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Abstract: The migration of arsenic in groundwater is influenced by the heterogeneity of the medium,
and the presence of iron minerals adds complexity and uncertainty to this effect. In this study, a
stratified heterogeneous sand column with an embedded hematite lens at the coarse-to-medium
sand interface was designed. We introduced an arsenic-laden solution and controlled groundwater
flow to investigate the spatiotemporal characteristics of arsenic migration and the impact of hematite
dissolution. The results showed that the medium structure significantly influenced the arsenic
migration and distribution within the lens-containing sand column. The clay layers directed the
lateral migration of arsenic, and the arsenic concentrations in deeper layers were up to seven times
greater than those on the surface. The extraction experiments of solid-phase arsenic revealed that the
main adsorption modes on quartz sand surfaces were the specific adsorption (F2) and adsorption on
weakly crystalline iron–aluminum oxides (F3), correlating to the specific and colloidal adsorption
modes, respectively. Monitoring the total iron ions (Fe(aq)) revealed rapid increases within the first
14 days, reaching a maximum on day 15, and then gradually declining; these results indicate that
hematite did not continuously dissolve. This study can aid in the prevention and control of arsenic
contamination in groundwater.

Keywords: arsenic; heterogeneity; hematite; migration; dissolution

1. Introduction

Arsenic (As) is found in groundwater worldwide [1,2]. The World Health Organization
stipulates that the As concentration in drinking water should not exceed 10 µg/L [3]. Drink-
ing groundwater contaminated with As can cause cancer and diseases of the lungs, liver,
kidneys, and skin [4,5]. As often occurs in groundwater, and its migration and distribution
are affected by iron minerals, medium heterogeneity, and human activities [6–8]. Recent
studies have shown that the heterogeneity of the medium affects the temporal and spatial
variations in groundwater arsenic concentrations [9,10]. Hematite is a common natural
mineral and adds complexity to arsenic migration in heterogeneous media. Hematite
dissolves into hydrated iron oxides that adsorb arsenic [11] and directly adsorb arsenic
through inner-sphere complexation [12]. Therefore, the effects of the medium heterogeneity
on As migration and transformation have received increasing attention.

Currently, the effect of medium heterogeneity on As migration is still unclear. During
the groundwater flow process, the migration rate of arsenic may be influenced by mineral
adsorption, particularly the adsorption of minerals such as clays and oxides/hydroxides of
iron, aluminum, and manganese [13]. Due to the varying distribution of these minerals
in sediments, they can retain arsenic to different extents, thereby affecting the migration
and distribution of arsenic [14]. Duan (2020) [15] combined experimental work with sand
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columns and data simulations to determine that pumping enhances groundwater flow and
arsenic migration along preferred pathways. They discovered that both physical and chem-
ical heterogeneities jointly influenced these processes. Their results showed that physical
heterogeneity alone could not fully explain the findings, highlighting the significant impact
of medium heterogeneity on arsenic migration. Duan (2022) [16] conducted an in-depth
study on the desorption of arsenic by using a heterogeneous sand tank and competitive ad-
sorption ions. They reported that arsenic desorption was driven not only by the competitive
adsorption of phosphate irons (PO4

3−), but also occurred in the preferential flow channels.
This study highlighted the significant role of medium heterogeneity in influencing arsenic
migration and transformation. Although the heterogeneity and competitive adsorption
of ions have been proven to be very important, the impact of natural hematite on arsenic
migration in heterogeneous systems has yet to receive adequate attention.

