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Abstract

The adsorption and desorption behavior of arsenic (As) in agricultural soils is a critical
process controlling its migration, transformation, and bioavailability, with direct impli-
cations for food safety and environmental risk. Although black soil regions are major
grain-producing areas in China, the roles of different soil microaggregate fractions and
their components in As retention remain poorly understood. Therefore, batch equilibrium
adsorption experiments were performed to study the adsorption and desorption behaviors
of As(V) on the different microaggregates and to explore the effects of soil particle size,
organic matter and iron oxide on the adsorption performance of As(V). The results show
that as the concentration of As(V) increases, the adsorption capacity gradually reaches
equilibrium, and the Freundlich equation fits the results well. The order of the As ad-
sorption capacity of microaggregates of different particle sizes in black soil is as follows:
(<0.002 mm) > 0.005-0.05 mm > 0.002-0.005 mm > 0.05-0.25 mm > 0.25-2 mm. The maxi-
mum adsorption capacity occurs in the microaggregates of the soil with the smallest particle
size. The order of the As desorption capacity of microaggregates of each particle size is
opposite to their adsorption capacity and inversely proportional to the content of each
component in the soil. Removal of soil organic matter (SOM) and free iron oxide (Feq)
significantly reduced the specific adsorption and immobilization capacity of black soil for
As(V), while enhancing non-specific adsorption. This study elucidates the differential con-
tributions of soil microaggregates and key components to As(V) retention and provides an
experimental foundation for further research on the occurrence and migration mechanisms
of As in black soil.
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1. Introduction

Arsenic (As) is a highly toxic metalloid widely distributed in the environment. Its
sources in soil include both natural processes—such as volcanic eruptions and
pedogenesis—and anthropogenic activities, including mining and smelting of As-bearing
ores and improper disposal of As-containing industrial wastewater [1]. As exists primarily
in two oxidation states, As(Ill) and As(V), with As(III) being significantly more toxic. While
As(III) predominates in aquatic systems, As(V) is the dominant species in aerobic soils [2—4].
As contamination in soil is persistent, prone to bioaccumulation, and often irreversible
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due to strong binding with soil minerals. Its lack of visible indicators further complicates
early detection and remediation, posing substantial long-term management challenges. [5].
Moreover, As can enter the human body through the food chain, leading to serious health
risks [6].

The black soil region in Northeast China is a major grain-producing area [7]. With the
rapid development of industry and agriculture, this region is also facing an increasingly
severe risk of metallic element pollution [8,9]. Spatial heterogeneity in soil As content is
pronounced, and similar contamination levels have been reported globally. For instance,
Yang et al. [10] identified that over 50% of the Mississippi River Basin is at high risk of
As pollution. In Bangladesh, irrigation with As-contaminated groundwater has led to
severe soil As accumulation [11]. In Brazil, Feitosa et al. [12] reported soil As concentrations
ranging from 240 to 380 mg-L~! in the Paracatu agricultural area, with significant variation
across different farming zones.

After exogenous As enters the soil, it accumulates through adsorption, coprecipitation
and complexation, leading to excessive soil As concentration and posing a great threat
to human production and life. The adsorption and desorption processes of As on the
soil surface are the main processes for controlling the migration of low-concentration As.
Some studies have pointed out that the proportion of clay particles in the soil is positively
correlated with the As content in the soil, and the As content in fine soil particles is higher
than that in other particle sizes [13]. The specific surface area of soil increases as the particle
size decreases, leading to an increase in the content of clay minerals and metal oxides per
unit mass, which in turn enhances the specific adsorption capacity. This enhancement effect
is not conducive to the desorption process of As(V) [14]. Tani et al. [15] demonstrated
that manganese oxides can have a certain impact on the valence state of As. Manganese
oxides act as electron acceptors during the oxidation process, oxidizing As(III) to As(V) or
reducing the mobility of As in the soil by directly adsorbing As(V) [16]. The increase in the
content of free iron oxide (Fey) in the soil can increase the number of adsorption sites in the
soil, thereby enhancing the soil’s adsorption capacity for As. When its content is high, the
desorption amount is low [14]. The protonation and complexation reactions of functional
groups such as carboxyl, phenolic hydroxyl, carbonyl and methoxy groups contained in soil
organic matter (SOM) can affect the adsorption behavior of soil for As(V) [17]. Humic acid
and fulvic acid, as active organic matter components in soil, have an inhibitory effect on the
adsorption of As. However, as the adsorption time increases, these organic substances are
gradually oxidized or decomposed by microorganisms, resulting in a weakened inhibitory
effect and ultimately only changing the adsorption rate [18].

