Environ. Sci. Technol. 2006, 40, 7277—7282

Sorption of Sh(lll) and Sh(V) to
Goethite: Influence on Sh(ll)
Oxidation and Mobilization!

ANN-KATHRIN LEUZ,*
HERMANN MONCH, AND
C. ANNETTE JOHNSON

Swiss Federal Institute of Aquatic Science and Technology
(Eawag), Postfach 611, CH-8600 Duebendorf, Switzerland and
Institute of Biogeochemistry and Pollutant Dynamics,

ETH Zurich, 8092 Zurich, Switzerland

Antimony is an element of growing interest for a variety
of industrial applications, even though Sb compounds are
classified as priority pollutants by the Environmental
Protection Agency of the United States. Iron (Fe) hydroxides
appear to be important sorbents for Sb in soils and sedi-
ments, but mineral surfaces can also catalyze oxidation
processes and may thus mobilize Sb. The aim of this study
was to investigate whether goethite immobilizes Sh by
sorption or whether Sh(lll) adsorbed on goethite is oxidized
and then released. The sorption of both Sb(Ill) and Sh(V)
on goethite was studied in 0.01 and 0.1 M KCIO4 M solutions
as a function of pH and Sb concentration. To monitor oxi-
dation processes Sh species were measured in solution
and in the solid phase. The results show that both Sh(lll)
and Sh(V) form inner-sphere surface complexes at the
goethite surface. Antimony(lll) strongly adsorbs on goethite
over a wide pH range (3—12), whereas maximum Sb(V)
adsorption is found below pH 7. At higher ionic strength,
the desorption of Sh(V) is shifted to lower pH values, most
likely due to the formation of ion pairs KSb(OH)g°. The
sorption data of Sh(V) can be fitted by the modified triple-
layer surface complexation model. Within 7 days, Sh(lll)
adsorbed on goethite is partly oxidized at pH 3, 5.9 and 9.7.
The weak pH-dependence of the rate coefficients suggests
that adsorbed Sb(lll) is oxidized by 0, and that the
coordination of Sb(lll) to the surface increases the electron
density of the Sh atom, which enhances the oxidation
process. At pH values below pH 7, the oxidation of Sb(lll)
did not mobilize Sb within 35 days, while 30% of adsorbed
Sb(lll) was released into the solution at pH 9.9 within the
same time. The adsorption of Sh(lll) on Fe hydroxides
over a wide pH range may be a major pathway for the
oxidation and release of Sh(V).

Introduction

Antimony (Sb) is consumed in large quantities (>100 000
tons annually worldwide) in a variety of industrial products,
e.g., Sb(III) in flame retardants and elemental Sb in alloys for
storage batteries and ammunition (I—3), although Sb and
its compounds are considered as pollutants of priority interest
( ref 4 and references therein).
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Elevated concentrations of Sb in soils have been detected
around mining and smelter areas, at shooting ranges, and
along roadsides (dust from brake pads and tires) (4—6).
However, very little is known about the mobility of Sb in the
environment (4, 5). In oxic waters, Sb(V) predominates as
Sb(OH)s~ (4, 7), which forms oxides (Sb2Os) that are more
soluble than oxides of Sb(III) (Sb,03) (3). Antimony(III) occurs
as Sb(OH); in aqueous solutions and is more stable under
anoxic conditions (7). Sorption processes to mineral phases
may control the mobility of Sb.

Only very few sorption studies of Sb on natural sorbents
have been reported to date ((8) and reference therein). Both
Sb(III) and Sb(V) appear to bind strongly to hydroxides of Fe
and Mn and only weakly to clay minerals (9). Extended X-ray
adsorption fine structure (EXAFS) measurements of soils from
shooting ranges provide evidence for a strong preference
of Sb binding to Fe hydroxides (6). However, the binding
mechanism is still unclear. According to the five studies deal-
ing with Sb sorption to Fe hydroxides known to the authors,
both surface coverage and pH have a strong influence on
Sb(III) and Sb(V) sorption (9—13). The sorption maxima of
Sb(V) on Fe hydroxides was generally reported at low pH
values and extended up to pH 7 at low surface coverage (9—
11, 13). Only a single study investigated the pH-dependence
of Sb(IIl) adsorption on amorphous Fe hydroxides in the
absence of organic ligands, namely tartrate and acetate,
indicating that Sb(III) sorbs strongly in the pH range 6—10
(10). However, in that study a high Sb(III) concentration
(41 uM) was used. In order to asses the binding potential of
Fe hydroxides for Sb, both Sb(IlI) and Sb(V) sorption data
at low Sb concentrations (<5 uM) over a wide pH range is
needed but is not available in literature.