The characteristics of arsenic adsorption by iron minerals have been extensively
studied. For example, iron and aluminum minerals affect arsenic adsorption and desorption
through dissolution processes [17–19]. Specifically, hematite, which is a typical iron mineral
in high-arsenic areas, not only adsorbs arsenic on its surface or within its crystal structure
but also dissolves due to river water infiltration, leading to the release of arsenic. This
process further influences the speciation of arsenic [20,21]. In their study of West Bengal’s
groundwater, Nath (2005) [22] reported that arsenic-rich areas had sandy aquifers mixed
with fine sediments rich in arsenic and iron. These findings indicated that iron oxides in
groundwater were crucial in controlling arsenic migration in shallow aquifers. Fendorf
(2010) [23] noted from their examination of groundwater wells in the Himalayan region
that the reduction and dissolution of iron oxides such as hematite not only released arsenic
but also converted As(V) to the more mobile As(III). This process was influenced by
groundwater movement and altered the concentration and distribution of arsenic. Due
to the crucial role of hematite in arsenic migration, investigating the impacts of medium
heterogeneity and the dissolution of hematite on arsenic mobility is essential.

Based on the aforementioned scientific issues, in this study, a heterogeneous sand
column was designed, different-sized quartz sand was layered in the reactor, strips of clay
were embedded to simulate lenses, and hematite spheres were incorporated at the coarse-
to-medium sand interface. An arsenic-laden solution was introduced, and the groundwater
flow was controlled by pumping to investigate the spatiotemporal characteristics of arsenic
migration and the impact of hematite dissolution. Here, characterization analysis was
combined with the changes in the iron concentration to determine the mechanisms involved.
The aims of this study are (1) to assess the impact and characteristics of pumping and
hematite on arsenic migration and (2) to explore the dissolution and release patterns of
hematite under the influence of pumping. This study deepens our understanding of arsenic
migration and transformation in contaminated areas and can provide a scientific basis for
arsenic pollution control.

2. Experimental Materials and Analytical Methods
2.1. Sand Trough Structure and Operation Mode

A sand tank experimental device is used to characterize the migration and trans-
formation of pollutants in the aquifer and includes the tank body, fixed rod, PVC pipe,
semipermeable board, positioning plate, water level controller, water inlet pipe, drainage
pipe, and sampling device, as illustrated in Figure 1a. The tank body is a rectangular
block sealed using acrylic plates, with support rods inside to prevent deformation, semiper-
meable baffles at both ends, positioning plates, and water level controllers outside. The
simulated liquid storage tank and the waste liquid collection bucket are connected through
the water inlet and drainage pipes. A total of 25 sampling holes are located on the front,
and a simulated pumping well is installed. Please refer to the Supporting Information
(Text S1 and Figure S1) for detailed information on the sand tank structure. The hematite
sand column was filled with quartz sand, clay, and a hematite lens body, as illustrated in
Figure 1b. Based on a profile of an actual aquifer structure from the field, different particle
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sizes of quartz sand (from 50 to 200 mesh) and clay were proportionally and sequentially
loaded into the sand tank. The column was set to a height of approximately 30 cm, with the
first 21 cm consisting of sand layers, followed by a clay layer from 21 to 29 cm and large
quartz particles from 29 to 30 cm to prevent the clay from floating during the experiment.
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Before the experiment, the flow rate of the peristaltic pump for the water supply was
adjusted to 2.0 mL/min, and the flow rate of the peristaltic pump for the water extraction
was adjusted to 1.0 mL/min. As shown on the left side of Figure 1c, the water level at
the inlet is 3–4 mm higher than that at the outlet; this provides a horizontal hydraulic
gradient of 4.6 × 10−3 to 6.2 × 10−3. The arsenic-containing simulated fluid is pumped
into the system, and the liquid level in the tank gradually increases until it maintains
an approximate 2 cm free water layer (top layer) during the experiment. The channel is
stabilized for 5 days to achieve local chemical equilibrium between the minerals and the
injected water. During the pumping phase, the liquid is drawn from the bottom sand layer
at a 1.0 mL/min rate through the “well”, driving the oxidized water at the top to flow
downward through the heterogeneous layer system. The water supply rate at the inlet
exceeds the pumping rate at the well; this causes excess water to flow directly over the top
water layer toward the outlet side rather than seep into the quartz sand medium.