Other factors influencing As adsorption in soil include redox potential, pH, and
microbial activity [19,20]. Soil aggregates, as fundamental structural units, bind sand, silt,
and clay particles together with organic and inorganic substances [21-25]. The adsorption
and bioavailability of As vary across aggregate sizes [26-28]. Smaller aggregates exhibit
higher mobility and, once laden with heavy metals, pose greater pollution risks [29,30].
Although differences in As distribution and bioavailability among aggregate fractions have
been reported in non-agricultural soils [31], systematic investigations focusing on black
soil, a unique and agriculturally vital resource, remain scarce. In particular, the quantitative
contributions and mechanistic roles of SOM and Feq4 in regulating As(V) adsorption—
desorption across distinct microaggregate fractions have not been clearly established.
Therefore, this study aims to: (1) isolate and characterize different microaggregate fractions
from typical black soil; (2) quantify and compare their adsorption—desorption capacities
and affinities for As(V); (3) elucidate the individual and combined effects of SOM and Feyq
on these processes through component removal experiments. The findings will provide
a mechanistic understanding of As(V) retention at the microaggregate scale and offer
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a theoretical basis for As pollution risk assessment and targeted remediation in black
soil regions.

2. Materials and Methods
2.1. Chemicals and Equipment

All chemicals used were of analytical grade. Sodium arsenate heptahydrate
(NapHAsOy4-7H,O; Sinopharm; purity > 98%), sodium chloride (NaCl; CAS 7647-14-5),
hydrogen peroxide (Hy,O,; 30%), sodium citrate dihydrate (C4¢HsNa3O7-2H,0), sodium
bicarbonate (NaHCOj3), and solid sodium hyposulfite (NayS,04) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

Equipment included a pH meter (5200, Mettler Toledo Instruments Shanghai Co., Ltd.,
Shanghai, China) and an ultrasonic cleaner (KQ-500DE, China Limited). Soil vibration and
desorption experiments were conducted in a CNC oscillation incubator (HZQ-X100, Jin tan
Jieruier Electric Appliance Co., Ltd., Changzhou, China). Centrifugation was carried out
using a high-speed centrifuge (TG16WS, Cence Lab China Limited, Changsha, China). The
concentration of As(V) in the solution was determined by atomic fluorescence spectroscopy
(AFS-830 Beijing Jitian Instrument Co., Ltd., Beijing, China).

2.2. Test Soil Sample

The soil samples used in this study were collected from the surrounding farmlands
of Bayan County, Heilongjiang Province. The parent material of the soil was dolomite
weathering. The sampling depth was 0 to 20 cm. After air-drying and grinding, the
samples were passed through a 2 mm nylon sieve for later use. Parts of them were taken
to remove SOM and Fey, respectively, to obtain the soil microaggregates after removing
the components, which were air-dried and ground for later use. The specific methods are
as follows: For SOM removal, place the soil sample in a beaker, moisten it with deionized
water, then add a specific mass fraction of HyO; solution drop by drop and repeat the
treatment 2 to 3 times until the color of the soil sample becomes lighter. Continue to add
H,0O; until no bubbles emerge and the soil with SOM removed is obtained. Heat the
obtained soil and wash the soil sample in the beaker with deionized water. The required
samples can be obtained after drying [32]. For Feq removal, put a certain amount of the
test soil into a conical flask, add C¢HsNazO7-2H,O and NaHCO3 of specific concentrations,
then put it into a water bath pot and stir. Heat it to 90 °C and keep it at that temperature
for 2 h. Immediately add a specific mass of NaySyOy, stir for 15 min, then take it out, let it
stand and pour out the supernatant. Repeat the above operation twice. The residue can be
washed with 1 mol-L~! NaCl solution to obtain soil with Fe4 removed [33].

Another part of the soil sample was used to separate the soil components by particle
size, following established extraction methods [34]. First, the soil sample was passed
through a 0.25 mm sieve. The soil sample was then thoroughly mixed with deionized
water, soaked overnight, and subjected to ultrasonic dispersion. The wet sieve method
was used to separate particles of different sizes, which were (<0.002 mm), 0.002-0.005 mm,
0.005-0.05 mm, 0.05-0.25 mm and 0.25-2 mm. The extracted soil microaggregates of each
particle size were collected for use. Meanwhile, the physicochemical properties of the soil
microaggregates were determined [32].

