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Abstract

Antimony (Sb) is a contaminant of concern that can be present in elevated concentrations in shooting range soils due to
mobilization from spent lead/antimony bullets. Antimony in shooting range soils has been observed as either metallic Sb(0) or
as Sb(V) immobilized by iron (hydr)oxides. The absence of Sb(III) in soils is indicative of rapid Sb(III) oxidation to Sb(V)
under surface soil conditions. However, the major controls on antimony oxidation and mobility are poorly understood.
To better understand these controls we performed multiple batch experiments under oxic conditions to quantify the oxidation
and dissolution of antimony in systems where Sb(0) is oxidized to Sb(III) and further to Sb(V). We also tested how variations
in the aqueous matrix composition and the presence of metallic lead (Pb) affect the dissolution, solid phase speciation, and
oxidation of antimony. We monitored changes in the aqueous antimony speciation using liquid chromatography inductively
coupled plasma mass spectrometry (LC-ICP-MS). To test which solid phases form as a result of Sb(0) oxidation, and there-
fore potentially limit the mobility of antimony in our studied systems, we characterized the partially oxidized Sb(0) powders
by means of extended X-ray absorption fine structure (EXAFS) spectroscopy and powder X-ray diffraction (XRD).

The observed oxidation of Sb(0) to Sb(III) and mobilization to solution is rapid: after 5–15 min of reaction the aqueous
antimony concentration reached 50–600 lM. The amount of dissolved antimony and the rate of Sb(III) oxidation to Sb(V) in
deionized water is lower than what we measured in the simulated groundwater systems. Sénarmontite (Sb2O3), the primary
crystalline oxidation product of Sb(0), was detected after one month from the beginning of Sb(0) oxidation. The maximum
aqueous Sb(III) concentration is about 30 times larger than the predicted equilibrium concentration with respect to sénarmon-
tite in the initial stages (<65 h) of our experiment. Concentrations reach equilibrium within 146–222 days. The maximum con-
centration of Sb(V) is controlled by cation availability for the precipitation of an antimonate. In the systems where sodium
Na(I) exceeded 20 mM precipitation of mopungite is observed. No crystalline phases were detected in the systems with added
lead, and the dissolved Sb(V) concentration is several orders of magnitude higher than would be expected in equilibrium with
bindheimite (Pb2Sb2O7). The observed solubility of Sb(V) in the systems with Ca(II) is several orders of magnitude larger than
the solubility reported for roméite (Ca2Sb2O7). The addition of Pb(0) lowered the extent of Sb(0) oxidation due to competitive
oxidation or to the coupling of antimony and lead redox reactions. The results from our research can be used to identify sub-
strates that promote precipitation of relatively insoluble antimony compounds in target berm soils and thus prevent the offsite
migration of antimony from shooting range target berms.
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1. INTRODUCTION

The distribution and behavior of antimony (Sb) in the
environment has been the topic of an increasing number
of studies which are summarized in several recent reviews
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(Wilson et al., 2010; Filella and Williams, 2012; Roper
et al., 2012). Studies focused on the mechanisms related
to toxic, teratogenic, and carcinogenic properties of various
antimony compounds are limited (Filella et al., 2009); how-
ever, it is established that antimony is toxic (Gebel, 1997)
and is a potential human carcinogen (Léonard and Gerber,
1996; Gebel, 1997; Beyersmann and Hartwig, 2008).

Antimony is used in a wide variety of materials and
applications: according to the 2012 United States Geologi-
cal Survey (USGS) Mineral Commodity Summaries, the
utilization of antimony by the US in 2011 was approxi-
mately 26,600 metric tons (Carlin, 2012). Antimony is com-
monly used as a hardener in lead/antimony alloys for
bullets. Within the US approximately 80,000 tons of lead
per year went to the production of ammunition in the late
1990s (US EPA Report, 2005).

Based on chemical analysis, 0.22 caliber (5.56 mm) bul-
lets are comprised of, on average, 0.7 wt.% antimony
(Randich et al., 2002), while 0.357 caliber (9 mm) rounds
are comprised of up to 1.8 wt.% (Keto, 1999). Average anti-
mony content in bullets of up to 2–5 wt.% has also been re-
ported (Johnson et al., 2005). Assuming that, on average, a
lead bullet contains 1 wt.% of antimony, a rough estimate
can be made that �800 tons of antimony is deposited yearly
at shooting ranges in the US. While this is a small fraction
of the total annual usage of antimony in the US, this anti-
mony (and lead) are highly localized within target range
soils, resulting in highly elevated concentrations at military
and recreational shooting ranges (Basunia and Landsber-
ger, 2001; Johnson et al., 2005; Olivé, 2006; Scheinost
et al., 2006; Ackermann et al., 2009). Previously reported
antimony levels in shooting range soils have been found
to range from 1 to 517 mg kg�1 (Basunia and Landsberger,
2001) and up to 13,800 mg kg�1 (Johnson et al., 2005).
These values greatly exceed typical crustal soil background
values of a few mg kg�1 or less (Filella et al., 2009). Anti-
mony concentrations found in a shooting range runoff are
elevated, and positively correlate to water flow and dis-
solved organic carbon (Strømseng et al., 2009; Heier
et al., 2010).

Antimony exists in two oxidation states (+3 or +5) un-
der typical surface water and soil redox conditions. The
mobility of antimony is limited by secondary mineral pre-
cipitation (Diemar et al., 2009; Filella and Williams, 2012;
Roper et al., 2012), and partitioning to metal (hydr)oxides
of Al, Fe, and Mn (Thanabalasingam and Pickering,
1990; Rakshit et al., 2011; Xu et al., 2011), clay minerals
(Xi et al., 2010, 2011; Ilgen and Trainor, 2012), and humic
acids (Pilarski et al., 1995; Tighe et al., 2005). Aqueous con-
centrations of Sb(III) are typically limited by the Sb2O3

phases sénarmontite (to 1.2 lM) and valentinite (to
10 lM) (Zotov et al., 2003), and Sb(V) by roméite – Ca2Sb2O7

(Roper et al., 2012). The reported aqueous concentration of
Sb(V) from dissolution of roméite is 0.33 ± 0.1 lM
(Diemar et al., 2009). Due to these solubility constraints,
antimony is considered relatively immobile in soil environ-
ments (Filella et al., 2002; Knechtenhofer et al., 2003;
Diemar et al., 2009; Reimann et al., 2010).

