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KEYWORDS Abstract Most of the acid fluids used in the existing acidfrac process have the shortcomings of

plugging pores, polluting formation and poor effect. The method of adding nitric acid in a specific
proportion to conventional acid can avoid the above problems to a certain extent. A mixture of
HCI: HF: HNOj; (3:1:1) was used to acidize the shale of the Longmaxi Formation in Sichuan
and the Piyuancun Formation in Jiangxi for 24 h. The mineral fractions and pore structures of
the samples were then analyzed using scanning electron microscopy-energy dispersive spectrometry,
X-ray diffraction, low-pressure nitrogen adsorption, and nuclear magnetic resonance. The results
showed that by reducing the mineral constituents of shale, the 2—15-nm sized pores decreased, 1—
10-um sized pores increased, and fractal dimensions decreased. The mixed acid solution caused
cross-scale porosity expansion in the shale and increased gas circulation within the matrix. The pro-
cess of acid mixing in the shale pore structure was divided into four stages: surface dissolution,
macroporous dissolution, meso—microporous dissolution, and feedback dissolution.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As a clean and efficient energy source, the development of shale gas,
which is composed of organic-rich shale (Yu and Sepehrnoori 2013,
Sun et al., 2021), could effectively alleviate the natural gas shortage.
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Global shale gas production is growing at an average annual rate of
17%, reaching 7688 x 10° m® in 2020, and accounting for 19.9% of
global natural gas production (BP 2021). China, the world’s largest
energy consumer with the most shale gas resources (Wang 2010,
Administration and Kuuskraa 2011), has effectively exploited its
resources in recent years, and shale gas production has sustained rapid
growth (Dai et al., 2020a, 2020b). In 2010, China’s shale gas produc-
tion was expected to reach 200 x 10% m* by 2020 (Sun et al., 2021).
Shale reservoirs, as storage sites for shale gas, have the characteristics
of autogenous self-storage, high density, and low permeability (Perry
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and Lee 2007). The complex pore structure of shale is key to determin-
ing the quality of reservoirs and evaluating the potential of shale gas
resources. The volume and connectivity of shale pores and fractures
significantly influence gas transport, percolation, and storage (Sun
et al., 2019). Therefore, studying shale pore structure and physical
parameter characteristics is important for shale gas recovery. In the
commercial exploitation of shale gas, shale reservoir pores and fracture
structures are modified primarily by hydraulic fracturing, which is used
as a representative reservoir modification technology to enhance the
permeability of shale reservoirs and the recovery ratio of shale gas.

Although hydraulic fracturing has been effective in increasing per-
meability, related problems such as the lack of water resources in most
areas of China where shale gas accumulates and the depth of the reser-
voirs involved make it not entirely suitable for shale gas development
(Gao et al., 2021). Shale reservoirs generally contain high amounts of
clay minerals, calcite, dolomite, and pyrite, that easily react with acids.
Therefore, instead of conventional hydraulic fracturing fluids, acid
fracturing fluids can be used to enhance the permeability of shale reser-
voirs by demineralizing shale (Mohtarami et al., 2017, Hou et al., 2019,
Wang et al., 2021a, 2021b). Numerous studies have been conducted on
shale and mineral acidification using various acids under different con-
ditions. To study the dissolution rate of minerals at different tempera-
tures and pH values, Alkattn et al. (Alkattan et al., 1998) used
hydrochloric acid (HCI) for single-component limestone and calcite
and determined that the mineral dissolution rate increased with
increasing pH and temperature. Al-Harahsheh et al. (Al-Harahsheh
et al., 2009) used four types of acids on shale samples and found that
they significantly reduced the carbonate mineral content and improved
gas production rates. Gai et al. (Gai et al., 2014) found that HCI did
not destroy the organic matter inside the Longkou shale after acidiza-
tion. Liu et al. (Liu et al., 2022) determined that the porosity and pore
structure of shale significantly improved after the composite effect of
pressure and HCI treatment. These studies show that acid improves
shale permeability by changing the mineral constituents and porosity
characteristics of shale. However, most current shale acidizing studies
have focused on dilute HCI or other simple acid systems. In contrast,
nitric acid (HNO;) and mixed earth acids have often been studied in
other acidizing studies on similar unconventional gas reservoirs such
as coal and sandstone (Zhao et al., 2018, Ni et al., 2020). These other
acidic systems often have different effects on reservoir permeability
enhancement processes, and may be some shortcomings such as plug-
ging pores, polluting strata and poor anti-reflection effect. At present,
the research on mixed-acid systems mainly focuses on acidizing tech-
nology of sandstone, and it is mainly the mixing of HCI and HF (Li
et al., 2016). Some scholars have also conducted comparative studies
on the effect of mixed-acid system of HCI and organic acids (such as
acetic acid, formic acid, phosphoric acid, etc.) (Shafiq et al., 2013),
or the mixed-acid system of HF and organic acids on sandstone
(Yang et al., 2012, Leong and Ben Mahmud 2019). However, there
is still a lack of research on the effect of mixed-acid systems related
to HNOj; on sandstone and other rocks. Therefore, studying the effects
and mechanisms of different mixed-acid systems on the mineral con-
stituents and microscopic pore structures of shale based on existing
successful acid permeation systems is essential to enhance the acidifica-
tion and permeation of shale reservoirs.