2.3. Experimental Methods
2.3.1. Adsorption—-Desorption Experiments of Different Microaggregates with As(V)

Exactly 1.00 g of each microaggregate sample was weighed into 50 mL centrifuge
tubes, and 20 mL of As(V) solution (prepared from Nay;HAsO4-7H,0) at concentrations
of 0, 5, 10, 20, 40, 80, 120, 140, and 160 mg-L_1 was added, with 0.01 mol-L~! NaCl
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as the background electrolyte. The tubes were shaken at 180 rpm and 25 °C for 48 h.
After centrifugation, the supernatant was collected for As(V) analysis. All treatments
were performed in triplicate. The pH of the reaction system ranged from 6.3 to 6.5, and
no reducing agents were added. Experiments were conducted under ambient pressure
and in the dark to minimize As(V) reduction. Samples were analyzed immediately after
centrifugation to prevent speciation changes.

Immediately following adsorption, the supernatant was removed, and 20 mL of
0.01 mol-L~! NaCl solution was added to the residue. The tubes were shaken at 180 rpm
for 48 h. This process was repeated three times to reach desorption equilibrium. The final
supernatant was collected, filtered, and analyzed for As(V) concentration.

The adsorption capacity g, (mg-g~') was calculated as

Je = (CO_CE)V. (1)

m

In the formula,

V: Total volume of the mixed solution (L);

Co: Adsorption of As concentration in the initial solution (mg-L’l);
Ce: Solution concentration at adsorption equilibrium (mg-L~1);

m: Soil sample mass (g).

The desorption capacity g; (mg-g~') of As(V) can be calculated according to the

following formula:
G = Cde(20 + Wp — Wl)_ CE(WQ — Wl)
m

. )

Desorption rate (%) = Z—d x 100%. 3)
e
In the formula,
Cye: The concentration of As in the desorption equilibrium liquid (mg-L~1);
Ce: The concentration of As in the adsorption equilibrium solution (mg-L~1);
Wi: The total weight of the centrifuge tube and soil sample (g);
W3: The total weight of the centrifuge tube, soil sample and residual liquid (g);
20: The volume of liquid added in the experiment (mL);
m: The soil sample mass (g).

2.3.2. Data Processing

To calculate the relevant parameters of As(V) adsorption in soil, the Langmuir and
Freundlich equations were used to fit the experimental data. The following are the fit-
ting equations:

Langmuir equation:

Qm-b-Ce
= . 4
= 150C, @

Freundlich equation:
1
Qe = k-C;" Q)
Among them,

Qum: The theoretical maximum adsorption capacity (mg-g~!);
C.: The mass concentration of the equilibrium liquid (mg-L~1!);
k, n, and b: Constants related to adsorption equilibrium.
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Pearson correlation analysis was performed to examine the relationships between soil
physicochemical properties and adsorption parameters. Correlation coefficients (r) were
calculated, and the significance of the correlations was assessed at the p < 0.05 level.

The distribution coefficient (F; L- gfl), representing the affinity of the soil for As(V) at
equilibrium, was calculated as follows:

qe
F=—= 6
& ©®)
where g, is the adsorption capacity at equilibrium (mg-g~!) and C, is the equilibrium
concentration of As(V) in the solution (mg-L~!). A higher F value indicates a stronger
partitioning of As(V) to the solid phase, reflecting a greater overall adsorptive retention
capacity [35].

3. Results and Analysis
3.1. Physicochemical Properties of Bulk Soil and Microaggregates

The mass distribution and physicochemical properties of different microaggre-
gate fractions are presented in Table 1. The 0.05-0.25 mm, 0.005-0.05 mm, and
0.002-0.005 mm fractions accounted for the larger proportions, while the 0.25-2 mm
and (<0.002 mm) fractions were minor. The pH varied little among fractions. The
contents of SOM, Fe4 and cation exchange capacity (CEC) followed a consistent order:
(<0.002 mm) > 0.005-0.05 mm > 0.002-0.005 mm > bulk soil > 0.25-2 mm > 0.05-0.25 mm.

Table 1. Basic physicochemical properties of bulk soil and microaggregate fractions.

