexes formed in the presence of carbonate ions facilitate the reac
tion rate in the pH from 8.5 to 10 (Caldeira et al., 2010; Moses and 
Herman, 1991). However, the strong alkaline solution of NaClO is not 
favorable for the formation of these soluble complexes. Thus, there are 
negligible Fe(II) and Fe(III) in solution after H2O2 and NaClO treatment 
(Fig. 3a), and the precipitation of Fe(OH)3 occurs in the residues (Fig. 9b 
and c). 

Table 2 
Mineral content of untreated and different oxidants treated samples from X-ray 
diffraction patterns.  

Mineral Untreated (wt 
%) 

H2O2 treated 
(wt %) 

NaClO treated 
(wt %) 

Na2S2O8 treated 
(wt %) 

Quartz 25.0 29.8 30.7 23.7 
Calcite 14.7 10.5 16.0 0.0 
Dolomite 3.2 2.0 1.3 0.0 
Illite 32.3 34.1 31.0 36.8 
Chlorite 8.0 7.9 8.4 0.0 
Albite 11.4 12.3 12.6 7.6 
Pyrite 5.4 3.4 0.0 0.0 
Gypsum 0.0 0.0 0.0 31.9  
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4.1.2. Minerals dissolution and precipitation in acidic environment 
According to the XRD and SEM analysis, the Cambrian Shuijingtuo 

shale used in this study is abundant in illite, quartz, calcite and albite, 
while contains a small amount of chlorite, pyrite and dolomite. As 
proved by numerous studies, the mineral dissolution at the acidic 
environment can generally be described as follows (Cui et al., 2017; Du 
et al., 2018): 

CaCO3þHþ ¼ Ca2þ þ HCO�3 (5)  

CaMgðCO3Þ2þ 2Hþ ¼ Ca2þ þMg2þ þ 2HCO�3 (6)  

​ K0:6Mg0:25Al2:3Si3:5O10ðOHÞ2þ 8Hþ ¼ 0:6Kþ þ 0:25Mg2þ þ 2:3Al3þ

þ 3:5SiO2ðaqÞ þ 5H2O
(7)  

Mg2:5Fe2:5Al2Si3O10ðOHÞ8þ 16Hþ ¼ 2:5Fe2þ þ 2:5Mg2þ þ 2Al3þ þ 3SiO2ðaqÞ

þ 12H2O
(8)  

NaAlSi3O8þ 4Hþ ¼Naþ þAl3þ þ 3SiO2ðaqÞ þ 2H2O (9) 

As the dissolution rate of carbonate (eqs. (5) and (6)) is faster than 
other minerals such as feldspar and clay mineral at the acidic environ
ment, the Ca and Mg are easy to be released into Na2S2O8 solution 
(Fig. 4c and d), resulting in the full dissolution of carbonate (Fig. S1 and 
Table 2). Compared to Na2S2O8, the weaker acidity of H2O2 means that 
the smaller amount of carbonate dissolution can recover the pH to near- 
neutral (Fig. 2a). Although the reaction rate of illite, chlorite and albite 
are slower than carbonate, high temperature, as well as the strong acid 
environment, may provide favorable conditions for their dissolution. 
When comparing the water chemistry of solution after shale interacted 
with H2O2, a larger amount dissolution of K, Al and Si are observed in 
Na2S2O8 solution, indicating the dissolution of illite, chlorite and albite. 
The variation of shale mineral composition after oxidative dissolution 
also demonstrates the significant dissolution of chlorite and albite after 
Na2S2O8 treatment than H2O2 treatment (Fig. S1 and Table 2), which is 

Fig. 7. (a) TOC content of shale with time for different oxidants treatment. (b) TOC decrease rate of shale with time. The Gray dash line represents no TOC variation. 
The rate is calculated as (Ci-Cj)/(Ti-Tj), where Ci and Cj are the TOC content of shale at the beginning and end of a certain time period, and Ti and Tj are the 
corresponding time. 

