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ABSTRACT: In carbonate areas, the unique dissolution features bring a lot of resistance to engineering constructions. The acidic
filtrate will definitely cause accelerated dissolution of the surrounding rocks, and the mechanism of accelerated dissolution of such
rocks in acid is not clear. In order to explore the dissolution pattern of carbonate rocks after the alteration of their primary
environments, a self-made rotating reaction device was used to conduct laboratory dissolution experiments on carbonate cores under
three conditions. The mass loss, the change of pH, the molar concentration of Ca** and Mg*", and the morphological changes before
and after acid erosion were obtained. The results of correlation analysis show that the dissolution characteristics of carbonate are
significantly related to dissolution time, composition of rocks, liquid flow rate, and acid concentration. Segmented characteristics
were recorded between CaO/MgO and the reaction sequence (m). When 2 < CaO/MgO < 30, the increase of CaO/MgO has a
significant contribution to the chemical dissolution rate; however, when 30 < CaO/MgO < 66, the increase of CaO/MgO does not
contribute significantly to the chemical dissolution rate. The dissolution rate is positively correlated with the liquid flow rate. Also,
liquid flow rate changes affect dolomite more than they do limestone. The mass loss rate (R.) order of the rocks of the five carbonate
formations was Maocaopu > Qingyan > Falang > Anshun > Dengying. Differences in dissolution induced by the acidic fluids in
different formations will eventually form complex dissolution channels.

1. INTRODUCTION significance in analyzing the stability and safety of the tailings
and filling places.

The impact of acid leakage in karst areas is very prominent and
Different types of acid—rock reaction experiments have been

has caused a great burden on the ecological environment. At the

same time, various undesirable geological environmental carried out in the literature to study and control the dissolution
problems have arisen. Acid mainly comes from landfills, slag of soluble rocks. Remarkable results have been achieved on key
landfills, and acid rain." ™ More specifically, the leakage of acidic issues, such as slowing or speeding up the acid—rock reaction
liquid has caused pollution of the groundwater system and rate. Many works have focused on controlling or changing the

significantly accelerates the changes in the rock structure,
mineral composition, pore structure, and mechanical properties
in the acid etching area. These changes will lead to various
problems, such as the foundation of the rock’s strength and the
leakage of the foundation of the rock.”” Therefore, acidic liquid
leakage will accelerate the erosion effect in the rock-soluble
areas. The base rock around the filling area may also lead to the
formation of a cycle of erosion and leakage. In this context, the
impact of further exploring the lymation of acid liquid on

carbonate rock is important and is considered to be of great

influencing factors of the reaction (acid concentration, temper-
ature, rotational speed, lithology, and partial pressure of CO,) so
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Figure 1. Overview map of the geographical location of the research area.

that the kinetic parameters, such as acid—rock reaction rate, H"
consumption rate, reaction activation energy, reaction rate
constant, and H* effective mass transfer coefficient can be
changed during the dissolution process.”~'* Experimental works
have demonstrated that under the action of the hydrodynamic
pressure, the dissolution of carbonate rocks mainly occurs
outside the surface of the rock, and the voids inside the rock
continue to deepen.(”14 The correlation between the pore size
distribution and the diffusion coefficient has been analyzed,
suggesting that the dissolution rate and diffusion coefficient of
limestone are affected by the pore size distribution, whereas the
influence of porosity and permeability is inferior to that of the
pore size distribution."® Other works have shown that the
diffusion coefficient of hydrogen ions is affected by the flow rate
of the acid solution, and the acid—rock reaction rate can be
significantly accelerated by increasing the concentration of the
acid solution, reaction temperature, and flow rate. %7 CaCO;,
and MgCa(CO;), are the main mineral components of
carbonate rocks, and the release patterns of calcium and
magnesium jons are regular. Interestingly, the release of Ca is
always prior to that of Mg to reach a stable state. The analysis of
the various changes, such as carbonate rock crystals, pore
structure, and microcracking diversion cagabilities, is usually
performed from a microscopic angle.s’m* 2 Carrying out the
rotating disk experiment,17 it was proven that the dissolution
quality is positively correlated with the dissolution volume and
the acid—rock reaction rate. The main controlling factors of the
surface dissolution morphology in the parallel and perpendicular
directions of the acid flow are the acid—rock reaction rate and
mineral composition distribution, respectively. At present, the
majority of the reported works in the literature have examined
the dissolution characteristics of carbonate rocks under single-
factor conditions. Nonetheless, the dissolution mechanism
under multifactor conditions has been scarcely reported.
Along these lines, in this work, an indoor dynamic dissolution
simulation experiment was carried out to study the dissolution

mechanism of the different carbonate rocks after the original
burial environment was changed. On top of that, the surface
dissolution characteristics and chemical dissolution character-
istics of carbonate rocks were thoroughly explored to clarify the
hydrodynamic conditions and acid conditions, as well as the
dissolution rate characteristics of carbonate rocks under joint
action.

