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a b s t r a c t
When using weathered gangue as the filling material for mine filling mining, karst water quality 
changes greatly as the underlying Ordovician limestone karst water rises to the goaf and interacts 
with the gangue. At present, there are few studies on the causes of changes in water quality indicators 
under the interaction of water-coal gangue in the goaf after coal mining. Karst water and weathered 
gangue batch soaking experiments in different mining areas simulated the above process. The pH 
change was mainly controlled by the concentration of gangue minerals, followed by cation exchange 
reaction. In addition, the initial pH value of Zhai-zhen No. 3 karst water on the pH change of the 
soaking solution cannot be ignored. Oxidation–reduction potential (ORP) changes are related to the 
control of different oxidants at each reaction stage. The karst water bodies of Bai-zhuang No. 1 and 
No. 2 Zhai-zhen are both catalyzed by Fe3+ and dissolved oxygen (DO), showing a similar change 
trend. However, Zhai-zhen No. 3 water is controlled by Fe3+, DO and pH catalysts, and the ORP 
changes were the opposite of the first two groups. The change in total dissolved solids (TDS) is mainly 
related to the dissolution and adsorption rate of clay minerals. For karst water samples, the initial 
pH and the type and content of enriched cations affect TDS changes. The results of this study pro-
vide theoretical support for solving the problem of karst water pollution control in mining areas, and 
provide guidance for the utilization and environmental governance of coal gangue in mining areas.
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1. Introduction

Coal gangue is harmful solid waste generated during 
coal production and processing and after the closure of coal 
mines. According to statistics [1], there are more than 1,500 
coal gangue hills in China, which accumulated exceeded 
3.5 billion tonnes of coal gangue, account for about 40% of 
China’s industrial solid waste production. In mining areas, 
a considerable amount of coal gangue is naturally and 
loosely piled up around the mine, which is cone-shaped or 

valley-shaped. Dust formed by weathering and erosion of 
coal gangue and CO and SO2 emitted by residual coal sponta-
neous combustion will deteriorate the atmospheric quality of 
the mining area. The acidic wastewater produced through the 
precipitation and dissolution of coal gangue mountains pol-
lutes the surrounding soil and water bodies, and the stacking 
of coal gangue also occupies considerable land and causes a 
waste of resources. Currently, coal gangue is mainly used to 
generate electricity, prepare building materials, pave a road-
bed, synthesise chemical products, produce fertilisers, and 
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fill mines [2]. Filling mining as a new coal mining method 
is the coal gangue filling into the mine mining area to assist 
the coal mining technology. The method has attracted con-
siderable attention and is widely used for safe coal mining. 
Filling mining technology can not only mitigate the influ-
ence of coal gangue stacking on the atmosphere, soil, and 
surface water but also address the problems of surface sub-
sidence and collapse caused by coal mining. Furthermore, 
coal resources can be mined in protected areas and villages 
[3,4]. This mining technology has considerable environmen-
tal, economic, and social implications [5,6]. In the mining 
areas in northern China, the mining of most coal-bearing 
strata is threatened by Ordovician limestone aquifers. As the 
main water supply source for mining residents, Ordovician 
limestone karst is situated deep underground and exhibits 
excellent water quality, but it is highly environment sensi-
tive and can be easily polluted. As displayed in Fig. 1, when 
Ordovician limestone karst water enters goaf, pollutants are 
gradually released into the surrounding environment. The 
migration of toxic and harmful components in solid waste in 
the goaf to the water causes water pollution, which harms the 
surrounding environment and human health. For the solid 
waste in the goaf, the reaction temperature, pressure, pH, 
and redox conditions are all related to the goaf environment. 
The experimental conditions selected by previous studies 
often use room temperature as the experimental temperature 
or use distilled water to soak and dissolve, under-consider-
ing the environment of the goaf area. Studies on the inter-
action between water (karst water) and rock (coal gangue) 
have focused on the geochemical characteristics of heavy 
metal elements in coal gangue [7–10], coal gangue pollution 
due to the groundwater environment [11–13], the migra-
tion mechanism of heavy metal elements [14–16], and the 
improvement of filling technology [17]. However, there are 
few studies on the water quality index changes and related 
causes of karst water affected by coal gangue under the con-
dition filling mining used mining of weathered coal gangue.

To study the influence of weathered coal gangue on the 
karst water quality indexes under filling mining, the site 
Ordovician limestone karst water in the mining area was used 
as the soaking solution together with coal gangue for exper-
iments, meanwhile, the actual temperature and closed envi-
ronment of the goaf was simulated. The basic water quality 
parameters pH, (oxidation–reduction potential [ORP], total 
dissolved solids [TDS], dissolved oxygen [DO], and electri-
cal conductivity [EC]), anions and cations (sodium, calcium, 
sulfate, chloride, etc.) before and after soaking in this study 
were analysed and discussed. The variation and the original 
mode of three key water quality indexes including the pH, 
ORP, and TDS before and after soaking in coal gangue under 
various karst water conditions were mainly considered, 
which can be used as theoretical guidance for investigating 
the interaction mechanism between water (karst water) and 
rocks (coal gangue) after coal mining, and provided critical 
theoretical support for comprehensive utilisation of coal 
gangue and water environment treatment in mining areas 
in the future.

