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• A model was developed to quantify As
adsorbents and their contributions in
soils.

• Fe oxides serve as the primary adsor-
bents at low As concentrations.

• At high As concentrations, clay mineral
and soil OC become significant.

• Fe-rich clay enhances soil's resistance to
As release under reduction condition.

• Mn oxides indirectly influence As
adsorption by oxide As(III) to As(V).

A R T I C L E I N F O

Editor: Bo Gao

Keywords:
Arsenic adsorption
Natural soils
Surface complexation model
Adsorption kinetics
Oxidation kinetics

A B S T R A C T

The diversity of soil adsorbents for arsenic (As) and the often-overlooked influence of manganese (Mn) on As(III)
oxidation impose challenges in predicting As adsorption in soils. This study uses Mössbauer spectroscopy, X-ray
diffraction of oriented clay, and batch experiments to develop a kinetic coupled multi-surface complexation
model that characterizes As adsorbents in natural soils and quantifies their contributions to As adsorption. The
model integrates dynamic adsorption behaviors and Mn-oxide interactions with unified thermodynamic and
kinetic parameters. The results indicate that As adsorption is governed by five primary adsorbents: poorly
crystalline Fe oxides, well crystalline Fe oxides, Fe-rich clay, Fe-depletion clay, and organic carbon (OC). Fe
oxides dominate As adsorption at low As concentrations. However, at higher As concentrations, soils from
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carbonate strata, with higher content of Fe-rich clay, exhibit stronger As adsorption capabilities than soils from
Quaternary sediment strata. The enrichment in Fe-rich clay can enhance the resistance of adsorbed As to
reduction processes affecting Fe oxides. Additionally, extensive redox cycles in paddy fields increase OC levels,
enhancing their As adsorption compared to upland fields. This model framework provides novel insights into the
intricate dynamics of As within soils and a versatile tool for predicting As adsorption across diverse soils.

1. Introduction

Arsenic (As) is a hazardous element known to accumulate in soils as a
result of natural processes such as the weathering of parental rocks and
anthropogenic activities (Harvey et al., 2002; Koons et al., 1980;
Smedley and Kinniburgh, 2002; Xiao et al., 2022). Various biogeo-
chemical processes, including adsorption, ligand exchange, redox reac-
tion, and precipitation, influence the retention, release and
bioavailability of As in soils (Gillispie et al., 2015; Khan et al., 2010;
Paikaray and Peiffer, 2022; Suda and Makino, 2016). Adsorption, in
particular, plays a pivotal role in controlling As mobility and availability
(Dixit and Hering, 2003). The adsorption of As on soils varies with soil
compositions, which includes different Fe oxides, clay minerals, and
organic carbon (OC) (Chi et al., 2021; Gimenez et al., 2007; Goldberg
et al., 2005; Pedersen et al., 2006; Silva et al., 2010). Moreover, redox
conditions profoundly impact the compositions and contents of Fe ox-
ides, OC, and As, thereby affecting As adsorption behavior and potential
mobilization (Scott and Morgan, 1995; Tufano et al., 2008).

Characterizing Fe oxides and clay minerals in soils are crucial for
understanding As adsorption dynamics. Mössbauer spectroscopy and
extended X-ray absorption fine structure (EXAFS) spectroscopy provide
information on the phases of Fe in soils, but these spectral techniques
require significant amount of Fe for effective signaling and are limited in
revealing the accessibilities or reactivities of these minerals (Kaplan
et al., 2016; Sjostedt et al., 2013). Conversely, sequential chemical
extraction categorizes Fe based on its solubility and accessibility within
the soil matrix, but it lacks phases-specific information (Wenzel et al.,
2001). X-ray diffraction (XRD) is effective for identifying crystalline
structures of clay minerals, providing insights into their mineral types
and abundance (Moore and Reynolds, 1997). Combing these techniques
will provide a comprehensive understanding of Fe oxide and clay min-
eral compositions, essential for understanding As adsorption in natural
environments.