Homogeneous oxidation of Sb(III) to Sb(V) by dis-
solved O2 depends on pH and aqueous composition, and
does not proceed at a measurable rate at pH < 9.8 after
200 days (Leuz and Johnson, 2005). The rate of Sb(III) oxi-
dation by dissolved O2 is promoted by the addition of aque-
ous Fe(II) (Leuz et al., 2006a), and the addition of the
dissolved metals copper (Cu), manganese (Mn), and lead
(Pb) was shown to catalyze oxidation of Sb(III) by hydro-
gen peroxide (Elleouet et al., 2005). In heterogeneous sys-
tems, oxidation of Sb(III) to Sb(V) is promoted by
natural and synthetic amorphous iron (hydr)oxides (Belzile
et al., 2001), synthetic goethite (Leuz et al., 2006b), and par-
tially reduced iron-rich nontronite clay (Ilgen et al., 2012).
Further studies are needed to understand chemical controls
on antimony oxidation rates, particularly in heterogeneous
systems.

Antimony is found in mineral deposits typically in the
sulfide form (stibnite, Sb2S3) or one of the associated
oxidation products. The typical mineral sequence observed
during oxidation and dissolution of stibnite is:
stibnite! kermesite (Sb2S2O)! sénarmontite/valenti-
nite! cervantite (Sb2O4)! roméite group minerals
(Roper et al., 2012). In natural systems, the oxidation is
relatively fast as indicated by the predominance of oxidized
Sb(V) species downstream from stibnite bearing deposits
(Ashley et al., 2003; Liu et al., 2010; Beauchemin et al.,
2012; Ritchie et al., 2013), and the main pathway for anti-
mony removal from the water column is sorption and
co-precipitation with iron (hydr)oxides (Ashley et al.,
2003; Beauchemin et al., 2012; Ritchie et al., 2013). There
are fewer studies of antimony oxidation in shooting range
soils compared to the number of studies of the fate and
transport of antimony associated with sulfide deposits.

A unique aspect of trace metal deposition into shooting
range soils is that they are “loaded” to the target berms
through impact of a rapidly moving projectile. On impact
the metallic bullets are shattered, exposing fresh surfaces that
are expected to undergo fast oxidation under surface soil
conditions. Based on the spectroscopic study by Scheinost
et al. (2006) exclusively Sb(0) and Sb(V) adsorbed to iron (hy-
dr)oxides was found in shooting range soils in Switzerland
with no Sb(III)-containing solid phases observed (Scheinost
et al., 2006; Ackermann et al., 2009). Similarly, exchangeable
and specifically adsorbed fractions of antimony extracted
from heavily polluted soils and river sediments (district of
Přı́bram, Czech Republic) were found to be in the oxidized
Sb(V) form, except for acidic soils with a high organic con-
tent, where the fraction of Sb(III) varied from 3% to 33%
of the total antimony content (Ettler et al., 2007). In labora-
tory experiments, an electrode potential sweep from �0.2 to
10 V with Sb(0) at pH 7 (in phosphate buffer) resulted in
formation of an oxide film, which is composed exclusively
of Sb(III) as determined by ellipsometry and X-ray photo-
electron spectroscopy (Linarez Pérez et al., 2010).

Uncertainty remains as to why Sb(III)-containing solid
phases are not observed in soils with corroding Sb-contain-
ing bullets investigated up to date (Scheinost et al., 2006;
Ackermann et al., 2009), while they are commonly observed
as a result of stibnite oxidation, e.g. sénarmontite and
valentinite (Roper et al., 2012), and during Sb(0) oxidation
in laboratory studies (Linarez Pérez et al., 2010). To further
improve the overall understanding of the factors controlling
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the Sb(0)! Sb(III)! Sb(V) oxidation sequence in hetero-
geneous systems we designed and implemented a set of
batch experiments to study the oxidation and dissolution
of Sb(0) as a function of solution composition. We also
tested how the addition of Pb(0) affects the oxidation and
mobilization of antimony and characterized the oxidation
products which may serve as a secondary source or control
on aqueous concentrations of antimony. We chose to use
simple solution chemistry with constituents commonly pres-
ent in soil/groundwater systems. Iron was excluded from
the experiments in order to focus on the primary oxidation
products of the metallic phases. We also tested the role of a
complexation on directing the reaction pathway of oxida-
tion and solubility of antimony using a model organic li-
gand – disodium salt of ethylenediaminetetraacetic acid
(EDTA). The results presented here provide information
to help constrain our understanding of the reaction path-
ways during incipient oxidation of metallic antimony.

2. MATERIALS AND METHODS

2.1. Experimental procedures

All solutions were prepared using Milli-Q H2O (resistiv-
ity of 18.2 MX cm, filtered to less than 0.2 lm and UV-irra-
diated; Barnstead NANOpure DIamond). We refer to the
Milli-Q water as DI (deionized) water for brevity. Stock
solutions included 100 mM disodium salt of ethylenedi-
aminetetraacetic acid (disodium EDTA), 100 mM sodium
nitrate, 100 mM calcium nitrate, 55 lM antimony trichlo-
ride [Sb(III)], and 5 mM potassium (pyro)antimonate
[Sb(V)]. Stock solutions were prepared by dissolving
C10H14O8N2Na2�2H2O (99.5%), NaNO3 (ACS grade),
Ca(NO3)2 (ACS grade), SbCl3(99.4% ACS grade), and
KSb(OH)6 (98%) in DI H2O, and then filtering the solu-
tions through 0.45 lm Whatman Nylon membrane dispos-
able filters. For the Sb(III) stock solution we used de-
oxygenated DI H2O (boiled for 45 min and purged with
N2 gas during cooling). Antimony trichloride stock solution
was stored at 4 �C in an amber glass bottle away from light
prior to use.

The simulated groundwater (SGW) was prepared by dis-
solving CaCO3 (99+%) and NaCl (reagent grade) in DI
H2O, then the pH was adjusted to 7.0 with ultrapure
HNO3. The SGW composition was verified by ion chroma-
tography (IC) analysis to be 0.29 mM Na+, 1.24 mM Ca2+,
0.28 mM Cl�, 1.97 mM NO3

�, and 0.062 mM HCO3
�.

Batch reactors with Sb(0) and Pb(0) were prepared in
50 mL polypropylene centrifuge tubes. The experiments
were performed at 20 �C in equilibrium with the atmo-
sphere, light was not excluded, and pH (not buffered) was
measured using a Thermo ORION meter with a combina-
tion pH electrode (PerpHectRoss). The initial pH measure-
ment was taken 5–30 min after all the components were
combined in the reactors and then pH was measured every
time a sample was collected. The Sb(0) and Pb(0) powders
(200 mesh size) were allowed to react for a maximum of
222 days. The net composition of the batch reactors is
shown in Table 1. Duplicate batches for the DI/Sb and
SGW/Sb reactors were set up and sampled 3 times between
41 and 192 h of equilibration in order to determine the
reproducibility of our results. An additional sample was
made with Pb(0) powder (2.0 g), which was allowed to oxi-
dize in 100 mL of DI H2O by purging with air for 48 h in a
glass beaker. The reactors were sampled at increasing time
intervals to follow a logarithmic time sequence. During
sampling a 2–3 mL volume was collected, each sample
was filtered through a 0.45-lm Whatman Nylon membrane
disposable filter, and samples were immediately analyzed by
liquid chromatography inductively coupled plasma-mass
spectrometry (LC-ICP-MS).

2.2. Aqueous sample analysis

The oxidation state of antimony in aqueous samples was
determined using LC-ICP-MS. Speciation standards were
made prior to each analytical run by diluting antimony
stock solutions with DI H2O so that the Sb(III) or Sb(V)
concentration range was 0–1.24 lM (0–150 lg L�1). The to-
tal concentration of antimony in these standards was veri-
fied by ICP-MS analysis prior to LC analysis. The
resulting calibration curves included five standards for each
Sb(III) and Sb(V) and had an R2 value of 0.98 or higher.
Calibration was performed prior to each analytical run of
20–50 samples. To determine the standard deviation of
the measurement we analyzed one sample and one standard
solution three times during each analytical run. The Sb(III)
and Sb(V) were separated using an arsenic speciation col-
umn (Agilent G3154-65001, 150 mm � 4.6 mm i.d.) and
guard column (Agilent G3154-65002, 4.6 mm � 10 mm
i.d.) packed with chemical bonded hydrophilic anion
exchange resin. The mobile phase consisted of 12 mM
Na2EDTA, 2 mM phthalic acid and 3 vol.% methanol,
the resulting pH was �4.5 [modified from Zheng et al.
(2001)]. As an internal standard we added an indium
(115In) ICP-MS standard solution to the mobile phase at
0.43 lM (50 lg L�1). The radio frequency (RF) power
was set at 1500 W, and sample injection volume was
100 lL. The flow rate of the mobile phase through the
column was 1 mL min�1. The detector count time for
121Sb and 123Sb was 0.5 s per point; total acquisition time
was 450 s. The Sb(III) and Sb(V) peaks eluted at 210 and
130 s, respectively.

Areas under antimony peaks were integrated and back-
ground was subtracted using the Microcal Origin 6.0 soft-
ware package. Antimony (121Sb) counts were normalized
by the internal standard (115In) counts. The detection limit
was �8 nM (1 lg L�1) for both Sb(III) and Sb(V). The
Sb(V) standards were pure with no detectable Sb(III).
Freshly prepared Sb(III) standards typically had a minor
Sb(V) impurity of 8–16 nM (1–2 lg L�1). The Sb(III) cali-
bration curve was corrected by subtracting the Sb(V) impu-
rity from the Sb total value obtained by the ICP-MS
analysis.

The simulated groundwater was analyzed by ion chro-
matography (IC) using a Dionex ICS-3000 with an AS-19
anion column and a CS-12 cation column (Dionex). The
injection volume of each sample was 10 mL. For anion
analyses concentration of the potassium hydroxide eluent
was gradually increased from 20 to 35 mM. Cation analyses



Table 1
Experimental conditions for the antimony metal oxidation batch reactors. The experiments were performed at 20 �C in equilibrium with
atmosphere and light was not excluded. The pH was measured during sampling.

Batch reactor DI/Sb SGW/Sba SGW/Sb/EDTA DI/Sb/Pb DI/Sb/Pb/EDTA DI/Sb/Ca(NO3)2 DI/Sb/NaNO3

Medium DI H2O SGW SGW DI H2O DI H2O DI H2O DI H2O
Sb(0), g 0.100 0.100 0.100 0.050 0.050 0.100 0.100
Pb(0), g n n n 0.050 0.050 n n
EDTA, mM n n 10 n 10 n n
Na+, mM n 0.29 20.29 n 20.0 n 10
Ca2+, mM n 1.24 1.24 n n 10 n
NO3

�, mM n 1.97 1.97 n n 20 10
Cl�, mM n 0.28 0.28 n n n n
Max rxn time, days 222 222 146 146 146 146 146
Ionic strength, M 10�7 3.8 � 10�3 1.38 � 10�2 2.58 � 10�4b 1.0 � 10�2 3.0 � 10�2 1.0 � 10�2

c (z ± 1)c 1.00 0.94 0.89 0.98 0.90 0.85 0.90
c (z ± 2)c 1.00 0.88 0.79 0.96 0.81 0.72 0.81

a Simulated groundwater (SGW): [Na+] = 0.29 mM, [Ca2+] = 1.24 mM, [Cl�] = 0.28 mM, [NO3
�] = 1.97 mM; [HCO3

�] = 0.062 mM.
b Estimated based on the Pb(II) aqueous concentration derived from the solubility of hydrocerussite Pb3(CO3)2(OH)2.

c Activity coefficient calculated using Davies equation �logc ¼ Az2 I1=2

1þI1=2 � 0:2I
h i

.
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were performed in isocratic mode with a concentration of
the methane sulfonic acid eluent of 25 mM. The system flow
rate was 1 mL min�1 and the conductivity cell temperature
was 30 �C. The ion chromatograph was calibrated through
repeat analysis of calibration and laboratory analytical
standards. Based on these analyses the calculated precision
for the analyses is ±5%. Peaks were identified using Chro-
meleon (Dionex) and verified visually. The composition of
the simulated groundwater is provided in Table 1.

2.3. Solid sample analysis

Extended X-ray absorption fine structure (EXAFS) data
was collected at bending magnet beamline sector 13 BM
(GSECARS), Advanced Photon Source (APS), Argonne
National Laboratory. The Si(111) water-cooled monochro-
mator was calibrated at the mid-point of the antimony K-
edge (peak of derivative spectrum) at 30,491 eV using an
Sb(0) reference foil. For harmonic rejection we used a plat-
inum mirror and detuned the monochromator by 20%. The
monochromator step size was 5 eV in the pre-edge, 0.5 eV
in the near edge region, and 0.05 Å�1 in the EXAFS region.
The counting time was 2 s per point with increasing count-
ing time at higher k-values (a power of 3 was applied). The
spectra for all samples were recorded in transmission mode
using ionization chambers (I0 and I1) with an Sb(0) refer-
ence foil placed in line downstream of the sample (I2). These
reference spectra were used to correct for possible mono-
chromator drift. The ionization chambers I0, I1, and I2 were
filled with argon gas. The samples were scanned 2–4 times
and the data was averaged.

The EXAFS data was processed and modeled using the
Athena and Artemis interface (Ravel and Newville, 2005)
to the IFEFFIT (Newville, 2001) program. The back-
ground subtraction (AUTOBK algorithm; Newville et al.,
1993), normalization and conversion into k-space were con-
ducted as described elsewhere (Kelly et al., 2008). The Fou-
rier transform (Hanning window, dk value of 1) was applied
to Sb K-edge EXAFS data over the k-range of approxi-
mately 2.5–12.5. The Fourier transformed antimony K-
edge EXAFS spectra were analyzed using Artemis by fitting
theoretical paths calculated with Feff 6 (Zabinsky et al.,
1995; Newville, 2001) based on the structure of sénarmon-
tite (Whitten et al., 2004) and Sb(0) (Wyckoff, 1963). The
amplitude reduction factor (S0) was fixed at 0.97, based
on fitting KSb(OH)6 model compound EXAFS spectra re-
corded during the same analytical run.

To identify crystalline phases forming as a result of
Sb(0) and Pb(0) oxidation in the batch reactors, randomly
orientated dried sample powders were analyzed by X-ray
powder diffraction (XRD). We used an X’Pert PRO
Material Research Diffractometer (PANalytical) equipped
with either a Cu (Ka k = 1.54277 Å), or Co (Ka
k = 1.79082 Å) X-ray tube with the generator set at 45 kV
and 40 mA, or 40 kV and 45 mV, respectively. Scans were
collected from 5 to 100� 2h and a counting time of 60 s
per point at either 0.002 or 0.013� step size. Diffraction pat-
terns collected with Cu radiation were an average of five re-
peated scans. All diffraction patterns were processed using
PANalytical’s X’Pert HighScore Plus 2.2 software package
and Bragg peaks were matched using the PDF-4+ 2012
database (ICDD). In addition, the fraction of crystalline
phases in the diffraction patterns of partially reacted DI/
Sb and SGW/Sb batch reactors (analyzed with Cu radia-
tion) were determined semi-quantitatively using the nor-
malized Reference Intensity Ratios method (Chung,
1974a,b, 1975; Snyder, 1992).

The oxidized antimony powders from the reactors DI/
Sb and SGW/Sb were dried in the air and imaged using
an ISI-SR-50 Scanning Electron Microscope (SEM) at
20 keV and original magnification of 1000�. No coating
or other sample treatments were used. The surface areas
of Sb(0) (99.999%) and Pb(0) (99.9%) metal powders were
determined using the Brunauer–Emmett–Teller (BET) N2

adsorption method. The Sb(0) (0.366 g) and Pb(0)
(0.244 g) powders were out-gassed under vacuum at
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300 �C for 60 min prior to the analysis. The specific surface
area measured by BET was 0.59 m2 g�1 for Sb(0) and
2.67 m2 g�1 for Pb(0) powders.

2.4. Thermodynamic modeling

The software package Geochemist Workbench (GWB)
(Bethke, 1998) was used for thermodynamic modeling. To
account for all relevant antimony and lead aqueous and
mineral species we modified the Lawrence Livermore
National Lab (LLNL) V8 R6 thermodynamic dataset. We
included the Sb(OH)6

� aqueous species with the equilib-
rium constant for Sb(III)/Sb(V) couple calculated based
on the tabulated standard redox potential (Lide, 1993), H4-

EDTA dissociation constants (Lide, 1993), PbH2EDTA
complexation constant (Martell and Smith, 1974), CaH-
EDTA� complexation constant (Martell and Smith,
1974), and SbHEDTA complexation constant (Filella and
May, 2005). We also added the mineral phases mopungite
(NaSb(OH)6) (Blandamer et al., 1974), sénarmontite (Sb2O3)
and valentinite (Sb2O3) (Zotov et al., 2003).

The experimental data collected on all batch reactors
was used to model the path of reaction during the oxidation
of Sb(0). We used the React module of the GWB for these
calculations. The composition of the batch reactors
(Table 1) and initial pH were used as input, and Sb(0)
and Pb(0) were added as reactant species. Temperature
Fig. 1. X-ray diffraction (Cu Ka) patterns collected on solid phases from
the beginning of experiment. Percentage of remaining Sb(0) is calculated
method (Chung, 1974a,b, 1975; Snyder, 1992). Patterns for the reference
was fixed at 25 �C and partial pressure of CO2(g) was fixed
at 0.38 � 10–3 atm. Since measured concentrations of
Sb(III) and Sb(V) aqueous species indicate that systems
were at thermodynamic disequilibrium, we de-coupled
Sb(III)/Sb(V), and set the Eh value at the completion of
the reaction at 0.45 V.

3. RESULTS AND DISCUSSION

3.1. Speciation of antimony and lead in the solid phase

oxidation products

The XRD patterns of the fresh and partially oxidized (1
and 5 months reaction time) antimony metal powders are
shown in Fig. 1. The XRD patterns for the solid phases col-
lected from all batch reactors at the completion of the
experiment are shown in Figs. 1 and 2. The semi-quantita-
tive analysis of the XRD data indicated that the extent of
Sb(0) oxidation is more pronounced in the reactor with sim-
ulated groundwater (SGW/Sb) compared to the reactor
with DI water (DI/Sb). Sénarmontite was the predominant
crystalline oxidation product identified in all reactors with
the exception of the DI/Sb/Pb reactor where the extent of
Sb(0) oxidation was least pronounced and no crystalline
phases, besides the starting materials, were found. In addi-
tion, the Sb(V) phase mopungite was identified in the reac-
tor SGW/Sb/EDTA. Some antimony metal remained in all
the DI/Sb and SGW/Sb reactors after 1 month and 5 months from
semi-quantitatively using the normalized Reference intensity ratios
phases (Sb metal and sénarmontite) are also shown.



Fig. 2. X-ray diffraction (Cu Ka) patterns collected on solid phases from the remaining batch reactors by the completion of experiment after
5 months. Patterns for the reference phases (Sb and Pb metals, sénarmontite and mopungite) are also shown.

Table 2
Mineral phases identified by X-ray diffraction (XRD) in the Sb(0) batch reactor experiments.

Batch reactors

Mineral phase DI/Sb SGW/Sb SGW/Sb/EDTA DI/Sb/Pb DI/Sb/Pb/EDTAa DI/Sb/Ca(NO3)2 DI/Sb/NaNO3

Sb(0) + + + + + + +
Senarmontite + + + + + +
Mopungite +
Pb(0) +

a Evidence for presence of hydrocerussite and litharge is inconclusive due to weak diffraction pattern and overlap of Bragg peaks with more
abundant phases.
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reactors after five months. The list of crystalline phases
found in each batch reactor is shown in Table 2. The oxi-
dized lead metal powder (oxidized in 100 mL of DI H2O
by purging with air for 48 h) was analyzed by XRD, and
hydrocerussite was the predominant crystalline phase (data
not shown).
The EXAFS data for Sb(0), sénarmontite, and the post-
reaction solids collected after five months of reaction from
the DI/Sb and SGW/Sb batch reactors and corresponding
fits are shown in Fig. 3. The EXAFS fitting parameters
are summarized in Table 3. In agreement with the XRD
findings, shell-by-shell fitting of the backscattering features



0 1 2 3 4 52 4 6 8 10 12 0 1 2 3 4 5

Χ
(k

) k
3

Tr
an

sf
or

m
 M

ag
ni

tu
de

 

Tr
an

sf
or

m
 R

ea
l 

Radial distance (Å) k(Å-1) Radial distance (Å) 

Sb metal 

Senarmon�te 

DI/Sb* 

SGW/Sb* 

* Reac�on �me 5 months 

Fig. 3. Extended X-ray absorption fine structure spectra (solid lines) and fit (empty circles) for antimony metal, sénarmontite, and the post-
reaction solids collected after 5 months of reaction from the DI/Sb and SGW/Sb batch reactors.

Table 3
Fitting parameters for the extended X-ray absorption fine structure (EXAFS) spectra. Fitting was done in R-space; k-weights of 1, 2, and 3
were fitted simultaneously, the amplitude reduction factor (S0) was set at 0.97. Error at a 95% confidence level is shown in parenthesis.

Sample k-rangea R-range (Å) Shell CNb R (Å)c r2 (Å2)d DE0 (eV)e R-factorf Red v2 g Ind. Pts.h

Senarmontite 2.7–12.6 1.0–4.5 Sb–O 3.6(2) 1.97(1) 0.003(1) 8.3(7) 0.006 243 22
Sb–Sb 2.4(5) 3.61(1) 0.003(1)
Sb–Sb 1.1(7) 3.96(3) 0.004(3)

Antimony metal 1.8–11.7 1.0–5.0 Sb–Sb 1.8(2) 2.89(1) 0.003(1) 6(1) 0.046 48.6 25
Sb–Sb 0.8(3) 3.32(2) 0.003(2)
Sb–Sb 1.6(6) 4.31(2) 0.003(2)
Sb–Sb 1.7(7) 4.48(2) 0.003(2)

SGW/Sb (5 months) 2.8–12.0 1.0–5.0 Sb–O 1.8(1) 1.97(1) 0.003(1) 10.3(7) 0.009 27 23
Sb–Sb 1.0(1) 2.91(1) 0.003(1)
Sb–Sb 0.7(3) 3.35(2) 0.004(2)
Sb–Sb 1.4(3) 3.61(1) 0.004(1)
Sb–Sb 0.5(5) 3.93(6) 0.005(6)
Sb–Sb 0.5(6) 4.24(8) 0.005(7)

DI/Sb (5 months) 2.7–11.9 1.0–4.5 Sb–O 1.4(1) 1.96(1) 0.004(1) 9(1) 0.008 57 20
Sb–Sb 0.7(1) 2.89(1) 0.002(1)
Sb–Sb 0.8(2) 3.36(1) 0.004(1)
Sb–Sb 1.5(3) 3.60(1) 0.004(1)
Sb–Sb 0.8(4) 3.90(2) 0.004(2)
Sb–Sb 1.3(6) 4.36(2) 0.006(2)

a Usable k-range.
b Coordination number.
c Bond length.
d Debye–Waller factors: mean-square amplitude reduction factor, including thermal and static disorder components.
e Energy shift between the theoretical and measured spectrum.

f R-factor (mean square misfit) Rfactor ¼
P

i
ðdatai�fitiÞ2P

i
data2

i
.

g Reduced chi-square v2
t ¼

Nidp

Npts

P
i

datai�fiti
ei

� �2
=ðNidp � NvarÞ.

h Independent points (number of data points minus number of variable parameters) N idp ¼ Npts � Nvar.
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was consistent with the structures of sénarmontite (Sb–O at
1.97(1) Å, Sb–Sb at 3.61(1) Å, and 3.96(3) Å), and metallic
antimony (Sb–Sb at 2.89(1) Å, 3.32(2) Å, 4.31(2) Å, and
4.48(2) Å). If a minor amount of mopungite (found in the
SGW/Sb/EDTA reactor by XRD, but not in the SGW/
Sb reactor) was present, we would likely not be able to iden-
tify it due to lack of pronounced backscattering features in
the fine structure of this mineral (Scheinost et al., 2006).



SGW/Sb, 1 month SGW/Sb, 5 months Sb metal powder 

100 μm 100 μm 100 μm 

Fig. 4. Scanning electron microscopy images of the reacted Sb(0) powders (SGW/Sb) illustrate decrease of the particle size with increasing
reaction time. Images were taken at 20 keV and original magnification of 1000�.
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The particle size of the oxidized Sb(0) solid phases de-
creased with time based on the SEM images taken at differ-
ent stages of the experiment (time = 0, 1 and 5 months)
from the reactors DI/Sb and SGW/Sb (Fig. 4). This quali-
tative evidence supports significant oxidation of antimony
metal powder, dissolution, and secondary mineral precipi-
tation. Initially, Sb(0) powders had a variety of grain sizes,
and larger particles with flat surfaces were present. After
one month of reaction the grain size decreased and fewer
flat surfaces were found. After 5 months of reaction the
grain size decreased further compared to the 0 and 1 month
samples.

3.2. Dissolution and aqueous speciation of antimony as a

function of time

Metallic antimony readily generated dissolved Sb(III)
and Sb(V) through oxidation and dissolution (Fig. 5). After
5–15 min of reaction the aqueous concentration of anti-
mony in seven batch reactors reached 50–600 lM, with
Sb(III) making up 96–100% of the total dissolved anti-
mony. The total dissolved antimony measured in the dupli-
cate reactors DI/Sb-duplicate, and SGW/Sb-duplicate
(data not shown) was within the calculated analytical error
of the concentrations in the DI/Sb and SGW/Sb reactors,
Fig. 5. Antimony oxidation and dissolution in batch reactors as a fun
antimony; (b) Changes in the fraction of Sb(III) in total dissolved antim
respectively. The changes in the aqueous Sb(III) concentra-
tion with time in the batch reactors are shown in Fig. 6. The
Sb(III) concentration profiles for the DI/Sb, SGW/Sb, DI/
Sb/Pb, DI/Sb/Ca(NO3)2, and DI/Sb/NaNO3 batch reactors
show similar time dependence with an initial rapid increase
(at 5–24 h) in the aqueous Sb(III) followed by a decrease for
the remaining time of the experiment. The addition of an
organic ligand, disodium EDTA, hindered the oxidation
of Sb(III) to Sb(V) in the SGW/Sb/EDTA and DI/Sb/Pb/
EDTA reactors, and, therefore, the concentration of Sb(III)
kept increasing with time (Fig. 6).

The amount of total dissolved antimony and the extent
of Sb(III) oxidation to Sb(V) depends on the composition
of the aqueous matrix and on the addition of Pb(0) powder.
The extent of Sb(III) oxidation to Sb(V) was larger in the
system with simulated groundwater (SGW/Sb) compared
to DI water (DI/Sb) and the extent of oxidation further de-
creased with added Pb(0) (DI/Sb/Pb). The low Sb(V) con-
centration in the DI/Sb/Pb batch reactor and absence of
Sb(III) and Sb(V) solid phases based on the XRD analysis
indicate that addition of Pb(0) inhibits the oxidation of
Sb(0). Two plausible explanations for this observation in-
clude: (1) Pb(0) buffered the redox potential of the system,
making it too reducing for Sb(0) to oxidize, and (2) Pb(0)
oxidation products were deposited on the Sb(0) particles
ction of time: (a) Changes in the concentration of total dissolved
ony.



Fig. 6. Changes in aqueous Sb(III) concentration with time in the batch reactors: (a) All reactors, and (b) A subset of the reactors with solid
lines indicating concentration of Sb(OH)3

0(aq) in equilibrium with Sb2O3 polymorphs sénarmontite and valentinite.

Table 4
Solubility of Sb(III) and Sb(V) phases considered in this study (temperature 298.15 K, pressure 101.325 kPa).

Solid phase Ksp log Ksp Sb (mol dm�3) Reference

Senarmontite Sb2O3 [Sb(OH)3] �4.98 Zotov et al., 2003
Valentinite Sb2O3 [Sb(OH)3] �4.28 Zotov et al., 2003
Mopungite NaSb(OH)6 [Na+] � [Sb(OH)6

�] �4.996 Blandamer et al., 1974
Romeite Ca2Sb2O7 N/Aa N/Aa 3.3 ± 1.0 � 10–7 Diemar et al., 2009
Bindheimite Pb2Sb2O7 N/Aa N/Aa 7.7 ± 2.1 � 10–8 Diemar et al., 2009
Hydrocerussite Pb3(CO3)2(OH)2 [Pb2+]3 � [CO3

2�]2/[H+]2 �18.76 Visual MINTEQ thermo.vdb

a Incongruent dissolution was reported: Ca(II) and Pb(II) are dissolved preferentially by ion exchange, while Sb is poorly soluble (Diemar
et al., 2009).
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effectively passivating the Sb(0) particle surfaces. The first
scenario is supported by the tabulated standard redox
potentials involving Pb(0) and Sb(0):

Sb2O3þ6Hþþ6e�$2Sb0þ3H2O E0¼0:152VðLide;1993Þ ð1Þ
PbOþH2Oþ2e�$Pb0þ2OH� E0¼�0:580VðLide;1993Þ ð2Þ

where we expect Pb(0) oxidation to poise the system at a
much more reducing condition than that favorable for
Sb(0) oxidation.
Fig. 7. Changes in aqueous Sb(V) concentration with time: (a) All reacto
equilibrium with mopungite NaSb(OH)6 in reactors SGW/Sb/EDTA – s
6.63 � 10�4 M; (b) Only reactors containing Ca2+ are shown.
The highest concentration of dissolved antimony was
measured in the systems with added disodium EDTA (reac-
tors SGW/Sb/EDTA and DI/Sb/Pb/EDTA) due to favor-
able Sb(III) complexation with EDTA. The SbHEDTA is
the predominant Sb(III)–EDTA complex with a stability
constant (b) of 1028 (Filella and May, 2005). The maximum
measured Sb(III) was 4.48 mM, the concentration of added
disodium EDTA was 10 mM, and the pH measured at
the completion of the experiment was 5.62. Based on the
rs are shown, lines show calculated concentration of Sb(OH)6� in
olid line at 6.98 � 10�4 M, and DI/Sb/Pb/EDTA – dashed line at
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stability constant, nearly all Sb(III) in the system was
complexed with EDTA. In the system where both Pb(0)
and EDTA were added the amount of aqueous Sb(III)
was lower compared to the system without lead most likely
due to Pb–EDTA complexation: the PbH2EDTA complex
stability constant (a) is 1017.88(Martell and Smith, 1974).

3.3. Solubility controls

The measured aqueous Sb(III) concentrations from five
minutes up to approximately sixty-five days of reaction in
all reactors show significant over-saturation with respect
to the Sb2O3 polymorphs sénarmontite and valentinite.
Based on the solubility data from Zotov et al. (2003), the
equilibrium aqueous Sb(OH)3 concentrations for sénar-
montite and valentinite are 1.2 and 10 lM, respectively.
By the completion of our experiment (146 or 222 days)
the Sb(III) concentration decreased and solutions were
Fig. 8. Observed changes in pH over the course of the Sb(0) and Pb(0) o
simulated groundwater (SGW). The compositions of the batch reactors
slightly over-saturated with respect to sénarmontite, except
for the reactors SGW/Sb/EDTA and DI/Sb/Pb/EDTA,
where favorable complexation with EDTA resulted in the
higher solubility of Sb(III) (Fig. 6). In Table 4 we summa-
rize the solubility of the relevant Sb(III) and Sb(V) solid
phases likely to form in our experiments based on the chem-
ical constraints and the earlier observations of the second-
ary antimony minerals forming under low temperature,
oxidizing conditions (Roper et al., 2012).

The changes in the aqueous Sb(V) concentration with
reaction time are shown in Fig. 7. The predicted equilib-
rium concentration of Sb(OH)6

� is calculated based on
the reported solubility of Sb(V) phases (Table 4) by taking
into account the relevant activity coefficients (listed in Ta-
ble 1). Since the concentration of Na+ in four reactors vary
from 0.29 to 20.29 mM (Table 1, reactors SGW/Sb, SGW/
Sb/EDTA, DI/Sb/Pb/EDTA, and DI/Sb/NaNO3), the cal-
culated equilibrium Sb(V) concentrations with respect to
xidation experiments in the reactors with deionized (DI) water and
are given in Table 1.
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mopungite are also different: 6.98 � 10�4 M (SGW/Sb/
EDTA), 6.63 � 10�4 M (DI/Sb/Pb/EDTA), 1.25 � 10�3 M
(DI/Sb/NaNO3), and 3.94 � 10�2 M mM (SGW/Sb). At
the completion of our experiment the measured Sb(V) con-
centration in the SGW/Sb/EDTA and DI/Sb/Pb/EDTA
DI/Sb/Pb
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Fig. 9. Reaction path modeling results: graphs in the left column illustra
column show mineral phases predicted to precipitate. Only sénarmontite
DI/Sb/NaNO3 (data not shown), SGW/Sb, SGW/Sb/EDTA, and DI/Sb
DI/Sb/Pb/EDTA and DI/Sb/Pb batch reactors, therefore graphs for thes
mineral phases.
batch reactors was above the saturation limit with respect
to mopungite. Mopungite was found in the SGW/
Sb/EDTA reactor by XRD analysis but it was not
found in the DI/Sb/Pb/EDTA reactor. The calculated equi-
librium Sb(OH)6

� concentrations in the DI/Sb/NaNO3
te calculated (lines) and observed (points) pH; Graphs in the right
is predicted to precipitate in the reactors DI/Sb (data not shown),

/Ca(NO3)2. No secondary mineral precipitation is predicted for the
e reactors show calculated saturation index with respect to selected
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Fig. 10. Processes observed in the batch reactors: heterogeneous
oxidation of Sb(0) to Sb(III) and, further, to Sb(V), homogeneous
oxidation of Sb(III) to Sb(V), and precipitation/dissolution of the
Sb(III) and Sb(V) phases.
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(1.25 � 10�3 M) and SGW/Sb (3.94 � 10�2 M mM) reactors
are higher than the measured Sb(V) (0.2–0.3 � 10�3 M), and,
therefore, in agreement with the absence of mopungite in these
samples.

The measured Sb(V) concentrations in the systems with
Ca2+ (SGW/Sb, SGW/Sb/EDTA, and DI/Sb/Ca(NO3)2)
were 0.33 � 10–3 mol L�1, 0.98 � 10–3 mol L�1, and
0.10 � 10–3 mol L�1 respectively, which is several orders
of magnitude higher than measured in the roméite
(Ca2Sb2O7) dissolution experiments – 3.3 ± 1.0 � 10–7

mol dm�3 (Diemar et al., 2009). In the systems with Pb2+

(DI/Sb/Pb, and DI/Sb/Pb/EDTA) the measured Sb(V)
concentration 0.87–1.88 � 10�5 M was about 3 orders of
magnitude higher than the Sb(V) concentration of
7.7 ± 2.1 � 10–8 M measured during dissolution of bindhei-
mite – Pb2Sb2O7 (Diemar et al., 2009). Therefore, similarly
to the Sb(III), precipitation of the Sb(V) solid phases was
kinetically hindered.

3.4. Summary of the processes occurring in the batch reactors

The observed changes in pH with time are shown in
Fig. 8. The pH shifts from near neutral (pH 6–7) to more
acidic (pH 4–5) in the reactors DI/Sb, SGW/Sb, DI/Sb/
Ca(NO3)2 and DI/Sb/NaNO3 in the beginning (0–500 h)
of our experiment. The pH increases in the reactors
SGW/Sb/EDTA, DI/Sb/Pb, and DI/Sb/Pb/EDTA over
the same time period (0–500 h). Based on the observations
discussed in the previous sections, we propose that the fol-
lowing reaction scheme can be used to describe speciation
and pH shifts observed in the batch reactors:

4Sb0ðsÞ þ 3O2ðaqÞ þ 6H2O! 4SbðOHÞ3ðaqÞ ð3Þ
SbðOHÞ3ðaqÞ þ 0:5O2ðaqÞ þ 2H2O! SbðOHÞ�6 þHþ ð4Þ
SbðOHÞ3ðaqÞ þ 2Hþ þH2EDTA2� ! SbHEDTAðaqÞ þ 3H2O ð5Þ
Pb0ðsÞ þ 0:5O2ðaqÞ þ 2Hþ ! Pb2þ þH2O ð6Þ

