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Arsenite is more toxic and mobile than As(V) in soil and
sediment environments, and thus it is advantageous to explore
factors that enhance oxidation of As(III) to As(V). Previous
studies showed that manganese oxides, such as birnessite
(δ-MnO2), directly oxidized As(III). However, these studies
did not explore the role that cation adsorption has on
As(III) oxidation. Accordingly, the effects of adsorbed and
nonadsorbed Zn on arsenite (As(III)) oxidation kinetics
at the birnessite-water interface were investigated using
batch adsorption experiments (0.1 g L-1; pH 4.5 and 6.0;
I ) 0.01 M NaCl). Divalent Zn adsorption on synthetic δ-MnO2
in the absence of As(III) increased with increasing pH
and caused positive shifts in electrophoretic mobility values
at pH 4-6, indirectly suggesting inner-sphere Zn adsorption
mechanisms. Arsenite was readily oxidized on birnessite
in the absence of Zn. The initial As(III) oxidation rate constant
decreased with increasing pH from 4.5 to 6.0 and initial
As(III) concentrations from 100 to 300 µM. Similar pH and
initial As(III) concentration effects were observed in
systems when Zn was present (i.e., presorbed Zn prior to
As(III) addition and simultaneously added Zn-As(III)
systems), but As(III) oxidation reactions were suppressed
compared to the respective control systems. The
suppression was more pronounced when Zn was presorbed
on the δ-MnO2 surfaces as opposed to added simultaneously
with As(III). This study provides further understanding
of As(III) oxidation reactions on manganese oxide surfaces
under environmentally applicable conditions where
metals compete for reactive sites.

Introduction
Arsenic often occurs in aquatic/terrestrial environments
because of anthropogenic inputs (e.g., use of arsenical
pesticides) and weathering of indigenous sources (1). Recent
regulatory changes lowered the maximum concentration level
for total As in drinking water to 10 ppb (2). Arsenite (As(III))
and arsenate (As(V)) are the most common inorganic As
species in soil-water environments (1, 3). Arsenite is more
toxic than As(V) and more mobile in soil and sediment
environments because of its neutral, uncharged molec-
ular state (H3AsO3°) in common soil/sediment pH ranges
(e.g., pH 5-8) (1). Therefore, groundwater contamination

by As(III) leaching is a threat to communities, and effective
means to enhance conversion of As(III) to As(V) are needed.
Many researchers investigated As(III) oxidation chemistry
using one of the most powerful soil oxidants, manganese
oxides (4-9). While most studies showed rapid oxidation of
As(III) to As(V) on synthetic birnessite in minutes to hours,
there were no significant impacts on As(III) oxidation in lake
sediments containing Mn-oxides during the first few reaction
hours (4). This suggests that the other components in the
sediments could have inhibited As(III) oxidation. Arsenite
oxidation could be inhibited on natural materials because
of (i) competitive adsorption between anions/cations and
As(III) on manganese oxides or (ii) As(III) adsorption on redox
inactive adsorbents (e.g., Al oxides). Oscarson and co-workers
investigated the latter hypothesis using Al-oxide and CaCO3

coated MnO2 and observed a significant decrease in the
As(III) oxidation rate, suggesting the importance of As(III)
oxidation inhibitory mechanisms by redox inactive mineral
coatings on manganese oxides (4).

This study investigated competitive metal-ligand effects
on As(III) oxidation at the birnessite-water interface in a
binary ion (Zn-As(III)) system using macroscopic ap-
proaches. Metals that form inner-sphere surface complexes
could lower the As(III) oxidation rate more than those forming
outer-sphere complexes at the birnessite-water interface.
The primary objective of this study was to assess the im-
pact of nonadsorbed and adsorbed Zn on the As(III) oxida-
tion kinetics at the birnessite-water interface. The fol-
lowing experiments were conducted: (i) electrophoretic
mobility (EM) measurements on pristine birnessite and Zn-
reacted birnessite; (ii) Zn adsorption on birnessite; (iii)
arsenite oxidation kinetics at the birnessite-water interface
without Zn addition; and (iv) effects of Zn (i.e., presorbed on
birnessite surfaces prior to As(III) addition and simultaneous
addition with As(III)) on As(III) oxidation kinetics at the
birnessite-water interface.