2. Materials and methods

2.1. Overview of the study area

The study area involves three mining areas (Fig. 2): 
Hong-qi coal mine, Bai-zhuang coal mine, and Zhai-zhen 
mine field. Hong-qi coal mine is located in the northeast of 
the Ju-ye coalfield. The coal-bearing strata are North China 
Carboniferous ~Permian of sea–land interaction deposition, 
the base of coal system is Ordovician limestone, and the 
overburden of coal system is Quaternary loose sediments 
and Paleogene red sandstone and mudstone [18]. Bai-zhuang 
coal mine is in the middle and west of the Fei-cheng coalfield, 
with stable strata deposition, and its thickness, lithology, and 
contact relationship of strata are consistent with the strata 
zoning in western Shandong. The Ordovician limestone layer 
is widely exposed on the surface of the earth; therefore, it is 
directly affected by atmospheric precipitation. The water con-
tent is extremely high, the salinity is 247–681 mg/L, belongs 
to low mineralization water, and the water quality type is 
HCO3-Ca·Mg, water quality belongs to class I-III according 
to GB/T 14848-2017 Groundwater Quality Standard [19]. 
Zhai-zhen coal mine is located in Zhai-zhen, Xin-tai city. In 
the shallow of this region, it belongs to the moderately rich 
aquifer, and its supply route is mainly affected by a small 
amount of outcrop atmospheric precipitation in the north 
wing. The Ordovician limestone water mainly is high-pres-
sure karst fissure still water. Its mineralization degree is 544 
to 1,252 mg/L, belongs to medium mineral degree water, 
water quality type is SO4-K Ca Na Mg, and water quality 
belongs to class II-IV according to GB/T 14848-2017 [20].

2.2. Sample preparation and testing

In this study, coal gangue weathered for a year in Hong-qi 
coal mine was used as the experimental solid sample. Coal 
gangue was piled outside the mine in the open air, and the 
snake-shaped distribution method and polypropylene shovel 
were used to collect coal gangue at 15 points. Equal amounts 
of coal gangue were obtained from each point. The samples 

 

Fig. 1. Schematic of Ordovician limestone water pollution 
from the weathered coal gangue left in goafs or backfills.
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were completely mixed as the experimental weathered coal 
gangue sample. The collected weathered coal gangue was 
crushed using a jaw crusher, and coal gangue particles with 
diameters between 0.45 and 3.2 mm were selected. Next, 
2,000 g of weathered coal gangue samples were weighed 
and wrapped in foil paper and placed in a drying dish for 
subsequent use.

The Ordovician limestone water from Bai-zhuang and 
Zhai-zhen coal mines was used as soaking water. Sampling 
point 1: Ordovician limestone karst water of Bai-zhuang coal 
mine with the water level of −250 m and water pressure of 
1.9 MPa, respectively; Sampling point 2: Ordovician lime-
stone karst water of Zhai-zhen coal mine a water level of 
−549.8 m and water pressure of 2.8 MPa in the hole; Sampling 
point 3: Ordovician limestone karst water of Zhai-zhen coal 
mine the water level is −395.07 m, and the water pressure in 
the hole is 2.05 MPa. In order to maintain the similarity of 
the simulation test as much as possible, the groundwater is 
sealed at a constant temperature, and then the sealed bottle 
and incubator are used to simulate the actual mining area 
environment in the subsequent soaking test.

Mineral composition analysis using the ARL Perform 
X4200 X-ray fluorescence spectrometer (measurement 
method: wavelength dispersion sequence scanning type; 
analysis element range: O-U3; content range: ppm to 100%). 
The main chemical components were analyzed by a D/
max-2500v/pc X-ray diffractometer (Cu target, Kα radi-
ation, step size 0.02°, power 40 kV, 40 mA, the scan speed 

is 10°/mm and scan range is 5°~80°) produced by Rigaku 
Corporation of Japan.

2.3. Soaking experiment

According to the drilling experiment results of Wang 
Xiao-chen and Shi Long-qing in Jia-xiang coal mine area and 
rock water storage coefficient, the relationship between coal 
gangue and mine water in the goaf can be obtained [21], and 
10 g of coal gangue samples were taken and placed in a plug 
cone bottle containing 100 mL immersion liquid to make 
the water-rock mass ratio 10:1. The four soaking solutions, 
which were marked as WGK1, WGK2, WGK3, and WGK4, 
used in the experiment were the Ordovician limestone water 
samples obtained from Bai-zhuang, two boreholes in Zhai-
zhen and ultrapure water. The blank control test was WGK4, 
the conical bottles mixed with water were resting in a 40°C 
incubator, and samples were removed at seven sampling 
times 1, 2, 4, 7, 15, 25, and 35 d after immersion, three sam-
ples of each type samples were removed for parallel testing. 
The supernatant was filtered into polyethylene bottles by 
using a microporous membrane with a pore size of 0.45 µm, 
sealed, and stored at 4°C until experimental analyses.

The pH, ORP, EC, TDS, and DO values before and after 
immersion were measured by a Hydrolab multi-parameter 
water quality analyzer. Using the Agilent 7500 inductively 
coupled plasma mass spectrometer (It has a rapid and simul-
taneously detection capability for practically all entries on 

 

Fig. 2. Location of the coal mines.



