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Abstract: Iron-containing minerals are key factors controlling arsenic (As) transport in groundwater
environments. However, few studies have observed the effect of aqueous Fe [Fe(aq)] on As behavior in
a water environment. In this study, river sand in the riparian zone was collected for batch experiments
to analyze the effect of Fe(aq) on the adsorption of As on river sand, utilizing characterization analyses
to identify the reaction mechanism. The results showed that (1) as the concentration of Fe(aq) in the
reaction system increased from 0.1 to 20 mg/L, the equilibrium adsorption capacity (Qe) of river
sand for As(III) and As(V) gradually increased. For concentrations of Fe(aq) equal to or greater than
1mg/L, the Qe for As(V) exceeds that for As(III), whereas at a Fe(aq) concentration of 0.1 mg/L, the
Qe for As(Ill) is higher than that for As(V). (2) Compared to the reaction system without added Fe(aq),
the adsorption of As(V) onto river sand was inhibited, while the adsorption of As(IIl) was enhanced
under conditions with low concentrations (0.1, 1 mg/L) of Fe(aq). (3) At higher Fe(aq) concentrations
(5, 20 mg/L), the adsorption of both As(V) and As(III) by river sand was more effective than in
systems without Fe(aq). Characterization tests confirmed this, while Fe(II) reduced As(V), and Fe(aq)
adhered to the surface of river sand to form Fe(OH); colloids, thereby facilitating the adsorption of
As onto river sand.

Keywords: arsenic; aqueous iron; river sand; adsorption; aquatic environment

1. Introduction

Arsenic (As) contamination in water bodies has emerged as a significant issue for
global environmental protection and public health [1,2], with studies showing that coun-
tries worldwide suffer from As pollution to varying degrees. Asian countries, especially
Bangladesh, India, China, and Vietnam, are among the regions that are most severely
affected by As pollution. In aquatic environments, As primarily exists in inorganic forms,
represented by arsenites (As(IIl)) and arsenates (As(V)) [3]. Long-term consumption of
water with high As levels can lead to chronic poisoning and various diseases, including
gangrene (known as “Blackfoot disease” in China), skin, bladder, liver, lung, and bronchial
cancers, and the growth of malignant tumors [4,5]. As a result, extensive research has been
conducted on the source, distribution, migration/transformation behavior, and mecha-
nisms of As in the environment to provide reliable theoretical guidance for the management
of high-As groundwater.

The distribution, migration, and transformation of As in groundwater are controlled
by numerous factors, mainly due to the interactions between Fe-bearing minerals and
As. During the rainy season, the rapid rise in groundwater levels can lead to a stronger
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reductive environment. As a result, particulate Fe in the aquifer media may undergo
reductive dissolution, with the adsorbed particulate As(V) transforming into more mobile
As(III), causing a rapid increase in the concentrations of dissolved As and Fe. However,
after the rainy season, the concentration of As in the water will decrease, as the water
level gradually decreases and the oxidative environment strengthens [6,7]. Numerous
studies have confirmed that the reductive dissolution of Fe-bearing minerals can release
a large amount of As into the groundwater, thus leading to the formation of high-As
groundwater (>10 pg/L) [8,9]. Winde and Jacobus van der Walt [10] conducted field
experiments in the Witwatersrand basin of South Africa and found that when reductive
groundwater was mixed with oxidative surface water, reductive Fe and Mn in the surface
water oxidized and precipitated. However, the precipitated or colloidal Fe and manganese
oxides acted as strong adsorbents to immobilize As, resulting in reduced As concentrations
in groundwater [11]. Nagorski and Moore [12] studied the migration and transformation
of Fe and As elements in the riparian zones of western Montana and found that when the
pH and redox potential in the groundwater of the hyporheic zone increased, the adsorption
capacity of Fe and manganese oxides for As was enhanced. This indicated that in areas
with strong interactions between groundwater and surface water, alternating changes in
redox conditions will often lead to complex transformations and interactions between As
and Fe.

To obtain deeper insights into the impact of Fe-bearing minerals on As behavior,
studies have extensively investigated the adsorption characteristics and mechanisms of
various natural or synthetically produced Fe-containing minerals for different forms of
As, such as zero-valent Fe [13], goethite [14], magnetite [15,16], and hematite [17]. In
addition, some studies have focused on the transformation and redistribution of As species
during interactions between Fe minerals and As under different hydro-chemical conditions.
For example, Ona-Nguema et al. [18] discovered that under aerobic conditions and in
the presence of Fe(ll), magnetite and ferrihydrite oxidized As(Ill) to As(V), which was
subsequently adsorbed onto Fe (hydro) oxides. Notably, the interaction between Fe oxides
and As would inevitably cause changes in the speciation and distribution of Fe in the
aquatic environment, further affecting the migration of As in water. However, existing
studies, whether in the form of field surveys or laboratory experiments, have mostly focused
on the interaction processes between different Fe-bearing minerals and As, and on the
changes in the solid and liquid phases of Fe and As, with few exploring the transformation
of dissolved Fe (Fe(aq)) in the water environment and its impact on the interaction between
As and the aquifer media.

Considering the above context, this study focused on river sand, a primary aquifer
medium in riparian zones, and a typical region featuring groundwater and surface water
interaction, as the reaction medium to conduct adsorption batch experiments. The investi-
gation process was as follows. (1) We investigated the adsorption characteristics of river
sand relating to As under the influence of varying concentrations of Fe(aq), including both
divalent and trivalent Fe. (2) The physical and chemical changes of adsorbent materials
before and after the adsorption cycles were investigated to provide more insights into how
the presence and transformation of Fe(aq) affected the interaction between river sand and
As. The findings may deepen our understanding of the As—Fe interaction in groundwater
and its impact on As behavior.

