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Abstract: The composition of emulsion is complex. In the process of coal mining, the emulsion
required by the hydraulic equipment can enter the mine water through a variety of channels, thereby
affecting the water quality of the mine. In this study, the mine water of a super large coal mine,
Daliuta Coal Mine, was collected, and static and dynamic simulation tests were designed to analyze
the changes in various water quality indicators of mine water containing different concentrations
of emulsions over time. Furthermore, the health risk assessment model was applied to evaluate the
health risks of hexavalent chromium (Cr®*) and chloride in mine water containing emulsions on
different populations. The results indicate that the alkaline substances such as sodium castor oil in
the emulsion can increase the pH value of mine water, but it is more obvious when the emulsion
concentration is high. The mine water itself contains chloride and sulfate exceeding 300 and 400 mg/L,
respectively, and the addition of emulsion under static conditions has little effect on them, while
the amount of emulsion added under dynamic conditions reaches 20 mL/L, which has a significant
impact. The emulsion contains a certain amount of Cr® and can affect the total dissolved solid
content, total hardness, and other indicators of mine water through mechanisms such as adsorption,
solubilization, and chemical precipitation. The calculation results of the health risk assessment model
indicate that the excessive chloride in the mine water in the area poses a potential non-carcinogenic
risk to all populations exposed to their environment. The health risk index of Cr®* increases with
the increase in emulsion content in mine water, and the potential non-carcinogenic risk is higher for
children. Overall, emulsions can significantly deteriorate the quality of mine water. This research can
provide a scientific theoretical basis for subsequent study of mine water pollutant treatment, water
quality monitoring and management, and health risk assessment, thereby contributing to reducing
the health risks it brings and protecting the safety of local groundwater quality.
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1. Introduction

An emulsion is a mixture of water, base oil, surfactants, additives, etc., in a certain
proportion [1,2]. Due to the characteristics of cooling, lubrication, and pressure transfer,
emulsions are widely used in the cutting and grinding processes of machine parts in
mechanical manufacturing and metal processing industries [3,4]. In recent years, with
the continuous improvement of the mechanization level of coal mining equipment [5,6],
emulsion, as a means of maintaining the normal operation of underground hydraulic
supports, has also been widely used [7]. During processes such as emulsion replacement or
equipment leakage, some of the emulsion will enter the mine water along with wastewater
generated from coal mining. When mine water containing emulsion enters the external
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environment, the emulsified oil and dissolved oil will hinder the migration of oxygen from
the air to the water, affecting the respiration of aquatic organisms. The self-purification
capacity of water will gradually weaken, and the water quality will also gradually deterio-
rate, thereby affecting the ecological balance of the water environment. When emulsified
mine water enters the soil environment, harmful substances can be absorbed by plants,
transmitted through the food chain, and enriched, ultimately into the human body, posing
a threat to human health [8,9].

At present, relevant research mainly focuses on the hazards of emulsion waste liquid
and its treatment [10], the impact of mine water quality on emulsion properties, and the
improvement of emulsion waste liquid treatment technology [11-15]. However, the impact
of emulsions on the quality of mine water and the evaluation of the human health risks
of mine water containing emulsions have not been reported yet. During the coal mining
process, water pollution caused by the leakage of emulsion is a common phenomenon
and poses certain risks to human health. Therefore, the changes in water quality (the
content of a variety of pollutants) over time after different concentrations of emulsions
enter the mine water are studied, and the human health risk evaluation is conducted. This
study has important guiding significance for understanding the pollution risk of mine
water containing emulsion to the environment. It also has important practical significance,
which can provide data and theoretical support for targeted treatment of pollutants in mine
water before it is discharged into the environment. By adopting corresponding governance
measures, it can reduce the harm to the environment and human beings.

The mine water used in this study was collected from the Daliuta Coal Mine in
Shenmu County, Shaanxi Province of China. As a super large modern mine with an annual
production capacity of over 20 million tons, a large amount of emulsion is required to
maintain the operation of the underground hydraulic support. Therefore, the impact of
emulsion on the water quality of the mine water and the potential pollution risk to the
external environment must be considered. The process of groundwater inflow or infiltration
into mines and then discharge, transforming it into surface water, can affect the quality of
water resources. In some areas, only the sewage discharged from mines can be used for
irrigation, which seriously affects the quality of agricultural products.