87D.-j. Xu et al. / Desalination and Water Treatment 292 (2023) 84–96

the cycle table; low detection limit (as low as ppb level); 
wide linear dynamic range that can directly detect concen-
trations between ppb to hundreds of ppm; the spectral line 
is simple, small interference; good accuracy and precision 
require a very low sample size (uL to mL); fast analysis speed 
(1~3 min per sample)) and the ICS-600 ion chromatograph of 
the Thermo-Fisher Company in the American (curve range 
0–200 ug/L; speed measurement:1.00 mL/min; pressure: 
1,965 psi) to measure the content of main cations (potas-
sium, sodium, calcium, magnesium, etc.) and the anions 
(chloride, sulfate, nitrate, etc.), respectively.

3. Results and discussion

According to the experimental results and the correla-
tion between water quality indexes, the basic characteristics 
of weathered coal gangue and karst water samples were 
first analysed, and the changing trend and mechanism of 
three key characteristic water quality indexes, pH, ORP, 
and TDS were analysed.

3.1. Test results of coal gangue and karst water

3.1.1. X-ray fluorescence spectrometer and X-ray 
diffractometer analysis of coal gangue

According to X-ray diffraction (XRD) analyses seen in 
Fig. 3, the main minerals of coal gangue are kaolinite and 
quartz, and its secondary minerals are calcite, pyrite, sani-
dine, ankerite, smectite, illite, and muscovite, this result 
is consistent with the analysis report of Ju-ye coal explora-
tion [22]. However, due to the influence of mineral analysis 
software, although XRD shows the presence of minerals, 
minerals with less than 3% content are not demonstrated.

It can be seen from the table of oxide content in coal 
gangue (Table 1) that the samples mainly constitute SiO2 
(49.77%) and Al2O3 (36.38%), and the concentrations of SiO2, 
Al2O3, and Fe2O3 in the samples account for 89% of the total 
oxides. The ratio of SiO2/Al2O3 in the coal gangue samples 
is larger than the theoretical ratio in kaolinite (1.18) [23], 
which indicated that the tested coal gangue samples mainly 
constitute kaolinite minerals and quartz, which is con-
sistent with the XRD results.

3.1.2. Potential contamination assessment of water quality 
parameters of the initial water sample

According to the test results, the summary of initial indi-
cators of water samples is presented in Table 2. According 
to Table 2, the quality of karst water in Bai-zhuang satis-
fies water quality parameters of Class III standard value of 
groundwater environmental quality (GB/T 14848-93) [24]. 
The water quality of Zhai-zhen is poor, and its ion concen-
tration considerably exceeds the standard. The TDS, Fe3+, 
Na+, and SO4

2− of karst water in No. 2 Zhai-zhen exceeded 
the Class III of groundwater environmental quality standard 
(GB/T 14848-93), and the pH, Na+, and SO4

2− of No. 3 Zhai-
zhen karst water exceeded the specified value of Class III 
for the groundwater environmental quality standard (GB/T 
14848-93). Na+ and SO4

2− exceeded the standard in the two 
groups of Zhai-zhen karst water, and the No. 2 water sam-
ple reached more than five times the water quality standard, 
which the analysis results remind we ought to focus the 
influence of these parameters on water quality change.

 
Fig. 3. Mineral X-ray diffraction analysis results plot.

Table 1
Chemical composition of weathered coal gangue

Chemical composition (%) SiO2 Al2O3 K2O MgO Fe2O3 TiO2 CaO Na2O SO3 ZrO2 SrO MnO

Percentage 49.765 36.382 3.256 3.034 2.738 2.229 0.971 0.815 0.722 0.038 0.032 0.018

Table 2
Initial indicators of karst water

Sample number pH Total dissolved 
solids (mg/L)

Total hardness 
(Ca2+) (mg/L)

Na+ 
(mg/L)

K+ (mg/L) Fe3+ 
(mg/L)

Cl– 
(mg/L)

SO4
2– 

(mg/L)

GB/T 14848-93 6.5~8.5 1,000 450 1,000 – 0.3 250 250
WGK1 7.64 480.3 137.80 50.8 1.3 0.32 68.33 114.39
WGK2 7.69 1,251.7 217.50 1,000 16.4 0.71 82.63 1,224.58
WGK3 9.57 543.7 29.21 1,000 11.8 0.09 6.92 368.97
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3.2. pH change trend and mechanism under different immersion 
solutions

The data of the immersion test were reported as the 
average of the three parallel trials, with a pH maximum rel-
ative deviation of 10%. The pH value of gangue immersion 
fluid under different types of karst water is shown in Fig. 4.

Fig. 4 reveals that the pH value of WGK4 water sam-
ples in the blank control group can be categorised into three 
stages: rapid increase within 0–7 d, rapid decrease within 
7–15 d, and slow fluctuation within 15–35 d. In the first 
stage, the pH value of the WGK4 water sample gradually 
increased with the soaking time, and reached the maxi-
mum value of 9.47 on day 7, which revealed strong alka-
linity. The possible reasons were analysed: (1) the total acid 
production from sulphide (pyrite) oxidation on the surface 
of coal gangue at the initial stage of soaking was less than 
the total alkali production from clay minerals such as cal-
cite [25,26]; (2) NH4

