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Abstract: In this paper, the generation of inorganic carbon (mainly HCO3
−) in a karst system (soil-

limestone system) under karst soil and non-karst soil conditions was investigated using two Zn2+

concentrations and water flow rates. The results showed that (1) the dynamic equilibrium state of
the chemical weathering of limestone is altered by Zn2+, which is the primary cause of the change in
HCO3

− in soil-limestone systems; (2) ion exchange and adsorption are the primary characteristics of
Zn2+ depletion under 1 mg/L ZnCl2 settings, whereas Zn2+ under 50 mg/L ZnCl2 conditions created
two new solid phases (Zn5(OH)6(CO3)2, ZnCO3) in the soil-limestone system; (3) the dissolution
rate of limestone increases with the water flow rate, which facilitates the dissolution process; (4) the
notable difference in ion release between non-karst and karst soil conditions could potentially be
attributed to variations in the mineral composition, specific surface area, and particle size of the two
soil types; (5) the combination of SEM, XPS, FT-IR, and XRD microstructure observation methods
reveals that when limestone is exposed to a high flow rate (1.23 mL/min) and a high concentration
(50 mg/L) of ZnCl2, it experiences obvious dissolution and surface precipitation phenomena, as well
as a significant change in HCO3

− content.

Keywords: karst environment; Zn2+; inorganic carbon; chemical weathering

1. Introduction

The karst region of Southwest China has drawn attention to the issue of soil heavy
metal pollution, which has been shown to impact soil biomass and physicochemical prop-
erties, as well as altering the natural ecological environment and human health through the
enrichment effect [1–3]. A considerable amount of underground metal minerals were ex-
posed to the surface due to the wide distribution of mineral resources that were mined and
smelted, as well as other activities that resulted in soil heavy metals exceeding the standard.
This increased element release into the environment led to soil heavy metal pollution [4]. It
is indicated that the main cause of heavy metal contamination in the southwestern karst
region is the geological high background due to the weathering of carbonate rocks into
soils [5]. This weathering process also leads to significant leaching of Ca, Mg, and other
soluble fractions from carbonate rocks, which leaves behind residual heavy metal elements
(Zn, Mn, Cd, As, Pb, Hg, and so forth) in soils [6,7]. These elements are then transported
through the environment by precipitation, adsorption, and complexation, and they are
ultimately enriched and stabilized in the environment [8]. In addition, carbonate rocks
actively participate in the global carbon cycle due to their ability to recycle atmospheric
and soil CO2 through chemical weathering to produce a carbon sink effect [9–11], and the
carbon sink fluxes produced by their chemical weathering are 50.5% of those of terrestrial
vegetation, 68% of those of forests, and 2.68 times those of scrubland, respectively [12].
Therefore, it is of vital significance to study the influence of the interaction between heavy
metal ions and carbonate rocks on the effect of geological carbon sinks. The majority of
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researchers focus on three areas of heavy metal pollution: toxicity, the ecological envi-
ronment, and prevention and control. Xishen Zheng [13] and Aiping Zhu [14] provided
an overview and analysis of heavy metal toxicology, as well as the route by which these
metals enter the human body. Plant roots absorb heavy metals, which then make their way
into the human body through the food chain and mix with bodily proteins to generate
toxic conjugates that damage human cell membrane function and cause a host of poison-
ing symptoms that pose a threat to human health. Heavy metal pollution has become a
significant factor affecting the safety of the ecological environment, as demonstrated by
Jiaokun Li [15] and Juan Liu [16], who also showed how it destroys the normal material
exchange and energy flow of the soil system, deteriorates soil quality, lowers crop yields,
and affects soil microbial biomass, population size, community structure, and soil enzyme
activity; The main countermeasures for prevention and control, both domestically and
internationally, were outlined by Yue Hui [17] and Shibao Chen [18]. These included the
need for the establishment of a scientifically standardized management system, increased
data sharing about soil environmental monitoring, a decrease in the use of fertilizers and
pesticides without scientific backing, the mitigation, reduction, and even prevention of
heavy metal pollution its root causes, and the remediation of contaminated areas through
the use of piles, chemical oxidation, electrodynamic separation, heat-treatment remediation
techniques, topsoil, soil tillage, and soil replacement. Few scholars have conducted relevant
studies in the field of the influence of the chemical weathering of carbonate rocks with the
participation of heavy metal ions on the effect of geological carbon sinks.

The IPCC Fifth Assessment Report (Working Group I) identifies silicate weathering,
carbonate weathering, and “rock weathering carbon sinks” as techniques for absorbing
atmospheric CO2 [19]. Qing Wu [20] noted that the carbon sinks created by weathering
rocks, particularly carbonate weathering carbon sinks, play an active role in the global
carbon cycle. Xiaoqun Qin [21] also demonstrated that carbonate rock weathering, or the
production of carbon sinks by karst, is thought to represent a significant portion of lost
carbon sinks by analyzing the rate at which rocks weather in the Pearl River Basin and
estimating the carbon sinks. By examining the impact of Pb ions on the dissolution of
dolomite, Tianyu Guan [22], was able to demonstrate that the active sites on the surface of
the material were involved in the significant inhibition of Pb in the dissolution of dolomite,
which changed the dissolution morphology, prevented the further development of the
dissolution morphology, and inhibited the dissolution process for the surface of dolomite.
Water samples from two surface river water locations in Shegongping Village were taken
for examination and indoor simulation tests by Liang Li et al. [4,23] to show how lead
ions influenced the process of geological carbon sinks and slowed the weathering of rocks
under specific conditions. It is evident that there is a dearth of research on the impact of
heavy metal elements on geological carbon sinks and the chemical weathering of carbonate
rocks. More research is necessary to fully understand the connection between heavy metal
elements and geological carbon sinks. Previous studies have demonstrated that the primary
influencing elements in carbon sinks can be indirectly illustrated through the modeling of
the interaction between Ca2+, Mg2+, and HCO3

− [24]. The total quantity of HCO3
− and

other ions during the carbon cycle is probably impacted by Zn2+, a common active heavy
metal ion. As a result, for this study, we created indoor dynamic experiments with the
heavy metal zinc (Zn) as the target element. We then used hydrochemical processes in
conjunction with XRD, SEM, FT-IR, XPS, and other characterization techniques to analyze
the relationship between Zn2+ and Ca2+, Mg2+, and HCO3

− in the water-soil-rock system,
as well as to investigate the mechanism of Zn2+’s influence on the effects of geological
carbon sinks.

