
Citation: Yoon, S.-G.; Kwak, I.-S.;

Yoon, H.-O.; An, J. Adsorption

Characteristics of Dimethylated

Arsenicals on Iron Oxide–Modified

Rice Husk Biochar. Toxics 2022, 10,

703. https://doi.org/10.3390/

toxics10110703

Academic Editor: Myung Chae Jung

Received: 29 September 2022

Accepted: 12 November 2022

Published: 17 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

toxics

Article

Adsorption Characteristics of Dimethylated Arsenicals on Iron
Oxide–Modified Rice Husk Biochar
Sang-Gyu Yoon 1, Ihn-Sil Kwak 2 , Hye-On Yoon 3,* and Jinsung An 4,*

1 Department of Environment Safety System Engineering, Semyung University, Jecheon 27136, Republic of Korea
2 Department of Ocean Integrated Science, Chonnam National University, Yeosu 59626, Republic of Korea
3 Korea Basic Science Institute, 145 Anam-ro, Seoul 02841, Republic of Korea
4 Department of Civil & Environmental Engineering, Hanyang University, Ansan 15588, Republic of Korea
* Correspondence: dunee@kbsi.re.kr (H.-O.Y.); jsan86@hanyang.ac.kr (J.A.);

Tel.: +82-2-6943-4192 (H.-O.Y.); +82-31-400-5146 (J.A.); Fax: +82-2-6943-4108 (H.-O.Y.)

Abstract: In this study, the adsorption characteristics of dimethylated arsenicals to rice husk biochar
(BC) and Fe/biochar composite (FeBC) were assessed through isothermal adsorption experiments
and X-ray absorption spectroscopy analysis. The maximal adsorption capacities (qm) of inorganic
arsenate, calculated using the Langmuir isotherm equation, were 1.28 and 6.32 mg/g for BC and
FeBC, respectively. Moreover, dimethylated arsenicals did not adsorb to BC at all, and in the case of
FeBC, qm values of dimethylarsinic acid (DMA(V)), dimethylmonothioarsinic acid (DMMTA(V)), and
dimethyldithioarsinic acid (DMDTA(V)) were calculated to be 7.08, 0.43, and 0.28 mg/g, respectively.
This was due to the formation of iron oxide (i.e., two-line ferrihydrite) on the surface of BC. Linear
combination fitting using As K-edge X-ray absorption near edge structure spectra confirmed that all
chemical forms of dimethylated arsenicals adsorbed on the two-line ferrihydrite were DMA(V). Thus,
FeBC could retain highly mobile and toxic arsenicals such as DMMTA(V) and DMDTA(V)) in the
environment, and transform them into DMA(V) with relatively low toxicity.

Keywords: dimethylmonothioarsinic acid; dimethyldithioarsinic acid; adsorption isotherm; X-ray
absorption spectroscopy; linear combination fitting