2. MATERIALS AND METHODS

2.1. Experimental Materials. 2.1.1. Carbonate Sample.
Guizhou Province in China is a typical karst mountain area, and
most of the tailings reservoirs are located in karst valleys. If the
antiseepage treatment of such types of storage areas is not
appropriate, leakage often occurs. The leaching filtrate of some
stored tailings is acidic, which not only affects the surrounding
water environment but also accelerates the dissolution of
carbonate rocks.

In this work, five different carbonate rock stratas located in
Baiji Village, Fuquan City, Jiaoyishan in Xifeng County, and
Longjingwan in Kaiyang County were selected as research
objects within the scope of leaching filtrate leakage in three
phosphogypsum stack dumps (Figure 1). The samples included
limestone of the Lower Triassic Maocaopu Formation (T;m),
dolomite of the Anshun Formation (T,a), limestone of the
Middle Triassic Qingyan Formation (T,q?), limestone of the
Falang Formation (T,f*), and dolomite of the Late Aurora
Dengying Formation (Z,dy). A fresh cylindrical core sample
with a diameter of 25 mm and a height of 50 mm was drilled.
Each stratum was screened for six pieces according to the
appearance, morphology, chemical composition, and mineral
composition similarity characteristics of the sample. A total of 30
rock samples exist in five groups of strata. Before the experiment,
the rock samples were fully rinsed with deionized water and
dried at 105—110 °C for 72 h.
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Table 1. Test Results of the Main Compounds and Mineral Composition Content

compound content

minerals, %

strata Ca0, % MgO, % CaO/MgO calcite
Maocaopu 51.26 0.78 65.59 96.72
Qingyan 54.93 091 60.14 94.15
Fahng 53.58 3.01 17.83 47.22
Anshun 43.01 13.33 3.23 0.28
Dengying 24.10 11.54 2.09

dolomite quartz plaster type
0.04 2.75 0.49 limestone
3.69 2.15 limestone
51.93 0.85 lime dolomite
99.65 0.06 dolomite
85.09 14.91 siliceous banded dolomite

The mineralogical composition of the sample was determined
by performing X-ray diffraction (XRD) measurements. The
chemical components of the sample are determined by using an
X-ray fluorescence spectrum analyzer (XRF). Carbonate rock
types were classified according to the relative content of calcite
and dolomite. The test results of the main compounds and
mineral composition content are presented in Table 1. The X-
ray diffraction analysis showed that sample M contained 96.7%
calcite and 2.7% quartz, sample Q contained 94.1% calcite, 3.7%
dolomite, and 2.1% quartz, sample F contained 47.2% calcite
and 51.9% dolomite, sample A contained 99.6% dolomite, and
sample D contained 85.09% dolomite and 14.9% quartz. Both
samples M and Q were extremely pure limestone; sample F was
lime dolomite; sample A was pure dolomite; and sample D was
dolomite sandwiched with siliceous rocks.

2.1.2. Acid Fluid. The pH values of the leaching filtrate of
three phosphogypsum stack dumps were measured in the range
of 1.12—2.64. Hydrochloric acid was used as the reaction
medium in this work to simplify the reaction process and to
avoid other ions from affecting the test process, such as ion
effects.

2.2. Experimental Method. 2.2.1. Dynamic Dissolution
Experiment. To analyze the influence of hydrodynamic
conditions on the acid erosion of carbonate rocks, a self-made
rotating rock plate reactor was used to carry out dynamic
dissolution simulation experiments at room temperature and
pressure conditions (Figure 2).">** The hydrochloric acid
solution with a concentration of 67% was diluted with deionized
water, and the acid solution with two concentrations of pH 1 and
2 was configured. The capacity of each group of the acid solution
was 3500 mL. The sample rotated at a rate of 200, 400, and 600
rpm at the two acid concentrations of each stratum,
corresponding to flow rates of 0.263, 0.523, and 0.785 m/s.