2. Material and Methods
2.1. Reagents and Samples

The reagents used in the experimental process included sodium arsenate
(NapHAsOy4-7H,0), sodium arsenite (NaAsQO,), ferric chloride (FeCls-6H,0O), ferrous chlo-
ride (FeCl,-4H,0), thiourea (HyNCSNH;), and ascorbic acid (CgHgOg), which were all
of analytical grades. Potassium hydroxide (KOH), sodium hydroxide (NaOH), and hy-
drochloric acid (HCI) were guaranteed reagent (GR) purity. The As standard solution, with
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a concentration of 1000 pg/mL, was purchased from the China Nonferrous Metals and
Electronic Materials Analysis and Testing Center (Beijing, China).

Natural river sand was used as the reaction medium for the experiments. Samples
were collected from the riparian zone of the Li River in Guilin, Guangxi Province, China,
and their chemical compositions were shown in Table 1. After removing stones and other
impurities and passing the sand through a 2 mm mesh sieve, the sand samples were
repeatedly soaked and washed with deionized water until the conductivity stabilized
(~30 uS/cm). This was followed by drying at 50 °C in a forced-air drying oven prior to
later use. All experimental water consisted of ultrapure water (conductivity < 18 uS/cm),
which was further degassed with nitrogen gas before it was used to prepare the As and Fe
stock solutions. All solutions were prepared immediately before use.

Table 1. River sand chemical composition.

Components

A1203 Fe203 CaO K20 MgO MnO Na20 TiOZ

Content (%)

591 1.51 0.32 1.62 0.15 0.06 0.14 0.17

2.2. Testing and Calculation

The kinetics experiment involved the following steps. The river sand (1.000 £ 0.001 g)
was placed into a series of 50 mL plastic centrifuge tubes. Then, 40 mL of 1 mg/L As(III) or
As(V) stock solution was added to each tube, and the pH was adjusted to 7. Finally, each
tube was shaken for 1, 3, 5, 12, 24, 48, 72, 96, 120, 144, 168, 192, 216, and 240 h before taking
the supernatant for As content determination.

The isothermal adsorption experiment was conducted as follows. River sand
(1.000 £ 0.001 g) was transferred into a series of 50 mL plastic centrifuge tubes and the
pH was adjusted to 7. Subsequently, 40 mL of simulated solutions was added to the tubes.
These solutions contained As(IIl) or As(V) at concentrations of 0.5, 2, 5, 10, or 20 mg/L. The
tubes were then subjected to oscillations for a duration of 200 h. Afterward, the supernatant
was filtered through a 0.45 um membrane filter to determine the As content.

The design of the Fe(aq) impact experiment is shown in Table 2. Control groups A-1
and A-2 were used to elucidate the interaction characteristics between low-concentration
Fe(aq) and river sand in the absence of As, as well as the transformation of Fe(aq) between
different Fe species during the interaction process. Control groups B-1 and B-2 were used
to investigate the adsorption characteristics of river sand for As in the absence of Fe(aq).
Test groups C-F were used to explore the impact of Fe(aq) species and concentration on
the adsorption of As by river sand. The adsorption experiments involved the following
steps. First, 1.00 g of river sand was weighed and placed into a 50 mL centrifuge tube,
which was placed in an anaerobic glove box and then added to a series of deoxygenated
Fe and As solution combinations. The tube was shaken for a total duration of 200 h while
collecting the supernatant at certain time intervals. The supernatant was then filtered
through a 0.45 um filter membrane, and the concentrations of Fe(Il), Fe(IlI), As(III), and
As(V) were determined in the adsorption solution. After the adsorption experiments, river
sand samples were dried at 35 °C and subjected to characterization. All of the above
procedures were performed in duplicate, and the temperature was controlled at 25 £ 1 °C.

The adsorbed amounts of As(IlI) and As(V) were calculated using Equation (1):

Qi = M, 1)

m
where Q; (ug/g) is the adsorption capacity per unit mass of river sand for As, Cy and C;
(mg/L) denote the As concentrations in the solution at the initial moment and at time ¢,
respectively, V (mL) is the solution volume of the adsorption system, and m (g) is the mass
of the river sand.
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Table 2. Experimental design.
Group Simulation Buffer Composition As Concentration (mg/L) Fe Concentration (mg/L)
A-1 Fe(II) 0 0.1
A-2 Fe(III) 0 0.1
B-1 As(III) 1 0
B-2 As(V) 1 0
C As(III)_Fe(II) 1 0.1,1,5,20
D As(III)_Fe(I1I) 1 0.1,1,5,20
E As(V)_Fe(Il) 1 0.1,1,5,20
F As(V)_Fe(III) 1 01,1,5,20

The equilibrium adsorption capacity of As(Ill) and As(V) was calculated using
Equation (2):
Co—Ce)-V
Q= Q=G Y @

m

where Q. (ug/g) represents the equilibrium adsorption capacity per unit mass of river
sand for As, Cy and C, (mg/L) denote the As concentrations in the solution at the initial
moment and at the adsorption equilibrium, respectively, V (mL) is the solution volume of
the adsorption system, and m (g) signifies the mass of the river sand.

When river sand reached the adsorption equilibrium for As(Ill) and As(V), the percent-
age change in the concentration of Fe(aq) in the solution was represented by AFe, which
could be calculated using Equation (3):

AFe = (Gi=C) x 100%, 3)
Ci
where C; and C, represent the concentrations of Fe(aq) in the solution before the adsorption
of As by river sand and at the adsorption equilibrium, respectively, where the larger the
AFe, the greater the percentage change in the concentration of Fe(aq), indicating a higher
utilization rate of Fe(aq).

2.3. Measurements

The concentrations of As(Ill) and As(V) in the solution were determined using an
atomic fluorescence spectrometer (AFS-933/SA-20, Beijing Jitian Instrument Co., Ltd., Bei-
jing, China) with a limit of detection <0.01 mg/L, which was equipped with a hollow
cathode lamp HAF-2 operating at a 36 mA current. The concentrations of Fe(Il) and Fe(III)
were measured by a HACH DR1900 (Hach, Loveland, CO, USA) portable spectrophotome-
ter. The pH of the solution before and after the reaction was measured with a portable
multiparameter digital analyzer (Hach-HQ30d).

