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The methylation reaction of inorganic arsenic occurring in aquatic systems was studied by HPLC-HG-
AFS as a method to separate and detect soluble methylarsenic species. Transformation from inorganic
arsenic to methylarsenic was essential for major changes in toxicity to organisms. Monomethylarsenic
[AsOCH3(OH);] was the only product in the methylation reaction of inorganic arsenic(III) with
methyl iodide (Mel). This process can be described as an oxidative carbonium-ion transfer, with Mel
acting as a methyl donor. From a thermodynamic point of view, the activity of the carbonium ion and
pH were the two major influencing factors. The pH dependence of redox potential of As(III) was the
reason for the effect of pH on methylation of arsenic. The influences of salinity and concentration
of the methyl donor may be explained by their effects on the activity of carbonium. Moreover,
kinetics experiments demonstrated that the methylation reaction was first-order for both As(III) and
methyl iodide. First-order reaction rates were also calculated at different pH, salinity and Mel, and
were found to be in the range 0.0026-0.0123 h~1. The methylation rate varied largely under different

reaction conditions. Copyright © 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

Arsenic compounds are used widely as biocides or
preservatives and released into the environment as a
byproduct of industrial processes such as mining, smelting
and fossil-fuel combustion.! Owing to their increased levels
in the environment and their well-known toxicity to animals
and human beings, arsenic compounds are of great concern.
Arsenic exposure via drinking water has been reported in
many countries, such as West Bengal and India, where the
groundwater was polluted by arsenic at high levels.?

As an important transformation and transportation path-
way of arsenic, methylation of arsenic has been widely stud-
ied. During the late 1930s and 1940s, Challenger demonstrated
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that toxic ‘Gosio Gas’, trimethylarsine, could emanate from
damp wallpapers laden with arsenic-containing pigments.>*
Research has indicated that the ability to produce methy-
larsine is widespread amongst yeasts, fungi, algae, animals,
plants, bacteria and even humans. For example, McBride
etal. proved that anaerobic methane bacteria can synthe-
size dimethylarsine;® Arsenic oxide can be methylated by
fungi from sewage (C. humicola and S. brevicaulis) to yield
trimethylarsine and small amounts of monomethylarsine.®
Burrowing organisms (Nereis succinea, Macoma balthica, and
Micrura leidyi) transport arsenic out of contaminated sedi-
ments with trace amounts of methylated arsenic compounds.”
Braman and Foreback reported the occurrence of non-volatile
methylarsonate and dimethylarsonate in many environmen-
tal samples, including seashells, eggshells, natural waters and
human urine.® All such studies have shown that biological
methylation is an important methylation pathway of arsenic.

Besides biomethylation, other studies have demonstrated
that photochemical methylation of inorganic elements also
exists as a parallel process in the environment. Akagi et al.
demonstrated that it is possible for methylmercury to be
produced by pure chemical reactions in natural environments
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Figure 1. Schematic of the Challenger mechanism for arsenic
methylation.

under the influence of sunlight.>° Similarly, volatile and
nonvolatile alkyl-arsenic species can also be yielded through
chemical reaction of acetic acid, propionic acid and butyric
acid under ultraviolet irradiation.'’'> Moreover, chemical
methylation of elements like tin and mercury may also occur
in natural conditions with exocellullar methylating agents
such as methylcobalamin and methyl iodide.'’>!* However,
there are few reports on chemical methylation of arsenic.

In a previous study, a mechanism was proposed for
how methylation reactions of arsenic occur in natural
environments.”® The methylation mechanism, shown in
Fig. 1, consists of alternating sequences of reductive and
oxidative methylation. The thermodynamic plausibility
of arsenic methylation was predicted using quantum
chemical methods.’® Although much effort has been made
to understand methylation of the elements in natural
environment, some aspects of methylation remain largely
unknown, such as the major transformation pathway, other
methyl donors, methylation pathway and so on. Thus,
additional researches in this field are needed.

The first methylation step, from inorganic arsenic to
methylarsenic, is very important for radical change of the
toxicity of arsenic compounds. Methyl iodide exists widely
in the aquatic environment, and is easily produced by macro
algae and kelp.!”18 Therefore, methyl iodide was used as the
model of methyl donor to study the methylation reaction
from inorganic arsenic to methylarsenic in aquatic systems
in this paper. The influences of three important factors,
pH, concentration of methyl donor and salinity, on arsenic
methylation in the aquatic environment, were taken into
account and kinetic experiments of methylation reaction were
carried out.

