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A new method for the direct determination of reduced and oxidized Mo species (Mo (V) and Mo (VI)) in
seawater was developed and used for the first time. The method includes the complexation of Mo (V) with
tartrate, solid phase extraction of the Mo (V)-tartrate complex by a XAD 7HP resin, followed by elution with
acidic acetone. In this study, the eluted Mo (V) was quantified by graphite furnace atomic absorption
spectrometry. The detection limit of this protocol was on the order of 0.2 nM. The analytical precision was
10% of ~10 nM. This method was successfully applied to the determination of Mo (V) and Mo (VI) in surface

Keywords:
Mglybdenum speciation and bottom waters at the head of Peconic River Estuary. Total Mo (Mo (V) + Mo (VI)) ranged from 100-
XAD 7HP resin 120 nM in most bottom saline waters, and 2.5-15 nM for surface fresher waters. Concentrations of Mo (V) in

these environments ranged from 0 nM to ~15 nM, accounting for 0%-15% of the total dissolved Mo pool. The
time series experiments showed that the Mo speciation changed within 1 h after the water collection, and
therefore it is strongly suggested that speciation analysis be carried out within the first 15 min. However,
since these are the first Mo speciation data in concentration ranges typical of normal marine and coastal
waters, additional research may be required to optimize the methodology and further explore Mo cycling

Solid phase extraction

mechanisms.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Molybdenum (Mo) is the most abundant transition trace metal in
the ocean, and displays conservative behavior with depth (about
107 nM) (Collier, 1985; Morris, 1975), although slight depletion in Mo
concentrations are observed in surface waters (e.g., Yamazaki and
Gohda, 1990; Adelson et al., 2001; Tuit and Ravizza, 2003). In contrast
to open ocean waters, a sharp depletion in Mo levels occurs in the deep
waters of the Black Sea and Cariaco Basin (Bertine, 1972; Emerson and
Huested, 1991). Reduction of Mo is expected to occur in those waters,
although the actual amount of reduced Mo has never been reported.
Molybdenum (VI) is generally assumed to be the dominant oxidation
state of Mo in oxic natural waters, while Mo (V) is thermodynamically
stable in reducing waters (Bertine, 1972; Brookins, 1988).

Molybdenum is an essential trace element for plants, animals and
microorganisms (e.g., Bortels, 1930), required for different metalloen-
zymes that execute key transformations in the biogeochemical cycles
of nitrogen, sulfur and carbon (e.g., Mendel 2005). For example, Mo is
part of several cofactors required for nitrogenase and nitrate reductase

* Corresponding author. State Key Laboratory of Marine Environmental Science,
Xiamen University, 422 Siming Nanlu, Xiamen, 361005, China. Tel.: +86 592 2182682;
fax: +86 592 2184101.

E-mail address: deliwang@xmu.edu.cn (D. Wang).

0304-4203/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.marchem.2009.02.007

