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’ INTRODUCTION

Thewidespread presence of As throughout the world naturally
or anthropogenically is of great concern. Natural phenomena,
such as weathering and biological activities, along with agricul-
tural uses and industrial activities, are responsible for As intro-
duction to the environment.1,2 MMA and DMA are produced
from arsenate (AsV) or arsenite (AsIII) via methylation by many
organisms in the environment.1 MMA and DMA are also demethy-
lated to AsV or AsIII. Methylation/demethylation is a dynamic
process, and the seasonal variation of As species between inorganic
to organic species has been reported.3 The factors affectingmethyla-
tion/demethylation seem to be redox potential as well as type of
microbial community.1,4

The agricultural application of MMA and DMA often leads to
their sorption to soil constituents. MMA and DMA were detected
in soils 1.5 years after application, and the half-lives of MMA
and DMA were estimated to be 20 and 22 days, respectively.5

Studies have shown that MMA and DMA are mainly sorbed to
Fe-oxyhydroxides in the soil.6,7 However, they can also percolate
into the groundwater. Inorganic As species, AsIII and AsV, are
detected in the surface water and groundwater nearby or beneath
agricultural fields that have receivedMMA andDMA as herbicides

and pesticides.8 These studies highlight that MMA and DMA are
subject to various biogeochemical processes with natural compo-
nents in the environment, such as sorption, desorption, reduction,
oxidation, methylation, and demethylation.

Despite the large application and the toxicity of MMA and
DMA, little information is available about their behavior in the
environment. MMA and DMA application is generally contin-
uous for years, yet the effect of long-term application/contact
time is not understood well. Studies on AsV have shown that AsV

desorption from γ-Al2O3 is decreased as the residence time
increases.9 X-ray absorption near edge structure (XANES)
studies show that aged samples have features similar to an Al�As
bearing mineral mansfieldite (AlAsO4 3 2(H2O)). On the other
hand, another EXAFS study has revealed that aged samples do
not have any features similar to As�Fe bearing minerals, such as
scorodite (FeAsO4 3 2(H2O)) during the desorption of As

V from
goethite.10 Residence time effects can vary, and the effect of
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ABSTRACT: Methylated forms of arsenic (As), monomethy-
larsenate (MMA), and dimethylarsenate (DMA) have histori-
cally been used as herbicides and pesticides. Because of their
large application to agriculture fields and the toxicity of MMA
and DMA, the persistency of these compounds in the environ-
ment is of great concern. MMA and DMA sorption and
desorption were investigated in soils, varying in mineralogical
and organic matter (OM) contents. Sorption studies showed
that the MMA sorption capacity and rate were greater than
DMA sorption. Al/Fe-oxyhydroxides were the main sorbents in
the soils, and the sorption capacity was proportional to the
Al/Fe concentration in the soils. Extended X-ray absorption fine
structure (EXAFS) studies showed that both MMA/DMA-Fe
interatomic distances were around 3.3 Å, which were indicative
of bidentate binuclear inner-sphere complex formation. Desorption studies showed that not all of the sorbed MMA or DMA was
desorbed due to the strong binding between MMA/DMA and Al/Fe-oxyhydroxide surfaces via possible inner-sphere complex
formation. The amount of the desorbed MMA and DMA decreased as the sorption residence time increased. For example, 77% of
sorbed MMA was desorbed from the Reybold subsoil after 1 day residence time, while 66% of sorbed MMA was desorbed from the
soil after six months of residence time. The decreases in desorption were likely due to As speciation changes from MMA/DMA to
inorganic arsenate, which was more strongly bound to the surface.
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residence time on MMA and DMA sorption to soils is unknown.
The long-term incubation of MMA and DMA can cause the
biotransformation of As species, and the effect of biotransforma-
tion on desorption requires further investigation. It is known that
AsV forms inner-sphere complexes, especially bidentate binuclear
complexes with ferrihydrite, goethite, gibbsite, and γ-Al2O3, and
MMA and DMA form bidentate binuclear complexes with
amorphous aluminum oxide (AAO).2,11�13 MMA and DMA
sorption mechanisms to Fe-oxyhydroxides, such as goethite, are
not understood well. Investigations on the sorption mechanisms
would help to predict the sorption/desorption behavior of MMA
and DMA in soils.

