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Abstract: The permeability of tight shale formations varies from micro-Darcy to nano-Darcy. Recently,
hydrogen peroxide (HyO;) was tested as an oxidizer to remove the organic matter in the rock in order
to increase shale permeability. In this study, shale particles were reacted with hydrogen peroxide
solutions under different temperature and pressure conditions in order to “mimic” underground
geology conditions. Then, low-temperature nitrogen adsorption and desorption experiments were
conducted to measure the pore diameters and porosity of raw and treated shale samples. Moreover,
scanning electron microscopy (SEM) images of the samples were analyzed to observe pore structure
changes on the surface of shale samples. From the experiments, it was found that the organic matter,
including extractable and solid organic matter, could react with H,O, under high temperature and
pressure conditions. The original blocked pores and pore throats were reopened after removing
organic matter. With the increase of reaction temperature and pressure, the mean pore diameters
of the shale samples decreased first and then increased afterwards. However, the volume and
Brunauer—-Emmett-Teller (BET) surface areas of the shale particles kept increasing with increasing
reaction temperature and pressure. In addition to the effect of reaction temperature and pressure, the
pore diameter increased significantly with the increasing reaction duration. As a result, H,O, could
be used to improve the shale permeability.
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1. Introduction

Although there are tremendous shale gas resources in unconventional reservoirs, including tight
gas shale and sandstone formations, these gas reservoirs have very low diffusivity and permeability,
ranging from micro-Darcy to nano-Darcy [1-3]. Recently, the development of hydraulic fracturing
technology and horizontal drilling has enabled large scale commercial extraction of natural gas from
tight shale gas formations. They have been widely applied for shale oil and gas exploration in the
United States and have helped keep natural gas prices at a low level. Typically, gas shale contains
a collection of organic matter which is scattered through the mineral framework [4,5]. Organic
matter in shale can be divided into two categories, extractable organic matter (e.g., residual bitumen)
and solid organic matter [6,7]. Extractable organic matter could block and occupy the pores in the
thermal mature shale [8]. Over a long geologic time, a network of nano-scale pores was developed
in the organic matter for hydrocarbon storage and transportation during petroleum production and
migration [9,10]. The intricate pore system in kerogens has large surface areas for gas adsorption.
Pores in the kerogen are predominantly characterized as micropores (diameter <2 nm) and mesopores
(diameter of 2-50 nm) [11]. Although some macropores (>50 nm) exist in shale matrix, the small size
pore diameter, which is typically less than 10 nm for the shale formation, is one of the challenges for
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massive gas extraction in China [12]. Indeed, pore size and surface areas are the two main parameters
affecting the mode of gas storage and mitigation [13]. Micropores and mesopores which have higher
surface areas are considered to be potentially better methane adsorption sites, while macropores are
conducive to free gas storage due to the large pore volume and less surface areas [13]. Since hydraulic
fracturing technology represents a potential hazard to the ecological system and it is not suitable for
the shale gas reservoirs with limited water resources, oxidation has been proposed as an alternative
way to replace hydraulic fracturing technology. Organic-rich shale has high chemical reactivity and
it is sensitive to oxidation reactions [14,15]. Chen et al. have used a high-temperature combustion
method to remove organic matter in order to improve the shale matrix diffusivity [16,17].