Granulometric H SOM CEC Feq Mass Fraction
Class (mm) p (g-kg™1) (cmol-kg=1) (g-kg™1) (%)
original soil 6.51 +0.022 21.04 £ 0.51¢ 16.17 + 0.43 4 1742 £0.39 ¢ —

0.25~2 6.52 +0.032 20.25 4+ 0.48 4 1599 £041°¢ 16.08 & 0.36 4 5.03 £0.12°¢
0.05~0.25 6.47 £0.02° 18.65 £ 045 € 14.95 +0.38 f 1544 +£0.34¢ 38.17 +0.232
0.005~0.05 6.39 +0.03 ¢ 31.16 £ 0.37P 19.07 4 0.47 © 20.16 + 0.41P 36.94+0.312
0.002~0.005 6.31 +0.02 4 21.11+0.42°¢ 1751 £ 045¢ 17.6 £ 042°¢ 13.89 £ 0.31°
<0.002 6.37 £ 0.03 75.254+0.822 29.38 + 0.68 2 3592 +0.632 597 +0.14¢

Note: Different superscript lowercase letters in the same column indicate significant differences among different
particle size fractions (p < 0.05). The mass fraction column applies only to the particle size fractions, with the
corresponding entry for bulk soil denoted as “—”.

3.2. Adsorption and Desorption Behavior of As(V) on Different Microaggregates
3.2.1. The Adsorption Behavior of Microaggregates of Different Particle Sizes for As(V)

The adsorption capacity of all microaggregate fractions increased with increasing
equilibrium As(V) concentration, but the patterns varied by particle size. At 80 mg-L !,
adsorption by the 0.05-0.25 mm and 0.25-2 mm fractions approached saturation. For
the 0.005-0.05 mm and 0.002-0.005 mm fractions, adsorption continued to increase be-
yond 80 mg-L~!, albeit at a reduced rate. For the (<0.002 mm) fraction, the adsorption
rate began to slow at approximately 40 mg-L~! (p < 0.05), suggesting saturation of high-
affinity sites followed by adsorption onto lower-affinity sites. The order of adsorption
capacity of As(V) by microaggregates of different particle sizes of black soil is as fol-
lows: (<0.002 mm) > 0.005-0.05 mm > 0.002-0.005 mm > 0.05-0.25 mm > 0.25-2 mm. The
maximum adsorption capacity of black soil of different particle sizes ranges from 1.14
to 2.21 mg-g’1 (Figure 1). There are significant differences in the variation trends of the
adsorption capacity of As(V) by black soil of different particle sizes. The adsorption effect is
the best for (<0.002 mm), and the adsorption effects of 0.002-0.005 mm and 0.005-0.05 mm
are relatively similar, while the adsorption effects of 0.05-0.25 mm and 0.25-2 mm are
relatively poor.
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Figure 1. Isothermal adsorption curves of As(V) on black soil microaggregates of different particle
sizes (25 °C; 0.01 mol-L~! NaCl).

The Langmuir and Freundlich equations were used to fit the above process (Table 1).
The results show that both equations can well describe the adsorption behavior of As(V)
on the microaggregates of black soil at various particle sizes, with 12 reaching above 0.9871.
Among them, the fitting effect of the Freundlich equation is the best. The magnitude relation-
ship between the maximum adsorption capacity of the original soil and microaggregates of
different particle sizes for As(V), which can be obtained through the Langmuir equation, is as
follows: 0.002-0.005 mm > (<0.002 mm) ~ (0.005-0.05 mm) > 0.05-0.25 mm > 0.25-2 mm. In
the Freundlich equation, n and k are constants. k is an empirical constant commonly used
to represent the relative adsorption capacity or affinity in heterogeneous systems such as
soil [36]. Under research conditions, k can be used to describe the adsorption capacity of
soil for As, with higher k values typically corresponding to larger adsorption capacities.
The soil with a particle size of (<0.002 mm) exhibited the highest k value. In contrast, the
soil within the particle size range of 0.002-0.005 mm showed the lowest k value, indicating
that the adsorption capacity of the tested component was relatively low.