Mineral surfaces in aqueous systems not only bind metal
ions, but can also accelerate redox reactions, such as the
oxygenation of Fe(I), Mn(I), and VO?* (14—16). The metal
ions are bound to oxygen donor ligands of the surface in an
inner-sphere coordination, which has a similar effect as
hydrolysis for homogeneous reactions (17). Since the hydro-
lyzed species Sb(OH),™ is the reactive species for the Sb(III)
oxidation by O, and H,0- (18, 19), it could be expected that
adsorption of Sb(IIl) on Fe hydroxides accelerates the
oxidation of Sb(III). Indeed, there is one study, showing that
Sb(III) is oxidized in the presence of amorphous Fe hydroxides
in the pHrange 5—10 with a pH-independent rate coefficient
(20). This result indicates that adsorption may influence
the Sb(III) oxidation rate, but it remains unknown whether
Sb(V) is sorbed or released after oxidation.

The aim of the present study was to determine whether
Fe hydroxides immobilize Sb by sorption or increase dissolved
concentrations by oxidation to Sb(V). The sorption of low
concentrations of Sb(IIT) and Sb(V) on goethite, awidespread
and thermodynamically stable Fe hydroxide in natural soils,
as a function of ionic strength and pH, was investigated.
Oxidation processes of Sb(III) and the release of Sb(V) was
monitored by distinguishing redox species in solution and
the solid phase.

Experimental Section

Reagents and Materials. All chemicals were used as received
and of at least analytical grade (pro analysi (p.a.), for details,
see the Supporting Information).

Mineral Sorbent. Goethite was prepared as described
elsewhere (21) (for details, see the Supporting Information).

Antimony Sorption Experiments. All experiments were
carried out with a background electrolyte of 0.01 or 0.1 M
KClO, (Fluka, puriss p.a.) at 25 °C and in light 2 > 550 nm
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to avoid photochemical reactions. All experiments were
performed as triplicates in a glove box (Mecaplex) equipped
with a CO;-scrubber (pco, < 2 ppm, DMP Ltd.) to avoid pH
drifts around neutral conditions due to CO, uptake. Sorption
of Sb(V) and Sb(III) on goethite was initiated by the addition
of Sb(III) and Sb(V) stock solutions to solid suspensions at
different pH values, adjusted with HCIO, (Merck) or KOH
(Merck, Titrisol). The final solid concentration was 0.5 g L.
Suspensions were shaken on a rotary shaker (125 rpm).
Preliminary experiments showed that an equilibration time
of 7 days is appropriate for Sb(V). A shorter equilibration
time of 2 days for Sb(III) was chosen to minimize oxidation
reactions of Sb(III). After the desired reaction time, suspen-
sions were centrifuged and the supernatantfiltered to 0.45um
(Infochroma AG, nylon filter, Titan2). The pH value at the
end of the experiment, measured in the filtrate, was reported.
Samples for total Sb (Sby,) and Sb(III) determinations were
stored in 3% HCI (Merck, Suprapur) and in 0.5 M disodium
hydrogen citrate (Fluka, Ultra) at 4 °C prior to analysis. The
amount of Sb sorbed to goethite was calculated by difference.

Sorption Isotherms on goethite were conducted to esti-
mate the maximum sorption density. The experiments were
performed at pH 3.0 for Sb(V) and at pH 4.0 for Sb(III),
corresponding to the pH values of maximum sorption of the
antimony species (Figure 1B, C). However, the final pH of
the Sb(III) experiments with increasing Sb(III) concentrations
decreased to pH 2.5 probably due to the acidic stock solution.