2. Materials and Methods
2.1. Study Area

The study area is situated in Lingchuan County, Guangxi’s Chaotian River basin
(Figure 1). The landform’s main body is a conventional peak cluster depression. The region
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experiences 37 ◦C highs and −2 ◦C lows, with an annual average temperature of 17.5 ◦C
and 285 days without frost. The research area has plentiful rainfall due to the effect of
the warm and moist monsoon ocean. In total, 1601 mm of precipitation and 850.1 mm of
land evaporation are experienced annually, on average [25]. Zinc is the target element in
this study, which uses lead-zinc ore from Guilin City’s Lingchuan County as its research
object. The Zhuang Autonomous Region of Guangxi is home to the Lingchuan lead and
zinc mine, which is situated on the Zuo River in Shigongping Village, Dajing Yao Township,
Lingchuan County. About 200 mines were located in the mine region; mining is now closed,
while illicit mining does occasionally take place (mostly during the dry season). There is a
mine in the upper reaches of the Youjiang River in Shegongping, but it has not been mined.
Since mining is underground, without refining, and there is no man-made destruction of
vegetation, the cultivated land is in the lower part of the river, so there is no influence of
other human activities except mining.

Land 2024, 13, x FOR PEER REVIEW 3 of 22 
 

2. Materials and Methods 
2.1. Study Area 

The study area is situated in Lingchuan County, Guangxi’s Chaotian River basin (Fig-
ure 1). The landform’s main body is a conventional peak cluster depression. The region 
experiences 37 °C highs and −2 °C lows, with an annual average temperature of 17.5 °C 
and 285 days without frost. The research area has plentiful rainfall due to the effect of the 
warm and moist monsoon ocean. In total, 1601 mm of precipitation and 850.1 mm of land 
evaporation are experienced annually, on average [25]. Zinc is the target element in this 
study, which uses lead-zinc ore from Guilin City’s Lingchuan County as its research object. 
The Zhuang Autonomous Region of Guangxi is home to the Lingchuan lead and zinc mine, 
which is situated on the Zuo River in Shigongping Village, Dajing Yao Township, 
Lingchuan County. About 200 mines were located in the mine region; mining is now 
closed, while illicit mining does occasionally take place (mostly during the dry season). 
There is a mine in the upper reaches of the Youjiang River in Shegongping, but it has not 
been mined. Since mining is underground, without refining, and there is no man-made 
destruction of vegetation, the cultivated land is in the lower part of the river, so there is 
no influence of other human activities except mining. 

The stratigraphic lithology in the study area, from old to new, is as follows: the lower 
Middle Devonian (D12) is gray-gray, gray-green, and purplish red sandstone, siltstone, 
and shale. The upper middle Devonian Donggangling Formation (D2d) is composed of 
iron-bearing argillaceous bioclastic limestone at the bottom, deep gray to gray-black bar-
enaceous dolomite and gray dolomite sandwiched limestone in the middle and lower 
parts, and gray and dark gray limestone and an interlayer between limestone and dolo-
mite at the upper part, with great variation in thickness. The upper part of the Rongxian 
Formation (D3r) is a thick, light gray layer of limestone with an oolitic structure, and the 
lower part is a gray-black medium-thick layer of limestone. The lower part of the Liujiang 
Formation (D3l) is mainly composed of siliceous rocks and siliceous shale, while the upper 
part is mainly composed of lenticular limestone and argillaceous limestone. The Lower 
Series C1y is mainly composed of gray-black medium-thickness stratified limestone, dol-
omitic limestone, and dolomite, and partly contains argillaceous limestone and siliceous 
rock. Quaternary (Q), mainly clay, is mainly distributed on the northern border of the 
ocean valley, hoje, and scattered at the bottom of various depressions. The thickness is 
generally 5~10 m [26]. 

 
Figure 1. Location of the study area and sampling point. Figure 1. Location of the study area and sampling point.

The stratigraphic lithology in the study area, from old to new, is as follows: the lower
Middle Devonian (D1

2) is gray-gray, gray-green, and purplish red sandstone, siltstone, and
shale. The upper middle Devonian Donggangling Formation (D2d) is composed of iron-
bearing argillaceous bioclastic limestone at the bottom, deep gray to gray-black barenaceous
dolomite and gray dolomite sandwiched limestone in the middle and lower parts, and
gray and dark gray limestone and an interlayer between limestone and dolomite at the
upper part, with great variation in thickness. The upper part of the Rongxian Formation
(D3r) is a thick, light gray layer of limestone with an oolitic structure, and the lower part is
a gray-black medium-thick layer of limestone. The lower part of the Liujiang Formation
(D3l) is mainly composed of siliceous rocks and siliceous shale, while the upper part is
mainly composed of lenticular limestone and argillaceous limestone. The Lower Series
C1y is mainly composed of gray-black medium-thickness stratified limestone, dolomitic
limestone, and dolomite, and partly contains argillaceous limestone and siliceous rock.
Quaternary (Q), mainly clay, is mainly distributed on the northern border of the ocean
valley, hoje, and scattered at the bottom of various depressions. The thickness is generally
5~10 m [26].