1. Introduction

Arsenic (As) is found in the environment (water, soil, and air) as a result of both natural
and anthropogenic factors, and is considered a health risk factor worldwide due to its high
toxicity and carcinogenicity not only to animals but also to humans [1–4]. The toxicity
and mobility of As in the environment are greatly affected by the species [5–8], which
can generally be classified into inorganic arsenicals (e.g., arsenate [As(V)] and arsenite
[As(III)]) and organoarsenicals (e.g., dimethylarsinic acid [DMA(V)], dimethylmonoth-
ioarsinic acid [DMMTA(V)], and dimethyldithioarsinic acid [DMDTA(V)]). Organoarseni-
cals can be formed via the methylation of inorganic arsenicals, a process known as the
detoxification [9]. Although the toxicities of inorganic arsenicals are greater than those
of organoarsenicals [2,10], interest in dimethylated arsenicals (particularly DMMTA(V)
and DMDTA(V)) has grown; this is because recent studies have demonstrated that the
half maximal inhibitory concentrations (IC50) of As(V), DMA(V), and DMMTA(V) against
human epidermoid carcinoma A431 cells were 571, 843, and 10.7 µM, respectively [11].
Another study reported that the 48 h acute toxicities (IC50) of As(V), DMA(V), DMMTA(V),
and DMDTA(V) against Daphnia magna were 9.5, <30, 1.7, and 6.5 mg/L, respectively [12].
Dimethylated arsenicals are potential human and ecological risks, as they have been de-
tected in various environments such as geothermal waters, paddy pore waters, landfill
leachate, and peatlands [13–17], as well as in foods such as seafood, rice grains, and other
rice products [18–20].
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Biochar is produced via pyrolysis of various biomass, such as agricultural waste and
sewage sludge. It has the ability to remove heavy metals and organic contaminants from
soil and water due to its high surface area and abundant surface functional groups [4,21–27].
However, oxygen-containing functional groups, such as carboxylic (-COOH), carbonyl
(-COH), and hydroxyl (-OH) groups, render the surface charge of biochar negative [28–31].
As a result, electrostatic repulsion can negatively affect the adsorption of anionic contami-
nants. To overcome this drawback, several previous studies have used biochar modified
with iron (Fe) oxides, and subsequently observed significant increases in the adsorption
capacity for anionic contaminants [32–39]. Fe oxides exist ubiquitously throughout the
environment and also exhibit a high binding affinity for anionic contaminants such as
As [40–47]. Kim et al. [48] assessed the adsorption capacity of As(III) by modifying Mis-
canthus biochar with Fe. The results of their study showed that the adsorption proportion
of As(III) for unmodified biochar and biochar modified with Fe were <10.4% and >72.3%,
respectively, confirming that the adsorption capacity increased approximately 7-fold after
modification with Fe. Furthermore, Wang et al. [32] analyzed the As(V) adsorption capacity
of Pinus taeda biochar modified with hematite, which was increased by approximately
1.6-fold after Fe modification. The maximum As(V) adsorption of biochar before and after
modification was 265.2 and 428.7 mg/kg, respectively, confirming that the As(V) adsorp-
tion capacity after Fe modification increased by about 1.6 folds. In addition, a notable
disadvantage of unmodified biochar was that it was difficult to separate and reuse [49];
whereas when modified with Fe oxides, biochar could be separated using magnetization
(i.e., ease of recovery). Phosphate recovery efficiency was recorded as 70.4% even after five
cycles of reuse, indicating that it could be used as a more efficient adsorbent compared to
other phosphate adsorbent materials [50]. Consequently, interest in biochar modified with
such Fe oxides has continued to increase [51,52].

Here, we aimed to assess the effectiveness of rice husk biochar (BC) as a tool for
reducing the mobility and toxicity of dimethylated arsenicals in the environment. In
particular, the change in adsorption capacity was observed by modifying BC with two-line
ferrihydrite, and the chemical forms of adsorbed dimethylated arsenicals were subsequently
assessed by using X-ray absorption spectroscopy (XAS). As there have been few studies
on the adsorption of dimethylated arsenicals from using Fe oxides and BC compared
to those on inorganic arsenicals, this study aimed to improve the understanding of the
adsorption characteristics of Fe/biochar composite (FeBC) for dimethylated arsenicals.
Furthermore, the findings of this study can provide justification for the inclusion of the
use of FeBC as part of risk mitigation measures for water and/or soil contaminated with
dimethylated arsenicals.

2. Materials and Methods
2.1. BC

The BC used in this study was prepared by thermally decomposing rice husk at
500 ◦C and was provided by the Water Quality Laboratory of Seoul National University
(Republic of Korea). The physicochemical characteristics of BC were analyzed in a previous
study [53], which revealed a mean pore size of 221 nm, a specific surface area of 24.34 m2/g,
an intra-particle porosity of 41.71%, and a skeletal density of 1.69 g/cm3. The respective
concentrations of C and O were 47.82% and 8.98%, whilst the O/C ratio was 0.14. The
provided BC was finely ground by using a pestle and subsequently stored in a desiccator.
The particle size of the ground BC was analyzed by using a particle-size analyzer (Partica
mini LA 350, Horiba, Kyoto, Japan).