A study was conducted to investigate the impact of emulsion on the quality of mine
water and the potential health risks of mine water containing emulsion to human beings.
The main experimental design and research contents included: (i) to fully simulate the pos-
sible transformation process of an emulsion into mine water, static and dynamic simulation
conditions were established; (ii) the changes in various water quality indicators over time
after various physical and chemical reactions in mine water with different concentrations
of emulsions were compared and analyzed; and (iii) the health risk assessment model was
used to quantitatively assess the potential impact of chloride and hexavalent chromium
(Cr®*) in the mine water containing different concentrations of emulsions on the health of
different populations. The water quality indicators studied in this article include pH value,
total dissolved solids (TDS), chloride, sulfate, Cr*, and total hardness.

2. Experiments and Health Impact Assessment
2.1. Experimental Device

The mine water used in the experiment was collected from Daliuta Coal Mine in
Shenmu County, Shaanxi Province. The location of the coal mine is shown in Figure 1.
The static experiment used five beakers containing 2 L of mine water, and emulsions were
added to each beaker at a ratio of 0mL/L, 1 mL/L,5mL/L, 10 mL/L, and 20 mL/L. These
5 beakers were shaded and sealed, and samples were taken for testing on the 1st, 5th, 10th,
20th, and 30th days after 24 h of static storage.
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Figure 1. The location of Daliuta Coal Mine.

In the process of coal mining, when a large number of goaf collapses, and surface
cracks occur, surface water will seep into the underground or mining pits to form mine
water. During the process of mining and discharging mine water, groundwater may flow
into the mines. This study set up a dynamic experimental device to simulate the dynamic
change process of mine water in reality. In order to form a comparison with the changes
in the composition of mine water in static experiments, the concentrations of emulsion
in mine water of 5 dynamic experimental equipment were consistent with that in static
experiments, and the equipment had also been sealed and shaded. By adding materials
such as coal, sand, and stone as media layers to the infiltration column, the adsorption and
transformation of various components of emulsion in mine water by relevant substances
in dynamic water bodies were simulated. By detecting and analyzing the corresponding
components in mine water, the changing trends of various water quality indicators were
identified, and their influencing factors were analyzed.

2.2. Experimental Steps
2.2.1. Characteristics of Water Quality Indicators

The pH value, as a scale of hydrogen ion activity, describes the degree of acidity and
alkalinity of the solution and is an important indicator of water quality [16]. This study
investigates the impact and mechanism of emulsions on the pH of mine water by detecting
changes in pH in water samples. Total dissolved solids (TDS) refer to the total content of
all inorganic and organic solutes in water, measured in milligrams per liter (mg/L) [17,18].
Both chloride ions and sulfate are important indicators that affect water quality [19,20].
Chloride ion is widely present in nature and has a corrosive effect on metals. Sulfate mainly
comes from geological minerals, mostly in the form of calcium sulfate and magnesium
sulfate. It has a corrosive and destructive effect on metals and building materials and can
pose a threat to the health of animals and plants. Drinking water with excessive sulfate
content can cause diarrhea, dehydration, and gastrointestinal disorders in the human
body. Therefore, this experiment also takes chloride ions and sulfate in mine water as
detection objects.
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Total hardness refers to the total concentration of metal ions such as calcium and mag-
nesium ions in water [21-23]. Excessive total hardness content in water can have a certain
impact on people’s production and life, agricultural irrigation, ecological environment, etc.
Therefore, it is necessary to detect the total hardness of mine water. Hexavalent chromium
(Cr®"), as a common pollutant, is highly toxic and difficult to decompose and remove in
water. It can accumulate and diffuse in the environment, causing serious pollution to water
quality [24,25]. Cr®* can affect the metabolism of aquatic organisms and further affect the
ecosystem balance of water bodies. If wastewater containing Cr®* is used for irrigation of
farmland, the Cr®* will accumulate in the soil, inhibit crop growth and development, and
accumulate in the human body through the food chain, leading to serious consequences
such as organ damage and cancer [26,27]. Therefore, this study explores the extent and
mechanism of the impact of emulsions on Cr®* in mine water, which can provide data
support for the local treatment of mine water containing emulsions.

2.2.2. Measurement of Water Quality Indicators

(1) Determination of pH value.

Firstly, calibrate the pH meter in a standard buffer solution with pH = 4.00, pH = 6.86,
and pH = 9.18. Then, place 20 mL of the solution to be tested into a beaker and measure the
pH value using the calibrated pH meter.

(2) Determination of total dissolved solids (TDS) content.

Place 20 mL of the water sample to be tested into a beaker and measure it using a TDS
detection pen.

(3) Determination of the content of chloride and sulfate.