The main phases of the river sand samples and their crystallinity were analyzed
with an X’Pert3 multifunctional powder X-ray diffractometer (PANalytical, Almelo, The
Netherlands) equipped with a Cu target (A = 1.54056 A), with a scanning step size of 0.026°,
scanning speed of 0.65°-s~1, and scanning range of 5°~90°. The functional groups, as well
as the stretching and bending vibration modes of chemical bonds, were determined using
Fourier transform infrared spectroscopy (FTIR, iS10, Thermo Fisher Scientific, Waltham,
MA, USA). The surface morphological characteristics and mass percentage of the contained
elements were determined using a scanning electron microscope with an energy-dispersive
spectrometer (SEM-EDS, JSM-7900F, JEOL Ltd., Tokyo, Japan). The changes in the surface
elements and chemical bond energies were measured using an X-ray photoelectron spec-
trometer (XPS, ESCALAB 250Xi, Thermo Fisher Scientific, Waltham, MA, USA) with Al Ka
X-ray excitation source operating at a vacuum pressure of 10~1 mbar. The survey spectra
were acquired at a pass energy of 100 eV and step size of 1 eV, and the high-resolution
spectra were obtained at 20 eV with a step size of 0.1 eV. The binding energy (BE) values
were corrected using the Cls peak (BE = 284.8 eV).
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3. Results and Discussion
3.1. Adsorption Characteristics of River Sand for As

The variation in the adsorbed amount of As on river sand over time in the absence of
Fe(aq) is illustrated in Figure 1. With more time, the adsorbed amount (Q) first rapidly
increased and then slowly increased to a relatively stable level, demonstrating higher values
for As(V) than for As(Ill). Specifically, as time progressed from 0 to 96 h, the Q; of As(V)
significantly increased to 20.14 ng/g, reaching approximately 84.38% of its adsorption
capacity. In the period of 96-168 h, the Q; of As(V) slowly increased to 23.86 ug/g, reaching
99.94% of the adsorption capacity. After 168 h, the adsorption essentially reached equi-
librium, with an adsorption capacity of approximately 23.87 ng/g. For As(IIl), the value
of Q; rapidly increased within 0-120 h, reaching 92.44% of the adsorption capacity, while
after 144 h, it slowly increased until 168 h when the adsorption equilibrium was reached.
Notably, an order of As(V) < As(Ill) in Q; was observed when the reaction time was <5 h,
while Q; was significantly higher for As(V) than for As(IlI) when the reaction time was
>5 h. This indicated that in the early stages of adsorption (<5 h), river sand adsorbed
As(III) more readily, which was possibly related to the intrinsic properties of As(III). In the
later stages of adsorption (>5 h), river sand adsorbed As(V) more readily. In subsequent
experiments on the impact of Fe(aq), the total adsorption time was fixed at 200 h to ensure
that the adsorption equilibrium was reached.

25 F

20 | §/%
S 15} /ﬁ/%_o_é—_é
2 /O
S 10} /D

"
st I —o— As(lll)
—o— As(V)
0+
(I) 5I0 l 1(I)0 l léO l 2(I)0

t(h)
Figure 1. Changes in the adsorption capacity (Q;) of As(Ill) and As(V) by river sand.

The isotherm adsorption curves of As on river sand without the addition of Fe(aq)
are illustrated in Figure 2. The graph demonstrated a positive correlation between Q, and
C, for both As(IIl) and As(V). This indicated that as the equilibrium concentration (C)
increased, so did the equilibrium adsorption capacity (Qc) for both forms of As. Moreover,
a higher C, indicated a greater initial concentration (C,) of As. This suggested that the
adsorption of As by river sand was influenced by its initial concentration, with a positive
correlation between the C, value of As and its Q. value. Consequently, an increase in
the C, of As significantly enhanced its adsorption on river sand. Additionally, the C, for
As(III) was consistently higher than for As(V), while the Q, for As(V) surpassed that of
As(III). This implied that river sand had a greater affinity for adsorbing As(V) over As(IlI).
This may be attributed to the fact that Al,O3 and Fe,Os of the sand are responsible for As
adsorption and they can adsorb higher As(V) than As(III) [10].
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Figure 2. Changes in the equilibrium adsorption capacity (Q.) of As(Ill) and As(V) by river sand.

3.2. Impact of Fe(aq) on As Absorption

The changes in the equilibrium adsorption capacity (Qe) of river sand for As in the
presence of 0-20 mg/L Fe(Il) are shown in Figure 3. The Q. for As(Ill) decreased in the
following Fe(Il) concentration order: 20 mg/L > 5 mg/L > 0.1 mg/L >1 mg/L >0 mg/L
(control group). The counterpart order of Q. for As(V) was 20 mg/L >5 mg/L >0 mg/L
(control group) > 1.0 mg/L > 0.1 mg/L. Specifically, when the Fe(II) concentrations were
5 and 20 mg/L, the Q. values of river sand for As(IIl) were 24.71 pg/g and 26.88 pg/g,
respectively, which were 48.42% and 61.44% higher than the counterparts of the control
group. The Qe of river sand for As(V) was 31.02 pug/g and 36.94 ug/g, respectively, which
were 29% and 54.76% higher than the counterparts of the control group. When Fe(II)
concentrations were 0.1 and 1 mg/L, the Q, of river sand for As(IIl) was 20.03 nug/g and
18.48 pg/g, respectively, which were higher by 20.32% and 11.01% than the counterparts of
the control group. The Q, values of river sand for As(V) were 17.36 ng/g and 18.80 ug/g,
respectively, which were 27.25% and 21.23% lower than the counterparts of the control
group. As indicated above, Fe(Il) significantly affected the adsorption of As by river
sand, and, in particular, Fe(II) at concentrations >5 mg/L promoted the adsorption of
both As(IIl) and As(V). This promotion effect became more noticeable with the increasing
Fe(II) concentration. When Fe(Il) was present low concentrations (0.1 and 1 mg/L), the
adsorption of As(Ill) and As(V) by river sand increased and slightly decreased with the
decreasing Fe(II) concentration, respectively. This was possibly related to the adsorption by
the Fe (hydro) oxides, as demonstrated by Liang et al. [19], who observed that arsenites
were adsorbed faster than arsenates under certain conditions. We have not identified any
correlation between the variations in pH (before and after adsorption) and the changes in
Fe(aq) and As(aq) in Table 3. The largest errors were observed in the 1 mg/L Fe(II)_As(V)
and 0.1 mg/L Fe(Ill)_As(V) groups, at 2.47 pg/g and 2.56 pg/g, respectively, while the
errors in the remaining experimental groups were all below 2 ug/g.
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Figure 3. Changes in the equilibrium adsorption capacity of As under different concentrations of
Fe(aq).

Table 3. pH variation.

pH Value
Group Simulation Buffer Composition 0.1 (mg/L) 1 (mg/L) 5 (mg/L) 20 (mg/L)
Fe(aq) Fe(aq) Fe(aq) Fe(aq)
before 6.12 6.12 5.89 572
C As(IIT)_Fe(II) after 5.56 6.81 6.38 450
before 6.20 6.01 5.84 5.69
D As(IIT)_Fe(IID) after 5.40 7.48 6.38 527
before 5.98 4.40 3.57 3.18
E As(V)_Fe(ID after 5.53 6.77 5.47 3.04
before 6.01 471 3.84 331
F As(V)_Fe(IIl) after 5.56 6.99 6.48 348

As shown in Figure 3, the Q, values of river sand for As(Ill) decreased in the following
order of Fe(Ill) concentration: 20 mg/L >5mg/L > 1.0 mg/L > 0.1 mg/L >0 mg/L (control
group). Moreover, the counterpart order for As(V) was 20 mg/L > 5 mg/L > 0 mg/L
(control group) > 1.0 mg/L > 0.1 mg/L. Specifically, when the Fe(Ill) concentrations were
20 and 5 mg/L, the Q. values of river sand for As(Ill) were 30.37 pg/g and 21.69 pg/g,
respectively, which were 82.42% and 30.29% higher than the counterparts of the control
group. The Q, values for As(V) were 38.67 ng/g and 35.50 ug/g, respectively, which were
62.02% and 48.71% higher than the counterparts of the control group. When the Fe(III)
concentrations were 1 and 0.1 mg/L, the Q. values of river sand for As(III) were 18.77 ug/g
and 17.94 pg/g, respectively, which were 12.73% and 6.87% higher than the counterparts of
the control group. The Q, values for As(V) were 23.12 ug/g and 16.94 ug/g, respectively,
which were 3.14% and 29.03% lower than the counterparts of the control group. As indicated
above, Fe(Ill) promoted the adsorption of As(IlI) by river sand. However, the adsorption
of As(V) was influenced by the concentration of Fe(Ill), with high concentrations of Fe(III)
(=5 mg/L) enhancing adsorption and lower concentrations (<1 mg/L) and weakening
adsorption. The underlying processes of these observations likely occurred as follows.
(1) Fe(IlI) formed Fe (hydro) oxides on the surface of river sand, and portions of As(V) were
adsorbed through surface complexation while some of Fe(IlI) dissolved from the Fe (hydro)
oxides into the solution. (2) The dissolved Fe(IlI) was re-adsorbed onto the surface of river
sand, whereas additional portions of As(V) were adsorbed through surface complexation,
ultimately forming surface precipitates and promoting the adsorption of As(V) by river
sand [20].
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The above findings indicated that Fe(aq), whether Fe(II) or Fe(IlI), significantly affected
the adsorption capacity of river sand for As(As). At high concentrations (>5 mg/L), Fe(aq)
significantly enhanced the adsorption of both As(Ill) and As(V) by river sand, with the
adsorption capacity for As increasing as the concentrations of Fe(Il) and Fe(III) increased.
In contrast, low concentrations (<1 mg/L) of Fe(aq) only enhanced the adsorption of As(III)
by river sand while inhibiting the adsorption of As(V). This suggested that the adsorption
of As by river sand was possibly jointly affected by the initial concentrations of Fe(Il) and
As [21].

3.3. Changes in Fe(aq) Concentration

Figure 4 shows the percentage change in the Fe(aq) concentration (AFe, %) in each
adsorption system when the adsorption of a given As adsorbate (As(Ill) or As(V)) by river
sand reached equilibrium under varying concentrations of a given Fe(aq) species (Fe(Il)
or Fe(Ill)). Regarding As(III) adsorption in the presence of Fe(Il), AFe(Il) decreased in the
following order of initial Fe(II) concentration: 20 mg/L (45.17%) < 0.1 mg/L (65.67%) <
1mg/L (91.33%) <5 mg/L (99.47%). The order of As(V) adsorption was 0.1 mg/L (20.00%)
<1mg/L (67.33%) <20 mg/L (66.97%) < 5 mg/L (99.47%). In terms of As(III) adsorption
in the presence of Fe(IIl), AFe(III) decreased in the following order of initial Fe(IIl) concen-
tration: 0.1 mg/L (36.00%) < 20 mg/L (86.17%) <1 mg/L (95.33%) < 5 mg/L (99.53%). The
order of As(V) adsorption was 0.1 mg/L (23.00%) <1 mg/L (89.67%) <20 mg/L (95.77%) <
5mg/L (99.27%). These results showed that the higher the initial Fe(aq) concentration in
the range of 0.1-1 mg/L, the greater the AFe, indicating an increase in Fe utilization. When
the initial Fe(aq) concentration was in the range of 5-20 mg/L, the higher the initial Fe(aq)
concentration, the smaller the AFe(aq), indicating a decrease in Fe utilization (i.e., the pres-
ence of excess Fe(aq) in the solution). The AFe in all adsorption systems was greater than 0,
indicating that the adsorption process led to a reduction in the dissolved Fe concentration,
likely because Fe(aq) primarily formed Fe (hydro) oxide precipitates on the surface of river
sand and participated in the adsorption of As. Specifically, the 5 mg/L initial concentration
of Fe(aq) led to the highest AFe (all above 99%), indicating a high degree of involvement
of Fe(aq) in the As adsorption process on the surface of river sand. The highest errors
were for the 1 mg/L Fe(II)_As(V) and 1 mg/L Fe(IIl)_As(III) groups, at 12.45% and 9.28%,
respectively, while the errors for all other experimental groups were below 10%.

