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Abstract Research on the effects of the pre-injected lye on the microstructure of the surrounding

rock is indispensable for H2S treatment during tunnel construction. In this study, limestone samples

from the Huangjiagou tunnel in Guizhou Province in southwest China were pre-adsorbed with

500 ppm of H2S and soaked in 1%, 3%, and 5%Na2CO3 solution for 12, 24, and 36 h. The changes

in the pore structure andmineral composition, and the secondary precipitates formed on the rock sur-

face after Na2CO3 solution injection were studied by using N2 gas adsorption, X-ray diffraction, and

field-emission scanning electron microscopy. It is clearly shown that the average volumes of micro-

and meso-pores in the samples after treated decreased by 66.17 % and 16.63 %, respectively, of the

original values. This resulted in a significant decrease in the specific surface area and total pore volume.

The average pore width increased linearly with increasing Na2CO3 concentration or soaking time,

whereas the curve for the relationship with the specific surface area was parabolic, with a minimum

at a concentration of approximately 3 % and soaking time of 24 h. Clay (e.g., illite and kaolinite)

and feldspar aremore easily dissolved than otherminerals, and the releasedmetal ions easily form car-

bonate secondary precipitates with CO3
2� ions. Themass dissolution of clayminerals and the blocking

effect of secondary precipitation decreases the amounts of micropores andmesopores of diameter less

than 10 nm, therefore the proportion of macropores increases and the fractal dimensions are simpler.
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The results of this study will be useful in strategy development and parameter selection for Na2CO3

solution injection for H2S treatment in tunnel engineering.

� 2022 The Authors. 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/).
1. Introduction

Because of the limitations imposed by the terrain or ecological con-

cerns, the available ground space in many cases cannot meet the

needs of traffic development. The numbers and scales of road, rail-

way, and other tunnel projects are therefore increasing rapidly (Esen

Sze et al., 2016, Hong 2017, Lueprasert et al., 2017). Complex geo-

logical conditions and the limitations of on-site investigation mean

that the excavation and construction of long tunnels often encounter

adverse geological hazards such as high ground stress, large defor-

mation of soft rock, water inrush, and gas inrush (Mo et al.,

2020, Zeng et al., 2022, Zhou et al., 2022). In the survey, design,

and construction of coal-penetrating tunnels in most infrastructure

fields, research mainly focuses on gas control in tunnels to prevent

coal and gas outbursts and accidental explosions (Nyman and

Ingason 2012, Yan et al., 2020). Research on the treatment of

H2S, which is often associated with gas in underground engineering,

has not been extensive.

Depending on its concentration, H2S exposure can cause various

health-related issues because of its toxicity to the skin, and respiratory,

alimentary, and neurological systems (Mirmehrabi et al., 2011, Zhu

and Zhang 2019, Maie et al., 2022). In recent years, mass deaths and

injuries have occurred because of the high concentrations of H2S in

some tunnels (Morsali and Rezaei 2017). For example, the concentra-

tion of H2S in the air in the Hongdoushan highway tunnel in Yunnan

Province, China is as high as 430 ppm.

Generally, H2S is generated by the decomposition of organic sul-

fides in oil and gas reservoirs under the action of heat. It is also gener-

ated from sulfates in the reservoir water in the high-temperature

reduction of hydrocarbons and organic matter (Liu et al., 2012, Xie

et al., 2021). The H2S in rock formations may have been present for

many years, and a dynamic balance of adsorption and dissociation

in rock pores and rock mass fissures is maintained (Yao et al., 2017,

Deng et al., 2019). Some H2S is also dissolved in groundwater

(Khave 2014). When a tunnel excavation is disturbed, H2S may gush

out sharply (Tan et al., 2020). H2S is generated from the oil–gas-

bearing strata and overflows into the tunnel. Reliance on grouting

alone to seal the construction joints of the tunnel lining and structural

cracks in the surrounding rock cannot fundamentally control the sud-

den emission of H2S.