Oxidation of Sb(III) to Sb(V) in the presence of goethite
was investigated at pH 3.0, pH 7.3, and pH 9.9 under oxic
conditions. After filtration, pH, Sb(IIl), and total Sb were
measured in solution. Oxygen-free experiments at pH 12 in
the presence (duplicates) and absence (singles) of goethite
were prepared and samples were taken under N, in an
anaerobic chamber (Vacuum/Atmospheres Company). Glass
bottles for batches were sealed in order to shake them outside
of the glove box. The same experiments were carried out
under oxic conditions to compare the results. The desorption
behavior of Sb(V) was investigated at pH 9.9. Antimony(V)
was first equilibrated with goethite at pH 6.9 for 7 days, after
which the suspensions were centrifuged and the supernatant
withdrawn. Then, a 0.01 M KCIO, solution at pH 9.9 was
added to the goethite and suspensions were again equili-
brated up to 2 days.

Additional Sh(III) Oxidation in the presence of goethite
(similar to oxidation experiments at pH 3.0, 7.3 and 9.9) were
carried out in duplicate at pH 3.0, 5.9, and 9.7 under normal
atmospheric conditions, after separating the supernatant
from the solid by centrifugation. The remaining suspension
of supernatant and goethite (5 mL) was dissolved in 25 mL
of 0.2 M NHj-oxalate buffer/0.1 M ascorbic acid solution at
pH 3.25 and 96 °C within 30 min. Both solutions, the super-
natant and the oxalate/ascorbic acid extract, were filtered
and analyzed for Sb(III) and Sb. Adsorbed concentrations
of Sb are those that are measured in the extract minus the
dissolved Sb concentrations in 5 mL. Preliminary experiments
extracting Sb,0s3;, KSb(OH)s, adsorbed Sb(III) and adsorbed
Sb(V) on goethite have shown that goethite was completely
dissolved and speciation of Sb(IIl) and Sb(V) remained during
the extraction procedure (22). The pseudo-first-order rate
coefficients were calculated as described elsewhere (18), and
the errors are the twofold standard errors of the linear
regressions.

Analysis. Antimony(III) and total Sb were selectively
analyzed using a hydride generation atomic fluorescence
spectrometer (Millenium Excalibur-System, PSA 10.055. PS
Analytical Ltd) as described elsewhere (18). The pH of the
solutions (+0.1 units) was measured using a pH meter
(Metrohm 713) and a combined glass electrode (Metrohm
6.0222.100), which was calibrated with buffer solutions
(Merck). The reproducibility of the adsorbed Sb concentration
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FIGURE 1. A: Sorption isotherms of Sh(lll) (triangles) and Sh(V)
(squares). Experimental conditions for Sh(V): [Sh(V)], =2—200 zM,
0.5 g/L goethite, / = 0.01 M pH 3.0 and for Sh(lll): [Sh(lll)]l, = 2—
127 uM, 0.5 g/L goethite, / = 0.1 M pH 4—3. For the data points in
circles, initial Sh(lll) concentrations were above the solubility prod-
uct of Sh,05 (7). B,C: Sorption edges of Sh(V) (squares) and Sh(lll)
(triangles) on goethite at /= 0.01 M (solid symbols) and /= 0.1 M
(open symbols). Experimental conditions: [Sh(V)]l, = 4.15 uM or
[Sh(lll)]o = 2.2 xM, 0.5 g/L goethite, 25 °C. Solid lines in B represent
fits of the modified TLM model (Table S1). Dashed lines show
predicted adsorbed phosphate, arsenate and arsenite concentrations
for the same initial concentrations of anions and goethite calculated
from refs 29and 33.C: crosses show corrections for Sh(lll) oxidation.

on goethite or in solution between triplicate or duplicate
experiments was 8% on average.

Surface Complexation Model. The modified triple-layer
model (TLM), which includes surface ion-pair formation with
the background electrolyte ions, was used to describe the
antimonate sorption edges (23). Constants for protonation
of the surface hydroxyl groups and aqueous species were
taken from the literature (Table S1). Surface complexes used
for fitting sorption data are given in Table S1. The program
Fit 2.5 was used to obtain the intrinsic Sb(V) surface com-
plexation constant (24), while forward calculations were
carried out with the chemical speciation program ECOSAT
4.7 (25). Solution speciation was taken into account, adopting
stability constants from references (7, 26). The surface site
density was set to 2.4 sites nm~2, which was obtained from
Sb(V) sorption isotherm experiments in this study. Activity
coefficients of aqueous species were calculated using the
Davies equation (27).



