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Abstract: Clarifying the migration law of heavy metal pollutants in soil is the key pre-
requisite for its treatment. Because most heavy metal pollutants possess color-rendering
properties, it is theoretically feasible to use synthesized transparent soil to simulate the
migration and diffusion of heavy pollutants in soil. In order to assess the feasibility of
employing transparent soil for investigating heavy metal migration (singly and multiply)
in porous media, the fluctuation rates and concentration distribution of pollutants were
measured from both vertical and horizontal perspectives. Simultaneously, the effects of
temperature, dry density, and initial concentration on heavy metal migration were investi-
gated simultaneously, while analyzing changes in heavy metal occurrence forms during the
migration process. The study shows that transparent soil accurately simulated heavy metal
migration with a deviation of less than 10% compared to sandy soil. The migration of Cu(II)
in a single heavy metal migration test was greatly affected by three factors. Among them,
both Cu(Il) and Cr(VI) are similarly affected by the initial concentration, and favorable
migration occurs at an initial concentration of 1000 mg/kg. The heat source temperature
and initial concentration significantly impact the migration of single Cr(VI) and composite
heavy metals. Under the influence of heat source temperature, the increase in heavy metal
migration rate is associated with an increase in the proportion of exchangeable (EXC) and
carbonate-bound (Carb). Studying the interaction mechanism between these factors is
crucial for accurately predicting the transport behavior of heavy metal pollutants in porous
media and providing a scientific basis for environmental protection and treatment.

Keywords: heavy metal pollution; migration patterns; occurrence forms; porous media;
transparent soils

1. Introduction

Heavy metal pollution in soil, as one of the primary forms of environmental pollution
worldwide, poses significant threats to environmental quality, human health, and national
food security [1,2]. Sources of heavy metal pollutants include dust settling from the
atmosphere, irrigation with polluted river water, discharge of solid waste, and so on. After
entering the soil environment, these pollutants predominantly contaminate the atmosphere
and groundwater through processes such as volatilization, atmospheric deposition, and
precipitation. They subsequently enter the human body via the food chain, leading to
both direct and indirect harm to human health and ecological development [3,4]. And it
comprises lead (Pb), copper (Cu), chromium (Cr), cadmium (Cd), nickel (Ni), etc. [5]. These
pollutants can persist in the soil for a long time, and show the characteristics of dispersion,
migration, diffusion, and accumulation [6,7]. Therefore, the reasonable treatment of heavy
metal pollutants in soil is the key to maintain soil health [8-10].
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A preliminary framework for the remediation technology system, encompassing
bioremediation, physical remediation, and chemical remediation technologies, was estab-
lished [11-13]. However, the implementation of large-scale soil remediation work with
varying pollution levels remains challenging for the economy and efficiency [14]. Grasping
the migration law of heavy metals in soil can accurately predict the pollution range and
level and prompt science remediation [9]. The development of transparent soils with prop-
erties similar to natural soils has created opportunities for visual research on the internal
structure of soils [15,16]. At present, transparent soil has been widely used in the research
field of soil hydraulics because of its excellent applicability [17,18]. For instance, transparent
soil was employed to investigate the interaction between pile body and surrounding soil
during the process of pile formation [19].

Heavy metals exhibit distinct coloration, making it theoretically viable to employ
transparent soil to investigate the migration of heavy metal pollutants within soil environ-
ments [20]. This study examines the practicality of visually tracking pollutant migration in
soil by comparing the movement behaviors of typical heavy metals—Cu(Il) and Cr(VI)—as
well as their composite pollutants, both in transparent and sandy soils. The research further
elucidates the interfacial migration patterns of these pollutants, using the temperature field
as a driving force while considering soil density and pollutant concentration as influencing
factors. Moreover, the classical Tessier five-step sequential extraction method [21,22] is
utilized to determine the distribution of heavy metal concentrations and their forms in
both vertical and horizontal directions. The findings from this study will enhance the
understanding of contaminant transport in porous media and offer technical guidance for
the effective remediation of heavy metal-contaminated soils.

2. Materials and Methods
2.1. Experimental Materials

Compared to natural soil, transparent soil not only exhibits comparable physical and
mechanical properties but also achieves visual transparency. Transparent soil primarily
consists of two components: solid particles and pore fluids. The solid particles are predom-
inantly composed of fused quartz sand with a particle size ranging from 0.50 to 1.00 mm.
Fused quartz sand possesses exceptional chemical stability and mechanical strength, en-
abling the transparent soil to maintain consistent properties under various experimental
conditions. The pore fluid is a 61% calcium bromide (CaBr,) solution, whose refractive
index matches that of the solid particles, rendering the entire material transparent. This
specialized fluid not only fills the interstitial spaces between particles but also simulates
groundwater or liquid flow through the soil without compromising transparency.

For comparative analysis, ISO standard sand with a particle size of 0.50 to 1.00 mm
was utilized (see Table 1). ISO standard sand is a widely used reference material in civil
engineering and geology, characterized by its strictly controlled particle size and shape to
ensure experimental repeatability and reliability. By comparing these two materials, the
similarity between transparent soil and sandy soil can be more thoroughly investigated.
For instance, permeability tests revealed a high degree of consistency in water penetration
rates between transparent soil and ISO standard sand. Additionally, compression tests
demonstrated similar stress—strain curves for both materials. These findings indicate that
transparent soil not only resembles natural sand in appearance but also exhibits highly
similar mechanical behavior [23,24].
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Table 1. Main test material.