(e.g., Fogg and Wolfe, 1954; Fogg, 1962; Mendel, 2005), which catalyze
the reduction of N, and nitrate to bioavailable N in the ocean (e.g.,
Fogg and Wolfe, 1954; Mendel, 2005). In fact, more than 60 enzymes
have been identified that contain Mo (Spriro, 1985; Stiefel and Cramer,
1985; Kramer et al., 1987; Smith et al., 1988; Palmer and Reedijk, 1991;
Lippard et al., 1994; Hille, 1996; Stiefel, 1997; Kisker et al., 1997).
The lack of Mo may limit the growth of phytoplankton (e.g.,
Howarth and Cole, 1985; Ter Steeg et al., 1986; Wallen and Cartier,
2008). Bacteria and algae can acquire Mo as molybdate using different
surface transporters, siderophores and the sulfate and phosphate
uptake systems (Heuwinkel et al., 1992; Marschner, 1995; Liamas
et al., 2000; Pau and Lawson, 2002; Liermann et al., 2005; Fitzpatrick
et al., 2008). However, Mendel (2005) suggests that molybdate is not
biologically active until Mo is incorporated into different enzymes.
Electron paramagnetic resonance has confirmed the existence of
Mo (V) in biological samples (e.g., Godfrey et al., 1984; Kaul et al.,
1985; Sears et al,, 1995; Canne et al.,, 1997; Raitsimring et al., 2008),
suggesting that this reduced form of Mo may be more bioavailable in
aquatic environments (e.g., Howarth and Cole, 1985; Howarth et al.,
1988). Therefore, as reported for other trace metals, the bioavailability
of Mo is probably more dependent on the relative abundance of
different chemical species than on the total Mo concentration.
Although many studies have reported the levels of total Mo con-
centrations in different aquatic systems (e.g., Collier, 1985; Emerson
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and Huested, 1991; Windom and Niencheski, 2003; Dalai et al., 2005;
Dellwig et al., 2007; Chappaz et al., 2008), none of them have reported
the concentrations of the different redox species of this element in
those environments. In the limited work published on Mo speciation
(e.g., Sugio et al., 1988; Ahmed and Haque, 2002), Mo (V) concentra-
tions were on the order of several mM, orders of magnitude higher
than the total concentrations found in natural waters (5 nM in average
world rivers and 107 nM in seawater, Martin and Meybeck, 1979;
Collier, 1985). These methods are only suitable for analyzing samples
with high concentrations of Mo such as mine effluents (Sugio et al.,
1988), but are inapplicable for quantifying the extremely low levels of
Mo (V) expected in marine systems.

In this study, a method based on solid-phase extraction was devel-
oped to measure the Mo speciation (V and VI) in seawater. The ana-
lytical protocol was thoroughly investigated, and used to examine
surface and bottom waters at the head of the Peconic River Estuary in
Long Island, New York.

2. Materials and methods
2.1. Method description

The analytical protocol established for separating Mo (V) and
Mo (VI) in natural waters is shown in Fig. 1. In this protocol, a 60 ml
water sample was collected and the pH adjusted to 7.0 with a
phosphate buffer (pH=7.0, 0.25 M KH,PO, and 0.25 M Na,HPO,) and
a small amount of perchloric acid when the seawater pH was higher
than 8.0. The reason perchloric acid was used instead of nitric was
because the latter oxidized the reduced Mo (results not shown). The
effect of other acids, such as HCl, on the chemical speciation of Mo was
not evaluated in this study. The Mo (V) in the pH-adjusted sample,
and not Mo (VI), was complexed with tartrate (1.0 ml of 10% tartrate
solution) and extracted with 2.0 g of pretreated XAD-7HP resin packed
in a poly-prep column at a flow rate of 2 ml/min until dry (Fig. 1) to
ensure the complete adsorption of Mo (V) onto the resin. Because this
resin is selective for the Mo (V)-tartrate complex, the water sample
was collected after passing through the resin for the subsequent
analysis of Mo (VI). Mo (V)-tartrate was then eluted with 40 ml (8
elutions of 5 ml each) 1 N acidic acetone (10% of concentrated nitric
acid in acetone, v/v) to completely elute Mo (V). These eluents

Sample
flow E g
Seawater —
XAD7
Resin

Complex Mo (V) with tartrate

(ﬂ .
Peristaltic

Load complexed Mo-tartrate onto

column
E Pump
Elute Mo-tartrate complex with
acidic acetone
a Mo (V1) in the remaining water
Water sample
containing t/[
Mo (V1) Reduction of Mo (VI) and

subsequent analysis as Mo (V)

Fig. 1. Schematic of the analytical protocol for separating Mo (V) from Mo (VI) in natural
waters.

containing Mo (V) were dried on a hot plate, redissolved with 5 ml
0.1 N nitric acid and quantified by GF-AAS.

The eluents containing Mo (VI) were reduced to Mo (V) by adding
the reducing agent (0.5 ml 10% (w/v) SnCl, in 0.1 N HCI), and
buffering to pH 7, and analyzed using the protocol described for Mo
(V). The total Mo concentration was obtained by adding both Mo (V)
and Mo (VI). The detection limit of this protocol was on the order of
0.2 nM for both species of Mo. The analytical precision was ~10% for
samples with 10 nM Mo.