2.2. Reagents and Samples

In the experiment, quartz sand was used as the reaction medium and underwent
multiple cycles of soaking and rinsing with deionized water until the conductivity reached
a stable value of approximately 30 µS/cm. Afterwards, the sand was subjected to drying
in a forced-air oven at a temperature of 50 ◦C and was then set aside for future utilization.
Hematite was purchased from the Hubei Exi Geological Industry and Trade Co., Hubei,
China Ltd., Shiyan, China. The experimental water was ultrapure (conductivity < 18 µS/cm)
and was used to prepare a 10.9203 mg/L Na2HAsO4·7H2O simulation solution.
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The experiment utilized analytical quality reagents, including Na2HAsO4·7H2O,
NaAsO2, H2NCSNH2, and C6H8O6. Additionally, KOH, NaOH, and HCl were used.
The 1000 µg/mL arsenic standard solution was acquired from the National Nonferrous
Metals and Electronic Materials Analysis and Testing Center. Analytical-grade reagents
were used.

2.3. Tests and Methods

The concentrations of As(V) in the solution were measured using atomic fluores-
cence spectroscopy (AFS-933/SA-20, Beijing Jitian Instruments, Beijing, China; detection
limit ≤ 0.01 mg/L). The elemental lamp used was an atomic fluorescence hollow cathode
lamp (HAF-2) with a current of 36 mA. The dissolved iron (Fe(aq)) concentrations were
determined using a microplate reader (SPARK, TECAN, Männedorf, Switzerland).

The main phases and crystallinity of the quartz sand samples were analyzed using an
X’Pert3 Powder multifunctional X-ray diffractometer (PANalytical, BV, The Netherlands,
Cu target, λ = 1.54056 Å). The scan step was set at 0.026◦, with a scanning speed of 0.65(◦)/s
and a range from 5◦ to 90◦. Fourier transform infrared spectroscopy (FTIR, iS 10, Thermo
Fisher Scientific, Waltham, MA, USA) was used to determine the functional groups and
chemical bond vibrations. The surface morphology and elemental composition were
examined using scanning electron microscopy and energy dispersive spectroscopy (SEM-
EDS, JSM-7900F, JEOL Ltd., Tokyo, Japan). The composition of the arsenic bound to the
surface of the quartz sand was analyzed using an improved Wenzel extraction method [24],
as shown in Table 1.

Table 1. Wenzel extraction method.

Chemical Form Extraction Method Water–Sand Ratio (mL:g)

Nonspecifically adsorbed state (F1) 0.05 mol/L (NH4)2SO4, 25 ◦C, shaking 4 h 25:1

Specifically adsorbed state (F2) 0.05 mol/L NH4H2PO4, 25 ◦C, shaking 16 h 25:1

Amorphous iron-aluminum
oxide-bound state (F3)

First time: 0.2 mol/L ammonium oxalate buffer
(pH = 3.5), 25 ◦C, shaking 4 h

Second time: 0.2 mol/L ammonium oxalate buffer
(pH = 3.5), 25 ◦C, shaking 10 min

First time 25:1
Second time 12.5:1

Crystalline iron-aluminum
oxide-bound state (F4)

First time: ammonium oxalate (0.2 mol/L) + ascorbic acid
(0.1 mol/L), pH = 3.5, 96 ◦C, shaking 30 min

Second time: ammonium oxalate (0.2 mol/L) + ascorbic
acid (0.1 mol/L), pH = 3.5, 96 ◦C, shaking 10 min

First time 25:1
Second time 12.5:1

2.4. Statistical Analysis and Plotting Software

All data were statistically analyzed using Excel 2016, and all figures were generated
using Origin 2021.