Unlike conventional rock reservoirs, shale pore networks mainly
consist of organic matter (OM) and inorganic mineral pores (Zhang
et al., 2019). Loucks et al. (Loucks et al., 2012) classified pores within
shale into mineral matrix interP pores, mineral matrix intraP pores,
and intraP OM pores based on the location of the pores in relation
to the particles. Sun et al. (Sun et al., 2020) classified pores as trans-
port, dead-end, and closed. Although scholars have classified shale
pores differently because of different research focuses, the methods
of studying pore structure are consistent and are usually based on
piezometry, nitrogen (N,) adsorption, scanning electron microscopy
(SEM), nuclear magnetic resonance (NMR), and computed tomogra-
phy (Chen et al., 2016, Liu et al., 2018, Shi et al., 2018, Liu et al.,

2019, Zhang and Chen 2020, Zhang et al., 2021). N, adsorption can
effectively reflect mesopore distribution characteristics. SEM can
directly observe the distribution of large pores on the surface. In recent
years, NMR has been widely used to determine shale pore structures
owing to its “‘comprehensive, nondestructive, and rapid” characteris-
tics (Yao et al., 2010).

In this study, a mixed acid acidification method formed by adding
HNO; to earth acids was applied to shale, and its effect on the shale
mineral fraction and multi-scale pore structure distribution character-
istics was investigated. The mineral constituents of shale were deter-
mined using X-ray diffraction (XRD). The surface and pore
characteristics of the shale surface were observed using SEM-energy
dispersive spectrometry (EDS). The mesopore size characteristics were
analyzed using low-pressure N, adsorption. Finally, NMR was used to
further demonstrate macropore size variations.

2. Experiment

2.1. Sample preparation

The Upper Auriferous Piyuancun Formation outcrop shales in
the Jiurui Basin, Jiangxi Province, and the Lower Silurian
Longmaxi Formation shales in the Sichuan Basin, Sichuan
Province, both of them are marine sedimentary organic-rich
shales, gray-black and dense in Jiangxi (JX) and black in
Sichuan (SC). The original bulk samples and sampling sites
of the two shales are shown in Fig. 1. For various experimental
studies before and after acidification, the fresh, unweathered
shale blocks at the bottom of the outcrop were collected first.
The shale was crushed and sieved into powder of <325 mesh
and 60-80 mesh, as well as drilled, cut and polished along
the lamination direction to make cylinders of diameter
25 mm and height 50 mm, and cubes of 5 mm in length and
width, respectively. Due to the heterogeneity of shale, pre-
acidification and post-acidification tests used the same group
of samples before and after acidification to ensure accurate
results.

2.2. Acidizing treatment

In conventional oil and gas reservoirs, mud acid, a mixture of
10-15% hydrochloric acid (HCIl) and 3-8% hydrofluoric acid
(HF), is often used for acidization. However, intermediate
products, such as silica gel and fluoride salts, produced during
the reaction between HF and minerals usually block the pore
throats of shales, which not only limit the effects of acid disso-
lution but also causes permanent secondary damage to shale
reservoirs. When HNOj is injected into a certain proportion
of mud acid, “Aqua regia” (HNOs: HCl = 1:3) is simultane-
ously formed. It has strong oxidation capacity, can react with
most metals and metal oxides, and can strongly dissolve local
blockades without damaging the formation structure. More-
over, in the actual application process, solid powdered
HNOj; is usually injected into the formation first and then into
the soil acid. HNOj; has no contact with HCl in the ground or
during the injection process and has little corrosive effect on
the equipment and pipelines, ensuring construction safety in
the acidization and reflection improvement process. Overall,
the method of adding HNO; to conventional soil acid to form
a HNOs-acidizing system has the advantages of removing inor-
ganic clogging, penetrating deep pores, and reducing sec-
ondary pollution.
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Fig. 1

Therefore, this experiment chooses to add 3% HNOj solu-
tion to the conventional earth acid mixed with 12% HCI and
3% HF to form a nitric acid acidification system of HCI:
HF: HNO; = 3:1:1. While HCI and HF play their original
roles, HNOj reacts with the intermediate products to prevent
the pore throat of the sample from being clogged, and the reac-
tion equation is (Liu et al., 2005):

MCO; + 2HNO; = M(NO;), + CO,!
+H,O(M is a divalent metal ion) (1)

Fe,0; + GHNO; = 2Fe(NO3); + 3H,0 2)

The different samples from the SC and JX groups were
placed in different plastic test tubes and a pre-configured acid
mixture (12% HCI1 + 3% HF + 3% HNOs) was injected into
the test tubes to completely submerge the samples. The caps of
the test tubes were tightened after applying plastic wrap to pre-
vent the acid from evaporating. After placing all tubes in a
fume hood for 24 h at 20 C and 101 kPa, the samples were
washed with anhydrous ethanol after acidification.

2.3. Analysis methods

The JX and SC samples before and after acidification were
characterized by four analytical methods: SEM-EDS, XRD,
N, adsorption and NMR. COMPACT with a resolution of
2 nm@30 kV and a magnification of 2 k, was used to watch
the surface and pore structure of the shale (the same surface
center was photographed before and after acidification to
enhance comparability), and the SEM images were thresh-
olded and binarized to quantify the changes in the surface
morphology and pore structure of the shale. At the same time,
the complete surface of the sample was scanned by energy dis-
persive spectrometer (EDS), and the content of surface ele-
ments was quantitatively analyzed. Powder samples with
particle size less than 325 mesh were used in the XRD test to
perform, and the Bruker D8 Advancei was used to obtain
diffraction patterns in the 20 range of 4-70°. The main mineral
constituent variation of the samples were analyzed by the
spectra.