According to the above results, and when combined with the observations in
Section 3.2, with the increasing initial Fe(aq) concentration in the range of 5-20 mg/L,
the adsorption capacity of river sand for As increased, but the utilization rate of Fe de-
creased. It was evident that the addition of Fe(aq) promoted the adsorption of As(aq)
by river sand; however, at high initial concentrations (e.g., 20 mg/L) of Fe(aq), excess
Fe(aq) that could not participate in surface adsorption was present. Conversely, with the
increasing initial concentration of aqueous Fe(Il) in the range of 0.1-1 mg/L, the utilization
rate of Fe improved, while the adsorption capacity for As(III) decreased and the adsorption
capacity for As(V) increased. With the increasing initial concentration of aqueous Fe(IlI) in
the same range as stated above, the utilization rate of Fe improved, along with an increase
in the adsorption capacities for both As(IIl) and As(V). This indicated that at low concen-
trations of Fe(aq) (<1 mg/L), the utilization rate of Fe was positively correlated with the
adsorption capacity for As(V), suggesting that the presence of Fe(aq) significantly affected
the adsorption of As(V) by river sand. Notably, under a low initial concentration of Fe(aq),
the utilization rate of Fe(Il) at the As(V) adsorption equilibrium was lower compared to
Fe(III). This suggested that different Fe(aq) species affected the adsorption of As(V) in a
different manner. First, As(V) was possibly reduced by aqueous Fe(Il) to As(III) while
oxidizing Fe(Il) to Fe(Ill), thereby affecting the adsorption of As(V) [22]. Second, aqueous
Fe(III), under certain conditions, could form Fe (hydro) oxides and in turn control the
adsorption of As(V) [23]. Ji et al. [24] found that in soils from high As regions, Fe-bearing
minerals primarily formed through the oxidation process of Fe ions and that this formation
was also affected by the proportion of As(V) in soil solutions, especially during the precip-
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itation stage, with a reduction in the proportion after the formation of most Fe minerals,
highlighting the impact of Fe(aq) species on the formation process of Fe-bearing minerals
and suggesting the importance of the formation process to As migration.

I Fe()_As(i) W Fe(ll)_As(V)
Fe(lll)_As(lll)  Fe(lll) As(V) l A2

100 -
| J_l ' ‘
0

0.1-(Arsenic-free) 0.1
Fe(aq) Concentratlon (mgIL)

AFe (%)

Figure 4. AFe with increasing concentrations of Fe(aq) in different Fe-As-river sand reaction systems.
Note: () Arsenic-free: the reaction system did not contain arsenic.

In the control groups A-1 and A-2, where the initial Fe(aq) concentration was 0.1 mg/L
and As was absent, the values of AFe(Il) and AFe(Ill) after 200 h of adsorption were
determined to be 49.21% and 56.26%, respectively. This indicated that in the absence of
As in the solution, both Fe(Il) and Fe(IlI) could form Fe (hydro) oxides and adhere to the
river sand, resulting in a decrease in Fe content in the solution. Notably, a comparison
of the results of groups A-1 and A-2 vs. the results of groups C-F under the same
initial concentration of Fe(aq) of 0.1 mg/L indicated that AFe(Il) increased in the order of
Fe(II)_As(V) < control group A-1 < Fe(II)_As(IlI), and AFe(Ill) increased in the order of
Fe(III)_As(V) < Fe(IlI)_As(III) < control group A-2. Hence, under the initial condition of
initial Fe(aq) = 0.1 mg/L, AFe(aq) decreased in the systems of Fe(II)_As(V), Fe(IlI)_As(III),
and Fe(IlI)_As(V) compared to the control groups, while it increased in the Fe(II)_As(III)
system. This implied that under low initial concentrations (<1 mg/L) of Fe(aq), the
decrease in the Fe(aq) utilization rate was possibly one of the reasons for the inhibited
adsorption of As(V).

3.4. Changes in the Microstructure and Surface Elemental Composition of River Sand

The microstructural morphologies of river sand before and after As adsorption under
different initial concentrations of Fe(aq) are shown in Figure 5. The SEM images revealed
that prior to adsorption, the surface of the river sand was relatively smooth, while the
post-adsorption surfaces exhibited several small particles, which possibly resulted from the
adsorption of As(Ill) and As(V) [25]. Under a low initial concentration of 0.1 mg/L Fe(aq),
no marked morphological changes were detected on the surface of the river sand after
As(III) or As(V) adsorption if the initially introduced Fe(aq) species was Fe(Il). However, if
the initially introduced Fe(aq) species was Fe(IIl), the surface of the river sand exhibited a
small amount of crystals after the adsorption of As(IIl) and displayed a few particulates
after the adsorption of As(V). Under the high initial concentration of Fe(aq) of 20 mg/L,
no marked morphological changes were detected on the surface of the river sand after the
adsorption of As(III) and a few fine particles appeared on the surface after the adsorption of
As(V) if the initially introduced Fe(aq) species was Fe(Il). If the initially introduced Fe(aq)
species was Fe(Ill), no marked morphological changes were observed on the surface after
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the adsorption of As(III); however, a significant amount of particulates appeared on the
surface after the adsorption of As(V).

Before reaction

%0 mg/L Fe(Ill)_As(Il)

7

20.mg/URe(ii}-As() 20 mg/L Eefll)_As(V)
b 3 7 \

=3

Figure 5. Microtopography photograph of river sand before and after As(III) and As(V) adsorption
under the effects of Fe(II) and Fe(III) addition.