In addition to high-temperature oxidation, low-temperature oxidation has also been applied to
improve shale effective porosity in experiments. Oxidizers such as sodium hypochlorite (NaOCl),
sodium peroxodisulfate (Nay5,0s), and hydrogen peroxide (H,O,) have been widely used to remove
organic matter from soil [17-19]. In order to increase the pore volume and porosity of shale, chloroform
(CH;3Cl) was firstly used to remove extractable organic matter and then hydrogen peroxide was
used to remove solid organic matters [20]. In addition, supercritical CO, solutions and buffered
sodium hypochlorite solutions were used to remove organic matter in the shale [21]. Because of its
cost-effectiveness in the removal of organic matter, hydrogen peroxide has been tested as an oxidizer to
remove organic matter. You et al. used 15 wt% hydrogen peroxide to remove organic matter from the
black shale from the Lower Silurian Longmaxi formation under ambient conditions [22]. A significant
increase in pore volume was found in the pores ranging from 10 to 500 nm in diameter of the treated
shale. Chen et al also found that mean pore size and pore volume increased with increasing reaction
duration with H,O, under ambient conditions [17]. In practice, the reservoir temperature and pressure
are greatly higher than under ambient conditions. Based on a literature review, few studies have been
conducted to study the reactions of H,O, with shale under high temperature and pressure conditions.
According to the Energy Information Administration (EIA), the majority of the shale gas is produced
from reservoirs from 1000 to 3000 m depth with temperatures of more than 50 °C and pressures between
10 and 30 MPa [23]. The reservoir temperature and pressure would be correspondingly higher. Thus,
the reaction circumstances of the shale with H,O, solutions could be totally different under extreme
geothermal conditions with high temperature and pressure.

In this study, shale samples were obtained from the Yanshan area, in Northern China, which is
located between the Zhangjiakou (west) and Beipiao (east) areas. The shale samples were heated in a
reactor using H, O, as oxidative solution under different high temperature and pressure conditions.
The effect of reaction temperature and pressure on pore size changes was investigated and analyzed.
Moreover, SEM images were employed to study pore structure changes on the surface of raw and
treated samples.

2. Sample Preparation and Experiments

The shale samples used in this study were collected from the Yanshan area, in Northern China [17].
Before the experiment, samples were ground and screened to get small particles with sizes of
0.45-0.71 mm. Figure 1 shows the raw shale and crushed shale samples. The treated small particles
were divided into six groups: one group was used as control group, and the other five groups were
prepared by HyO, treatment under high temperature and pressure.
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Figure 1. (a) raw shale sample; (b) crushed shale samples.

2.1. Fuel Properties

Table 1 provides the proximate and ultimate analyses results, as well as the thermal conductivity
for the shale samples. The total organic matter (TOC), including volatile matter (VM) and fixed carbon
(FC), is 10.82% and the carbon content is about 6.24%.

Table 1. Proximate and ultimate analysis (%) [24].

Moisture 0.7
Ash 89.09
VM 8.11
FC 2.71
Carbon 6.24
Oxygen 3.09
Hydrogen 0.72
Nitrogen 0.16
Sulfur 0.63
Thermal conductivity (kJ/m/s) 1.56

Table 2 gives exinite, vitrinite, and inertinite weight percentages of the shale sample and
vitrinite-like macerals reflectance (Ro) which can be used to evaluate the thermal maturity of shale [25].
The Ro value is 1.85 and the organic matter type of this shale is type I

Table 2. Geochemical characteristics of the shale samples [24].

Samples Exinite (%) Vitrinite (%) Inertinite (%) Ro (%) Organic Matter Type
Shale 68 14 18 1.85 II

2.2. Experimental Set up and Pressure

Figure 2 shows a diagram of the experimental set up. Before the experiment, about 3-5 g raw
samples were first put into the reactor and then about 45 mL of H,O, solution (containing 15 wt.%
of HyO,) was injected into the reactor. The shale particles were immersed in the H,O; solution at
the bottom of the reactor. Afterwards, the reactor was sealed and heated above an electric heater.
A thermocouple was inserted from the top of the reactor to measure the temperature of the H,O,
solution. In addition, a pressure sensor was installed on the cover of the reactor to monitor the internal
pressure. With the increase of reactor internal temperature, the internal pressure was correspondingly
raised. The sealed reactor was quickly heated up and reached steady state by adjusting the input power
of the heater. The reactor was kept in steady state for a desired duration, during which the organic
matter in the samples oxidized under high temperature and pressure conditions. The temperature and
pressure inside the reactor were recorded during the experiments.
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Figure 2. Experimental set up.

Table 3 gives the different experimental conditions of the shale samples. The samples were treated
between 100 °C and 180 °C and the pressure inside the reactor was between 0.10 and 1.6 MPa.

Table 3. Experimental conditions of the shale samples.