3. Results and Discussion
3.1. Migration Characteristics of As

Figure 2a shows that the As(V) concentrations in sections 1-2 and 1-4 are significantly
higher than those in sections 1-1, 1-3, and 1-5. As shown in Figure 2b, the concentrations in
the second layer at points 2-1, 2-2, and 2-3 are notably higher. These results are in agreement
with existing research; this research has revealed that the clay layers are impermeable,
leading to higher flow rates in more permeable quartz sand layers and the formation of
preferential flow channels [25]. Thus, by forming preferential flow pathways, the clay layer
facilitates the rapid migration of As(V) in samples 1-2, 1-4, 2-1, 2-2, and 2-3.
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Figure 2c,d show that the As(V) concentrations are significantly greater in the third
layer at points 3-1, 3-2, and 3-3 and in the fourth layer at points 4-1, 4-2, and 4-3. These
results indicate that the clay within the sand layers significantly affects the migration of
As(V) in the third and fourth layers; thus, under the vertical pressure induced by pumping,
the clay layers force As(V) to migrate horizontally. Duan [15] and Close [26] also reported
that clay layers without hematite promoted the horizontal migration of As(V). However,
their sampling points with the highest concentrations differed from ours; their highest
concentrations were found at points 3-4, 3-5, 4-4, and 4-5. These results indicate that the
hematite lens bodies influenced As(V) migration at locations 3-4 and 3-5, primarily through
the dissolution and release of hematite and the formation of iron–aluminum oxide colloids.
As water flows, hematite gradually dissolves and continuously releases Fe(aq) into the
water. This released Fe(aq) is a key source of iron–aluminum oxides and contributes to the
formation of new iron–aluminum oxides that adsorb As(V). This resulted in significantly
lower As(V) concentrations at locations 3-4 and 3-5 than at the other sampling sites.

Figure 2e illustrates the migration pattern of As(V) in the fifth-layer medium. As
pumping progresses, the As(V) concentrations are similar across most sampling points,
except for a higher concentration at sample points 5-5. These results align with the studies
by Duan [15] and Qin [27]; their studies indicated that the distribution of As(V) was
relatively uniform in the bottom layer, with rapid horizontal flow and stable flow rates.
This result also shows that the distribution of As(V) is relatively uniform in relatively closed
groundwater spaces.
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Notably, the equilibrium concentrations of As(V) in each layer are inversely propor-
tional to depth. As the depth increases, the maximum concentration of As(V) gradually
decreases from 3.5 mg/L to 1.5 mg/L. Thus, the As distribution in heterogeneous media is
highly uneven, indicating that the low permeability of clay layers impedes the diffusion
and migration of As(V). Based on a comparison of the changes in As(V) concentrations at
different depths between days 10 and 15, the As concentrations in various media layers
decreased to varying extents. The most significant decreases were in the first and fourth
layers, which decreased from 2.3 mg/L and 1.3 mg/L to 1.2 mg/L and 0.82 mg/L, respec-
tively. These results indicate that diffusion cannot solely explain the migration of As(V) in
the heterogeneous sand column. Adsorption by Fe(aq) and quartz sand also plays a crucial
role in controlling the movement of As(V). The content of As(III) remains extremely low,
and its concentration shows minimal fluctuation, indicating that the change in total As
concentration is primarily due to As(V).

3.2. Fe Ion Release and Migration Characteristics

As shown in Figure 3, during the test period, the concentration of Fe(aq) in the surface
layer (1-2 layers) minimally changed, and after 40 days of pumping, the concentration of
Fe(aq) remained above 0.65 mg/L. Figure 3a,b show that the surface concentration of Fe(aq)
reaches a maximum on day 18; thus, pumping creates preferential flow paths, and Fe(aq)
diffuses against the direction of pumping along these pathways [28]. Previous research
has also shown that extracting high-arsenic groundwater for irrigation activities causes
groundwater levels to rise, promoting the reductive dissolution of iron oxides [29–31].
Therefore, from 0 to 18 days, pumping promotes the reductive dissolution of hematite,
leading to a rapid increase in the concentration of Fe(aq).

Figure 3c,d show that the Fe(aq) concentration rapidly increases to its maximum before
day 16 and then decreases to 0 mg/L after 25 days. Existing research indicates that the
release process of minerals such as hematite involves two stages: a rapid dissolution and
release phase followed by a dissolution equilibrium phase [32,33]. Thus, hematite is initially
released quickly and then reaches concentration equilibrium later. Although Figure 3c,d
also show two stages, unlike existing studies, the concentration of Fe(aq) does not remain
stable after rapid growth but quickly decreases. Moreover, the peak concentration of Fe(aq)
in layer 3 is much higher than that in layer 4, indicating that water pumping can cause only
part of the Fe(aq) to diffuse downward. In summary, although pumping leads to a rapid
release of hematite, once it reaches the release equilibrium phase, Fe(aq) participates in the
adsorption process of As(V), resulting in a rapid decrease in Fe(aq) levels.