Further analysis of the correlation between the adsorption k values of microaggregates
of different particle sizes and the physicochemical properties of the soil revealed that the k
values were positively correlated with the contents of SOM, Fe4, and CEC, with correlation
coefficients of 0.9842, 0.9710, and 0.9421 respectively (Figure 2a). With the increase in the
content of SOM, Feg4, and CEC in the soil, the adsorption capacity of black soil for As(V) also
increased. Figure 2b illustrates that the maximum adsorption capacity of microaggregates
of different particle sizes for As(V) is positively correlated with the contents of SOM, Fey,
and CEC, indicating that regarding the content of heavy metals, the higher the content, the
greater the adsorption capacity.

The distribution coefficient F value reflected by soil adsorption of As(V), that is, the
ratio of the adsorption amount of As(V) by microaggregates of different particle sizes at
adsorption equilibrium to the concentration of As(V) in the equilibrium solution, can also
reflect the adsorption and fixation capacity of soil for As(V) [37]. Figure 3 demonstrates
that the soil with a particle size of (<0.002 mm) has the highest adsorption capacity for
As(V) and the strongest ability to adsorb and immobilize it.
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Figure 2. Correlations between (a) Freundlich constant k and (b) maximum adsorption capacity Qy,
with soil properties for different microaggregate fractions.
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Figure 3. Relationship between distribution coefficient (F) of As(V) and equilibrium solution concen-
tration for microaggregates of different particle sizes.

3.2.2. Analysis of Desorption Characteristics of Microaggregates of Different Particle Sizes

Studies have shown that non-specifically adsorbed As(V) can be partially or completely
desorbed by neutral salt solutions, while specifically adsorbed As(V) ions are not easily
desorbed [38]. The desorption capacity (rate) can be used as an indicator to judge the degree
of desorption, i.e., to measure the soil’s ability to hold ions. The desorption characteristics of
microaggregates of different particle sizes for As(V) can be described by the easy desorption
capacity (rate) and the difficult desorption capacity (rate). The low desorption rates,
particularly for the (<0.002 mm) fraction, underscore that As(V) retention is dominated
by specific adsorption (chemisorption). This primarily involves the formation of inner-
sphere complexes with iron oxide surfaces (e.g., ferrihydrite and goethite) present in Feg.
As(V) oxyanions (H,AsO, ~ or HAsO42~) undergo ligand exchange with surface hydroxyl
groups, forming monodentate or bidentate complexes, which are highly stable and not
easily desorbed by indifferent electrolytes [39,40].

The desorption process of As(V) by microaggregates of different particle sizes
in black soil showed that after shaking for 48 h, the desorption basically reached
equilibrium (Figure 4). The order of the desorption rates of soil of each grain size
is 0.25-2 mm > 0.05-0.25 mm > 0.002-0.005 mm > 0.005-0.05 mm > (<0.002 mm), among
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which the desorption rate of 0.25-2 mm is the highest, reaching 33.89%. The desorp-
tion rate of (<0.002 mm) microaggregates was the lowest at only 6.24%. The order of the
difficult desorption rate is opposite to that of the easy desorption rate (Figure 4b). The re-
search results show that the adsorption of As(V) by black soil is mainly specific adsorption,
supplemented by non-specific adsorption. Moreover, as the concentration of exogenous
As(V) increases, the adsorption capacity of both adsorption methods shows an increasing
trend. Figure 4a reveals that the changes in the desorption amount of As(V) by soils of
different particle sizes show differences, among which the relationship between the size of
the desorption amount and the desorption rate remains consistent. The soil with a particle
size of 0.25-2 mm showed the most obvious trend of desorption amount variation, with
the maximum desorption amount being 0.3866 mg-g 1. The desorption capacity variation
trend of the particle size (<0.002 mm) is relatively gentle, and the maximum desorption
capacity is 0.1379 mg-g~!. The desorption capacity of other grain sizes of soil lies between
these two (Figure 4a).

o
S
T

o
w

0.2

Desorbed amount of As(V)/(mgg™)

—v— <0.002mm 40 —v— <0.002mm

—&- 0.002~0. 005mm

- A- 0.005~0. 05mm

—&— (. 05~0. 25mm
!

/% —& 0.25~2mm
e

—_-
.-
-—

Desorption rate of As(V)/(%)

—
1S

w
S

)
S

—4- 0.002~0. 005mm
- A 0.005~0. 05mm
—=— (. 05~0. 25mm
—o&— (.25~2mm

0.0 0.5 1.0 1.5 2.0 2.5 0.0 1.5 2.0 2.5
Adsorbed amount of As(V)/(mg.g™) Adsorbed amount of As(V)/(mg.g™")
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Figure 4. (a) Desorption isotherms and (b) desorption rates of As(V) on different microaggregate
fractions.