The ion chromatography analysis method is used to determine the concentration of
chloride ions and sulfate ions. Firstly, pre-treatment is carried out: the filtered solution
to be tested is placed in an adsorption resin and cation exchange resin column to remove
insoluble substances, dissolved organic matter, and heavy metal ions from the water sample
to be tested. Secondly, prepare eluent of 0.0018 mol/L NayCOj3 and 0.0017 mol/L NaHCO;3,
as well as standard solution series for the tested anions. Then, filter the standard solutions
of the tested anions through a 0.45 um microporous filter membrane and inject them into
the chromatograph, record the peak area, and draw the standard curve. Finally, filter 50 mL
of the pre-treated sample and eluent through a 0.45 pm microporous filter membrane and
then inject it into the chromatograph to obtain the peak plot of the corresponding ion, and
the concentration of chloride or sulfate can be calculated based on the standard curve.

(4) Determination of the content of hexavalent chromium (Cr6*).

Draw standard curves: add 0, 0.20, 0.50, 1.00, 2.00, 4.00, 6.00, 8.00, and 10.00 mL of Cr®*
standard solution to 9 colorimetric tubes with a capacity of 50 mL, dilute with water to the
mark, and then add 0.5 mL of 1 + 1 sulfuric acid, 0.5 mL of 1 + 1 phosphoric acid and 2 mL of
chromogenic agent separately, and shake evenly. After 5 to 10 min, measure the absorption
value using a 1 cm colorimetric dish at a wavelength of 540 nm. Then, use deionized
water as a reference for blank correction and draw a standard curve with absorbance as the
vertical axis and the corresponding concentration of Cr®* as the horizontal axis.

Sample measurement: firstly, filter the mine water sample to avoid the impact of
suspended particles on the analysis results and damage to the instrument. Then, take
30 mL of filtered water sample, put it into a 50 mL colorimetric tube, and dilute it with
water to the standard line. After blank correction, the content of Cr®* can be obtained from
the standard curve based on the measured absorbance.

(5) Total hardness measurement.

Place 50 mL of the water sample to be tested and add 5 mL of ammonia ammonium
chloride buffer and 4 drops of chrome black T indicator. Titrate with 0.01 mol/L EDTA
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standard solution until the color changes from wine red to pure blue. Then, calculate the
total hardness based on the consumption and concentration of EDTA standard solution:

X= (V x Mx100.08)/V; x1000 )

where X represents the total hardness content in the water sample (mg/L); V is the volume
consumed by EDTA standard solution during titration (mL); M is the concentration of
EDTA standard solution (mol/L); V3, is the volume of water sample (mL); and 100.08 is the
molar mass of CaCO3 (g/mol).

To ensure the accuracy and precision of the analysis results, three replicate tests on
all indicators were conducted, and the final results were averaged to reduce experimental
error. The correlation coefficients of standard curves for Cr*, chloride, and sulfate are all
greater than 0.999 (Figure S1).

2.3. Health Risk Assessment

The water quality index (WQI) is an effective tool for accurately evaluating the impact
of various pollutants on water quality [28,29]. In order to assess the potential impact of
various pollutants on human health, the U.S. Environmental Protection Agency’s (EPA)
(Washington, DC, USA) health risk assessment model is applied to estimate the risk level of
Cr®* and chloride in mine water to human health. The health risk index (hazard quotient,
HQ) can be expressed as:

HQ = D;/RfD @)

where D; is the sum of the human exposure (mg/kg-d) caused by exposure routes such as
oral intake and skin contact and RfD is the reference dose for non-carcinogenic exposure
pathways (mg/kg-d). When HQ > 1, it indicates that the pollutant may pose a potential
non-carcinogenic risk; when HQ < 1, it can be considered that there is no chronic non-
carcinogenic risk [30].

According to the comprehensive risk information system database of the United States
Environmental Protection Agency, the reference dose RfD of Cr®* through drinking water is
0.003 mg/kg-d; the reference dose RfD of chloride through drinking water is 0.1 mg/kg-d.
The D; can be expressed as:

D; = ED/BW (©)]

ED=Cx IR (@)

where ED is the daily intake of corresponding indicators (mg/d); BW is the weight of the
body (kg); IR is the daily water intake (L/d); and C is the concentration of the analyzed
indicator (mg/L).

Considering the significant differences in health risks among different age groups,
the population is now divided into 5 groups: infants (0 to 0.5 years old), children (0.5 to
10 years old), youth (10 to 18 years old), adult men (18 to 70 years old males), and adult
women (18-70 years old females). The reference parameters of IR and BW are shown in
Table 1 [31,32].

Table 1. Parameter reference values.