Materials Name

Cupric chloride
Potassium chromate

Calcium bromide

Fused quartz sand

China ISO standard
sand

Specification Properties
. Relative density 3.386 g/cm?; melting point 620 °C; boiling
Analytically pure point 993 °C.
Analytically pure Relative density 2.732 g/cm?; melting point 971 °C.
. Relative density 3.353 g/cm3; melting point 730 °C; boiling
Analytically pure point 806812 °C.
Particle size 5107 99.9~99.95%; True specific gravity: 2.21; mohs
0.5 mm~1.0 mm hardness: 7.0; pH value: 6.0

Particle size

- o . fi 3.0 : 3
0.5 mm~1.0 mm 510, > 95%; fineness modulus 2.3~3.0; density 1.62 g/cm”.

Copper chloride and potassium chromate were used to provide heavy metal ions of
Cu(Il) and Cr(VI). Based on the screening values for Cu(II) and Cr(VI) in the current soil
pollution risk control standards for agricultural land (GB15618-2018), the contaminated
concentrations were established at 500, 1000, and 1500 mg/kg (on a dry soil mass basis).
The ratios of composite ions Cu(Il) to Cr(VI) in the resulting heavy metal-contaminated soil
were set at 1:1, 4:6, and 6:4, respectively. Furthermore, in the experimental design, three
parallel experimental groups were established for each condition to ensure the accuracy
and rigor of the test data.

2.2. Testing Apparatus

A self-constructed testing apparatus was employed to conduct the experiment, as
depicted in Figure 1a. The apparatus is fabricated from organic glass material, with internal
dimensions measuring 70 mm in diameter and 140 mm in height, and with the help of a
constant temperature water bath and heat-proof material to achieve temperature control of
20 °C, 40 °C, 50 °C, and 60 °C, respectively. The specimen was divided into eight sections
(labeled as I, IT ~ VIII) with a 20 mm interval from top to bottom, as illustrated in Figure 1b.
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Figure 1. Schematic diagram of test device. (a) Test device. (b) Sample division. (c) Observation points.

In the experiment, four key observation points were measured every 20 min to record
the migration distance of the heavy metal pollutants (Figure 1c). These observation points
were strategically placed to cover critical locations within the experimental area, thereby
reflecting the overall migration trend of the pollutants. When the migration distance
stabilizes, it indicates that the diffusion rate has slowed down or reached equilibrium. At
this stage, three sampling points were established along the axial direction of each section
to ensure a comprehensive representation of pollutant concentration changes within the
area. Each sampling point was sampled three times per trial to minimize random errors and
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enhance data reliability. All samples were immediately labeled, stored, and transported to
the laboratory for analysis.

2.3. Sample Preparation
2.3.1. Transparent Soil Sample

Molten quartz sand was first rinsed with deionized water and dried. And then, the
molten quartz sand was slowly added to the calcium bromide solution by stirring with a
glass rod. After thorough mixing, the mixture was placed in a dark environment for one
hour. The transparent soil prepared can clearly show the grid below the beaker (Figure 2).

Pollution source
1 15mm
Heavy metal-contaminated
sandy soil

Heavy metal

| Molten quartz sand
e | pollutant

|
1
1
I
1
|
1
:
= B = S : =
- 1 » I
i <} < | “i,_.i..,- | Heavy metal-contaminated
/ | transparent soil
i
1
1
1

- . 0.5-1.0mm
) solution —— ( )
el
Stirring witha  Transparent soil

_____________________________________________

Figure 2. Sample preparation flow chart.

2.3.2. Heavy Metal-Contaminated Soil Sample

The required masses of copper chloride and potassium chromate were accurately
weighed based on the predetermined pollution concentration values, then dissolved in
a precisely measured volume of distilled water (19.4% moisture content for transparent
and sandy soils). A known mass of dry and clean test soil was quantitatively weighed
and placed into a container. The pollutant solution was added to the soil, which was then
thoroughly mixed and stirred. The mixture was subsequently wrapped with plastic film
and allowed to stand for 12 h. Following this, the heavy metal-contaminated soil was
compacted using a hammer to form a 15 mm high pollution source at the high-temperature
heat source end (Figure 2). The dry densities of the prepared soils were 1.3, 1.4, and
1.5 g/cm3, respectively.

2.4. Index Test Methods

The concentrations of Cu(Il) and Cr(VI) were quantified using a Skyray EDX series
energy dispersive spectrometer. The detection limits for Cu(Il) and Cr(VI) are 0.04 mg/kg
and 0.10 mg/kg, respectively, with pure SiO; serving as the test substrate. The samples
were placed in aluminum foil containers, dried at 105 °C, and subsequently ground into a
2 mm powder for analysis. Each measurement was conducted for 100 s, and the average of
three replicate measurements was used to determine the final concentration values.

Additionally, the Tessier sequential extraction method is currently widely employed
for the speciation analysis of heavy metal (exchangeable (EXC), carbonate-bound (Carb), Fe-
Mn oxides bound (FeMnOx), organic matter/sulfide-bound (OM), and residual (RES)) [25].
On this basis, Rauaret et al. [26] refined the Tessier continuous extraction method. In
conjunction with the aforementioned literature, this study used a constant temperature
shaker, electronic centrifuge, atomic absorption spectrophotometer, and other instruments
for the experiments. The procedures for speciating Cu(Il) and Cr(VI) are detailed in Table 2.
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Table 2. Five-step Tessier sequential extraction method.