Semi-quantitative EDS analysis (Table 4) showed that prior to adsorption, the main
elements on the surface of the river sand were O (52.14%), Si (42.45%), C (4.47%), Fe
(0.73%), and Al (0.21%). Without the introduction of external Fe(aq), As was detected on the
surface of the river sand after the adsorption experiments of both As(IIl) and As(V), with
concentrations of 0.16% and 0.11%, respectively, confirming that the river sand itself was
capable of adsorbing small amounts of As. Under the condition of initial Fe(aq) = 0.1 mg/L,
the surface Fe content of the river sand increased to some extent after the adsorption of
As(Ill), and the surface As content remained below 1%. After the adsorption of As(V), the
Fe content on the sample surface remained below 0.2%, and As was not detected. This
suggested that in the As(III) adsorption systems, Fe (hydro) oxides possibly formed on
the surface of the river sand, thereby promoting the adsorption of As(Ill). In contrast,
in the As(V) adsorption systems, fewer Fe (hydro) oxides possibly formed, which was
not conducive to the adsorption of As(V) [21]. This was consistent with the results in
Sections 3.2 and 3.3, i.e., when Fe(aq) was introduced at a low concentration of 0.1 mg/L,
the As(V) systems exhibited lower AFe compared to groups A-1 and A-2, along with a
lower adsorption capacity for As(V) compared to group B-2, where the Fe(aq) concentration
was 0 mg/L.

In the systems initially containing 20 mg/L Fe(II), the surface As contents of the river
sand after the adsorption of As(Ill) and As(V) were 0.22% and 0.09%, respectively, alongside
2.20% and 0.66% Fe. This indicated that under the influence of high-concentration Fe(II),
the adsorption of As(Ill) by river sand was enhanced, which was likely attributed to the
increased Fe content on the river sand surface. In the adsorption systems initially containing
20 mg/L Fe(Ill), the surface As content of the river sand after the adsorption of As(III)
or As(V) was 0.27% or 0.42%, respectively, alongside 2.80% or 2.22% Fe. This indicated
that compared to Fe(Il), the adsorption systems that initially contained high-concentration
Fe(III) exhibited higher As and Fe contents on the surface of the river sand when reaching
the sorption equilibrium, with the highest As and Fe contents detected in the 20 mg/L
Fe(II)-As(V) system. This was possibly because Fe(Ill) formed more Fe (hydro)oxides
attached to the river sand surface than Fe(Il), leading to more surface adsorption sites for
As and more As(V) adsorption.
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Table 4. Elemental contents of river sand before and after reaction with As and Fe (unit: %).
Condition C (@) Si Al Fe As
Before reaction 447 52.14 42.45 0.21 0.73 0
0 mg/L Fe(aq) + As(III) 3.17 58.82 22.79 1.12 0 0.16
0 mg/L Fe(aq) + As(V) 047 41.48 57.34 0.60 0 0.11
0.1 mg/L Fe(II) + As(III) 4.35 54.35 40.12 0.08 1.06 0.05
0.1 mg/L Fe(III) + As(III) 13.65 38.56 46.07 0.19 1.44 0.10
0.1 mg/L Fe(Il) + As(V) 7.52 60.13 32.22 0.07 0.07 0
0.1 mg/L Fe(III) + As(V) 8.42 36.00 55.29 0.18 0.11 0
20 mg/L Fe(II) + As(III) 6.40 56.88 33.62 0.68 2.20 0.22
20 mg/L Fe(Il) + As(V) 11.80 55.76 31.39 0.30 0.66 0.09
20 mg/L Fe(III) + As(III) 5.60 55.35 33.29 2.69 2.80 0.27
20 mg/L Fe(III) + As(V) 8.20 56.32 31.65 1.19 222 0.42

3.5. Changes in the Main Crystalline Phases and Functional Groups of River Sand

The XRD patterns of the river sand before and after adsorption under the influence
of different Fe(aq) concentrations are shown in Figure 6. The results indicated that the
main component on the river sand surface was SiO,. Under a high-Fe(aq) concentration
of 20 mg/L, trace amounts of As-Fe minerals and arsenides were detected on the surface
of the river sand, with the possible presence of Fe(OH); crystals. Under a low-Fe(aq)
concentration of 0.1 mg/L, no new products formed on the river sand surface, while
under a high-Fe(aq) condition, the river sand after As(III) or As(V) adsorption exhibited
several marked characteristic peaks in the XRD patterns. The peak at 20 = 26.75° was
attributed to SiO;, indicating that the main component of the river sand did not change
after adsorption. Compared to the adsorption systems without Fe(aq), the adsorption
systems containing Fe(aq) exhibited a slightly higher peak intensity at 20 = 21° in the
XRD patterns of river sand after adsorption, likely because the sand adsorbed As or Fe
oxide colloids co-precipitated with As on the river sand surface. The peak at 26 = 27.3°
represented As—Fe minerals, suggesting that a portion of As(IlI) was oxidized to As(V) and
formed As-Fe mineral precipitates on the river sand surface [26]. For the As adsorption
systems containing Fe(aq), the following observations were made on the XRD patterns of
river sand after adsorption. (1) With Fe(Il) as the Fe(aq) species, the characteristic XRD peak
at 20 = 21° was not noticeably intensified compared to the Fe-absent systems; however, a
weak peak attributed to the As—Fe minerals appeared at 20 = 27.3°. (2) With Fe(IlII) as the
Fe(aq) species, the peaks at 26 = 21° and 26 = 27.3° showed no significant change compared
to the Fe-absent systems; however, a comparison with the standard card (PDF85-1712)
revealed a characteristic peak of As near 20 = 50°, which was significantly intensified.
This was possibly due to two reasons. (1) The hydrolysis of Fe(aq) led to the formation
of Fe(OH)3 colloids, which were adsorbed together with As(V) by river sand, forming
co-precipitates on the sand surface [27]. (2) Co-precipitates were also present within the
amorphous Fe oxides. Under low-Fe(aq) conditions, only the characteristic peak of SiO,
was observed after adsorption, indicating that the content of Fe (hydro) oxides on the river
sand surface was insufficient for detection.