EXPERIMENTAL SECTION

Materials
All reagents were obtained commercially and used without
further purification unless otherwise stated. Standards of
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monomethylarsenic acid were obtained from Sigma Chemical
Company (USA). Iodomethane (99.5%) was purchased from
Phentex Corp. (USA). Sodium arsenite (95%) was obtained
from Beijing Chemical Factory (China).

Experiment design

In general, methylation reactions took place in darkness at
about 30°C using 50 ml aqueous solutions in 100 ml vials
sealed with septa. For all experiments, 100 ul of 2.5 mg ml™"
Na,AsO; stock solution in 2moll™! HCl were used as
inorganic arsenic source. The pH value of the reaction system
was adjusted using 0.1 mol 1" NaOH and 0.1 mol 1" HCI,
and was determined using a pH meter (Hanna Instruments
pH211C and HI 1200B glassbody combination pH electrode).
The salinity of the solutions was adjusted with 5 mol 1"! NaCl.
In order to prevent As(IIl) becoming oxidized to As (V) by
dissolved oxygen in the solution, the reaction system was
placed in an ultrasonic bath to degas it and nitrogen bubbled
through the solution. The dark condition was achieved by
covering the reactor with aluminum foil. Reaction vials were
always sealed under nitrogen atmosphere after adding the
required reagents. Kinetic experiments were performed by
analyzing the water solution sampled from reaction system
at different times. Hydrogen peroxide was added to terminate
the methylation reaction of inorganic arsenic.

Analytical method

An HPLC-HG-AFS coupling system was used to detect
different arsenic species in the water. This method was
evaluated by Yuan? A quaternary pump (P680 HPLC
Pump, Dionex, USA) equipped with a Rheodyne Model
77151 injector valve (Rheodyne, Cotati, CA, USA) and a 20 pl
sample loop was used. An anion-exchange column (PRP-
100, 250 x 4.0 mm i.d., Hamilton, USA) equipped with a
guard column (IonPac AG11, Dionex, USA) was used to
separate arsenic species. The fluent from the column was
carried by 10% HCI solution and mixed and reacted with
2% KBH, solution in a T-cross valve. Then, the gas-liquid
mixture was separated using a gas—liquid separator. After
separation by the second gas-liquid separator, arsenic
compounds in the gas phase were carried into the atomizer
by argon and detected using a AFS-610A atomic fluorescence
spectrophotometer (Beijing Ruili Analytical Instrument Co.,
Beijing, China). A computer fitted with the AFS610 software
was required for the control of the AFS and the integration
of the peak areas. The column, T-cross valve and the
gas—liquid separator were connected by a PTFE tube. Detailed
experiment conditions for HPLC-HG-AFS were listed in
Table 1.

RESULTS AND DISCUSSION

The HPLC-HG-AFS system was used to identify the
products of methylation reaction in the aquatic environment.
Figure 2 showed the chromatographs of reaction products
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Table 1. Experiment conditions for HPLC-HG-AFS

HPLC

Column Dionex IonPac AG11 guard column
45 x 4.0 mm id.
Hamilton IonPac PRP-100 column
250 x 4.0 mm i.d.

Mobile phase A, H,0; B, 50 mmol L' phosphate

buffer solution (50 mmol L™! Na,HPO,

and 50 mmol L' KH,PO,)

0-5min, 95% A, 5% B

5-6 min, from 95 to 0% A, from 5 to

100% B

6-10 min, 100% B

10-11 min, from 0 to 95% A, from 100

to5% B
Flow rate of mobile 1 ml min~
Injection volume 20 ul

1

Hydride generation

KBH, 2.0% (m/v),4 ml min~!
HCl 10.0% (v/v), 1 ml min~!
AFS

Lamp Hollow cathode arsenic lamp, 193.7 nm
PMT voltage 270 V

Primary current 60 mA

Assistant current 30 mA

1

Carrier gas Argon, 500 ml min~

and standard substances. It could be seen that several
different water-soluble arsenic species can be separated
successfully using the HPLC-HG-AFS system. By comparing
a chromatograph of the products with that of standard
substances, it was found that there were two arsenic
species, monomethylarsenic(V) and inorganic arsenic(V), in
the reaction system. Inorganic arsenic(V) was obtained by the
oxidation of the reactant inorganic arsenic(Ill). From these
observations, it can then be seen that monomethylarsenic was
the only product of this methylation reaction; there were no
other methylarsenic products.