Furthermore, accurately quantifying the contributions of various
adsorbents to As adsorption poses significant challenges. Surface
complexation models (SCMs), widely used to describe ion adsorption,
are integrated with the component additivity (CA) approach to predict
ion adsorption in various soil types (Chi et al., 2021; Reich et al., 2010).
For instance, Chi et al. implemented a CA-based SCM by lineally adding
As(III) adsorption on various minerals, including Fe-minerals, illite,
dolomite and soil OC (Chi et al., 2021). However, this model encoun-
tered challenges in accurately capturing some experimental results,
partly because it neglected As(III) oxidation by Mn oxides and failed to
capture the variability of As adsorbents within soils matrices. Further-
more, the application of CA-based SCM to As(V) adsorption remains
inadequately explored.

This study developed a kinetic coupled multi− surface complexation
model (MSCM), that integrates As(V) and As(III) adsorption dynamics
with oxidation of As(III) by Mn oxides, based on Mössbauer spectros-
copy, X-ray diffraction of oriented clay, and batch adsorption experi-
ments conducted on soils from southwest China. This study identified
the dominant reactive adsorption surfaces for As and elucidated their
contributions for As adsorption in a broad range of soil types. This ki-
netic coupled MSCM framework not only advanced out knowledge of As
interaction within soils but also offers a robust tool for predicting As
mobility and bioavailability across heterogeneous soil landscapes.

2. Materials and methods

2.1. Soil sampling and sample preparation

Five paddy and upland soil samples were collected from three
distinct locations in the karst regions of South China, each representing
diverse soil origins (Fig. S1). The soils from Yunbiao Town (YB) are
composed of Quaternary sediments deposited by the Zhenlong River. In
contrast, the soils from Maling Town (ML) and Baisuo Town (BS) have
developed directly on Devonian carbonate and Permian limestone
strata, respectively (Wei et al., 2014). Details for soil sampling and
preparation are provided in the supplementary information (SI). The soil
samples were categorized based on their respective sampling sites and
land usage types, denoted as YB-P, YB-U, ML-P, ML-U, and BS-P, where
‘P' represents paddy soils and ‘U' indicates upland soils.

2.2. Characterization of soil physical and chemical properties

The physical and chemical properties of the soil samples were
analyzed. The analyses included determining particle size, specific sur-
face area (SA), pH, water content, cation exchange capacities (CEC),
total organic carbon (TOC), total inorganic carbon (TIC), and total soil
contents of Ca, Mg, Al, Fe, Mn, and As. Detailed methodologies of these
measurements are provided in the SI.

The clay particles (<2 μm in size) were isolated from each soil sample
through Stokes' law for SA and X-ray diffraction (XRD) analyses (Moore
and Reynolds, 1997). The XRD analyses were performed on oriented
clay slides, both air-dried and treated with ethylene glycol solvation, to
identify and quantify the clay mineralogy. Clay samples were first
dispersed and pipetted onto glass slides, followed by a slow air-drying
process to create natural oriented mounts. These mounts were then
subjected to X-ray diffraction (XRD) analysis using a Rigaku D/MAX
RAPID II diffractometer (Rigaku, Tokyo, Japan). The XRD parameters
included Cu-Kα radiation, a 2θ range of 3◦ to 36◦ with a step size of
0.02◦, and a counting time of 10 s per point, set at 40 kV and 100 mA.
Following the initial XRD analysis, the air-dried clay slides were treated
in ethylene glycol-saturated vapor for 46 h and before a second round of
XRD analysis. The mineral composition of the clay samples was deter-
mined through both the air-dried and ethylene glycol-treated XRD data.
The quantification of each clay mineral's content was performed on the
air-dried slide data, using full pattern fitting with the TOPAS software
package (Bruker, Germany) and Rietveld refinement method (Coelho,
2018).

A sequential chemical extraction method was modified from Wen-
zel's procedure to characterize Fe fractions and the associated As in the
soil samples (SI) (Wenzel et al., 2001; Zhang et al., 2021). This modified
procedure sequentially extracted amorphous and poorly crystalline Fe
oxides (Fe_F1) and their associated As (As_F1), well crystalline Fe oxides
(Fe_F2) and their associated As (As_F2), and (3) Fe and As combined
with soil OC (Fe_F3 and As_F3) (Tessier et al., 1979). The residual Fe and
As fractions (Fe_F4 and As_F4) were determined by subtracting the
amounts of Fe and As in the extracted fractions from the total soil
content.