Table 3 
TOC removal efficiency of shale after 120 h oxidant treatment.  

Oxidant H2O2 NaClO Na2S2O8 

TOC removal efficiency (%) 11.08 74.77 28.63  

Fig. 8. The micromorphology of untreated shale and its typical minerals.  
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ascribed to the stronger acidity of solution due to abundant sulfuric acid 
generation (eq. (3)). Corrosion of chlorite and K-feldspar by sulfuric acid 
has also previously been observed in SO2–CO2-water-sandstone system 
(Pearce et al., 2015). Besides, XRD and SEM analysis indicate the for
mation of gypsum in Na2S2O8 (Figs. S1, 9d, S2d and S3d, Table 2), which 
is facilitated by the dissolution of carbonate. The generation of gypsum 
is shown as the following reaction: 

Ca2þ þ SO2�
4 þ 2H2O ¼ CaSO4⋅2H2O (10)  

4.1.3. Minerals dissolution and precipitation in alkaline environment 
Different from H2O2 and Na2S2O8, the NaClO used in this study 

contains sodium hydroxide and sodium bicarbonate, resulting in a high 
pH during shale-NaClO interaction (Fig. 2a). As a common engineering 
problem, the alkali-silica reaction can lead to the dissolution of quartz, 
feldspar and clay minerals, whose rate increases with elevated pH at the 
alkaline environment (Thomas, 2011). The dissolution of quartz, albite, 
illite and chlorite can generally be described as follows: 

SiO2þ 2OH� ¼ H2SiO2�
4 (11)  

NaAlSi3O8þ 6OH� þ 2H2O ¼ Naþ þ AlðOHÞ�4 þ 3H2SiO2�
4 (12)  

K0:6Mg0:25Al2:3Si3:5O10ðOHÞ2 þ 3H2Oþ 8:7OH�

¼ 0:6Kþ þ 0:25MgðOHÞ2↓þ 2:3AlðOHÞ�4 þ 3:5H2SiO2�
4 (13)  

Mg2:5Fe2:5Al2Si3O10ðOHÞ8 þ 4H2Oþ 8OH�

¼ 2:5FeðOHÞ2↓þ 2:5MgðOHÞ2↓þ 2AlðOHÞ�4 þ 3H2SiO2�
4 (14) 

As shown in Fig. 4, K, Al and especially Si are largely released into 
solutions after NaClO treatment. Since they are sourced from tectosili
cate minerals such as quartz, albite, illite and chlorite, it can be inferred 
that the dissolution of tectosilicate minerals dominates the shale 
oxidative dissolution process under alkaline environment. However, the 
relative content of minerals such as quartz, calcite, chlorite and albite 
increases (Table 2) after NaClO treatment, which was partially attrib
uted to the disappearance of pyrite. In contrast, the content of dolomite 
decreases after the reaction, which might be ascribed to its dissolution 
(Kang et al., 2016; Pokrovsky, 2001). Although our study demonstrates 
the dissolution of tectosilicate minerals dominated the shale oxidative 
dissolution process in an alkaline environment, the contribution of 
different tectosilicate minerals during shale oxidative dissolution is still 

unclear. Experiments of interaction between pure minerals and oxidants 
will carry out in the later future to focus on this problem. Moreover, 
precipitation of solid phases during shale-alkali interaction has previ
ously been reported by numerous studies, which includes the metal 
hydroxide, polymer of Si group and silicate (Saouma et al., 2015; Soler, 
2003). High-valence cations including Ca2þ, Mg2þ and Fe3þ are gener
ated from the reaction between alkali solution and minerals such as 
dolomite and chlorite, which tend to precipitate as metal hydroxide in 
the alkaline environment. In addition, the cation exchange between Naþ

and these high-valence cations in shale minerals can also generate the 
precipitates (Kang et al., 2016). However, as the net change of shale 
mass shows an increase before and after 120 h NaClO treatment, it can 
be concluded that some other products are generated from adsorption 
and complexation between silicate and cations in solutions (Saouma 
et al., 2015). 