1. Power device; 2. Rock sample;
3. pH probe; 4. Liquid sample outlet;
5. Solution; 6. Speed regulator.

Figure 2. Self-made rotating rock plate reactor.
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The timing has been timed since the acid—rock contact, at 0, 1,
2,3,4,5,8,12, 16,20, and 24 h, collect the solution. Each time,
30 mL of the reaction solution was collected, and the same
volume of deionized water was added after sampling to maintain
the volume of the solution. Because the volume of the water
sample accounted for only 0.86% of the total volume of the
reaction solution, the impact was negligible. The experiment was
stopped after 24 h of reaction, and the rock sample was taken out
and dried for 72 h to calculate the amount of core dissolution.
The experimental design is shown in Table 2.

Table 2. Experimental Design

flow rate
initial pH 200 rpm 400 rpm 600 rpm

1 Ml M2 M3
Ql Q2 Q3
F1 F2 E3
Al A2 A3
D1 D2 D3

2 M4 MS M6
Q4 Qs Q6
F4 ES F6
A4 AS A6
D4 Ds D6

2.2.2. Analysis Method. Three parameters of mass loss
percent (R.), chemical dissolution rate (R), and acid—rock
reaction rate were defined to quantitatively reflect the
dissolution process and dissolution characteristics of carbonate
rocks.

A
R = —= X 100%

W, 1

where R_ is the mass loss percent (%), W is the dry mass of the
sample before the experiment (g), and W, is to the dry mass of
the sample after the experiment (g).

2..;)( + 5..;)
R [ —

where R is the chemical dissolution rate (mg-D™"-L™"), X is the
content of Ca in the dissolution solution (mg-L™'), Y is the
content of Mg in the dissolution solution (mg-L™"), and ¢ is the
elapsed time (D).

J=KC" (3)

where J is the chemical response rate at time t (mol-L™"-s™"), Cis
the acid concentration at time t (mol-L™"), K is the reaction
speed constant ((mol-L™')™"":s), and m is the reaction
sequence.
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Figure 3. Morphological comparison of some rock samples before and after acid dissolution (a) at pH 1 and 200 rpm, (b) at pH 1 and 600 rpm, and (c)

at pH 2 and 400 rpm.
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Figure S. Increment of the mass loss rate (R.) of the strata at 400 and 600 rpm based on the flow at 200 rpm.

3. RESULT

The based dissolution data of carbonate rocks were obtained by
an atomic absorption test, SEM test, and pH test.

3.1. Rock Surface Morphological after the Acid—Rock
Reaction. 3.1.1. Morphological Changes of the Sample. After
carrying out the dynamic dissolution experiment, to observe the
surface morphology characteristics of the rock samples in
various strata, three representative groups of samples were
selected, which are shown in Figure 3. These included samples
under experimental conditions of pH 1 and 200 rpm (a), pH 1
and 600 rpm (b), and pH 2 and 400 rpm (c). After being
subjected to acid etching, the volume and surface morphology of
the sample underwent significant changes. As can be observed in
Figure 3a, the original crack in the upper left corner of F1 and the

18925

gap in the lower left corner of Al were severely corroded by acid,
and a significant depression compared to other uniform parts
was detected. In the Q3 and QS samples shown in Figure 3b,c,
the impurities were exposed and dissolution pits around them
can be observed. There are dissolution pits on the surface of the
M1, M3, and MS samples, and the calcite veins on the surface of
the MS samples were preferentially dissolved. After the D1, D3,
and DS samples were dissolved, reticulated quartz veins were
distributed on the surface. These quartz veins were extremely
fragile and could easily be stripped off the surface of the rock
sample. Compared with other strata, the surfaces of the Mand Q
samples were smoother after dissolution.

Figure 4 illustrates the mass loss percent (R.) of each group of
samples under different conditions, and the abscissa is the

https://doi.org/10.1021/acsomega.3c08557
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Maocaopu

Figure 6. Microstructure of the samples’ surface before and after acid dissolution: (a) Maocaopu, (b) Qingyan, (c) Falang, (d) Anshun, and (e)

Dengying.

number of each experimental group. The dissolution rate R
under pH 1 conditions exceeded 40%, and it exceeded 5% under
pH 2 conditions. The R_ values of the first three groups of strata
were all expressed as M > Q > F. Under pH 1 conditions, the R,
value was expressed as A > D (Figure 4a); under pH 2
conditions, it was expressed as D > A (Figure 4b).