A portion of the YB-P soil was treated with 0.2 M ammonium oxalate,
separated by centrifugation, washed, and dried (YB-P_w/o F1). Then
Mössbauer spectra of YB-P and YB-P_w/o F1 soil samples were collected
at 12 K (somewhat similar to 4.2 K-liquid He temperature spectra) and
recorded by a low-temperature closed-cycle Fe-57 Mössbauer
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spectrometer (SLD-500/SHI-850-05, WissEl) to determine the iron
mineralogy in these samples. In previous studies, 4.2 K spectra were
generated to distinguish goethite from other oxides such as ferrihydrite,
hematite, and clay Fe (Kaplan et al., 2016). The velocity of the
Mössbauer spectra was calibrated by a standard α-iron foil. The spectral
data were analyzed using MossWinn 4.0 (Klencsar, 2013).

2.3. As adsorption experiments

Four sets of batch experiments were conducted to investigate the
adsorption behavior of As. The first set evaluated the adsorption kinetics
of As(V) and As(III) in YB-P soils to determine the adsorption kinetic
parameters and equilibrium times. The second set focused on As(V)
adsorption in varied solution pH (pH envelopes) and initial As(V) con-
centration (adsorption isotherms) across five soil types, with the
objective of identifying the active adsorption surfaces. The preference of
As(V) over As(III) stemmed from As(V)'s stability against Mn oxidation.
The third set explored As(III) adsorption in YB and ML soils through pH
envelopes and adsorption isotherms. The fourth set investigated the
influence of birnessite, introduced at 0.3 and 1.5 g/kg, on As(III)
oxidation and adsorption dynamics within YB-P soils. In the fourth set,
aqueous As(V) and As(III) speciation was determined using anion-
exchange columns (LC-SAX) for their separation (Chiu and Hering,
2000). Details of the adsorption experiments and synthesis of birnessite
are provided in the SI.

2.4. Kinetic coupled surface complexation modeling

A MSCM was firstly developed to describe As adsorption in natural
soils. Total As adsorption in the soil is the cumulative sum of As(V) and
As(III) adsorption on active surfaces including Fe oxides, clay minerals,
and soil OC. As adsorption on Fe oxides and clay minerals was simulated
using the diffuse double layer (DDL) model, that assumes two electrical
layers extending from the surface to the bulk solution (Dzombak and
Morel, 1990). The DDL model was selected for our multi-surface
complexation model because previous studies have reported key pa-
rameters, such as equilibrium constants for both Fe minerals and clay
minerals, for As adsorption using this model (Dixit and Hering, 2003;
Dzombak and Morel, 1990; Manning and Goldberg, 1996; Zazzi et al.,
2012). As adsorption on soil OC was simplified using equations based on
As K-edge EXAFS results, which indicated As adsorption to natural OC
through complexation with oxygen-containing functional groups
(Biswas et al., 2019). The equations and parameters are provided in the
SI.

Then the MSCM was coupled with redox and adsorption kinetics to
describe dynamic As adsorption in natural soils. The kinetics of As(III)
oxidation by Mn oxides (Eq. (1)) and the reduction of birnessite by soil
OC (Eq. (2)) were described through second-order redox reactions (Eq.
(3)):

MnO2(s) +H3AsO3(aq) +H+→Mn2+ +H2AsO−
4 +H2O (1)

2MnO2(s) +OC(s)→2Mn2+ +CO2 (2)

Rj = kj

∏

l

Cl (3)

where Rj (mmol/L) is the reaction rate of the second order redox reac-
tion j, kj (L/mmol)/h) is rate constant, and Cl (mmol/L) is the aqueous
concentrations of species l. The kinetics of As adsorption and the vari-
ation in aqueous arsenic concentration were described using Eqs. (4) and
(5):

∂qi
l

∂t = αi
l
(
Qi

l − qi
l
)

(4)
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∂Cl

∂t =
∑

j
γj,lRj −

∑

i
ρi
sαi

l
(
Qi

l − qi
l
)

(5)

where αi
l (1/h) is rate constants, q

i
l and Qi

l (mmol/g) are the adsorbed
concentrations of species l on active surface i and that in equilibrium
with aqueous solution, γj,l is the stoichiometric coefficient of species l in
reaction j, and ρi

s (g/L) is the solid concentration of surface i. The values
of Qi,l is calculated with the MSCM.