Experimental Section
Materials. Birnessite (δ-MnO2) was synthesized by the
method outlined by McKenzie (10) and freeze-dried. X-ray
diffraction analysis showed three diagnostic peaks of bir-
nessite at 0.72, 0.36, and 0.24 nm. The specific total surface
area of birnessite was 32.6 ( 0.3 m2 g-1 (BET). The percent
of pyrophosphate extractable Mn(III) from the birnessite
was 3.24 mol %, determined using published procedures
(11-13). Substantial amounts of Mn(III) are present in the
lattice or on external surfaces of the synthetic birnessite
(14-17). The isoelectric point (IEP) of the birnessite surface
was determined using the electrophoretic mobility measure-
ment method described below. Extrapolating using a second-
order polynomial showed the IEP equal to 1.9, which agreed
with values found in other studies (6, 18).

Zinc stock solutions were prepared by dissolving ACS-
grade zinc chloride salts (ZnCl2, Baker) in 0.1 M NaCl prepared
in deionized water (DDI-H2O, Milli-Q, Millipore Corp.,
Bedford, MA). Arsenite stock solutions were freshly prepared
by dissolving ACS-grade sodium m-arsenite (NaAsO2, Baker)
in 0.1 M NaCl solutions, and pH values were immediately
adjusted to pH 4.5 or 6.0 using 0.1 to 1 M HCl. The absence
of As(V) in the As(III) stock solutions was confirmed using
an ammonium molybdenum colormetric method by Cum-
mings et al. (19). Stock solutions for oxidation experiments
conducted in N2(g) atmospheres were prepared using boiled,
CO2-free DDI-H2O at pH 4, and the pH was readjusted to
4.5 or 6.0 with CO2-free 0.1 M NaOH solutions. Zinc stock
solutions used for experiments conducted in the glovebox
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were prepared by dissolving ZnCl2 in boiled, CO2-free
DDI-H2O at pH 4 in a N2-filled glovebox.

Electrophoretic Mobility Measurements. Electrophoretic
mobility (EM) measurements were conducted to assess the
effect of Zn sorption on the charge properties of synthetic
birnessite between pH 4.0 and pH 8.0. The measurements
were performed on a zeta potential meter (Zetasizer 300Hs
Malvern, Southborough MA). The birnessite suspension
(supension density: 0.1 g L-1) was prepared in the 0.01 M
NaCl background electrolyte solutions. Suspensions were
sonified and then hydrated in 0.01 M NaCl solutions for 72
h. The pH of the suspensions was adjusted using a Brinkmann
Metrohm 718 Stat Titrino (Metrohm, Switzerland) to values
between 4.0 and 8.0 with 0.01 M HCl or NaOH and
equilibrated for an additional 12-24 h. Each vessel was stirred
at 300 rpm while adjusting the pH. The average particle radius
of 25 µm and I ) 0.01 M were within the Smoluchowski
limits for estimating EM (20). Zinc stock solution (0.01 M)
was added to reach a final Zn concentration of 10-50 µM in
the final volume of 60 mL. The reaction vessels were shaken
at 300 rpm for 24 h to reach a steady pH. Once a steady pH
was reached, 10 mL of suspensions was injected into the
zeta meter for analysis.

Zinc Adsorption Experiments. Zinc adsorption onto
birnessite (initial Zn concentrations: [Zn]i )100 µM, I ) 0.01
M NaCl, final volume ) 60 mL, birnessite suspension density
) 0.1 g L-1) was investigated under pCO2 ) 10-3.5 atm (i.e.,
equilibrated in air) as a function of pH (4-8). Identical Zn
concentrations (i.e., 100 µM) were used in the Zn-As(III)
oxidation kinetic experiments described below, and therefore
the adsorption data were used to interpret changes in As(III)
oxidation via Zn adsorption. The MINEQL+ chemical spe-
ciation program predicted that Zn was undersaturated
with respect to smithsonite (ZnCO3(s)) and zinc hydroxide
(ZnOH2(s)) under these reaction conditions (21). Sorption
studies were conducted using a batch method. Birnessite
was hydrated in 0.01 M NaCl solutions in 125-mL Teflon
FDP bottles. The pH of the mineral suspensions was
preequilibrated at pH 4-8 using 0.1-1 M HCl. After pre-
equilibrating for 24 h, 0.1 M Zn stock solution was added to
the birnessite suspensions to reach [Zn]i ) 100 µM, and the
pH was re-readjusted. After the pH stabilized, the samples
reacted for 24 h (a time when steady-state conditions for Zn
sorption were attained) on an end-over shaker at 200 rpm,
the pH was measured, and the supernatant was filtered
through 0.2-µm Supor-200 filter paper (Pall Corporation, Ann
Arbor, MI). The samples were analyzed for total Zn using
flame atomic absorption (FAA) spectrometry when [Zn]T

concentration was 100 µM. Samples were analyzed for total
Zn and Mn with inductively coupled plasma-atomic emission
spectrometry (ICP-AES) for the remaining experiments. The
detection limits for total Mn and Zn are approximately 0.2
and 0.1 µM, respectively, and percent relative standard
deviation (RSD) values are <0.8 for both elements.