3.3. Analysis of the Adsorption—Desorption Characteristics of the Original Soil for As(V) After the
Removal of Soil Components

3.3.1. Analysis of Original Soil Adsorption Characteristics of As(V) After Removal of
Soil Components

Figure 5 shows the changes in the adsorption capacity of As(V) by black soil before
and after treatment (including the removal of SOM and Feq). With the increase in the
equilibrium liquid concentration, the adsorption capacity of As(V) by black soil also shows
an upward trend, which is significantly different from the changes in adsorption capacity
before the removal of soil components. Compared with the untreated soil, the difference
in the changing trend of soil adsorption capacity after the removal of SOM and Fey was
reduced, and the adsorption capacity decreased significantly. Before the removal of compo-
nents, the adsorption capacity of As(V) was almost in equilibrium after the concentration
of the equilibrium solution reached 80 mg-L~!. After the removal of SOM and Fey, the
adsorption equilibrium concentration of soil for As(V) tended to equilibrium only after
120 mg-L~!. Therefore, after the components of the soil are removed, the equilibrium
concentration required for it to reach the maximum adsorption capacity lags behind.
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Figure 5. Isothermal adsorption curves of As(V) by the original soil after the removal of soil

components.

The Langmuir and Freundlich equations were used to fit the adsorption process. The
specific fitting parameters are shown in Table 2. Under different processing methods, both
equations can fit well, with R? reaching above 0.9659. Among them, the fitting effect of
the Langmuir equation is the best. The Q, value after removing Feq is greater than that
after removing SOM, indicating that organic matter has a greater impact on the saturated
adsorption capacity of the soil. According to the adsorption constant k and n values
obtained from the Freundlich equation, it can be known that the k value after removing
Feq is smaller than that of the unremoved components, indicating that the removal of Fegq
has a greater impact on the adsorption of heavy metals in the soil than the removal of
SOM. In conclusion, by removing the components, the adsorption capacity of black soil for
As(V) decreased sharply, indicating that SOM and Feq are important indicators affecting
the adsorption capacity of soil [14].

Table 2. Fitting parameters of the isothermal adsorption equation for As(V) of microaggregates of
different particle sizes and the original soil after the removal of soil components.

Equation Langmuir Freundlich
Parameter b Qm (mg-g~h) r? k n 2
<0.002 mm 0.0317 3.8005 0.9911 0.2087 1.6443 0.9986

0.002~0.005 mm  0.0091 3.5265 0.9949 0.0663 1.3679 0.9988
0.005~0.05 mm  0.0121 3.4079 0.9871 0.0909 1.4889 0.9966
0.05~0.25 mm 0.0168 2.0888 0.9931 0.0782 1.6040 0.9919
0.25~2 mm 0.0180 1.7689 0.9934 0.0717 1.6423 0.9932
Before Removal  0.0091 3.8005 0.9949 0.0663 1.3679 0.9988
SOM Removal  0.0966 0.7431 0.9989 0.1427 2.9423 0.9659
Feq Removal 0.0140 1.6999 0.9985 0.0524 1.5556 0.9901

3.3.2. Analysis of the Desorption Characteristics of As(V) in the Original Soil After the
Removal of Soil Components

After the removal of SOM and Fey, the easily desorbed amount of As(V) by black soil
showed a gradually increasing trend, which was higher than that before the removal of
components (Figure 6). The results show that after the removal of components, the overall
adsorption and fixation capacity of black soil for As(V) decreases, and at the same time, its
buffering capacity for As(V) also declines. In terms of adsorption mode, this change leads
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to a relatively increased non-specific adsorption capacity of the soil for As(V), while the
specific adsorption capacity is relatively weakened [40]. The amount of easily desorbed
substances showed an upward trend to a certain degree, with the removal of SOM showing
the largest trend, followed by the removal of Fey. Moreover, SOM had a greater impact
on the specific adsorption capacity of soil than Feq. Figure 6b shows that the maximum
difficult desorption rate of black soil changed significantly before and after the removal of
soil components. After the removal of SOM, the ratio of the desorption rate of black soil
increased from 13.85% to 31.13%. After the removal of Fegq, the desorption rate of black soil
increased from 6.73% to 19.52%. It can be seen that the influence of SOM on the specific
adsorption of soil is slightly greater than that of Fey.
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Figure 6. Isothermal desorption amounts (a) and desorption rates (b) of As(V) by the original soil
after the removal of soil components.