4.1.4. Possible mechanism of minerals and ions migration 
Based on the above analysis, the oxidants properties including pH 

and thermal stability result in the distinct shale-fluids interaction during 
shale oxidative dissolution. In an acidic environment, the shale-fluids 
interaction is dominant by carbonate dissolution and pyrite oxidation, 
as well as gypsum precipitation. Instead, the interaction between shale 
and NaClO solution is predominantly dissolution of tectosilicate min
erals. The precipitation of metal hydroxide, adsorption and complexa
tion of cations by silicate are ascribed to the shale mass increased before 
and after NaClO treatment. The possible mechanism of minerals and 
ions migration during shale oxidative dissolution is shown as Fig. 10. 

4.2. Oxidation of organic matter 

The decreased TOC content of shale (Fig. 7) demonstrates the 
oxidation of organic matter by added oxidants, and the removal effi
ciency of which is 11.08%, 74.77% and 28.63% for H2O2, NaClO and 
Na2S2O8, respectively (Table 3). Previous studies show that OM in shale 
can not only be adsorbed on the internal or external surface of clay 
mineral but also be regarded as the structural stable particulate OM or 
lens-shaped discrete organic layers within clay mineral (Salmon et al., 
2000; Zhu et al., 2016). When shale interacted with oxidants, the 
occurrence state alternation of OM or chemical bonds destruction be
tween OM and minerals results in the OM escape from shale. However, 
the metal cations on the external surface of clay minerals can interact 

Fig. 9. The micromorphology of typical minerals after dissolution and precipitation.  

Y. Li et al.                                                                                                                                                                                                                                        



Applied Geochemistry 113 (2020) 104503

9

with OM through ligand exchange, cation bridging and surface com
plexing, to mitigate OM from oxidation. This metal cations protection 
capability on clay mineral as well as the existence of stable OM causes 
the incomplete removal of OM, which is responsible for the 25.23% TOC 
residual in NaClO treated shale (Fig. 7). 

Compared with NaClO, the TOC removal efficiency of shale after 
120 h H2O2 and Na2S2O8 treatments remain rather low. The high TOC 
residual after H2O2 treatment is consistent with water chemistry varia
tion in H2O2 treated solutions, which ascribes to the thermal decom
position of H2O2. Different from H2O2, Na2S2O8 is an effective oxidant 
for organic compounds degradation after activation of heat or alkali 
(Manz and Carter, 2018; Zhang et al., 2017). However, the low TOC 
removal efficiency occurs in this study despite the high temperature (60 
�C) that can be explained as follows. On one hand, previous studies show 
the OM of Cambrian Shuijingtuo shale in Yichang is banded or encap
sulated in primary minerals, such as clay minerals, calcite, pyrite and 
especially quartz (Chen et al., 2018). The microcrystalline quartz ag
gregates provide enough pore space for the filling of migrated OM such 
as bitumen (Zhao et al., 2017). As an acid resistance mineral, the quartz 
effectively protects intercalated OM from oxidative dissolution. Also, the 
low pH of the aqueous solution may prevent the OM desorption from the 
mineral surface (Jing et al., 2018a; Mikutta et al., 2005). Thus, a 
detailed investigation of Na2S2O8 activated by alkali to oxidize OM in 
shale should be carried out in the future. 

4.3. Applicability of shale oxidative dissolution on gas shale stimulation 

Previous studies illustrate that H2O2 can effectively oxidize OM and 
pyrite as well as generate acid to increase induced fractures in shale at 
room temperature (Chen et al., 2017a; Zhou et al., 2018). However, the 
shale formation used for gas production is deeply buried underground 
with high temperature. The increasing ambient temperature with depth 
may result in the H2O2 decomposition before reaching the terminus. The 
weak shale-H2O2 interaction in our study makes it doubtful to enhance 
shale permeability. 