Therefore, the objective of this study is to elucidate the soil
characteristics that affect MMA and DMA sorption, investigate
residence time effects on MMA and DMA desorption, and
identify sorption mechanisms between MMA and DMA and
goethite. Goethite was chosen as a model Fe-oxyhydroxide due
to its presence in soils.

’MATERIALS AND METHODS

The details of Materials and Methods are in the Supporting
Information.
Materials. Reagent grade AsV, MMA, and DMA were used

throughout this study. Goethite was synthesized according to the
method described by Schwertmann and Cornell and verified by
XRD analysis.14

The soils that were studied include the topsoil and subsoil of a
sandy soil (Fort Mott, Areic Hapludult), a high OM soil (Mullica,
Typic Umbraquept), a sandy loam soil (Reybold, Typic Hap-
ludults), and a high Fe containing soil (Cecil, Typic Kanhapludults).
The soils were air-dried, ground, passed through a 2 mm sieve, and
stored in a refrigerator until experiments were conducted. Soil
pHwater, organic matter content, and various elemental concentra-
tions were measured, using standard methods (Table S2).
Sorption Isotherm Studies. Sorption isotherms were deter-

mined via batch experiments at pH 6 ( 0.1 with various As
concentrations, ranging from 50 μM to 2 mM. Soil suspensions
(50 g/L) containing 0.01 M NaNO3 were placed in 50 mL
polypropylene centrifuge tubes and equilibrated at pH 6 for 24 h.
The pH values of solutions were measured three times daily and
were adjusted with 0.1 M HNO3 or 0.1 M NaOH at pH 6. The
suspensionswere centrifuged, and supernatantswere collected using
0.22 μmpore size Nylon syringe filters. The As concentrations were
analyzed using high performance liquid chromatography inductively
coupled plasma mass spectrometry (HPLC-ICP-MS).
Sorption Kinetics Studies. Sorption kinetics experiments

were conducted using a 50 g/L soil suspension and 0.1 mM
MMA or DMA in 0.01 M NaNO3 at pH 6 with 1 mM 2-(N-
morpholino)ethanesulfonic acid (MES) buffer. The samples
were reacted for various time periods (10 min, 30 min, 1, 2, 6,
12, 24, 48, and 96 h). Suspensions were filtered through 0.22 μm
pore size filters. The As concentrations were analyzed using
HPLC-ICP-MS.
Desorption Studies. Prior to desorption, 50 g/L soil suspen-

sions were reacted with 0.1 mM MMA or DMA in a 0.01 M
NaNO3 solution at pH 6 for 24 h. After centrifuging, the
supernatants were decanted, and the wet soils were saved for
the desorption study. The soils were kept in open top bottles
covered with aluminum foil to block light and stored in a growth
chamber with humidity of 60% for up to 6 months. The water
content of the soils was maintained at 75% field capacity. Water

was added, and the soils were mixed and homogenized weekly.
After 1 day, 1, 3, and 6 months, small amounts of soils were
collected for the desorption experiments. Approximately 1 g of
each soil was placed in 50 mL centrifuge tubes and equilibrated
with 1 mM phosphate solution, which had a concentration 10�
higher than the initial concentrations of MMA or DMA, at pH 6
for 24 h. The tubes were centrifuged, and the supernatants were
removed for As speciation analysis. Methylarsenate free 1 mM
phosphate solutions were added, and above the process was
repeated for 1 week.
X-ray Absorption Spectroscopy (XAS) Investigations. All