Because the internal pore structure of shale is predomi-
nantly mesoporous, N, adsorption was used to analyze the
changes in the mesoporous structure system of the samples.
The samples used were powder samples of 60—80 mesh particle

Sampling location.

size, which were dried in a desiccator at 50 °C for 12 h before
testing (including the SEM and XRD test samples above), and
isothermal adsorption data were obtained using a low-pressure
physisorption instrument at 77 K with a relative pressure in the
range of 0.01-0.99. Based on the isothermal adsorption data
obtained form the samples, the Barrett-Joyner-Halenda
(BJH) model, the Brunauer-Emmett-Teller (BET) method,
and the Density functional theory (DFT) model were used to
compare and analyze the changes in the total pore volume
(TPV), the specific surface area (SSA), and the pore size distri-
bution (PSD) of the samples, respectively.

To compare with the gas adsorption method and to
describe the pore structure characteristics of the samples more
comprehensively and accurately, NMR experiments were con-
ducted on cylindrical samples with 25 mm diameter and 50 mm
height which were scanned by MIUMAG MINIMR-60 for 16
times, and the samples were tested separately after saturation
with water to obtain the 7 , distribution curves of the samples
after saturation with water to determine the changes in relax-
ation characteristics of the samples and to reflect the large-
scale pore structure changes of the samples.

The sample preparation and main experimental device flow
mentioned in this experimental study are shown in Fig. 2.

3. Results and discussion
3.1. Surface morphology and surface pore structure analysis

3.1.1. Changes in the surface morphology and surface pore
structure

The surface pore structure and morphology of the samples
were analyzed by SEM, as shown in Fig. 3. The original sur-
face structures of the SC and JX samples differed; the surface
of the SC shales was relatively flat and was accompanied by a
certain amount of minerals whereas the surface of the JX
shales was entirely broken. The surface structure exhibited
flake stacking and brecciated structures, with quartz and other
minerals attached to the surface or interspersed in the flake
stacking. Due to the dissolution of minerals by the mixed acid
solution, large pores with a diameter of approximately 10 um
appeared on the surface of both the SC and JX shales after
acidification. The JX shale had a low number of large pores,
instead exhibiting mostly relatively small and flattened pores
from dissolved minerals in the lamellar stacks. However, some
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Fig. 3 SEM images of samples.

differences in the degree of alteration of the surface morphol- generation of large pores on the shale surface improved pore
ogy between the two shale samples were observed owing to the connectivity, enhancing fluid percolation in the shale and its
differences in surface structure and mineral constituents. The exchange with the external environment.
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The image digitization method more comprehensively ana-
lyzed the surface macropore structure of the shale samples.
First, an SEM image was imported into Avizo software for
median filtering and the Interactive Thresholding module
was used to obtain the pores on the surface of the sample
images by threshold segmentation. Then, the Label Analysis
and Volume Fraction modules were used to calculate pore size
and surface porosity. The threshold pore images were also
imported into MATLAB for binarization, and the fractal
box dimensions of the samples were obtained by the FracLab
toolbox. The process is demonstrated in Fig. 4.

The surface pore structure parameters of the samples are
shown in Table 1. The minimum surface pore area was not sig-
nificantly altered in both the SC and JX samples, but the max-
imum surface pore area increased by one order of magnitude
in both groups. The surface porosity of the two groups of sam-
ples increased by 2.96% and 2.74%, respectively, and the box
dimension increased by 0.226 and 0.278, respectively. The sur-
face pore structure of both groups changed to some extent
under the action of the mixed acid solution. The significant
increase in the maximum surface pore area indicates that the
mixed acid solution caused an increase in the surface pore size
in both sets of samples. Moreover, the change in surface poros-
ity indicates an increase in the pore number, and an increase in
the box dimension reflects an increase in the surface pore com-
plexity. The surface morphology observed in the SEM images
of the samples showed that the mixed acid solution had differ-
ent alteration effects on the two groups of samples. However,
the results suggested that the improvement of the surface
macropore structures of the samples from two different regions

Box-counting Dimension

were consistent. This phenomenon reflects the stabilization
effect of the mixed acid acidification method on the surface
macropore.

Although the simultaneous use of qualitative image obser-
vations and quantitative image digitization for SEM image
analysis can more comprehensively represent and analyze the
information presented in the SEM images of the shale samples,
it still has limitations. Threshold segmentation in image digiti-
zation is the key to accurately extracting surface pore informa-
tion (Pal et al., 2022). In this study, the interactive threshold
segmentation by Avizo accurately extracted the surface pores
to the maximum extent. However, some pores were inevitably
over-segmented due to the surface complexity of the SEM
images and the limitation of SEM resolution. However, this
does not mean that the extracted surface pore structure param-
eters are invalid. Although the minimum pore surface area
remained unchanged due to the errors mentioned, it still
reflected the upper limit of the mixed acid action to substan-
tially increase the surface pore size. The box dimension was
mainly used to quantitatively depict the spatial complexity of
the image surface and texture characteristics. In this study,
the surface pore complexity of the shale samples are shown
in the SEM images. Although the values have uncertainties
due to errors, the comparisons from before and after acidifica-
tion still reflected the trend of increasing surface pore complex-
ity. The pore structure system of shale generally includes
macropores, mesopores and micropores. Although SEM image
can reveal changes in the surface macropores, the acid-soluble
microfractures formed by the continuous dissolution of the
mixed acid solution caused more changes in the mesopore
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o
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A

Import | i
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1

Fig. 4

SEM surface pore analysis process.
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Table 1 Surface pore structure parameters.

Samples Minimum pore area Maximum pore area Surface porosity Box-counting Dimension Dimension R>
(nm”) (nm”) (") (")
SC Unacidified 1.83 x 10* 439 x 10° 1.08 0.844 95.6
Acidified 1.83 x 10* 2.89 x 10’ 4.04 1.07 95.3
JX  Unacidified  1.83 x 10* 3.89 x 10° 0.99 0.872 95.9
Acidified 1.83 x 10* 4.18 x 10’ 3.73 1.15 95.9

and micropore structures of the shale with sufficient exposure
time (Mohtarami et al., 2017, Hou et al., 2019, Sheng et al.,
2021). These changes in the pore structure system can generate
effective secondary pores and significantly affect the gas stor-
age capacity of shale reservoirs (Hui et al., 2019, Dai et al.,
2020a, 2020b). Therefore, this study also analyzed the internal
pore structure system of the shale matrix by N, adsorption iso-
therms and NMR.