In addition, as shown in Figure 3a,b,e, the maximum Fe(aq) concentrations in layers
1, 2, and 5 all appeared after 18 days; the amount of time needed to reach this maximum
was significantly longer with respect to that in layers 3 and 4 (their maximum Fe(aq)
concentrations were reached at 16 days). Previous studies have shown that after pollutants
(as solutes) enter the underground saturated zone, they mainly exist in the groundwater
in the form of ions and dissolved substances and migrate with the groundwater through
advection and diffusion [34,35]. However, due to the low permeability of the clay layers,
they are often considered impermeable in field studies. In layers 1, 2, and 5, the clay layer
barrier effect restricted the solution’s advection and diffusion, hindering the migration
of Fe(aq). Thus, the time to reach the maximum concentrations of Fe(aq) in these layers
was extended.
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3.3. Morphology and Distribution Characteristics of Solid As

Figure 4a displays the total adsorption of As. The results show that the adsorption
levels at points 1-2 and 1-3 are significantly greater than those at points 1-1 and 1-4, and
the order is as follows: 1-2 > 1-3 > 1-1 > 1-4. Moreover, the highest content of As in the F3
binding state is found at points 1-2 and 1-3. A comparison of these sampling locations at
points 1-2 and 1-3, which are located on the preferential flow channels, shows greater As
adsorption. These findings highlight the importance of the preferential flow channels in
enhancing As adsorption.

To further analyze the mechanism by which Fe(aq) adsorbs As, we compared the
content of As in different binding states. Figure 4b shows that the predominant forms
of As(V) adsorbed by quartz sand are F2 and F3, which together account for 77% to 82%
of the total As. Thus, quartz sand primarily adsorbs As(V) as amorphous and weakly
crystalline iron–aluminum oxides. Evidence from prior studies indicates that hematite
primarily adsorbs As in the F1 and F2 forms [36,37] rather than in the F2 and F3 forms.
This difference indicates that Fe(aq) no longer adsorbs As(V) on quartz sand surfaces in the
form of hematite after the hematite dissolves. Zhong [38] reported that adding hematite to
arsenic-containing soil significantly increased As adsorption in the F3 binding state.

Additionally, the oxidation of iron with atmospheric oxygen and the subsequent
precipitation of iron minerals can cause a decrease in the As concentrations [39]. This result
indicates that after hematite dissolves and releases Fe(aq), Fe(aq) forms hematite on the
surface of quartz sand, further adsorbing As(V). Thus, weakly crystalline iron–aluminum
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oxides are the primary forms for As adsorption. Therefore, hematite can facilitate the
adsorption of As onto quartz sand surfaces in the form of weakly crystalline iron–aluminum
oxides [40,41].
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Notably, Figure 4 shows no presence of crystalline iron–aluminum oxide-bound As (F4)
at any of the sampling points from 1-1 to 1-4. This means that Fe(aq) cannot directly form
crystalline iron oxides. Additionally, the As contents in samples 1-2 and 1-3 (9.535 µg/g
and 9.340 µg/g) are significantly greater than those in samples 1-1 and 1-4 (9.145 µg/g and
8.310 µg/g). However, the proportions and amounts of F1 and F2 in samples 1-2 and 1-3 are
lower than those in samples 1-1 and 1-4. Zhong’s research [38] showed that adding limonite
and hematite to arsenic-containing soil did not significantly change the F4 content in the soil
after the reaction. However, the F1 content decreased to varying degrees. Similarly, studies
have shown that weakly crystalline iron minerals could effectively adsorb As [42–44].
Based on these results and studies, iron minerals adsorb As mainly by dissolving to form
amorphous Fe-Al oxides. Zheying [45] reported that when the Fe(aq) concentration was
lower than 1 mg/L, the adsorption of As by quartz sand was inhibited. After the dissolution
of hematite released Fe(aq), Fe(aq) inhibited the adsorption of F1 and F2 while promoting
the adsorption of F3. Thus, although some Fe(aq) was directly adsorbed by quartz sand at
lower concentrations and occupied the F1 nonspecific adsorption sites, the dissolution of
hematite released more Fe(aq). The quartz sand then adsorbed this excess Fe(aq), forming
amorphous iron–aluminum oxides, which greatly increased the As(V) adsorption by the
quartz sand.