The FTIR spectra of river sand before and after adsorption in the different adsorption
systems are shown in Figure 7. Under the same initial concentration of Fe(aq) (i.e., 20 mg/L
or 0.1 mg/L), the FTIR spectra of the river sand after As adsorption were different among
the different sand—-Fe—As adsorption systems. Specifically, under high-Fe(aq) conditions
(Fe(aq) = 20 mg/L), two characteristic absorption peaks were observed at 690 and 512 cm ™!,
which were attributed to SiO; [28], indicating that the main component of the river sand
used in this study was SiO,, and this was consistent with the EDS and XRD results. Pre-
vious research found characteristic vibrational absorption peaks of Si-O at 463.06, 797 .49,
and 1084.72 cm~! [29], while 463.06 and 797.49 cm ™! were attributed to the stretching
vibrations of the Si-O bonds and 1084.72 cm ! was attributed to the asymmetric stretching
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vibrations of Si-O-Si [29]. The characteristic absorption peaks between 950 and 1250 cm !
were primarily attributed to the stretching vibrations of Si-OH and the asymmetric stretch-
ing vibrations of Si-O-Si [30]. In adsorption systems containing Fe(II) or Fe(Ill), no new
characteristic peaks of Fe minerals such as a-FeOOH (889 em™1, 795 em~1) [31], y-FeOOH
(1020 cm™1) [31], Fe; 03 (559, 427 cm™1) [32], and FezO4 (586 cm 1) [33] were observed on
the river sand surface after adsorption, indicating that no new Fe-containing functional
groups were formed. These observations, when combined with the batch experiment
results, indicated that in the river sand-As-Fe systems under a high concentration of
Fe(aq), Fe(aq) mainly formed Fe(OH); colloids attached to the river sand surface. This
increased the adsorption capacity of river sand for As. At a low concentration of Fe(aq)
(0.1 mg/L), characteristic absorption peaks of aldehydic substances were observed at 2815
and 2803 cm !, caused by the stretching vibrations of the C-H bonds. The absorption peaks
at 1632 and 1346 cm ! were attributed to the stretching vibrations of C=0 and bending
vibrations of -OH, respectively, which was indicative of the presence of a small amount of
water molecules [34]. Hence, Fe (hydro) oxides were nearly undetectable on the surface of
river sand under a low-Fe(aq) condition (Fe(aq) = 0.1 mg/L), indicating an exceedingly low
content of Fe (hydro)oxides.

A.20 mg_L—1Fe(aq) — River Sand B.0.1 mg_L—1Fe(aq) — River Sand
— Fe(ll)+As(lll) — Fe(lll)+As(lll) — Fe(ll)+As(lll) — Fe(lll)+As(lll)
21.0 |.a—26.75 Fe(llyj+As(V) — Fe(lllj+As(V) — Fe(ll)*As(V) — Fe(lllj+As(V)
L |a—273 . . .
—_ i . —_ A ” e b -
3: . o A P | A A an, 3:
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I ; . 3 | .
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] L 1 b wa o ogaiw
. Fe,AsO,-PDF#21-0421
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Figure 6. XRD patterns of the river sand before and after reaction at 20 mg/L Fe(aq) (A) and 0.1 mg/L
Fe(aq) (B).
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Figure 7. FTIR spectra of the river sand surface at 20 mg/L Fe(aq) (A) and 0.1 mg/L Fe(aq) (B).
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3.6. Changes in the Valence of As and Fe on the Surface of River Sand

For adsorption systems under a high-Fe(aq) condition, the fine XPS spectra of As on
the surface of river sand after adsorption of As and its peak fitting results are shown in
Figure 8. In the As(III) adsorption groups, the characteristic peaks of both As(0) (39.68 eV
and 41.78 eV) [35] and As(V) (45.38-45.58 eV and 48.68-48.88 eV) [36] were detected on
the surface of river sand after adsorption, indicating that As(V) was the dominant form
on the surface after adsorption. This implied that during the adsorption of As(Ill) by river
sand under the influence of Fe(II) or Fe(Ill), portions of As(Ill) were transformed into
As(V). In the As(V) adsorption groups, characteristic peaks of both As(III) (44.68 eV and
44.98 eV) [37] and As(V) (46.5846.98 eV, 48.8849.38 eV) [36] were detected on the surface
after adsorption, suggesting that the As(V) adsorbed by river sand was partially reduced
to As(III).

A.Fe(ll)-As(lll) B.Fe(lll)-As(lll)
As(V
_ SV~ s AS(O) _ As(V) “
3 l 41.78 = / 45.38
& 48.68 © sshs As(0)
: HP- N N
7] =
5 — g | S—
= 8
- £
S0 48 46 44 42 40 50 48 46 44 42 40 38 36
Binding Energy (eV) Binding Energy (eV)
C.Fe(ll)-As(V) D.Fe(lll)-As(V)
As(V)
Aty 48.38” Asll)

-~ o hsV) As(lll) 3 46.58 44.68
= 49.38 46.98 44.98 F
> >
= £
: :
E E

51 50 49 48 47 46 45 44 43 51 50 49 48 47 46 45 44 43
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Figure 8. High-resolution XPS spectra of As after adsorption. River sand surface As(Ill) transforma-
tions under the influence of Fe(II) (A) and Fe(III) (B). River sand surface As(V) transformations under
the influence of Fe(Il) (C) and Fe(IlI) (D). The colors serve merely to distinguish between different
peaks, without any additional implications.

For adsorption systems under a high-Fe(aq) condition, the fine XPS spectra of Fe on
the surface of river sand after the adsorption of As and its peak fitting results are shown in
Figure 9. For adsorption systems initially containing Fe(II) or Fe(III) as the Fe(aq) species,
the binding energies of Fe2p3/2 of the river sand samples after the adsorption experiments
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were determined as 710.99 eV and 710.90 eV, respectively. This indicated the presence of
Fe(OH)3 on the river sand surface [38], which was consistent with the previous analysis
results in this study. Specifically, for adsorption systems with Fe(Il) as the Fe(aq) species,
two characteristic peaks appeared at 710.83 eV and 712.81 eV [39] after the adsorption of
As(V) by the river sand, suggesting that Fe(OH)3 and possibly other Fe oxides formed on
the surface. For As(V) adsorption systems initially containing Fe(Il) as the Fe(aq) species,
Fe2p3/2 in the post-adsorption river sand samples demonstrated only one binding energy
at 711.76 eV [40], which was possibly due to the Fe oxides inherently present in the river
sand. For adsorption systems under a low-Fe(aq) condition (0.1 mg/L), characteristic peaks
of Fe2p and As3d were not detected on the sample surface; thus, related data were omitted
in this work.
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Figure 9. High-resolution XPS spectra of Fe after adsorption under 20 mg/L Fe(aq). River sand
surface Fe(I) transformations under the influence of As(IIl) (A) and As(V) (C). River sand surface
Fe(IIl) transformations under the influence of As(IIl) (B) and As(V) (D).