3.1.2. Changes in the surface elements

The composition and content of the surface chemical elements
in the shale samples of SC and JX before and after the mixed
acid treatment were determined based on the X-ray spectra of
the EDS analysis, as shown in Fig. 5. Except for the trace
metal elements, the three main elements in the SC and JX sam-
ples were oxygen, carbon, and silicon. This indicated that the
mineral constituents of both the SC and JX shale samples were
mainly composed of carbonate and silicate minerals, and that

C,30.7%
(a) \ 0,39.89%

Si, 14.17%

— K, 051%

Ca, 6.45%

Fe, 4.75% Al, 1.69%

Mg, 1.84%

C, 28.88%

0,37.2%

Si, 18.04%

/V
Al, 5.76%

__———— Na, 0.74%

— Mg, 0.95%

Fe, 4.26%
Mo,229% ¢ | g7o,

the carbonate mineral content was greater than that of the sil-
icate minerals. After the dissolution of the mixed acid solution,
the carbon and oxygen contents in the two groups of shale
samples decreased and the elemental silicon content increased.
This comprehensive phenomenon indicated that the two main
minerals were entirely reduced, with a dominant reduction of
carbonate minerals. Because of the effect of HNO; in the
mixed acid solution, the generation of intermediate precipi-
tates after the reaction of HCI and HF with the minerals was
reduced. In addition, new quartz grains produced by the disso-
lution of silicate minerals on the shale surface contributed to
the increase in elemental silicon. The combined changes in
the three elements reflected the changes in the major minerals
that were directly responsible for the changes in the surface
pore structure of the samples (Dai et al., 2020a, 2020b). The
final result is reflected in the changes in the surface morphol-
ogy as shown in the SEM images in Fig. 2. In addition to
the changes in the three major elements, the changes in the

Si, 30.75%

(b)

0, 36.07%

C,27.56%

Mg, 041%

Al 2.15%
K, 1.03%
Ca, 2.03%

Si, 27.66%

(d)

Oﬁ7,75%

C,24.14%

_—

ALson T Mg, 044%

K, 2.62% Fe,2%

Fig. 5 The surface chemical element composition of samples was obtained by EDS. (a) SC samples before acidification. (b) SC samples
after acidification. (c) JX samples before acidification. (d) JX samples after acidification.
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remaining trace elements mainly depended on changes in the
three minor elements (Lyu et al., 2018). The variations in the
different trace elements in the shale samples can be explained
by their specific mineral constituents. The mineral constituents
of the two sets of samples before and after acidification were
further analyzed using XRD because EDS analysis is a semi-
quantitative method.

3.2. Mineral constituent analysis

To determine the mineral constituents and changes in the sam-
ples, the XRD spectra obtained before and after acidification
were retrieved using the Jade 6.5 software. The XRD spectra
and minerals corresponding to each peak are shown in
Fig. 6. The mineral constituents of the SC and JX samples dif-
fered, with the SC samples mainly including quartz, calcite,
dolomite, and muscovite, and the JX samples mainly including
quartz, calcite, chlorite, muscovite, and albite. After the acidiz-
ing treatment, the mineral species and peak intensities of the
shale samples changed significantly. Muscovite, calcite, and

(a) * —— SC-Acidified
SC-Unacidified
*  Quartz
® Muscovite
[ ]
A

Calcite
Dolomite

Intensity(a.u.)

260(°)

(b) 3

— JX-Acidified
JX-Unacidified
Quatrz
Microcline
Muscovite
Calcite

Calcite

Albite

4 m o0V *

Intensity(a.u.)

Mw‘x_m_m_
T T T T T T T
10 20 30 40 50 60 70
26(°)

Fig. 6 XRD patterns of samples. (a) SC samples. (b) JX
samples.

microcline were removed from the JX samples, and calcite
and dolomite were also removed from the SC samples, mainly
because of the reactions between the mineral constituents of
the samples and the acid mixture (Hamer et al., 2003,
Carroll et al., 2013, Sheng et al., 2021).

CaCO; (Calcite) + 2H* —Ca>* + CO, + H,O (3)
CaMg(CO3), (Dolomite) + 4HT—Ca’* + Mg>* )
+ 2CO, + 2H,0

Si0, (Quartz) + 4H* —Si*" + 2H,0 (5)
2K AISi;Og (Microcline) + 2H* + H,O — 2 K* )
+ ALSi,Os(OH); + 4SiO,

2NaAlSi;O;z (Albite) + 2HT + H,O — 2Nat )

+ ALSLOs(OH), + 4SiO,

(Mg*"530Fe?™ 95)(Siz75Al1 25)010(OH)s (Chlorite)
+ 17H* —2.8 Mg + 1.95Fe* + 2.5AP+ )
+ H4;Si04 + 7H,0

Although all minerals except muscovite reacted with the
mixed acid solution, the solubility differences did not result
in the same degree of variation in the relative content of each
mineral in the samples. The specific changes in the relative
mineral content measured with XRD are shown in Fig. 7. In
addition to the direct removal of minerals, the relative quartz
content in the SC samples increased from 42% to 92.7% and
the relative muscovite content increased from 2.8% to 7.3%.
In the JX samples, the relative of quartz, albite, and chlorite
contents increased from 25%, 20.5%, and 3.7% to 56.3%,
25%, and 5.5%, respectively, while the relative muscovite con-
tent decreased slightly from 14.9% to 13.2%. The substantial
increase in the relative quartz contents in both samples was
primarily due to the lower solubility of quartz in an acidic
environment compared with other minerals (Rempel et al.,
2011). In the JX sample, microcline and albite underwent the
reactions in Eqgs. (6) and (7) to produce SiO,, while chlorite
reacted in an acidic environment to produce silicic acid
(H4SiOy4; Eq. (8)). The chemical equilibrium between quartz
and H,4SiO,4 broke, resulting in the conversion of HySiO4 to
quartz, contributing to its increase (Harvey et al., 2013).