The IPhreeqc geochemical module was coupled with MATLAB to
solve the geochemical reactions and optimize parameters (Parkhurst
and Appelo, 2013). The model input included initial concentrations of
aqueous species (mmol/L), solid concentrations of different fractions (g/
L), site densities (sites/nm2), SAs (m2/g), cation exchange sites (cmol/
kg), and equilibrium and kinetic constants. Parameters were optimized
to match the model-simulated results with experimental data. The
goodness of fitting was evaluated by minimizing the root mean square

relative error (RMSRE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

j

(
1 − Cʹ

j/Cj

)2
/(N − 1)

√

, where Cʹ is the

simulated value and N is the total number of samples).

2.5. Sensitivity analysis and uncertainty quantification

Sensitivity and uncertainty analyses were performed to evaluate the
predictive accuracy of the MSCM. The Morris method was applied to
identify the most influential parameters in the MSCM (Morris, 1991; Mr,
2014). Then, parameter error estimation was performed to obtain the
variances of these parameters (σ) using a covariance matrix derived
from the Jacobian matrix (Friedland, 1997; Liu and Zachara, 2001). The
calculated variances were used to define the probability distribution of
sensitive parameters, assuming a normal distribution. For uncertainty
propagation from parameters to model predictions, Latin hypercube
sampling, a Monte Carlo sampling method, was used to randomly draw
1000 sets of parameter combinations from the established probability
distributions (Helton and Davis, 2003; Khan et al., 2008). This approach
enabled the assessment of the model's predictive uncertainty, yielding
average prediction and 95 % prediction interval from the 1000 simu-
lation runs. The advanced Morris method, parameter error estimation,
and uncertainty quantification were implemented in MATLAB, with

details available in the SI.

3. Results and discussion

3.1. Soil properties reflecting the influence of soil origin and pedogenic
processes

The chemical and physical properties of soil samples collected from
different regions and soil usage types exhibited significant variability,
reflecting the influence of soil origin and pedogenic processes (Table 1).
As expected, soils developed from Devonian carbonate strata (ML) and
Permian limestone strata (BS) were richer in Ca content compared to
those derived from Quaternary sediments (YB). This is attributed to the
long-term weathering of carbonate rocks, which not only led to higher
clay contents but also tended to enrich insoluble metals, such as Fe and
Mn, in ML and BS soils (Wei et al., 2014; Xiao et al., 2022). In terms of
clay content, ML and BS soils had higher clay content (>27.3 %) and,
consequently, a larger specific SA (>33.70 m2/g) than YB soils. The SA
of clay in BS soils was the largest, followed byML and then YB soils. XRD
results of clay minerals (Fig. 1 and Table S4) revealed that clay minerals
in ML and BS soils predominantly comprised Fe-rich clay, such as
chlorite and montmorillonite-chlorite (>82.93 % in ML soils and 60.77
% in BS soil), with smaller proportions of illite and kaolinite. In contrast,
Fe-depletion clay, such as illite and kaolinite, was the dominant clay
minerals in YB soils (>92.0 %), accompanied by lesser amounts of
chlorite. Furthermore, TOC concentrations were generally higher in
paddy soils compared to upland soils within the same region, probably
attributable to agricultural activities. The CEC ranged from 4.46 to
23.41 cmol/kg, influenced primarily by charged carboxyl groups in soil
organic matter and sites on clay minerals (Liang et al., 2006; Parfitt
et al., 1995).

3.2. The occurrence states of soil Fe and As and potential active
adsorption surfaces in soils

The occurrence states of Fe and As in various soil samples were
characterized using the modified sequential chemical extraction method
(Table S5). The most abundant fractions in all soils were residual Fe and

Fig. 1. XRD analysis of clay minerals in soil samples. The oriented clay slides were subjected to air drying (Air-dried) and ethylene glycol solvation treatment for 24 h
(ethylene glycol).
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As (Fe_F4 and As_F4), especially in soils developed from carbonate
strata. Paddy soils exhibited higher Fe_F1 content than upland soils
within the same region, probably due to redox cycles of Fe induced by
the alternating flood and drought management practices typical of
paddy fields (Jiang et al., 2017). Furthermore, both Fe and As were
effectively extracted using the OC extraction solution (Fe_F3 and As_F3),
indicating that Fe likely coprecipitated with OC in these soils. The
extracted As (As_F3) also suggested its potential to form complexes with
OC through ternary complexes comprising Fe, As and OC (Mikutta and
Kretzschmar, 2011) and/or through complexes with the oxygen-
containing functional groups of OC (Biswas et al., 2019).