3.7. Mechanism Analysis

Batch experiments indicated that under the same conditions, the formation of stable
Fe (hydro) oxides from Fe(II) involved more processes compared to Fe(Ill) [23,41], implying
that Fe(IlI) had a stronger promotion effect on the adsorption of As by river sand than Fe(II).
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Because the pH of the adsorption solution decreased after adsorption, as observed in this
study, the reactions in Equations (4)—(6) were possibly involved in the adsorption system:

Fe?*(aq) + 20H (aq) — Fe(OH)y(s), (4)
4Fe”* (aq) + 4H" (aq) + Oa(aq) — 4Fe’* aq) + 2HO(l), (5)
Fe>*(aq) + 30H (aq) — Fe(OH)3(s). (6)

When Fe(aq) > 5 mg/L, the adsorption values of both As(III) and As(V) by river sand
significantly increased with the increasing concentration of added Fe(II) and Fe(III), likely
because these conditions favored the reactions in Equations (4)—(6), leading to the formation
of more Fe (hydro) oxides to promote the adsorption of As. The redox reaction between
Fe(II) and As(V) is thermodynamically feasible, indicating that it occurs spontaneously.
Through field surveys and statistical analysis, some studies observed a positive correlation
between the total concentration of As and the total concentration of Fe in groundwater,
where the concentration of Fe(aq) exceeded 1 mg-L~! [42,43].

Furthermore, in groups under low-Fe(aq) conditions (0.1-1 mg/L), the adsorbed
amount of As(Ill) was higher than in control groups B-1 and B-2, but the adsorbed amount
of As(V) was significantly lower, suggesting that Fe(aq) inhibited the adsorption of As(V).
This was consistent with some field surveys in high-As areas, i.e., a negative correlation
between the total concentration of As and the total concentration of Fe in groundwater
where the concentration of Fe(aq) was below 1 mg/L [42,43]. The reaction in Equation (7)
was one of the important factors inhibiting the adsorption of As:

As(V) + 2Fe(IT) — As(III) + 2Fe(III). (7)

XPS analysis showed that for As(V) adsorption systems containing Fe(aq), the charac-
teristic peaks of both As(IlI) and As(V) were observed in the post-adsorption river sand
samples, indicating the partial transformation of As(V) to As(Ill). In addition, kinetics
experiments showed that the adsorption capacity of river sand for As(Ill) was significantly
lower compared to As(V). This suggested that in the As(V) adsorption systems, As(V) un-
derwent partial transformation to As(Ill), leading to a reduced adsorption capacity for total
As species. Notably, the post-adsorption river sand samples of the Fe(I)-As(V) systems ex-
hibited characteristic Fe2p peaks of both Fe(II) and Fe(Ill), as well as the characteristic As3d
peaks of both As(III) and As(V), indicating that Fe(Il) was partially oxidized to Fe(IlI), likely
through reaction (5) [23]. For the Fe(Ill)-As(V) adsorption systems, the presence of both
As(V) and As(III) on the surface of post-adsorption river sand indicated the involvement
of more complex chemical processes in converting As(V) to As(IIl). Moreover, although
the adsorbed amounts of As(V) were higher than As(IIl) in the Fe(aq)-absent adsorption
systems, portions of As(V) were transformed to As(III) in the presence of Fe(aq), leading to
lower adsorbed amounts of As(V) compared to control groups B-1 and B-2. This indicated
that Fe(aq) at low concentrations could control the transformation of As species, limiting
the adsorption of As(V) by river sand.

4. Conclusions

To explore the previously overlooked impact of dissolved Fe on the behavior of
As in aquatic environments, this study used river sand, a primary aquifer medium in
riparian zones—a typical region featuring groundwater and surface water interaction—as
the reaction medium to conduct adsorption batch experiments. We then explored the
adsorption characteristics of As by river sand under different initial concentrations of Fe(aq)
(Fe(II) or Fe(Il)). Moreover, river sand samples before and after adsorption experiments
were characterized by various techniques to obtain further insights into Fe(aq) species’
transformation and its impact on the interactions between river sand and As. The main
conclusions were as follows.
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(1) When the initial concentration of Fe(aq) was below 1 mg/L, the adsorption of As(III)
by river sand was promoted, while the adsorption of As(V) was inhibited. When
the initial concentration of Fe(aq) exceeded 5 mg/L, the adsorption of both As(III)
and As(V) was promoted. Hence, Fe(aq) promoted the adsorption of As(Ill) by
river sand, while low-concentration Fe(aq) inhibited the adsorption of As(V) and
high-concentration Fe(aq) promoted the adsorption of As(V).

(2) Adsorption kinetics analysis and adsorbent characterization revealed that in the As(V)
adsorption systems under low-Fe(aq) conditions (0.1-1 mg/L), Fe(I) reduced As(V)
to As(IlI), with the latter As species demonstrated a lower adsorbed amount at its
adsorption equilibrium, thus lessening the removal of dissolved As from the solution.
Under the same low-Fe(aq) conditions, Fe(III) transformed As(V) into As(IIl) through
more complex reactions, restricting the adsorption of As(V) by river sand. Conversely,
under high-Fe(aq) conditions (5-20 mg/L), Fe(aq) promoted the adsorption of As by
river sand through the formation of Fe(OH)s.

This study indeed provides an important reference for groundwater pollution control
by elucidating the relationship between different concentrations of Fe(aq) and high-arsenic
groundwater. In practical applications, our findings contribute to optimizing management
strategies for iron and arsenic during the groundwater purification process.
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