2.2. Synthesis of FeBC

The synthesis of FeBC was performed according to a partially modified two-line
ferrihydrite synthesis method that has been previously reported [54]. Briefly, 15 g of BC
was added to 150 mL of 0.1 M iron(III) nitrate nonahydrate solution (Fe(NO3)3·9H2O,
≥99%, Daejung, Siheung-si, Republic of Korea); 1 M NaOH was then added to adjust the
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pH to 7.5. Distilled water was added to increase the volume of the solution to 200 mL. This
prepared solution was then reacted for 24 h at room temperature, with intermittent stirring,
and then solid–liquid separation was performed by using a vacuum filter (JS-2D, JEIL,
Seoul, Republic of Korea). The recovered solid was washed several times using distilled
water, dried at room temperature, and then stored in a desiccator. Elemental mapping
was performed by using field-emission scanning electron microscopy (FE-SEM) equipped
with an energy-dispersive X-ray spectrometer (EDS) (SU8220, Hitachi, Tokyo, Japan) to
analyze Fe on the surface of the synthesized FeBC. The particle size of FeBC was analyzed
by using the particle size analyzer, and the total Fe concentration of FeBC was measured
via digestion with aqua regia. FeBC (1 g) was placed in a 15 mL polypropylene tube,
and 10 mL of aqua regia (7.5 mL of HCl and 2.5 mL of HNO3) was added, followed by
reaction at room temperature for 24 h, and finally filtering through a 0.45 µm GHP filter
(Pall Corporation, Port Washington, NY, USA). Fe content analysis in this filtered solution
was performed at 248.3 nm, using an atomic absorption spectrometer (AAS) (AAS-6200,
Simadzu, Kyoto, Japan).

2.3. Equilibrium Adsorption Isotherm Experiments

Initial concentrations were prepared as follows; 10, 100, 200, 500, 1000, and 2000 mg/L
for As(V) (Na2HAsO4·7H2O, ≥99%, Wako, Japan); 10, 100, 200, 500, 1000, 2000, and
5000 mg/L for DMA(V) (C2H7AsO7, ≥99%, Sigma-Aldrich, St. Louis, MO, USA); 0.5, 5,
10, 20, 50, and 100 mg/L for DMMTA(V) (C2H7AsOS, 95%, Toronto Research Chemicals,
Toronto, ON, Canada); and 0.5, 1, 5, 10, 20, and 50 mg/L for DMDTA(V) (C2H6AsNaS2, 97%,
Toronto Research Chemicals, Toronto, ON, Canada). Adsorption isotherm experiments
were conducted after adjusting the pH to 7.0, using 0.1 M HCl and 1 M NaOH. A solution
containing 0.1 g of BC or FeBC and each As species (10 mL) was placed in a 50 mL
polypropylene tube, stirred at 120 rpm for 24 h, and then filtered by using a 0.45-µm
GHP filter. Thereafter, the concentration of As in the solution was analyzed at 196.696 nm,
using an inductively coupled plasma–optical emission spectrometer (ICP–OES) (Ultima 2C,
Horiba Jobin Yvon, Vénissieux, France).

To obtain the parameters that could explain adsorption characteristics, including max-
imum adsorption capacity (qm), for each As species, three different adsorption isotherm
models (i.e., Langmuir isotherm, Freundlich isotherm, and Temkin isotherm) were ap-
plied here. In our preliminary results (Supplementary Table S1), the Langmuir isotherm
(Equation (1)) showed the highest R2 values for dimethylated arsenicals, and therefore, its
parameters were derived and used for the assessment of adsorption characteristics here.

qe =
qmbCe

1 + bCe
(1)

where qe is the concentration of As adsorbed to the solid at equilibrium (mg/g), b is the
Langmuir constant (L/mg), and Ce is the concentration of As remaining in the liquid at
equilibrium (mg/L).