Results and Discussion

Sorption Isotherms on Goethite. The maximum sorption
density for Sb(V) was 136 &+ 8 umol g~! or 2.4 sites nm™2 at
pH 3 (Figure 1A). The isotherm follows a H-type curve, which
indicates a strong affinity of Sb(V) for the goethite surface.
This corresponds well with the edge-sharing surface complex
for Sb(V), which was found by EXAFS measurements for the
same goethite (6). Edge linkage sites are considered to be
high-energy sites, which are preferentially occupied at low
surface coverage (28).

The Sb(IIl) isotherm is linear for low surface coverage
(Figure 1A). No maximum sorption density can be determined
since precipitation of Sb,Os occurs at initial Sb(III) concen-
trations above 63 uM (7).

Maximum sorption density for Sb(V) on goethite was
similar to values of 2.4 and 2 sites nm~2 reported for sorption
densities of Sb(V) on goethite and hematite, respectively, at
pH 7 (9). Blay (2000) also found a linear sorption isotherm
for Sb(III) for initial concentrations below 25 uM (9).

For both As(V) and As(IIl), similar maximum sorption
site densities on goethite of 2.0 sites nm~2 were found (29).

Antimonate Sorption Edge on Goethite. Between pH 3
and 6, the sorption of Sb(V) was above 96% at both ionic
strengths (0.01 and 0.1 M, Figure 1B). Adsorption of Sb(V)
decreased at pH values of 6.8 and 6.1 at an ionic strength of
0.01 and 0.1 M, respectively. EXAFS spectra of adsorbed
Sb(V) on goethite, which we prepared similarly to the batch
experiments (pH 3.5), showed that a Sb(V) octahedron
(Sb(OH)6") shares an edge with an Fe(OH)s octahedron and
forms an edge-sharing inner-sphere sorption complex at the
goethite surface (6). Above pH 6, the influence of ionic
strength on the sorption of Sb(V) was strong and resulted in
a lower adsorption of Sb(V) at higher ionic strength. This
trend could not be predicted by the modified TLM using
either outer-sphere surface complexes alone or a combination
of inner-sphere and outer-sphere surface complexes. The
opposite effect would be expected if an outer-sphere surface
complex was involved: Increasing the ionic strength de-
creases the negative charge of the surface at higher pH values
and adsorption increases at higher ionic strength as it has
been observed for phosphate (30). However, the influence
of ionic strength on Sb(V) adsorption can be modeled if an
inner-sphere surface complex and the formation of ion pairs
of KSb(OH)s° in solution is assumed. The KSb(OH)° ion pairs
reduce the activity of Sb(OH)s™ in solution and thus adsorp-
tion is decreased at higher ionic strength. Formation of ion
pairs for Sb(V) has not been reported so far to the authors’
knowledge. However, ion pairs between K™ or Na* and other
anions, such as acetate or the halides do exist, though they
are quite weak (log K~ —0.2 to —0.5 (31)).

A simultaneous fit of the surface complexation constant
of Sb(V) (Kussy) and the stability constant of KSb(OH)s®
(Kksbome®) for both ionic strengths yielded a log Kadssh of 6.7
and a questionably high value for log Kxspoms- of 3.7 (data
notshown). According to Stumm and Morgan, estimated log
K values for stability constants of ion pairs, based on
Coulombic interactions between the ions, are expected to
be in the range of 0—1 at / = 0 M for ion pairs with opposite
charge of 1 (27). Therefore, the surface complexation constant
was estimated in a fit for the data of both ionic strength with
a fixed value of 1 for log Kkshome-- This results in a lower log
Kagssp value of 4.77. The trend of less adsorption of Sb(V) at
higher ionic strength is visible, however the effect is less
marked and does not fit our data (Figure S1). Assuming a
fixed value of 2 for log Kksnome- and a fit for the data of both
ionic strength yield a log value of 5.21 for log Kagssp (Table
S1, Figure 1B). With this data set, the influence of ionic
strength on Sb(V) sorption is better reproduced than with
the lower stability constant of KSb(OH)s°. This indicates that

in our experiments ion pairs for Sb may have a strong
influence and decrease the adsorption of Sb. The complex-
ation constant is higher than is usual for monovalent species
(see above) but then it must be noted that Na and K
antimonates are relatively insoluble compared to other alkali
salts (32).