XAS samples were prepared by reacting 0.1 mMMMA or DMA
with 25 g/L goethite suspensions at pH 5 for MMA and pH 6 for
DMA samples. After 24 h of reaction, samples were centrifuged
and washed with 0.01 M NaNO3 twice to remove excess As
compounds. The wet paste was kept moist by sealing the tubes
and analyzed at arsenic K-edge (11,867 eV) at beamline X11A at
the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory, Upton, NY. The SIXPack/IFEFFIT pro-
gram package was used to analyze the data.15 Fourier transfor-
mation was then performed over the k-space range from 2.8 to
10.5 Å�1 for MMA and from 2.8 to 12.5 Å�1 for DMA to obtain
the radial distribution functions. Final fitting of the spectra was
conducted on Fourier transformed k3 weighted spectra in R
space. TheWebAtoms and FEFF7 code were utilized to calculate
single scattering theoretical spectra for As�O and As�Fe back-
scatters using an input file based on the structural refinement of
scorodite minerals. During the fitting process, the coordination
numbers for MMA and DMA, As�O and As�C, and As�O�O
were fixed to reduce adjustable parameters. Only the As�O�O
multiple scattering path was included in the fitting, since
As�C�O and As�C�C paths had less contributions.

’RESULTS AND DISCUSSION

EXAFS Studies. XAS studies on MMA and DMA sorption on
the soils were not investigated due to the low sorption on the soils.
Instead, MMA and DMA sorption was conducted on goethite, an
Fe-bearing mineral and one of the main sorbents of MMA and
DMA in the soils (Table S2). Based on the fit for MMA sorbed on
goethite, the As�Obond distance was calculated to be 1.70 Å, and
the As�C bond distance was 1.89 Å (Table 1). The As�O and
As�C bond distances from this study agreed with other experi-
mental studies and XAS investigations.2,16,17 MMA sorption
resulted in a Fe shell peak appearing in the Fourier transformed
k3 weighted spectra in R space (Figure 1). Approximately 1.8 Fe
atoms were located at an As�Fe interatomic distance of 3.31 Å.
The coordination number and As�Fe distance were indicative of
MMA-goethite bidentate binuclear complexes, which agreed with
both MMA-nanocrystalline titanium oxide, MMA-AAO, and AsV-
goethite bidentate binuclear complex formation.2,10,12,17�19 The
previous studies reported the As�Fe interatomic distance to be
between 3.23 and 3.37 Å for As�Fe bidentate binuclear com-
plexes. Based on the fit for DMA sorption on goethite, the As�O
bond distance was calculated to be 1.71 Å, while the As�C bond
distance was 1.91 Å (Table 1). The As�O and As�C bond
distances from this study agreed with other experimental studies
and XAS investigations.2,16,17 DMA sorption also resulted in a Fe
shell peak (Figure 1) with 1.9 Fe atoms located at an As�Fe
interatomic distance of 3.30 Å. The coordination number and
As�Fe distance were indicative of DMA-goethite bidentate bi-
nuclear complexes, which is consistent with published EXAFS
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studies and density functional theory (DFT) studies, reporting
As�Fe bidentate binuclear complex formation.12,19

It has been reported that DMA forms monodentate mono-
nuclear complexes with nanocrystalline titanium oxide and
bidentate binuclear complexes with AAO.2,17 The difference in
the type of DMA surface complexes could be due to differences in
experimental conditions and the surface charge of titanium oxide
and Fe-oxyhydroxide.2 The As�Fe interatomic distance of 3.30
Å is too close for As�Fe monodentate mononuclear complexes,
which is 3.6 Å based on EXAFS studies and 3.67 Å based on DFT
calculations.12,19 The coordination numbers of As�Fe themself
cannot be conclusive due to the large standard deviation.
Considering both interatomic distance and coordination num-
ber, we conclude that DMA forms bidentate binuclear complexes
with goethite. Although we report inner-sphere complex forma-
tion between MMA/DMA and goethite, it is not the only MMA
and DMA sorption mechanism on goethite. It is likely that MMA
and DMA also simultaneously form outer-sphere complexes
based on other studies.20,21 The As�Fe interatomic distance
in outer-sphere complexes is greater than 5 Å.21 With the long
interatomic distances, the As�Fe scattering becomes extremely
weak, and the variation in the interatomic distance increases the
Debye�Waller factor to an extremely large value such that the
As�Fe peak observed in Fourier transformed spectra is not
intense enough to be fit. The EXAFS spectroscopy technique is
not suitable for studying the longer interatomic distances of
outer-sphere complexes. In situ resonance X-ray scattering and
Fourier transform infrared spectroscopy (FTIR) studies were
able to identify the outer-sphere complex formation between AsV

and hematite and DMA and goethite/hematite.20,21 The reso-
nance X-ray scattering study was able to locate As atoms as far as
2.9 Å above the terminal oxygen atoms of the hematite surface,
forming outer-sphere complexes. The FTIR study observed peak
changes due to outer-sphere complex formation between DMA
and goethite. Since themolecular structure ofMMA and sorption
behavior of MMA toward goethite/hematite are comparable to
AsV and DMA, it is possible that MMA also forms outer-sphere
complexes with goethite.
Sorption Isotherms. Sorption isotherms for MMA and DMA

exhibited L-shaped (Langmuir) type isotherms (Figure 2).22 The
sorption percentage decreased as initial As concentration increased,
because available sorption sites decrease as the sites are occupied by

more MMA or DMA. For both MMA and DMA sorption samples,
the highest sorption occurred in the Cecil subsoil, which contained
the highest amount of Al/Fe-oxyhydroxides (Table S2). Sorption
maxima, based on the Langmuir equation, were also the highest for
the Cecil subsoil (Table S3). At the initial MMA or DMA
concentrations of 2 mM, the overall order of the highest MMA
and DMA sorption on the soils was as follows: Cecil subsoil >
Reybold subsoil > Cecil topsoil > Mullica topsoil. The sorption
capacity order was approximately proportional to the Al/Fe-oxy-
hydroxide concentration in the soils (Figure S3) with R2 values
between CBD extracted Fe content and MMA/DMA sorption of
0.66 and 0.74, respectively. Such correlation is consistent with other
studies.2,11,23�25 MMA and DMA sorption to other soil compo-
nents, such as clay minerals or quartz, is likely not as significant as
Al/Fe-oxyhydroxides, based on AsV sorption to these minerals.26,27

In fact, the Fort Mott soils with the highest sand content sorbed the
least amounts of both MMA and DMA.
Possible sorption mechanisms between MMA or DMA and

Al/Fe-oxyhydroxides are inner-sphere complexes and outer-
sphere complexes. In this study, we consider that inner-sphere
complexes are due to ligand exchange and MMA and DMA are
directly bound to the surface and outer-sphere complexes are due

Figure 1. MMA and DMA XAS spectra in (a) k space, (b) Fourier
transformation of XAS spectra, and (c) molecular configurations of
MMA and DMA sorbed on goethite cluster created by GaussView.36

Table 1. Structural Parameters for XAS Analysis of MMA and
DMA Sorbed on Goethite

MMA-Fe DMA-Fe AsV�Fe g

As�O CN a (Fixed) 3 2
R b (Å) 1.70 ( 0.008 f 1.71 ( 0.0056
σ2c(Å2) 0.0010 ( 0.0007 0.0011 ( 0.0005

As�C CN (Fixed) 1 2
R (Å) 1.89 ( 0.01 1.91 ( 0.009
σ2 (Å2) 0.001 ( 0.001 0.0009 ( 0.0004

As�O�O CN (Fixed) 6 2
R (Å) 3.12 ( 0.05 3.15 ( 0.02
σ2 (Å2) 0.0069 ( 0.004 0.0070 ( 0.003

As�Fe CN 1.8 ( 1.1 1.9 ( 0.5 1.3�2.9
R (Å) 3.31 ( 0.03 3.30 ( 0.08 3.23�3.37
σ2 (Å2) 0.008 ( 0.002 0.0069 ( 0.0008 0.0028�0.01
E0

d (eV) 4.13 ( 0.9 4.30 ( 0.86
S0

2e (Fixed) 0.98 0.98
aCoordination number. b Interatomic distance. cDebye�Waller factor.
d Energy shift. eAmplitude reduction factor. f Standard deviation. g Se-
lected references of AsV sorbed on goethite analyzed by EXAFS.10,12,18,19
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to electrostatic interactions or hydrogen bonding to the surface
andMMA andDMA are not directly bound to the surface. Inner-
sphere complex formation has been discussed above. Outer-
sphere complexes can be formed between negatively charged
MMA/DMA and the positively charged Al/Fe-oxide surface. At
pH 6, the dominant MMA (pKa1 = 4.2) species was
CH3HAsO3