2.2. Preparation of standard solutions for Mo speciation recovery
experiments

Mo (VI) stock solutions were prepared by dissolving 184.0 mg
ammonium molybdate tetrahydrate in 100 ml Milli-Q water, and
subsequently standardized by GF-AAS. Mo (V) stock solutions were
prepared by dissolving ~30 mg molybdenum (V) chloride in 100 m1 0.1 N
perchloric acid (due to the fact that Mo (V) is easily oxidized when
exposed to the atmosphere and reacts with water, caution should be
taken when making this solution). Standard solutions of Mo (VI) and
Mo (V) were prepared by diluting the stock solution in synthetic
seawater (degassed for at least 0.5 h with nitrogen gas) to obtain the
following Mo species concentrations: 100 nM Mo (VI) only; 100 nM
Mo (V) only; and 100 nM of both Mo (V) and Mo (VI). It should be noted
that, in contrast to previous studies where several mM of Mo were used
(e.g., Sugio et al., 1992), the 100 nM level used in this analytical protocol
reflects the natural concentrations of Mo found in seawater.

Tartrate solution was prepared by dissolving 10 g potassium
sodium tartrate tetrahydrate in 100 ml Milli-Q water. The phosphate
buffer was prepared by dissolving potassium dehydrogenate phos-
phate and disodium hydrogen phosphate in Milli-Q water to a final
concentration of 0.25 M for each solute. The buffer solution was
adjusted to pH 7 with 10 N NaOH. All of the chemicals used were
analytical reagent grade or the highest purity available (e.g., HPLC-
grade absolute acetone).

2.3. The use of tartrate as a ligand for Mo (V)

Mo (V) is not thermodynamically favored under oxic conditions.
However, Malthouse et al. (1980, 1981) and Yamanouchi et al. (1977)
reported the existence of Mo (V) in biological samples as a dominant
species. The exact form of Mo (V) in natural waters is not well
understood. Bertine (1972) suggested that Mo (V) may exist in natural
waters as Mo30g (a mixture of Mo (V) and Mo (VI)). However, Mo3Og
is usually crystalline (Titley and Anthony, 1961). Szilagyi (1967)
suggested that MoO3 occurred when Mo (VI) was reduced by humic
acids. The structure of this Mo (V) compound was confirmed by
measuring the distance of the Mo-0 complex (Spivak and Dori, 1975;
Stiefel, 1987). In addition, Mo (V) has a strong tendency to dimerise
(Bard et al., 1985). Therefore, as previously reported (e.g., Yamanouchi
et al., 1977; Coughlan, 1980; Modec and Brencic, 2002; 2004; Modec,
2008), Mo (V) most likely exists as Mo,03 " in natural environments.

Mo,03™ can be easily complexed with many organic ligands (e.g.,
EDTA and oxalate; Bard et al., 1985; Modec and Brencic, 2004). Such
ligands usually yield either polymeric materials or discrete entities
(Modec and Brenci¢, 2002, 2004). During the development of this
analytical protocol, we found that Mo (VI) also complexed with
oxalate and EDTA, although not as strongly as Mo (V) (results not
shown). Therefore, Mo (V) could not be completely separated from
Mo (VI). Compared to oxalate, the dicarboxylic acid tartrate has fewer
functional groups (Modec and Brencic, 2002, 2004) suitable only for
the bonding of Mo (V). Ahmed and Haque (2002) further reported
that tartrate can form complexes only with Mo (V) and not Mo (VI).
Therefore, tartrate was used as the complexing ligand to selectively
extract Mo (V) from the water samples.
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2.4. XAD resin preparation