At present, there is no H2S safety control standard in China’s high-

way tunnel industry. The maximum allowable concentration of H2S in

the air stated in the current Chinese ‘‘Coal Mine Safety Regulations” is

6.6 ppm (10 mg/m3). The treatment of H2S is rarely mentioned in rel-

evant regulations and the literature. The prevention and treatment of

H2S in gas in tunnels are often based on the treatment methods used

in coal mines. Lye spraying, ventilation strengthening or changing

the ventilation mode, and enhancing individual protection are used

to treat low concentrations of H2S in coal seam roadways (Taherian

2015, Hebda-Sobkowicz et al., 2019, Ahmadi and Hekmat 2021).

H2S emissions from tunnels can also affect poultry health in the sur-

rounding communities (Wang et al., 2016). When the H2S content is

too high, the effectiveness of these measures is significantly reduced.

Some researchers have pointed out that the most effective way to

remove H2S is to pre-inject lye into the rock formation. The lye and

H2S react chemically inside the rock before excavation, and this fixes

the sulfur. In on-site applications, the lye pre-injection technique is

easy to operate and can dilute the H2S in the rock surrounding the tun-

nel and in construction wastewater. This is a highly maneuverable and

priority measure. However, there are few reports of research on the
treatment of H2S in tunnels by lye pre-injection. In particular, selection

of the lye concentration and duration of the treatment for controlling

H2S are mainly based on engineering experience.

Limestone is the most common type of rock encountered during

tunnel excavation and construction (Toševski et al., 2011, Lee and

Moon 2020, Martı́nez-Ibáñez et al., 2021). After injection of lye into

the rock, the pH change and solute addition lead to changes in the pri-

mary mineral contents. The products of physical and chemical reac-

tions may precipitate and cause blockage or dissolution of cracks

and pores, and this affects the permeability and mechanical properties

of the surrounding rock (Lyu et al., 2016, Zhang et al., 2017, Cheng

et al., 2020). It is therefore important to study the microstructural

changes in limestone treated by alkali injection.

In this study, limestone samples taken from the tunnel workface

through the coal seam were used for H2S adsorption pretreatment

and Na2CO3 lye soaking experiments. The microstructural changes

in the samples, such as changes in the pore volumes, specific surface

areas (SSAs), fractal dimensions, and mineral compositions, were

investigated by low-temperature N2 adsorption, X-ray diffraction

(XRD), and field-emission scanning electron microscopy (FE-SEM).

The results provide a theoretical basis and practical information for

H2S treatment with Na2CO3 lye in underground engineering.

2. Materials and methods

2.1. Sample collection, preparation, and analytical equipment

H2S is often associated with gas from coal or oil layers, there-

fore limestone samples from the coal-penetrating area of the
Huangjiagou tunnel in Zunyi City in Guizhou Province, China
were used in the experiments [Fig. 1(a)–(d)]. The tunnel crosses

the mountain ridge, the terrain is undulating, and the slope
vegetation is developed. The elevation of the site area is 426.
7 � 1103.0 m, and the relative height difference is 676.3 m.

The ground elevation of the axis passage section is between
530.5 � 1097.2 m, with a relative height difference of
566.7 m. The geomorphological type is a dissolution-erosion

type with a low and medium mountainous landform. Trans-
lated with https://www.DeepL.com/Translator (free version)
The sampling locations are shown in Fig. 1. Macroscopically
uniform and well-integrated rock blocks from the same area

were used to avoid heterogeneous effects. The limestone sam-
ples were crushed, ground, and evenly mixed for testing by var-
ious methods [Fig. 1(e)]. Samples of 20–60 mesh (250–840 mm)

were used for pore structure analysis, and samples of 200 mesh
(75 mm) were used to determine the mineral composition.

The sample pore structures were investigated with a

Micromeritics surface area and porosimetry system
(ASAP2020, Micromeritics Instruments Corporation, Nor-
cross, GA, USA). The mineral compositions of the limestone

samples were determined with a Bruker X-ray diffractometer
(Bruker D8 Advance, Billerica, MA, USA). XRD was per-
formed with Cu Ka radiation at 40 mA and 40 kV. FE-SEM
(JSM-7800F, JEOL ltd., Showa, Tokyo, Japan) was used to

examine the effects of secondary precipitation on the pore
structure of the rock surface (Cheng et al., 2020).