�, and similar amounts of both DMA (pKa = 6.1)
species, (CH3)2HAsO2 and (CH3)2AsO2

�, existed (Table S1).
The Al/Fe-oxyhydroxide surface is positively charged at pH 6,
since the PZC values of these oxyhydroxides are often above pH
8.2,11,25,28 Thus, the experimental conditions in this study would
promote outer-sphere complex formation ofMMA or DMAwith
the Al/Fe-oxyhydroxide surface. At pH 6, other soil constituents,
such as clays, are likely negatively charged based on their PZC
values, which are between 2 and 4.22 Negatively charged As
species are less likely to sorb on negatively charged clays. The
main sorbents in our study are likely Al/Fe oxyhydroxides.
Sorption Kinetics Studies.The sorption kinetics experiments

revealed biphasic sorption characteristics: fast initial sorption
followed by slow continuous sorption (Figure 3), similar to other
As sorption kinetics studies.2,29,30 The possible slow continuous
sorption could be attributed to diffusion into the interiors of
aggregates or different sites of reactivity.10,29

The MMA and DMA sorption rates are also approximately
proportional to the Al/Fe concentration in the soils (Table S4).
The first order kinetics model was applied, and initial rate
constants were estimated (Table S4). Among MMA sorption
samples, the Cecil subsoil had the fastest sorption rate. Almost
100% (of the initialMMA added) was sorbed within 1 h of reaction.
Initial MMA sorption on the Reybold subsoil was only 70% of

initial MMA, but by the end of the 96 h reaction period, total
sorption was close to what was observed for the Cecil subsoil. The
third highest amount ofMMA sorption was observed for the Cecil
topsoil with 63% sorption. The other soils had similar amounts of
MMA sorption ranging from 20 to 34% of initially added MMA
(Figure 3). DMA sorption on these soils showed a similar trend,
but the sorption capacity was lower thanMMA sorption, the Cecil
subsoil sorbing 95% of initially added DMA, the Reybold subsoil
sorbing 67%, and the Cecil topsoil sorbing 45%. The remaining
five soils had around 25% sorption at 96 h. For the Cecil subsoil,
the Reybold subsoil, and the Cecil topsoil, the rapid sorption
continued for the first 24 h. For the other five soils, the rapid
sorption continued for only the first 6 h.
MMA sorption was consistently higher than DMA sorption in

both the isotherm and kinetics studies, similar to MMA and DMA
sorption to ferrihydrite, goethite, and AAO.2,25 The main cause of
lower sorption for DMA is possibly due to the additional methyl
group substitution.2,25 The additional methyl group eliminates a
deprotonation site from DMA so that DMA is less negatively
charged at any given pH,which leads to less electrostatic attraction.
Less electrostatic attraction can affect the amount of outer-sphere
complex formation.21,31 Additional methyl groups also make the
DMA molecule larger, occupying more space per molecule. Less
hydrogen bonding is formed with the oxide surface oxy/hydroxyl
groups. Thus, fewer potential As binding sites are available for
inner- and outer-sphere complex formation.
The Effect of OrganicMatter on Sorption.Organic matter is

generally a negatively charged component and can interact with

Figure 3. MMA (a) and DMA (b) sorption kinetics.