Assimilar pH-dependence of Sb(V) adsorption on goethite
was shown with higher initial Sb(V) concentrations (10—400
uM) and NaNOj as background electrolyte (10), though with
increasing Sb(V) concentration, adsorption decreased and
shifted to lower pH values. The best fits for all data, using
the modified TLM, were obtained assuming a combination
of an outer-sphere (FeOH,*-Sb(OH)s") and an inner-sphere
surface complex (Fe-OSb(OH); ") for Sb(V) sorption. However,
for the lowest Sb(V) concentration, which corresponds to an
Fe:Sb ratio similar to the one in this study, the inner-sphere
surface complex, with alog value of the surface complexation
constant of 6, was sufficient to predict the data. No significant
influence of ionic strength was observed in the range between
0.001 and 0.01 M NaNOs, which would be in agreement with
our model. A similar pH dependence for Sb(V) adsorption
on hematite has also been reported in the pH range between
2 and 10 at 50 °C in 0.25 M LiCl solution (11). No pH-
dependence of Sb(V) sorption was observed at higher initial
Sb(V) concentration (200 xM) and a lower goethite concen-
tration (0.125 g L™Y) in the pH range of 2—10 (9). However,
at this high surface coverage either surface precipitation or
polymerization of Sb(V) may occur (7).

Antimonate, phosphate, and arsenate are all reported to
be bound inner-spherically to the goethite surface ( ref 28
and references therein). However, the adsorption of arsenate
and phosphate on goethite is less pH-dependent and maxi-
mum sorption occurs over a wide pH range of 3—10 (Figure
1B, (29, 33)). The stronger adsorption of phosphate and
arsenate over a wider pH-range could be ascribed to the fact
that phosphoric acid and arsenic acid are triprotic acids with
high pK; values for the second and third deprotonation
reaction, whereas antimonic acid is a monoprotic acid (7).
The main mechanism for inner-spheric-bound anion is ligand
exchange. The surface hydroxyl is exchanged by a ligand of
the anion and the formation of surface complexes is favored
by lower pH values due to protonation of surface hydroxyl
groups (27). Since arsenate and phosphate occur as HAsO,2~
and HPO,?" at pH values greater than 7, surface hydroxyl
groups could still be protonated by the third proton of
arsenate and phosphate, permitting ligand exchange to take
place. Antimonate is depronated at pH values above 2.7 (7),
and thus favors protonated surface groups for adsorption.

Antimonite Sorption Edge on Goethite. The pH-
dependence of Sb(III) sorption was weaker than that of Sb(V)
sorption, and >80% of Sb(III) was adsorbed between pH 1
and 12 (Figure 1C). At low pH values, adsorption of Sb(III)
decreased with increasing concentrations of Sb(OH), " (Table
S1), whereas at pH values above 6, adsorption of Sb(III)
decreased due to Sb(III) oxidation and desorption of Sb(V).
The Sb(III) adsorption was corrected by the released Sb(V)
concentrations in solution indicating that Sb(III) sorption is
strong over a wide pH range under anoxic conditions (Figure
1Ccrosses). Ionic strength has no influence on Sb(II) sorption
over the whole pH range, indicating that Sb(III) forms inner-
sphere surface complexes at the surface (e.g., ref 23). Accord-
ing to EXAFS spectra, Sb(III) forms a bidentate, corner-sharing
inner-sphere complex at the goethite surface (6). Since there
is no significant decrease in adsorption over the whole pH
range, it is difficult to estimate the surface complexation
constants by modeling.

A similar pH-independence of Sb(III) adsorption on
amorphous Fe hydroxides was observed in the pH range
6—10 for short equilibration times (10). Arsenite also forms
binuclear inner-sphere surface complexes at the goethite
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surface. However, if the sorption of antimonite and arsenite
are compared for the same initial concentrations of anion
and goethite, the binding of the former is strong over the
whole pH range, while the arsenite is estimated to have a
maximum sorption between pH 4 and 10 (Figure 1C (29)).
Antimonite is a stronger Lewis base than arsenite. The surface
sites can be considered as Lewis acids, which explains the
stronger binding of Sb(III) over the whole pH range. Arsenite
adsorption increases with increasing pH and increased
concentration of As(OH)4~, which is a stronger Lewis base
than As(OH)s. In analogy, As(III) binds more weakly to humic
acids than Sb(III) (34, 35), where binding sites are also oxygen
bridges of carboxylic or phenolic functional groups (35).