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.DeepL.com/Translator


Fig. 1 Sampling locations at Huangjiagou tunnel work face.

Table 1 Conditions for treating limestone samples with Na2-

CO3 solution.

Sample

Number

Na2CO3 Concentration/

%

Treatment Time/

(hour)

#1 (Untreated) – –

#2 1 % 12 h

#3 1 % 24 h

#4 1 % 36 h

#5 3 % 12 h

#6 3 % 24 h

#7 3 % 36 h

#8 5 % 12 h

#9 5 % 24 h

#10 5 % 36 h
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2.2. Experimental design

The samples were subjected to H2S adsorption experiments in
advance to better study the microstructural changes in lime-
stone fully adsorbed with H2S after treatment with Na2CO3

lye. Samples were prepared on the basis of the highest concen-
trations involved in H2S events in existing tunnels. The pre-
pared samples were put in a sealed gas tank under a pressure

of 5 MPa, and a mixed gas consisting of H2S and N2 was intro-
duced after evacuation. The H2S was diluted to a concentra-
tion of 500 ppm with N2. The pressure in the sample tank

and experimental temperature were 1 MPa and 26℃ around,
respectively. The Na2CO3 lye immersion test maintained for
7 days to enable full adsorption of H2S by the sample before
the reaction with Na2CO3 lye (Ge et al., 2019).

Na2CO3 solutions of three concentrations were used in this
study, i.e., 1 %, 3 % and 5 %. Considering the impact on an
actual project schedule, the Na2CO3 lye treatment times were

set at 12, 24, and 36 h. The experimental details are shown
in Table 1. After H2S gas adsorption was complete, the sam-
ples were immediately removed from the tank and put into

the prepared Na2CO3 lye. A diagram of the experimental
device is shown in Fig. 2 (Cheng et al., 2021).

3. Results and discussion

3.1. Low-temperature N2 adsorption analysis of limestone
samples

Fig. 3 shows the adsorption–desorption isotherms of the sam-
ples before and after treatment with Na2CO3 lye of different

concentrations for various times. According to the Interna-
tional Union of Pure and Applied Chemistry classification,
the low-temperature N2 adsorption isotherms of all the sam-
ples are type IV, with type H2 (b) hysteresis loops, which indi-

cates that the pores are mainly plate pores and slit pores. The
pore type of the samples basically did not change after Na2-
CO3 lye treatment, but the maximum adsorption capacity

decreased significantly; this indicates that adsorption capacity
on the samples was weaker. The differences among the maxi-
mum adsorption capacities of the treated samples were not sig-

nificant; the largest decrease was for sample #2 (1 %, 12 h),
and the smallest decrease was for sample #4 (1 %, 36 h).

3.2. Total pore volume (TPV) and pore size distribution (PSD)

There are two main causes of the changes in the pore structures
of the pretreated samples after contact with lye. First, the H2S
adsorbed or freed in the pore structure of the rock is neutral-

ized via a chemical reaction with the lye. Second, the alkaline
environment created by the Na2CO3 lye will react with some of



Fig. 2 Diagram of experimental device.

Fig. 3 N2 adsorption–desorption isotherms for limestone samples before and after treatment with Na2CO3 solution.
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the original minerals in the sample. These reactions will cause
dissolution of the inner pore surface of the rock and expansion
of the pore throat, or the secondary sediments will fill and

block the pores or pore throat. The combined effect changes
the SSA, total pore volume (TPV), and pore size distribution
(PSD) of the sample, and therefore changes the microstructure

of the sample as a whole.
Generally, the complex pore structure and irregular inner

surface of a rock determine its adsorption capacity and fluid

permeability, which are mainly determined by the TPV,
PSD, SSA, and fractal dimensions. In this study, the
Barrett–Joyner–Halenda (BJH) and Brunauer–Emmet–Teller
(BET) models were used to calculate the SSAs and TPVs of

all the samples (Du et al., 2021). Table 2 lists the TPVs, SSAs,
and average pore widths (APWs) of the samples before and
after treatment with Na2CO3 solution at different concentra-

tions for various times. The TPV of the original limestone
was 6.21 � 10�3 cm3/g, and the APW was 5.12 nm. The max-
imum decrease in the TPV was 39.45 %. In contrast, the APW