By vyielding higher enrichment factors, greater efficiency and
handling simplicity (Soylak et al., 1997; 2001), solid phase extractions
(SPE) have some advantages over other techniques used to isolate Mo
species at high concentrations (e.g., spectrophotometric and colori-
metric techniques). Furthermore, the XAD resin used in this SPE
analytical protocol is of high purity and has good sorption properties
including porosity, durability, uniform pore distribution, and high
surface area (e.g., Soylak et al., 1997, 2001; Tewari and Singh, 2001).
Such amberlite XAD-copolymers have been widely used for the
preconcentration of trace metal ions (e.g., King and Fritz, 1985; Soylak
et al.,, 1997; Tunceli and Tiirker, 2004; Soylak et al., 2001). In both the
previous and the present applications, the trace metal ions were first
converted into metal chelates or inorganic complexes, then absorbed
on the XAD resin, and finally eluted with different eluting agents (e.g.,
Soylak et al., 2001). The amberlite XAD-7HP resin has recently been
used for the isolation of specific organic complexes from aqueous
solutions (Graetz and Volk, 1983; Miyata et al., 1996; Chang et al.,
2001; Goslan et al., 2002; Ken'Ichi, 2005; Kim et al., 2006; Sasaki et al.,
2007). As a nonionic aliphatic acrylic polymer, amberlite XAD-7HP has
proved to be a useful adsorbent for some organic compounds such as
ester, ketones or aliphatic molecules (e.g., Kim et al., 2006; Lai et al.,
2005; Shimizu and Li, 2005). The XAD-7HP resin was therefore used to
isolate Mo (V)-tartrate complexes from dissolved Mo (VI) in seawater
for this study.

The XAD-7HP resin was first preconditioned and purified to
eliminate trace metal ions and other contaminants using the method
of Soylak et al. (2001). In this method, the XAD-7HP resin was washed
with methanol, Milli-Q water, 1 N nitric acid in acetone, Milli-Q water,
1 N NaOH, Milli-Q water, and finally an acetone and phosphate buffer.
A preconcentration system was set up using a peristaltic pump with
rotor heads (Cole-Parmer, Masterflex, Model 7553-12, 1-100 rpm),
poly-prep columns and Teflon tubing that extended from the head of
the columns into the bottom of 60 ml polycarbonate bottle reservoirs

(Fig. 1).
2.5. Graphite Furnace Atomic Absorption Spectrometry

Graphite Furnace Atomic Absorption Spectrometry (GFAAS) offers
the necessary sensitivity for Mo measurements (Johnson et al., 1973;
Morrice et al., 1989). In this study, Mo concentration was determined
by GF-AAS using a Perkin-Elmer spectrometer (AAnalyst-800) with a
longitudinal Zeeman-effect background correction system, a trans-
versely-heated graphite atomizer (THGA), and an auto-sampler
(Perkin-Elmer, AS-800). The hollow cathode lamp (Perkin-Elmer,
PN: N305-0186) for Mo was operated at 15 mA, with a slit of 0.7 nm
and a 313.3 nm wavelength. The volume injected into the graphite
tube was 20 pl for samples and calibration solutions, and high-purity
argon (UHD grade) was used as the purge gas. The thermal program
used in the GF-AAS was the following (Table 1): drying at 130 °C for
30 s, pyrolyzing at 1500 °C for 20 s, atomizing at 2450 °C for 5 s, and
cleaning at 2500 °C for 5 s. The gas flow rate was set to 250 ml/min.

2.6. Stability of Mo (V)

In order to establish whether changes in Mo speciation occur
during the solid-phase extraction, the stability of Mo (V) at pH=7.0
was determined. For this objective, a bottom water sample
(temperature =22 °C, salinity = 14, pH =~7.5, and dissolved oxygen
(DO)=~10 uM) was collected at the head of the Peconic River
Estuary. The water samples (250 ml, two replicates) were immedi-
ately adjusted to pH = 7.0 with perchloric acid, and incubated in the
lab at room temperature (20 °C). Mo (V) was then determined at
different time intervals (up to 4 h after collection) following the
method described above.

The stability of naturally occurring Mo (V) was also monitored to
determine if biological activity occurring inside the sample bottles
affected Mo speciation during the handling and operation by
conducting experiments under different temperatures. Water samples
(11) were collected from the head of the Peconic River Estuary (same
hydrological condition as above) and incubated at 20 °C and at 0 °C
(two replicates). Mo (V) concentrations were measured according to
the protocol described above at different time intervals over 24 h.