Mössbauer spectroscopy provided insight into Fe phases in the YB-P
and YB-P_w/o F1 soils (Fig. 2), with percentage contents estimated from
corresponding peak areas (Table S6) (Stevens et al., 2005). Five major Fe
species were identified in the YB-P soil: ferrihydrite, goethite, clay-
bound Fe(III) (clay-FeIII), clay-bound Fe(II) (clay-FeII), and an un-
known phase, which was likely OC-bound Fe, as suggested by its lower
magnetic hyperfine field compared to ferrihydrite (Schwertmann et al.,
2005). A comparative analysis of the Mössbauer spectra between the YB-

P and YB-P_w/o F1 soils revealed the absence of ferrihydrite and OC-
bound Fe after ammonium oxalate extraction. However, the mass bal-
ance calculations in Table S6 indicated a noticeable increase in goethite
content in the YB-P_w/o F1 soil (15.50 %), approximately equal to the
amount of OC-bound Fe in the YB-P soil (16.03 %). This observation
suggested that OC-bound Fe may have been misinterpreted as goethite
in the Mössbauer spectrum of the YB-P_w/o F1 soil, an inference sup-
ported by the variation in isomer shift values between the two soil
samples (0.37 vs. 0.48). The variation in isomer shift indicated a po-
tential change in the local environment of Fe atoms, possibly influenced
by the removal of certain Fe phases or changes in Fe speciation after
ammonium oxalate extraction.

The mass balance calculations from the sequential chemical extrac-
tions of Fe fractions (Table S5) and the quantification of Fe phases
through Mössbauer spectroscopy (Table S6) suggested that Fe_F1 pre-
dominantly composed of ferrihydrite, with minor contributions from
OC- and clay-bound Fe. Fe_F2 contained approximately half of the
goethite, Fe_F3 consisted of a portion of OC-bound Fe, and Fe_F4
included non-extractable goethite along with OC- and clay-bound Fe.
The sequential extraction method not only effectively categorized Fe
oxides into groups with distinct adsorption properties, but also
accounted for the accessibility of these Fe phases, notably the non-
extractability of some goethite, OC- and clay-bound Fe. It's proven to
be a valuable technique for quantifying the active adsorption surfaces of
Fe oxides in natural soils.

3.3. As adsorption on soils and the influence of Mn oxides on As(III)
adsorption

The pH envelopes and adsorption isotherms for As(V) across the five
soil types are shown in Figs. 3 and 4. As(V) adsorption capacities varied
significantly among the soils: BS-P exhibited the highest capacity,
markedly exceeding ML-P, ML-U, and YB-P, all of which were consid-
erably higher than YB-U (Fig. 3a2–e2). A similar trend was observed in
As(III) adsorption, where adsorption capacities of ML-P, ML-U, and YB-P
were significantly higher than YB-U (Fig. 3a4 and b4 and Fig. 4c2 and
d2). The variation in adsorption capacities correlated with the distinct
contents of active Fe fractions, TOC, and Fe-rich clays in each soil
(Tables 1, S4 and S5).

As(V) adsorption generally decreased rapidly with pH under alkaline
conditions across most soils, except for BS-P (Fig. 3a1–e1). The rapid
decrease is attributed to the predominance of less adsorptive HAsO42−

species under alkaline conditions (Goldberg and Suarez, 2013). How-
ever, BS-P soil demonstrated a slower decline in As(V) adsorption at high
pH, probably due to its abundant adsorption sites. Previous studies
supported that As(V) adsorption in Fe-rich soils exhibited less pH
sensitivity (Goldberg et al., 2005). As(III) adsorption showed a typical
pH envelope pattern in YB soils, with adsorption peak occurring near
neutral pH (Fig. 3a3 and b3) (Goldberg, 2002). In contrast, the pH en-
velopes of As(III) in ML soils resembled those of As(V) (Fig. 4c1 and d1),
suggesting potential oxidation of As(III) by Mn oxides, which are more
prevalent in ML than YB soils.