The same experiments were repeated in a N2-filled
glovebox since As(III) oxidation kinetic experiments were
also performed in a N2 atmosphere. The MINEQL+ chemical
speciation program predicted similar Zn solution speciation
to that in the open-air system described above (21). The
procedure for these experiments was the same, but all steps
were carried out in a N2-filled glovebox.

Arsenite Oxidation Kinetics. Birnessite was hydrated in
500 mL of 0.01 M NaCl solution in Teflon FDP bottles in a
N2(g) atmosphere. The pH of the mineral suspensions was
preequilibrated for 24 h at pH 4.5 or 6.0 using a stirred (300
rpm) PHM290 pH-Stat apparatus. Arsenite stock solutions
(0.1 M NaAsO2) were added to reach initial As(III) concen-
trations of 100 or 300 µM and a final birnessite suspension
density of 0.1 g L-1 at pH 4.5 and 6.0. This concentration
range was used in previous studies (6, 9) and was suitable

for the analytical methods used in this study. At increasing
time intervals (every 2 min at t ) 0-4 min, every 4 min at
t ) 4-60 min, every 20 min at t ) 60-120 min, every 40 min
at t )120-240 min, every 60 min at t ) 240-420 min, and
1440 min), 10-mL aliquots were removed and filtered using
0.2-µm filters. Filtrates were immediately analyzed for As(V)
using the ammonium molybdenum method (19). Total As
and Mn concentrations were determined using ICP-AES with
the detection limit for total As being 0.3 µM. The As(III)
concentration was calculated by the difference in concentra-
tions of total and As(V) concentrations. Detection limit and
%RSD for the As(V) colorimetric method were approximately
5 µM and <1.9, respectively.

The effects of Zn adsorption on the As(III) oxidation
experiments in N2-purged environments were examined at
the same pH values (4.5 and 6.0) in two different systems:
(i) As(III) addition to Zn presorbed birnessite and (ii)
simultaneous additions of Zn and As(III) to birnessite. In the
first system, 100 µM Zn was preadsorbed and equilibrated
at pH 4.5 or pH 6.0 for 24 h prior to adding As(III) (100 or
300 µM). In the second system, 100 µM Zn and 100 or 300
µM As(III) were added simultaneously to the system at pH
4.5 and pH 6.0 to simulate environments where the two ions
were introduced simultaneously. Samples were taken before
As(III) addition (t ) 0 min) for total Zn and Mn(II) analyses,
and the remaining samples were taken at similar time
intervals to those used in the previous experiments. The
remaining analyses were as described above, except that
the Zn concentration of each sample was determined using
ICP-AES.

Results and Discussion
Electrophoretic Mobility Measurements. Figure 1 shows EM
values of birnessite suspensions as a function of pH (4-7.5)
and different initial Zn concentrations. Electrophoretic
mobility measurements indirectly distinguish between inner-
and outer-sphere surface complexes on metal oxide particles
(22). The formation of outer-sphere complexes does not
change the EM and IEP of the mineral surface as the adsorbate
loading level changes since outer-sphere adsorption occurs
at the outer Helmholtz plane (22). Inner-sphere complexes
shift EM values and the IEP as the loading level increases
because of specific ion adsorption inside the shear plane
(22). When the [Zn]T concentration increased from 0 to 50
µM, EM values of birnessite particles positively shift with
increasing pH. Overall, the EM results indirectly suggest the
presence of Zn inner-sphere surface complexes on birnessite
surfaces, which agree with a previous study by Loganathan
et al. (23). Previous extended X-ray absorption fine structure

FIGURE 1. Electrophoretic mobility measurements on birnessite as
a function of pH and total Zn(II)(aq) concentrations. Reaction
conditions: suspension density ) 0.1 g L-1, I ) 0.01 M NaCl, total
Zn(II) concentrations: [Zn]T ) 10-50 µM, and pCO2)10-3.5 atm.
Legends indicate total Zn(II) concentrations.
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(EXAFS) spectroscopic studies showed Zn formed inner-
sphere surface complexes on birnessite surfaces (27-28).