Procedure Form Reagents and Operation Methods
10 mL 1 mol/L MgCl,, pH = 7.34, shaken at 25 °C for 1 h, centrifuged
1 EXC at 4000 r/min for 5 min, the supernatant was removed and filtered,

and the volume was constant in a 50 mL volumetric flask.
10 mL 1 mol/L NaAc, pH = 5.0, shaking at 25 °C for 5 h, centrifugation
2 Carb at 4000 r/min for 5 min, the supernatant was removed and filtered,
and the volume was constant in a 50 mL volumetric flask.
20 mL 0.04 mol/L NH,OH-HC], pH = 2, shake at 96 °C for 6 h,
3 FeMnOx centrifuge at 4000 r/min for 5 min, the supernatant was removed and
filtered, and the volume was constant in a 50 mL volumetric flask.
3 mL 0.02 mol/L HNO3, 5 mL 30% H,O,, shaken at 85 °C for 2 h,
added 3 mL 30% H,O,, shaken at 83 °C for 3 h, centrifuged at

4 OM 4000 r/min for 5 min, the supernatant was removed and filtered, and
the volume was constant in a 50 mL volumetric flask.
5 RES The total amount of heavy metals minus the above four forms.

3. Results and Discussion
3.1. Feasibility Analysis of Transparent Soil Application

The feasibility of applying transparent soil to realize the visualization of pollutant mi-
gration is evaluated by the fluctuation rate of point concentration difference (Formula (1)).

ICt — G|

S

V= x 100% (1)
where V is the fluctuation rates, %; C; is the concentration of heavy metals at a certain
point in transparent soil, mg/kg; and C;s is the concentration of heavy metals in the sandy
soil, mg/kg.

3.1.1. Comparison of Vertical Migration of Single Heavy Metal

Taking the effects of 1000 mg/kg and 50 °C as an example, the data at the center of
each section (point (1)) were analyzed. The distribution regularity of Cu(Il) and Cr(VI)
concentrations in transparent soil and sandy soil is essentially the same at different heat
source temperatures and initial heavy metal concentrations (Figure 3). Moreover, it is
evident that the concentration distribution curves for the transparent and sandy soils
exhibit substantial overlap, indicating a high level of overall agreement between them.
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Figure 3. Contaminated soil concentration distribution curves. (a) Different heat source temperatures
at 1000 mg/kg. (b) Different initial heavy metal concentrations at 50 °C.

As the concentration values beyond the section of Il approach zero, the fluctuation
rate of sections of I, II, and Il is analyzed (Figure 4). Under the influence of temperature,
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the fluctuation rate at the sections of I, II, and III is below 4%, 6%, and 10%, respectively
(Figure 4a). In addition, the distribution with temperature changes from a decreasing
pattern at section I to an increasing pattern at sections II and III. It indicates that the increase
in temperature can increase the migration of heavy metals. The findings in section III

indicate that the impact of temperature on the migration of Cu(Il) in soil surpasses that
of Cr(VI).
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Figure 4. Vertical migration comparison of Cu(Il) or Cr(VI) concentrations and fluctuation rates.

(a) Different heat source temperatures at 1000 mg/kg. (b) Different initial heavy metal concentrations
at 50 °C.

Under the influence of initial concentrations, the concentration of Cu(Il) increases while
its fluctuation rate on each profile decreases (Figure 4b). This phenomenon indicates that
the simulation effect of transparent soil on sandy soil for Cu(Il) intensifies with increasing
initial concentrations. Conversely, for Cr(VI), a noticeable rise in fluctuation rate occurs
when the initial concentration exceeds 1000 mg/kg, suggesting a slight reduction in the
simulation effect of transparent soil on sandy soil at elevated levels of Cr(VI). In section 111,
the concentration of Cu(Il) is higher than that of Cr(VI), indicating that changes in initial
concentration have a significant impact on the migration behavior of Cu(II).

3.1.2. Comparison of Lateral Migration of Single Heavy Metal

The concentrations and fluctuation rates of Cu(II) and Cr(VI) lateral migrations were
analyzed and compared at points D), 2), and (3) across various cross sections, as depicted
in Figure 5. Under identical conditions, the concentration at the central point of each cross
section (point on cross section (1)) surpasses that at both sides (points on cross sections (2)
and (@), for both transparent and sandy soil. This phenomenon becomes more evident
as the cross sectional position increases. Furthermore, the fluctuation rate increases with
distance from the heat source, but it remains below 10%.
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Figure 5. Lateral comparison of concentration distributions and fluctuation rates of Cu(II) and Cr(VI).
(a) Different heat source temperatures at 1000 mg/kg. (b) Different initial heavy metal concentrations
at 50 °C.

The fluctuation rate of Cu(Il) decreases gradually with increasing initial concentration
in the same cross section, similar to the vertical migration law (Figure 5b). Among Cr(VI)
pollutants, the fluctuation rate is minimized at an initial concentration of 1000 mg/kg
(Figure 5b). Combining these findings with Figures 4 and 5, it can be observed that the
influence of heat source temperature and initial concentration of Cu(Il) pollutants is more
significant compared to Cr(VI) pollutants during both lateral and vertical migration.

3.1.3. Comparison of Migration of Composite Heavy Metals

(1) Vertical migration

Based on the concentration distribution curve of composite heavy metal-contaminated
soil, it can be observed that the concentration curves of transparent and sandy soils exhibit
a high degree of similarity (Figure 6). This suggests that simulating the vertical migration
of Cu(ll) and Cr(VI) composite heavy metals in sandy soil using transparent soil is a
feasible approach. When the Cu(II) to Cr(VI) ratio is 1:1, the concentration curve of Cr(VI)
shows a more gradual change compared to that of Cu(Il) (Figure 6b). At a heavy metal
concentration of 1500 mg/kg, the difference in Cr(VI) concentration between section II and
section I does not exceed 132.23 mg/kg. In contrast, for Cu(Il), the concentration difference
is at least 397.22 mg/kg. These results indicate that under identical conditions of complex
heavy metals, Cr(VI) exhibits better migration than Cu(Il). In addition, the influence of
temperature on Cu(ll) is greater than that of Cr(VI). When the heat source temperature is
40, 50, and 60 °C, the distribution of Cr(VI) exhibits a dense pattern (Figure 6a).