To evaluate the impact of Mn oxides on As(III) adsorption, birnessite
was added to YB-P soil at concentrations of 0.3 and 1.5 g/kg prior to pH
envelope experiments (Fig. 4a and b). The experimental results showed
the presence of As(V) in the aqueous solution, with higher aqueous As
(V) concentration corresponding to higher birnessite concentration. The
pH envelopes thus closely resembled those typical for As(V) adsorption,
characterized by enhanced As adsorption under acidic conditions and a
rapid decrease under alkaline conditions. This proved that birnessite
facilitated the oxidation of As(III) to As(V), thereby influencing its
adsorption dynamics.

Fig. 2. Mössbauer spectra for YB-P soils before (a) and after the removal of
fraction F1 (b).
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3.4. Development of the kinetic coupled MSCM for dynamic As
adsorption

We initially developed a MSCM for As(V) and As(III) adsorption
separately. Considering the influence of Mn oxide on As(III) adsorption,
the MSCM was applied to analyze pH envelopes and adsorption iso-
therms for As(V) across the five soils to identify the active adsorption
surfaces. The MSCM integrated various Fe fractions, clay fractions, and
OC content to match the experimental observations. Ultimately, five
active adsorption surfaces were selected for the MSCM due to their
ability to uniformly fit all experimental results with the same set of
parameters (Fig. 3). These surfaces were characterized as follows: Fe_F1
primarily represented by ferrihydrite, Fe_F2 by goethite, Fe-rich clay by
chlorite, Fe-depletion clay by illite, and soil OC quantified by TOC. To
minimize reliance on empirical fitting, most model parameters were
experimentally measured or adopted from studies on pure minerals
(Table 2). Parameter adjustments were performed only for SA for Fe_F1
and Fe_F2 (SA1 and SA2), site densities for Fe-rich clay and Fe-depletion
clay (Ns,3 and N s,4), and equilibrium constant for OC (K5,As(V)). Subse-
quently, adsorption equilibrium constants for As(III) (Ki, As(III)) were
derived through parameter fitting using pH envelopes and adsorption
isotherms for As(III) in YB soils, which are characterized by low Mn
content (Fig. 3).

To evaluate the reliability and predictive accuracy of the MSCM,
sensitivity and uncertainty analyses were undertaken. The sensitivity
analysis was conducted to identify the most influential parameters.

Given the inherent sensitivity of adsorption sites, the sensitivity analysis
only applied on equilibrium constants (Fig. S3). Out of 30 tested pa-
rameters, 13 with elementary effects exceeding 1.5 were selected for
further uncertainty analysis. The variances of these 13 equilibrium
constants, along with 4 parameters related to the number of adsorption
sites (SA1, SA2, N s,3 and N s,4), were evaluated using their covariance
matrix. These variances enabled the propagation of uncertainty from
experimental measurements through parameters to model predictions.

The results demonstrated that the MSCM successfully captured the
experimental results (Fig. 3), with all variances for these 17 sensitive
parameters remaining within acceptable ranges (Table S7), confirming
the robustness of the model's predictions. Although the model tended to
slightly overestimate As(V) adsorption on YB-U soil under acid condi-
tions (Fig. 3b1) and As(III) adsorption on YB-U soil at pH 7 to 9
(Fig. 3b3), these discrepancies were relatively small. Additionally, the
broad 95% prediction intervals observed in the adsorption isotherms for
ML-P and ML-U soils were primarily due to variability in the site density
of the Fe-rich clay. These minor variances are likely due to the model's
simplification of soil adsorbents into five distinct active adsorption
surfaces. While this simplification greatly facilitates practical applica-
tion of the MSCM, it may introduce slight biases. Each adsorption sur-
face still encompasses a mixture of various forms of amorphous Fe
oxides, crystalline Fe oxides, and clay minerals, each with unique As
adsorption properties (Carlson et al., 2002). This inherent complexity
within each surface category is not fully captured in the MSCM frame-
work. Despite these limitations, the overall performance of the MSCM

Fig. 3. The pH envelopes (a1–e1, a3 and b3) and adsorption isotherms (a2–e2, a4 and b4) of As(V) and As(III) adsorption on different soils at 25 ± 2 ◦C. The initial
As concentration for pH envelops was 0.1 mM, and the pH for adsorption isotherms was fixed at 7.00 ± 0.20. The symbols are experimental data, error bars represent
the standard deviation from triplicate experiments, the red dots are predicted results from 1000 runs, the red lines are average results of the 1000 runs, and the red
region represents the 95 % prediction bound, assuming that the results were independent and followed a normal distribution.
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exhibits its reliability and the potential to accurately predict As
adsorption across diverse soil environments.