increased, and the maximum increase was 266.32 %.
For further analysis of the changes in the pore volumes, the

pores were classified into micropores (<2 nm), mesopores (2–

50 nm), and macropores (>50 nm), as shown in Fig. 4(a). For
the untreated sample, the contributions of micropores, meso-
pores, and macropores to the TPV were 32.13 %, 52.87 %,
and 15.00 %, respectively. This indicates that the sample was

dominated by mesopores, and then micropores and finally
macropores. However, the numbers of mesopores and microp-
ores, which contributed more to the pore volume, clearly

decreased after treatment with Na2CO3 lye under various con-
ditions, and the volumes of micropores and mesopores
decreased by 66.17 % and 16.63 %, respectively, on average,

which resulted in an average decrease of 30.86 % in the TPV.
Fig. 4(b) shows the pore size of the samples before and after

Na2CO3 lye treatment is wide, from 0.87 nm to 186.5 nm. The

pores in all the samples were smooth and continuous. The
aperture at 10 nm is an obvious cut-off point in the overall
trend of the sample PSDs. The distribution of micropores
and mesopores with d < 10 nm decreased significantly, which

indicates that the contributions of these pores to the TPV
decreased after Na2CO3 lye treatment. The pore width peak
appeared at approximately 1.5 nm. The PSDs of mesopores

and macropores with d > 10 nm remained unchanged on
the whole. These results indicate that the secondary precipi-
tates formed by physical and chemical reactions are more
Table 2 SSAs, TPVs, and APWs of samples before and after treatm

Sample number Na2CO3 solution

treatment state

BET, SSA,m

#1 Untreated 5.01

#2 1 %,12 h 1.35

#3 1 %,24 h 1.36

#4 1 %,36 h 1.62

#5 3 %,12 h 1.22

#6 3 %,24 h 1.25

#7 3 %,36 h 1.00

#8 5 %,12 h 1.29

#9 5 %,24 h 0.83

#10 5 %,36 h 1.02
likely to fill pores or block pore throats smaller than 10 nm,
and chemical dissolution in the alkaline environment is rela-
tively weak. For pores or throats bigger than 10 nm, the effect

of chemical dissolution by the lye is slightly greater than the
blocking effect of secondary precipitates.

3.3. Specific surface area (SSA)

The SSA is an important parameter in determining the adsorp-
tion capacity on a rock surface. Fig. 5 shows the decreases in

the SSAs of different samples after Na2CO3 solution treat-
ment. The SSA of the original limestone was 5.00 m2/g, and
it decreased sharply after treatment. The maximum decrease

in the SSA, i.e., 83.35 %, was shown by sample #9 (5 %, 24 h).
Fig. 6 shows the fitting relationships between the sample

SSAs and the alkali treatment concentration and time. Rela-
tive to the initial SSA of the untreated sample, even at a low

lye concentration, i.e., 1 %, the SSA of sample #2 decreased
sharply. However, the differences among the SSAs of the sam-
ples treated with different concentrations and for different

times were not significant. Fig. 6(a) shows that for the same
treatment time with Na2CO3 lye, the SSAs of the samples first
decreased and then slowly increased with increasing concentra-

tion of Na2CO3 lye; the distribution is parabolic with a mini-
mum value at a concentration slightly higher than 3 %.
Similarly, for a fixed lye concentration, the SSAs showed a
parabolic trend; they first decreased and then increased; the

minimum value occurred at 24 h [Fig. 6(b)].
The main reason for the decrease in the SSA in the first part

of the parabola is that the volumes of micropores and partial

mesopores decrease sharply after the action of lye. Because
an acid–base neutralization reaction occurs between adsorbed
or free H2S in the limestone pores and the Na2CO3 lye, and the

Na2CO3 lye also causes primary mineral chemical dissolution,
metal ions are released and easily react with CO3

2� in the solu-
tion to generate secondary mineral precipitates. These attach

to the micropore or mesopore surfaces on the rock, which
are then deposited and form blockages. These phenomena
decrease the number of micropores and mesopores, which con-
tribute more to the SSA than macropores do. In the latter part

of the parabola, the SSA increases because the Na2CO3 lye
penetrates deeper into the rock sample with increasing concen-
tration or treatment time. The degree of hydrolysis or dissolu-

tion of quartz, clay, and other minerals deep in the limestone is
enhanced, and a small number of new pores or some channels
ent with Na2CO3 solution.