2.2. Materials and Preparation

The karst area of Saidi, Lingchuan County, Guilin City, and the non-karst area of
Shegongping, Lingchuan County, Guilin City, provided the karst and non-karst soils,
respectively, which were employed in the experiment. Samples were collected using the
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mixed sample methodology, which guaranteed the representativeness of the samples.
According to the diagonal sampling technique, the diagonal line in the sample region was
divided into five equal portions, and each equal point was selected as the sampling point.
A collection of 0–10, 10–20, and 20–30 cm of surface soil was made. The soil was then
mixed uniformly and left in the laboratory to dry naturally. Processing was carried out
with the specifications of the Land Quality Geochemical Evaluation” (DZ/T 0295-2016)
standard [27]. Table 1 displays the physicochemical parameters of the soils. The X-ray
diffractometer identified the mineral composition of the limestone samples, which were
obtained in Shegongping, Lingchuan County, Guilin City, as CaCO3 and a trace amount
of SiO2 (Figure 2). The collected soil and limestone samples were naturally air-dried in
the chamber, and the large stones and plant residuesin the soil samples were removed
before being ground with ceramic mortar and screened through 100 mesh (0.149 mm).
The samples were acquired using the quarter method. The residual soil samples were
filtered with 20 mesh (2 mm) and put in plastic bags for sealing and preservation. Before
being loaded into the experimental column, limestone was broken up with a hammer and
ground into 1–3 mm particles using a ceramic mortar. Superior pure ZnCl2, which was
obtained from Xilong Science Co., Shantou, China. and diluted with ultrapure water to the
appropriate concentration before the experiment, was the experimental reagent employed
in the study. Before being dried under 50°C in an electric blast drying oven and stored
for later use, the high-purity quartz sand used in the laboratory was washed of surface
impurities using tap water, and then soaked in and cleaned with ultrapure water.

Table 1. Results of physicochemical property measurements of soil.

Project Name Karst Soil Non-Karst Soils

PH 6.77 4.37
proportion 2.54 2.65

Capacity (g·cm3) 1.20 1.17
Ca (mg·g−1) 5540.17 4320.56
Mg (mg·g−1) 259.30 20.00
Zn (mg·g−1) 31.16 77.66
Pb (mg·g−1) 121.91 77.66
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Using a pH meter, pipette method, or ring knife method, respectively, one may
test the pH, specific gravity, and bulk density of soil. After microwave digestion, two
milliliters of nitric acid and one milliliter of hydrofluoric acid were added, the digestion
tank was rinsed with 0.2% nitric acid solution, and the volume of ultra-pure water was
fixed to the scale line. The contents of Ca, Mg, Zn, and Pb were then measured using an
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inductively coupled plasma emission spectrometer (ICP-OES, PerkinElmer, Waltham, MA,
USA, Optima 7000DV).

2.3. Methods of Characterization and Analysis of Limestone and Soil

The morphology of limestone and soil was analyzed by SEM (GeminiSEM 300, Zeiss,
Jena, Germany). The dried minerals were fully ground with an agate mortar, and a small
amount of powder was evenly dispersed on the loading table with conductive tape. The
floating powder on the surface of the sample was purged by a blower, and a film was
applied to the sample for 30 s of vacuum gold spraying to increase its conductivity. The
sample was placed in the electron microscope observation chamber, the voltage was set,
the brightness and magnification were adjusted appropriately, and then the focus mode
was automatically focused, the dissipated image was eliminated, and the fast scan or slow
scan mode was pressed to obtain a clear image and save it [28]. The mineral composition
of the material was measured by XRD (PANalytical B.V., NED, X, Pert3Power, Eindhoven,
The Netherlands), which mainly analyzed the crystallization type, material composition,
and internal structure of the adsorbed material. The instrument parameters were as
follows: Cu Ka target (45 kV, 40 mA), scanning speed 10◦/min, and scanning angle 10~90◦,
respectively [29]. The XRD patterns were analyzed by MDI JADE 6.5 software and Origin
2022. FT-IR (Thermo Fisher, Waltham, MA, USA, Nicolet™) was used to analyze the
chemical bonds inside the structure of the dry materials. The dried minerals or samples
were passed through a 200-mesh screen, and the spectral pure KBr was used as the infrared
absorption background [30]. The samples and KBr were fully ground in an agate mortar at
a ratio of 1:100 to ensure the two were mixed evenly. A certain amount of the mixture was
placed in the pressing mold, placed in the tablet press at a pressure of 15 MP for 20~30 s
to form a film, and lastly it was scanned using a 4000~400 cm−1 scanning range to gather
infrared spectra. XPS (Thermo Fisher, Waltham, MA, USA, K-Alpha) uses X-ray radiation
samples to stimulate the inner-layer electrons or valence electrons of atoms or molecules to
be emitted, and measures the emitted photoelectron energy to obtain the elemental changes
and chemical bond binding energy changes in samples [31].

2.4. Experimental Setup and Methods

The experiment was a dynamic adsorption study consisting of three sets of tests with
varying Zn2+ concentrations (group I), flow rates (group II), and soil conditions (group III)
while maintaining constant external conditions. Table 2 displays the experimental group
names and conditions.

Table 2. Experimental group names and conditions.

Group Name Experimental Conditions

Group I Zn2+ concentrations of 0, 1, and 50 mg/L, flow rate of 0.41 mL/min, and karst
soil conditions

Group II Zn2+ concentrations of 0, 1, and 50 mg/L, flow rate of 1.23 mL/min, and karst
soil conditions

Group III Zn2+ concentrations of 0, 1, and 50 mg/L, flow rate of 1.23 mL/min, and
non-karst soil conditions

Figure 3 displays the schematic diagram of the experimental setup. An acrylic column,
25 cm in height and with an inner diameter of 5 cm, was used for the experiment. The
column was filled with circular qualitative filter paper, 2.5 cm of quartz sand, 5 cm of
limestone, 15 cm of test soil, and 2.5 cm of quartz sand from bottom to top before the
experiment. Quartz sand was added to ensure that the inflow solution could pass through
the material in the column uniformly [32]. The column was then connected to a peristaltic
pump and exposed to three different concentrations of ZnCl2 (0, 1, and 50 mg/L) by
pumping the solution upward. Periodic samples were taken from the column effluent and
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analyzed for HCO3
− content using a titration kit with an accuracy of 0.1 mmol/L. The

samples were then filtered through a nylon microporous membrane with a pore size of
0.45 µm and analyzed using ICP-OES, (PerkinElmer, Waltham, MA, USA, Optima 7000DV)
to measure changes in Zn2+, Ca2+, and Mg2+ concentrations under altered conditions.
Experiments were conducted to characterize soil and limestone and to analyze surface
dissolution and crystal attachment.
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3. Results and Discussion

Curves of the Ca2+, Mg2+, Zn2+, and HCO3
− concentrations were drawn to investigate

the impacts of changes in heavy metal ions and inorganic carbon contents in soil-limestone
systems with various Zn2+ concentrations, flow rates, and soil types (Figures 4–6).
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3.1. Hydrochemical Processes in Soil-Limestone Systems
3.1.1. Analysis of Changes in the Concentration of Each Metal Ion and Inorganic Carbon
Based on Different Zn2+ Concentrations

The changes in the Ca2+ concentration during the reaction involving various Zn2+

solution concentrations typically displayed a downward trend, indicating a negative corre-
lation (Figure 4a). When 50 mg/L Zncl2 solution was added to the soil-limestone system,
the Ca2+ concentration consistently outperformed the other two Zn2+ concentrations. The
experimental columns subjected to 1 mg/L and 50 mg/L Zn2+ also showed a slow-rising
phase in the Ca2+ concentration over a period of 10 to 30 days. This phenomenon can
be explained by the fact that, at this point, the limestone surface Zn5(OH)6(CO3)2 and a
small amount of ZnCO3 growth consumed the CO3

2− in the water column, weakening
the CO3

2− hydrolysis effect and intensifying the CaCO3 dissolution [33]. When the Ca2+

concentration was stable until day 95 of the experiment, the experimental column Ca2+

concentration of 50.13 mg/L under the influence of 50 mg/L of ZnCl2 was still much higher
than those of the 7.98 mg/L under 1 mg/L and 7.74 mg/L under ultra-pure water. The
main equations involved in this process are as follows [34]:

CaCO3 ⇔ Ca2+ + CO2−
3 (1)

CO2−
3 + H2O ⇔ HCO−

3 + OH− (2)

Zn2+ + CO2−
3 = ZnCO3 (3)

5Zn2+ + 6OH− + 2CO2−
3 = Zn5(OH)6[CO3]2 (4)

The concentration of Mg2+ in the liquid sample is shown in Figure 4b, trajectory to
that of Ca2+, decreasing with time until it stabilized within a narrow range. Compared to
the Ca2+, the Mg2+ content was substantially less than 1 mg/L at the initial concentration.
The explanation for this is that the dissolution-precipitation interaction of the limestone
with the Zn2+ produced the Ca2+ found in the liquid samples. The X-ray mineral diffraction
(XRD) revealed that the sample’s primary mineral components were CaCO3 and a trace
quantity of SiO2. No Mg-containing inorganic compounds were found, indicating that the
Mg2+ likely originated from the cation exchange between the Zn2+ and the karst soil. The
Mg2+ content reached a peak of 0.75 mg/L on the first day of the 50 mg/L experimental
column and dropped to a low of 0.1 mg/L on the 92nd day of the ultra-pure water experi-
mental column [35]. Prior studies have demonstrated that bivalent Zn, Cd, Ni, Mn, and
other cations exhibit high adsorption onto the surface of calcium carbonate [36]. The Zn2+

was adsorbed and rapidly decreased in the soil-limestone system, as shown in Figure 4c.
The coarse texture of limestone offers stable contact and serves as an adsorption site for
Zn2+ [37,38]. Chemisorption takes place when a 1 mg/L ZnCl2 solution interacts with a
karst-soil-limestone system, whereas at a higher concentration of 50 mg/L ZnCl2 solution,
metal ions mostly adhere to carbonate minerals via cation exchange and precipitation.
When Zn2+ reacts with CO3

2− and OH−, it forms Zn5(OH)6(CO3)2 (hydrozinkite) and a
small quantity of ZnCO3 on the mineral’s surface [33]. The concentration of Zn2+ in each
experimental column decreased to 0 on the 12th, 13th, and 15th days, respectively. In
Figure 4d, the concentration of HCO3

− fell considerably within 1–10 days under the influ-
ence of varying Zn2+ concentrations, followed by a gradual fall stage. The concentration of
HCO3

− reached a steady level on the 63rd day of the experiment. HCO3
− content in the

outflow liquid of the ultra-pure water, 1 mg/L ZnCl2, and 50 mg/L ZnCl2 test columns
were measured at 24.41 mg/L, 30.51 mg/L, and 73.22 mg/L, respectively. Both low and
high concentrations of the Zn solution promoted the dissolving of the limestone, with a
more pronounced effect observed at higher concentrations.
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3.1.2. Analysis of Changes in the Concentration of Each Metal Ion and Inorganic Carbon
Based on the Flow Rate of Aqueous Solution (1.23 mL/min)