Subsequent to establishing the MSCM, it was integrated with kinetics
processes to accurately predict As(III) adsorption in soils rich in Mn
oxides. Adsorption kinetic parameters for As(V) and As(III) interactions
with Fe oxides, clay minerals, and OC were derived from experiments
conducted in YB-P soil (Fig. S4 and Table 2). Oxidation kinetics for As
(III) by Mn oxides were then determined from experiments in YB-P soils
in the presence of birnessite and in ML soils, maintaining all other pa-
rameters constant (Fig. 4 and Table 2). This comprehensive approach
ensures that the MSCM accurately reflects the dynamic adsorption
processes in varied soil environments, as detailed in the SI.

3.5. Adsorption dynamics of As in natural soils

Carbonate strata-derived soils contain higher levels of Mn oxides,
capable of oxidizing As(III) to As(V), thereby influencing As adsorption
dynamics. As(III) oxidation activities of naturally occurring Mn oxides in
ML-P soil was similar to freshly prepared birnessite used in experiments
with YB-P soil, whereas the oxidation in ML-U soil was notably slower

(Table 2). This variation is linked to the presence of Fe-Mn nodules in the
ML area, which are significantly smaller in paddy fields than in upland
fields due to extensive agricultural activities. These differences in Mn
oxide levels and their reactivity toward As(III) across various soil types
highlight the environmental and pedological influences on As

Fig. 4. The pH envelopes (a1–d1) and adsorption isotherms (c2 and d2) of As
(III) adsorption on YB-P soils in the presence of 0.3 and 1.5 g/kg birnessite and
on ML soils at 25 ± 2 ◦C.

Table 2
Parameters for the kinetic coupled MSCM.

Parameters Value Reference

Thermo-
dynamic
parameters

[log K1,+, log
K1,-]

[7.29,
− 8.93d]

[7.29, − 8.93] (Dzombak
and Morel, 1990)

[log K1, As(V)
1,2,3 ] [8.67, 2.99,

− 4.70]
[8.67, 2.99, − 4.70] (
Dzombak and Morel,
1990)

[log K1, As(III)
1,2]b

[3.52,
− 2.97d]

[4.02, − 2.87] (Dixit and
Hering, 2003)

SA1 (m2/g)b 100d 40–110 (Stolze et al.,
2019)

Ns,1 (sites/nm2) 2.3 2.3 (Goldberg and
Johnston, 2001)

[log K2,+, log
K2,-]

[7.47,
− 9.51d]

[7.47, − 9.51] (Dixit and
Hering, 2003)

[log K2, As(V)
1,2,3]

[10.40,
6.21d,
− 0.38]

[10.40, 6.21, − 0.38] (
Dixit and Hering, 2003)

[log K2, As(III)
1,2]b

[3.00,
− 3.54d]

[5.19, − 2.34] (Dixit and
Hering, 2003)

SA2 (m2/g)b 40d 40–110 (Stolze et al.,
2019)

Ns,2 (sites/nm2) 2.3 2.3 (Goldberg and
Johnston, 2001)

[log K3,+, log
K3,-]

[5.60,
− 8.20]

[5.60, − 8.20] (Zazzi
et al., 2012)

[log K3, As(V)
1,2,3]a

[8.50d,
2.50d,
− 4.55]

[log K3, As(III)
1,2]b

[4.49,
− 1.85]

[4.49, − 1.85] (Manning
and Goldberg, 1997)

SA3 (m2/g) c

Ns,3 (sites/nm2)b 0.3d 0.028–1.37 (Gu, 2006;
Manning and Goldberg,
1997)

[log K4,+, log
K4,-]

[6.00,
− 10.50]

[6.00, − 10.50] (Manning
and Goldberg, 1996)

[log K4, As(V)
1,2,3]

[9.24d,
3.66d,
− 4.35d]

[9.24, 3.66, − 4.35] (
Manning and Goldberg,
1997)

[log K4, As(III)
1,2]b

[3.25d,
− 4.85]

[4.49, − 1.85] (Manning
and Goldberg, 1997)