2
/g BJH,TPV(0.85–150 nm),

�10-3cm3/g

APW,

nm(4 V/A)

6.21 5.12

3.76 10.36

3.83 10.87

5.19 11.78

4.52 13.92

3.98 13.44

4.19 15.62

5.01 14.15

4.07 18.77

4.09 16.60



Fig. 4 Changes in different pore type volumes (a) and PSDs (b) under action of Na2CO3 solution.

Fig. 5 SSAs before and after treatment with Na2CO3 solution.
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are formed. These slightly increase the number of pores and
lead to a slight increase in the SSA. This indicates that an

increase in the concentration or time leads to stronger alkaline
dissolution of the rock.

3.4. Fractal dimensions of pore surface and internal structure

The reasons for the overall reduction in the SSA were further
investigated by determining the fractal dimensions of the pores

(Fig. 7). The Frenkel–Halsey–Hill (FHH) model was used to
calculate the fractal dimensions of all the samples (Fu et al.,
2017); the results are shown in Table 3. The fractal values at

relative pressures (P/P0) <0.45 and>0.45 were used to repre-
sent the fractal characteristics of the pore surface and pore
internal structure, respectively. The equation for the FHH cal-
culations is (Avnir and Jaroniec 1989, Zhang et al., 2014).

lnV ¼ ðD - 3Þlnðln po
p
Þ þ C ð1Þ
where V is the amount of N2 adsorbed at equilibrium vapor
pressure (cm3), po is the saturated vaporpressure of the gas
(MPa), p is the equilibrium pressure (MPa), C is a fitting con-

stant, and D is thefractal dimension.
In physical terms, the larger the fractional dimension is, the

more complex the three-dimensional space of the rock inner
pore is. For the fractal calculation results in Table 3, a decrease

in D1 means that the pore surface of the sample after treatment
with Na2CO3 solution was smoother than that of the untreated
sample, which is conducive to desorption of H2S gas from the

pore surface and absorption by the lye. A decrease in D2 means
that the communication channels between different pores
became simpler and more regular, and a gas or liquid could

flow better and react adequately. The fractal dimensions of
the pore surface and pore internal structure decreased consid-
erably after lye treatment, which is in agreement with the

declining trend of the SSAs.
In addition, we found a good positive linear correlation

between the APW and the Na2CO3 concentration and treat-



Fig. 6 SSA changes with Na2CO3 (a) treatment concentration and (b) treatment time.

Fig. 7 Schematic diagram of fractal dimension calculation for

sample #1.

Table 3 Limestone sample fractal dimensions based on N2 adsorpt

Sample number Na2CO3 lye

treatment state

Fractal Dimension of Pore Surf

D1（p/po < 0.45）

D1 Fitted Equation (1)

#1 Untreated 2.54 y = -0.4617x + 0.56

#2 1 %,12 h 2.35 y = -0.6446x-0.6862

#3 1 %,24 h 2.46 y = -0.6446x-0.6862

#4 1 %,36 h 2.33 y = -0.6737x-0.4895

#5 3 %,12 h 2.38 y = -0.6174x-0.7811

#6 3 %,24 h 2.34 y = -0.6594x-0.7526

#7 3 %,36 h 2.35 y = -0.6492x-0.9648

#8 5 %,12 h 2.21 y = -0.7926x-0.6730

#9 5 %,24 h 2.42 y = -0.5769x-1.1760

#10 5 %,36 h 2.29 y = -0.7106x-0.9281
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ment time, as shown in Fig. 8. The APW increased with
increasing concentration and treatment time. This is similar
to the results reported for the American Fenton Hill Enhanced

Geothermal System Project. Under laboratory conditions,
Na2CO3 solution was used to chemically stimulate a reservoir;
the rock solubility increased with increasing stimulation time

and concentration of the Na2CO3 solution (Norbeck et al.,
2018). These results again show that an increase in the APW
makes the channels in the rock more regular and ordered.