Sample Time Temperature Pressure
(Minute) (@) (MPa)
S-1 30 100 0.10
S-2 30 120 0.48
S-3 30 130 0.55
S-4 30 140 1.48
S-5 60 180 1.58

2.3. Liquid Nitrogen Adsorption and Desorption Test

After the experiments, raw and treated samples were subjected to low-temperature liquid nitrogen
adsorption and desorption test to analyze pore size. The tests were conducted using a Surface Area
and Pore Size Analyzer (TriStar 1I 3020, Micromeritics, Norcross, GA, USA).

2.4. Uncertainty Analysis

The data used in this study such as temperature, pore size, and pressure are all measured values
and thus have a degree of uncertainty. The uncertainty analysis of these experiments follows the
example of Kegel [26]. Table 4 presents the uncertainties of the instruments used in the experiments
according to the respective manufacturers.

Table 4. Instrument Uncertainty.

Instrument Accuracy Resolution Units Total Instrument Uncertainty
Thermocouple +1% 0.1 °C 1.0%
Pore Size Analyzer +2% 1.0 nm 2.0%
BET +2% 0.01 m?/g 2.0%

Pressure sensor +0.5% 0.1 kPa 0.51%
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3. Results and Discussions
3.1. Liquid Nitrogen Adsorption and Desorption Test Result

3.1.1. Adsorption and Desorption Isotherms

The low-temperature nitrogen adsorption-desorption isotherms of raw and combusted shale
samples are shown in Figure 3.
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Figure 3. Adsorption-desorption isotherms of raw and treated shale particles.

According to the International Union of Pure and Applied Chemistry (IUPAC) classification,
adsorption-desorption isotherms can be divided into six types (I to VI) [27]. The six adsorption-desorption
isotherms in Figure 3 are all similar to [IUPAC Type IV isotherms. Figure 3 shows the adsorbed nitrogen
gas volume increases in the order of S-0 to S-5, indicating there is more space in the open pore of the
treated shale samples. The existence of capillary condensation will separate the desorption isotherm
from the adsorption isotherm and result in hysteresis loops [28-33]. The pores with different shapes
will cause different shapes of hysteresis loops. Boer et al. classified hysteresis loops into five types (A to
E), which can be used to describe the characteristics of corresponding pore shapes [34]. According to his
definition, all of the six hysteresis loops in Figure 3 belong to Type B. These hysteresis loops appeared
after the middle relative pressure zone (>0.4) with an obvious turning point, indicating extraordinary
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complex pore systems in the samples [29,32,33]. The adsorption branches increased rapidly at high
relative pressure (>0.85), while desorption branches declined rapidly in the middle relative pressure
(0.45-0.50). Thus, it can be concluded that there are many cylindrical capillary pores and these pores
have a shape of flat narrow slit with all open sides in the samples [32,33].

3.1.2. Diameter Distributions of Shale Samples

Figure 4 shows the pore volume distribution of the shale particles used in the experiments. Based
on the data from low temperature isothermal test, pores of the raw and treated samples were mainly
located in the range from 2 nm to 55 nm, especially between 2 nm and 10 nm. For 5-0 to 5-4, as the
reaction temperature and pressure in reactor increased, more organic matters in the shale were oxidized.
With the heating going on, new pores were generated and the total pore volume was increased. After
approaching steady state, the reaction temperature and pressure reached 180 °C and 1.58 MPa (5-5).
Some small pores grew into larger ones with further removal of organic matter. For example, S-5 had
more large pores and less small pores. Therefore, more gas was absorbed during low temperature
nitrogen adsorption/desorption isothermal experiments. Because of the small pore diameter, the
Knudsen number (K, = A/Ry) of the gas was greater than 8, where A is the mean free path of the gas and
Ry, is the characteristic pore diameter [17]. A large Knudsen number indicates the flow transportation
inside the samples is mainly free molecular diffusion, in which case the larger the pore diameter is,
the stronger the flow transportation would be. Porosity is normally defined as the percentage of pore
volume or void space within rock that can retain fluids while permeability was use to describe the
ability of shale rock to transmit fluids [17]. Normally, the increased porosity would result in enhancing
permeability [35]. Porosity includes effective porosity (inter-connective pore system) and ineffective
porosity (blocked pores). Thus, effective porosity is typically contributed to rock permeability. With
the reaction (H,O; and organic matter) going on, more organic matter was removed. The original
blocked pores were reopened which resulted in increasing of the interconnectivity of the pore system.
Furthermore, the interconnectivity of the pore system could increase the effective porosity. The increase
of effective porosity (eg., interconnected pore system in a rock) contributes to fluid to flow in a reservoir
and thus improve permeability.
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Figure 4. Pore volume distribution of raw and treated shale particles.