SA4 (m2/g) c

Ns,4 (sites/nm2)b 0.18d 0.028–1.37 (Gu, 2006;
Manning and Goldberg,
1997)

log K5, As(V)
b 9.45d 3.7 (Buschmann et al.,

2006)
log K5, As(III)

b 1.90d 0.40–1.01 (Biswas et al.,
2019)

Kinetic
parametersb

αFe,As(V) (1/h) 12.5
αFe,As(III) (1/h) 7.5
αclay,As(V) (1/h) 0.15
αclay,As(III) (1/h) 0.15
kbirnessite As(III) (L/
mmol/h)

0.1 0.11–0.27 (Oscarson
et al., 1983; Scott and
Morgan, 1995)

kbirnessite SOC (L/
mmol/h)

0.001

kMn_As(III)_ML-P (L/
mmol/h)

0.1

kMn_As(III)_ML-U (L/
mmol/h)

0.03

a The values were derived from modeling As(V) adsorption on chlorite
(Fig. S2).
b The values were fitted from the experimental results.
c The SA values of clay were experimentally determined and are listed in

Table 1.
d Sensitive parameters.
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adsorption dynamics.
The adsorption kinetics of As(V) and As(III) on Fe oxides and clay

minerals reveal distinctive patterns influenced by their chemical and
structural properties (Table 2). The rate constant for As(V) adsorption on
Fe oxides is higher than for As(III). This faster rate is due to the favorable
electrostatic interactions between negatively charged As(V) species and
positively charged sites on Fe oxides. Conversely, the adsorption rate
constants for As(V) and As(III) on clay minerals are comparable,
reflecting the influence of structural characteristics of clay minerals. The
kinetic limitations imposed by the layered structure of clay minerals
result in significantly lower rate constants compared to those for Fe
oxides.

The contributions of various active surfaces elucidate the dynamic
nature of As adsorption across diverse soil types (Fig. 5). The pH-
dependence of As adsorption is primarily controlled by deprotonation
of surfaces Fe_F1 and Fe_F2, as indicated by the sensitivity of constants
K1,- and K2,-. Fe_F2 is the dominant contributor to As adsorption at lower
As concentrations, while Fe_F1 also playing significant roles in As(III)
adsorption. As the adsorption capacity of Fe oxides reaches saturation,
clay minerals, abundant in soil matrix, become critical adsorptive sites.
Subsequently, OC plays an increasingly vital role, particularly in paddy
soils, of which TOC content is higher than upland soils.

Soil origin and agricultural practices significantly influence the
occurrence and mobility of As. Soils derived from carbonate strata
typically contain higher total As concentrations, yet a significant portion
exists in a residual form (As_F4). As a result, the mobilizable fractions of
As (As_F1, As_F2, and As_F3) do not differ significantly between soils

from carbonate strata and those from Quaternary sediment strata, nor
between paddy and upland soils. When these mobilizable As fractions
are released into soil pore water under reducing conditions, their fate is
governed by adsorption processes. Soils from carbonate strata, richer in
Fe-rich clay minerals, are expected to exhibit stronger As adsorption
capabilities under such conditions compared to soils from Quaternary
sediment strata. This difference in adsorption surfaces would inevitably
influence the mobility and bioavailability of As.

4. Conclusion

The study has established a framework for understanding the com-
plex interactions between soil characteristics and As adsorption,
through a kinetic coupled MSCM. This model demonstrates that As
adsorption in natural soils can be effectively predicted using a compo-
nent additive approach. By considering the physical and chemical
properties of different soil types, the model can be applied across various
soils. This study also illustrates the significant effects of soil origin and
agricultural practices on As mobility and bioavailability—key factors for
assessing and managing As contamination under diverse environmental
conditions. Particularly, the model highlights the critical roles of Fe-rich
clays and OC in adsorbing As, especially under the reducing conditions
typically found in paddy fields. Given its capability to integrate various
geochemical interactions and adapt to different soil matrices, the model
proves extremely valuable for environmental risk assessments and
remediation strategies.

Fig. 5. Modeled contribution of active adsorption surfaces to the adsorption of As(V) on the YB-P (a), YB-U (b), ML-P (c), ML-U (d), and BS-P (e) soils, as well as As
(III) adsorption on the YB-P (a3 and a4) and YB-U (b3 and b4) soils.
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