2.7. Determination of Mo speciation in natural water samples

Surface and bottom water samples were collected for Mo
speciation measurements at the head of the Peconic River Estuary
where conditions are strongly affected by sewage effluents, tidal
intrusion, and frequent algal blooms (e.g., Breuer et al., 1999; Gobler
etal, 2005, 2008). Bottom water samples were collected weekly from
June to October 2006, and surface water samples were collected in
September 2007 during the summer anoxia at the upper Peconic River
and the head of the Peconic River Estuary (Breuer et al., 1999). Bottom
water samples were collected with a peristaltic pump through Teflon
tubing extended on a plastic pole and lowered to the depth of 0.2 m
above the bottom. Surface water samples were collected from 0.2 m
below the surface. Dissolved samples for Mo speciation were obtained
by filtration through a trace metal-clean, polypropylene capsule filter
(0.2 pm). All sampling materials used in this study were prepared
using trace metal-clean techniques (e.g., Flegal et al., 1991). Note to
the editor: Trace-metal clean techniques are established protocols for
this type of studies. Plastics are metal-free but not trace metal clean.
Trace metal clean protocols use extensive acid-washes of metal free
materials.

Water samples for Mo (V) and Mo (VI) speciation were immediately
processed on site for Mo (V), and analyzed in the laboratory within a
week for Mo (VI). The eluents were stored at — 10 °C in a freezer until
analyzed by GF-AAS. Salinity, pH (NBS), temperature and dissolved
oxygen in all the water samples were also determined using analytical
probes and standard protocols.

3. Results and discussion
3.1. Recovery experiments in synthetic seawater

In order to establish the accuracy of the Mo speciation technique, a
series of recovery experiments were conducted with spiked Mo (V)
and Mo (VI) concentrations typical of oceanic waters (Fig. 2). The
average recovery of the Mo species was 101% for Mo (V) and 93% for
Mo (VI) when added together, and 94% (Mo (V)) and 108% (Mo (VI))
when added alone (Fig. 2). These are excellent recoveries suggesting
that Mo (V) ions could be analytically isolated from Mo (VI). Naturally
occurring Mo (V) species are expected to be more stable than the free
Mo (V) ions due to complexation with organic ligands, and most of
these natural complexes should also be retained on the exchange
column.

Since there is no certified reference material for Mo species
available yet, the currently available certified reference seawater,
CASS-4, was analyzed for Mo (V) and total Mo. CASS-4 has a certified
total Mo concentration of 91.5 4 9.0 nM. The total Mo concentration

Table 1

Optimized graphite furnace temperature program for the determination of molybdenum.
Step Temperature (°C) Ramp time (s) Hold time (s) Gas flow (ml/min)
Dry 1 110 1 30 250

Dry 2 130 15 30 250

Pyrolysis 1500 10 20 250

Atomization 2450 0 5 0

Cleanout 2500 1 5 250
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obtained using the speciation method was 86.5 + 3.1 nM; no Mo (V)
was detected in the SRM. However, the CASS-4 seawater was collected
in 1988 from coastal waters off Halifax, Canada and acidified for more
than 18 years (pH~1.6) (NRC, 1999). It is reported that MoOz~ is
subject to successive protonation up to the formation of the possible
cationic species, MoO,(OH)(H,0)3 under acidic conditions at Mo
concentrations of less than 10~% M (e.g., Cruywangen and Rohwer,
1975; Pettersson et al., 1986; Tytko et al., 1985). The dominance of Mo
(VI) in the acidified SRM, therefore, is likely due to the formation of
the cationic species.

Spike experiments were also conducted using natural seawater
collected from the Atlantic Ocean about 5 miles off Southampton, NY.
The speciation protocol showed that the water sample contained only
Mo (VI) with a concentration of 117 nM (Fig. 3). After spiking the
water sample with 117 nM of only Mo (V), 84% of the added Mo (V)
(101 nM) was recovered (Fig. 3). The amount of Mo (VI) present in the
sample also increased slightly to 124 nM, consistent with the fact that
free Mo (V) ions are easily oxidized to Mo (VI) (oxidation half-time of
~30 min; Sugio et al., 1992).