4. Mechanism of interaction between Na2CO3 solution and rock
4.1. Physicochemical reactions and mineral composition changes
in samples

The dissolution ratio of H2S in water is 2.6:1, therefore it can
be considered that all H2S is dissolved in the lye within the

infiltration range. In the presence of Na2CO3 solution, H2S
gas first undergoes an acid–base neutralization reaction. H2S
reacts with Na2CO3 to produce sodium bicarbonate and
ion isotherms.

ace Fractal Dimension of Pore Structure

D2（p/po > 0.45）

R2 D2 Fitted Equation (1) R2

42 0.9817 2.83 y = -0.1689x + 0.5913 0.9909

0.9949 2.68 y = -0.3183x-0.6601 0.9926

0.9949 2.67 y = -0.3183x-0.6601 0.9926

0.9967 2.67 y = -0.3266x-0.4388 0.9885

0.9963 2.65 y = -0.3543x-0.7172 0.9930

0.9950 2.66 y = -0.3418x-0.7672 0.9902

0.9972 2.62 y = -0.3789x + 0.9250 0.9927

0.9979 2.65 y = -0.3491x-0.6285 0.9933

0.9949 2.57 y = -0.4266x-1.2172 0.9898

0.9979 2.63 y = -0.3710x-0.8974 0.9886



Fig. 8 Variations in APW with Na2CO3 (a) treatment concentration and (b) treatment time.
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sodium hydride, which are soluble in water. The solution con-
tains extensive sodium carbonate hydrolyzed, which creates an

environment with a lot of hydroxide ions. This thus inhibits
the reversible reaction of the bicarbonate and hydrogen sulfide
generating gases to form carbonic acid and hydrogen sulfide.

Therefore, H2S molecules are fixed as NaHS and be eliminated
basically with Na2CO3 solution. The specific reactions are
shown in equations (2)–(4).

H2S þ Na2CO3 �NaHCO3 þ NaHS ð2Þ

HCO�
3 þH2O�H2CO3 þOH� ð3Þ

HS - þ H2O�H2S þ OH - ð4Þ
The Na2CO3 lye not only absorbs adsorbed or free H2S in

the rock, but also interacts physically and chemically with the

minerals originally in the rock. Mella et al. reported that chem-
ical stimulation with a Na2CO3 solution has a strong dissolu-
tion effect on quartz and calcite, and the dissolution extent

increases with increasing formation temperature (Mella et al.,
2006). This reaction with minerals and rocks is slower than
those with acidic chemical stimulation. After the reaction with

the rock sample, some of the alkaline solution dissolves
branched groups to generate amorphous SiO2 or amorphous
aluminosilicate alteration minerals, e.g., Na combines with Si

and Al to form sodium feldspar. These feldspar minerals are
attached to the rock surface and some new fractures will be
blocked by these secondary minerals (Var et al., 2010). The pri-
mary minerals (calcite, feldspar, etc.) in the rock may release

Ca2+, Mg2+, and other metal ions after dissolution. These
can combine with CO3

2� to produce precipitates such as
CaCO3 and MgCO3, which become attached to fractures or

pore channels (Ahmadi and Yuan 2014). This blocks the chan-
nels and prevents the deep rock mass from contacting the alka-
line liquid, which hinders further dissolution of the rock mass.

In addition, Na2CO3 can combine with silicate generated by
quartz reactions and metal ions generated by the dissolution
of feldspar minerals to form secondary minerals such as
kaolinite and albite or destroy the crystal structures of illite

and kaolinite in clay minerals to generate secondary
precipitates such as feldspar. Na2CO3 reacts with the rock min-
erals and generates a variety of minerals via a dynamic

dissolution–precipitation process (Xu et al., 2009). The possi-
ble reactions between the Na2CO3 solution and rock minerals
are shown in equations (5)–(11).