Figure 2. Sorption isotherm studies. a) MMA sorption to soils and b)
DMA sorption to soils. Lines are based on fitted Langmuir equation.
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positively charged Al/Fe-oxyhydroxides at pH 6. OM can sorb to
Al/Fe-oxyhydroxides and compete with As for the same binding
sites, resulting in less As sorption to the oxyhydroxides.32 In
addition, the sorption of OMon Al/Fe-oxyhydroxides lowers the
PZC of the oxyhydroxides,33 causing the Al/Fe oxyhydroxide
surfaces to be less positively charged, which results in less
electrostatic attraction and, therefore, less sorption. The Mullica
topsoil, which had the highest OM% of the soils, sorbed the least
amount of MMA and DMA at lower initial MMA and DMA
concentrations (Figure 2). The Mullica topsoil had the second
lowest Fe-oxyhydroxide concentration but had over 1000 mg/kg
Al-oxyhydroxides (Table S2), which was higher than the other
soils that had higher MMA and DMA sorption than the Mullica
topsoil. It is possible thatMMA andDMA competed for the same
binding sites with OM in the Mullica topsoil, and many available
binding sites were preoccupied by OM, resulting in lower MMA
and DMA sorption to the Mullica topsoil. However, a clear
correlation between OM % and MMA and DMA sorption was
not observed among the soils (Figure S3). In addition, the
sorption data were plotted against OM % divided by total Fe-
oxyhydroxide (OM%/total Fe-oxyhydroxides), but a clear linear
correlation was not observed (data not shown). It is possible that
the effect of Fe-oxyhydroxides on MMA and DMA sorption is
much greater than OM, which masks a correlation between OM
and MMA and DMA sorption. Further sorption studies on more
soils with various OM % would be required to determine the
effect of OM on MMA and DMA sorption.
Desorption. Results from the desorption of MMA and DMA

reacted samples (MMA samples and DMA samples) varied from
soil to soil (Figure 4), and no significant correlations between the
amount of desorption and specific soil characteristics, such as Al/
Fe-oxyhydroxide concentrations or OM % in the soils, were
observed. AsV and DMA were produced as a result of methyla-
tion and demethylation of MMA or DMA by microbes, which
likely occurred during the soil incubation,1 which agreed with
other studies where initially applied MMA and DMA were
demethylated to inorganic As species.4,5,8,34 In a separate study,
most of the sorbed As species was AsV when the Reybold subsoil
was incubated for 1 year under different incubation conditions.4

In MMA samples, after 1 day of sorption, 64�84% of sorbed
MMA was desorbed, and all of the desorbed As was MMA
(Figure 4, S4). The total desorbed As, the sum of desorbed
MMA, DMA, and AsV, decreased over time. After 6 months of
residence time, 42�77% of sorbed As was desorbed. The Cecil
subsoil had the highest As retention. After 1 day of sorption, 65%
of sorbed MMA was desorbed. The percentage finally dropped to
42% after 6 months of incubation. In DMA samples, the average
As desorption was higher than for the MMA samples. After 1 day
of sorption, 73�88% of sorbed DMA was desorbed (Figure S4).
The total desorbedAs, the sumof desorbedMMA,DMA, andAsV,
also decreased over time. Among the soil samples, the Fort Mott
topsoil retained the highest amount of As (Figure 4). After 1 day of
sorption, 77% of the sorbed DMA was desorbed. The desorption
percentage dropped to 56% after 6 months incubation.
There are several possible explanations for decreasing total

As desorption with longer residence times. MMA and DMA
desorption is often limited by diffusion processes.29 At the fast
initial MMA andDMA sorption phase, they can be sorbed on the
exterior of mineral particles, which can be accessible over short
times. At longer reaction times, MMA and DMA diffuse into the
interior of particles and micropores. The MMA and DMA from
the interiors of particles have to diffuse out to be desorbed.

In theory, if the diffusion into the interior of particles takes a
month, the diffusion from the interior of particles requires the
same amount of time. Soils are heterogeneous systems that
consist of networks of macro- and micropore/particles that
promote diffusion processes. Thus, 1 week might not be long
enough to desorb part of the MMA and DMA, and they would
remain in the soils.
Another possible explanation for the less desorption at longer

residence times could be due to a transformation in sorption
complexation.9 Over time, MMA or DMA sorbed via electro-
static attraction or outer-sphere complexes may transform to
inner-sphere complexes, causing theMMA and DMA to be more
difficult to desorb.
Also, the formation of stable surface precipitate/sorption

complexes is possible as observed in other studies.9 Even though
our systems had a water content of 75% field capacity, a part of
the Al/Fe-oxyhydroxide surface can be dissolved at the mineral/
water interface. When both MMA and DMA form bidentate
binuclear complexes with Fe-oxyhydroxides (Figure 1), MMA
still has an oxy/hydroxyl group that is not involved in complex
formation. The oxygen atoms in the oxy/hydroxyl group have
lone pairs of electron that make the functional group relatively
negatively charged and can electrostatically attract positively
charged Al/Fe ions, while DMA has only two methyl groups
not involved in complex formation. Methyl groups are neutral
functional groups and cannot electrostatically attract Al/Fe ions.
The decrease in As desorption in the MMA reacted Cecil subsoil
is much larger than the DMA reacted Cecil subsoil, which could
be due to surface precipitate formation.