Figure S shows the increment of the mass loss percent (R.) of
the strata at 400 and 600 rpm based on 200 rpm. Particularly, in
Figure Sa, it is indicated that with the increase in the
hydrodynamic conditions, the R. of each group of samples was
increased to a certain extent. At pH 1, the rotation speed was
increased from 200 to 400 rpm, and the increment of the mass
loss rate of the two F (27.30%) and A (27.16%) samples was
greater than that of the M (18.52%), Q (21.87%), and D
(20.25%) samples. The rotation speed was increased from 400
to 600 rpm, and the increment of the mass loss rate of the two
groups of samples F (1.95%) and A (1.99%) was smaller than
that of the samples M (6.30%), Q (3.20%), and D (8.14%).
When the disk speed was increased from 200 to 400 rpm, the
increment of the mass loss percent of Group F was still the
highest. At pH 2, the mass loss percent of some samples did not
increase with the increase in the hydrodynamic conditions
(Figure Sb). When the disk speed was increased from 200 to 400
rpm, the increment of the mass loss percent of sample F was still
the highest. From 400 to 600 rpm, only the mass loss percent of
pure limestone in samples M and Q_increased, while the mass
loss percent of samples in samples F, A, and D decreased by
1.24-2.87%.

3.1.2. SEM Observation. A scanning electron microscope
(SEM) was also used to observe the microstructure of the
sample surface before and after the dissolution. The sample was
made into small round pieces with a diameter of 1 cm and a
thickness of 1—2 mm. After gold spraying, it was observed in the
field of view of a 1000-fold electron microscope. An illustration
of the pristine and the reacted samples’ surface topographies was
provided by the SEM images in Figure 6. Before being acidized,
the original samples exhibited micropores but a few cracks. After
acidizing, an elevated number of cracks were generated.
However, their dissolution patterns were completely different.
The surface crystal shape of Group M sample (a) was neat, with
upright clusters of crystals, and the number of pores increased.
After acid dissolution was performed, the crystals of sample M
(a) were arranged in upright clusters. Sample Q (b) dissolved
into more obvious staggered microcracks. The crystals of sample
F (c) were attached in flakes. Furthermore, the original cracks in
samples A and D (d, e) deepened, and the connection between
the crystals weakened. The surface of the specimens was uneven
and easily peeled off.

3.2. Evolution of the pH Value. Figure 7 displays the
evolution of the pH values of the experimental solution at 200,
400, and 600 rpm. The pH value of each group of solutions
continuously evolved with the reaction time. At different speeds,
the pH of the samples M, Q, and F increased by 0.88—3.52,
1.81-5.00, and 4.92—5.02, respectively. The pH of samples A
and D increased by 0.56 and 0.86, 0.79 and 1.62, and 0.87 and
1.51, respectively. In the pH 1 solution, the disk speed increased
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Figure 8. Concentrations of Ca and Mg released by the dissolution of the five samples plotted as a function of the time and the release characteristics.
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Figure 9. (a) Evolution of the Ca/Mg molar ratio in the dissolution of samples from five strata. (b) In the pH 1 solution, the chemical reaction rate (R)

of each group of samples.

Table 3. Reaction Rate Constants at 200 and 400 rpm for Different Strata at pH 2

series stratum CaO/MgO rotating speed (rpm) K, x107¢ ] R?
a M 65.59 200 0.964 9.638 x 1077 C*7 0.6804
Q 60.14 1.107 1.107 x 1076 C%%¢ 0.8751
B F 17.83 1.023 1.023 X 1076 C*%° 0.7686
7 A 323 0.142 1.418 x 1077 C*38 0.8382
D 2.09 0.051 5.129 x 1078 C*% 0.8214
a M 65.59 400 3.928 3.928 x 1076 C°8t 0.9204
Q 60.14 9.312 9.312 x 107¢ C*! 0.9430
B F 17.83 9.308 9.308 x 107¢ C**° 0.9258
7 A 323 1.302 1.302 x 1076 C*¢° 0.8120
D 2.09 1.069 1.069 x 1076 C°3 0.8756

from 200 to 600 rpm, and the pH values of samples M, Q, and F
increased by 1.40—4.14, those of samples A and D only
increased by 0.29—0.37, and those of the first three groups were
3.78—14.28 times those of the two groups.