Figure 5a–d illustrates how the Ca2+ concentration changed under high flow rate
(1.23 mL/min) conditions and followed the same trend in less time than at low concentra-
tion. The concentration changes of the other ions also showed a negative time correlation
with the changes in the Ca2+ concentration, and the concentrations of Mg2+, Zn2+, and
HCO3

− changed quickly, reaching a rapid equilibrium state after the decreasing phase.
The state was caused by the fact that, during the dynamic dissolution of limestone, the
mass transfer of reactants and products is facilitated by the local fluid velocity close to
the mineral surface, and the dissolution rate is proportionate to the fluid flow rate, which
increases with increasing fluid velocity [39,40]. Furthermore, mechanical damage to the
surfaces of rock samples might result from the erosive effect of water flow on soil-limestone
systems [41,42]. This damage can be readily seen in the following characterization obser-
vation methods, including XRD and SEM. When the experiment progressed to the 2nd,
3rd, and 4th days, the Zn2+ concentration hardly changed, and the Zn2+ concentrations in
the experimental columns were 0.002 mg/L, 0.002 mg/L, and 0.003 mg/L, respectively.
The flow rate had less of an impact on the change in Mg2+ concentration, and it took about
the same amount of time to bring the reaction to equilibrium as it did at low flow rates.
Overall, under high flow rate reaction conditions, the ionic reaction reached the equilibrium
state 1.12–1.63 times faster than under low flow rate conditions. At the beginning of the
reaction, the limestone (the main component of CaCO3) rapidly dissolved in the water, the
water-rock reaction was intense, and the concentrations of Ca2+ and HCO3

− were larger
compared with those of the other metal ions. However, as the experiment proceeded, the
Ca2+, Mg2+, Zn2+, and HCO3

− underwent homoiconic effects, the water-rock effect thus
gradually weakened, and the concentration of each ion in the karst-soil-limestone system
reached equilibrium at concentrations lower than those in the conditions of the lower flow
rates. These results are similar to those in a study conducted by Shi Xufei et al. [43].

3.1.3. Analysis of Changes in the Concentration of Each Metal Ion and Inorganic Carbon
Based on Non-Karst Soil Conditions

When the soil condition was non-karstic, the non-karstic soil-limestone system reached
a reaction equilibrium faster than the karstic soil-limestone system (Figure 6a). The concen-
trations of Ca2+, Mg2+, and Zn2+ in the soil-limestone system were all negatively correlated
with time. While the ion concentration in the karst soils declined significantly in the first
20 days, the decrease in the Ca2+ concentration in the non-karst soil conditions was more
visible on days 1–8. The Mg2+ concentration changes under non-karst soil conditions are
depicted in Figure 6b, following the same pattern as in the karst soil conditions, where
the Mg2+ concentration reached a relatively stable state following a brief period of rapid
decline. Under non-karst soil conditions, the Zn2+ decreased quickly with an increase in
reaction time. When the reaction reached an equilibrium, Zn2+ was not detectable in the
50 mg/L ZnCl2 group; at this point, the size relationship of the Zn2+ concentration was
ultrapure water group > 1 mg/L ZnCl2 group > 50 mg/L ZnCl2 group (Figure 6c). The
content of HCO3

− in the non-karst soil experimental columns appears in Figure 6d. The
three experimental columns show varying increases in HCO3

− concentration from the fifth
to the twentieth day. The phenomenon of rising concentration and the karst soil conditions
at the time of the difference was not significant, in contrast to the other two concentrations
of Zn2+ conditions, where the increasing trend of HCO3

− content was more evident in
the 50 mg/L ZnCl2 solution. This effect was caused by an increase in the breakdown of
CaCO3 in the soil-limestone system as a result of the Zn2+ depleting the CO3

2− in the
solution [23]. There were notable variations in the release of ions (Ca2+, Mg2+, Zn2+, and
HCO3

−) under various soil conditions. These variations were ascribed to the variations
in the mineral composition, particle size, and specific surface area between the karst and
non-karst soils, since a larger specific surface area can provide more adsorption sites [44].
The specific surface area of the non-karst soils was less than that of the limestone, Zn2+
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was more readily adsorbed on the limestone. In addition to the surface dissolution of
limestone, the amount of HCO3

− in soil-limestone systems is also influenced by the organic
carbon in the soil breaking down to produce CO2, which is dissolved in water and reacts to
produce H2CO3. This process erodes limestone and modifies the HCO3

− content of the
soil-limestone system, which, in turn, affects the geological carbon sink [45,46].

3.2. Soil and Limestone Morphological Characteristics
3.2.1. XRD Analysis of Soil

The initial samples of karst and non-karst soils were analyzed using X-ray diffraction
(XRD) to determine the nature of the soil surface deposits. The results are displayed in
Figure 7, where the X-ray diffraction patterns of both soils are dominated by strong peaks
of SiO2, while the diffraction peaks of the CaCO3 are relatively weak.
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Figure 8 shows the X-ray diffraction patterns of the two soils under different experi-
mental conditions. When compared to the PDF card of the CaCO3 (#99-0022), the XRD data
for the three experimental groups (a: karst soil-low flow rate), (b: karst soil-high flow rate),
and (c: non-karst soil-high flow rate) demonstrate that the composition of the solid-phase
diffraction peaks was still dominated by strong peaks of SiO2. Following the experiment,
the two soils’ CaCO3 diffraction peaks were significantly reduced. The soils exposed to high
concentration and high flow rate conditions, on the other hand, showed relatively weak
CaCO3 diffraction peaks compared to the two soils under the other conditions. Figure 8c
provides a clearer view of the changes in CaCO3 peaks under non-karst soil conditions.
Furthermore, the diffraction peaks of the CaCO3 at 2θ are situated at 13.066◦ (200), 28.401◦

(020), 30.591◦ (311), 36.190◦ (510), 43.340◦ (510), and 54.301◦ (800). These strong peaks are
consistent with the standard positions of the Zn5(OH)6(CO3)2 and ZnCO3 peaks. In the
high concentration, high flow rate conditions of the two soils corresponding to the peaks in
the XRD image, as opposed to in the low concentration, the low flow rates are relatively
high. This time, the strong peaks correspond to the standard diffraction peak cards for
Zn5(OH)6(CO3)2, PDF#19-1458, and for ZnCO3, PDF#99-0095 [47,48].

Based on an analysis of the aforementioned phenomena, the Zn2+ was absorbed by
the soil surface in large quantities in all three groups of experiments, with varying concen-
trations of ZnCl2 solution. The concentration of Zn2+ in the solution rapidly decreased as it
reacted with CO3

2− and OH− to create zinc hydrazine ore and zinc carbonate precipitate,
which adhered to the soil surface [33]. The cation exchange between Zn2+ and soil, as well
as soil erosion from water flow, could be the cause of the decrease in the peak value of
the CaCO3 diffraction peak on the soil surface. This erosion releases Ca2+, which then
contributes to the Ca2+ dynamic equilibrium within the limestone-and-soil system, along
with Ca2+ from limestone. The Ca2+ concentration rising phase in the hydrochemical
analysis might also have been caused by this Ca2+ phenomenon.
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3.2.2. XRD Analysis of Limestone

Figure 9 displays the X-ray diffraction patterns of the limestone under several experi-
mental conditions: low flow rate (for karst soil), high flow rate (for karst soil), and high flow
rate (for non-karst soil). It is clear from the three experimental setups that CaCO3 continued
to dominate the strong peak composition of limestone, and there was little change in the
general distribution features of the diffraction peaks. However, the diffraction peak of
CaCO3 in the limestone shows a more obvious downward trend at 1 mg/L and 50 mg/L
ZnCl2 (Figure 9a). At 1.23 mL/min, the diffraction peak strength of CaCO3 in limestone
drops significantly as the Zn2+ concentration increases (Figure 9b,c). This phenomenon can
also play a significant role in the Ca2+ rising stage of hydrochemistry. It also confirms that,
in the presence of high flow velocity, the erosion effect of water flow on the soil-limestone
system promotes the decomposition of CaCO3. In non-karst soil, the peak value of CaCO3
in limestone with 1 mg/L and 50 mg/L ZnCl2 involvement is larger than that in karst
soil. This phenomenon’s occurrence confirms the hydrochemical analysis’s conclusions
about the impact of limestone’s specific surface area and non-karst soil on Zn2+ adsorption
capability. Furthermore, the XRD pattern of the limestone indicates high peaks in the
positions of the Zn5(OH)6(CO3)2 and ZnCO3 peaks, with an intensity trend comparable to
that of the soil. These findings support the formation of two distinct types of precipitates
on the surfaces of the soil and limestone in the soil-limestone system.
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3.3. FT-IR Mapping Analysis of Soil and Limestone
3.3.1. FT-IR Mapping Analysis of Soil

An experiment was carried out by FT-IR to observe whether the surface functional
groups of the soil changed before and after the reaction in different environments, and the
results are shown in Figure 10, which shows that the surface hydroxyl (-OH) telescopic
vibration peaked near 3622 cm−1 in the karst soil before and after the reaction [49]. The
bending vibration absorption peaks at 1636 cm−1 were attributed to the bending vibration
of water [50], while the absorption peaks at 1425 cm−1 were attributed to the telescop-
ing vibration of C=O in the karst soil prior to the reaction [51]. The absorption peak at
1025 cm−1 and 1019 cm−1 in non-karst soil was attributed to Si-O stretching vibration,
while the two peaks near about 796 cm−1 were distinctive peaks of quartz [52]. The two
peaks near about 693 cm−1 were created by the Si-O stretching vibration. When the soil
condition was non-karst soil, the corresponding peaks at 3622 cm−1 in the figure were still
hydroxyl group stretching vibration peaks; the peak at about 784 cm−1 was associated with
the symmetric Si-O-Si stretching vibration; and the peak near about 692 cm−1 was caused
by additional distinct quartz absorption peaks associated with the symmetric bending
vibration of [SiO4] tetrahedra [50]. In the FT-IR spectra of the soils before and after the
adsorption process, differences in bonding between the metal ions at the active sites and
the soil surface caused some of the functional group bands to shift, and it was found that
no new functional groups were activated under the various environmental conditions.
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3.3.2. FT-IR Mapping Analysis of Limestone

Figure 11 depicts the FT-IR spectrum of the limestone. When the soil condition was
karst soil, the -OH bending vibration peak and telescopic vibration of the adsorbed water,
3621 cm−1 and 2513 cm−1, respectively (Figure 11a,b) were also present on the surface of
the limestone; 1799 cm−1 is the C=O telescopic vibration vibrational absorption peak [53].
The absorption peaks at 1427 cm−1, 1428 cm−1, 874 cm−1, and 711 cm−1 are the absorption
peaks of carbonate in carbonate minerals, among which the absorption peaks at 1427 cm−1

and 1428 cm−1 are the characteristic absorption peaks of calcite [54], which are caused by
the asymmetric telescopic vibration of carbonate, the absorption peaks at 874 cm−1 are
related to the out-of-plane bending vibration of the C-O bond, and the absorption peaks at
711 cm−1 are the in-plane bending vibration of C-O bonds.