Parameter Infants Children Youth Mam Woman
IR (L/d) 0.25 1.50 1.70 3.00 2.30
BW (kg) 6 20 54 75 69

3. Results Analysis
3.1. Analysis of the Influence of Emulsion on Mine Water Quality

Six indicators of mine water containing different concentrations of emulsion under
static and dynamic conditions were measured and analyzed on the 1st, 5th, 10th, 20th, and
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30th days after adding the emulsion for 24 h (allowing it to be fully mixed). The statistical
summary of six indicators under static and dynamic conditions is shown in Table 2.

Table 2. Statistics of six indicators under static and dynamic conditions.

Emulsion Added (mL/L, Static Test) Emulsion Added (mL/L, Dynamic Test)
Index Statistics
0 1 5 10 20 0 1 5 10 20
Minimum 8.19 7.77 7.92 8.03 8.86 7.61 7.71 7.42 7.42 7.92
Maximum 8.81 8.68 8.89 9.08 9.84 8.12 8.12 7.89 8.02 8.53
pH Mean 8.50 8.30 8.51 8.60 9.25 7.89 7.87 7.66 7.76 8.20
SD 0.29 0.38 0.43 0.45 0.43 0.20 0.17 0.19 0.25 0.23
Minimum 735 804 914 1090 1500 850 910 1130 1320 1720
Maximum 850 910 1130 1320 1720 1170 1220 1800 2170 2780
DS Mean 803 860 1021 1208 1590 1060 1126 1636 1912 2506
SD 52 46 85 93 90 122 130 284 342 442

Minimum 295.6 304.9 306.8 304.6 292.2 307.3 308.1 309.8 306.3 311.0

) Maximum 315.7 321.5 318.2 325.7 321.9 341.1 398.1 409.2 414.4 488.0
Chloride Mean 307.8 310.9 311.7 3134 306.7 319.0 334.5 356.4 332.9 405.6
SD 8.0 7.0 42 8.8 11.1 13.5 39.5 46.4 45.8 84.7

Minimum 414.3 411.1 416.3 407 .4 407.8 289.7 293.3 276.1 263.7 358.9

Maximum 447.7 450.5 468.1 445.5 456.7 435.6 437.1 443.1 446.2 454.3

Sulfate Mean 430.3 429.3 436.8 428.5 428.9 383.9 372.6 365.3 375.5 413.3
SD 13.1 14.9 20.1 15.9 19.1 63.1 719 78.4 75.1 48.5

Minimum 0.00 0.01 0.06 0.47 1.30 0.00 0.01 0.03 0.12 0.60
Maximum 0.00 0.03 0.10 0.73 1.82 0.00 0.02 0.09 0.47 1.51

Cré* Mean 0.00 0.02 0.08 0.61 1.60 0.00 0.02 0.06 0.25 0.93
SD 0.00 0.01 0.02 0.12 0.20 0.00 0.01 0.02 0.13 0.38

Minimum 1421 1501 1301 1121 982 1781 1882 1701 1683 1752

Total Maximum 2062 1882  180.1 1221 1053 2222 2382 2522 2662 3042
hardness Mean 1653 1713 1513 1173 1010  201.8 2086  221.8 2192 2304
SD 26.7 18.0 227 49 2.6 16.5 20.8 32.8 356 482

3.1.1. pH Value

The changes in the pH value of mine water containing different concentrations of
emulsion under dynamic and static test conditions within 30 days are shown in Figure 2.
Under static conditions, the pH values of mine water containing different concentrations of
emulsions exhibit consistent fluctuations over time and reach their maximum values by
the 30th day. The pH values of each solution are shown in Table 3 at this time, and the pH
value of mine water containing 1, 5, and 10 mL/L emulsions show little change compared
to mine water without emulsions (with a maximum of only 0.3).

Table 3. Change amplitude of the pH value.

Amount of Emulsion Absolute Value of
(mL) Addedto1L Maximum Value Minimum Value Difference in
Mine Water Amplitude of Change
0 8.80 8.19 0.61
1 8.68 7.77 0.91
5 8.89 7.92 0.97
10 9.08 8.03 1.05
20 9.84 8.86 0.98

When the addition of emulsion reached 20 mL /L, the pH value of mine water remained
significantly higher than the pH values of other solutions, and on the 30th day;, it rose to
the maximum value of 9.84, which is 0.98 higher than the pH value of the mine water
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without emulsion added. This is because the alkaline substances such as sodium castor
oleate contained in the emulsion can consume hydrogen ions in the mine water, causing an
increase in the pH value of the mine water. The mine water contains NaHCO3 and Na,COj3,
which have a buffering effect on the pH value. The impact on the pH of the mine water only
becomes prominent when the alkaline substance in the emulsion exceeds a certain content.
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Figure 2. pH values of mine water containing different concentrations of emulsions at different
periods: (a) static test and (b) dynamic test.

Similar to static conditions, the pH value of mine water with the maximum content
of emulsion added under dynamic conditions remained significantly higher than the pH
values of other solutions. However, overall, the pH values of mine water under dynamic
tests are significantly lower than those under static conditions. This is because the water-
bearing medium layer of the filtration column in dynamic experiments can adsorb alkaline
substances in the mine water. In addition, soluble salts in mine water have a corrosive
effect on the aquifer medium, which consumes OH™ in the solution. As the dissolution
process progresses, the mineralization degree of the solution gradually increases, and the
dissolution effect gradually weakens. Some alkaline substances, such as sodium castor
oleate adsorbed on the medium layer, are re-released into the solvent. The pH fluctuates
with the progress of the adsorption and analysis processes.

3.1.2. Total Dissolved Solids (TDS)

The content of TDS in mine water containing different concentrations of emulsions
at different periods under dynamic and static test conditions is shown in Figure 3. It can
be seen that the initial content of TDS in mine water under static conditions is consistent
with that under dynamic conditions and increases with the increase in emulsion content.
Compared to mine water without emulsion, mine water containing emulsion of 1, 5, 10,
and 20 mL/L can increase the initial TDS content by approximately 60, 56, 47, and 43 mg/L
per milliliter of emulsion, respectively. The increase in TDS brought by per unit volume
of emulsion decreases with the increase in emulsion. This is because, in mine water, the
adsorption of particulate matter on the dissolved solids contained in the emulsion is much
greater than the compatibilization effect of the surfactant on the insoluble organic particles
in the mine water, resulting in measured values lower than the sum of the TDS content of
the mine water and emulsion.
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Figure 3. Total dissolved solids content of mine water containing different concentrations of emulsions
at different time periods: (a) static test and (b) dynamic test.

Under static conditions, the TDS content in mine water without emulsion gradually
decreases over time until reaching the minimum value of 735 mg/L on the 30th day.
The TDS content in mine water with emulsion has a consistent trend over time, starting
from 910, 1130, 1320, and 1720 mg/L on the 1st day and increasing and decreasing in
the same direction during the 2-5th measurement (Table 4), reaching 895, 1000, 1230,
and 1600 mg/L on the 30th day, respectively, and the fluctuation amplitude gradually
narrows and tends to stabilize. After adding the emulsion, the total dissolved solids in
the mine water will decrease and then fluctuate up and down within a certain range of
fluctuations. This is because the particulate matter in the mine water adsorbs the total
dissolved solids contained in the emulsion, and the process of adsorption and desorption
gradually stabilizes over time.

Table 4. Change amplitude of total dissolved solids content under static conditions.

Fluctuation Amplitude (Compared to

Amount of itial Val
Emulsion (mL) Initial Value Last Measurement)
Added to 1 L Mine Measured on
Water Day 1 Day 5 Day 10 Day 20 Day 30
0 850 0 -33 —55 —27
1 910 —106 69 —53 75
5 1130 —216 166 —-99 19
10 1320 —180 120 —170 140
20 1720 —210 110 —120 100

Under dynamic conditions, the TDS content in the mine water with 0, 1, 5, 10, and
20 mL/L of emulsion gradually increased from 850, 910, 1130, 1320, and 1720 mg/L on the
first day and reached the stage maximum values of 1085, 1190, 1775, 2170, and 2630 mg/L
on the fifth day, respectively, and then tended to stabilize. After the 10th day, the absolute
values of the difference in change amplitude were only 1.4%, 10.9%, 0.9%, 1.5%, and 0.4%,
respectively. The TDS content in the mine water with various dosages of emulsion added in
the dynamic experiment increased significantly on the 5th day, far exceeding the measured
values in the static experiment. This is because the dissolved solid adsorbed by particles
in the mine water is released into the solution with the disturbance of water flow, which
is significantly stronger than the solubilization effect of surfactants in emulsions. At the
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same time, soluble salts in mine water have a corrosive effect on the medium filled in the
filtration columns. The TDS in some solutions slightly decreased after 5 days, which is
caused by the adsorption of small amounts of dissolved solids by substances such as sand,
stone, and coal in the medium layer.

3.1.3. Chloride

Figure 4 shows the changes in the chloride content of mine water containing different
concentrations of emulsions under static and dynamic test conditions within 30 days. Under
static conditions, the chloride content in mine water shows irregular changes over time after
adding different concentrations of emulsions. As the content of emulsion increases, the
chloride content in mine water increases slightly in the initial stage, indicating that a small
amount of chloride in the emulsion has little impact on the chloride content in the mine
water. On the 30th day, the maximum chloride content was measured in the mine water
containing 1 mL/L of emulsion. Adding an emulsion content lower or higher than 1 mL/L
to mine water can lead to a decrease in chloride concentration. The chloride content in the
sample with 20 mL/L of emulsion is close to that of the sample without emulsion on the
30th day. This is because under static conditions, after a long period of standing, particles in
mine water mainly adsorb chloride through the van der Waals force. When a small amount
of emulsion (1 mL/L) is added, the competitive adsorption of particles on the substances in
the emulsion leads to a significant decrease in the adsorption capacity of chloride. As the
amount of emulsion added increases, the amount of hydroxyl and methoxy organic matter
attached to the particles in the mine water gradually increases, and the adsorption capacity
of chloride gradually increases through chelation and chemical bonding mechanisms.

500 (p
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Figure 4. Chloride content of mine water containing different concentrations of emulsions at different
time periods: (a) static test and (b) dynamic test.

Under dynamic conditions, the chloride content of mine water with different concen-
trations of emulsions fluctuated within the range of 300 to 325 mg/L in the first 5 days,
consistent with static conditions. However, after the 5th day, the chloride content in the
mine water added with 20 mL and 5 mL emulsions showed a significant increase trend, and
after the 10th day, the chloride content in other mine water containing different emulsions
also showed a significant increase trend. This is because the chloride contained in the
medium layer is released, indicating that the release rate of chloride underwater flow
disturbance is not proportional to the amount of emulsion. The release is faster under
20 mL and 5 mL conditions, but as time increases, the amount of chloride dissolved in
the medium layer is proportional to the concentration of the emulsion. By the 30th day,
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the chloride content in the mine water reached 341.1, 308.1, 309.8, 414.4, and 466.2 mg/L,
respectively, corresponding to the concentration of the emulsion from 0 to 20 mL/L.

3.1.4. Sulfate

The sulfate content of mine water with different concentrations of emulsions at dif-
ferent time periods is shown in Figure 5. Under static conditions, the sulfate content in
mine water is close to that under dynamic conditions in the initial stage and increases
with the addition of emulsion. On the first day, the sulfate content is 435.6, 436.3, 442.0,
445.5, and 456.7 mg/L, respectively. This indicates that the emulsion only contains a small
amount of sulfate, which has little impact on the sulfate content of mine water. On the
30th day, the maximum sulfate content was measured in the sample containing 5 mL of
emulsion, while the sulfate content in the sample containing 20 mL of emulsion was close
to that of the sample without emulsion. This is similar to the change in chloride under
static conditions in Figure 4, which is also caused by the decrease and then increase in
the adsorption of sulfate by solid particles contained in the mine water as the amount of
emulsion added increases.
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Figure 5. Sulfate content of mine water containing different concentrations of emulsions at different
time periods: (a) static test and (b) dynamic test.

Under dynamic test conditions, the sulfate content in the mine water of the emulsion
is 435.6,437.1,443.1, 446.2, and 454.3 mg/L on the first day. However, the sulfate content in
the mine water continued to decrease over time under dynamic conditions until reaching
the minimum values of 289.7, 293.3, 276.1, 263.7, and 358.9 mg/L on the 30th day. This
is because the sand, stone, and coal media in the infiltration column have good filtration,
adsorption, and fixation capabilities for pollutants. When the mine water flows through
the water-bearing medium layer, the sulfate will be adsorbed and fixed. At the same
time, as various substances adsorbed in the medium layer gradually accumulate, calcium,
magnesium, and other substances in it will promote the aggregation and fixation of sulfate
in the mine water towards the particle surface, thereby purifying the sulfate in the mine
water and reducing the sulfate content.

3.1.5. Hexavalent Chromium (Cr*)

The variation in Cr®* in mine water with different concentrations of emulsions within
30 days is shown in Figure 6. Under static conditions, no Cr®* was detected in the mine
water without emulsion, indicating that the mine water itself does not contain Cr®*. The
maximum content of Cr®" measured multiple times in mine water with no more than
5 mL of emulsion does not exceed 0.1 mg/L. The Cr®* content in mine water with 10 and
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20 mL/L of emulsion added significantly increased on the 5th day compared to the first day,
reaching the maximum values of 0.73 mg/L and 1.82 mg/L within 30 days, respectively.
This indicates that the emulsion contains a certain amount of Cr**, and in the early stage,
after the emulsion was added to mine water, some Cr®* was oxidized to Crf*, and in an
alkaline environment, some Cr** would form precipitates. After adding 10 mL/L and
20 mL/L emulsions to the mine water, the Cr®* content significantly decreased between
20 and 30 days. This is because during this period, the pH of the mine water increased
significantly, and more Cr®* reacted with OH" to form precipitates, breaking the chemical
equilibrium relationship between Cr** and Cr®*, and some Cr®* was converted into Cr®*.
The range of changes in Cr®* content in mine water with 10 mL/L and 20 mL/L emulsions
within 30 days is 0.264 mg and 0.515 mg/L, respectively.
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Figure 6. Hexavalent chromium content of mine water containing different concentrations of emul-
sions at different time periods: (a) static test and (b) dynamic test.

Under dynamic conditions, Cr®* has also not been detected in the mine water without
emulsion, indicating that there is no leaching of Cr®* in the medium layer. In the mine water
with no more than 5 mL/L of emulsion added, the maximum content of Cr®* measured
multiple times does not exceed 0.1 mg/L. The Cr®* content in mine water with 10 mL/L
and 20 mL/L emulsions was close to the static conditions during the first measurement but
decreased significantly and then stabilized after the 5th and 10th days, reaching 0.198 and
0.754 mg/L by the 30th day, respectively. In the early stage, the rate at which Cr3* in the
emulsion is oxidized to Cr®" is significantly lower than the rate at which Cr®* is solidified
by the medium layer of the filtration column. However, the adsorption and solidification
effect weakens over time, and the conversion of Cr®* to Cr®*, as well as the adsorption and
desorption process of Cr®*, gradually approaches equilibrium.

3.1.6. Total Hardness

Figure 7 shows the total hardness of mine water containing different concentrations
of emulsions at different time periods. Under static conditions, the total hardness of mine
water containing 10 mL/L and 20 mL/L of emulsions fluctuates smoothly in the range
of 98 to 123 mg/L, while other mine water containing different emulsion contents has
significantly higher total hardness, with a large fluctuation range (132 to 207 mg/L) and
a relatively consistent fluctuation direction. There is a significant negative correlation
between the total hardness of mine water and the amount of emulsion added, and the more
emulsion content there is, the smaller the change in the total hardness of mine water. This
is because the surfactant in the emulsion can combine with calcium and magnesium ions
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to form colloidal particles or precipitates. With the increase in emulsion content in mine
water, the reaction between surfactants and calcium and magnesium ions in mine water is
faster and more complete, resulting in a lower total hardness of mine water. The reason
why the total hardness fluctuation amplitude of mine water containing 10 and 20 mL/L
emulsions is very small is that the hardness ions in the mine water have basically reacted
with surfactants before the first measurement.
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Figure 7. Total hardness of mine water containing different concentrations of emulsions at different
time periods: (a) static test and (b) dynamic test.

Under dynamic conditions, the total hardness of mine water with different concen-
trations of emulsions showed a significant increase trend in the first 10 days, reaching the
maximum values of 222.2, 238.1, 252.2, 266.1, and 304.3 mg/L on the 10th day, respectively.
Compared with the first measurement, the total hardness increased by 24.7%, 26.6%, 48.2%,
58.2%, and 73.6%, respectively, and the total hardness value and growth amplitude were
both proportional to the emulsion content, which is completely opposite to the static con-
ditions. The reason for this phenomenon is that when the mine water passes through the
medium layer of the infiltration column, then it will carry away the hardness ions on the
surface of the medium, gradually increasing the total hardness of the mine water. The
higher the concentration of the emulsion, the more hard ions can be dissolved. However,
over time, the combination of surfactants in the emulsion with calcium and magnesium
ions to form colloidal particles or precipitates becomes the dominant factor, resulting in a
gradual decrease in the total hardness of the mine water, reaching 206.1, 190.1, 218.3, 212.2,
and 204.2 mg/L on the 30th day, respectively.

3.2. Health Risk Assessment
3.2.1. Reference Concentration

Set the risk index HQ to 1 to obtain the reference concentrations at which Cr®* and
chloride can pose potential non-carcinogenic risks to different populations (see Table 5).
There is a significant negative correlation between the ratio of daily water intake to the
weight of the body (IR/BW) and non-carcinogenic risk among different age groups. The
upper limit of the concentration that children can tolerate for Cr®* and chloride is lower
than that of other population groups. When the concentration of Cr®* in drinking water
reaches 0.04 mg/L, it poses a non-carcinogenic risk to children. The value is slightly
lower than the threshold value of 0.05 mg/L in the “Drinking Water Quality Standards”
(GB5749-2022), which is officially implemented in China.
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Table 5. Non-carcinogenic risk threshold concentrations of Cr®* and chlorides.

Non-Carcinogenic Risk Threshold Concentrations

Index
Infants Children Youth Mam Woman
Cro* 0.072 0.040 0.095 0.075 0.090
Chloride content (mg/L) 2.40 1.33 3.18 2.50 3.00

3.2.2. Health Risk Assessment Results and Analysis

The initial content of Cr®* and chloride in mine water containing different concentra-
tions of emulsions under static conditions is similar to that under dynamic conditions. The
health risks of Cr®" and chloride in the water sample on the first day under a dynamic
environment for different populations are evaluated.

From Table 6, it can be seen that the mine water containing untreated Cr®* has different
health risks for different populations. Mine water containing more than 1 mL/L emulsion
has a potential non-carcinogenic risk for children, while mine water containing more
than 5 mL/L emulsion has a potential non-carcinogenic risk for infants, children, and
adult men. When the emulsion content is greater than 10 mL/L, Cr®" has a potential
non-carcinogenic risk for all age groups. Overall, the various risk indices for young people
are lower compared to other populations, while the various risk indices for children are
higher compared to other populations. This is because the daily water intake to body
weight ratio (IR/BW) of young people is the lowest at 0.031, while the daily water intake to
body weight ratio of children is the highest at 0.075, resulting in a significant difference in
the burden of intake of Cr®*.

Table 6. Risk index of HQ.

Amount of Emulsion Risk Index of HQ
Index
Added (mL) Infants Children Youth Mam Woman

0 0.00 0.00 0.00 0.00 0.00

1 0.57 1.02 0.43 0.55 0.46

Crb+ 5 1.06 1.90 0.80 1.01 0.84

10 6.51 11.72 4.92 6.25 5.21

20 20.96 37.72 15.84 20.12 16.77
0 128.54 231.38 97.12 123.40 102.83
_ 1 131.54 236.78 99.39 126.28 105.23
Chloride 5 127.16 228.88 96.08 12207 10173
content 10 130.86 235.56 98.87 125.63 104.69
20 123.15 221.67 93.04 118.22 98.52

The presence of chlorides in mine water poses a high health risk to different popu-
lations, with HQ values far greater than 1. The emulsion content has a relatively small
impact on the HQ values of various age groups. Therefore, before purifying mine water
into drinking water, chlorides are a key pollutant that needs to be removed.

4. Discussions and Conclusions

The variation characteristics of 6 pollution indicators in mine water containing differ-
ent concentrations of emulsion under dynamic and static conditions were quantitatively
studied. The EPA health risk assessment model is applied to evaluate the potential health
effects of chlorides and hexavalent chromium in emulsion-containing mine water on dif-
ferent populations. The mine water itself contains high concentrations of chloride and
sulfate, and the addition of emulsion under static conditions has little effect on it. Under
dynamic conditions, the concentration of chloride was significantly higher than that under
static conditions after 10 days of emulsion addition, while the sulfate content showed the
opposite behavior. There is a significant positive correlation between the emulsion content
and indicators such as Cr®" and total dissolved solid content under both dynamic and static
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conditions. Under static conditions, the emulsion content and total hardness in mine water
are inversely proportional, while in dynamic tests, there is a short-term positive correlation
between the total hardness and emulsion content measured on the 10th day, followed by a
rapid decrease in total hardness.

Under both static and dynamic test conditions, emulsions can significantly deteriorate
the quality of mine water. It is particularly important to pay attention to the impact of
emulsions on pollutant indicators such as Cré*, TDS, and chloride under static conditions.
The calculation results of the health risk assessment model indicate that the chloride levels
in the mine water in the region are severely exceeded, and coupled with the impact of
emulsions, there is a potential non-carcinogenic risk for all populations exposed to their
environment. Cr®* in mine water with an emulsion greater than 1 mL/L poses a potential
non-carcinogenic risk to children.

This article can provide a scientific theoretical basis for studying the treatment of
pollutants in mine water, water quality monitoring and management, and health risk
assessment. The mine water in this study comes from the super large Daliuta Coal Mine,
which has important reference significance for studying the impact of emulsion on mine
water in mines of other major coal-producing countries such as the United States, Australia,
and India. It is worth noting that the initial concentration of the emulsion set up in this
study includes an extreme situation of 20 mL /L, which is difficult to occur in the actual
production process of coal mines. This has significant reference value for studying serious
emulsion leakage accidents and the impact of emulsions used in different industries (such
as mechanical processing) on water bodies after leakage to the environment. In addition,
the potential impact of emulsion-containing mine water on human health was studied
in this study, while WQI can be further used to comprehensively analyze the impact of
emulsion on mine water quality in future studies.
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