Wit(%)

JX-Unacidified

JX-Acidified

SC-Unacidified SC-Acidified

Fig. 7 Mineral content diagram of samples.
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Fig. 8 N, adsorption/desorption isotherms of samples. (a) SC samples. (b) JX samples.

3.3. Pore structure analysis

3.3.1. Changes in the N, adsorption/desorption isotherms

The N, adsorption/desorption isotherms of the samples are
shown in Fig. 8. When the relative pressure (P/Py) is less than
when P/P, < 0.1, the adsorption curve slightly rises and N, is
adsorbed in the pores as a monolayer. With an increase in the
P/P,, the adsorption curve began to increase slowly, and the
N, monomolecular layer adsorption gradually became multi-
layer adsorption until P/P, = 0.8 reached saturation (Ni
et al., 2020). At P/Py > 0.8, owing to capillary condensation
in the pores of the sample, the number of adsorbed layers
increased to infinity, resulting in a rapid increase in the adsorp-
tion curve. The isotherms of both the SC and JX shale samples
showed obvious hysteresis loops, usually due to capillary con-
densation or the ink-bottle effect when the P/Py was reduced
(Pinson et al., 2018). The hysteresis curves of the four sample
groups were similar to those of the H3 and H4 types, which
mainly manifest as wedge-shaped and parallel-plate pores that
are closely related to the structure of laminated shales (Ding
et al., 2021). Moreover, when P/P, was at approximately
0.45, the N, desorption curves of the four other groups exhib-
ited a “forced closure” phenomenon, namely the tensile
strength effect (TSE). This indicates that the shale also con-
tained ink-bottle-like pores (Li et al., 2019a, 2019b). According
to the IUPAC classification criteria (Thommes et al., 2015)
and Kelvin’s equation (Nguyen et al., 2013), shale pores are
classified as Type II pores. The N, adsorption isotherms of
the two sample groups showed a steeply rising trend and ulti-
mately reached P/Py = 0.99, indicating the presence of con-
nected macropores with diameters > 300 nm (Nguyen et al.,
2013, Pinson et al., 2018).

A comparison of the isotherms before and after acidifica-
tion showed that the hysteresis loop morphology did not sig-
nificantly change, indicating that the pore structure of the
SC and JX samples also did not change significantly after
the acidizing treatment (Wu and Sun 2010). However, the N,
adsorption capacity of the samples from both groups
decreased after acidification (Fig. 8). In the SC samples, it
decreased from 28.1209 cm®/g to 23.9041 cm?/g, showing a

decrease of 14.99%. In the JX shale samples, it decreased from
13.4445 cm®/g to 12.2314 cm?/g, with a decrease of 9.02%. The
P/P, value enabled a certain degree of response to the type of
pore structure. At low P/Py, N, is usually adsorbed in macro-
pores and it is often adsorbed in mesopores and micropores at
high P/Py. Thus, at higher P/P,, N, is mainly adsorbed by
micropores and mesopores in shale. Because the N, adsorption
of shale samples is connected with the pore volume and specific
surface area, a comprehensive analysis of the pore structure
was conducted to determine the specific reasons for the
decrease in N, adsorption.

3.3.2. Changes in the pore volume and specific surface area

The pore volume and surface area of the samples were
obtained by BET equation and BJH theoretical model, respec-
tively (Schmitt et al., 2013, Bardestani et al., 2019). Table 2
lists the pore volume and specific surface area of two samples.
V1 is the micropore volume, V', is the mesopore volume, V 3 is
the macropore volume, V 1 is the total pore capacity, and Sggt
is the BET specific surface area. It can be seen from the table
that the V' 1 and Sger of SC and JX shale decreased after the
action of mixed acid, the Sggt of SC and JX decreased by
55.59% and 39.97%, and the V' 1 decreased by 11.97% and
9.07%, respectively.

To further analyze the reasons for the decrease in the Sggr
and V T of the samples, the pore volumes for each stage in
Table 2 were converted into the percentage superimposed his-
tograms shown in Fig. 9. The proportion of micropores, meso-
pores, and macropores in the SC and JX samples were 0.31%,
22.46%, 77.23% and 79%, 19.56%, 79.65%, respectively.
After mixed acid acidification, although the V 1 of the two
sample groups decreased, the proportion of pores in each stage
varied. The percentages of mesopores in the SC and JX sam-
ples decreased to 17.36% and 14.22%, respectively, while those
of macropores increased to 81.09% and 85.12%, respectively.
The percentage of micropores increased to 1.55% in SC sam-
ples and decreased to 0.65% in JX samples. Because the pro-
portion of micropores in the samples was < 1%, the pore
size changes were concentrated in mesopores and macropores.
Owing to the dissolution effect of the mixed acid, the pores
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Table 2 Sggt and pore volume of samples.

Samples Sger (m%/2) Pore Volume (x10* cm®/g)
Vi Vo, V3 Vr
SC Unacidified 11.659 1.29 94.11 323.6 419
Acidified 5.178 5.73 64.03 299.1 368.86
X Unacidified 2.467 1.64 40.76 166 208.4
Acidified 1.481 1.25 26.95 161.3 189.5

[ ] Macropores [ ] Mesopores [ ] Micropores

100

80

77.23%

60 81.09% 79.65%

40 |

Volumetric proportion (%)

5
0.31% 22.46% 17.36% 19.56% 0.65%

14.22%

SC-Unacidified /SC-Acidified  JX-Unacidified,  JX-Acidified

1.55% Samples 0.79%

Fig. 9 Pore size proportion diagram of each stage.

gradually transformed into larger pores after mutual penetra-
tion. The effect of HNO; in the mixed acid solution made it
difficult for the carbonate minerals and feldspars to block
the pores after dissolution. Therefore, as the number of macro-
pores gradually increased, the permeation rate further acceler-
ated, leading to further transformation of macropores into
connected macropores or microfractures. As shown by the
SEM surface pore analysis in Section 3.1, the scale of these
connected macropores reached the micron level. This also
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explains the decrease in the Spgr and V' 1 of the samples.
Because the maximum pore size of 300 nm was measured with
N, adsorption (Fig. 10), the decrease in the measured Sggr and
V 1 was caused by pores dissolving into > 300-nm sized pores.
Under the action of a mixed acid, the pore structure distribu-
tion improved and the increase in large pores was conducive to
the flow and transportation of shale gas resources in the
reservoir.

3.3.3. Changes in the pore size distribution characteristics

To further clarify the modification of the pore structure by the
mixed acid solution, the pore size distribution of the samples
was analyzed. To avoid the influence of the TSE (Groen
et al., 2003), this study used the DFT method to analyze the
N, adsorption isotherms of the samples. DFT is a molecular
dynamics method that reflects the thermodynamic properties
of fluids in porous materials. It provides adsorption models
and more accurately reflects the pore size distribution than tra-
ditional thermodynamic methods such as BJH. The nonlocal-
ized density functional theory (NLDFT) theory was first
applied to the pore size analysis of microporous carbon by
1993, which assumed that the adsorption isotherms were
obtained by the relative distribution of numerous ‘‘single-
pore” adsorption isotherms in the covered pore size range.
NLDFT describes the properties of fluids confined in pores
at the molecular level and can relate the molecular properties
of adsorbent gases to their adsorption properties in pores of
different sizes. It is suitable for the range of 0.35 nm to
100 nm micropores to mesopores.
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Mesopores
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Fig. 10  Pore size distribution of samples based on the BJH model. (a) SC samples. (b) JX samples.
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Fig. 11

As shown in Fig. 11, the pore size distribution of the sam-
ples were in the range of 0—80 nm, as obtained by fitting the
NLDFT model. The pore size distributions of the SC and
JX samples exhibited multi-peak characteristics and were
mainly distributed in the mesopore range of 2-10 nm. The
JX shale still had multiple peaks in the 20-80 nm range, indi-
cating that the pore size diversity of both shale samples was
good; however, the overall pore size diversity of the JX shale
was better. Combined with the BJH pore size distribution
shown in Fig. 10, the peaks in the 2—-15 nm pore size range
of the shale samples were significantly reduced after the mixed
acid treatment. Because the peaks are related to the adsorption
performance (Groen et al., 2003, Liu et al., 2015), those of the
shale samples were weakened after acidification. In the pore
size range of 15-35 nm, the curves of the samples alternated
and the pore size distribution of the samples showed alternat-
ing curves and minor changes, indicating that the pores in this
range were not affected by the mixed acid treatment. The over-
all change in the pore size distribution of the 35-80 nm samples
was insignificant. The peak area of the SC shales decreased
slightly after acidification. In contrast, the JX shales increased
to some extent, indicating that the mixed acid treatment
improved the pore diversity of the JX shale in this range. Over-
all, the acid mixture mainly affected the pores in the size range
of 2-15 nm while the other ranges were essentially the same as
those before acidification.

In addition, the shale samples exhibited a more uniform
pore distribution after the mixed acid treatment, and the pore
volume no longer significantly varied in different pore size
ranges. This phenomenon is connected with quartz being a
major mineral constituent of the samples as it is more stable
in acidic environments than other minerals, minimizing the
clay swelling effect. Meanwhile, inorganic mineral rocks con-
tribute more to the large pores in the shale matrix (Li et al.,
2019a, 2019b), making the shale pore size distribution homo-
geneous after acidification. After acidification, the JX shale
samples had more mineral species remaining than the SC shale
samples, making the pore size distribution of the JX shale sam-
ples less homogenized than that of SC shale samples. There-
fore, the dissolution effect of the mixed acid solution
improved the shale pore scale distribution.

Pore width (nm)

Pore size distribution of samples based on the NLDFT model. (a) SC samples. (b) JX samples.

3.3.4. Changes in the fractal characteristics

Fractal geometry theory has been used widely in the quantita-
tive expression of surface roughness and pore complexity in
heterogeneous porous media since it was proposed (Rahner
et al., 2018, Cheng et al., 2021, Wang et al., 2021a, 2021b).
The fractal dimension can describe the complexity of pore
scale distribution quantitatively. There is a positive correlation
between fractal dimension and pore complexity (Han et al.,
2020). The Frenkel-Halsey—Hill (FHH) model equation is as
follows (Avnir and Jaroniec 1989):

P 9)

InV=C+ (D—3)1n[ln(P

where P,/P is the reciprocal of relative pressure(MPa™!), V is
the adsorbed N, volume at equilibrium pressure (cm?), C is a
constant, D is the fractal dimension obtained from the nitro-
gen adsorption data.