2.4. XAS

As K-edge XAS data were collected at the 10C wide XAFS beamline in the Pohang
Accelerator Laboratory, Korea, in fluorescence mode. To investigate the adsorption charac-
teristics of each As species (As(V), DMA(V), DMMTA(V), and DMDTA(V)) on FeBC (i.e.,
to confirm the chemical form of each As species adsorbed onto the two-line ferrihydrite
formed on the BC surface), raw spectra data were pretreated by using the Athena software
0.2.96, which involved the normalization of edge-step and background removal. This was
followed by linear combination fitting (LCF), using four kinds of As reference compounds
(As(V), DMA(V), DMMTA(V), and DMDTA(V)). In addition, the suitability of LCF fitting
was evaluated by using the R-factor value [55,56].
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3. Results and Discussion
3.1. Characteristics of FeBC

Figure 1 shows the FE-SEM images and elemental mapping results for the surfaces
of BC and synthesized FeBC. The Fe compositions of BC and FeBC surfaces, detected
via elemental mapping, were measured to be 0.2% (wt.%) and 17.6% (wt.%), respectively
(Figure 1c,f and Table 1). In addition, the result of aqua regia digestion showed that the
total Fe concentrations in BC and FeBC were 527 and 47,155 mg/kg, respectively (Table 1).
The difference in the Fe composition of BC and FeBC surfaces confirmed via elemental
mapping (88 folds; 0.2% and 17.6%, respectively) and that confirmed via aqua regia diges-
tion (89.5 folds; 527 and 47,155 mg/kg, respectively) were similar, thus suggesting that Fe
oxides’ precipitates were well dispersed across the FeBC surface (Figure 1b,e). The median
particle size of FeBC was approximately 56 µm.
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Figure 1. FE-SEM images and EDS elemental mapping results of BC and FeBC: (a) FE-SEM image of
BC, (b,c) elemental mapping results of BC, (d) Fe-SEM image of FeBC, and (e,f) elemental mapping
results of FeBC.

Table 1. Elemental mapping results (% surface Fe composition) for BC and FeBC, and total Fe
concentration analyzed via aqua regia digestion.

Sample Surface Fe Distribution (%) Determined
Using EDS Elemental Mapping

Fe Concentration (mg/kg)
Determined Using Aqua Regia
Digestion and AAS Analysis

BC 0.2 527
FeBC 17.6 47,155

BC, biochar; FeBC, Fe/biochar composite; EDS, energy-dispersive X-ray spectrometer; AAS, atomic absorp-
tion spectrometer.

3.2. Comparison of Adsorption Characteristics of Arsenicals on BC and FeBC

The qm of As(V), which was obtained via Langmuir isotherm fitting, was calculated
as 1.28 mg/g on BC and 6.32 mg/g on FeBC (Figure 2). The qm of As(V) on FeBC was
significantly increased compared to that on BC, which indicated that Fe oxides formed on
the surface of BC could serve as adsorption sites with a high efficiency for As(V) [32]. Most
BC surfaces are negatively charged due to the presence of oxygen-containing functional
groups such as -COO; therefore, it is difficult for them to adsorb anionic contaminants
such as As due to electrostatic repulsion [35,36,57–59]. However, BC modified with Fe can
increase the adsorption capacity for anionic contaminants, such as As, by neutralizing the
surface charge of BC, and thereby providing a positive adsorption site on the BC surface [33].
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Feng et al. [33] conducted adsorption isotherm experiments for reactive red 120 (RR120),
an anionic contaminant, at pH 3.5 and 7.5, using the Hickory chip (HC) and Fe-loaded
Hickory chip (FeHC). As a result, it was confirmed that the qm of RR120 for FeHC increased
to 32.0 mg/g at pH 3.5 (2.90 mg/g for HC) and to 79.4 mg/g at pH 7.5 (2.39 mg/g for
HC). It was concluded that the increase in the surface charge of HC after Fe loading (i.e.,
the point of zero charges (pzc) increased from about 2 to 9.19) accelerated the electrostatic
interaction between RR120 and the adsorbent, thereby increasing the adsorption capacity.
Additionally, Fan et al. [34] performed adsorption isotherm experiments on As(V) at pH 3.0,
using corn straw (CS) and Fe-infused CS (CS-Fe). They subsequently found that the qm
of As(V) for CS-Fe increased to 14.77 mg/g, compared to 2.86 mg/g for CS, which was
considered to be a result of the increase in adsorbent surface charge due to the increase in
the pzc (from 2.75 to 6.93). He et al. [60] also performed adsorption isotherm experiments
on As(V), using corn straw biochar (CSB) and Fe-infused CSB (FeCSB), and reported that
the qm values of As(V) for CSB and FeCSB at pH 7.0 ± 0.2 were 0.017 and 6.80 mg/g,
respectively, suggesting an estimated 400-fold improvement resulting from an increase in
pzc from 4.5 to 7.4. Table 2 summarizes the change in the anionic contaminant adsorption
capacity before and after dropping Fe into BC.
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Figure 2. Results of adsorption isotherm experiments for each As species (As(V), DMA(V),
DMMTA(V), and DMDTA(V)) for BC and FeBC. The maximal adsorption capacity (qm [mg/g])
and coefficient of determination (R2) of As(V) for BC were 1.28 and 0.2821, respectively. DMA(V),
DMMTA(V), and DMDTA(V) were not adsorbed onto BC. For FeBC, the qm (mg/g) values of As(V),
DMA(V), DMMTA(V), and DMDTA(V) were 6.32, 7.08, 0.43, and 0.28, respectively, whilst R2 values
were 0.6837, 0.7920, 0.5075, and 0.7724, respectively.