Buildings 2025, 15, 612

8 of 20

5]
S
S

T
—=&—20°C TS --©-- 20°C SS
—4—40°C TS --£-- 40°C SS

3

=3

S
T

=
=
=4
on
E o0 | T 50°C TS -0~ 50°C SS
g a0 (ID —4—60°C TS --©-- 60°C SS
g
5 wp
g 0k C————C—0 M e —0
S 1000 4.6 60:4
S 800 |
g o0 f
2 ok Cr(VI)!
2 200 F o \
B
o e e e e e O & s e O 0 ——u—()—""——
:E 0 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1
I I I IV V VI VI VI I 0 I IV V VI VI VI III IV V VI VI VI
Cross section
(a)
1000
—=— 250 mg/kg TS —=®— 200 mg/kg TS —=&— 300 mg/kg TS
800 - - 250 mg/kg SS 200 mg/kg SS Q‘( 300 mg/kg SS
600 N\ —A—500mghgTS 1 @ —A— 400 mg/kg TS ) —4A— 600 mg/kg TS
AN 500 mgkg ss  CuldD % 400 mg/kg SS Y 600 mg/kg SS
400 | x\ \
--#-- 750 mg/kg TS \ --#-- 600 mg/kg TS --#-- 900 mg/kg TS
200 - \ A\ --<-- 900 mg/kg SS

--4-- 750 mg/kg SS
B e e S

--4-- 600 mg/kg SS

Heavy metal concentration (mg/kg)
T

1ol = ottt ® . r—t—o—e
—=— 250 mg/kg TS Tl —=— 300 mg/kg TS 4:6 —=— 200 mg/kg TS
800 250 mg/kg SS < 300 mg/kg SS 200 mg/kg SS
600 | —a— 500 mg/kg TS —&— 600 mg/kg TS & —4— 400 mg/kg TS
o b S s00mekgss  CTV) &4 600 mg/kg SS 400 mg/kg SS
K --#-- 750 mg/kg TS A\‘\‘ --9-- 900 mg/kg TS ‘Q\ --®-- 600 mg/kg TS
200 [ BQu -~ 750 mgkg SS A\ --4-- 900 mg/kg SS 0\ --4-- 600 mg/kg SS
of N B B B e e
1 1 1 1 1 1 1 1 1 1 1
I O I IV V VI VI VII I o M IV V VI VI VII I O I IV V VI VI VI
Cross section
(b)

Figure 6. Concentration distribution curves of composite heavy metal-contaminated soil. (a) Different
heat source temperatures at 1000 mg/kg. (b) Different initial heavy metal concentrations at 50 °C.

(2) Lateral migration

The concentration of pollutants approaches zero after section II, so the lateral migration
analysis of composite heavy metals is conducted at sections I and II (Figure 6). The
migration pattern of complex heavy metal pollutants in soil resembles that of single heavy
metals, with accumulation toward the center from both sides (Figure 7). When the ratio
of Cu(Il) and Cr(VI) is 1:1, both elements exhibit a fluctuation rate below 10%. However,
when the ratio becomes 4:6 and the heat source temperature is set at 20 °C, the fluctuation
rate of Cu(Il) in cross section II exceeds 10% but it is still less than 25% (Figure 7a). The
difference in heavy metal concentrations between transparent soil and sandy soil was only
1.37 mg/kg and 1.30 mg/kg under these conditions. The absence of a temperature gradient
is considered the main reason for this phenomenon. In section II, heavy metal migration
is solely driven by molecular diffusion and mechanical dispersion, resulting in very low
concentrations. This further confirms the significant impact of temperature on heavy metal
transport in soil. A similar observation can be made from Figure 7b.

When the ratio of Cu(Il) to Cr(VI) is 6:4 and the initial concentration of heavy metals
is 500 mg/kg, the fluctuation rate of Cr(VI) at the three points in Figure 7d is less than
20% but more than 10%. This is mainly due to the relatively low initial concentration
of heavy metals, resulting in lower intermolecular activity compared to other groups.
Therefore, despite the temperature gradient influence, a relatively low concentration of
heavy metals is still maintained in this section. The results shown in Figure 7 suggest that
using transparent soil instead of sandy soil for studying heavy metal pollution achieves
over 90% simulation accuracy when the initial concentration of Cu(Il) and Cr(VI) composite
heavy metals is 1500 mg/kg. Under composite conditions when the ratio of Cu(Il) to Cr(VI)
is 1:1, simulated transparent soil of sandy soil exhibits optimal performance.
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Figure 7. Horizontal comparison of concentration distributions and fluctuation rates of Cu(II) and

Cr(VI) composite heavy metal-contaminated soil. (a) Cu(II) under different heat source temperatures
at 1000 mg/kg. (b) Cr(VI) under different heat source temperatures at 1000 mg/kg. (c) Cu(Il) under
different initial heavy metal concentrations at 50 °C. (d) Cr(VI) under different initial heavy metal
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It is highly feasible to use transparent soil to simulate the migration of heavy metal
pollutants in sandy soil. Specifically, for single heavy metal contaminants such as Cu(Il) or
Cr(VI), the concentration distribution fluctuation rate between transparent soil and sandy
soil in both vertical and lateral migration directions is less than 10% (Figures 4 and 5). This
indicates that transparent soil achieves over 90% accuracy in simulating the migration of
a single heavy metal pollutant in sandy soil, demonstrating high reliability. In studies of
composite heavy metal pollution, when the ratio of Cu(ll) to Cr(VI) is 1:1, the concentration
distribution fluctuation rate between transparent soil and sandy soil remains within 10%
(Figures 6 and 7). This suggests that transparent soil can effectively simulate the migration
behavior of these two heavy metals in sandy soil at the same proportion, with simulation
accuracy exceeding 90%.