pH Effects on Zinc Adsorption. Figure 2 shows Zn
adsorption on birnessite (birnessite suspension density )
0.1 g L-1, [Zn]T ) 100 µM, I ) 0.01 M NaCl) as a function of
pH (4-7.7) and partial pressure of CO2 (equilibrated in air
and N2). In the air-equilibrated systems, Zn adsorption
increased from approximately 50 to 100% (i.e., 2-3 µmol
m-2) with increasing pH from 4 to 7 (Figure 2). This
pH-dependent adsorption behavior was expected since
birnessite became increasingly negatively charged as pH
increased above its IEP (1.9). Several researchers reported
similar pH-dependent Zn adsorption behavior on birnessite
surfaces (23-26). The Zn adsorption in the N2 atmosphere
showed similar Zn uptake and pH-dependent adsorption
behavior. This suggested that dissolved/adsorbed (bi)-
carbonate ions did not affect Zn adsorption under the reaction
conditions that we studied.

Effects of pH and Initial As(III) Concentration on
As(III) Oxidation Kinetics. Figure 3 illustrates the percent
As(III) depletion (i.e., As(III) oxidation to As(V)) as a function
of time, pH, and initial As(III) concentration. The reaction
conditions were abbreviated as As100ph45 ([As(III)]i ) 100
µM, pH 4.5), As300ph45 ([As(III)]i ) 300 µM, pH 4.5), As100ph6
([As(III)]i ) 100 µM, pH 6.0), and As300ph6 ([As(III)]i ) 300
µM and pH 6.0) in the following discussion. Arsenite readily
oxidized to As(V), and the total As adsorption was near
negligible after 24 h on the basis of the mass balance
calculation of dissolved As(III) and As(V)(aq) for all systems.
Scott and Morgan (6) reported similar As adsorption on
birnessite values upon As(III) oxidation under similar re-
action conditions. There were two distinct trends in the
As(III) oxidation reactions: (i) the extent of As(III) oxida-
tion decreased with increasing pH from 4.5 to 6.0 and (ii)
the extent of As(III) oxidation on a percent basis was sup-
pressed with increasing initial As(III) concentration from
100 to 300 µM.

In the [As(III)]i ) 100 µM systems (Figure 3a,c; Supporting
Information Tables 1 and 2), the oxidation reaction was slower
at pH 6.0 than at pH 4.5, and approximately 12 h was re-
quired to complete the oxidation reaction at pH 6.0 (Fig-
ure 3c). The differences in the extent of As(III) oxidation
were more pronounced in the [As(III)]i ) 300 µM systems,
resulting in slower continuous oxidation reactions even after
24 h at pH 6.0 (Figure 3d). Similar trends were observed in
the initial rates, estimated using the initial rate law and

dissolved As(V) concentrations at less than 2 h (Table 1).
Under excess reactants (i.e., As(III)) at a constant pH, the
integrated equation of the initial rate for As(V) production
was expressed as

where [As(V)]t ) As(V) concentration (mol L-1) at any time
t, and kobs ) apparent rate coefficient. The apparent rate
coefficients for each experiment are shown in Table 1.
Although the dissolved As(V) values were slightly underes-
timated in both 100 µM systems (As100ph45 and As100ph6)
because of the small adsorbed fraction during the initial
reactions (Figure 3), the rates were consistently higher at pH
4.5 versus 6.0 (kobs (h-1): 7.6 versus 4.7 and 5.4 versus 2.4,
respectively) within the same initial As(III)-concentrated
systems (Table 1). The time required for half the initial
As(III) concentration to disappear from solution (here called
t50%) showed a similar trend (Table 1). The value of t50% was
greater at pH 6.0 versus 4.5 (t50% (h): 1.3 versus 0.6 and 7.0
versus 1.2, respectively) (Table 1). The pH effects on As(III)
oxidation could have been influenced by competitive ad-
sorption reactions between As(III) and reaction products (i.e.,
Mn(II)) and were not influenced by the As(III) solution
speciation since dissolved As(III) speciation was identical
(i.e., As(OH)3

0) at pH 4.5 and 6.0. The surface charge density
of birnessite became more negative with increasing pH and
attracted divalent metals, such as Mn(II). The suppressed
As(III) oxidation rate constant could be attributed to (i)
differences in the amount of Mn(II) release, which competed
with dissolved As(III) species for unreacted Mn(IV) surface
sites and (ii) Mn(II) adsorption which inhibits the further
electron-transfer reactions between As(III)(aq) and unreacted
Mn(IV) surface sites. Figure 4a,b shows a comparison between
observed and expected Mn(II) release at pH 4.5 and pH 6,
respectively. The expected Mn(II) concentrations were
estimated via a two-electron-transfer reaction (reaction 1,
see below) between As(III) and Mn(IV) (i.e., observed As(V)
appearance in Figure 3). At each pH value (Figure 4a,b), it
is apparent that (i) the systems at [As(III)]i ) 300 µM produced
greater Mn(II) (i.e., observed Mn(II) release) release than in
the systems at [As(III)]i )100 µM and (ii) the expected Mn(II)
release was consistently greater than the observed Mn(II)
release (except for As300ph45 at 24 h in Figure 4a, indicating
the substantial amount of Mn(II) that could have been
adsorbed during the As(III) oxidation. Underestimated
expected Mn(II) release (As300ph45 at 24 h) might be
attributed to the formation of intermediate products such as
MnIIIOOH(s) that are discussed in the next section. When we
compare the effect of pH on Mn(II) adsorption (i.e., the
differences between expected and observed Mn(II) release)
in the same [As(III)]i systems, it is greater within the respective
reaction condition at pH 6 than at pH 4.5, suggesting Mn(II)
adsorption increased with increasing pH from 4.5 to 6. A
similar pH-dependent Mn(II) adsorption behavior on bir-
nessite surfaces has been reported by several researchers
(23, 25, 29). Manganese(II) adsorption probably lessened
Mn(IV) site availability for dissolved As(III), suppressing
As(III) oxidation at pH 6.0. These conclusions were based
on macroscopic data and are supported by recent in-situ
spectroscopic evidence that showed an increase in surface-
bound Mn(II) species upon As(III) oxidation reactions (8).
On the basis of Figure 4a,b, there was substantial birnessite
dissolution which would be associated with changes in the
surface areas and properties and may have affected the rate
of As(III) oxidation.

Arsenite Oxidation Mechanisms on Synthetic Birnessite.
Many researchers investigated As(III) oxidation kinetic reac-
tions by δ-MnO2, and some observed the overall oxidation
reaction (reaction 1). Although the electron-transfer mech-

FIGURE 2. pH effects on Zn adsorption on synthetic birnessite (I
) 0.01 M NaCl, total Zn(II) concentrations: [Zn]T ) 100 µM, and
suspension density ) 0.1 g L-1) under pCO2 ) 10-3.5 and the N2

atmosphere.

ln[As(V)]t ) kobst + c (1)
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anism (i.e., outer- or inner-sphere electron-transfer reactions)
has not been demonstrated, experimental evidence suggests
that the overall reaction proceeds via two sequential one-
electron-transfer steps (4, 7, 30). First, MnIVO2 is reduced to
form an intermediate reaction product, MnIIIOOH, and then
MnIIIOOH is further reacted with As(III) to produce dissolved
Mn(II). The formation of MnIIIOOH was initially suggested
by Hem and Moore (5, 30) and later supported by X-ray
photoelectron spectroscopic (XPS) evidence on As(III) reacted
birnessite at approximately pH 5.5 (7).

In addition to the MnIIIOOH intermediate products in the
overall As(III) oxidation step on Mn(IV) oxide surfaces, recent
studies indicated the importance of Mn(III) impurities in
synthetic δ-MnO2 upon reacting with Cr(III), sulfide, phenol,
and catechol (7, 16, 18). They showed that Jahn-Teller
distorted Mn(III) species in synthetic birnessite was a more
reactive oxidant than Mn(IV) (7, 16, 17). The pyrophosphate

extraction data in this study and previous XPS analyses
showed the presence of Mn(III) in synthetic δ-MnO2 (7, 17).
Manganese(III) species are not only structurally incorporated
into MnIIIOOH(s) but surface bound at the layered vacancy
sites (15, 31). The dissolved Mn(III) concentrations before/

FIGURE 3. Percent of dissolved As(III)(aq), As(V)(aq), and adsorbed As during As(III) oxidation kinetics on birnessite (suspension density
) 0.1 g L-1, I ) 0.01 M NaCl, and N2 atmosphere) as a function of pH and initial As(III) concentrations: [As(III)]i. (a) pH 4.5 and [As(III)]i

) 100 µM; (b) pH 4.5 and [As(III)]i ) 300 µM; (c) pH 6.0 and [As(III)]i ) 100 µM; (d) pH 6.0 and [As(III)]i ) 300 µM.

TABLE 1. Apparent Initial Rate Coefficients for As(V)
Appearance and Values of t50% for As(III) Depletion during
As(III) Oxidation at the Birnessite-Water Interface

pH
[Zn(II)]i
(µM)

order of Zn(II)
addition

[As(III)]i
(µM)

kobs
a

(h-1)
t50%

b

(h)

4.5 0 no Zn(II) added 100 7.6 0.6
300 5.4 1.2

100 presorbed 100 9.8 3.0
300 5.7 3.0

simultaneously added 100 7.7 2.0
with As(III) 300 4.8 2.2

6 0 no Zn(II) added 100 4.7 1.3
300 2.4 7.0

100 presorbed 100 NA 12.0
300 2.3 23.0

simultaneously added 100 2.8 10.5
with As(III) 300 2.4 22.0

a Observed rate coefficients were calculated using pseudo-first-order
equations. They were calculated during time intervals where less than
20% of the total As had appeared as As(V) in solution in the systems
containing As and birnessite. These time intervals were used to fit
pseudo-first-order equations to the systems containing Zn. b t50% is
defined as the time for 50% of the initial As(III) concentration to disappear
from solution.

MnIVO2 + H3AsO3 + 2H+ ) Mn2+ + H2AsO4
- + H2O

(reaction 1)

FIGURE 4. (a) Mn(II)(aq) release at pH 4.5 during As(III) oxidation
at the birnessite-water interface under the same reaction conditions
as Figure 3. As100ph45 (pH 4.5, initial As(III) concentrations:
[As(III)]i ) 100 µM); As300ph45 (pH 4.5, [As(III)]i ) 300 µM); (b)
Mn(II)(aq) release at pH 6.0 during As(III) oxidation at the birnessite-
water interface under the same reaction conditions as Figure 3.
As100ph6 (pH 6.0, [As(III)]i ) 100 µM); As300ph6 (pH 6.0, [As(III)]i

) 300 µM). Open symbols: experimentally observed [Mn(II)] release
and filled symbols: expected Mn(II) release based on a stoichio-
metric reaction between Mn(IV) and As(V) (i.e., observed As(V)
appearance in Figure 3).
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during the As(III) oxidation were monitored using the method
described by Kostka et al. and Matocha (13, 32). Since the
dissolved Mn(III) concentrations fluctuated (1-3 µM) near
the detection limit during oxidation, it remained incon-
clusive whether dissolved Mn(III) contributed to the As(III)
oxidation.

Other important As(III) oxidation inhibitory processes
could have taken place at the birnessite-water interface
besides, or in addition to, inhibition via Mn(II) adsorption.
They were (i) As(V) adsorption and (ii) the formation of
As(V)-Mn(II) precipitates. Figure 3 showed that As (total)
was only slightly retained during the initial several hours in
the 100 µM As(III) systems (As100ph45 and As100ph6).
Although it is difficult to probe As surface speciation at times
less than 8 h during the rapid As(III) oxidation reaction,
Manning and co-workers used X-ray absorption spectroscopy
(XAS) to show the presence of As(V) at the birnessite surface
upon As(III) oxidation (9). The reaction products were
interpreted as bidentate binuclear corner-sharing adsorption
complexes with a As(V)-Mn interatomic distance of approxi-
mately 3.22 Å. Foster and co-workers reported a bidentate
binuclear As(V) adsorption surface species (As(V)-Mn in-
teratomic distance approximately 3.16 Å) upon As(V) reaction
with hydrous Mn oxide (33). These results indicated that the
small fraction of adsorbed As observed at less than 4 h (Figure
3a,c) was probably the As(V) valence state, and the bidentate
binuclear As(V) adsorption complexes could have blocked
the electron-transfer reaction between As(III)(aq) and
Mn(IV) surface sites.

The other inhibitory process that could have occurred
was a Mn(II)-As(V) precipitate forming on the birnessite
surface. Tournassat and co-workers suggested the formation
of krautite-like minerals (Mn3(AsO4)2) on As(III)-reacted
synthetic birnesite using XAS, scanning transmission mi-
croscopy, and energy dispersive spectroscopy and thermo-
dynamic calculations (8). The suspension density and initial
As(III) concentrations used in this study were much lower
(i.e., 0.1 g L-1 and [As(III)]i ) 100-300 µM) than those used
by Tournassat et al. (8). Dissolved Mn(II) and As(V) did not
contribute to the formation of Mn(II)-As(V) precipitates in
these systems. The log(IAP) of Mn3(AsO4)2 and Mn3(AsO4)2‚
8H2O were estimated on the basis of the thermodynamic
values reported by Sadiq and MINEQL+ (21, 34), using the
dissolved Mn(II) and As(V) concentrations. The estimated
log(IAP) values during these experiments were consistently
lower than log(Ksp) values of these minerals, suggesting the
systems were undersaturated with respect to these min-
erals (Supporting Information Table 3). Therefore, we ex-
clude the possibility that the inhibitory process was due to
Mn(II)-As(V) surface precipitates.

Effects of Preadsorbed and Simultaneously Added
Zn(II) on As(III) Oxidation Kinetics. Figures 5-7 and
Supporting Information Figures 1 and 2 present the aqueous
profiles of As(III), As(V), Mn(II), and Zn during the As(III)
oxidation kinetics of birnessite in the presence of 100 µM
total Zn. Two orders of adding Zn, (i) Zn presorption prior
to As(III) addition and (ii) simultaneously added Zn with
As(III), were employed to assess the impact of Zn on As(III)
oxidation kinetics at the birnessite-water interface. At
t ) 0 min, while 100% Zn was present in solution in the
Zn/As(III) simultaneously added systems, approximately 72%
(0.14 mg m-2) and 97% (0.19 mg m-2) was retained on the
birnessite surfaces in the Zn(II) presorbed systems at pH 4.5
and pH 6.0, respectively. Although adsorbed Zn was present
in these systems, As(III) readily oxidized with increasing time
(Figure 5). Abbreviations for each reaction condition were
used in the following discussion and in Figures 5-7. For
example, “PAs100ph45” was for the 100 µM of Zn presorbed
prior to the 100 µM As(III) addition at pH 4.5 and “SAs100ph6”

was for the simultaneous 100 µM Zn/100 µM As(III) addition
at pH 6.0.

The effects of the different Zn addition orders on As(III)
oxidation at pH 4.5 and 6.0 were compared. In the systems
containing Zn at pH 4.5 (Figure 5, Supporting Information
Tables 1 and 2), the extent of As(III) oxidation was more
suppressed in the Zn presorbed system than the simultaneous
Zn/As(III) added systems. In both systems containing Zn
(Figure 5), As(III) oxidation was nearly complete after 24 h,
except for PAs300ph45. A similar trend was seen in the t50%

FIGURE 5. Effects of presorbed Zn(II) vs Zn(II)/As(III)-simultaneous
treatment on the As(III) oxidation kinetics on birnessite surfaces
(pH 4.5, suspension density ) 0.1 g L-1, I ) 0.01 M NaCl, total Zn(II)
concentrations: [Zn(II)]T ) 100 µM, and N2 atmosphere). Percent
As(III) depletion, As(V) release, and total As adsorption are shown
as a function of time (h). (a) initial As(III) concentrations: [As(III)]i

) 100 µM; (b) [As(III)]i ) 300 µM.

FIGURE 6. Effects of presorbed Zn(II) vs Zn(II)/As(III)-simultaneous
treatment on the Mn(II) release during the As(III) oxidation kinetics
on birnessite surfaces (suspension density ) 0.1 g L-1, I ) 0.01 M
NaCl, total Zn(II) concentrations: [Zn]T ) 100 µM, and N2

atmosphere). (a) initial As(III) concentrations: [As(III)]i ) 100 and
300 µM at pH 4.5; (b) [As(III)]i ) 100 and 300 µM at pH 6.
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values (Table 1). Both presorbed systems (i.e., PAs100ph45
and PAs300ph45) had t50% ) 3 h, and the half-life values in
the simultaneously added systems were higher in SAs300ph45
than SAs100ph45 (i.e., 2.2 vs 2.0 h, respectively). Electro-
phoretic mobility measurements and XAS evidence from
other researchers (27, 28) indicated Zn was likely to form
inner-sphere complexes on birnessite surfaces as well as on
MnIIIOOH(s) (35). Chemisorbed Zn ions probably inhibited
the electron-transfer reaction. Manganese(II) adsorption
could have out-competed Zn for adsorption sites since the
aqueous Mn(II) concentration was consistently higher than
the aqueous Zn concentration throughout the experiments
(Figures 6 and 7). Zinc in the Zn/As(III) simultaneously added
systems (SAs100ph45 and SAs300ph45) was rapidly adsorbed
initially, but the release of Zn continued with increasing time
in both presorbed and simultaneously added systems at pH
4.5 (Figure 7), suggesting (i) competitive Mn(II) adsorption
reactions or (ii) surface alternation due to the reductive
dissolution of birnessite.

In the systems containing Zn at pH 6.0 (Supporting
Information Figure 1), the Zn presorbed systems suppressed
As(III) oxidation more than the Zn(II)/As(III) simultaneously
added systems. A biphasic reaction for As(V) release was
observed in the systems containing Zn at pH 4.5, with the
extent of As(V) release at pH 6.0 much slower and nearly
linear (Supporting Information Figure 1), resulting in an
incomplete As(III) oxidation after 24 h. The trend was also
observed in the t50% values (Table 1). This study suggested
the differences in oxidation among the two initial As(III)
concentrations were due to pH-dependent metal adsorption
behavior. Dissolved Mn(II) and Zn concentrations were
significantly lower at pH 6.0 than at pH 4.5 with increasing
time (Supporting Information Figures 1 and 2), suggesting
enhanced divalent metal uptake.

The formation of Mn(II)/Zn(II)-As(V) precipitates
(Mn3(AsO4)2, Mn3(AsO4)2‚8H2O, Zn3(AsO4)2, Zn3(AsO4)2‚5H2O)
on the birnessite surfaces could also inhibit/suppress
electron-transfer reactions. A similar concept was experi-
mentally proven by Oscarson and co-workers who showed
that aluminum oxide/calcite coatings on birnessite surfaces

effectively suppressed As(III) oxidation (4). The dissolved
Mn(II), As(V), and Zn concentrations in this study were used
to estimate log(IAP) values. The log(IAP) values for each solid,
at any time in each system, were significantly lower than the
log(Ksp) values, suggesting all pH 4.5 and 6.0 systems were
undersaturated with respect to manganese arsenate and zinc
arsenate precipitates (Supporting Information Table 3).

When t50% values were compared within the initial
As(III)-concentrated systems (100 or 300 µM) (Table 1), the
Zn presorbed systems suppressed As(III) oxidation the most
at each pH (3 h for PAs100/300ph45, 12 h for PAs100ph6, 23
h for PAs300ph6). The Zn and As(III) simultaneous addition
increased the half-lives, but not as much as the presorbed
Zn systems. The t50% values were 2-3 times greater at pH 4.5
and more than tripled at pH 6.0 when the Zn was presorbed
verses simultaneously added with As(III).

The highest t50% values were in the Zn presorbed systems
at the same pH (3 h for PAs100/300ph45 and 23 h for
PAs300ph6). The presence of Zn diminished the effects of
aqueous initial As(III) concentration on the half-life at pH
4.5, resulting in the near equal half-lives (i.e., 3 h for the
presorbed, and 2-2.2 h for the simultaneously added
systems). Divalent Zn suppression on As(III) oxidation was
summarized in the As(III)(aq) profile during the oxida-
tion reactions (Supporting Information Tables 1 and 2).
Presorbed and nonadsorbed (i.e., as dissolved competitive
ligands) Zn played an important role in suppressing As(III)
oxidation on birnessite surfaces during the intermediate
reaction times.

The effects of adsorbed and nonadsorbed Zn on As(III)
oxidation were observed during the initial reactions. The
kobs values for the Zn presorbed and simultaneously added
systems were generally lower than that of their respective
controls, systems containing As(III) without Zn (Table 1),
indicating As(III) oxidation was suppressed in most of the
systems containing Zn. During intermediate reaction times,
Zn presorption suppressed the As(III) oxidation reaction the
most compared to the respective control systems. The initial
hypothesis in this study that Zn inner-sphere complexation
on the birnessite surface would interfere with As(III)/Mn(IV)
redox reactions could be applied to most of the reaction
conditions. This interference suppressed As(III) oxidation at
the initial and intermediate reaction times, except for in
one system. At the initial time (<20 min) for the PAs100ph45
and PAs300ph45 systems, inner-sphere Zn adsorption en-
hanced initial As(III) oxidation. The kobs values for As(V)
release were higher in these Zn presorbed systems (9.8 and
5.7 h-1) (Table 1).

The results of this study showed that the extent and rate
of As(III) oxidation on birnessite surfaces were highly in-
fluenced by sorbed or competitive metal ligands in solutions
(e.g., Mn(II) and Zn). An increase in the initial As(III) con-
centrations or pH suppressed As(III) oxidation which was
presumably due to the adsorption of Mn(II) that was readily
produced as reaction products. When Zn was present,
As(III) oxidation was further suppressed by nonadsorbed and
presorbed Zn compared to the respective control systems.
Nonadsorbed Zn had a competitive effect to reduce the
oxidation rate, and inner-sphere Zn adsorption that occurred
in the Zn presorbed systems was more effective in interfering
with electron-transfer reactions. These findings are useful in
further understanding the potential As(III) oxidation in
natural systems containing manganese oxide and competing
metal ligands.
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