+ produced through the dissolution of 
nitrogen-containing substances in coal gangue buffered the 
solution, and inhibited or neutralised acidic mine waste-
water produced by pyrite oxidation [27,28]. In the second 
stage, the alkali production rate of calcite decreased, and 
the rapid acid production of sulphide progressed. However, 
silicate also entered the rapid alkali production period, 
and the total alkali production rate was higher than the 
acid production rate. The pH of the solution gradually 
decreased but remained alkaline. In the third stage, pyrite 
wrapped in coal gangue participated in the oxidation and 
acid-producing reactions, which continuously produced 
H+, but the hydrolysis reaction of the organic acid radical 
and S2− ionic compound consumed a certain amount of H+ 
[29]. Therefore, the pH fluctuated slowly with the reaction. 
With the decrease in the DO concentration, the reaction did 
not go on endlessly. According to X-ray fluorescence (XRF) 
analysis results, the silicate concentration in coal gangue 
was higher than the sulphide concentration, that is, the total 
alkali-production capacity was higher than the acid-produc-
tion capacity, and the pH value of the soaking solution was 

weakly alkaline when it reached the acid-base equilibrium  
[30,31].

The changes in the pH values of WGK2 and WGK1 soak-
ing solutions revealed the same change tendency, which can 
be categorised into two stages: slow increase during 0–7 d 
and slow fluctuation during 7–35 d. In the first stage, the 
pH value of WGK1 and WGK2 water samples gradually 
increased and reached the maximum value on day 7. The 
reasons were as follows: (1) karst water contains numerous 
ions, and the cation exchange reaction started at the initial 
stage of soaking with Rn−Xn+ + nH+ = Rn−Hn+ + Xn+ X = K/Ca/
Na/Mg; (2) at the initial stage of soaking, oxides (such as 
calcite) in coal gangue underwent the hydrolysis reaction, 
and H+ produced by sulphide was continuously consumed, 
but the total alkali production rate was higher than the acid 
production rate. Therefore, the pH increased. In the second 
stage, the pyrite wrapped in coal gangue participated in the 
oxidation and acid production reactions to continuously 
produce H+, but the hydrolysis reaction of the organic acid 
radical and ionic compound (such as S2–) led to the consump-
tion of a certain amount of H+. Therefore, the pH fluctuated 
with the reaction. However, the initial Fe3+ content of the 
WGK2 is higher, which consumes more H+ and has a lower 
pH value. With the gradual decrease in the DO concentra-
tion, the reaction did not go on endlessly. According to the 
XRF analysis, the silicate concentration in coal gangue was 
higher than the sulphide concentration, that is, the total 
alkali-production capacity was higher than the acid-produc-
tion capacity, and the pH value of the soaking solution was 
weakly alkaline when it reached the acid-base equilibrium.

The change in the pH value of the WGK3 soaking solu-
tion is categorised into three stages: a rapid decrease in 0–2 d, 
a slow decrease in 2–7 d, and a slow rise in 7–35 d. At the 
beginning of immersion, with the increase in the soaking 
time, the pH value gradually decreased and reached the 
minimum value on day 7. The reasons were as follows: (1) 
the WGK3 water sample exhibited strong alkalinity initially, 
which inhibited the dissolution and release of alkaline com-
ponents in clay minerals, and the oxidation of pyrite and 
nitrogen-containing organic compounds to produce acid 
increased [32]; (2) karst water contained considerable ions, 
and the cation exchange reaction began at the initial stage 
of soaking, with Rn−Xn+ + nH+ = Rn−Hn+ + Xn+ X = K/Ca/Na/
Mg, which consumed a part of H+. However, at this time, 
the total acid production was higher than the total alkali 
production, and the pH decreased. After 7 d, the inhibition 
of the alkali-producing reaction of clay minerals gradually 
weakened with the decrease in the pH value, and the acid 
production rate gradually decreased with the consumption 
of sulphide. The acid-producing reaction of wrapped pyrite 
progressed. The total alkali production rate was higher than 
the acid production rate, and the pH exhibited an upward 
trend. With the gradual decrease in the DO concentra-
tion, the reaction did not go on endlessly. According to the 
XRF analysis, the silicate concentration in coal gangue was 
higher than the sulphide concentration, that is, the total 
alkali-production capacity was higher than the acid-produc-
tion capacity, and the pH value of the soaking solution was 
weakly alkaline when it reached the acid–base equilibrium.

The pH change of the WGK4 water sample was influ-
enced by the concentration of alkaline/acidic minerals in 

 

Fig. 4. Coal gangue immersion solution pH under various 
karst water conditions.
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coal gangue. When the acid yield of alkaline minerals was 
higher than that of acidic minerals, the pH increased, and 
vice versa, which revealed a trend of the increase first, fol-
lowed by a decrease, and subsequent stabilisation. The water 
samples of the WGK1 and WGK2 contained numerous 
ions, and the cation exchange reaction started at the initial 
stage of soaking. Therefore, the pH change was affected by 
the ratio of alkaline/acidic minerals content in coal gangue 
and the cation exchange reaction, which revealed a trend of 
increase first and subsequent stabilisation. The strong ini-
tial alkaline of WGK3 water samples inhibited the dissolu-
tion of alkaline components in coal gangue, the pH change 
was affected by three factors, namely the content of alkaline/
acidic minerals in coal gangue, cation exchange reaction, 
and the pH value of karst water, which revealed a trend of 
the initial decrease and subsequent stabilisation. According 
to XRF analysis of the samples, the silicate concentration in 
coal gangue was higher than the sulphide concentration, 
that is, the total alkali-production capacity was higher than 
the acid-production capacity, and each soaking solution was 
finally weakly alkaline, which revealed that the mineral 
concentration of coal gangue considerably influenced pH 
change and was the main controlling factor.

3.3. Change trend and influence mechanism of ORP value under 
different immersion solutions

The redox potential reflects the electrochemical prop-
erties in the immersion liquid system, which is mainly 
affected by the change in Fe2+/Fe3+ forms in the immersion 
liquid [33]. The main chemical reactions of pyrite oxidation 
to produce acid were as follows:

2 7 2 2 4 42 2
2

4
2FeS O H O Fe H SO2� � � � �� � �  (1)

4 4 4 22
2

3Fe O H Fe H O2
� � �� � � �  (2)

FeS Fe H O Fe SO H22
3 2

4
214 8 15 2 16� � � � �� � � �  (3)

Eqs. (1) and (3) reveal that pyrite produced a large quan-
tity of H+ after being oxidised by O2 and Fe3+, and O2, H+, 
and Fe3+ in the environment directly or indirectly affected 

the surface oxidation rate. Compared to the mentioned 
three reactions, the reaction rate represented by Eq. (2) was 
slow. Studies [29,34] have revealed that the oxidation of Fe2+ 
to Fe3+ [Eq. (2)] is the decisive step in the pyrite oxidation 
process. Tu [35] studied the influencing factors of this con-
trolling step and revealed that the oxidation rate of Fe2+ was 
not only affected by the O2 concentration but also negatively 
correlated with the H+ concentration in the system. Druschel 
[36] revealed that when Fe3+ and O2 existed simultaneously 
in the reaction system, the oxidation rate of these two sub-
stances was at least one order of magnitude faster than that 
of O2 alone. Data from the immersion test were reported 
as the mean of the three parallel trials, with the maximum 
relative deviation of ORP and DO of 6% and 3%, respec-
tively. The variation law of ORP and DO of the coal gangue 
soaking solution with time under various karst water types 
is displayed in Fig. 5.

Fig. 5a reveals that with the progress of time, the ORP 
value of the WGK4 water sample in the blank control group 
can be categorised into three stages: continuous decline 
in 0–7 d, continuous rise within 7–25 d, and stable within 
25–35 d. In the first stage, the DO initial concentration in 
WGK4 was high, with no Fe3+ ion interference, and the oxi-
dation of pyrite was mainly influenced by the DO concen-
tration. The reaction rate of equation 1 was fast, the Fe2+ in 
the soaking solution increased, and the ORP in the solution 
decreased. In the second stage, according to Moses, Fe2+ is 
adsorbed on the surface of pyrite in preference to Fe3+ in 
the reaction process [37]. Eq. (2) reveals the main reaction, 
with the increase in Fe3+ in the soaking solution and the ORP 
value of the solution being higher. In the third stage, accord-
ing to Druschel [36], when Fe3+ and O2 exist simultaneously 
in the reaction system, the oxidation rate of pyrite was fast. 
At this stage, the oxidation of pyrite reached equilibrium 
and ORP was stable.

The ORP values of WGK2 and WGK1 water samples 
exhibited identical change results: the values decreased 
continuously during 0–4 d, increased and decreased during 
4–25 d, and remained stable during 25–35 d. The reasons for 
the change are as follows: in the first stage, the initial Fe3+ con-
centration of the two groups of the water samples was higher, 
and the pyrite oxidation was mainly influenced by the Fe3+ 
concentration at the initial stage of soaking. At this time, Eq. 
(3) was the main reaction [38]. Fe2+ increased, Fe3+ decreased 

 

Fig. 5. Trend diagram of oxidation–reduction potential and dissolved oxygen under different karst water conditions.
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in the soaking solution and the ORP value of the solution 
decreased. In the second stage, as Fe3+ consumption Eq. (3) 
was no longer the main process of pyrite oxidation and acid 
production, both Fe3+ and O2 affected pyrite oxidation and 
acid production, and Fe2+/Fe3+ forms were transformed and 
ORP fluctuated accordingly. In the third stage, according to 
Druschel [36], when Fe3+ and O2 existed simultaneously in 
the reaction system, the oxidation rate of pyrite was fast; at 
this time, the oxidation of pyrite reached equilibrium and 
ORP was in a stable stage. However, after stabilization, the 
pH of WGK1 is higher and the content of OH– is higher, 
which leads to the ORP value being lower than that of WGK2.

The ORP value of WGK3 water samples can be catego-
rised into three stages: continuous rise between 0–2 d, fluc-
tuations between 2–25 d, and stable stage between 25–35 d. 
In the first stage, WGK3 exhibited high DO initial concen-
tration and strong alkalinity the before soaking, the reaction 
rate of Eq. (2) was fast, the amount of Fe3+ in the soaking 
solution increased, and the ORP of the solution increased. 
In the second stage, with the decrease in pH, Eq. (2) was 
not the main process of pyrite oxidation and acid produc-
tion. Both Fe3+ and O2 affected pyrite oxidation and acid pro-
duction; Fe2+/Fe3+ forms were transformed, and ORP values 
fluctuated. In the third stage, according to Druschel [36], 
when Fe3+ and O2 existed simultaneously in the reaction sys-
tem, the oxidation rate of pyrite was fast. At this time, the 
oxidation of pyrite reached equilibrium and ORP was in a 
stable stage.

According to the trend of change in ORP of each soaking 
solution and the analysis of pyrite oxidation and acid pro-
duction: the change in the ORP value of the WGK4 water 
sample was mainly affected by the DO concentration, but the 
reaction emphasis differed in the initial and middle stages 
of the reaction, and the ORP exhibited a trend of initial 
decrease, followed by an increase, and subsequent stabilisa-
tion. Because the initial content of Fe3+ was high in the WGK1 
and WGK2 water samples, the ORP changes in the early 
stage were controlled by Fe3+. With the simultaneous action 
of Fe3+ and O2, the ORP emerge fluctuates changes, and over-
all ORP showed a trend was first of all decrease, followed by 
fluctuation, and subsequent stabilisation. The WGK3 water 
sample had a low initial Fe3+ concentration and a high DO 
content and pH, which were mainly affected by DO and pH 
in the early stage. With the reaction, Fe3+ and O2 corporate 
played a role, and the overall trend was an initial increase, 
followed by fluctuation, and subsequent stabilisation.

3.4. Analysis of the change of TDS and key influencing 
parameters under different immersion solutions

TDS is a comprehensive reflection of the concentration 
of ions in water. With water-rock interactions progress in 
coal mine goaf, such as the dissolution of rocks, TDS usually 
fluctuates. Analysis of TDS changes reveals the main reac-
tion of underground reservoirs in coal mines and sources 
of main ions in water.

In the water-rock interaction, the causes of the ion con-
centration changes are as follows: the dissolution of sulfate 
minerals and silicate minerals, water–rock ion exchange, 
adsorption of clay minerals, precipitation of secondary 
minerals, and other reactions. The reaction of coal gangue 

immersion was analysed, which revealed that sulphide in 
coal gangue was less resistant to weathering than silicate 
minerals were, sulphide decomposed easily when exposed 
to sunlight and rain, and sulfate minerals (such as mirabilite, 
pyrite, and gypsum) dissolved preferentially compared with 
silicate minerals during soaking. According to XRD and XRF 
analyses, the main mineral components of weathered coal 
gangue are kaolinite and quartz. These components exhibit 
various adsorption forms for metal cations: ion exchange 
adsorption, chemical adsorption, and physical adsorption. 
Zhang et al. [39] revealed that the adsorption capacity of 
kaolinite for four ions is Ca2+ > Mg2+ > K+ > Na+. Ions exchange 
reaction occurred in the adsorption of clay minerals, and the 
metal cations on the surface of kaolinite particles exchanged 
with the metal cations in the solution. Studies [40] have 
revealed that Ca(OH)2 and Mg(OH)2 precipitates form eas-
ily on the surface of clay minerals, and Ca(OH)2 precipitates 
CaCO3 easily under the action of free CO2 in the solution [41]. 
Wu Hong-hai and other studies have revealed that both ion 
exchange and adsorption modes exist when the pH value of 
the solution is 6.5–8, and the surface precipitation is dom-
inant when the pH is greater than 8. However, this experi-
ment was performed in a confined space, and the sedimenta-
tion will gradually weaken with the decrease in CO2. Silicate 
minerals exhibit high solubility under acidic conditions 
and weak solubility under alkaline conditions. Therefore, 
in this experiment, silicate minerals only dissolved in the 
initial stage of WGK4 soaking and were slightly soluble or 
insoluble in the karst water samples.

3.4.1. Analysis of water quality parameter correlation and key 
parameters variation in the blank control group (WGK4)

SPSS19.0 was used for the factor analysis on hydro-chem-
ical parameters, and the correlation coefficient matrix of 
hydro-chemical parameters of WGK4 water samples in 
the blank control group was as follows in Fig. 6:

In general, we argue that 0.8–1 is an extremely strong 
correlation, 0.6–0.8 strong correlation, 0.4–0.6 moderate cor-
relation, 0.2–0.4 weak correlation, and 0–0.2 extremely weak 
correlation. Fig. 6 reveals that a strong correlation exists 
between TDS and SO4

2− (R = 0.957), which indicates that the 
concentration and spatial distribution of SO4

2− play a key 
role to TDS. The relations of TDS, sulfate, and calcium ions 
were 0.68,0.794, respectively, with strong correlation, which 
indicates that the dissolution of gypsum (CaSO4·2H2O) has 
a high contribution to the TDS change of the water samples. 
The relations of TDS, sulfate, and sodium ions were 0.566 
and 0.65, respectively, with moderate correlation, which 
indicates that the dissolution of mirabilite (Na2SO4·10H2O) 
also certain degree contributes to the TDS change of the 
water samples. A strong correlation exists between TDS and 
Cl− (R = 0.794), which indicates that Cl− concentration con-
siderably influences TDS. Meanwhile, the relations of TDS, 
chloride, and sodium ions were 0.566 and 0.681, respectively, 
with moderate correlation, which indicates that the dissolu-
tion of rock salt (NaCl) also contributes to the TDS change 
of the water samples. The data from the WGK4 immersion 
test are reported as the average of three parallel trials, with 
a maximum relative deviation of 1% (TDS) and 13% (gen-
eral water chemical parameters). The variation of the main 
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anions, cations, and TDS concentration in the water sample 
with time is displayed in Fig. 7.

Fig. 7a reveals that the TDS changes of the WGK4 water 
samples in the blank control group can be categorised into 
three stages: rapid increase during 0–2 d, slow decrease during 
2–7 d, and slow increase during 7–35 d. In the first stage, sul-
fate minerals (e.g., mirabilite and gypsum) dissolved rapidly 
at the initial stage of soaking, the dissolution rate of rock min-
erals was higher than the sum of the adsorption rate and pre-
cipitation rate of clay minerals, the ion release amount was 
higher than the total amount of adsorbed and precipitated, 
and the ion concentration in the water body increased, and 
TDS increased [42]. In the second stage, the dissolution rate 
of sulfate minerals decreased, and clay minerals adsorption 
and CaCO3 precipitation were the main reactions. The total 
amount of ions adsorbed and precipitated was greater than 
the number of ions released, and the TDS value abate due 
to ion concentration in water decreased. In the third stage, 
sulfate minerals dissolved continuously, and the precipita-
tion rate of CaCO3 and clay minerals decreased. At this time, 
the ion release amount was higher than the total amount 
of precipitation and adsorption, the ion concentration of 
the soaking solution increased, and TDS increased again.

3.4.2. Analysis of the TDS variation and key impact 
parameters of WGK1 water bodies

The data from the WGK1 immersion test are reported 
as the average of three parallel trials, with a maximum 

relative deviation of 1% (TDS) and 11% (general water chem-
ical parameters). Fig. 8 shows the variation of main anions, 
cations, and TDS mass concentration in the water sample 
with time.

Fig. 8a reveals that the TDS change of the WGK1 water 
sample can be categorised into three stages: rise within 
1 d, rapid decrease during 1–7 d, and slow decrease during 
7–35 d. According to the WGK4 analysis of the blank con-
trol group, combined with the change in the main anions and 
cations in the WGK1 water sample and water body charac-
teristics, the reasons for TDS changes are as follows: in the 
first stage, sulfate minerals dissolved rapidly at the initial 
stage of soaking, clay minerals absorbed and precipitated 
slowly, the ion release amount was higher than the total 
amount of ions absorbed and precipitated, the ion content 
in the soaking solution increased, and TDS increased [42]. In 
the second stage, the water pH is greater than 8, the adsorp-
tion rate such as clay minerals accelerated, and the initial 
concentration of calcium and magnesium ions in the water 
was higher. At this time, calcium and magnesium ions were 
mainly consumed, and the precipitation rate accelerated. The 
total number of ions adsorbed and precipitated was higher 
than the number of ions released, the ion content in the water 
decreased and TDS fell. In the third stage, sulfate minerals 
continued to dissolve, and the adsorption rate of clay min-
erals remained fast under the influence of pH, and the num-
ber of ions released was less than the total amount of ions 
adsorbed and precipitated. Therefore, the ion concentration 
in the water body, and the TDS value decrease.

 

Fig. 6. Correlation coefficient diagram of water chemical parameters of the WGK4 water samples.
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Fig. 7. Plot of main ions and total dissolved solids of the WGK4 immersion solution.

 

Fig. 8. Changes of main ions and total dissolved solids in WGK4 immersion solution.
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3.4.3. Analysis of the TDS variation and key impact 
parameters of WGK2 water bodies

Data from the WGK2 immersion test are reported as 
the average of three parallel trials, with a maximum rela-
tive deviation of 1% (TDS) and 11% (general water chemical 
parameters). The variation law of the main anions, cations, 
and TDS concentration in the water sample with time is 
displayed in Fig. 9.

Fig. 9a reveals that the TDS change of the WGK2 water 
sample can be categorised into three stages: rapid increase 
within 1 d, decrease during 1–2 d, and slow increase during 
2–35 d. According to the WGK4 analysis of the blank con-
trol group, combined with the change of the main anions and 
cations in the WGK2 water sample and water body charac-
teristics, the causes of TDS change are as follows: in the first 
stage, sulfate minerals dissolved rapidly at the initial stage 
of soaking, the adsorption and precipitation rate of clay min-
erals were slow, the ion release number was higher than the 
total number of adsorbed and precipitated ions, the ion con-
tent of the soaking solution increased and TDS hoisted [42]. 
In the second stage, when the pH of the water exceeded 8, the 
adsorption rate of clay minerals and organic matter acceler-
ated. At this time, the dissolution rate of minerals was less 
than the total rate of adsorption and precipitation, and the 
total number of ions adsorbed and precipitated was higher 
than the number of ions released. The ion concentration in 
water decreased and TDS declined. In the third stage, con-
siderable sodium ions enriched in the water were adsorbed 
and ions exchange effect is strong, and the precipitation 

rate of CaCO3 decreased. At this stage, the total amount of 
ions released was higher than the total amount of ions pre-
cipitated and adsorbed, the ion concentration increased 
in the soaking solution and TDS raised.

3.4.4. Analysis of the TDS variation and key impact 
parameters of WGK3 water bodies

The data from the WGK3 immersion test are reported 
as the average of three parallel trials with a maximum rela-
tive deviation of 1% (TDS) and 12% (general water chemical 
parameters). The variation law of the main anions, cations, 
and TDS concentration in the water sample with time is 
displayed in Fig. 10.