In summary, transparent soil serves as an effective medium for simulating the migra-
tion and transformation of heavy metal pollutants in sandy soil. Moreover, experimental
observations indicate that both single pollutants and composite heavy metal pollutions
exhibit differential sensitivities to factors such as temperature and initial concentration.
To enhance future control measures for soil pollutants, it is imperative to investigate the
impact of various conditions on the migration behavior of heavy metal pollutants.

3.2. Migration and Change in Transparent Soil Under Different Conditions
3.2.1. Effect of Dry Density on Migration Regularity

(1) Single heavy metal

Taking the effect of 1000 mg/kg at 60 °C as an example, the migration of a single
heavy metal over time under different dry densities was analyzed (Figure 8a,b). As
the experimental duration increased, the color interface of the heavy metal gradually
moved upward. Under identical temperature and concentration conditions, higher dry
density resulted in shorter migration distances for the heavy metals. This is attributed
to the lower porosity and more tightly packed particles in high dry density soil, which
increases resistance to water flow, thereby limiting the migration of heavy metals with
water. Additionally, the change in the migration distance distribution curve for hexavalent
chromium was observed to be smaller than that for copper ions (Cu?*), indicating that dry
density has a relatively minor impact on the migration of hexavalent chromium.

Figure 8c shows the migration rates of single heavy metal Cu(Il) or Cr(VI) under
different dry density conditions when the initial concentration is 1000 mg/kg. It can be
observed that for Cu(Il), pollutant mobility decreases with increasing soil dry density under
the same conditions. When the heat source temperature surpasses 20 °C, the migration
rate of Cr(VI) reaches its peak at a dry density of 1.4 g/cm?, with a maximum mobility of
34.73%. However, the migration rate at a dry density of 1.5 g/cm? is always lower than
that at a dry density of 1.3 g/cm?. On the whole, it is roughly in line with the trend that the
dry density of the soil increases and the migration rate changes inversely.

(2) Composite heavy metal

Taking the initial concentration of 1000 mg/kg and the heat source temperature of
60 °C as an example, the migration behavior of composite heavy metals was analyzed
under different dry density conditions (Figure 9). The prominence of blue-green is not
observed in transparent soil. Currently, only the distribution of orange-yellow for the two
heavy metals can be seen. As the dry density of the soil increases, the proportion of the
orange-yellow area decreases gradually. Notably, at a dry density of 1.5 g/cm? and a Cu(Il)
to Cr(VI) ratio of 1:1, an intense orange-red color interface is observed. This phenomenon
indicates that the migration of heavy metal pollutants is characterized by a slow rate when
the dry density of composite heavy metals reaches 1.5 mg/kg.
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Figure 8. Migration effect of single Cu(Il) or Cr(VI) under different dry densities. (a) Comparison
of Cu(Il) migration distances. (b) Comparison of Cr(VI) migration distances. (c) Migration rates of
single heavy metal under different dry densities.
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Figure 9. Interface distribution of different dry densities (interface distribution of six soil columns in
each group was as follows: 20, 40, 60, 80, 100, and 120 min from left to right).

The migration effect of composite heavy metals under different dry densities when
the initial concentration is 1000 mg/kg is illustrated in Figure 10. The migration of Cr(VI)
in the 1:1 pollutant composition is more significant than that of Cu(Il) under temperature
field effect. This may be attributed to the high migration capacity and hydrophilicity
of Cr(VI), which facilitates its spread and movement in soil. On the other hand, Cu(Il)
may be constrained by certain factors, resulting in a relatively lower degree of migration.
Additionally, under this composite condition, both Cu(Il) and Cr(VI) exhibit reduced
mobility as soil dry density increases gradually. When the heat source temperature is
20 °C, heavy metal pollutant migration rate shows minimal fluctuations. Compared to
other heavy metal complex conditions, dry density has little effect on the migration of
1:1 composite heavy metals.



Buildings 2025, 15, 612 12 of 20

Hot source temperature 20°C | Hot source temperature 40°C | Hot source temperature 60°C 50
1

P Cr

Cu(Il):Cr(VI)=1:1 N Cu -—n 15

T 1%
= —A- W Cr .

Cu(ID):Cr(VI)=4:6 - -__E\- 60

J40

-~ |

L —— ]
Cu(II):Cr(VI)=6:4

N
=)

—_ N W
© © © ©
T 11

S
T

SIS
T

Migration rate (%)
[
T
Total migration rate (%)

—_ N W
o © o
LI B |
(e}
=
Lol .l
[ =N
S © o

|

1.3 14 1.5 1.3 1.4 1.5 13 14 1.5
Dry density (g/cm®)

Figure 10. Migration effect of composite heavy metals under different dry densities.

3.2.2. Effect of Heat Source Temperature on Migration Rule
(1) Single heavy metal

Taking the dry density of 1.3 g/cm3 and an initial heavy metal concentration of
500 mg/kg as an example, this study investigates the migration of single heavy metals
under different heat source temperatures (Figure 11a,b). The results show that the mi-
gration distance of heavy metals increases gradually with rising heat source temperature.
Specifically, for Cu(Il) pollutants, significant migration toward the lower temperature end is
observed at heat source temperatures of 40 °C and 60 °C. In contrast, for Cr(VI), significant
migration toward the lower temperature end only occurs at a heat source temperature of
60 °C, which enhances the migration distance.

100 100

= 20°C

90 _or 40°C 5
_
g 80 g 80 F v 60°C s
B’ 70 ; 70 b
g g
£ 60 S o0}
Z o Z 50
a A
g 40 g 40 - |3155
g =
s 30 s 30
2 2 e P N Ay 4 e s
s S 20

10 |- B e 10 |

R=099 16
0 1 1 L 1 1 1 L L 1
0 20 40 60 80 100 120 80 100 120
Migration time (min) Migration time (min)
(a) (b)

50 | ™ Cu 1.3 g/em® T Cu 1.5 gem®

’\; L P Cr 1.3 /em® [ Cr 1.5 g/em®
< 40 ™ Cu 1.4 g/em®
% L P Cr 1.4 g/em®
St
= 30 ‘
S}
=
A | 'I'I |
&l ‘
Z 10 '1 1 H‘ -I
L ™| -|
o1\
1 1 1
20 40 60
Heat source temperature (°C)

(©

Figure 11. Migration effect of single Cu(II) or Cr(VI) at different heat source temperatures. (a) Com-
parison of Cu(II) migration distances. (b) Comparison of Cr(VI) migration distances. (¢) Migration
rates of single heavy metal under different heat source temperatures.
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Figure 11c demonstrate a positive correlation between temperature and the migration
rates of Cu(Il) or Cr(VI), suggesting that temperature exerts a significant influence on the
mobility of heavy metals within soil. Combined with Figures 10 and 11, it is evident that
both heat source temperature and dry density significantly impact the migration of single
Cu(Il). However, for a single Cr(VI), the influence of heat source temperature outweighs
that of dry density.

(2) Composite heavy metal

Taking the dry density of 1.3 g/cm? and the initial concentration of 500 mg/kg as an
example, the migration of composite heavy metals at different heat source temperatures
was analyzed (Figure 12). It shows that the proportion of orange-yellow regions increases
with increasing temperature. Compared to other groups, the absence of a significant
temperature gradient at a heat source temperature of 20 °C resulted in an inconspicuous
upward migration of Cu(Il) and Cr(VI). When the heat source temperature is set to 60 °C,
the proportion of the orange-yellow region in the sample reaches its maximum. At this
time, there is a blurred and fluctuating color interface, yet the overall trend remains
consistently upward.
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Figure 12. Temperature interface distributions of different heat sources.

The migration effect of composite heavy metals at different heat source temperatures
is illustrated in Figure 13. The total migration rate and migration rate of composite heavy
metals increase gradually with the rise in heat source temperature under identical con-
ditions. In addition, the migration rate of Cr(VI) is observed to be higher than that of
Cu(Il) when the ratio between them is 1:1, suggesting that the migration of Cr(VI) is more
influenced by temperature compared to Cu(Il).
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Figure 13. Migration effect of composite heavy metals at different heat source temperatures.

Combined with the changes in heavy metal migration at different temperatures, it
is evident that a temperature gradient induces heat conduction and subsequent water
migration within soil. Specifically, in regions of higher temperature, increased molecular
activity facilitates the transfer of water from hotter to cooler areas, altering the spatial
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distribution of soil moisture and promoting the migration of dissolved heavy metal ions.
The long distance migration of heavy metal ions primarily occurs via two mechanisms:
(1) convection, driven by directional flow; and (2) enhanced solubility and mobility of
heavy metals due to temperature changes. Consequently, under a temperature gradient,
the rate and extent of heavy metal ion migration significantly increases. In contrast, without
a temperature gradient, soil moisture remains uniformly distributed, and there is no
significant directional water movement. Therefore, in the management of heavy metal
pollutants, controlling the migration range of heavy metals can be effectively achieved
through temperature regulation.

3.2.3. Effect of Initial Heavy Metal Concentration on Migration Regularity
(1) Single heavy metal

Taking the dry density of 1.4 g/cm® and a heat source temperature of 60 °C as an
example, the migration distances of single heavy metals under different initial concentra-
tions were analyzed (Figure 14a,b). For Cu(Il), the migration distance exhibits the most
significant change when the initial concentration is 1000 mg/kg, and stabilizes once the
migration distance reaches 60 mm. This indicates that both extremely low and high concen-
trations are not conducive to the migration of Cu(II) ions within soil. Conversely, for Cr(VI),
higher initial concentrations lead to greater migration distances. This can be attributed
to the enhanced molecular diffusion and combined convection effects caused by higher
concentrations, which facilitate significant migration. In conjunction with Figure 14c, it is
evident that the initial concentration of heavy metals has a similar impact on both Cu(II)

and Cr(VI), with optimal migration occurring at an initial concentration of approximately
1000 mg/kg.
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Figure 14. Migration effect of single Cu(II) or Cr(VI) at different heat source temperatures. (a) Com-
parison of Cu(II) migration distances. (b) Comparison of Cr(VI) migration distances. (¢) Migration
rates of single heavy metal under different initial concentrations.
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(2) Composite heavy metal

Taking the dry density of 1.4 g/cm? and setting the heat source temperature at 60 °C
as an example, the migration of complex heavy metals at different initial concentrations
was analyzed (Figure 15). With increasing initial heavy metal concentration, the orange-
yellow region deepened in color and its proportion gradually increased. When the initial
concentration reached 1500 mg/kg, Cu(ll) and Cr(VI) migrated against gravity toward
the low temperature end, accompanied by a noticeable hydrodynamic dispersion effect.
Consequently, there was a significant increase in the area of the color interface. This
phenomenon was particularly pronounced when the ratio of Cu(Il) to Cr(VI) reached 6:4.
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Figure 15. Interface distributions of different initial heavy metal concentrations.

The migration effect of composite heavy metals at different initial concentrations is
presented in Figure 16. Under a constant heat source temperature of 20 °C, the migration
rate remains relatively stable across different initial concentrations with an overall variation
of less than 10%, suggesting minimal impact from concentration changes. However, when
the temperature exceeds 20 °C, the total migration rate of Cu(Il) and Cr(VI) at an initial
concentration of 1500 mg/kg is lower compared to that at an initial concentration of
1000 mg/kg. Similarly, when the ratio between Cu(II) and Cr(VI) is set as 1:1, it can be
observed that Cu(Il)’s migration rate is weaker than that of Cr(VI).

n
=)

Hot source temperature 20°C | Hot source temperature 40°C | Hot source temperature 60°C

Cu(II):Cr(VI)=Il :1 — gr—'/-_l ]

Cu(II):Cr(VI)=4:6 - C: ]

W
S o
T 1
B O
S S o

S
T
1
[S]
S

=)
o

1S
T
=N
S

T

. 0

Cu(IT):Cr(VI)=6:4 - . 1
T H R B B EE

500 1000 1500 500 1000 1500 500 1000 1500
Initial heavy metal concentration (mg/kg)

=}

w

=3
T
S

Migration rate (%)
s 88
T T
Q
1 1
8 &
Total migration rate (%

-
o o
T 1
1
()
S

o
)

Figure 16. Migration effect of composite heavy metals at different initial concentrations.

In summary, dry density, heat source temperature, and initial concentration all exert
significant influence on Cu(II)’s migration within single polluted transparent soil tests. For
the single Cr(VI) pollutant, heat source temperature has a significant impact while dry
density has a minor effect. The initial heavy metal concentration shows similar effects
on both Cu(Il) and Cr(VI), with good migration observed at an initial concentration of
1000 mg/kg. In composite-polluted transparent soil tests, the migration of heavy metals
is primarily influenced by heat source temperature and initial heavy metal concentration
rather than dry density. By precisely controlling the heating temperature and initial
concentration of heavy metals, the treatment efficacy of heavy metal-contaminated soil can
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be substantially enhanced. In practical applications, optimal regulation of these parameters
not only improves remediation efficiency but also reduces energy consumption and cost.

3.3. Comparative Analysis of Occurrence Forms of Heavy Metal Pollutants

The distribution of heavy metal occurrence forms in soil is primarily influenced by
the temperature of the heat source, compared to other factors. Therefore, we analyzed
the occurrence forms of heavy metals under different heat source temperatures using
a dry density of 1.3 g/cm? and initial concentration as an example. The proportion of
EXC pollutants in the soil gradually increased with the rise in heat source temperature
for Cu(Il) in the four types of contaminated soil, while the proportions of Carb and RES
states decreased progressively (Figure 17). This can be attributed to two main factors
based on existing research and analysis [27,28]. Firstly, temperature influences porous
media adsorption capacity, leading to decreased adsorption as temperature rises and the
conversion of some stable RES states into EXC states. Secondly, elevated temperatures
promote the hydrolysis of copper chloride solution, resulting in reduced pH values within
the soil environment. Consequently, heavy metal Carb states most affected by changes in
soil conditions are released into the environment [29]. The FeMnOx state and OM state
of the remaining pollutants exhibit relatively high stability. Among these, the OM state
accounts for a minute proportion, with a maximum value not exceeding 5.69%. This can
be attributed to the absence of organic matter in transparent soil that could form ligands
with metals present in the soil. Under varying heat source temperatures, the relative
proportions of Cu(ll) Carb states in different types of polluted soils are ranked as follows:
4:6 > 1:1 > 6:4 > single. The mobility of Cu(Il) is observed to be directly proportional to
the temperature change in the heat source, as evidenced by Figure 17c. Furthermore, this
relationship is intricately linked with variations in both the EXC state and Carb state.
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Figure 17. Occurrence forms and migration rates of Cu(Il) and Cr(VI) in soils with different pollution
types. (a) Cu(Ill)’s occurrence form. (b) Cr(VI)’s occurrence form. (c) Cu(Il)’s migration rates.
(d) Cr(VI)’s migration rates.



Buildings 2025, 15, 612

17 of 20

The results depicted in Figure 17 demonstrate that for Cr(VI), the proportion of the
EXC state and Carb state gradually increases with the rise in heat source temperature
across all four types of contaminated soil, while the proportion of the RES state decreases
correspondingly. Notably, this trend is contrary to that observed for Cu(Il). Primarily
due to the weak acidity of chromic acid, an increase in temperature leads to a rise in soil
ambient pH value, consequently resulting in an elevation of the proportion of the Carb
state that exhibits high sensitivity toward changes in pH value. Under the influence of the
temperature of each heat source, the proportion of the Carb states of Cr(VI) in different
types of contaminated soils was ranked as follows: single > 4:6 > 1:1 > 6:4. The composite
ratio of Cu(Il) and Cr(VI) varies, leading to distinct pH values in the soil environment.
Consequently, the proportion of the Carb states in their respective soils also differs. The
migration rate of Cr(VI) in various polluted soils increases with the rise in temperature
gradient, as evidenced by the combination of Figure 17d. This phenomenon is attributed to
the escalating proportion of the EXC and Carb states.

3.4. Comparison and Discussion

Transparent soil is extensively utilized in geotechnical engineering simulations owing
to its exceptional transparency, controllable physical properties, and stable chemical charac-
teristics. For instance, this method can simulate soil mechanics, enabling the observation of
soil deformation and crack formation, thereby facilitating the prevention and mitigation
of geological disasters. Moreover, it can support underground engineering simulations,
such as observing soil deformation during subway tunnel construction, which aids in
evaluating project safety and stability. Furthermore, transparent soil can be applied to soil
and water engineering simulations, allowing for the analysis of levee channel structures
and predicting strength, stability, and flow changes during engineering operations. Exist-
ing studies have shown that transparent soil technology meets the research requirements
for investigating the internal structure and dynamic behavior of geotechnical materials,
providing clear a visualization of deformation, flow, and other physical processes within
soil [30,31].

Understanding the migration of heavy metal pollutants in soil is crucial for pollution
control, environmental protection, and safeguarding human health. In recent years, as
concerns about environmental pollution have grown, scientists have been developing
innovative methods to investigate the migration behavior of heavy metals in soil. This
study introduces the concept of transparent soil into the field of heavy metal-contaminated
soil research, aiming to explore the migration patterns of heavy metals through the in-
tegration of visualization and color rendering technologies. As shown in Table 1, the
density, particle size, saturated water content, and other characteristics of the transparent
soil described herein closely resemble those of medium sand and fine sand, in accordance
with the standard for engineering classification of soil [32] (GB/T 50145-2007). This makes
transparent soil an ideal substitute material for studying heavy metal migration. To validate
the effectiveness of transparent soil, we conducted several experiments comparing the
two-dimensional interface migration data of transparent soil and sandy soil under various
influencing factors (see Figures 3-6). The results demonstrated that the performance of
both materials in heavy metal migration was highly consistent, further confirming the
suitability and effectiveness of transparent soil for investigating heavy metal migration
dynamics in contaminated soil.

Compared with traditional laboratory detection methods, transparent soil technol-
ogy exhibits significant advantages in the study of heavy metal migration. Firstly, the
transparent soil model maintains the original integrity of the soil by eliminating the need
for embedded sensors, thereby minimizing structural alterations and preserving natural



Buildings 2025, 15, 612

18 of 20

conditions. Secondly, compared to X-ray technology, transparent soil technology is not only
more cost-effective but also simpler to operate, allowing for the real-time observation of
pollutant migration processes. This direct visualization provides researchers with a power-
ful tool to better understand the mechanisms of heavy metal migration in soil. Additionally,
transparent soil technology offers greater potential for future research. For instance, by
adjusting the composition and structure of transparent soils to simulate various types of
soil environments, researchers can gain deeper insights into the migration behavior of
heavy metals under different conditions. In summary, transparent soil technology offers a
novel perspective and methodology for investigating heavy metal migration in soil, demon-
strating broad application potential. This innovative approach enables scientists to more
precisely evaluate the risks associated with heavy metal contamination, thereby providing
a robust scientific foundation for the formulation of effective pollution mitigation strategies.
Table 3 provides a detailed comparison of the advantages and limitations of transparent
soil technology relative to traditional methods, further highlighting its distinctive benefits.

Table 3. Comparison of transparent soil technique versus traditional methods.

Type
Method Interference Visualization Visibility =~ Accuracy Easy Operating Economy
Leaching [33] Vv X X X X X
Transparent soil [34] X Vv Vv vV Vv vV
X-ray techniques [35] X X Vv X X X
Software simulation [36] X X X X Vv vV

Carbon quantum dot
detection [37]

N4 X vV X X

<

Note: “y/” indicates the presence of a feature, while “x” denotes its absence.

However, for the theoretical research of pollutant migration simulation based on
transparent soil, it is crucial to develop more precise index testing methods to ensure the
reproducibility and reliability of the experimental results. Integrating advanced image
acquisition technology with machine learning processing represents a significant develop-
ment trend in this field. Utilizing high-precision cameras and sensors enables real-time
recording of pollutant diffusion in transparent soil, generating substantial amounts of high-
quality image data. These images can subsequently be processed and analyzed by machine
learning algorithms to automatically identify contaminant distribution patterns, migration
pathways, and interactions with other substances. This approach not only enhances the
speed and accuracy of data analysis but also minimizes errors associated with manual
intervention. Furthermore, the application of digitalization and automation technologies
facilitates comprehensive monitoring and management of the entire experimental process.
In summary, combining more accurate indicator test methods with advanced image acqui-
sition and machine learning technologies in the simulation of pollutant migration based
on transparent soil will significantly advance this field and provide a more scientific and
reliable foundation for environmental protection and pollution control.

4. Conclusions
Through the investigation of heavy metal pollutant migration and diffusion in porous
media using transparent soil, the following conclusions can be inferred:

1. Under identical conditions of porous media parameters, the concentration fluctuation
rate of heavy metal pollutants in the simulated sandy soil of the experimental group
is less than 10%, indicating a simulation accuracy exceeding 90%. Consequently;, it is
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feasible to employ transparent soil as a medium for visually monitoring the migration
and diffusion processes of heavy metal pollutants in sandy soil.

2. Inthe single-contaminated transparent soil test, the migration of Cu(II) pollutants is
significantly influenced by dry density, heat source temperature, and initial heavy
metal concentration. For Cr(VI), the effect of heat source temperature is significant,
while the effect of the initial concentration is similar to that of Cu(Il). In the combined
pollution transparent soil test, heavy metal migration primarily depends on heat
source temperature and the initial heavy metal concentration, with less impact from
dry density.

3. The proportion of the Cu(II) Carb state in different types of polluted soil under tem-
perature field is as follows: 4:6 > 1:1 > 6:4 > single; while the proportion of Cr(VI) Carb
state is as follows: single > 4:6 > 1:1 > 6:4. The variation in the pH value within the soil
environment influences the transformation of heavy metal carbonate binding states.
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