Fig. 12 illustrates the FHH model fitting diagram of the SC
and JX shales. As shown in the N, adsorption/desorption
curves in Section 3.3.1, the shale samples show obvious hys-
teresis loops at approximately P/Py = 0.45-0.5, indicating that
the N, adsorption/desorption curve reflects different shale
pore characteristics of the samples at different P/P, stages.
By obtaining the fractal dimension D at relatively low and high
pressures, the fractal characteristics of pores can be distin-
guished at different stages. The fractal dimension is calculated
as D; when P/Py, < 0.45 and D, when P/Py, > 0.5. The values
and fits of the fractal dimensions D and D, of the samples are
shown in Table 3.

As shown in Table 3 that D; and D, of the SC samples were
higher than those of the JX samples, indicating higher pore
surface and structural complexities. The D; and D, of the
SC and JX samples were considerably reduced after the acidiz-
ing process, indicating that the surface and structural complex-
ities of the pores were reduced by the dissolution effect of the
mixed acid solution. The shale sample pores transitioned from
a complex structure to a regular structure and finally tended to
be uniform.

Related studies have shown that the presence of minerals in
the pore space exacerbates the inhomogeneity and irregularity
of pore morphology (Morsy et al., 2015, Hongchao et al.,
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Fig. 12 Fractal dimension of samples. (a) SC samples before acidification. (b) SC samples after acidification. (c) JX samples before

acidification. (d) JX samples after acidification.

Table 3 Fractal dimension of samples.

Samples Fractal Dimension of Fractal Dimension of

Pore Surface (D) Pore Structure (D)

Fitted Equation R? D, Fitted Equation R? D,
SC-Unacidified y = 1.35231-0.41651x 0.975 2.5835 y = 1.30252-0.26823x 0.955 2.7318
SC- y = 0.60112-0.58278x 0.973 2.4172 y = 0.56647-0.3699x 0.981 2.6301
Acidified
JX-Unacidified y = -0.14278-0.56314x 0.995 2.4369 y = -0.17151-0.4419x 0.986 2.5581
JX- y = -0.62898-0.64289x 0.972 2.3571 y = -0.86343-0.56863x 0.978 24314
Acidified

2019, Jingna et al., 2020). The prominence produced by min-
eral filling exacerbated the complexity of the pore surface
and the dissolution of the mixed acid solution demineralized
the shale. Owing to the effect of HNO; to avoid precipitation
after mineral acidification, the permeability rate of the adja-
cent pores was maintained. The pores of the samples gradually

connected to form fractures and large-diameter pores and the
pore types were progressively dominated by them, decreasing
the surface complexity and pore distribution, which is consis-
tent with the analysis presented in Section 3.3.2. Combined
with the analysis of the pore structure in Section 3.3.3, this also
reflects that the reduction of the fractal dimension is beneficial
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to the gas flow inside the shale, making the shale gas resources
in the reservoir easier to extract.

3.4. NMR T ; spectrum analysis

Using NMR to analyze the fluid characteristics in shale pores
mainly by measuring the lateral relaxation time 7 , distribu-
tion of hydrogen nuclei. There are usually three relaxation
mechanisms in the pores of porous media such as rock or coal:
surface relaxation, free relaxation and diffusion relaxation
(Zhang et al., 2018), and surface relaxation plays a significant
role:

L)
T, Ty P V)i

where T, is the lateral relaxation time, ms; p, is the lateral sur-

face relaxation rate, um/s; S/V is the surface area to volume

ratio of pore spaces, nm~'; T 5, is the volumetric relaxation

time, ms. According to Eq. (10), the size of T , value reflects

the size of sample pore structure, the different spectral forms

on the T , spectrum reflect the different distribution of pores.
Eq. (10) can be further simplified as:

1 P2
T, £ (rc)
where F ; is the geometry coefficient (for a spherical space, F
s = 3; for a columnar throat roar, Fy = 2), and r  is the cap-
illary radius. According to Eq. (11), T , spectrum can reflect
the distribution of pore size of coal and rock specimens, and
the pore size is proportional to 7 , value.

The NMR 7’ spectrum of the SC and JX samples before
and after acidification are shown in Fig. 13. Before acidifica-
tion, the samples had two peaks at 0.1-10 ms and 10—
100 ms, which represented the surface and free relaxation
peaks, respectively. After acidification, the 7, spectra of the
two sets of samples changed significantly. In the SC shale sam-
ple, the interval width of each relaxation stage increased, the
surface relaxation peak decreased and shifted to the left, the
free relaxation peak increased significantly, and the surface
relaxation and free relaxation peaks change from independent
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to connected. The widths of the relaxation intervals and sur-
face relaxation peaks of the JX shale sample were similar.
However, a continuous double peak also appeared in the sur-
face relaxation range while the free relaxation peak decreased
and shifted to the right. A diffusion relaxation peak appeared
at > 100 ms. As shown in Table 4, the nuclear magnetic poros-
ity of the SC and JX shale samples increased by 187% and
423%, respectively. Compared with the cumulative porosity
and incremental porosity of the SC and JX samples before
acidification, these significantly increased after acidification.

Because a unified standard for classifying pore types
according to the pore diameters obtained by NMR does
not exist (Liu et al., 2020), the different ranges of lateral
relaxation times, 7, < 10, 10-100, and > 100 ms, were
reported by Li et al. (Li et al., 2017) to correspond with pores
in the three pore size ranges < 0.1, 0.1-1, and > 1-pm,
respectively. According to the changes in the porosity ratios
of the SC and JX samples at each stage before and after acid-
ification, the < 0.1-um sized pore proportion of the two
groups decreased, the porosity ratio of 0.1-1-um increased,
and the interpore connectivity and pore size diversity
increased after acidification. Furthermore, the pore size range
with improved connectivity and increased size diversity was
further identified in the 0.3—-1-um pore size by combining
the results of the N, adsorption pore size percentage and dis-
tribution analyses (Section 3.3).

