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Environmental context. Antimony first attracted public attention in the mid-1990s amid claims that it was
involved in Sudden Infant Death Syndrome. A substantial number of papers have now been published on
the element and its behaviour in the natural environment. However, many key aspects of the environmental
chemistry of antimony remain poorly understood. These include critical areas such as its ecotoxicology, its
global cycling through different environmental compartments, and what chemical form it takes in different
environments. More focussed research would help the situation. The present review highlights several areas
of environmental antimony chemistry that urgently need to be addressed.

Abstract. The objective of the present article is to present a critical overview of issues related to the current state of
knowledge on the behaviour of antimony in the environment. It makes no attempt to systematically review all published
data. However, it does provide a list of the main published reviews on antimony and identifies subjects where systematic
reviews are needed. Areas where our knowledge is strong — and the corresponding gaps — in subjects ranging from total
concentrations and speciation in the various environmental compartments, to ecotoxicity, to cycling between compartments,
are discussed, along with the underlying research. Determining total antimony no longer poses a problem for most
environmental samples but speciation measurements remain challenging throughout the process, from sampling to analysis.
This means that the analytical tools still need to be improved but experience shows that, to be useful in practice, this should be
directly driven by the requirements of laboratory and field measurements. Many different issues can be identified where
further research is required, both in the laboratory and in the field, the most urgently needed studies probably being:
(1) long-term spatial and temporal studies in the different environmental compartments in order to collect the data needed
to establish a global biogeochemical cycle; (ii) laboratory studies of antimony interactions with potential natural binders;
(iii) reliable ecotoxicological studies.
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Introduction

Antimony belongs to Group 15 of the periodic table of the ele-
ments, along with N, P, As and Bi. Antimony can exist in a variety
of oxidation states (—III, 0, III, V) but in biological and environ-
mental samples, it is mainly found in two (IIT and V). Antimony
is ubiquitous throughout the environment as a result of natu-
ral processes and human activities. It has no known function in
living organisms.

Some of the main topics of interest when evaluating the
environmental chemistry of a trace element such as antimony
are: (i) how much is present in the different environmental
compartments; (ii) in which form it is actually present (i.e. speci-
ation); (iii) its toxicity; and (iv) its cycling between the different
compartments (i.e. fluxes). The current status of these issues
regarding antimony will be discussed in the present article, which
should be considered an attempt to highlight aspects that merit
further research rather than a systematic review (see Sources
of information section below for a definition). Therefore, the
emphasis will be placed chiefly on unanswered questions and
misleading ‘accepted facts’, while more established issues will
be addressed by giving key references.

Sources of information

When trying to establish the state of the art in a particular field,
it is useful to analyse the sources of information that contain
relevant data. Various aspects of the three main sources of scien-
tific information — original research articles, grey literature and
reviews — concerning antimony are discussed below.

There is a widespread opinion that interest in antimony-
related studies is growing and that the number of articles
published on the element is rising. However, this is only partially
true. Analysis of the literature shows that most articles belong
to one of two categories, either: (i) studies in which this element
is merely included with several other trace elements; this trend,
which is not exclusive to antimony, is linked to the availability
of multielement techniques such as neutron activation analysis
(NAA), initially, and, more recently, inductively coupled plasma
(ICP) techniques; or (ii) studies that describe new analytical
methods or modified protocols. Usually a few ‘real” samples
are analysed, at the end of such papers, but, regrettably often,
samples are spiked because the method is not sensitive enough.
Even when this is not the case, the published data are of very
limited interest because they are only one-off measurements and
no attempt is made to provide any ancillary information about
the system itself. At present, our antimony database contains
2900 articles covering a wide-range of analytical, geochemical,
solution chemistry, ecotoxicological and toxicological aspects.
The fact is that a quick inspection shows that articles devoted to
the study of environmental antimony behaviour account at most
for 300 articles.

The term ‘grey literature’ refers to any documentary material
that is not commercially published, with typical examples being
technical reports, working papers, business documents, and con-
ference proceedings. These items can be difficult to locate and,
although their reliability is always difficult to assess owing to
the absence of peer-review control, they often contain useful
information. For antimony, this is particularly the case for eco-
toxicological issues (see Antimony ecotoxicity data section), a
subject about which a great deal of data remains buried in non-
refereed reports. To make such literature more easily accessible,
a web-based repository has recently been created by one of the
authors (www.schema.lu/Sb-grey.html, accessed 7 April 2009).
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Reviews are usually published as articles, book chapters or
reports. As mentioned, reports are categorised as grey litera-
ture, and are thus subject to the above-mentioned problems of
quality control and availability. The importance of reviews has
increased proportionally with the explosion in the amount of
information available in the scientific literature. Reviews pub-
lished on antimony the last 25 years are listed in Table Al of
the Accessory publication together with their contents, number
of pages, number of references, etc. Unfortunately, many of the
existing reviews are based on a limited number of references,
with the criteria for choosing them going unstated. They are
not ‘systematic reviews’ in the sense defined by Petticrew!!! (‘a
review that strives to comprehensively identify, track down, and
appraise all the literature on a topic’). It should be mentioned
that reviews related to toxicological issues contain references
that are older than those contained in reviews on other subjects.
This might indicate a worrying lack of recent studies in this
field. Systematic reviews are lacking on many environmental
topics such as: antimony in the atmosphere, ecotoxicology, and
soil-plant transfer, among others.

Factual information about production and uses of antimony
is sometimes given in reviews and introductions of papers. How-
ever, very often data are already old when cited and, even where
this is not the case, they will rapidly become outdated. Up-to-
date and reliable information is available at http://minerals.
usgs.gov/minerals/pubs/commodity/antimony/, accessed 7 April
2009. Citing and using such data from this source, rather than
recopying outdated values, is recommended.

Another aspect that merits some comment is the manner in
which published information is transmitted. For instance, there
is a strong tendency to blindly reproduce some ‘well-known’
facts and references without looking them up or tracking down
additional, more updated information. An example of bad, but
common, referencing practices is given in the What is more
toxic? section.

How much: total concentrations

A comprehensive review of antimony concentrations in surface
waters, soils and sediments was published 7 years ago.[?! Typical
total (but filtered) concentrations in unpolluted freshwaters are
well below 1 g L™ 1. In oceans, surface concentrations are of the
order of 0.2 ug L~!. Concentrations of antimony in non-heavily
polluted soils are of a few g g~!. Antimony concentrations in
unpolluted sediments are probably of the same order of mag-
nitude, but most of the existing data concern heavily polluted
systems and it is difficult to establish a ‘natural’ level from pub-
lished data. Antimony concentrations in the atmosphere have not
yet been the subject of a systematic review. Published aerosol
concentrations are in the range <0.1 ngm™3 in the atmosphere
over remote oceans to several ngm—> over industrialised areas.
Values of 0.2ngm™> and 0.45 pgm™ were chosen by Austin
and Millward!®! as representative of the continental and marine
tropospheres, respectively, in their model of the global antimony
cycle.

Nowadays, the problem of determining total antimony con-
centrations can be considered to be solved. The most common
techniques for determining the total antimony concentrations
include inductively coupled plasma—mass spectrometry (ICP-
MS) and hydride generation (HG) coupled to an element-specific
detector such as atomic absorption spectroscopy (AAS) or
atomic fluorescence spectroscopy (AFS).1*3] However, it must
be pointed out that many freshwater systems have antimony
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concentrations close to the detection limit of these techniques.
Shotyk et al.[®) showed that use of ICP-SMS (inductively coupled
plasma—sector field mass spectrometry) and clean laboratory
methods are required for determining antimony not only in polar
snow and ice but also in pristine groundwaters. On-line precon-
centration methods using specific sorbents have been proposed
to overcome this problem, but so far none has emerged as a
method of choice. Moreover, it must be remembered that, at such
extremely low concentrations, not only is analytical sensitivity
a challenge, but sample contamination is also a serious con-
cern. It is also important to mention that the sample matrix may
have a pronounced effect on the analytical signal, particularly
when determining antimony in complex organic matrices.!”]
Hydride generation techniques may also not give 100% recov-
ery when non-hydride-forming species are present in the sample.
This point is further discussed in the Soils section. Finally, the
total and reliable extraction of antimony from solid matrices
such as soils, sediments and plants cannot be considered to have
been completely resolved.[*] The same is true of the digestion of
aerosols retained in filters, as discussed by Smichowski.[’]
Antimony trioxide is extensively used by the polymer industry
as a polycondensation catalyst in the production of polyethy-
lene terephthalate (PET) and release of antimony from PET
containers has been demonstrated.[®8 Apart from its possible
toxicological implications, these results suggest that sample con-
tamination in the laboratory by antimony-bearing containers and
sample-handling equipment could be more widespread than gen-
erally assumed. Migration of antimony has also been observed
from PET containers into orange juice!®! and from food trays or
PET materials for oven use to food.l'% ! Possible implications
for sample conservation and treatment have not been studied.

Establishment of background concentration levels

Distinguishing between lithogenic (or natural) and anthro-
pogenic contributions of the element of interest to a given com-
partment is a challenge that commonly arises in environmental
studies. Establishing background concentrations is an unavoid-
able prerequisite for any study aiming to identify and evaluate
sources of contamination. In the absence of human activity,
elements are released to terrestrial, aquatic and atmospheric
environments at rates that correspond to crustal rock compo-
sition, mineral presence and natural chemical and mechanical
erosion times. However, human activity has significantly altered
the rate of release of elements to the environment, with a subse-
quent cascading effect on the rate at which metals are exchanged
between different reservoirs, which has rendered it extremely
difficult to establish concentration levels for ideal pristine sites.
This is particularly the case for antimony, where measurements
in peat cores from ombrotrophic bogs in Switzerland, Scotland
and the Faroe Islands have revealed atmospheric antimony con-
tamination since Roman times.l'2716] Nevertheless, it should
be still possible, and useful, to establish current background
concentration values for ‘non-polluted’ sites linked to charac-
teristics such as water hardness or lithogenic origin. This can be
achieved through careful classification and evaluation of pub-
lished data (currently lacking for antimony in soils and the
atmosphere) and by performing new measurements in appro-
priately selected systems. For instance, in a recent study,!!”)
where large series of data on dissolved antimony concentrations
from the hydrological network of Canton Geneva, Switzerland,
were statistically analysed, significant differences were found
as a function of the predominant lithology of the watershed,
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with lower concentrations in carbonated zones than in granitic
ones.

Solubility issues

Trace element concentration in any environmental compartment
is dependent on several factors, including the solubility of the
solid phases it may form. Several simple Eh—pH and related
diagrams for antimony in various oxidation states and involv-
ing oxide phases and aqueous or hydrolysed species have been
reported in an effort to explain phase and solubility relation-
ships in metallurgical and geochemical processes. With respect
to geochemical applications, some of these diagrams have been
elaborated to include the minerals stibnite, Sb,S3, and ker-
mesite, SbyS,0, for given activities of sulfate ion. Various
examples of such diagrams can be found in the literature.[18-24]
All of these diagrams suffer in part either from the fact that
inaccurate thermochemical parameters were available at the
time of their construction or that data were selected arbitrar-
ily from one of several sources. In addition, metastable phases,
notably SbyOs(s), were sometimes modelled or species such
as Sb(OH)3(s), which are not known to occur naturally, were
included in the calculations. A particular drawback concerning
inclusion of SbyO5(s) is that calculations in conjunction with dis-
solved antimony species give rise to a misleading picture of the
mobility of SbY under strongly oxidising conditions. It is appar-
ent that this is in good part responsible for the often repeated
view that antimony is highly mobile in the supergene environ-
ment, as mentioned for example by Vink.[??] In addition, other
cation concentrations that may give rise to separate secondary
mineral phases have never previously been taken into account.
A summary of AGP (298.15K) data is given in
Table 1.123:25-36] Reliable thermochemical data are available for
stibnite,[23-26] but the accuracy and precision of data derived
from Williams-Jones and Normand!?’! and Babéan!?”! for ker-
mesite remain questionable. Fortunately, deficiencies associated
with reliable thermochemical data for most of the common anti-
mony oxides have been eliminated in the light of more recent
experimental studies. Values reported by Zotov et al.?8] for
valentinite and sénarmontite are consistent with earlier data
listed by Wagman et al.?°] Values for the free energies of for-
mation of valentinite and sénarmontite listed by Barinl*” are
clearly erroneous, as noted by Vink.[??! The situation with respect
to cervantite, a-SbrOy4 (Sb'SbY04), has been somewhat more

Table 1. Selected thermochemical data for some simple antimony
species (7' =298.15K)
AGE (k) mol~!)  Reference

Stibnite Sb,S3(s) —1499+2.1 [25,26]
Kermesite SbrS,0(s) —406.5 [23,27]
Sénarmontite  SbyO3(s) —633.2+2.1 [28]
Valentinite Sby03(s) —6259+2.1 [28]
Cervantite Sby04(s) —7545+1.6 [29]

Sby0s(s) —829.3 [30]
Mopungite Na[Sb(OH)s] —1508.5+1.4 3171~
Brandholzite ~ [Mg(H20)6][Sb(OH)s],  —4358.4+3.4 [321A
Bottinoite [Ni(H20)6][Sb(OH)s ]2 —3961.1+3.7 [32]*

A AG} data for cations and water at 298.15K and were taken from
Robie and Hemingway,**! except for Sb(OH)¢ (aq). A value for the latter,
—1218.2kJ mol~! with an estimated error of 1.0 kJ mol~!, was calculated
from the electrochemical and solubility data of Past,**! Baes and Mesmer!3’]
and Accornero et al.[3¢!



problematic. The generally accepted value for AGE (298.15K)

is taken from Wagman et al.[>’ but a range of values is found
in the literature. Analysis of published values suggests that the
Pankajavalli and Sreedharan value3? is the more accurate. The
complete lack of thermochemical data for the common mixed-
valency species stibiconite, ideally SbIHSb;/O6OH, needs to be
addressed urgently in order to provide a more complete pic-
ture of the behaviour of antimony under moderately oxidising
conditions.

As mentioned above, Pourbaix diagrams for antimony based
on the existence of SbyOs(s) under the most oxidising condi-
tions are misleading. The monoclinic phase can only be prepared
under extreme conditions>®) and is metastable in aqueous solu-
tions at ambient temperatures with respect to cubic ‘antimonic
acid’, Sby0s5-4H,0.311 No thermochemical data are available
for the latter phase and this too represents a marked gap in our
knowledge of the simple chemistry of antimony. More realistic
proxies for the behaviour of SbY in aqueous systems are lim-
ited by the paucity of pertinent solubility data available in the
literature.

Solubility data from 25 to 55°C for mopungite, Na[Sb(OH)¢],
have been reported,[3 11 from which a Kgp at 298.15K may be
derived as being 8.89 x 1076, Diemar et al.l*?! reported solu-
bility studies concerning brandholzite, [Mg(H2O)¢][Sb(OH)s12,
and its Nil! analogue, bottinoite. At 298.15K, Kgp values are
1.824£0.15x 1078 and 1.2940.13 x 10710 respectively. At
this temperature, the solubilities of the minerals follow the
series mopungite > brandholzite > bottinoite, but all three have
appreciable solubility. Nevertheless, all of them are less sol-
uble than the potassium salt, which is not known to occur
naturally, and may be used in Pourbaix diagram calculations
instead of SbyOs(s). Under certain geochemical conditions,
mopungite, brandholzite and bottinoite may serve to limit Sb¥
concentrations in solution; these do indeed occur naturally.

Johnson et al.B% reported unpublished values for the solu-
bility products at (presumably) 25°C of Ca[Sb(OH)¢]2(s) and
Pb[Sb(OH)s]>(s) of 10723 and 1071192 respectively, but
it has been shown that these are amorphous materials that
ultimately crystallise to yield roméite, ideally Ca;Sb,0O7, and
bindheimite, ideally PbySby07.1321 Nevertheless, it is possible
that the above data may represent the approximate upper limits of
the solubility of SbV in the presence of Ca?*(aq) and Pb>*(aq)
with short reaction times. With this in mind, it is noteworthy that
Vitaliano and Mason[*?! found that many of the natural spec-
imens of stibiconite that they studied were X-ray-amorphous
or poorly crystalline, and many contained appreciable amounts
of calcium. Some solubility data are available for roméite and
bindheimite.!*2! These minerals do not dissolve congruently in
acid solution.

How: speciation

In theory, speciation measurements aim at determining all chem-
ical species formed by an element in a system. However, in
practice this is seldom possible and speciation measurements
only give operationally defined fractions as a function of the
technique applied (i.e. size, redox state, lability, etc.). As dis-
cussed below, the fractions determined change depending on the
environmental compartment considered.

Waters

In the case of antimony, speciation in waters has typically
focussed on distinguishing between the two oxidation states of
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antimony, SbM and SbY, and, to some extent, on determining
alkylantimony species. In Filella et al.,”! a comprehensive revi-
sion of data published to date gave 122 entries (one entry might
contain data on more than one system) concerning freshwaters,
seawater and estuaries. Sb'l/SbY speciation data were present
in 37% of these entries. Data showed that SbY was by far the
predominant species present in oxic systems with a low amount
of Sb"' sometimes present but rarely representing more than
10% of total antimony. Data published since 2001 are shown
in Table A2. Of the values published these last years for oxic
systems (21 entries), 13 belong to the ‘application of an analyt-
ical method’ category (see comment in Sources of information
section), six were published by the same research group but the
articles contain few additional data and thus are of little interest,
and only two papers*!"#2! contain data obtained from studies
specifically focussed on antimony behaviour in natural systems.
This is disappointing. The situation is even worse for anoxic
systems where only one study!*3! has been published.

In recent years, many speciation methods for antimony have
been, and are continuing to be, developed and published. How-
ever, when it comes to real environmental studies, few and
well-known methods are used. This means that most of the meth-
ods being developed are never applied beyond the measurements
that accompany the original publication. The reasons behind this
blatant waste of research effort merit some thought.

As mentioned, antimony speciation studies focus nearly
exclusively on determining the two oxidation states. Some meth-
ods can only determine them (e.g. voltammetry, HG methods),
whereas in others (e.g. online coupling of high-performance
liquid chromatography (HPLC) with an element-specific detec-
tor), the use of a mobile phase containing complexing ligands
such as EDTA (ethylenediaminetetraacetic acid) and phthalic
acid, which are needed to elute Sb'!! species from the column,
prevent obtaining any information about the original antimony
species present in samples because the complexing ability of the
mobile-phase components change the original species during the
chromatographic run. Some antimony-organic species such as
SbY citrate and Sb" -lactate in yoghurt,**! urine!**! and orange
juice®! as well as Sb-(GS)3 and (CH3)Sb™-(GS), in sludge
extracts %] have been identified by electrospray-mass spectro-
metry (ES-MS), but most of these results have been obtained in
antimony-enriched samples. Current techniques are not sensi-
tive enough to allow for possible antimony-organic complexes
to be detected in natural waters.

The use of other speciation methods, such as, for instance,
those based on size (e.g. cross-flow-filtration, field flow fraction)
has been rarely applied to the study of antimony. As discussed in
Filella et al.,[*) current understanding is that antimony is mostly
present as ‘dissolved’ in natural oxic waters.

Soils

It is common practice to determine concentrations extracted
from soils subjected to extractions with reagents having dif-
ferent chemical properties. The extractants used range from
water to relatively strong organic complexants such as citric and
oxalic acids or EDTA. Because of the strong operational char-
acter of these methodological approaches, the extractant applied
and the terminology used depend on the objective of the study.
For instance, the fraction obtained by using mild extractants is
often called ‘soluble’ or ‘reactive’ and, when the objective of the
extractions is to mimic plant uptake, fractions are at times called
‘bioavailable’. Fractionation into operationally defined forms
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by sequential extraction with progressively stronger extractants,
with the aim of investigating the components of the solids
attached to the element of interest, is also widely applied.
Extraction results for antimony have just recently been reviewed
(M. Filella, unpubl. review). In the case of antimony, a very
low percentage is extracted by using mild extractants and, when
sequential extraction procedures are applied, some antimony is
present in the ‘iron oxide fraction’ but most is present in the
so-called residual fraction. Largely on the basis of such results,
it has been established, and is generally accepted, that antimony
is essentially immobile in soils. Very few studies contradict this
statement (e.g. Gerritse et al.[*3]). It must be mentioned, how-
ever, that most of the soils studied were heavily polluted systems,
often located in the proximity of mines and smelters (M. Filella,
unpubl. review), and that the form in which antimony is present
in such soils might be very different to that in non-polluted ones.
For instance, Aisnworth et al.1*%! mentioned that most antimony
was emitted as Sb, O3 from smelting operations and remained in
that form after being deposited in the surface soils studied, and
Hammel et al.’% suggested, although did not prove, that anti-
mony in contaminated soils is mostly immobile because much
antimony remains as non-reactive oxides when it is deposited as
Sb,O3. However, it is generally believed that antimony is mainly
present as SbY in soils and Oorts et al.!>!] found that more than
70% of antimony added as Sb,O3 to soils was present as SbY
within 2 days. Knowing in which form antimony actually arrives
in the soil — which may vary greatly among different soils — and
how it is transformed in both polluted and non-polluted soils will
surely help to understand the above-mentioned contradictions.

Sometimes, the objective is to obtain a maximum extraction
yield without digesting the mineral matrix in order to keep the
redox state of the element. In such cases, extractants that are
supposed to preserve the redox state, such as citric acid, are used.
Measuring techniques, already mentioned for waters, are then
applied to the extracted solutions.[>>33] Interpreting these type
of results remains extremely risky.

Biota

Extraction of antimony from biological matrices, including
some of environmental interest, such as plants and fungi, has
recently been discussed with remarkable insight by Hansen
and Pergantis.[”l Among many other interesting issues, these
authors mention the fact that, in contrast to extraction of naturally
occurring antimony species, antimony-spiked samples are often
successfully extracted, a possible reason being that spiked sam-
ples do not reach equilibrium with naturally occurring species
within the sample matrix. The same observation applies to soils
and possibly to waters. Therefore, the widespread practices of
spiking samples when establishing analytical methods, testing
sample conservation, etc., or of adding synthetic materials to
natural matrices assuming that they behave like their natural
counterparts (e.g. study by Oorts et al.>! mentioned above)
may need to be reconsidered.

Atmosphere

In the atmosphere, antimony speciation has been almost exclu-
sively based on size considerations because of the well-known
relationship between the size of airborne particles and intake into
the lungs. Cascade impactors with different separation points
(usually, 10 and 2 or 2.5 pm) have been used for particle frac-
tionation, followed by the application of common methods for
the determination of total antimony. As mentioned in the How

99

much: total concentrations section, Smichowski®! provides a
good discussion of the methods available for sample digestion.
Traditionally, antimony has been considered one of the ‘smallest’
particle size elements.>*! These elements are commonly asso-
ciated with high-temperature anthropogenic processes, such as
smelting of metals and combustion (coal, refuse incineration),
which are still considered to be the main sources of antimony
emission into the atmosphere.[> It is the case that elements with
low boiling points, such as antimony, are likely to be emitted as
submicron particles or gases during combustion processes; many
of the gases later condense onto submicron particles. Inciden-
tally, so far, although data on acrosol concentrations are plentiful,
the topic has not been the subject of any recent systematic review.

As antimony is very efficiently transported and redistributed
through the atmosphere, the knowledge of the actual magnitude
of the concentrations and deposition fluxes involved is of the
utmost importance. However, of equal importance is the knowl-
edge of the actual speciation of antimony in the atmosphere
because it will affect its transport, but also, the form in which
antimony is deposited onto a compartment will greatly influence
its subsequent behaviour: the fate of antimony in waters and soils
might be very different if the origin of the deposited aerosol is
a combustion process rather than brake-wear particles.

After abundant research on the size distribution and nature
of various elements, including antimony, on coal fly-ashes in
the eighties, more recent studies on antimony have mainly been
devoted to investigating the link between its use in brake linings
(as a substitute for asbestos) and its presence in urban aerosols
and soils close to roads.56-8!

Extraction procedures similar to the ones described for soils
have been applied to a limited extent to airborne particulate
matter.!’%-%9 The operational character of such methods, and
the limitations implied, remain the same as those discussed for
other solid matrices.

Biomethylation

The biomethylation of antimony has been reviewed periodically
either on its own or with other elements (Table Al). Most of
the existing literature concerns the development of analytical
methods and the study of laboratory cultures and landfill gases.
Little data exist for natural waters and unpolluted soils and
sediments.[®1:92] Measured concentrations are low and antimony
seems to be methylated less extensively than other elements, such
as arsenic. However, recent results might change the current per-
ception. For instance, the results of Duester et al.[*] showed
a higher proportion of methylated antimony in soils compared
with arsenic, which is contrary to what the well-known lower
biomethylation of antimony v. arsenic in microbial incubations
would lead one to expect. Conservative methylantimony profiles
have been measured by Cutter and Cutter*? in the Pacific Ocean,
which suggests that antimony might behave less like arsenic than
previously believed.

It should be pointed out that, with the exception of the few
studies where methylated antimony species have been found in
natural waters, most of the research on this subject has been
carried out by a very small number of research groups that have
produced the bulk of the existing data on the subject.

Conservation issues
Water samples

Irrespective of the analytical method used, Sb'l/SbY ratios
in natural waters may change substantially during storage and



extraction procedures. No systematic study of antimony conser-
vation procedures in speciation determinations exists, as is the
case for arsenic.[0%93] All studies where the antimony oxidation
state has been determined have been searched for observations or
advice on storage. A certain number of studies plainly ignored
the conservation issue (e.g. refs [66—69]). Observations have
been summarised in Table A3. Those based on the previous spike
of natural samples with unrealistically high concentrations of
SbM have not been considered. As expected, oxidation of Sb!!
is the most commonly observed change during storage. Its extent
seems to be very variable but might be sufficient to invalidate
many conclusions.

As shown in Table A3, most of the studies merely describe
empirical observations without attempting to identify the causes.
Although the same general causes of arsenic oxidation!®*! can
be imagined in the case of antimony, e.g. microbial activity,
abiotic oxidation of Sb'!! by the addition of acid preservatives,
photooxidation in response to exposure to light or UV radiation,
and differential adsorption of antimony species on precipitated
iron oxyhydroxides, it should be mentioned that antimony does
not behave exactly as arsenic does with regard to oxidation. For
instance, antimony is oxidised by hydrogen peroxide, a natu-
ral oxidant, in a narrower pH range compared with arsenic.[7%!
Standard strategies to preserve antimony redox speciation during
storage include: (i) filtration (it suppresses speciation changes
partly through the removal of iron oxyhydroxides and partly
through the removal of some bacteria); (ii) refrigeration and/or
freezing (they slow down rates of antimony species changes,
presumably by slowing down microbial metabolism); (iii) addi-
tion of organic acids such as lactic, ascorbic, citric, tartaric acids,
EDTA (they prevent Sb'"! oxidation by complexing it; EDTA also
prevents iron oxyhydroxide precipitation). Acidification is not to
be advised because it has been reported to lead to rapid oxidation
of SbIL[711 Addition of any exogenous substance (e.g. organic
acids) may help to keep the oxidation state but will destroy exist-
ing natural complexes. Caution must be taken in the freezing and
thawing processes to avoid formation of brines. Precipitation of
arsenic oxide, irreversible on remelting, has been observed.[72!
Acidification with HCI at pH < 2 is the method of choice for
conserving methylated antimony species.[”3]

Some authors have tested the effect of adding different
organic acids on the stability of synthetic Sb"-containing
solutions.!”# Although this type of experiment can give some
indications of Sb™ behaviour, the results obtained cannot be
extrapolated directly to natural waters where the presence of
a mixture of unknown oxidants cannot be excluded. Even in
the case of synthetic solutions, Andreae et al.l’””! mentioned
that some diluted working Sb"! solutions prepared from a stock
solution of potassium antimonyl tartrate (1 mgL~!) could last
for months whereas others were oxidised within hours. They
attributed the effect to the quality of the water used to prepare
the solutions.

Soils

The extraction of antimony compounds from soil samples
without changing their chemical forms remains an analytical
challenge. Moreover, the chemical composition of the extract-
ing solution is not always compatible with the chromatographic
separation conditions or with the detection system employed to
detect the antimony species after their separation. The extracting
agent could affect the chromatographic behaviour of the species
by changing their retention times, in some cases making cer-
tain species undetectable by the HG-AFS detection system. For
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instance, tartaric, lactic, citric and oxalic acids are known to
suppress the detection of SbY in HG methods.[®0:70] Addition
of a post-column photooxidation step may help to solve the
problem.[”71 Many of the insights of Hansen and Pergantis”]
on conservation of biological samples also apply to other solid
matrices such as soils.

Common procedures used for soil sampling and pretreat-
ment, such an open-air drying, grinding and sieving (Table A4),
do not seem particularly well adapted to conserving antimony
speciation.

Solid phase speciation

Few studies have examined the speciation of Sb in the solid phase
by X-ray absorption spectroscopy (XAS) in real environmental
samples. Only environmental systems containing antimony con-
centrations high enough for XAS analysis, such as soils around
an antimony smelter,[’8] affected by an antimony mine pit!’"]
and from shooting ranges®” have been studied so far using
these techniques. These studies found that antimony was present
exclusively as SbY and that Fe'l hydroxide was probably the
host phase.

Thermodynamic calculations

It is generally accepted and repeated in many articles that ther-
modynamic predictions suggest that Sb should be present as
SbY in oxic media and as Sb™ in anoxic ones. Although exist-
ing thermodynamic data for SbY and Sb! equilibria are limited,
they do allow us to consider this prediction reliable. Thermo-
dynamic data for low molecular mass aqueous species of Sb¥ and
SbH! have been collected and evaluated by Filella and May.[81:82]
Since then, a few valuable data have been published.?*! Filella
and May studies made it possible to select thermodynamically
consistent equilibrium constants for some key equilibria but also
made it clear that reliable data are missing for many equilibria
of interest in biological and environmental systems. In particu-
lar, constants for SbY are virtually non-existent. It should also
be mentioned that most of the data for Sb™' low molecular
mass organic ligands are of rather limited applicability because
titrations covered a very narrow pH range. Owing to solubility
problems, most titrations were performed up to pH 5 at most.
This means that the corresponding equilibrium data do not cover
the pH domain of interest in environmental and biological sys-
tems. The situation concerning solid species has already been
discussed in detail in the Solubility issues section.

Finally, it should be mentioned that there is some confusion
concerning the notation used for the species formed. In brief, the
common convention is to represent the hydrolytic species of anti-
mony as hydroxide complexes (e.g. see Baes and Mesmer3?))
but in many early publications and some more recent papers, such
as Vink,[*?] these species are represented as oxyanions, analo-
gous to those for arsenate/arsenite and phosphate. This should
not pose any particular problem provided the chosen notation
is used consistently. Unfortunately, this is not the case in the
databases of some popular computer programs, leading some
authors to think that, for instance, Sb(OH)3 and HSbO; coex-
ist in solution. See two notorious examples in Kawamoto and
Morisawal®3! and Watkins et al.[34]; these latter authors even
spent several paragraphs discussing the binding of both species
onto goethite surfaces.

Even if some sparse data exist (M. Filella, unpubl. review), at
present it is not possible to include the presence of complexants
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such as iron and manganese oxides, aluminosilicates and natural
organic matter in thermodynamic calculations.

Presence of thermodynamically unstable species

In spite of thermodynamic predictions (see Section above), sig-
nificant concentrations of thermodynamically unstable antimony
species have been measured in oxic and in anoxic systems and
to date this issue remains largely unexplained.?! The presence
of such species (Sb™! in oxic systems and Sb" in anoxic media)
requires both a source and some kind of kinetic stabilisation. A
possible external source of S in oxic surface waters is atmo-
spheric deposition (see Atmosphere section), whereas possible
sources of SbY in anoxic media are the transport of SbY on
sinking detritus from oxic waters or advection of oxic waters
containing high SbY concentrations. As yet, however, experi-
mental evidence is weak. Internal sources of Sb''! include biotic
and abiotic reduction of SbV. Biotic and abiotic Sb'"! oxidation
and formation of SbY thiocomplexes can explain the presence
of SbY in anoxic waters.

Biological activity has been invoked by different authors
to explain the presence of Sb™l in surface waters without
any proof being provided. Experimental observations regard-
ing biota-mediated antimony oxidation and reduction have been
reviewed by Filella et al.l®!! Soon after publication of their
review, interesting results were reported by Lehr et al.!®3] These
authors documented Sb'™! oxidation by Agrobacterium tumefa-
ciens and, for the first time, by a eukaryotic organism — an
acidothermophilic alga belonging to the order Cyanidiales. Inter-
estingly, Agrobacterium tumefaciens can also oxidise As™! but
the mechanisms are different for arsenic and antimony.

As they found no correlation between Sb!!! and biotic tracers,
Cutter et al.[80] suggested that photochemical reactions might be
a source of Sb'"! in surface waters of the subtropical and equato-
rial Atlantic Ocean as is the case for Fe!. Ellwood and Maher!8!
considered the hypothesis of SbY reduction by sunlight in ocean
waters likely but did not provide any proof. However, photo-
oxidants that are produced in sunlit natural waters might be also
capable of inducing Sb™ oxidation. Buschmann et al.!®8! studied
the effect of humic substances on Sb'! oxidation in the labora-
tory and found that photooxidation was 9000 times faster than
the dark reaction in the presence of 5mgL~! humic acids, a
concentration that is relatively high for surface waters, particu-
larly in marine systems. Li et al.[®! studied the photooxidation
of Sb! through the combined effect of light and algae. Unfortu-
nately, their study contains significant flaws in both experimental
design and the interpretation of data.

Abiotic oxidation of Sb'' by different natural oxi-
dants has been studied: synthetic and natural Fe and Mn
oxyhydroxides,®®°! hydrogen peroxidel7%-9224 and iodate. >
Oxidation of Sb™' with hydrogen peroxide and iodate is pH-
dependent: no oxidation is observed below pH 9 because
formation of Sb(OH), is needed for oxidation to occur. Arsenic
behaves in a similar way with hydrogen peroxide but, whereas
Sb(OH)3 has a pK of 11.7, the pK of the corresponding arsenic
species is 9.2. This pK difference confers kinetic resistance vis-
a-vis oxidation over a larger pH range to Sb'"! compared with
As™ Abiotic SbY reduction has been much less studied. It is well
known that SbY is reduced by thiol-containing ligands!®®-7! and,
for instance, cysteine is widely used asa SbY pre-reductantin HG
methods, but the extent of such reduction by thiol compounds
in real environmental systems is unknown. Abiotic reduction
of SbY by green rust®®%1 and magnetite and mackinawitel!0%]
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have been described recently. In spite of these new results, being
able to predict antimony redox distribution in natural waters and
soils probably lies far in the future.

Biogeochemical cycle

A first attempt to establish a global biogeochemical cycle for
antimony was described by Austin and Millward!®! 20 years ago
on the basis of data existing at that time. Since then, most efforts
have gone into establishing atmospheric emissions,>> 191 with
far less emphasis on integrating water, land and biota into a
global cycle. However, integrating existing data into a biogeo-
chemical cycle should be a priority task today. It would contribute
to our understanding of how antimony moves through the dif-
ferent compartments, and in what amounts, and would help
to identify the main gaps in our knowledge (e.g. content and
mobility from rocks!!” and soils, antimony deposition in the
atmosphere and oceans, biota contents, soil—plant transfer, etc.).

Ecotoxicity
What is more toxic?

In the introduction of many publications, great emphasis is
placed on the danger of antimony, often giving the impression
that the chance of being published increases in proportion with
the risk involved. However, the real environmental risk posed
by antimony is still largely in need of assessment and proof.
Incidentally, careful reading of the literature shows that many
authors copy other articles’ introductions, sometimes even word
for word, and rarely verify the sources. The case of the compar-
ison of ST v. SbY toxicity is paradigmatic. In the introduction
of 98 papers, it is found that ‘Sb'!" is more dangerous than SbY”
and, of these, 32 even go further and state that ‘Sb'! is 10 times
more dangerous than SbY’. This statement can only be wrong
because toxicity depends on many parameters such as the con-
sidered organism, the route of exposure, or the presence of other
contaminants. Thus, in general, no chemical species is exactly x
times more toxic than another. Moreover, when the sources given
by the authors in support of their statement are analysed, the
results are disheartening: the authors of 10 papers give no source
at all, 12 give a variety of purely analytical studies that have
no connection with toxicity issues, seven give various general
reviews, two give two different toxicological papers and six cite
Venugopal and Luckey,['%?! who could be at the origin of the
above-mentioned statement, although their data do not clearly
support it.

Antimony ecotoxicity data

A comprehensive compilation, review and evaluation of ecotox-
icological data of antimony has never been published in a peer-
reviewed paper. However, a certain number of reports wherein
data are compiled and compared, and sometimes used for envi-
ronmental risk assessments, are available (e.g. Vangheluwe and
Van Hyftel!93]). They have usually been prepared either by pri-
vate consulting companies or by organisations such as the US
Environmental Protection Agency, European Union or Organi-
sation for Economic Co-operation and Development. The total
number of original studies is low, some are relatively old and a
significant amount of the existing data has been produced either
by private companies commissioned by antimony producers or
by the above-mentioned organisations. As a result, some studies
are not easily available and the data are not always guaranteed to
be reliable according to current scientific standards. The criteria



that need to be applied to evaluate the reliability of ecotoxico-
logical data are not simple and their application to the evaluation
of published antimony data is beyond the scope of the current
review. However, a quick assessment from the chemical point of
view alone shows that many results are flawed. As an illustra-
tion, published studies on acute antimony ecotoxicity for aquatic
organisms have been compiled and are shown in Table AS. All
results (except one) are based on nominal concentrations and
the authors do not take any account of speciation aspects (e.g.
complexation by the media). None controls for antimony oxi-
dation or reduction during the experiment. More importantly,
the nominal concentrations used often clearly exceed antimony
solubility. Consider the case of SbyO3(s), where concentrations
of 500mgL~! are claimed to have been used. Cubic SbyO5(s)
is the thermodynamically stable phase and it can be easily
deduced from Zotov et al. data®®] that at 25°C, and at pH val-
ues from 4 to 10, the solubility of sénarmontite in water limits
dissolved Sb concentrations to ~1.3 mg L~!. Yet there is a long-
standing awareness of the solubility problem. For instance, more
than 50 years ago, Bradley and Fredrick!!%! concluded that the
‘toxicity is determined by the solubility of the compound in
question’. However, to take one example, this did not impede
the publication of a recent study!!%! where, after the authors
stated that Sb'!! sulfate is insoluble in water and showed that
measured antimony concentrations were ~10% of the nom-
inal ones, they nonetheless expressed the results in nominal
terms.

Chronic toxicity tests have not been widely applied to anti-
mony and some might not be exempted from the solubility prob-
lems mentioned above. Aspects such as genotoxicityl!06-10]
or metalloestrogenecity!! 1% 1111 will not be discussed here, but
no firm conclusions can be drawn from the scant published
studies. Initial data on the effect of antimony on the microbial
growth and the activities of soil enzymes have recently become
available.[112.113]

Conclusions

Each section of the present article discusses aspects of the envi-
ronmental chemistry of antimony that require further research
both in the laboratory and in the field. A large number of points
have been raised and they will not all be repeated here. How-
ever, of these, the most urgent attention probably needs to be
given to: (i) performing sound long-term spatial and temporal
studies in the different environmental compartments in order to
collect the data necessary to establish a global biogeochemical
cycle for antimony; (ii) clarifying antimony interactions with
potential natural binders under the relevant environmental con-
ditions; (iii) completing reliable ecotoxicological studies. The
extent of work that remains to be done is clearly not insignif-
icant. This is not surprising. It should not be forgotten that, in
recent years, much greater effort has been put into the study of
arsenic, the companion element of antimony. Extensive research
on arsenic has been driven by the need to solve very serious envi-
ronmental and toxicological problems but, despite this effort,
many unknowns remain. Although antimony poses less of an
environmental threat than arsenic, and as such has been much
less studied, there is no reason to think that the chemistry of anti-
mony is not at least as complicated, and interesting, as arsenic’s.
Well-focussed research, building on thorough knowledge of what
is already known, will undoubtedly shorten the long path that lies
ahead.
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Abbreviations

AAS, atomic absorption spectroscopy; AFS, atomic fluores-
cence spectroscopy; EDTA, ethylenediaminetetraacetic acid,
ES-MS, electrospray-mass spectrometry; GS, glutathione;
HG, hydride generation; HG-AFS, hydride generation—atomic
fluorescence spectroscopy; HPLC, high-performance liquid
chromatography; ICP, inductively coupled plasma; ICP-MS,
inductively coupled plasma—mass spectrometry; ICP-SMS,
inductively coupled plasma—sector field mass spectrometry;
NAA, neutron activation analysis; PET, polyethylene tereph-
thalate; XAS, X-ray absorption spectroscopy.

Accessory publication

Five tables containing the following information: reviews on
antimony, or that contain a significant part on this element,
published in the last 20 years; speciation data on antimony
in natural waters published after 2001; observations related to
the preservation of antimony speciation during sampling and
storage of natural waters; procedures described for soil sam-
pling, pretreatment and conservation in studies where redox
speciation measurements, determination of methylated species
or solid speciation have been performed; chemical parameters
in published antimony acute toxicity tests for aquatic organ-
isms. This material is available free of charge via the Internet
at http://publish.csiro.au/nid/188.htm.
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