3.2. Stability of Mo (V)

The short-term stability study showed that the levels of Mo (V) in
the water sample collected in the Peconics changed rapidly after
collection with a pH adjusted to 7.0 (Fig. 4). The results suggest that at
a pH of 7.0 the reduced form of Mo varied with time in excess of the
possible measurement uncertainty. Mo (V) was initially about 2.5 nM
and almost doubled within an hour, and afterwards was followed by a
slight decline that suggests a complex system with multiple processes
operating. These results indicate that the speciation analysis has to be
carried out within the first 15 min of the water collection to remain
within measurement uncertainty (based on a linear extrapolation of 1
and 0.5 h concentrations to time 0). In contrast to Mo (V), the Mo (VI)
concentration first declined and then increased slightly (Fig. 4). An
inverse relation between Mo (VI) and Mo (V) suggests a dynamic
behavior of Mo species, although it is still not entirely clear what
mechanisms are responsible for that trend. Furthermore, comparable
results were obtained in the different temperature incubation
experiments with initial Mo (V) of ~2.5 nM (0° and 20 °C) (Fig. 5).
Mo (V) similarly varied with time showing an inverse relationship
with Mo (VI), suggesting that redox reactions occurred rapidly and
with possibly undergoing multiple processes. From our results, where
temperature dependent biological effects were minimized, whatever
is acting as the reductants present in the water (e.g., humic
substances, Szilagyi, 1967; Bertine, 1972) may be critical for Mo
speciation. Regardless of the mechanism of reaction, the separation of
Mo (V) and Mo (VI) should be conducted on site as soon as possible.
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Fig. 2. Molybdenum recoveries of Mo (V) only, Mo (VI) only, and both Mo (V) and (VI)
in synthetic seawater (All additions=100 nM; Error bars indicate the standard
deviation, n=4).
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Fig. 3. Recovery of Mo (V) in spiked seawater samples (The water sample was collected
in the Atlantic Ocean, ~5 miles offshore of Southampton, NY; The initial Mo is essentially
all Mo (VI) with a concentration of 116.7 nM as the initial bar Mo (VI); The initial bar
Mo (V) represents the Mo (V) added to the seawater samples. The other bars are the
recoveries of the spikes).

3.3. Mo (V) and Mo (VI) concentrations in estuarine waters

The new method was first applied to measure Mo speciation in
surface and bottom waters collected at the head of the Peconic River
Estuary during the summer of 2006 when water column anoxia
occurred. The speciation of both Mo (V) and Mo (VI) were investigated
in bottom waters (DO=0-10 uM, which are considered suboxic
(<10 uM 0,) or anoxic (<1 uM 0,) as defined by Tyson and Pearson
(1991), as well as in surface oxic waters (DO = 150-180 uM).

Consistent with other reports (e.g., Prange and Kremling, 1985;
Collier, 1985; Martin and Meyback, 1979), total dissolved Mo (as Mo
(V) + Mo (VI)) at the head of the Peconic River Estuary was relatively
high in most bottom saline water (100-120 nM) but was low in the
surface water (2.5-15 nM) (Fig. 6). The lowest levels of total dissolved
Mo (2.5-4.0 nM) were measured in the oxygenated surface fresh-
waters in the upper Peconic River (salinity: 0-5). These Mo
concentrations are consistent with the values reported for lake waters
in Eastern Canada (0.1-3.4 nM, Chappaz et al., 2008), the Chao Phraya
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Fig. 4. Changes in Mo (V and VI) concentrations with time after adjusting the sample pH
to 7.0 (Error bars are standard deviation, n=2. The samples were bottom waters
collected at the head of Peconic River Estuary in September 2007 with dissolved oxygen
levels ~10 pM and pH=7.5).
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Fig. 5. Changes in Mo (V and VI) concentrations in water samples incubated at 0 and
20 °C for up to 24 h (Error bars are standard deviation, n =2; The samples were bottom
waters collected at the head of Peconic River Estuary with DO levels of ~10 pM and
pH=~75).