Figure 4. MMA and DMA desorption as affected by residence time a)
total As desorption (the sum of MMA, AsV, and DMA) from MMA
reacted samples and b) total As desorption (the sum of DMA and AsV)
from DMA reacted samples.
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Another possible explanation for less desorption at longer
residence times is due to the increasing sorption of AsV. A portion
of sorbed MMA and DMA is demethylated to AsV, and the AsV is
sorbed on the soils.Microfocused XANES analysis of sorbedAs on
the Reybold subsoil identified an increasing peak that corre-
sponded to AsV as sample incubation time increased up to
1 year.4 The same situation can be applied to this study. Subse-
quently, the sorbed AsV was desorbed by phosphate (Figure S4),
which confirmed the demethylation and sorption. The demethyla-
tion increases over time, and more AsV is produced and sorbed to
the soils. Although irreversible sorption behaviors are observed for
AsV, MMA, and DMA, the AsV retention is the highest so that AsV

is not desorbed as easily asMMA andDMAeven though phosphate
was applied for a week, resulting in decreases in the amount of
desorption.2,25 No AsV was desorbed from the 1 day samples, but
desorbedAsV ranged from less than 1% to 14% of sorbedMMAand
1.5% to 39% of sorbed DMA for the six month samples.
The irreversible sorption was observed evenwhen the residence

time was only 1 day (Figure 4). As the EXAFS studies (Figure 1)
suggest, the irreversible sorption is likely due to inner-sphere
complex formation, which often causes irreversible processes.22

The differences in desorption amounts between MMA and DMA
are likely due to the DMA bidentate binuclear complex being not
as strong as the MMA bidentate binuclear complex, and the
complex formation can be reversible to some extent.2 Another
possibility is thatMMA andDMA simultaneously form both inner
and outer-sphere complexes, and the ratio of inner-sphere com-
plexes to outer-sphere complexes is different. DMA could form a
larger proportion of outer-sphere complexes than AsV or MMA
does, which can be easily desorbed. Further sorption mechanism
studies, such as resonance anomalous X-ray reflectivity measure-
ments, can help to verify such speculation.
The effect of OM on demethylation is not clear. Topsoils have

higher rates of demethylation and higher OM % compared to
corresponding subsoils (Figure 4 and Table S2). The OM can be
enhancing microbial activity, but studies have shown that the
addition of cellulose or carbohydrates actually retard the methy-
lation/demethylation rate.34,35 A clear conclusion on the effect of
OM cannot be made, but it is possible that microbial community
diversity could affect the degree of demethylation. Also, in the
soil samples, the higher degree of DMA demethylation over
MMA demethylation is consistent with other studies and is likely
due to the weaker sorption affinity for DMA that can promote
more demethylation by microbes.34

Environmental Significance. A better understanding of
MMA and DMA sorption/desorption is critical to predict the
fate of these chemicals in the environment. Our study revealed
that MMA and DMA are mainly sorbed to Al/Fe-oxyhydroxides
in soils, and the sorption rate and capacity depends on the
quantity of Fe and Al. A part of the irreversible MMA and DMA
sorption is due to the strong inner-sphere bidentate binuclear
complex formation between MMA and DMA and the goethite
surface, similar to AsV sorption on goethite. The decreasing
desorption of MMA and DMA over time suggests a possible
accumulation of As as either organic or inorganic species during
long-term agricultural applications. When these fields are used
for agricultural production, the uptake of As by plants is possible.
Accordingly, MMA and DMA sorption/desorption and bio-
transformation can play an important role in total arsenic cycling
in the environment. Understanding MMA and DMA sorption
mechanisms are also useful for establishing important parameters
for surface complexation model development.
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