4. Reaction Mechanism Analysis
4.1. Surface Morphology and Element Distribution

As shown in Figure 5, the surface of the quartz sand was relatively smooth, with
few particles present before the reaction. After the experiment, the surface of sample 1-1
contained numerous particles and mineral crystals, along with a few very small pores.
Samples 1-2 and 1-3 also contain a lot of particulate matter. It should be noted that the
surface of sample 1-2 exhibits ridge-like structures, with particles uniformly distributed
along these ridges. The surface of sample 1-3 contained microporous structures, with some
particles aggregating into more significant crystalline substances. The surface of sample 1-4
contained uniformly distributed particles and a few microporous structures.

Additionally, some particles had aggregated into moss-like crystalline substances.
These results were consistent with those from Du [46]; in their study, the surface of river
sand exhibited numerous grooves and flaky structures after adsorbing As. Other studies
have also revealed that the surface of quartz sand had pore structures [47], and these pore
structures facilitated the adsorption of As. Clearly, the surface of the quartz sand had few
impurities before the reaction. Thus, the crystalline substances on the quartz sand surface
after the reaction were likely to be iron and aluminum oxides.
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To further investigate the composition of the crystalline substances on the quartz sand
surface after the reaction, EDS was performed. As shown in Figure 6, while Al is enriched,
the Fe and As are relatively dispersed. Additionally, a comparison of the distribution of
Al reveals that it is concentrated in the mineral crystals, indicating that the crystals on the
quartz sand surface are aluminum oxides. Additionally, no As enrichment is observed at
the locations where aluminum is concentrated, indicating that aluminum oxides on the
quartz sand surface do not effectively adsorb As. Thus, the Fe (hydro)oxides on the quartz
sand surface provide adsorption sites for As [48,49], enhancing its adsorption.
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Based on the data in Table 2, minimal amounts of iron oxides are effective for arsenic
adsorption in samples 1-2 and 1-3. This demonstrates the ability of iron oxides to bind
arsenic efficiently. Conversely, no arsenic was detected in samples 1-1 and 1-4, where iron
oxides are absent. Notably, a comparison of the percentages of Fe and As on the surfaces of
samples 1-2 and 1-3 reveals significantly lower Fe (0.08) and As (0.01) contents in sample
1-2 with respect to Fe (0.31) and As (0.02) in sample 1-3. These results indicate that the
adsorption capacity of river sand for As increases after Fe (hydro)oxides attach to the
surface of quartz sand. Thus, Fe (hydro)oxides can effectively enhance the adsorption of
As [50].

Table 2. Elemental contents of sand before and after reaction with As and Fe (unit: %).

Condition C O Si Al Fe As

Before reaction 4.47 52.14 42.45 0.21 0.73 0
1-1 5.97 41.66 52.13 0.23 0 0
1-2 4.81 44.49 50.05 0.04 0.08 0.01
1-3 5.07 38.89 55.63 0.07 0.31 0.02
1-4 6.38 43.30 50.25 0.07 0 0