Thus, under high temperature and pressure conditions using H,O, as oxidant can improve
the gas flow inside shale formation. Due to the limitations of the low temperature nitrogen
adsorption/desorption isotherm data, mesopores and partial size of the micropores of macropores
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were calculated using the Barrett-Joyner-Halenda (BJH) method. More precise measurements of
the micropores and macropores such as CO, adsorption and mercury intrusion porosimetry will be
conducted in the future and detailed results of each method will be published elsewhere.

3.1.3. Mean Diameter of Shale Samples

The mean diameters of the raw and treated samples are given in Figure 5. It is interesting that
the mean diameters decrease first and then increase again with increasing temperature and pressure.
At relatively low pressure and temperature (5-1 and S-2), more small pores (eg., micropores and
mesopores) were generated by the removal of extractable organic matter. During this process, the
originally blocked pore mouths in the organic matter were reopened by removing the organic matter
from the pores and pore throats. Pores with small sizes are preferentially occupied and blocked by
organic matter [36]. Pan et al found that shale with moderate maturity and pores with diameters
of 2-20 nm were mainly occupied by extractable organic matter [37]. Thus, shale porosity can be
promoted with the generation of more effective connected pores, by removal of the extractable organic
matter which occupied and blocked the small pores [36]. Reopening of the small blocked pores could
result in a lowering of the average pore diameter. Thus, the mean diameter decreased first at relatively
high temperature and pressure. When the reaction temperature and pressure went up further, the
mean diameter increased again. For example, the mean diameter of the sample increased to about 8
nm for S-5 after 60 minutes of treatment. This is because higher reaction temperature and pressure can
speed up the organic matter reaction rate and longer reaction times consumed more organic matter.
In this case, pores with larger diameters are created, which resulted in a larger mean diameter of the
sample. Longer reaction experiments will be conducted in the future in order to increase shale pore
volume and diameter.
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Figure 5. The mean diameters of the raw and treated shale samples.
3.1.4. BET Surface Areas of the Samples

The BET surface areas of the samples obtained from the low-temperature nitrogen tests are given
in Figure 6. The shale samples have high surface areas in the network of pores in shale which was
ranged from nanometers (10~ m) to micrometers (107® m) [38]. It is not surprising that the total
surface area of the samples (S-0 to S-4) went up with the increase of reaction temperature and pressure
after 30 minutes of treatment. The surface area of micropores and mesopores also became larger
compared to larger pores [39]. As discussed before, more micropores and mesopores were generated
by removal of the original blocked pores during 30 minute treatment. Thus, not only the total surface



Energies 2019, 12, 2127 8 of 12

areas but also surface areas of the micropores and mesopores increased from S-0 to S-4. However,
when the shale sample was heated under 180 °C and 1.58 MPa for 60 minutes, the total surface areas as
well as micropore areas and mesopore areas decreased. This can be explained by the fact that more
pores with larger diameters (macropores) were formed due to the long time treatment by remove of
more organic matter from the samples. According to Guo et al, the methane sorption capacity of the
bitumen-extracted organic matter is much higher than that of the retaining bitumen [8]. Thus, the
removal of extracted organic matter from the kerogen can reduce the shale adsorption capacity and
promote the gas transportation capacity.
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Figure 6. Surface areas of six shale samples.

3.1.5. Pore Volume of the Samples

Figure 7 gives the pore volume distribution of six shale samples. The total pore volume, mesopore
volume, micropore volume, and macropore volume increased from S-0 to S-4. Similar to the trend
of surface area of micropores, the volume of micropores and mesopores increased first from S-0 to
S-4 and decreased for S-5. This is because longer reaction time can result in removal of more organic
matter from micropores and mesopores. Thus, the volume of micropores and macropores of the
sample treated at 180 and 1.58 MPa for 60 minutes decreased. During the reactions, the exothermic
reaction of H,O, with organic matter generated gases such as CO,, which led to high fluid pressure
in pores and protected pores from compaction [36]. Wei et al also found that solvent extraction of
soluble bitumen from shale can open additional pore spaces and mesopore volume increased more in
extracted samples [10]. With more extractable organic matter removed from the samples under the
high temperature and pressure conditions, larger pores were created.

In this study, the shale sample size was in the range of 0.45-0.71 mm, which is much smaller than
in the shale formations. Thus, it is most likely that a longer reaction time is needed for the H,O, to
enter the internal pore system of shale to react with the organic matter.

3.2. SEM Images of the Shale Samples

After the experiments, the surface topography of raw and treated shale samples was examined
using a scanning electron microscope (SU8010, Hitachi, Tokyo, Japan). SEM images of samples are
shown in Figure 8. Compared to raw samples (Figure 8a), it is apparent that there was a morphological
evolution on HyO; treated shale surface obtained under high temperature and pressure conditions.
As the reaction temperature and pressure increased, the evolution became more obvious. Some organic
matter were removed after being reacted with H,O,, and originally blocked pores and pore throats
were reopened [40]. More pores (highlighted with red circles in the figures) and crevices were created
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on the surface of shale samples. Chen et al also found more pores were created on the shale after it was
treated with H,O, for several hours under ambient conditions [17]. Therefore, the increase of reaction
temperature and pressure is beneficial for the improvement of shale porosity/permeability.
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Figure 7. Pore volumes of six shale samples.

Figure 8. SEM images of the raw and treated shale samples: (a) Raw sample S-0; (b) Sample S-1;
(c) Sample S-3; (d) Sample S-4.
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4. Conclusions

In this study, shale samples with particle sizes of 0.45-0.71 mm were treated with H,O, solutions
in a reactor under high temperature and pressure conditions in order to increase the shale permeability.
The following conclusions were reached:

1)  The pore diameter of the raw shale samples was in the range of 2 to 55 nm; most pore diameters
ranged from 2 nm to 10 nm. The Knudsen number of the gas transportation was greater than 8
and free molecule diffusion was the main flow transportation mode inside the shale formation.

2)  The mean diameter of the pores decreased first and increased again with the increase of reaction
temperature and pressure. Compared to the sample under ambient condition, more micropores
and mesopores were generated, which resulted in a decrease of mean pore diameter at 100 °C
and 0.1 MPa. However, the diameter increased further with even higher reaction pressure
and temperature.

3) Not only the total surface areas of samples but also the micropore and mesopore surface areas
increased with temperature and pressure after 30 minutes of treatment. However, the total surface
area decreased when the sample was heated at 180 °C and 1.58 MPa for 60 minutes. Higher
temperature and pressure resulted in less small pores such as micropores and mesopores which
have high surface area to volume ratio.

4)  The total pore volume, mesopore volume, and macropore volume increased from the case S-1 to
S5 due to the removal of organic matter. However, the volume of micropores increased from S-1
to S-4 first, and then decreased from S-4 to S-5.

As a result, HyO, treatment of nanosized pore systems in a shale sample at high reaction
temperature and pressure can help remove the organic matter from the sample. Longer reaction
duration of HyO, with shale under high temperature and pressure conditions is recommended. More
experiments involving longer reaction times will be carried out in the near future.
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Abbreviations

BET Brunauer-Emmett-Teller

EIA Energy Information Administration

FC Fixed carbon

IUPAC International Union of Pure and Applied Chemistry
Ro Vitrinite-like macerals reflectance

SEM Scanning electron microscopy

TOC Total organic carbon

VM Volatile matter
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