Fig. 10a reveals that the TDS change of the WGK3 water 
sample was categorised into three stages, which rapidly 
increased within 1 d, decreased during 1–4 d, and slowly 
increased during 4–35 d. According to the WGK4 analysis 
of the blank control group, combined with the change in the 
main anion and cation in the WGK3 water sample and water 
characteristics, the causes of TDS change are as follows: in 
the first stage, the initial pH and Na+ concentration of the 
water body was higher, but the calcium and magnesium ion 
concentrations were lower, Na+ ions were adsorbed by clay 
minerals and organic matter, and ion exchange is intense, 
rock minerals dissolved rapidly, precipitation rate was slow, 
the amount of ion released was higher than the total amount 
of adsorbed and precipitated ions, ion concentration in the 
water body increased, and the TDS value rise. In the second 
stage, the dissolution rate of rock minerals decreased, the 

 

Fig. 9. Change of main ions and total dissolved solids of WGK2 immersion solution.
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adsorption and ion exchange of clay minerals continued, the 
total number of ions adsorbed and precipitated was higher 
than the number of ions released, and the ion concentra-
tion in water decreased and TDS fell. In the third stage, the 
precipitation rate of CaCO3 decreased. With the continuous 
dissolution of rock minerals and the alternating adsorption 
of cations, the number of ions released was higher than the 
total number of adsorbed and precipitated ions, the ion 
concentration in water increased, and TDS hoisted.

The TDS change in the water-rock interaction system 
was influenced by many factors, such as the dissolution of 
rock minerals, authigenic precipitation, adsorption of clay 
minerals, and ion exchange. WGK4 was not affected by 
the initial pH and ion concentration of water, mainly by 
the dissolution rate of rock minerals and the adsorption 
as well as precipitation rates of clay minerals. Overall, it 
shows a changing trend of initial rise, followed by subse-
quent decline and then rise. The TDS change of the WGK1 
water sample was mainly controlled by the adsorption rate 
of organic matter and clay minerals and the dissolution rate 
of rock minerals, and was affected by the initial pH and ion 
exchange. Overall, it shows a trend of initial rise, followed 
by a subsequent rapid decrease and then a slow decreasing. 
The TDS change of the WGK2 water sample was mainly 
controlled by the adsorption rate of organic matter and 
clay minerals and the dissolution rate of rock minerals. In 
addition, TDS was affected by pH change of the water body, 
initial cation concentration, and ion exchange. It shows a 

trend of initial rapid, followed by subsequent decline and 
slow rise. The TDS change of the WGK3 water sample was 
mainly controlled by the adsorption rate of organic matter 
and clay minerals, dissolution rate of rock minerals, and was 
affected by the initial cation concentration and ion adsorp-
tion. It shows a changing trend of initial rising, followed by 
subsequent decline and slow rise. For the karst water sam-
ples, the initial pH value, pH change, ion content, and ion 
exchange intensity affected the TDS change. All reactions 
are continued in the water-rock interaction system, the TDS 
change was mainly affected by the dissolution rate of rock 
minerals and the adsorption rate of clay minerals. When the 
total dissolved amount was higher than the total adsorbed 
amount, the TDS increased, and vice versa.

4. Conclusions

The XRD and XRF results of coal gangue are consistent. 
These results revealed that kaolinite and quartz are the main 
coal gangue, and that calcite, ankerite and sanidine are 
the secondary minerals. The quality of karst water in Bai-
zhuang was excellent, but the ion levels in karst water in 
Zhai-zhen exceeded the standard, especially the levels of 
TDS and SO4

2−.
The pH change of the soaking solution is affected by 

multiple factors, such as the acid/alkaline mineral concentra-
tion of coal gangue, cation exchange reaction, and pH value 
of karst water, however, the main controlling factor is the 

 
Fig. 10. Plot of main ion and total dissolved solids changes in WGK3 immersion solution.
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mineral content of coal gangue. For karst water samples, the 
change in pH is influenced by the initial pH value and cat-
ion exchange cannot be ignored. The change in ORP of the 
soaking solution is related to the oxidation–acid production 
process of pyrite. The DO initial concentration, Fe3+ concen-
tration, and pH value of karst water considerably affect the 
reaction. For karst water samples, Fe3+ ions in the initial water 
samples contribute considerably to the ORP change. The 
water-rock interaction reaction system between coal gangue 
and water is highly complex, TDS changes are affected by 
the comprehensive actions of rock mineral dissolution, sec-
ondary precipitation, clay mineral adsorption, ion exchange, 
and complexation reaction. However, calculating the con-
tribution of each reaction to TDS changes is difficult, and 
the specific process should be analysed in future research. 
For the karst water samples, initial pH value, pH changes, 
higher initial concentration ion types, and ion concentration 
affect the process of TDS changes.

As a type of solid particle associated with coal, the 
composition of coal gangue is affected by complex factors, 
such as coal forming conditions, the environment, and tem-
perature, and various coal gangues are formed in different 
regions and causes of environments. Therefore, determining 
the mineral composition and content of coal gangue in the 
study of the interaction system between coal gangue and 
the aqueous solution is critical for analysing the specific 
reaction and mechanism of material migration and trans-
formation in coal gangue. Future studies on the mechanism 
of coal gangue for various types of karst water should focus 
on the influence of coal gangue minerals. Although the ini-
tial properties of karst water also affect the water quality 
change, the dissolution or adsorption of coal gangue miner-
als mainly plays a critical role in the water quality change.
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