Quartz:

OH� þ SiO2 ! SiO2�
3 þH2O ð5Þ

Dolomite:

CaMg OHð Þ2 þ 2OH� ! CaCO3 þMg OHð Þ2 þ CO2�
3 ð6Þ

Feldspar:

K½AlSi3O8� þ 2H2O þ 6OH -

! AlðOHÞ -
4 þ H4AlO -

4 þ 3H4SiO4 ð7Þ
Illite:

K;H3O
þð Þ Al;Mg;Feð Þ2½ Si;Alð Þ4O10� OHð Þ2 þOH� !

Al OHð Þ3 þKþ þ Fe2þ þMg2þ þ SiO2�
3

ð8Þ

Kaolinite:

Al2Si2O2ðOHÞ4 þ 5H2O ! 2AlðOHÞ3 þ 2SiðOHÞ4 ð9Þ

Al2Si2O2ðOHÞ4 þ 2Na þ þ 2OH - þ 4SiðOHÞ4
! 2NaAlSiO3 þ 11H2O ð10Þ

Al2Si2O2ðOHÞ4 þ 2Na þ þ 2OH - þ 2SiðOHÞ4
! 2NaAlSiO6 �H2O þ 5H2O ð11Þ
We used XRD to determine the mineral compositions of

the samples before and after Na2CO3 solution injection under
various conditions; the results are shown in Table 4. Generally,

the brittle mineral content had little effect on the rock micro-
pores. After alkali treatment, the mineral compositions of
the samples mainly showed that the clay mineral and feldspar

relative contents decreased, whereas the calcite relative content
increased. This indicates that the clay minerals and feldspar are
more unstable than other minerals in an alkaline solution, and
the divalent metal ions released after chemical dissolution can



Table 4 Mineral compositions of limestone before and after treatment with Na2CO3 solution.

Sample number Na2CO3 solution treatment state Mineral composition（%）

Quartz Dolomite Calcite Feldspar Clay (Illite / Kaolinite)

#1 Untreated 9.1 0.2 2.2 37.7 51.0 (30.6 / 20.2)

#2 1 %,12 h 30 14.6 19 2.3 34.3 (26.1 / 8.2)

#3 1 %,24 h 13.6 6.7 14.7 26.5 38.5 (26.5 / 12)

#4 1 %,36 h 24.7 8.3 21.3 7.3 38.4 (27.8/ 10.6)

#5 3 %,12 h 27.1 8.1 16.2 3 45.6 (22.2 / 23.4)

#6 3 %,24 h 7.6 6.5 16.8 34.5 34.5 (22.7/11.8)

#7 3 %,36 h 13.5 0 33 2.1 51.4 (51.4/0)

#8 5 %,12 h 25.3 0.2 27.9 12.2 34.4 (25.4/9)

#9 5 %,24 h 5.9 7.5 14.1 30 42.5 (30.1 / 12.4)

#10 5 %,36 h 16.1 13 15 3.1 52.8 (34.3 / 18.5)

Mean value

(from #2 to#10)

18.2 7.2 19.8 13.4 41.4 (29.6 / 11.8)
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easily combine with CO3
2� to form a wide range of carbonates.

This results in an increase in the relative amount of calcite. In

addition, partial hydroxide precipitation and the formation of
a large number of silicoaluminate ions can occur. A combina-
tion of these results and the changes in the PSDs of all the sam-
ples (Fig. 4) indicates that the secondary precipitates newly

generated via various physical and chemical reactions, which
can fill micropores or mesopores (d ＜ 10 nm) or clog pore
Fig. 9 Corrosion and precipitation at same locations in samples
throat channels, are mainly responsible for the changes in
the sample pore structures after Na2CO3 solution injection.

The volume of micropores and mesopores filled or blocked
by precipitates is therefore greater than the volume increase
caused by chemical dissolution. Correspondingly, the TPVs
and SSAs of the samples will decrease, and the overall APWs

will increase.
before and after treatment with Na2CO3 solution (3 %, 24 h).
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4.2. Corrosion and precipitate attachment on surface and in
pores of sample

A cubic limestone block of dimensions
15 mm � 15 mm � 15 mm was used to investigate the forma-

tion and attachment of precipitates on the surface and in the
pores of the sample. After marking and identifying specific
areas of a fresh section of the block by using FE-SEM, H2S
pre-adsorption and immersion in Na2CO3 solution (3 %,