Being a strong oxidant, H,O, can terminate the methylation
reaction of arsenic by oxidizing arsenic from As(III) to As(V),
and cannot transform methylarsenic into any other species. It
was, therefore, used as a termination solvent of methylation
reaction. The volume of H,O, was optimized and was shown
in Fig. 3. With the volume of H,O, increasing, all trivalent
inorganic arsenic was oxidized into pentavalent arsenic. A
volume of 300 ul H,O, was enough to ensure that all As(III)
was converted into As(V) in the samples. Therefore, 300 ul
of H,O, was selected as the optimal volume of termination
solvent.

Copyright © 2006 John Wiley & Sons, Ltd.
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Figure 2. HPLC-HG-AFS chromatograph of arsenic com-

pounds in the water. 1, Standard substances; 2, sample from
reaction system.
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Figure 3. Optimization of the volume of H,O, as reaction
termination solvent.

The influences of pH and salinity of the reaction system
on the methylation reaction of arsenic were also studied.
The effect of pH on the methylation reaction of arsenic
appeared in Fig. 4. Clearly, the methylation reaction from
inorganic As(Ill) to monomethylarsenic(V) cannot happen
in acidic, neutral and weak basic solution; it can only take
place in strong basic conditions. This experimental result
may be explained by the standard redox potential of arsenic
in aqueous solutions. In acidic conditions, the standard redox
potential of H3AsO4(V)/HAsO,(III) is 0.559 V. Nevertheless,
the standard redox potential of AsO> (V)/AsO,” (IIl) is
—0.67 V in basic solutions. From the standard redox potential,
it was judged that inorganic As(IIl) is more easily subjected
to oxidative methylation in basic conditions than in acidic
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Figure 4. The effect of pH on the methylation reaction of

arsenic.
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Figure 5. The effect of salinity on the methylation reaction of
arsenic.

conditions, which is in agreement with our experimental
result. Tin was also found to have higher methylation activity
with Mel in basic solution than that in acidic solution because
of the difference in its redox potential.’? In conclusion, the
redox potential of a metal ion in aquatic solution is a very
important factor for its methylation.

The effect of the salinity on methylation of arsenic
was depicted in Fig. 5. With the increase in salinity, the
concentration of monomethylarsenic in the reaction system
increased in the beginning, and then decreased after the
salinity had reached 0.75mol1™". A probable reason for
the effect of the salinity on arsenic methylation is that the
salinity influences the activity of the methyl donors in aquatic
solution.

Paul et al. used a quantum chemical method to estimate the
thermodynamic parameters of the methyl arsenic species.!®
The thermodynamic plausibility of methylation reaction can
then be analyzed using the estimated Gibbs free energies.
A derivation for the first methylation—oxidation step from

Copyright © 2006 John Wiley & Sons, Ltd.
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inorganic arsenic to monomethylarsenic proceeded from
reaction (1):

As(OH); + CH3" —— CH3;AsO(OH), + H* @

As result, the reaction free energy change associated with
the methylation—oxidation reaction AG,(M) will be:

AGn(M) = AG?[CH3ASO(OH)2]
— AG[As(OH)s] — 1.36(pH — pCH, ") @)

It can obviously be seen, from equation (2), that the
methyl donor activity (-pCH,*) and pH are the two most
important factors for methylation of arsenic. A large -pCH,*
represents a high level of activity of the methyl donor.
From a thermodynamic point of view, the reaction free
energy change AGnn(M) will decrease with the increase in
pH and —pCH;, and the methylation reaction of inorganic
arsenic is thermodynamically favorable. This explains why
methylarsenic can gradually be detected with the pH of the
reaction system rising, and the change of the salinity leads to
the change in methylation efficiency of As(III).

Kinetic experiments were also performed in different
conditions of salinity, pH and volume of Mel (Figs 6—8). The
slope of the tangent at kinetic curves represents the reaction
rate at that time point. Therefore, we can observe that the
slope of the kinetic curve decreases with longer reaction time,
which means that the rate of the methylation reaction drops.
pH, salinity and volume of Mel all had strong influences on
the kinetic of methylation reaction.

As(OH); + CH3*l" —— CH3AsO(OH), + HI  (3)

For equation (3), the rate of methylation can be expressed

as
d[CH;AsO(OH),]

T = k[CH;" T ]"[As(OH),]" 4)
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Figure 6. Kinetic curves at different pH values.
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Figure 7. Kinetic curves at different salinities.
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Figure 8. Kinetic curves at different volumes of Mel.