4.2. Main Crystalline Phase on the Surface

The XRD patterns of the quartz samples before and after the reaction at different
locations are shown in Figure 7. The results indicate that the main component of the river
sand surface was SiO2. Trace amounts of As compounds were detected on the surface of
the quartz sand. After the pumping test, the quartz sand spectra revealed several distinct
characteristic peaks. The peak at 2θ = 26.75◦ corresponded to SiO2, indicating that SiO2
was the dominant component in all samples. Based on previous studies, regardless of the
presence of organic matter in riparian sediments, the main phase detected by XRD after
the adsorption reaction remained SiO2 [51]. After the pumping test reached equilibrium,
the peak intensity at 2θ = 21◦ in the XRD pattern slightly increased. This was potentially
caused by As adsorbing onto the quartz sand surface as As2O3. The peak intensity at
2θ = 68◦ significantly increased. Compared with standard reference cards (PDF85-1712
and PDF15-0778), this was likely the result of the combined effects of As and As2O3. The
peak intensity of 1-2 at 2θ = 50◦ significantly increased. Compared with the standard card
(PDF85-1712), the As on the surface of the quartz sand mainly existed in the form of an As
acid salt [52].
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4.3. Changes in the Surface Functional Groups

The FTIR spectra of the quartz sand after the reaction at different locations are shown in
Figure 8. No significant differences were observed between the FTIR spectra of quartz sand
before and after As adsorption at the different locations. Under high-concentration condi-
tions (Fe(aq) = 20 mg/L), a characteristic absorption peak for SiO2 appears at 690 cm−1 [53].
Thus, the main component is SiO2; this result is consistent with the results from the EDS
and XRD analyses. Previous studies have shown that characteristic vibrational absorption
peaks of Si–O are present at 463.06, 797.49, and 1084.72 cm−1 [54]. Si–O bond stretching vi-
brations cause peaks at 463.06 and 797.49 cm−1, whereas the peak at 1084.72 cm−1 is due to
the antisymmetric stretching vibration of Si–O–Si [45]. The characteristic absorption peaks
observed between 950 and 1250 cm−1 are attributed primarily to the stretching vibrations
of Si–OH and the antisymmetric stretching vibrations of Si–O–Si [55]. After the reaction,
the surface of the quartz sand did not show the characteristic peaks of Fe minerals such
as α-FeOOH (889, 795 cm−1) [56], γ-FeOOH (1020 cm−1) [57], Fe2O3 (559, 427 cm−1) [58],
and Fe3O4 (586 cm−1) [59]. These results indicate that no new iron-containing functional
groups were formed during the reaction. In addition, under low-concentration conditions
(Fe(aq) = 0.1 mg/L), characteristic absorption peaks of aldehydes were found at 2815 and
2803 cm−1 in all samples. The stretching vibrations of the C–H bond caused these peaks.
The 1632 and 1346 cm−1 peaks were attributed to the C=O stretching vibrations and –OH
bending vibrations, respectively. These absorption peaks were formed by a small number
of water molecules [60].
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5. Conclusions

In this study, the migration and distribution behaviors of As(V) and aqueous iron
(Fe(aq)) in a groundwater environment were examined using a sand column experiment
embedded with hematite lenses. Solid-phase extraction and characterization analysis was
applied to investigate the control mechanisms of the As(V) migration. Our study reveals the
intricate dynamics of As migration and distribution within different geological substrates,
highlighting the role of the medium structure, particularly the arrangement of clay layers
and quartz sand. These substrates distinctly affected the As concentrations. In the case
of hematite, dissolution initially occurred at a rapid pace, and Fe(aq) was released into
the system. However, this release rate notably diminished once a certain concentration
threshold was reached, showing a crucial factor in the As distribution. Furthermore,
our findings on solid-phase As indicated varying binding states, and that an amorphous
iron–aluminum oxide-bound state and specifically adsorbed state were predominant under
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the influence of preferential flow channels, which facilitated the enhanced As adsorption.
Hematite dissolution releases Fe(aq). Fe(aq) subsequently reduces the migration of As(V)
by modifying its adsorption and binding on quartz sand. These insights are critical for
developing robust strategies for groundwater As pollution management, providing a
theoretical foundation for the development of effective As mitigation approaches.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/toxics12090687/s1, Figure S1: Sand tank structure dia-
gram; Table S1: Chemical compositions of medium (%). Text S1: Detailed information for sand tank.
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