By comparing the porosity ratio variation between SC and
JX, the porosity ratio of the SC samples changed significantly
at different stages and the porosity ratio of pore size 0.1-1-pum
increased by 40.3%, whereas that of the JX samples increased
by only 1.3%. The difference between the SC and JX samples
was due to the difference in their mineralogical compositions.
Due to the acid solution, the more significant proportion of
carbonate minerals in the SC samples increased the number
of 0.1-1-um sized pores while large amounts of carbonate
and silicate minerals in the JX samples increased the number
of 0.1-1-um sized pores less significantly, with new > 1-um
sized pores appearing. The mixed acid solution used in this
experiment had a good anti-reflection effect on shale with dif-
ferent mineral compositions and could transform the main gas
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Fig. 13 NMR T, spectrum of samples. (a) SC samples. (b) JX samples.
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Table 4 NMR porosity of samples.

Samples NMR porosity (%) Porosity ratio
at different stages (%)
<10 ms 10-100 ms >100 ms
SC Unacidified 3.1855 98.6 1.4 0
Acidified 9.1408 58.3 41.7 0
JX Unacidified 0.1125 93.5 6.5 0
Acidified 0.5885 91.8 7.8 0.4
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Pore/Microfracture

Closed Pore (Origin)
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Fig. 14 The action process of mixed acid on shale pores.

adsorption pores into gas migration pores through dissolved
minerals.

3.5. Action process of mixed acid on shale pores

According to the analysis results of the NMR T, spectrum and
combined with the changes in the pore size percentage and dis-
tribution pattern of the SEM surface pores and N, adsorption,
the action process of the mixed acid on the shale pores was
divided into four stages (Fig. 14):

1) Surface dissolution: The mixed acid solution first acts on

the shale surface and gradually dissolves pores with a
maximum diameter of approximately 10 pum.

2) Macroporous dissolution: The surface porosity of the

shale increases after surface dissolution, allowing more
acid to gradually penetrate the shale, acting first on
the macropores and further increasing the pore size to
0.3-1-pm.

3) Meso—microporous dissolution: As the shale is further

dissolved by the acid, it begins to act on the mesopores
and micropores. Because the number of micropores in
shale accounts for only a small percentage, the acid
mainly targets mesopores in the range of 2—15-nm, caus-
ing most of the pores in this range to be converted into
mesopores or macropores with pore sizes > 35-nm.

4) Feedback dissolution: As most of the 2-15-nm sized

mesopores are converted into mesopores or macropores
sized > 35-nm, the pore connectivity within the shale
increases dramatically and the distribution of pore
sizes < 100-nm becomes homogenized. The dissolution
effect forms a positive feedback loop with an increase in
macropores owing to the less reactive precipitation in
the acid system. This leads to the appearance of more
0.3-1-pum sized macropores, resulting in the reduction
of shale SSA and pore volume after acidification in the
range of N, adsorption detection. Finally, a cross-scale
hole-expansion effect is achieved.
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4. Conclusion

To solve the shortcomings of acid in the current acidfrac process, such
as pore plugging and formation pollution, exploring the effect of new
mixed acid on shale pore structure. This study investigated the effects
of a mixed acid acidification method formed from a 3:1:1 mixture of
HCIl: HF: HNOj; on the mineral constituents and pore structures of
shale. In addition, the effects of the complete stages of the nitrate acid-
ification system on the pore structure of the shale were clarified based
on the different ranges of pore distribution reflected by various techni-
cal means. The conclusions of this study are as follows:

1) The surface pore structure of shale was analyzed by digitizing
SEM images. The maximum surface pore size of shale increased
to approximately 10 pm after acidification. The surface porosity
and box dimension value increased as surface pore complexity
increased. This indicates that the connectivity between the shale
pores and the external environment improved, enhancing gas
exchange and percolation between the shale and external
environment.

The dissolution by the acid mixture altered the mineral con-
stituents of shale. The relative quartz content increased,
whereas that of carbonate, silicate, and clay minerals decreased
after the acidizing treatment. This phenomenon was related to
the difference in mineral solubility during acid and quartz
precipitation.

3) The pore action of the mixed acid solution on the shale did not
alter the pore shape but significantly reduced the SSA and TPV,
which also significantly reduced its gas adsorption capacity. The
number of 2—15-nm sized mesopores decreased and the number
of 0.3—1-pm sized pores increased due to the dissolution of the
mixed acid solution. Simultaneously, acid dissolution also
homogenized the pore size distribution and improved the pore
connectivity.

The fractal dimension of the shale decreased after the acidizing
treatment. This is proportional to the complexity of the pore
structure and surface; therefore, the acid dissolution effect
reduced the pore structure and surface complexities of the shale.
This phenomenon is linked to shale demineralization.

The mixed acid solution produced a cross-scale expansion of
shale. Based on the different degrees of pore structure analysis
by SEM, N, adsorption, and NMR, the complete action pro-
cess of the mixed acid solution on the shale pore structure
was divided into four stages: surface dissolution, macroporous
dissolution, meso-microporous dissolution, and feedback
dissolution.
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This study further explored the shale acidification mechanism of
the HCI: HF: HNOj; acid mixture. In future work, the alteration of
the mineral fraction and pore structure could be further analyzed using
3D reconstruction. Moreover, a quantitative comparison of the des-
orption capacity of shale before and after mixed acid acidification
should be conducted to elucidate the practical effects and application
prospects of mixed acids for shale gas extraction.
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