Because a large excess of CHjI over As(OH),; was used in all
kinetic experiments, the methylation rate in equation (5) may
be obtained from equation (4):

d[CH;AsO(OH),]

T = kops[As(OH)5]" ®)

where ks is the observed rate constant. If m =1, the
methylation reaction is pseudo-first-order for As(Ill), and
equation (5) can then be expressed as:

C—-C
Co

—In = kobst 6)

In equation (6), C is the initial concentration of As(IIl) and
C is the concentration of monomethylarsenic.

The first-order kinetics of methylation reactions under
different conditions were confirmed by plotting — In[(Co —
C)/Co] vs reaction time, which yielded a straight line. The
results of the first-order fit were shown in Figs 9-11. The
correlation coefficients R of the first-order fit of kinetic
curves was in the range 0.91-0.98, which demonstrated that
methylation reaction of inorganic arsenic with Mel has a good

Copyright © 2006 John Wiley & Sons, Ltd.
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Figure 9. First-order rate plots at different pH values.
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Figure 10. First-order rate plots at different salinities.
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Figure 11. First-order rate plots at different volumes of Mel.

correlation with the first-order reaction kinetics for As(III).
The rate of the first-order reactions ranged from 0.0026 to
0.0123h™", and varied greatly with the change in reaction
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Figure 12. Plot of first-order reaction rate vs volume of Mel.

condition. The reaction rate rose from 0.0026 h™! at pH=11
t00.0103 h~ ! at pH = 12, with S = 0 and Mel = 400 pl. Under
the condition of pH = 12 and Mel = 400 pl, the reaction rate
increased from 0.01025 to 0.0123h™" when the salinity of
reaction system rose from 0 to 0.5 mol 17!, Furthermore, the
methylation rate increased with the rise of volume in Mel
at constant salinity and pH: 0.00388 h™' at Mel = 100 ul,
0.00701 h™" at Mel = 200 ul and 0.0103 ™! at Mel = 400 ul,
respectively.

Under pseudo-first-order conditions with varying volume
of Mel added into the reaction system, a good linear relation of
kobs vs volume of Mel (the concentration of Mel in methylation
system) can also be obtained, which was shown in Figure 12.
The relation can be express as:

kobs = k1 + ko Vger )

where the intercept k; = 9.04 x 10~* h™; slope k, = 2.50 x
103 ul_l hl; Vmer 1s the volume of Mel. The correlation
coefficient R was 0.98. This provided evidence that the
methylation reaction was also first-order for Mel.

In aquatic environments, methyl iodide acted as the
donor of carbonium and can react with inorganic As(III)
to produce monomethylarsenic. In our reaction system, no
other compounds except for methyl iodide can oxidize
As(IIT) to As(V). Therefore, this methylation reaction was
a mechanism of oxidative methyl-transfer. However, this
chemical methylation reaction only happens under basic
conditions because the redox potential of inorganic arsenic
is pH-dependent. The redox potential is closely related to
the thermodynamics of methylation reaction existing in the
aquatic environments.

There have been many reports on the methylation reaction
of arsenic in organisms.”® Challenger demonstrated that
S-adenosylmethionine (SAM) plays an important role in
biomethylation of arsenic, and can transfer the methyl
group of methionine to arsenic.”! These findings suggest
that there must be some kind of enzyme acting as the
catalyst of the biomethylation reaction, which means that

Copyright © 2006 John Wiley & Sons, Ltd.
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biological methylation is completed at the pH of the organism,
which is generally close to 7. Further study is necessary to
confirm which enzymes in the organism take part in the
biomethylation reaction.

CONCLUSION

HPLC-HG-AFS was applied in studying the methylation
reaction of arsenic in aquatic environments because it
provided good and rapid separation of soluble methylarsenic
with high sensitivity. Monomethylarsenic was the only
product of the methylation reaction of inorganic As(III) with
methyl iodide. In our experiments, this reaction can only
occur in basic solution. The mechanism can be described
as an oxidative carbonium transfer. The pH value had a
major influence on methylation because the redox potential
of As(Ill) was dependent on the pH of the solution. The
redox potential switch was important for the methylation of
a metal ion in the aquatic environment. The concentration
of methyl donor and the salinity had a major influence
on the methylation reaction because they affect the activity
of methyl donors in the aquatic environment. Moreover,
methylation reaction had good correlation with first-order
reaction kinetics for both As(III) and methyl iodide. First-
order reaction rates were computed at different pH, salinity
and Mel concentration, and were found to be in the range
0.0026-0.0123h™".
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