The high TOC removal efficiency in NaClO is consistent with the OM 
oxidation of mudrock and permeability enhancement of coal (Table 3) 
(Jing et al., 2018a, 2018b; Kuila et al., 2014). Nevertheless, mass loss 
(Fig. 6) of shale after NaClO treatment tends to decrease due to the 
precipitation of secondary minerals, which might result in the perme
ability reduction. Since the NaClO solution has a high pH value, many 
major elements (Fe, Ca, Mg, Al) and trace elements (Cr, Cu, Ni, Pb and 
U) may precipitate with hydroxyl in a strongly alkaline environment. 
Similarly, although Na2S2O8 induces an acid solution, the large amount 
of S in solution and Ca oxidized by carbonate are beneficial for gypsum 
generation (Figs. S1, 9d, S2d and S3d, Table 2). The effect of 

precipitation after shale oxidative dissolution on shale permeability 
requires in-depth research. 

Due to the interaction between shale and oxidants, groundwater 
pollution is another problem that should be taken into further consid
eration. As shown in Fig. 5, the mobility of trace elements in shale has 
been increased after interacted with oxidants. It is reported that the 
trace element mobilization is not only affected by its content and 
occurrence, but also subjected to experimental conditions including 
temperature, pressure, pH and Eh (Dustin et al., 2018; Harrison et al., 
2017; Wang et al., 2016). Owing to the pH and thermal stability dif
ference of the candidate oxidants, the diverse mechanism (Fig. 10) be
tween shale and different oxidants results in a distinct release of trace 
elements. Previous studies demonstrate the trace element partitioning in 
various minerals. For example, As and Ni mainly exist in sulfur-bearing 
minerals, while Cr and V are both enrich in silicate minerals and oxides 
(Bai et al., 2018; Luo et al., 2019). These different occurrences of trace 
elements will be released into solution with minerals dissolution during 
shale oxidation. Furthermore, the previous study also found that the a 
large number of heavy metals can release from shale OM such as kerogen 
after oxidation, and the type of OM, composition and pH of fluids both 
affect the release amount of trace elements (Dustin et al., 2018). 
Excessive release of trace elements then will lead to groundwater 
contamination (Akob et al., 2015; Marcon et al., 2017). Although 
oxidative dissolution is regarded as one of the sustainable development 
technology for enhancing shale gas recovery, the optimized strategy, 
aiming at increasing shale permeability with less environmental 
contamination, needs to be further studied. 

5. Conclusions 

The shale oxidative dissolution experiments with three different 
oxidants, H2O2, NaClO and Na2S2O8, were carried out at formation 
temperature to illustrate the shale-fluids interaction mechanism and 
estimate its feasibility of enhancing shale permeability. The solution 
water chemistry, solid mineralogy and micromorphology characteriza
tion, TOC content and mass loss were analyzed and the results demon
strated that:  

1. The pyrite and OM could be oxidized by all candidate oxidants, 
however, the oxidation efficiency was not only related to the prop
erty of the oxidants (e.g. thermal stability, pH), but also depended on 
the occurrence of unstable composition in shale.  

2. The extra-added oxidants could result in complicated shale-fluids 
interaction, which leaded to the minerals dissolution and second
ary minerals precipitation. The reaction was dominant by carbonate 
dissolution as well as gypsum precipitation in the acidic 

Fig. 10. Possible mechanism of minerals and ions migration in shale oxidative dissolution.  
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environment, while a large amount of hydroxyl in alkaline envi
ronment promotes the dissolution of dolomite and tectosilicate 
minerals such as quartz, albite, illite and chlorite, as well as pre
cipitation of secondary minerals. The shale permeability variation, 
which might be seriously affected by the dissolution and precipita
tion of the minerals, still needs precise assessment in the laboratory 
as well as in-situ.  

3. The oxidative dissolution of shale, especially OM and pyrite, would 
release trace elements and result in groundwater contamination. 
This environmental problem should be taken into consideration 
before the shale oxidative dissolution technology can apply for gas 
shale stimulation. 
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