The vibration absorption peak of the C=O stretching vibration at the initial 1799 cm−1

before and after the reaction was weaker when the soil condition was non-karst (Figure 11c).
The absorption peaks of three different wave numbers of carbonate near 1427 cm−1 were
mostly found on the limestone surface as a result of the interaction between the Zn2+ and
the CO3

2−. To some extent, CO3
2− is consumed in this process, and the area of the peaks

and peak value are weakened [55].
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3.4. SEM Mapping Analysis of Soil and Limestone
3.4.1. Soil Morphological Characteristics

Figure 12a,d depicts SEM images of the karst soil morphology under different reaction
circumstances. Prior to the reaction, the karst soil’s surface was made up of multilayered
lamellar platelets. Following the interaction with the ultrapure water, 1 mg/L ZnCl2,
and 50 mg/L ZnCl2, the specific surface area of the karst soil decreased, and the number
of platelets decreased more dramatically as the concentration of Zn2+ increased. This is
assumed to have been the result of the karst soil and solution coming into contact, resulting
in a cationic exchange of Ca2+ and Zn2+ in the pore space and thinning of the soil particles’
hydration film. This caused the soil particles to come together, resulting in the development
of aggregates and agglomerates, reducing the karst soil’s specific surface area [56].

Figure 12e–g shows the shape of the karst soil before and after the response at different
flow rates. The flow rate rose from 0.41 mL/min to 1.23 mL/min and the karst soil’s general
shape altered slightly. The high concentration of Zn2+ at a fast flow rate caused a more
significant drop in the degree of hardening, and there were visible traces on the surface
following dissolution. In conjunction with the results of the scanning electron microscopy
experiments, which indicate that a fast flow rate affects the rate of soil erosion, the flow
rate and the rate of karst soil erosion were positively correlated. A high flow rate of water
causes the soil particles to erode more on the surface, resulting in stronger surface erosion.
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An increase in flow rate will cause the amount of karst soil particles to erode, which will
cause stronger fractures to occur [57,58].
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Figure 12. SEM images of soil: (a) karst soil before the reaction; (b) the ultra-pure water was injected
at a flow rate of 0.41 mL/min; (c) 1 mg/L ZnCl2 was administered at a flow rate of 0.41 mL/min;
(d) 50 mg/L ZnCl2 was administered at a flow rate of 0.41 mL/min; (e) the ultra-pure water was
injected at a flow rate of 1.23 mL/min; (f) 1 mg/L ZnCl2 was injected at a flow rate of 1.23 mL/min;
(g) 50 mg/L ZnCl2 was injected at a flow rate of 1.23 mL/min; (h) pre-reaction non-karst soil; (i) the
ultra-pure water was injected at a flow rate of 1.23 mL/min; (j) 1 mg/L ZnCl2 was injected at a flow
rate of 1.23 mL/min; (k) 50 mg/L ZnCl2 was injected at a flow rate of 1.23 mL/min; (a–g) the soil
condition is karst soil; the soil condition of (h–k) is non-karst soil.

Figure 12h–k displays the non-karst soil morphology before and after the experiment.
The shape of the non-karst soil changed somewhat after passing through the ultrapure
water, 1 mg/L ZnCl2, and 50 mg/L ZnCl2. The particles became more compact. However,
the difference was not really obvious. Prior to the reaction, the non-karst soil was hetero-
geneous, with smaller and larger particles than the limestone particles. In some locations,
the particle shape was reasonably regular and smooth, whereas in others, the particles
were bigger and partially angular. Pores of various diameters were visible between the
particles. There was a slight shift that made the particles more compact, although it was
barely detectable.

3.4.2. Limestone Morphological Characteristics

The morphology of the limestone under various reaction circumstances is shown in
Figure 13, both before and after the reaction. The limestone samples were not uniform
before the reaction, and there were visible pores of various sizes between the particles.
Following the reaction between 1 mg/L and 50 mg/L of zinc chloride and ultrapure wa-
ter, the limestone’s morphology underwent a small alteration. Following the reaction
with 50 mg/L ZnCl2, the limestone in Figure 13d showed a faintly porous appearance,
and tiny ruptures in the particles, but both the range and the number were minor. Fur-
thermore, the limestone’s surface exhibited fine, flaky crystal strips with hydrozincite
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crystal characteristics [59,60]. This behavior is particularly obvious in Figure 13g,j, while
Figure 13e–j displays the morphology of the limestone before and after the reaction at a
high flow rate. The shape of the limestone changed more clearly in the high concentration
and high flow rate environments, and, in addition to the surface hydrozincite adhesion, the
amount of detrital material increased dramatically. The phenomenon of fine pinhole-like
pores appearing on the surface of the limestone can be explained by the calcium carbonate
breaking down on the surface, producing CO2 and CaO, which cause internal loosening
and flocculation [61]. Figure 13h–j depicts the shape of the limestone under non-karst soil
conditions both before and after the reaction. The most noticeable change in morphology
was the phase appearance of the limestone in the non-karst soil after 50 mg/L of Zn2+ was
added at a high flow rate. All of the limestone surfaces had flakes, and the pores became
larger, implying that the non-karst soil’s specific surface area was smaller than that of the
karst soil. The Zn2+ also adsorbed more on the limestone, placing significant pressure on
the rock and generating a clear dissolving effect, which encouraged the interaction of the
Zn2+ with the CO3

2− and OH− interactions, resulting in more hydrous zincite clinging to
the limestone surface. Experiments using a scanning electron microscope show that the
kind of soil and the soil’s specific surface area both have a significant impact on the rate at
which rocks dissolve.
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tively, the Ca2p spectrum can be split into two typical peaks, and Mg1s is responsible for 
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Figure 13. SEM images of limestone: (a) limestone before reaction; (b) ultrapure water passed at
a flow rate of 0.41 mL/min; (c) 1 mg/L ZnCl2 passed at a flow rate of 0.41 mL/min; (d) 50 mg/L
ZnCl2 passed at a flow rate of 0.41 mL/min; (e) the ultra-pure water was injected at a flow rate of
1.23 mL/min; (f) 1 mg/L ZnCl2 at a flow rate of 1.23 mL/min; (g) 50 mg/L ZnCl2 at a flow rate of
1.23 mL/min; (h) 1 mg/L ZnCl2 at a flow rate of 1.23 mL/min to ultrapure water; (i) 1 mg/L ZnCl2
at a flow rate of 1.23 mL/min; (j) 1 mg/L ZnCl2 at a flow rate of 1.23 mL/min flow rate through
50 mg/L ZnCl2; (a–g) soil conditions are karst soils; soil conditions in (h–j) are non-karst soils.