River (3.2-4.9 nM, Dalai et al., 2005), and the average world river
water (5.0 nM, Martin and Meyback, 1979). The levels of total Mo in
surface low salinity water in the Peconics were also lower (total
dissolved Mo: 10-15 nM; salinity: ~20) than those measured in the
bottom anoxic or suboxic saline waters (Total dissolved Mo: 100-
120 nM; Salinity: 15-27) (Figs. 6 and 7). Total Mo measured in the
bottom anoxic or suboxic waters showed a non-conservative excess
with respect to conservative mixing (Fig. 6). In addition to freshwater
dilution (e.g., rain input, sewage effluents, and river runoff), low levels
of total dissolved Mo in surface waters may be attributed to large
inputs of river-borne particles and sewage effluents, which scavenged
Mo (e.g., Brumsack and Gieskes, 1983; Yamazaki and Gohda, 1990;
Falkowski, 1983; Paerl et al., 1987; Tuit and Ravizza, 2003), strong
phytoplankton and bacterial uptake, and associated adsorption with
organic matter from algal blooms during the study period (Breuer
etal, 1999; Gobler et al., 2005, 2008). On the other hand, in anoxic or
suboxic waters, desorption of Mo from river-borne or suspended
materials (Jones, 1974; Dalai et al., 2005; Morford et al., 2005) and
diffusion from reducing sediments (e.g., Dellwig et al., 2007) may
contribute to the non-conservative excess of Mo.

Generally pH may be strongly influenced by biological activities,
such as photosynthesis and remineralization in water column, which,
along with O,, likely affects Mo cycling. In our study, total dissolved
Mo concentrations showed an inverse relationship with water pH and
a direct relationship with O, (Fig. 7). In general, total dissolved Mo
decreased from 120 nM in low O,, bottom saline water with lower pH
(~7.0) to less than 20 nM in surface freshwater with higher pH (~7.5)
and O, (Fig. 7). Between surface water pHs of 7.5 and 8.3, the levels of
dissolved Mo were low and less variable (<20 nM). Mo (V) was also
low in Peconics, ranging from 0 to 15 nM, accounting for as much as
15% of the total dissolved Mo in some samples (Fig. 8). Mo (V)
concentrations were higher in waters with low pH, and lower in
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Fig. 6. Total dissolved Mo concentrations (as Mo (V) + Mo (VI)) versus salinity at the
head of Peconic River Estuary (The Atlantic seawater sample was collected from
~5 miles offshore of Southampton, NY).

waters with high pH (Fig. 8). In general, Mo (V) is present over a wide
range of concentrations in waters of low pH (from 7.5 to 7.0) and low
0,, ranging from 0 to 15 nM.

In surface waters, the levels of Mo (V) were also very low (<2 nM)
and apparently independent of water pH during the study, although
the low Mo concentrations compromise any strong conclusion
regarding pH dependence. Because total Mo concentrations were
low in surface waters of relatively low salinity, Mo (V) accounted for a
high proportion of the total dissolved Mo (as high as 30% in some
samples).

The source of the Mo (V) species is uncertain, although it could be
the result of reduction of Mo (VI) in the water column due to the
existence of multiple reductants (e.g., Fe**, S° and S$*7) (e.g.
O'Sullivan et al., 1991; Lloyd, 2003) and/or diffusion from underlying
reducing sediments.

4. Conclusion

A new method for the direct determination of reduced and
oxidized forms of Mo in seawater was developed. The protocol is
based on the complexation of Mo (V) with tartrate under neutral
conditions, extraction of this complex with an XAD 7HP resin, elution
with acidic acetone, and quantification by GFAAS. The detection limit
of this SPE protocol was on the order of 0.2 nM for both species. The
analytical precision was ~10%. The method was successfully applied
for the determination of Mo (V) and Mo (VI) in surface and bottom
waters at the head of the Peconic River Estuary. Consistent with
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Fig. 7. Total Mo concentrations of Mo (as Mo (V) + Mo (VI)) versus water pH in surface
and bottom waters collected at the head of Peconic River Estuary.
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Fig. 8. Mo (V) concentrations versus water pH in surface and bottom waters at the head
of Peconic River Estuary.