Influence of O, on Oxidation of Adsorbed Sb(III) at
pH 12. At pH 12 oxidized Sb should be released accord-
ing to the sorption experiments (Figure 1B). Within 23 days,
26% of total Sb was released in the absence of measurable
0O, (<1 mg/L), while 58% was released in the presence of
approximately 6.6 mg/L O, (Figure 2A). At 23 days, the fraction
of Sb(III) in solution was smaller than 1% in the presence of
0,, while Sb(IIl) concentrations varied in the duplicates
between 9 and 39% in the absence of measurable O,. The
results indicate that the oxidation of adsorbed Sb(IIl) on
goethite at pH 12 was faster in the presence of O,. The ques-
tion arises as to why Sb(IIl) is oxidized in the absence of
measurable oxygen since Fe(Ill) as a-FeOOH has a lower
redox potential than Sb(II) as Sb(OH),~ at pH 12 and no
other oxidantis present in the system. The only explanations
are that either traces of O, diffused into the bottles for the
experiments without O, or O, was sorbed to the surface
particles and are responsible for the Sb(III) oxidation in the
presence of goethite.

Without goethite and O,, Sb(III) remained constant for
23 days (data not shown). In the presence of O,, the oxidation
rate for dissolved Sb(III) was similar to that of adsorbed
Sb(II) (18). Either Sb(III) is oxidized in solution and released
from the surface by re-equilibration, or, and this is probable,
the environment around the Sb(III) atom in solution at pH 12
is similar to that of Sb(IIT) adsorbed to goethite. The similarity
could be the result of an increased electron density on the
Sb atom, derived from additional electron-donor ligands,
either as a result of hydrolysis or specific binding to surface
oxide ions (27).

Influence of Adsorption on Sbh(III) Oxidation in the pH
range 3—10. The concentrations of adsorbed Sb(III) on
goethite remained constant for 35 days at pH 3.0 and 7.3
(Figure 2B). During this time period, no significant amount
of Sb(V) (<0.2%) was measured in solution at these pH values.
At pH 9.9, adsorption of Sb decreased by 30% within 7 days
and remained constant thereafter. After 1 day, 77% of the
dissolved Sb was Sb(V), and after 2 days, no significant
amounts of Sb(III) were measured in solution. This indicates
that adsorbed Sb(III) on goethite was oxidized at pH 9.9 and
that Sb(V) was then released into solution. At pH 3.0 and 7.3,
either no Sb(IIl) oxidation had occurred within 35 days or
the Sb(V) was still adsorbed on the surface and could not be
measured.

The desorption experiment at pH 9.9 shows that within
7h22% of Sb(V) was released into solution, but subsequently
desorption began to slow down, and within 2 days, only 34%
of adsorbed Sb(V) had been released (Figure 2C). Applying
these observations to the oxidation experiments, it becomes
clear that measuring species in solution only does not give
a complete picture.

Additional oxidation experiments, in which goethite was
dissolved in oxalate—ascorbic solution after filtration, showed
that Sb(V) was found in the solid phase at pH 3.0 and 5.9
(Figure 3). The amount of total Sb(V) appears to be pH-
dependent: 35, 50, and 90% of Sb(III) were oxidized within
7 days at pH 3, 5.9, and 9.7, respectively. After 7 days no
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FIGURE 2. A: Oxidation of adsorbed Sh(lll) on goethite ([Sh(lll)],
= 2.3 uM) at pH 12.0 in the presence (0;) and absence (N,) of
measurable oxygen. Homogeneous oxidation of Sh(lll) at pH 12,
calculated from ref 78 is represented by the line. B: Adsorption of
Sh(lll) on goethite as a function of time in the pH range 3—10. Initial
Sh concentration was 2.2 xM and 0.5 g/L goethite at 25 °C and
1=10.01 M KCIO,. C: Desorption of Sh(V) at pH 9.9: 4.2 M of Sh(V)
was adsorbed at pH 7 and then goethite was equilibrated at pH 9.9
in 0.01 M KCIO,4 at 25 °C. Error bars are the standard deviation of
duplicates or triplicates and within the symbols of some data points.