3.5. XPS Analysis of Limestone

The full spectrum of the binding energy on the limestone surface under various soil
conditions to confirm the chemical composition of the new solid phase on the limestone
surface was plotted (Figure 14). The energy spectrum peak at 284.80 eV was associated with
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the calibration peak of C1s. With binding energies of 346.91 eV and 350.83 eV, respectively,
the Ca2p spectrum can be split into two typical peaks, and Mg1s is responsible for the weak
energy spectrum peak at 1303.83 eV. The reacted limestone, Zn2p, exhibited a double-peak
type, with corresponding binding energies of 1021.8 eV and 1044.8 eV. For the Ca2p, Mg1s,
Zn2p1/2, and Zn2p3/2, the narrow spectrum spectra are displayed to further ascertain the
elemental morphology. The Ca2p’s narrow spectrum shows that the changes in the concen-
tration conditions had a significant impact on the chemical environment of the limestone
surface (Figure 15a); changing the environmental conditions from top to bottom increased
the binding energy by 0.98 eV, 0.19 eV, −0.35 eV, and −0.1 eV, respectively (Figure 15b).
The chemical shift and peak were both dramatically altered. The low concentration of
ZnCl2 and soil participation enhanced the binding energy, although the peak value fell
significantly. The peak value of the Mg2+ was higher in habitats with high concentrations,
high flow rates, and no karst soil than it was in other settings. The peak value of the Mg2+

was larger than in other contexts, when the concentration and flow rate were high and
the soil was non-karst; that is, the Mg2+ content was relatively high in these situations.
When the full spectrum of the binding energy of the limestone surface was observed, the
Zn exhibited more prominent spectral peaks, indicating that Zn2+ was transferred from
the solution to the limestone’s surface. When combined with the findings of earlier XPS
studies of Zn compounds, the main Zn2p peak on the surface of the reacted limestone was
a bimodal peak, and the main peaks of Zn2p1/2 and Zn2p3/2 [32] had narrow spectra, as
shown in Figure 15c,d. The corresponding binding energies were 1045.33 eV, 1022.43 eV,
1045.42 eV, and 1021.77 eV. The appearance of the Zn-bearing solid phase on the limestone
surface following the reaction in the Zn-bearing solution was further confirmed by compar-
ing the XPS results for the limestone powder after the passage of 50 mg/L ZnCl2 solution
under various soil conditions. Characteristic peaks appeared in both samples near 1045 and
1022 eV, which corresponded to the Zn2p1/2 and Zn2p3/2 standard peak positions.
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4. Conclusions

Indoor dynamic experiments were utilized to investigate the interactions between Zn2+

and a soil-limestone system under different environmental conditions. During the dynamic
adsorption process, an aqueous chemical analysis was combined with characterization
analyses using XRD, FTIR, XPS, and SEM to produce the following primary conclusions:

(1) Two new Zn-containing solid phases formed in the soil-limestone system with the par-
ticipation of the 50 mg/L ZnCl2 solution; however, the phenomenon was not obvious
in the 1 mg/L ZnCl2 solution, and the Zn2+ acted mostly through ion exchange.

(2) Metal ion release in non-karst soils is quite different from that in karst soils due to the
two types of soils’ different mineral compositions, particle sizes, and surface areas.
Non-karst soil has a smaller specific surface area than limestone, and more Zn2+ was
adsorbed on the limestone in the non-karst soil-limestone combination. A bigger
specific surface area might offer more adsorption sites.

(3) The CaCO3 diffraction peaks on the surfaces of the soil and limestone particles dimin-
ished to various degrees, according to the XRD results; the non-karst soils’ peaks in
the 50 m/L ZnCl2 solution showed the most pronounced declining tendency. The
concentration, flow rate, and soil conditions all had an effect on the CaCO3 on the
limestone surface. A higher ion concentration promotes the dissolution of CaCO3, but
a higher flow rate mechanically damages rock samples’ surfaces due to the erosive
action of water flow. Additionally, the diffraction peaks of zinc hydrate and new
solid-phase zinc carbonate are visible on the surfaces of soil and limestone. These
peaks are more visible in situations with higher concentrations and flow rates, as



Land 2024, 13, 1390 19 of 21

evidenced by the appearance of the characteristic Zn2p peaks in the XPS images and
the thin strips of lamellar crystals on the surface of the limestone in the SEM images.
The FT-IR test results show that the varied environmental conditions influenced the
effect of the Zn2+ on the soil-limestone system. The effect on the soil-limestone system
changed the distinct chemical environments in the water but did not change the
functional groups of the soil-limestone.

In conclusion, the mechanism of Zn2+ adsorption and dissolution in soil-limestone
systems is primarily expressed as adsorption and ion exchange at low concentrations, and
ion exchange and surface precipitation at high concentrations of Zn2+ action. Regardless
of the concentration, adding Zn2+ will promote the dissolution of CaCO3 in the system,
negatively impacting the carbon sink effect.
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