4. Discussion

The research results show that with the increase in the equilibrium liquid concentration,
the adsorption capacity of black soil microaggregates of different particle sizes for As(V)
shows an increasing trend, which is manifested as
(<0.002 mm) > 0.005-0.05 mm > 0.002-0.005 mm > 0.05-0.25 mm > 0.25-2 mm. The microag-
gregates of the smallest particle size (<0.002 mm) have the highest adsorption capacity (up
to 2.21 mg-g~!), and the variation trends of adsorption capacity among microaggregates
of different particle sizes show differences. This superior performance is attributed to the
combined effects of large specific surface area and enrichment of reactive components such
as SOM and Fey. The high specific surface area provides abundant contact sites for As(V)
oxyanions [38,41], while SOM and Fe4 supply oxygen-containing functional groups (e.g.,
carboxyl and phenolic -OH) and surface hydroxyl groups that facilitate ligand exchange
and inner-sphere complex formation [42]. The high CEC of the fine fraction also contributes
to electrostatic (non-specific) adsorption. These physicochemical characteristics make the
(<0.002 mm) microaggregates the most effective sink for As(V) in black soil. This differ-
ence is mainly attributed to the different adsorption capacities of soil of each particle size,
reflecting that the decrease in soil particle size is accompanied by an increase in specific
surface area. This further enhances the adsorption viscosity and adsorption efficiency.
However, within the slightly larger particle size range of 0.002-0.05 mm, the opposite
adsorption behavior was observed. The adsorption capacity of soil with particle sizes
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ranging from 0.005 to 0.05 mm is greater than that of soil with particle sizes ranging from
0.002 to 0.005 mm, indicating that the adsorption capacity may also be closely related to the
specific surface area, the density of reactive sites (e.g., on clay minerals and oxides), and
the pore structure within and between aggregates. Soils with higher clay content typically
possess a greater abundance of adsorbents like iron/aluminum oxides and layer silicate
clays, which provide specific adsorption sites for As(V) oxyanions. Furthermore, a more
intricate network of micro-pores in finer aggregates can enhance solute contact time and
increase the diffusion path length, potentially promoting adsorption [42]. Clay soil has poor
permeability and a strong adsorption capacity [43]. When the concentration of the equi-
librium liquid is relatively low, the growth rate of the adsorption capacity of each particle
size of microaggregate for As(V) is significantly higher than that at the high-concentration
stage, showing an increasing pattern that is initially rapid and then gradually slows down.
This phenomenon might be due to the fact that within the low concentration range, the
surface of the microaggregates contains a large number of adsorption sites with strong
affinity for As(V). However, as the concentration increases, these high-affinity adsorption
sites gradually become saturated, and As(V) is adsorbed by low-affinity sites instead. At
this point, the specific adsorption effect of the soil on As(V) gradually strengthens until it
slowly reaches the adsorption equilibrium state. Generally speaking, if the contribution
from non-specific adsorption (e.g., electrostatic attraction) predominates over that from
specific adsorption (e.g., ligand exchange), the adsorption process may exhibit a charac-
teristic pattern of rapid initial increase followed by gradual stabilization. The F values of
microaggregates of different particle sizes are negatively correlated with the concentration
of the equilibrium liquid. This phenomenon is mainly attributed to the fact that as the
adsorption capacity of soil microaggregates of each particle size for As(V) increases, their
remaining adsorption potential gradually weakens, thereby leading to a decrease in the
adsorption capacity for As(V). It is worth noting that soil microaggregates with a particle
size of (<0.002 mm) show the most significant decline. This is mainly because the smaller
the soil particle size, the more adsorption sites it provides. In the initial stage of adsorption,
As(V) rapidly binds to those sites in the soil with high binding energy, causing a sharp in-
crease in adsorption capacity and significantly reducing the remaining adsorption potential.
Ultimately, when adsorption equilibrium is reached, the differences in adsorption potential
among microaggregates of various particle sizes become relatively small. The Freundlich
equation provided a better fit (higher R? values) to the experimental data compared to the
Langmuir equation (Table 2). This suggests that the Freundlich model, as an empirical
equation, more effectively describes the adsorption behavior of As(V) onto these complex
soil aggregates under the studied conditions. The Langmuir model’s assumption of homo-
geneous monolayer adsorption may not fully capture the interactions in this heterogeneous
soil system. Moreover, during the adsorption process, complex mechanisms such as surface
precipitation or pore filling may occur.