thermodynamic calculations, the existence of Mo (V) was confirmed
in natural waters. Concentrations of Mo (V) ranged from 0 nM to
~15 nM, accounting for 0%-15% of the total dissolved Mo in most
waters in the Peconic River estuary. Total Mo (Mo (V)+ Mo (VI))
ranged from 100-120 nM with a non-conservative excess in most
bottom suboxic or anoxic waters with respect to conservative mixing,
and only 2.5-15 nM in low salinity waters in the estuary during the
study period. The results also showed that Mo (V) contributed to this
excess. Although the source of this reduced Mo is still unknown,
benthic remobilization from reducing sediments and reduction of Mo
(VI) are the most probable sources.

The results also showed that Mo concentrations and speciation
change dynamically in natural waters in response to redox conditions,
suggesting that multiple processes are occurring. The method
developed here should be an important aid in elucidating the
processes involved and serve as a basis for future optimization.

Acknowledgements

The authors would like to thank two anonymous reviewers and the
associate editor for their constructive comments, which largely
improved the quality of this manuscript. This research was supported
by the National Science Foundation (OCE-0351999 and OCE-0423418).
Participation of RCA was supported by NSF grant OCE0526410.

References

Adelson, ].M., Helz, G.R,, Miller, C.V., 2001. Reconstructing the rise of recent coastal anoxia;
molybdenum in Chesapeake Bay sediments. Geochim. Cosmochim. Acta 65 (2),
237-252.

Ahmed, M.J., Haque, M.E., 2002. A rapid spectrophotometric method for the
determination of molybdenum in industrial, environmental, biological and soil
samples using 5,7-dibromo-8-hydroxyquinoline. Anal. Sci. 18, 433-439.

Bard, AJ., Parsons, R, Jordan, J., 1985. Standard Potentials in Aqueous Solution. Marcel
Dekker Inc., New York.

Bertine, K.K., 1972. The deposition of molybdenum in anoxic waters. Mar. Chem. 1 (1),
43-53.

Bortels, H., 1930. Molybddn als Katalysator bei der biologischen Stickstoffbindung. Arch.
Mikrobiol. 1, 333-342.

Breuer, E., Safiudo-Wilhelmy, S.A., Aller, R.C., 1999. Trace metals and dissolved organic
carbon in an estuary with restricted rive flow and a brown tide. Estuaries 22,
603-615.

Brookins, D.G., 1988. Eh-pH Diagrams for Geochemistry. Springer-Verlag, New York.
176pp.

Brumsack, HJ., Gieskes, ].M., 1983. Interstitial water trace metal chemistry of laminated
sediments from the Gulf of California, Mexico. Mar. Chem. 14 (1), 89-106.

Canne, C., Stephan, I, Finsterbusch, J., Lingens, F.,, Kappl, R., Fetzner, S., Huttermann, J.,
1997. Comparative EPR and redox studies of three prokaryotic enzymes of the
xanthine oxidase family: quinoline 2-oxidoreductase, quinaldine 4-oxidase, and
isoquinoline 1-oxidoreductase. Biochemistry 36 (32), 9780-9790.

Chang, CY., Hsu, Y.H., Lin, Y.M, Hu, PY, Liu, C.C., Wang, K.H., 2001. The organic
precursors affecting the formation of disinfection by-products with chlorine
dioxide. Chemosphere 44, 1153-1158.

Chappaz, A., Gobeil, C., Tessier, A., 2008. Geochemical and anthropogenic enrichments
of Mo in sediments from perennially oxic and seasonally anoxic lakes in Eastern
Canada. Geochem. Cosmochim. Acta 72, 170-184.

Collier, RW., 1985. Molybdenum in the northeast Pacific-Ocean. Limnol. Oceanogr. 30 (6),
1351-1354.

Coughlan, M.P,, 1980. Molybdenum and Molybdenum-containing Enzymes. Pergamon
Press, Oxford.

Cruywagen, J.J., Rohwer, E.E.CH., 1975. Coordination number of molybdenum(V1) in
monomeric molybdic acid. Inorg. Chem. 14, 3136-3137.

Dalai, T.K., Nishimura, K., Nozaki, