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Abstract: Acid-polluted groundwater may cause many environmental problems due to its corrosiv-
ity. Pumping and injection technology is a commonly used remediation technology, and its main
principles are displacement and neutralization. However, due to the high salinity in groundwater,
blockage easily occurs and reduces the efficiency. The mechanism of pumping and remediation of
strong acid–high salinity groundwater is unclear, and the mechanism and effect of pore blocking
are unknown. In this paper, based on an actual polluted site, a field pumping test was carried out.
Through groundwater monitoring and drilling core sampling, the process and mechanism of acid
groundwater pumping–injection remediation were clarified, and the principle and impact of pore
blockage are revealed. The results showed that increasing the injection pressure can effectively
improve the repairing efficiency. When the pressure increased from 0.2 MPa to 0.3 MPa, the water
injection efficiency per unit time was increased by more than 20%. The principle of pumping–injection
remediation of acidic groundwater was mainly displacement, accounting for more than 93%, while
neutralization only contributed less than 0.1%. Although the neutralization contribution was small,
the neutralization interface of injected alkaline water and acidic groundwater was the main place
for precipitation. The precipitation was mainly formed around the injection well, the amount of
which decreases greatly with the increase in displacement distance. This was because the formation
of precipitation required both an appropriate concentration of Fe and high pH (5.63). Affected by
neutralization and dispersion, the pH of the acid–base water interface decreased and the necessary
conditions for the formation of precipitation were not met. Therefore, in the actual pumping–injection
restoration project, optimization can be carried out from two perspectives of appropriately increasing
the injected water pressure and reducing the injected water pH. This study has important reference
value for the control and remediation of such acid-polluted groundwater.

Keywords: pumping–injection; blocking; Fe precipitation; groundwater pollution

1. Introduction

Pump-and-treat (PAT) is one of the most widely used remediation technologies for
contaminated aquifers [1–3], mostly implemented for the remediation of groundwater
polluted with high concentrations of soluble pollutants, which can be very effective for
source removal and plume control [4–7]. In a typical PAT system, contaminated ground-
water is pumped from the aquifer and treated above ground, then injected back into the
aquifer or discharged [8–10]. By contrast, the traditional technology with only extrac-
tion, the pumping–injection technology with the addition of injection wells, has a higher
displacement efficiency for pollutants [11].

Strong acid–high salt polluted groundwater is mostly caused by chemical weath-
ering [12,13], acid leakage, discharge of acidic mine wastewater and chemical wastewa-

Water 2022, 14, 2720. https://doi.org/10.3390/w14172720 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w14172720
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-7958-6718
https://doi.org/10.3390/w14172720
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14172720?type=check_update&version=1


Water 2022, 14, 2720 2 of 19

ter [14,15]. Acid groundwater pollution has been reported in the United States, South Korea,
Australia, The Netherlands, etc. [16–18]. The Chemical Safety Clearing-house (CSC) system
(https://CSC.me.go.kr, accessed on 7 August 2021), established by the Korean Ministry
of Environment, reported that twenty-nine sulfuric acid leaks and eight hydrofluoric acid
spills occurred between 2000 and 2018 [15]. In Australia, acid groundwater pollution
caused by acidic soils is one of the major environmental and socio-economic problems [19].
Acid water enters the aquifer, increasing the dissolution of the aquifer medium that may
significantly change the hydrogeological conditions [13], corrode aquiclude and cause cross-
strata pollution, etc. The quality of the lower confined water is usually good and often used
as a source of water supply; its pollution, therefore, may lead to greater environmental risks
because its control and restoration is more difficult and costly. Therefore, increasing pH is
the key to reducing the corrosiveness. Using the pumping–injection technology, injecting
neutral or alkaline water combined with pumping for hydraulic control can achieve the
purpose of rapidly increasing the pH of groundwater. However, acidic groundwater can
dissolve minerals of the aqueous medium [20–23], resulting in a large amount of iron,
aluminum, calcium, magnesium, etc. [15,24,25]. When the injected alkaline water contacts
with the acid-polluted groundwater, the pH at the acid–base water interface rises rapidly,
and the concentration of iron is also high, reaching the conditions for the formation of
precipitation, which is easy-to-form iron oxide/hydroxide precipitation. The precipitation
blocks the pores of the medium and reduces the permeability on account of the increased
pH and high iron concentration [19,26]. It follows that when the pumping–injection technol-
ogy is used to remediate acidic–high salt groundwater, it is easy to generate precipitation
during the process of injecting alkaline water, reduce the permeability, decrease the effective
influence radius and extend the repair time. From a summary of various studies, the causes
of blockage can be summarized into three aspects. Firstly, hydrodynamic conditions, which
is mainly the given water pressure during the water injection process [27,28]. Secondly,
hydrochemical conditions, that is, differences in pH, iron concentration, etc., between
injected water and polluted groundwater [29–32]. The last is the inherent permeability,
particle size and porosity of the aqueous medium [33–35]. The increased injection pressure
causes the higher hydraulic gradient, and the groundwater flow rate increases, resulting
in a shorter residence time and less precipitation. At the same time, it can open up the
water injection channel and increase the permeability, which will slow down the reduction
in the water injection capacity caused by blockage. Differences in water quality between
groundwater and injected water are also critical to the impact of injection. Previous studies
have proposed the affinity theory between artificial recharge water and groundwater in
aquifers, considered that injected water and original groundwater had good chemical
affinity when chemical phases and soluble salt concentrations were similar and that the
risk of problems, such as blockage and changes in water quality, was relatively small [29].
So, the chemical blockage usually formed by mineral precipitation mainly occurs in the
front of the recharge water flow in the aquifer, that is, the mixed zone of groundwater and
recharge water. For example, the blockage formed by iron precipitation often occurs near
the infiltration zone [30]. The difference of the particle size and porosity of the aqueous
medium has obvious influence on the blocking process and blocking degree [36,37]. For
instance, in the injection of fine sand aquifers, the upper limit of the particulate matter
content of the injection water quality was very low [37], while for sandy limestone aquifers
with significant secondary pores, water with extremely high particulate matter content
was continuously injected for 4 years [32]. Yan’s research showed that in the same area,
different wells have different rock and soil particle sizes in aquifers; the recharge was also
different, and the coarser the particles, the better the recharge effect [38]. Huang conducted
a laboratory injection experiment on two kinds of sand samples with particle sizes of
0.59 mm and 0.34 mm, respectively. The sand column with a smaller particle size was more
likely to be blocked, while the sand column with a particle size of 0.59 nm had a longer
duration of decrease in the permeability coefficient [39].

https://CSC.me.go.kr
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This study is based on a chemical-polluted site. The groundwater is strongly acidic,
which may corrode the aquiclude and contaminate the lower confined water. Therefore, a
combination of pump and injection technology is used to inject alkaline water to displace
and neutralize the acidic groundwater, so as to achieve the purpose of rapidly increasing
pH and eliminating environmental risks. The hydrochemical conditions of the study area
are relatively stable with a good uniform aquifer medium, which is mainly aeolian sand.
The pH of the groundwater in the heavily polluted area is 1~3 and the iron concentration is
extremely high. The injected water quality remains stable, with a pH of 8~8.5. It is easy
to produce iron precipitation during the water injection to block the pores and affect the
pumping effect. The objective of this study is to explore the principle of the pumping–
injection process and the reasons for pore blockage based on the partition and staged water
injection pressure test. The research includes: 1. Variation in injection volume and dynamic
displacement process of groundwater under different injection pressures; 2. the change in
groundwater pH in different zones at different water injection stages; 3. the influence and
mechanism of water injection pressure on the blocking degree of aqueous medium during
displacement–neutralization restoration.

2. Materials and Methods
2.1. Study Site

The study site is located in the desert area of China. A factory there produced dye
intermediates from 1998 to 2014. Groundwater pollution was caused by the discharge of
wastewater to the outside of the factory. Sulfuric acid was one of the main raw materials.
Therefore, the groundwater is strongly acidic, with a pH of 1~3.

2.1.1. Hydrogeology Conditions

The unconfined aquifer was mainly Quaternary silty-fine sand, and the water level
was 13.9~19.7 m below the surface. The thickness was about 25 m with a permeability
coefficient of about 3 m/d, while the porosity was about 0.2. The aquiclude was silty clay
with a thickness of about 3 m. The minerals were dominated by clay minerals as well
as calcite, dolomite, pyrite, etc., which easily react with acid and dissolve. The confined
aquifer under the aquiclude was about 100 m thick with the interbedded pebble gravel and
silty clay. The confined aquifer was a groundwater resource rich in amount and quality.

2.1.2. Characteristics of Groundwater Pollution

The polluted area of pH less than 3 was about 51,600 m2 in the site. The study
area is located in the heavily polluted groundwater area (Figure 1d) with strong acidity.
Since the aqueous medium contained a large amount of iron-bearing minerals that can be
easily dissolved by the acidic groundwater, this resulted in a high Fe concentration in the
groundwater, up to 8900 mg/L.

According to the characteristics of groundwater acid pollution, the study area was set
up in the area with the strongest acidity (pH < 3) (Figure 1b). The study area was about
1596 m2, 42 m long and 38 m wide. It was divided into east and west, two areas by the
injection well I1. The specific locations of injection wells, pumping wells and monitoring
wells are shown in Figure 2. The pH of the observation wells W1~W6 on the western zone
was 1.81~2.66, and the pH of the observation well E1 on the eastern zone was 1.2. The
iron concentration in the western zone was 64.3~264.2 mg/L, and the concentration in
the eastern zone was as high as 8880 mg/L. In order to control and remediate polluted
groundwater, several pumping wells had been set up and extracted for 5 years on the site,
but the increase in pH was extremely slow. According to the long-term monitoring well
data of X3, the pH was still fluctuating between 0.4 and 1.4 (Figure S1). So, to solve the
problem of acid groundwater corroding the aquiclude as soon as possible, a combination
of pumping and injection to inject alkaline water was proposed in order to rapidly increase
the pH and reducing environmental risks.
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Figure 1. (a) The study site was located in the desert area of China. Rectangular in (b) is the study
area, red line is the cross section and the background point (BG) is about 325 m upstream, west of the
site; (c) is details of the hydrogeological section with phones of aquifer (silty-fine sand) and aquiclude
(silty clay); (d,e) are the polluted range of H+ and Fe, respectively.

Figure 2. Layout of study area: the injection well I1 divided study area into eastern zone and western
zone, with two pumping wells and several monitor wells in each zone.
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2.2. Operational Details
2.2.1. Pump–Treat–Inject Process

The pump–treat–inject process is shown in Figure 3. Firstly, the acid-polluted ground-
water with pH < 2 was extracted from the pumping well, and the Fe concentration was
912~2180 mg/L, then transported to the surface treatment system (Table 1).

Figure 3. The acid-polluted groundwater was extracted from the pumping well, then transported to
the surface treatment system and finally, injected back to the aquifer from the injection well. Changes
in groundwater quality throughout the process were obtained from monitoring wells.

Table 1. Water quality of monitor wells, pumping and injecting water in the study area.

Index Pumped
Groundwater

Injection Water
(Average Value)

Monitor Well

Western Zone Eastern
Zone

W1 W2 W3 W4 W5 W6 E1

pH 1.29~1.8 8.5 2.15 2.24 2.03 1.81 2.57 2.66 1.2
Fe (mg/L) 912~2180 — 213.6 229.1 264.2 243.1 66.02 64.3 8880

COD
(mg/L) 1249~4650 1610 820 94.5 1226.5 2287 320.5 311 9240

HAc
(mg/L) 1050~3900 1560 728 520 1086 2130 290 280 8224

Distance to the injection well (m) 8 8.2 12.3 16.6 17.15 18.2 8.45

After adjusting the pH with lime milk, the pH of the effluent was stabilized at about 8.5,
and the Fe formed precipitation as the pH was raised to alkaline, so the Fe concentration
was lower than the detection limit. The precipitation in the treated groundwater was
removed by pressure filtration. Finally, the treated groundwater was injected back into the
aquifer from the injection well.

In addition, there was also chemical oxygen demand (COD) pollution in the ground-
water. The COD concentration in the extracted groundwater was 1249~4650 mg/L. During
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the treatment at the ground station, part of the organic matter was oxidized and removed
by hydrogen peroxide, and the COD was reduced to about 1610 mg/L. The main compo-
nent was acetic acid, which was difficult to oxidize by hydrogen peroxide. So, the main
goal of this study was to increase the pH of groundwater so as to reduce the risk of acid
groundwater corroding the aquiclude and avoid contaminating the underlying confined
aquifer. Since acetic acid is less biologically toxic and can be used as a good carbon source
by microorganisms and be gradually removed from the aquifer by natural attenuation, it
will, therefore, not be discussed in depth in this study.

2.2.2. Experimental Process

The study area was divided into the eastern zone and the western zone by the center
injection well (I1) (Figure 2), and there were two pumping wells, PW1 and PW2 and PE1
and PE2 at the two zones, respectively. (The distance to the water injection wells was 15 m,
13.3 m, 15.7 m and 15.1 m, respectively.) The open and close of the pumping wells on both
sides can control the flow direction of the injected water. The pumping wells in the western
zone (PW1 and PW2) were opened during the whole process, and the pumping wells in the
eastern zone (PE1 and PE2) were opened on the 26th day. Therefore, most of the injected
water flowed to the west in the previous stage. Combined with the injection pressure, the
experiment was divided into 2 major stages (Table 2). The injection test lasted for 57 days
and the total amount of water injected was 15,662 m3. The pumping rate of PW1 and PW2
was about 3 m3/h, of PE1 and PE2 was about 6 m3/h and the total pumping volume was
about 17,424 m3.

Table 2. Water injection pressure, volume and pumping wells at each stage.

Stage
Stage 1

Stage 2 Total
Stage 1.1 Stage 1.2 Stage 1.3

Time 0~8th 9~19th 20th~30th 31st~57th 57 d
Injection pressure

(MPa) 0~0.2 0.24~0.25 0.28~0.29 0.3~0.32 —

Injection volume (m3) 2022 2783 2671 8186 15,662

Pumping wells PW1, PW2 PW1, PW2,
PE1, PE2 —

At the first stage (the first 30 days), in order to determine the relationship between the
water injection pressure and the displacement efficiency, the step-by-step pressurization
method was adopted for water injection, and the pressure was increased from 0 to 0.29 MPa
in three steps. In order to study the change in injection rate and the effect on pH, as well
as the change in the permeability of the 6 observation wells W1~6, which were set up at
different distances (8 m, 8.2 m, 12.3 m, 16.6 m, 17.15 m, 18.2 m to the water injection wells,
respectively) under different pressures.

The second stage was from the 31st to the 57th day, with a given pressure of 0.3 to
0.32 MPa. The aim of this stage was mainly to observe the operation of the eastern zone
at a higher constant pressure. There was an observation well, E1 (8.45 m away from the
water injection well), in the eastern zone. The displacement efficiency of the 1.1 stage of the
western area was compared, that is, the attenuation of the injected water volume and the
amount of precipitation.

2.3. Sample Collection and Analysis
2.3.1. Water Sample Analysis

During the test period, water samples from each monitoring well were taken regularly
with Baylor tubes and then passed through a 0.25-micrometer filter membrane before
testing. PH was measured on-site with a multiparameter water quality monitor (Manta,
Eureka). COD was determined by a COD rapid analyzer (5B-3C, Beijing Lianhua Yongxing
Technology Development Co., Ltd, Beijing, China). Fe was measured by inductively
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coupled plasma emission spectroscopy (iCAP 7000, Thermo, Waltham, MA, USA) at a
wavelength of 259.94 nm.

2.3.2. Core Analysis

In order to verify the occurrence of precipitation and compare the amount of precipita-
tion of the different distance to the injection well at different zones, two coring holes were
set up in the two zones, respectively (Figure 2), after the experiment. QW1 and QE1 were
1 m away from the injection well and QW2 and QE2 were 11.5 m away. A control point
(OS) at the pH≈2 area outside the experimental area and a background point (BG) were
set. About 1 m of core was taken at the upper, middle and lower depths of the aquifer at
each point, respectively, and mixed evenly. Then, 1 mol/L HCl was used to extract the iron
precipitate on the core surface referring to the BCR leaching method for heavy metal acid
soluble state [40]. Since 1 mol/L HCl cannot completely dissolve all iron minerals on the
aqueous medium in a short period of time, this part of the dissolution can be considered as
the less stable secondary iron-bearing minerals that were used to characterize the precipita-
tion amount on the aqueous medium surface during the experiment. A total of 20 mL of
1 mol/L HCl and 10 g of core in 40 mL were put in a brown reagent bottle, and then, we
placed the bottle on a 25 ◦C shaker and shook it for 16 h at 200 rmp. After sampling, it was
passed through a 0.25-micrometer filter membrane to measure Fe. The test method is the
same as that described in 2.3.1. The core surface topography was analyzed by cold field
emission scanning electron microscopy (S-4800, Hitachi, Japan).

2.4. Analysis of the Data
2.4.1. Breakthrough Time

The migration process from injection wells to pumping wells and monitoring wells is
a typical convective diffusion process. The solute concentration in observation wells and
pumping wells showed an s-shaped upward trend [41]. The time from the start of injection
to the solute concentration increase (or decrease) to 50% of the stable value is defined as the
injected water migration to the monitoring well, which is recorded as ta. The midpoint of
the concentration of the breakthrough curve is only determined by the convection process
and is not affected by the dispersion effect, so the particle convection process is identified
by obtaining the time corresponding to this midpoint [42]. A representative S-type curve
Boltzmann function is chosen for C–t series fitting to calculate the time ta [42,43].

C =
C1 − C2

1 + exp
(

t − ta
dt

)+C2 (1)

C1 is the initial concentration before injection (mg/L), C2 is the concentration in the
observation well after injection increase/decrease to a stable value (mg/L), ta is the center
of the curve (d) and dt is the time constant.

2.4.2. Neutralized H+ Content

During the injection, H+ in the groundwater was consumed by neutralization with
injected water. This amount of H+ can be calculated according to the OH− concentration of
injected water and the difference in OH− concentration when it reached the observation
well. The time difference between the breakthrough time of COD and pH in the observation
well was the time used for neutralization that can be calculated by the following formula:

tne= tpH − tCOD (2)

µ =
S

tCOD
(3)

qn = µtneLMn(C I − Ca) (4)
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Tne, tCOD, and tpH are neutralized time, breakthrough time of COD and pH in the
observation well (d), µ is actual velocity of groundwater (m/d), qn is the amount of
neutralized H+ (mol), S is the distance between observation well and injection well (m), L
is the length of the water-passing section at the observation well in the equilibrium area
(m) (using the numerical simulation method to construct a numerical model and based on
the particle tracking module, acquire the streamline of each equilibrium zone, thereby the
length of the water-passing section is obtained), M is the thickness of aquifer thickness (the
site aquifer thickness is 25 m), n is porosity (0.2) and CI and Ca are the OH− concentration
of the injected water and the OH− concentration of the observation well breakthrough,
respectively (mol/L).

2.4.3. Extracted H+ Content

The amount of extracted H+ is calculated by the equilibrium method. The area
surrounded by the streamline from each pumping well to the injection well obtained by the
numerical model is an equilibrium area. The time for the injected water breakthrough to the
pumping well is an equilibrium period. The amount of H+ extracted in each equilibrium
zone can be calculated according to the volume of water pumped and the H+ concentration
of the extracted water using the following formula:

QP= QOS+QIN (5)

QpCP= QOSCOS +QINCIN (6)

The proportion of the injected water in the equilibrium area of the pumped water:

x =
QIN
QP

=
COS − Cp

COS − CIN
(7)

The amount of extracted H+ is:

x =
QNN

QP

COS − Cp

COS − CIN
(8)

QP is the pumping volume of the pumping wells in the equilibrium zone (L); QOS
and QIN are the volume of water entering the pumping well from outside and inside
the equilibrium zone, respectively, (L), CP, COS and CIN are the H+ concentration of the
pumping well, outside the equilibrium zone and inside the equilibrium zone, respectively,
(mol/L), and qP is the amount of extracted H+ (mol).

3. Results and Discussion
3.1. Displacement of Acidic Groundwater by Injected Water
3.1.1. Water Injection Process

In stage 1 (the first 30 days), in order to study the relationship between the water
injection pressure and displacement efficiency, the injection was carried out in a step-by-
step pressurization method (Figure 4), and the pressure was increased from 0 to 0.29 MPa
in three steps. The pumping wells PW1 and PW2 on the western zone were opened, and
PE1 and PE2 on the eastern zone were closed, so most of the injected water flowed to the
west side. The pressure in stages 1.1 to 1.3 gradually increased and the initial injection
rates were 11.82 m3/h, 11 m3/h and 10.3 m3/h, respectively. The injection rate in the first
two stages gradually decreased with time and was basically stable in the 1.3 stage. The
injection rate (q) and time (t) were fitted with linear equation and the slope was the decay
rate of each stage (Text S1). The decay rates of the three stages were 0.33, 0.1 and 0.008,
respectively, indicating that with the increase in pressure and the injected water flow to the
periphery, the decay rate decreased. In stage 2 (31~57 days), the injection pressure was high
and stable. Due to the opening of the eastern zone’s pumping wells and the high injection
pressure, the injected water mainly flowed to the east side and the initial injection rate
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increased to 15.53 m3/h, which was significantly higher than that in the 1.1 stage. However,
as the injection progressed, the injection rate also decreased linearly with a decay rate of
0.30, slightly less than the 1.1 stage. Stage 1 injected 7476 m3 of water in 30 days and stage
2 injected 8186 m3 of water in 27 days. Although the decay rate gradually decreased with
the gradual pressurization, the decay rate of stage 2 was similar to that of stage 1.1, but due
to the large initial flow rate, the total injection volume was still higher than that of stage 1,
and the per unit time water injection efficiency was improved by more than 20%.

Figure 4. Injection rate and its q–t fitting curve under different pressure at each stage.

The decrease in the initial injection rate and the injection volume at each stage may
be caused by the decrease in permeability of the aquifer. The groundwater was acidic
with a pH of less than 3, while the injected water was alkaline with a pH of about 8.5,
which led to the increase in pH in the groundwater. Due to the high iron concentration
in groundwater, precipitation was easy to generate when pH rose and the precipitation
deposited in the pores of the aquifer, causing blockage and poor permeability. However,
as the injected water flowed to the periphery and the injection pressure increased, the
water-passing section became wider and the groundwater flow rate was faster. The faster
flow rate shortened the residence time and reduced the amount of precipitation. At the
same time, the cross-section of water increased, less precipitation was distributed to each
pore and the injection rate decay was gradually reduced. The initial injection rate of stage
2 was high mainly because most of the water flowed to the east side where the degree of
blockage was low and the groundwater flow rate was faster when the pressure was high, so
the neutralization time was shortened, resulting in the precipitation being slightly less than
in the 1.1 stage. As the injected water’s pH increased, the precipitation gradually formed
and the injection rate decreased.

3.1.2. Flow and Dispersion Process of Acidic Groundwater

The displacement process of injected water to groundwater can be characterized by
the change in the COD concentration of observation wells at different distances. This
was mainly due to the large difference in COD concentrations between injected water
and groundwater. Additionally, the pollutants, such as acetic acid represented by COD,
mainly flow and disperse. In the process of groundwater displacement, pollutants, such
as acetic acid represented by COD, were mainly migrating by convection and dispersion.
Therefore, the migration of injected water and polluted acidic groundwater can be reflected
by observing the change in COD concentration with time at the monitoring well.
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With the progress of water injection, the COD concentration of the observation well
on the western zone gradually increased (Figure 5), and the COD concentration of the
observation well on the eastern zone quickly decreased to the injected water concentration
after the pumping well on the eastern zone was opened (26 d). The COD concentration–
time series was fitted with the Boltzmann function, and the midpoint of the concentration
was the breakthrough time (tCOD) of the injected water (Table S1, Figure S1), which can
reflect the flow process. The injected water migrated to W1 and W2 on the 5~6th day,
to W3, W4 and W5 on the 11~20th day, and to W6 and E1 on the 21.82nd to the 26.5th
day, respectively. Fitting of the actual breakthrough time (tCOD) and migration distance
of injected water was conducted and then compared with the theoretical migration curve.
(See Table S2 for details.) The numerical simulation method was used to build a numerical
model (Text S2). The water level data were extracted from the model and divided to acquire
the hydraulic gradient of each subdivided unit. The migration velocity and migration time
of each unit were calculated according to the permeability coefficient and the pumping
test before the experiment. The theoretical migration curve was obtained by fitting the
time and migration distance according to the unchanged permeability coefficient and did
not take precipitation into account. The fitting curve of actual breakthrough time is on
the right side of the theoretical migration curve, indicating that the actual breakthrough
time lags behind the theoretical value and the farther the distance is, the longer the lag
time is (Figure 5b). The actual migration time was used to calculate the migration velocity
(Table S3), and the velocities of the two observation wells at different distances in the same
radial direction were compared. The speed of migration from injection well I1 to W1 was
1.62 m/d, from W1 to W4 was 0.71 m/d, from I1 to W2 was 1.44 m/d and from W2 to W5
was 0.63 m/d. This demonstrated that the farther the injected water diffused, the lower
the hydraulic gradient, and the longer the distance, the slower the migration speed. With
the progress of injection, the rate of COD concentration increased/decreased, and injected
water concentration in each observation well was also different. It rose faster to the stable
concentration at closer observation wells due to the dispersion effect, and the farther the
distance, the longer the dispersion. When injected water migrated to W1 and W2, the
dispersion was only 6~7 cm, while it migrated to 16~17 m when the dispersion was about
1.5 m. In addition, the increase in pressure can also slow down the dispersion effect, so the
COD concentration of E1 decreased from breakthrough to stable faster than W1 and W2.

Figure 5. (a) COD concentration and time fitting curve of observation wells at different distances from
injection wells and projection of actual breakthrough time on the two-dimensional plane. (b) Actual
breakthrough time and its fitting curve compared to theoretical time fitting curve.

3.1.3. Attenuation of Permeability of Aqueous Medium

According to the numerical simulation results, water level data were extracted. W1~W4
and W2~W5 were two sets of observation wells in the same radial direction, respectively.
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According to the actual velocity and water level data, the permeability coefficients of I1~W1
and W1~W4 were 1.4 m/d and 2.59 m/d, respectively, and the permeability coefficients of
I1~W2 and W2~W5 were 1.33 m/d and 2.48 m/d, respectively (Table S3). It follows that
the permeability coefficient near the water injection well reduced significantly, while the
permeability of the farther area decreased less, indicating that the blockage was mainly
generated in the area close to the injection well.

3.2. Displacement–Neutralization Process of Acidic Groundwater
3.2.1. Dynamic Variation of Groundwater pH

In order to observe the displacement–neutralization process of acidic groundwater,
the observation of pH in the observation wells was carried out, and the results are shown
in Figure 6. The change characteristics of pH were similar to COD in general. The closer
the distance was, the earlier the breakthrough time was and the faster it was to stabilize.
The pH of monitoring wells all gradually increased to more than 4.5 (Figure 9). The H+

of the W1 that was close to the injection well was 4.57 mol/L on the 6th day and rapidly
decreased to about 0.1 mol/L on the 10th day, and the final pH was about 6.5 (Figure S2).
On the other hand, the H+ of the farther observation well W5 was 2.29 mol/L on the 29th
day and decreased to 0.15 M in 37 days with a final pH of around 4.5.

The pH did not rise to the same level as the injected water because of the neutralization
of the medium that consumed OH− during the migration of the injected water. The farther
the migration, the more OH− was consumed, so the pH of the farther observation wells
increased less. As the injected water migrated, an acid–base water neutralization interface
formed as a result of the dispersion with groundwater. The pH of the injection well side was
high, while the pH of the groundwater side was low, and the pH gradually decreased from
the injection water side to the groundwater side. The interface gradually migrated to the
periphery with the injection process. The farther the migration, the longer the dispersion
distance, and the larger the interface width, the slower the pH rise will be.

Figure 6. (a) The pH and time fitting curve of observation wells at different distances from injection
wells and projection of actual breakthrough time on the two-dimensional plane. (b) The pH actual
breakthrough time and its fitting curve compared to theoretical time fitting curve.

3.2.2. Neutralization Amount of H+ in Groundwater

Although the overall trend of pH was basically the same as that of COD in each
monitoring well, the time pH rose obviously lagged behind that of COD (Figure 7). This
may be because of the neutralization between the acidic groundwater and injected water
consuming the H+ and OH− at the acid–base water interface. The time difference was the
neutralization time. A numerical simulation method was used to build a numerical model
to calculate the amount of neutralized H+. Based on the particle tracking module, four
equilibrium zones were determined, named PW1, PW2, PE1 and PE2, respectively (Text S2).
According to the envelope of each equilibrium area, the length of the water-passing section
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of each observation well can be obtained. Combined with the groundwater flow rate, the
H+ neutralization amount can be calculated (Table S4).

Figure 7. The breakthrough time difference between COD and pH, and the amount of H+ neutraliza-
tion in the western zone of different distances to injection well.

As the injected water moved outward, the farther the observation wells in the west area
were, the longer the neutralization time was, and the amount of neutralized H+ gradually
increased (Figure 7). From W1 to W5, the amount of H+ neutralization increased from
1.95 mol to 8.72 mol. The neutralization time of E1 in the eastern zone was slightly shorter
than the observation wells W1 and W2 of the approximate distance in the western zone,
indicating that the increase in pressure was beneficial to shorten the neutralization time
and reduce the amount of H+ neutralized. The neutralized H+ amounts of PE1 and PE2
in the eastern zone were 1.67 mol and 5.23 mol, respectively, and PW1 and PW2 in the
western zone were 8.72 mol and 7.81 mol, respectively. From this, it can be speculated that
the neutralization amount and precipitation amount in the eastern zone were less than the
western zone.

3.2.3. Equilibrium Analysis of H+ in Groundwater

On the basis of the H+ neutralization amount analysis, the displacement amount of H+

in groundwater will be further counted and the equilibrium analysis of H+ in groundwater
will be carried out. The four equilibrium zones are shown in Figure 8. The equilibrium
period was calculated as the injected water migrated to the pumping well; that is, the
groundwater in the equilibrium zone was completely displaced once. The balance item of
each zone mainly includes the groundwater volume extracted from the equilibrium zone,
outside the zone and the total pumped water. The calculation method and process of each
equilibrium item are shown in the Supplementary Materials.

After the start of the injection experiment, the pH of the pumping wells also gradually
increased. Before that, according to the long-term monitoring data of the pumping well
in the heavily polluted area, the pH remained basically stable for a long time (Figure S3),
and the pH was as low as about 1. Since the pH of the study area was slightly higher than
that of the outside after the start of water injection, the proportion of the water extracted
in the study area increased, so the pH of the pumping wells increased. When the injected
water had completely displaced the groundwater of the equilibrium zone, the pumping
wells extracted the low-pH groundwater outside the study area and the injected water at a
stable ratio, and then the pH rose to a stable level. Taking the initial pH of the pumping
well as the pH of the outside and the pH in the stable state as the pH in the equilibrium
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zone, the H+ amounts extracted from the equilibrium areas of PW1, PW2, PE1 and PE2
were 8085.62 mol, 25,049.46 mol, 27,048.87 mol and 29,433.67 mol, respectively (Table 3).

Figure 8. The displacement, neutralization and other proportions of H+ in each equilibrium area (the
size of the circle represents the total amount of H+).

Table 3. Neutralized, extracted and other part amounts and proportion of H+ in each equilibrium area.

Equilibrium
Area

Total (mol)
Neutralized Extracted Others

Amount Proportion (%) Amount Proportion (%) Amount Proportion (%)

PW1 8648.69 8.72 0.10 8085.62 93.49 554.34 6.41
PW2 25,705.49 7.81 0.03 25,049.46 97.45 648.22 2.52
PE1 27,146.96 1.67 0.01 27,048.87 99.64 96.42 0.36
PE2 29,756.84 5.23 0.02 29,433.67 98.91 317.95 1.07

According to the envelope area and interpolation calculation results of each equilib-
rium zone, the total amount of H+ in each zone was 8648.69 mol, 25,705.49 mol, 27,146.96 mol
and 29,756.84 mol, respectively. The extracted amount from each equilibrium zone accounts
for more than 93% of the total. Neutralization accounted for less than 0.2%. The rest is
due to calculation errors and other parts, such as residuals on the medium, accounting for
0.3~7%. It can be seen that the pH increase in each zone was mainly due to the displacement
of injected water.

Although the proportion of neutralization was small, it was the neutralization that
obviously led to the reduction in permeability, thereby reducing the efficiency of injection–
extraction, which had become an important restrictive factor for the restoration project and
cannot be ignored. It is necessary to develop the mechanism analysis and optimized design
of adsorption engineering process parameters for the blocking problem.

Above all, the main principle of the pumping–injection process is the displacement
process, which plays a major role in the remediation process. In addition, the neutralization
of the acid–base water contact will also increase the pH, which is the secondary contribu-
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tion. Therefore, the remediation mechanism of this site is the displacement–neutralization
mechanism.

3.3. Blocking Mechanism
3.3.1. Iron Concentration

The iron concentration of each monitoring well gradually decreased due to the dis-
placement of the injected water. The iron of observation wells W1~3, which were closer to
the water injection well, were lower than the detection limit when the pH rose to about
5.63 (Figure 9), indicating that under the hydrochemical conditions of this site, iron began
to precipitate at this pH. Then, the slow pH rise may be caused by the precipitation of iron
hydrolysis and the supply of H+ [11]. When the pH of W4 was 3.22, the iron decreased to
0.286 mg/L and the pH was always lower than 5.63, which did not meet the conditions for
precipitation, and the iron concentration finally dropped to undetectable levels because
the injected water completely displaced the groundwater. However, the pH of W5~6 did
not reach 5.63, iron was still detected in a certain amount after the injected water was
displaced completely and the concentration was relatively stable, which may be due to the
continuous desorption of iron adsorbed on the medium.

Fe3++H2O→ FeOH2++H+ (9)

Fe3++2H2O→ FeOH+
2 +2H+ (10)

Fe3++3H2O→ Fe(OH)3(s)+3H+ (11)

Fe3++2H2O→ Fe(OOH) + 3H+ (12)

According to the change in iron concentration combined with the law of pH increase,
it can be seen that 5.63 is the critical pH at which precipitation occurs. The closer to
the injection well the narrower neutralization interface (Table S5) was, the faster the pH
increased (Figure 10) and soon rose to above 5.63, while the iron concentration was still
high enough to produce precipitation. Therefore, the closer to the injection well, the greater
the amount of precipitation was. Whereas, in the area far from the injection well, pH
could not rise to the critical pH of 5.63 due to the neutralization of the medium along the
process, and as the neutralization interface is wide, the pH rose slowly. When the pH
was still low, the iron concentration dropped to a very low concentration owing to the
displacement of injected water and the conditions for precipitation were not met. With
the increased injection pressure, the precipitation interface gradually expanded. In stage
1.1, the injection rate reduced linearly, indicating that the precipitation had been formed.
After pressurization in stage 1.2, the velocity of groundwater increased and promoted the
outward migration of injected water simultaneously, the precipitation interface around the
injection well expanded outward and continued to generate precipitation and the injection
rate decreased again. However, in stage 1.3, it continued to increase the pressure and the
injection rate was basically stable. This was because the injected water diffused farther and
the pH could not rise to 5.63, while the iron had dropped to a very low concentration that
could not produce precipitation. So, the permeability of the aquifer did not change, and
the flow rate was basically stable. In stage 2, the pressure increased and most of the water
migrated to the east. Due to the formation of precipitation, the injection rate also dropped
linearly, and the decay rate was slightly lower than that in stage 1.1, indicating that the
pressure increase can slightly reduce the production of precipitation.
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Figure 9. Concentration of Fe and pH in each observation well (BDL is Below Detection Limit).

Figure 10. The migration process of the neutralization interface gradually moved away from the
injection well (a) and its pH changes and precipitation at different distances (b). (Water level is the
relative water level elevation that the elevation of the aquiclude is set to 0).

3.3.2. Mineralogical Analysis

After the test, cores were taken from the eastern zone, western zone, the control point
OS (areas with pH ≈ 2 outside the study area) and the background point BG. HCl was used
to dissolve the iron precipitation on the core surface, and we compared the amount of iron
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precipitation in the area close to the injection well (1 m) and the area far away (11.5 m) of
the two zones.

Fe dissolved in the two points CW1 and CE1 near the injection well in the study
area was about 3000 mg/kg, which was significantly higher than the 162.8 mg/kg of OS
(Figure 11). The Fe content of CW1 in the western zone was slightly higher than that of
CE1 in the eastern zone. The Fe content of CW2 and CE2 at the two points far from the
injection well were similar to that of OS and less than BG. Due to the difference in the
content of iron-bearing minerals and dissolution on the surface of the medium, it can be
seen that the iron precipitation at these two points was either very small or no precipitation
was generated. Combined with the previous judgment, a small amount of precipitation
occurred in the western zone far from the injection well. In summary, aquifer medium near
the water injection well was covered by a large amount of iron precipitation, so a large
amount of Fe was dissolved by HCl, while the amount of precipitation far away was very
small. The precipitation in the east area was slightly less than that in the west, indicating
that high injection pressure can reduce the formation of precipitation.

Comparing the surface topography of the two points CW1 and CW2 in the western
zone, the outside point OS and the background point BG indicated that compared with BG
under natural conditions, the surface of the medium became significantly uneven in the
acidic environment. Additionally, some floccule obviously attached to the surface of the
medium in the study area, while there were more on the surface of the point close to the
injection well, which also showed that there is more precipitation closer to the well.

Figure 11. (a) Surface topography and Fe content of the core of two coring holes at 1 m and 11.5 m to
injection well, respectively, compared with (b) the background point BG and the control point OS.

4. Conclusions

This paper was based on an acidic–high-iron-polluted site. Through a partition and
staged water injection pressure experiment, we injected water with a pH of about 8.5 in
a heavily polluted area with a groundwater pH of 1~3, and groundwater was pumped
around to explore the remediation effect and influencing factors. The results showed that
in the case of step-by-step pressurized water injection, the permeability was reduced due to
the formation of precipitation, and the initial injection rate, injection volume and decay rate
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at each stage were decreased. The increase in pressure can slightly reduce the generation
of precipitates. When the pressure increased from 0.2 MPa to 0.3 MPa, the water injection
efficiency per unit time was increased by more than 20%. The principle of pump–injection
remediation of acidic groundwater was mainly displacement, accounting for more than
93%, while neutralization only contributed less than 0.1%. Although the neutralization
contribution was small, the neutralization interface was the main place for precipitation,
which was the important constraint factor for the restoration project and cannot be ignored.
The acid–base water neutralization interface was formed owing to the dispersion. The
closer to the water injection well, the narrower the neutralization interface, the pH rising
rapidly and the iron concentration being high result in more iron precipitation. In the area
far from the injection well, pH did not rise to the condition to generate precipitation due to
the neutralization of the medium along the process, and the iron concentration dropped to
a very low concentration, so the conditions for precipitation were not met.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14172720/s1, Text S1: Linear fitting formula for injection rate
and time of each stage, Text S2: The groundwater numerical simulation software groundwater model
system (GMS) was used to simulate the seepage field of the experimental area, Text S3: Calculation
of Dispersion, Table S1: The breakthrough times of COD, H+ and neutralization times obtained
by fitting the C-t sequence with the Boltzmann function, Table S2: Theoretical time of each section
according to the numerical model, Table S3: Actual migration velocity (µ) and permeability coefficient
(K) after water injection of two sections in the same radial direction with different distances from the
injection well, Table S4: Calculation of neutralized H+ in each equilibrium area, Table S5: Dispersion
at each observation well, Figure S1: COD~t fitting curves of monitor wells, Figure S2: pH~t fitting
curves of monitor wells, Figure S3: pH data of monitor well X1 and long-term pumping wells P1 and
P2 in the site. Reference [44] is cited in the Supplementary Materials.
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