significant amount of Sb(III) was further oxidized. This could
be explained if only a small percentage of the goethite surface
sites were available for Sb(III) oxidation. At pH 9.7, Sb(V)
desorption occurs and reaction sites can be recycled, whereas
sitesremain occupied at pH 3 and 5.9 due to strong adsorption
of Sb(V). The pseudo-first-order rate coefficients for the total
Sb(III) oxidation were 0.9 x 1078 (£0.1 x 1079), 1.2 x 1076
(£0.2 x 107%) and 5 x 1076 (£0.7 x 107%) s7! at pH 3.0, 5.9
and 9.7, respectively. If Fe(III) were the oxidant, a different
relationship between pH and the oxidation rate coefficients
would be expected, since Fe(III) has a higher redox potential
than Sb(III) only below pH 7.5 and would only be able to
oxidize Sb(IIl) in acidic solutions. Instead, the weak pH-
dependence of the rate coefficients could be related to the
fact that the environment around the Sb(III) atom when
sorbed to goethite does not vary strongly with pH.
Similar experiments were carried out with adsorbed
Sb(III) on amorphous Fe(IIl) hydroxides at an Fe:Sb ratio of
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FIGURE 3. A—C: Distribution of adsorbed Sh(lll), adsorbed Sh(V)
and dissolved Sh(V) as a function of time during oxidation.
Experimental conditions: [Sb(lll)], = 2.2 uM, 0.5 g/L goethite at 25
°C and / = 0.01 M KCIO,. Dissolved Sh(lll) concentrations were
<5% of the total Sh concentration and are not shown.

4500:1 in the pH range 5—10 (20). Antimony(III) was com-
pletely oxidized (>96%) within 5 days and a pH-independent
pseudo-first-order rate coefficient of 1 x 1075 (£0.2 x 107°)
s7! was found. The rate coefficients were approximately
4 times larger than in this study, probably due to a larger
surface area for amorphous Fe hydroxides.

For As(III), the oxidation of adsorbed As(III) on Fe hydrox-
ides, ferrihydrite and goethite was also observed (36—38).
Between 50 and 75% of adsorbed As(III) on amorphous Fe
hydroxides were oxidized at a rate independent of pH in the
pH range 4.7—10.2 within 2 days at an Fe:As ratio of 3400:1
(36). At an Fe:As ratio of 75:1, 10—20% of adsorbed As(III) on
goethite was oxidized at pH 5 within 4 days (38).

For As(IIl) oxidation processes in the presence of Fe
hydroxides, the effect of preparation of Fe hydroxides from
Fe(Il) or Fe(Ill) salts is discussed in the literature (36, 39).
The experiments of the present study show clearly that
Sb(III) is also oxidized in the presence of goethite, which is

prepared from Fe(III) salts, and thus does not contain traces
of Fe(I). However, compared to the oxidation rate coefficients
in the presence of Fe(Il), the oxidation rate coefficients are
approximately 6 and 8000 times slower at pH 5 and 7,
respectively (40).

Environmental Significance. Analyses of Sb in aquatic
systems have usually shown that Sb(V) predominates and
Sb(II) is only found at low concentrations under oxic
conditions (4). The reason for this may be that Sb(III) sorbs
strongly to Fe hydroxides, as this and the other study (10)
show, but that this also results in oxidation and release,
particularly in calcareous soils and water. It is possible that
this contributes to Sb(III) concentrations being very low in
oxidizing environmental compartments. There is evidence
to support this. Antimony speciation in shooting range soils
by EXAFS spectroscopy showed that Sb(III) compounds were
not prevalent and only elemental Sb from the bullets and
Sb(V) associated to Fe hydroxides, occur. The EXAFS spectra
of the Sb(V) species were similar to the spectra of adsorbed
Sb(V) on goethite (6). Investigations of soils, contaminated
by Sb and Sb,0; smelter emissions also found that Sb(V) is
the predominant species and that oxidation processes must
occur in the soil environment (41).
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