It was expected that the pzc values of BC prepared by pyrolysis at 500 ◦C ranged from
5.6 to 7.0 [61,62]. In addition, as the pzc of general two-line ferrihydrite was 8.0 to 8.4 [63],
the formation of two-line ferrihydrite on the BC surface caused a change in the electrostatic
interaction, with an increase in the pzc of BC simultaneously, which in turn increased the
adsorption capacity for As(V). Through processes such as post-synthetic modification, it is
possible to produce materials (i.e., adsorbents) that have the characteristics of both organic
and inorganic materials and compensate for each other’s disadvantages [64]. Adsorption
capacity can be improved not only by electrostatic interaction but also by van der Waals
interaction [65,66].
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Table 2. Changes in adsorption capacity for anionic contaminants before and after Fe modification
for various biomass-based adsorbents.

Biomass Used Contaminant
Maximum Adsorption Capacity (mg/g)

Reference
Biochar Fe/Biochar Composite

Hickory chips Anionic dye
(reactive red 120)

2.90 32.0 Feng et al. [33]
2.39 79.4

Corn stem As(III) 2.89 8.25 (Fe-Mn modified biochar) Lin et al. [35]

Pine wood As(V) 0.265 0.429 Wang et al. [32]

Corn straw As(V) 2.86 14.77 Fan et al. [34]

Activated carbon As(V) 17.86 20.24 Yao et al. [36]

Empty fruit bunch As(V) 5.5 15.2
Samsuri et al.

[37]
As(III) 18.9 31.4

Rice husk
As(V) 19.3 30.7
As(III) 7.1 16.9

Activated carbon As(V) 0.00 4.663 Tuna et al. [38]

Rice straw As(V) 0.552 5.923 Wu et al. [39]
BC, biochar; FeBC, Fe/biochar composite.

BC with a high porosity, high specific surface area, and abundant surface functional
groups has been widely used to adsorb organic pollutants [67,68]. However, our obser-
vations revealed that dimethylated arsenicals (DMA(V), DMMTA(V), and DMDTA(V))
were not adsorbed to BC (Figure 2). We presumed this was caused by the aforementioned
electrostatic repulsion (DMA(V), pKa = 6.2; DMMTA(V), pKa = 4.3, 6–7; and DMDTA(V),
pKa = 2.25) [69], as well as the effect of steric hindrance; however, further in-depth studies
are required to clarify these aspects. In contrast, the qm values of DMA(V), DMMTA(V), and
DMDTA(V) to FeBC were calculated as 7.08, 0.43, and 0.28 mg/g, respectively (Figure 2).
Consequently, Fe oxides (two-line ferrihydrite) formed on the FeBC surface were presumed
to have been the main factor in the adsorption of DMA(V), DMMTA(V), and DMDTA(V).
According to the results of adsorption isotherm experiments presented by Yoon et al. [12],
using As(V), DMA(V), DMMTA(V), and DMDTA(V) with amorphous Fe oxide two-line
ferrihydrite at different pH conditions, the qm values of As(V), DMA(V), DMMTA(V), and
DMDTA(V) at pH 7.0 were 61.6, 43.6, 14.0, and 2.5 mg/g, respectively. This indicated
that the qm of each As species to two-line ferrihydrite decreased as the methyl and thiol
group content increased (DMMTA(V) has one thiol group, and DMDTA(V) has two thiol
groups). Therefore, adsorption capacity was inhibited due to the presence of methyl and
thiol groups. Similarly, the present study confirmed that the qm for FeBC decreased as the
thiol content in organoarsenic species increased.

Yoon et al. [12] studied the species transformation potential of DMA(V), DMMTA(V),
and DMDTA(V) over 24 h, after adding 0.1 g of two-line ferrihydrite to solutions of
DMMTA(V) and DMDTA(V) at pH of 4.0, 7.0, and 10.0. Their results showed that no
species transformation occurred for DMMTA(V), and that DMDTA(V) was slightly oxidized
to DMMTA(V) (approximately 4.2%) at pH 7.0. In the present study, as the Fe content
of FeBC was approximately 12-fold lower than that of the two-line ferrihydrite used
by Yoon et al. [12] (i.e., Fe content for 0.1 g of two-line ferrihydrite [5Fe2O3·9H2O] was
58 mg [70], whilst Fe content for 0.1 g of FeBC was 4.72 mg), it was considered that no
significant species transformation of DMMTA(V) and DMDTA(V) had occurred.

3.3. Chemical Forms of Adsorbed Dimethylated Arsenicals on Two-Line Ferrihydrite

An X-ray absorption near edge structure (XANES) analysis was performed to evaluate
the chemical forms of dimethylated arsenicals adsorbed onto FeBC. As the main cause
of the adsorption of dimethylated arsenicals onto FeBC was presumed to be the two-line
ferrihydrite formed on the FeBC surface, the adsorption characteristics of dimethylated
arsenicals on FeBC were studied by using the As K-edge XANES spectra of two-line
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ferrihydrite samples adsorbed with DMA(V), DMMTA(V), and DMDTA(V). Figure 3 shows
the reference spectra of As(V), DMA(V), DMMTA(V), and DMDTA(V), as well as the K-edge
XANES spectra of dimethylated arsenicals adsorbed on two-line ferrihydrite. The reference
spectra of As(V), DMA(V), DMMTA(V), and DMDTA(V) showed absorption energies
(white-line energy position) of 11,875.3, 11,873.8, 11,873.4, and 11,872.6 eV, respectively
(Figure 3). It was confirmed that absorption energy decreased as the methyl and thiol group
content increased. A similar decrease in absorption energy according to the increase of
methyl and thiol group content has been reported previously (Table 3).
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Figure 3. As reference compounds (As(V), DMA(V), DMMTA(V), and DMDTA(V)) and K-edge
XANES spectra for two-line ferrihydrite, to which each As species was adsorbed. The dashed line
represents the absorption energy of 11,873.8 eV.

Table 3. Absorption energy (white-line energy position) (eV) of As species.

As Species Absorption Energy (eV) Reference

As(V) 11,875.3 Smith et al. [71]