To further investigate this reaction scheme we used a
reaction path model in GWB to simulate pH changes and
phase precipitation as a function of reaction progress.
The reaction path was simulated by titrating Sb(0) from
zero to 5.0 � 10–3 moles in the reactors without Pb(0).
The value of 5.0 � 10–3 moles was selected since Sb(0) did
not fully react (based on the XRD data collected on the
post-reaction solids), and this amount was estimated using
the measurement of the highest aqueous concentration of
antimony. In the simulation for the DI/Sb/Pb/EDTA reac-
tor we set the amounts of Sb(0) and Pb(0) to 2.5 � 10–3 -
moles each. Based on the overall lower Sb(total)
concentration found in DI/Sb/Pb reactor, the amount of
reacting Sb(0) was set at 0.1 � 10

–3

moles, and Pb(0) at
2.5 � 10–3 moles. Based on the XRD analysis, no Sb2O4

and Sb2O5 phases were found in the oxidized Sb(0) samples.
We suppressed the Sb2O4 and Sb2O5 phases during the
reaction path modeling, as well as Sb4O6 (cubic) and
Sb4O6 (orthorhombic) included in the LLBL thermody-
namic database. The predicted pH change over the course
of oxidation, and expected products for five batch reactors
are shown in Fig. 9. Two reactors – DI/Sb and DI/Sb/
NaNO3 – are not shown since the modeling results for these
reactors are nearly identical to the DI/Sb/Ca(NO3)2
reactor. The predicted and observed changes in pH agree
extremely well (±0.5 pH units) for the SGW/Sb and
SGW/Sb/EDTA reactors. For the remaining reactors the
difference between predicted equilibrium pH and measured
pH is 1.6–1.9 pH units at the completion of the run. This
difference in pH is likely due to kinetic controls on the
Sb(III) to Sb(V) oxidation – reaction (4). The predicted
and experimentally observed mineral phases are also in gen-
eral agreement. Precipitation of sénarmontite is predicted
and observed in the reactors DI/Sb, SGW/Sb, SGW/Sb/
EDTA, DI/Sb/Ca(NO3)2, and DI/Sb/NaNO3. No minerals
are expected to precipitate in the DI/Sb/Pb reactor, which
agrees with the observation that no secondary mineral
phases were detected by XRD. The only exception is the
reactor DI/Sb/Pb/EDTA, where thermodynamic modeling
results in no predicted mineral precipitation; however
sénarmontite was observed using XRD. Calculated pH
value in this reactor is 4.2, while measured pH was 5.6. If
the model is run with pH fixed at 5.6, then cerrusite (not
-observed) and sénarmontite (observed) are predicted to
precipitate.

The summary of the processes observed in this study is
shown in Fig. 10. Several processes control the aqueous
speciation and concentration of antimony: heterogeneous
oxidation of Sb(0) to Sb(III) and, further, to Sb(V), homo-
geneous oxidation of Sb(III) to Sb(V), and precipitation/
dissolution of the Sb(III) and Sb(V) phases. The rate of het-
erogeneous redox reactions depends on the surface area,
while surface area is changing during the experiment due
to dissolution of the initial material and secondary mineral
precipitation.

4. CONCLUSIONS

The goal of this research was to examine some of the
chemical processes that control the oxidation of metallic
antimony under laboratory conditions. The obtained re-
sults contribute to the understanding of antimony fate
and transport during the weathering of metallic lead/anti-
mony bullets. Three main conclusions can be drawn from
our work. First, the observed oxidation and dissolution of
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antimony is rapid: after 5–15 min of reaction, the aqueous
concentration reached 50–600 lM, with Sb(III) at 96.3–
100% of the total dissolved antimony. Sénarmontite
(Sb2O3) was the primary crystalline oxidation product,
and it formed in all examined systems (with exception of
DI/Sb/Pb reactor) as soon as one month from the begin-
ning of the oxidation experiment. At the termination of
the batch experiments after 146 or 222 days of reaction,
the aqueous concentration of Sb(III) was controlled by
sénarmontite. On a shorter time scale (less than 65 days)
the concentration of dissolved Sb(III) is significantly over-
saturated with respect to this mineral phase, indicating that
on this time scale sénarmontite precipitation is kinetically
controlled. Similarly, the observed solubility of Sb(V) is
higher than predicted by known solubility constants in sys-
tems containing Ca2+. The aqueous concentration of Sb(V)
is controlled by precipitation of mopungite (NaSb(OH)6) in
reactors where Na+ exceeds 20 mM. The observed solubil-
ity of Sb(V) in the systems with Ca2+ and Pb2+ is several
orders of magnitude larger than solubility reported for
roméite and bindheimite (Diemar et al., 2009).

Second, the extent of Sb(III) oxidation to Sb(V) depends
on the aqueous composition: Sb(V) is the predominant
aqueous species (56–84% of total antimony) in the systems
with simulated groundwater (SGW/Sb), dilute NaNO3 (DI/
Sb/NaNO3) and Ca(NO3)2 (DI/Sb/Ca(NO3)2) solutions,
and DI water (DI/Sb). Complexation with EDTA decreases
the rate of Sb(III) oxidation to Sb(V), but does not stop this
reaction. This might indicate that in berm soils with high
organic matter content, Sb(III) will have a longer half-life
compared to soils with low organic content.

Third, the addition of Pb(0) impedes the oxidation of
Sb(0) to Sb(III) and further to Sb(V) due to either compet-
itive oxidation, or to the coupling of antimony and lead re-
dox reactions. Some Sb(0) remains in the systems after five
months of reaction, as determined by XRD. These findings
indicate that Pb(0) has a significant effect on the degree of
Sb(0) oxidation and mobilization. During the corrosion of
lead/antimony bullets, it is expected that the oxidation of
Sb(0) will be inhibited prior to the complete oxidation of
Pb(0).

These results show that simple solution components (Ca
and Na), solution complexation and presence of Pb(0) are
all significant factors controlling Sb(0) oxidation rates and
pathways. Extension of these results to include more realis-
tic soil/solution compositions (factoring in the role of iron,
manganese and other common soil constituents) are needed
to better understand and predict overall reactions in vari-
able composition systems.
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