The desorption property of black soil microaggregates shows a trend of rapid increase
first and then slow growth within different particle size ranges. This phenomenon is
related to the basic physical and chemical properties of the soil. Specifically, the desorption
capacity of soil for As(V) is negatively correlated with the content of soil components.
An increase in the content of SOM, Feg, and CEC will lead to an increase in the specific
adsorption rate, making it more difficult for As(V) adsorbed in the soil to be desorbed,
while the non-specific adsorption rate shows a downward trend [32]. This is mainly because
iron and aluminum oxides are rich in variable positive and negative charges, which have
a significant adsorption effect on heavy metal ions and oxygen-containing acid radical
ions. Therefore, when the content of iron and aluminum oxides in the soil increases, the
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specific adsorption capacity is also enhanced, making the desorption of As(V) in the soil
more difficult.

Compared with the soil components that were not removed, the adsorption capacity of
black soil for As(V) was significantly reduced after the removal of SOM and Fey components.
However, statistical analysis (one-way ANOVA followed by Tukey’s HSD test at p < 0.05)
revealed that when the initial concentration of As(V) was low, there was no statistically
significant difference in the adsorption capacity of black soil for As(V) before and after the
removal of SOM or Feq. This might be because the initial concentration of As(V) is relatively
low. Even if the organic matter in the soil is removed, the inorganic colloids in the soil still
have a certain adsorption capacity, which is far from their saturated adsorption capacity.
With the increase in the initial concentration of As(V), the adsorption of inorganic colloids in
the soil approached saturation after the removal of components. However, organic colloids
contain different oxygen-containing functional groups, which can undergo complexation or
chelation reactions with As(V) and have a strong competitive adsorption capacity for As(V).
Therefore, their adsorption capacity is larger than that of microaggregates after the removal
of SOM. Feq carries a net positive charge under acidic conditions, thereby increasing the
overall positive surface charge of the soil. The higher the content of Fe4, the more conducive
it is to the adsorption of As(V) by the soil. Therefore, the adsorption capacity of the original
soil is higher than that of the microaggregates after removing Feq. After the removal
of soil components, the easy desorption rate of black soil rises sharply. This is mainly
because removing SOM and Fey eliminates the key sources of specific adsorption sites.
Feq oxides provide surface hydroxyl groups (-OH), which exchange ligands with As(V)
oxygen-containing anions to form inner-sphere complexes [35]. SOM contains oxygen-
containing functional groups and can form strong complexes with metals/metalloids [40].
The removal of soil coordination groups significantly reduces the soil’s ability to respond
to this specific (chemical adsorption) interaction, resulting in a relative increase in the
proportion of weak, non-specific adsorption [17].

5. Conclusions

The key factors controlling the adsorption and desorption of As(V) in black soil mi-
croaggregates were systematically revealed, and the differential effects of particle size
classification and core components (SOM and Feq) were clarified. The adsorption capacity
increases significantly with the decrease in particle size. Although the (<0.002 mm) compo-
nent has an extremely low mass proportion, it becomes the main enrichment carrier of As
in black soil due to having the largest specific surface area and the highest SOM and Feq
content and shows the lowest desorption rate. SOM and Feq have been shown to be the
leading contributors to specific adsorption (fixation), and they promote the stable binding
of As(V) in the form of a monodentate or bidentate inner-ring complex by providing surface
hydroxyl and oxygen-containing functional groups. After the removal of these compo-
nents, the proportion of non-specific adsorption increased significantly, and the potential
migration and environmental risk of As increased. The Freundlich model provided a better
fit to the adsorption data than the Langmuir model under the studied conditions. K and
Qn were strongly positively correlated with SOM, Fe4, and CEC contents. These findings
elucidated the retention and stabilization behavior of As in black soil at the microaggregate
scale and revealed the core role of fine particles and their active component complexes in
As storage. At the practical level, remediation strategies for As-contaminated black soil
should prioritize stabilizing these fine particles and highly reactive components. Future
studies need to incorporate in situ spectroscopy to directly characterize the As morphology
at the active interface and verify the relevant mechanism under field conditions.
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