As(V) 11,873.5 Jing et al. [72]
DMA(V) 11,873

As(V) 11,875
Maher et al. [73]DMA(V) 11,873

Monothioarsenate 11,871.3
Suess et al. [74]Dithioarsenate 11,870.3

Tetrathioarsenate 11,869.8

As(V) 11,873

Jeong et al. [69]DMA(V) 11,872
DMMTA(V) 11,871
DMDTA(V) 11,870

In contrast, except for the two-line ferrihydrite adsorbed with As(V), the absorption
energy of all samples adsorbed with DMA(V), DMMTA(V), and DMDTA(V) were the same
as that of the reference compound (11,873.8 eV). Figure 4 shows the results of LCF for
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the As K-edge XANES spectra of each As species adsorbed on two-line ferrihydrite. The
LCF results of the samples, in which each dimethylated arsenical was adsorbed on two-
line ferrihydrite, indicated that the adsorbed As forms were all DMA(V) (Figure 4). Kim
et al. [75] reported that ferric iron was able to serve as a catalyst to induce the oxidation of
DMDTA(V) to DMMTA(V) and DMA(V), whilst Kerl et al. [76] noted that an estimated 50%
of DMDTA(V) was converted to DMMTA(V) in an Fe-containing nutrient solution. Based
on the findings of these studies, the results of the present study seemed to suggest that the
partial oxidation of DMMTA(V) and DMDTA(V) may have occurred on the surface of FeBC,
and that DMA(V) formed via oxidation was immediately adsorbed on two-line ferrihydrite
formed on the surface of FeBC. As a result, the adsorbed dimethylated arsenicals appeared
in the form of DMA(V) (Figure 5).
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against the As K-edge XANES spectra (solid lines). The R-factors for each analysis were 0.0105, 
0.0014, 0.0027, and 0.0014 for the 2LF with adsorbed As(V), DMA(V), DMMTA(V), and DMDTA(V), 
respectively. (b) The stacked vertical bar indicates the ratio of As reference compounds (As(V), 
DMA(V), DMMTA(V), and DMDTA(V)) to compose the spectrum most similar to the spectrum of 
each sample, i.e., the proportion of As adsorbed to 2LF. 

Figure 4. (a) LCF results of each As species adsorbed on two-line ferrihydrite (2LF) (open circles),
against the As K-edge XANES spectra (solid lines). The R-factors for each analysis were 0.0105,
0.0014, 0.0027, and 0.0014 for the 2LF with adsorbed As(V), DMA(V), DMMTA(V), and DMDTA(V),
respectively. (b) The stacked vertical bar indicates the ratio of As reference compounds (As(V),
DMA(V), DMMTA(V), and DMDTA(V)) to compose the spectrum most similar to the spectrum of
each sample, i.e., the proportion of As adsorbed to 2LF.
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3.4. Environmental Implication

DMMTA(V) has been shown to exhibit high human- and eco-toxicity compared to
DMA(V) and DMDTA(V). Cytotoxicity levels (IC50) of As(III), DMA(V), DMMTA(V),
and DMDTA(V) in bladder cancer EJ-1 cells was reported to be 75 µM, ≥1 mM, 17 µM,
and ≥1 mM, respectively [77], whilst the 48 h acute toxicities (IC50) of As(V), DMA(V),
DMMTA(V), and DMDTA(V) against Daphnia magna was reported to be 9.5, <30, 1.7, and
6.5 mg/L, respectively [12]. In this study, it was confirmed that unmodified BC did not
adsorb these highly toxic dimethylated arsenicals and that the adsorption capacity of BC for
dimethylated arsenicals could be improved through surface modification with Fe oxides.
Meanwhile, the coexistence of Fe oxides, such as two-line ferrihydrite and dimethylated
arsenicals, induced transformation into DMA(V), which is less toxic in comparison to
DMMTA(V) or DMDTA(V).

4. Conclusions

In this study, the adsorption characteristics of As(V) and dimethylated arsenicals
(DMA(V), DMMTA(V), and DMDTA(V)) on BC and FeBC were assessed. As BC was
modified with two-line ferrihydrite, the maximum adsorption capacity of As(V) increased
approximately 5-fold, from 1.28 to 6.32 mg/g. This may have been due to the Fe oxide
modification, thereby increasing adsorption sites on the FeBC surface and decreasing the
electrostatic repulsion. Dimethylated arsenicals did not adsorb onto BC, whereas on FeBC,
DMA(V), DMMTA(V), and DMDTA(V) showed maximum adsorption capacities at 7.08,
0.43, and 0.28 mg/g, respectively. As such, dimethylated arsenicals were adsorbed through
the reaction with two-line ferrihydrite presented on the surface of FeBC. Similar to ob-
servations in previous studies, adsorption inhibition was observed with an increase in
thiol-group content. The XANES-LCF analysis confirmed that the main form of dimethy-
lated arsenicals adsorbed to two-line ferrihydrite was DMA(V). This indicated that FeBC
could be utilized to lower the mobility of dimethylated arsenicals in the environment and
to transform them into less hazardous forms.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics10110703/s1, Table S1: Parameters obtained through Langmuir
model, Freundlich model, and Temkin model after isothermal adsorption experiments for each As
species on FeBC.
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