3.3. Ca and Mg Release Characteristics. The concen-
trations of Ca and Mg released by the dissolution of the five
samples were plotted as a function of the time and the release
characteristics, as can be seen in Figure 8. At the initial acid pH
of 1 or 2, the release of Ca and Mg increased with the reaction
time. A significant correlation between the reaction time and the
release amount (R* > 0.977) was detected. Overall, in pH 1 and
pH 2 solutions, the Ca and Mg releases of M, Q, and F samples
increased rapidly within 0—S h. They were in a slow-increasing
stage within 5—8 h, and they reached a relatively stable state in
8—24 h.”* The release of Ca and Mg in samples A and D also
rapidly increased within 0—S5 h. Nonetheless, within 5—24 h, it
basically showed uniform or small deceleration release
characteristics and occasionally increased.

The characteristics of Ca release in each stratum under pH 1
conditions are also provided. The Ca release of the M sample
was 0.135 mol/L, 0.151 mol/L, and 0.153 mol/L at 200, 400,
and 600 rpm, respectively. The release of Ca in the F sample was
0.114 mol/L at 200 rpm and 0.140 mol/L at 400 and 600 rpm.
The Ca release amount of sample D was 0.065 mol/L at 200
rpm, and the release amounts were 0.067 and 0.073 mol/L at
400 and 600 rpm, respectively. The evolution of the Ca/Mg
ratio in the dissolution of samples from five strata is reported in
Figure 9a. In the first stage of the reaction, the release rate of Ca
was much higher than that of Mg, and then the Ca/Mg mole
ratio tended to stabilize.”®

3.4. Reaction Rate Constant (K). The reaction rate
constant (K) increased with the increase in the CaO/MgO
(%) ratio and R* = 0.9985. According to the difference in the
Ca0O/MgO ratio, the five groups of strata were divided into three

18928

series: @ (Maocaopu, Qingyan), f (Falang), and y (Anshun,
Dengying). The acid—rock reaction rate constant (K) under
different conditions is given in Table 3. At 200 rpm, sample F
had a CaO/MgO ratio of 17.83 and a reaction rate constant of
0.964 X 107°. Sample M had a CaO/MgO ratio of 65.59 and a
reaction rate constant of 1.023 X 1076, The difference between
the K values was 5.9 X 1078, while at 400 rpm, the difference in K
values was 5.38 X 107 The K value differs by 2 orders of
magnitude between 200 and 400 rpm. When the hydrodynamic
force is strong, the reaction rate constant shows a significant
difference. The K values of sample D were 0.051 X 107 and
1.069 X 1076 at 200 and 400 rpm, respectively.

4. DISCUSSION

The dissolution characteristics of natural rocks are affected by
complex factors. Changes in the native environment of the rocks
may accelerate uneven dissolution of the underlying surface. In
this work, indoor dissolution experiments on samples from five
carbonate formations were performed to explore the influence of
leachate leakage in hydrochloric acid solutions at 200, 400, and
600 rpm and pH 1 and pH 2, respectively. The results indicated
the relationship among the rock dissolution rate, dissolution
rate, acid concentration, hydrodynamic force, and lithology.
4.1. Impact of Microstructure on the Dissolution
Morphology. The dissolution surface morphology is con-
trolled by rock mineral composition and reaction conditions.
The difference in the crystal morphology of the rock leads to the
difference in the dissolution of the crystal. When the external
conditions are changed to speed up the overall reaction rate,
different minerals will react with acids at different rates. After a
period of reaction, uneven erosion of the surface will gradually
appear and the regional differences will become more
obvious.”””” The calcite percentage content of sample M is
96.72%, and the mineral composition was relatively single,
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Figure 10. Percentage of Ca release increment calculated at 400 and 600 rpm using a sample at 200 rpm as reference.

which caused uniform dissolution and made the surface of the
sample smooth and flat. The calcite of sample F accounted for
47.22%, and dolomite accounted for 51.93%. Dissolution
differences in minerals result in uneven forms on the dissolved
surface.”® The connection between the contact surfaces of the
different minerals was also weakened, resulting in easy peeling of
rock surface materials. Therefore, the dissolution rate of the
sample was more susceptible to the hydrodynamic changes. In
addition, native defects in the crystal could lead to a microscopic
pit etching morphology. The size of the crystal also had a certain
influence on the reactivity of the rock (Figure 6a,b), and the
reactivity of small crystals was greater than that of large
crystals.””~**

4.2, Impact of Hydrodynamics on the Dissolution
Rate. Under the condition of pH 1, the mass loss percent (R.) of
each group of samples increased to a certain extent with the
increase in the disk speed (Figure Sa). According to the
literature, enhanced hydrodynamic conditions increase the
dissolution rate of calcite and dolomite, and a greater difference
in flow rate could lead to a stronger dissolution.””** The disk
speed in the first gradient was from 200 to 400 rpm and in the
second gradient was 400—600 rpm. The increment of the mass
loss percent of the five groups of samples was 18.25—27.30% in
the first gradient, while that in the second gradient was 1.95—
8.14%. As shown in Figure 10, the percentage of Ca release
increments calculated at 400 and 600 rpm was calculated using a
sample at 200 rpm. In the pH 1 solution, the increment of Ca ion
release was significantly correlated with the flow rate. The Ca
release of sample M at 400 and 600 rpm was 11.97 and 13.47%
higher than that at 200 rpm, respectively. The release of Ca from
sample F at 400 and 600 rpm was 22.48% higher than that at 200
rpm. The release of Ca at 400 and 600 rpm in sample D was 4.07
and 12.52% higher than that at 200 rpm. In pH 2 solutions, Ca
release also increased with increasing hydrodynamic conditions.
However, the increment was small, with an average increment of
less than 1% (Figure 10b). From both the increase in the
dissolution rate and Ca and Mg content, the increase in the
release of the second gradient was significantly smaller than that
of the first gradient. Additionally, the increase in the two
gradients was the same, but a significant difference in the
increment of the dissolution amount was detected, indicating
that the increase in the acid flow rate can promote the upper
limit of the rock dissolution rate.

The mass loss percent (R.) decreased with the decrease in the
acid concentration.”> As shown in Figures 5b and 10b, the mass
loss percent and Ca dissolution of a part of the sample in the pH
2 solution were not increased with the increase in the disk speed.

18929

In the first gradient, the R. increment of sample F was still the
largest, and in the second gradient, only the R_ of samples M and
Q.ncreased, and the R, of the remaining three groups of samples
F, A, and D decreased by 1.24—2.87%. In acidic solutions, the
mineral monolith made the mass loss percent and dissolution
rate of the specimen regular. Due to the complex mineral
composition of samples F, A, and D, an uneven distribution of
minerals was induced, resulting in poor regularity of dissolution.
‘When the acid concentration was high, the hydrodynamic effect
enhanced the promotion effect on the rock dissolution more
than that under the condition of low acid concentration.

4.3. Combined Impact. In the pH 1 solution, the chemical
reaction rate (R) of each group of samples is illustrated in Figure
8b. Regression analysis of the relationship between reaction time
and the chemical reaction rate (R) was conducted by using the
logistic model (R* > 0.990). Under acidic conditions, an ideal
correlation between the chemical reaction rate (R) and the
acid—rock reaction time was extracted, and the acid—rock
reaction time was one of the important influencing factors of the
chemical reaction rate (R).> During the elapsed time, carbonate
rocks were continuously dissolved and calcite dominated. If the
acid solution was not replenished during the reaction, the
reaction time increased and the concentration of reactants in the
solution gradually decreased, which will lead to a decrease in the
acid—rock reaction rate. Since all cutting surfaces of the rock
sample were fresh-cut, the reaction rate was the largest at the
beginning of the experiment, and the dissolution rate of calcium
and magnesium was limited by the available fresh surface of the
sample.”® In the first 0.4 D of the reaction, the value of R is
shown as sample Q was the largest, and sample A was the
smallest. Among them, the CaO content of sample Q accounted
for 54.93% and the MgO of sample A accounted for 13.33%,
both of which accounted for the maximum values of each group.
Previous works in the literature have reported that the high CaO
content of rocks can promote dissolution and MgO has a strong
inhibitory dissolution effect. In the pH 1 solution, the impact of
the percentage content of CaO and MgO on the chemical
reaction rate (R) is shown in Figure 11. The value of R decreased
with an increase in the MgO content and increased with an
increase in the CaO content. From the analysis of the compound
content of samples Q and F, it was demonstrated that when the
content of CaO was constant, the higher MgO content led to a
lower chemical reaction rate (R), and less soluble carbonate
rocks were observed in acids. From the compound content of
samples M and Q, when the MgO content was constant, a higher
CaO content indicates a greater value of R.”’