24 h) were performed. By sub-regional observation of the sam-
ple surface, the regions with obvious features are found in
advance, and the coordinates of the approximate positions

are marked, as shown in the figure below. After the sample
is processed, place it on the observation platform according
to the original placement position and direction, and re-enter

the previously recorded coordinates. The formation of precip-
itates on the rock surface and around the pores at the same
position were then observed for comparative analysis; the

images are shown in Fig. 9.
Fig. 9(a) and (b) show FE-SEM contrast images of the

same position on the sample surface before and after Na2CO3

solution treatment. Fig. 9(c) and (d) are contrast images near

the same pore. The images show that a large number of chem-
ical corrosion pits were formed in regions I, II, and III of the
sample surface. After their formation, these craters were cov-

ered by newly formed granular or flocculent sediments.
Regions IV and V show the formation of sediment near a
macropore, and blockage of the pore. The formation of precip-

itates leads to blockage of the original crack channel; the diam-
eter of the orifice is reduced, and the newly generated granular
precipitates can be observed intuitively in the internal pore.
Elemental energy spectrum analysis was performed at green

points 1 and 2 in Fig. 9; the results are shown in Tables 5
and 6. The results show that the precipitated products were
mainly CaCO3 and MgCO3, with some newly generated feld-

spar, illite, and kaolinite. From Fig. 9, we can conclude that
mineral dissolution and precipitation of new minerals
occurred. These massive deposits are an important reason

for the decreases in the TPV and SSA. New mineral generation
Table 5 Element types and contents at point 1.

Element Mass percent/% Atomic percentage/%

O 57.07 66.88

Si 10.45 6.97

Al 8.94 6.21

C 8.27 12.91

Pt 4.10 0.39

Na 3.94 3.21

K

Fe

Ca

Mg

3.69

1.60

1.26

0.68

1.77

0.54

0.59

0.53

Table 6 Element types and contents at point 2.

Element Mass percent/% Atomic percentage/%

Ca 44.35 22.95

O 44.24 57.35

C 11.41 19.70
and the secondary precipitates attached to the surface and in
the pores at the same locations confirm our inference.

5. Conclusion

In this study, limestone in the surrounding rocks of typical coal-

penetrating tunnels in Guizhou, China were used for H2S pretreatment

and Na2CO3 solution treatment. Analyses of the changes in the pore

volumes, PSDs, and SSAs, rock chemical dissolution, and sediment

generation in the samples led to the following conclusions being

drawn.

1. The pore types of limestone treated with Na2CO3 solution did

not change, but its adsorption capacity declined significantly because

of the significant decreases in the TPV and SSA. The maximum reduc-

tions in the TPV and SSA were 39.45 % and 83.4 %, respectively. The

average pore size showed an overall increase, with a maximum increase

of 266.32 %.

2. The numbers of micropores, mesopores, and macropores in the

treated samples decreased on average by 66.17 %, 16.63 %, and

4.05 %, respectively. The decreases in the pore volume and specific sur-

face area were mainly caused by the decreases in the numbers of the

micropores and partial mesopores; this is consistent with the PSD

curves for micropores (d < 2 nm) and mesopores

(2 nm < d < 10 nm). With increasing Na2CO3 solution concentration

or soaking time, there is a good positive linear relationship between the

APW and the lye solution concentration and soaking time. The rela-

tionship between the rock SSA and the treatment solution concentra-

tion and soaking time is parabolic, with a minimum value when the

concentration is approximately 3 % and the soaking time is approxi-

mately 24 h.

3. The reaction between limestone and Na2CO3 solution is a

dynamic process that involves chemical dissolution and reprecipita-

tion. Chemical dissolution occurs in many primary minerals, but clay

minerals and feldspar are more unstable than other minerals, and their

chemical dissolution is more pronounced. The released metal ions

easily combine with CO3
2� to form secondary carbonate precipitates.

A large amount of clay mineral dissolution significantly decreases

the numbers of micropores and mesopores with d < 10 nm. This

results in an increase in the relative proportion of macropores, which

decreases the fractal dimensions of the samples and makes the internal

pore structures more regular and ordered.
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