https://doi.org/10.1021/acsomega.3c08557
ACS Omega 2024, 9, 18922-18931


https://pubs.acs.org/doi/10.1021/acsomega.3c08557?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08557?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08557?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08557?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08557?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
16000 o 5. CONCLUSIONS
s . . . .
Dissolution experiments on carbonate cores from different
14000 | formations have led to the following conclusions through basic
physical and chemical tests, SEM tests, and correlation analyses:
]
2 12000} (1) The mass loss rate (R.) order of the rocks of the five
=) carbonate formations was Maocaopu > Qingyan > Falang
E - 600r/min-MgO > Anshun > Dengying, and the initial chemical dissolution
o 10000 | = 600r/min-Ca0 rate (R) order was Qingyan > Maocaopu > Falang >
400r/min-MgO D . Ansh
®  400r/min-CaO engying > AAnshun.
8000 L 1 1 1 1 L ) (2) After being eroded by the acidic liquid, the macroscopic
0 10 20 30 40 50 60

MgO. CaO (%)

Figure 11. Impact of the percentage content of CaO and MgO on the
chemical reaction rate (R).

As shown in Figure 12, the reaction sequence (m) and CaO/
MgO (%) correspond to the exponential function relationship
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Figure 12. Reaction sequence (m) and CaO/MgO (%) correspond to
the exponential function relationship.

(R* = 0.91394). The number of the reaction sequence (m)
increased with the increase in the CaO/MgO ratio, and when 2
< CaO/MgO < 30, the value of m significantly changed in the
range of 0.588—0.879. When 30 < CaO/MgO < 66, m was in the
range of 0.879—0.901 and gradually tended to be stable. The
difference in the CaO and MgO content in the sample had
different degrees of promotion and inhibition of dissolution, so
the relationship between CaO/MgO and chemical dissolution
rate showed obvious segmentation characteristics. The increase
in the reaction rate constant caused the acid—rock reaction rate
to accelerate and the solubility to increase. The higher
proportion of MgO in the rock indicates the existence of more
obvious changes in the reaction sequence (m), and conversely,
the reaction sequence (m) tended to be stable.

The main mineral composition of sample M was 96.72%
calcite and 0.04% dolomite. The main minerals in sample M
became 0.28% calcite and 99.65% dolomite. Therefore, the main
dissolved components were CaCOj; in limestone and CaMg-
(CO4), in dolomite. In acidic solutions, the solid solubility of
CaCO; is greater than that of CaMg(COs),. There are
significant differences in the dissolution rates of Ca and Mg in
different types of carbonate rocks, which are related to the
content of calcite and dolomite in the various layers. The
difference in the dissolution between calcite and dolomite will
form irregular dissolution channels, which is also responsible for
the complexity of the underground dissolution system.

and microscopic morphologies of the cores changed
significantly. Minerals were gradually dissolved, forming
obvious dissolution pores and cracks. The changes in rock
structure revealed the dissolution mechanism of carbo-
nate under acidic conditions. In addition, the dissolution
morphology of rocks was mainly affected by the
composition and distribution of minerals, and the more
single the composition, the more uniform the morpho-
logy.

(3) The relationship between CaO/MgO and chemical
dissolution rate (R) showed obvious segmentation
characteristics. When 2 < CaO/MgO < 30, m was in
the range of 0.588—0.879, the change was obvious, while
when 30 < CaO/MgO < 66, m was in the range of 0.879—
0.901, and it gradually tended to be stabilized.

(4) Inthe dissolution process of carbonate rocks, there was an
interaction between three conditions: liquid flow rate,
acid concentration, and composition of rocks. The higher
the acid concentration, the more significant the difference
in dissolution caused by adjusting the liquid flow rate; the
faster the liquid flow rate, the more the effect of the
difference in carbonate composition on dissolution will be
highlighted. The results of the study can provide some
reference for tailings ponds and landfills in karst areas.
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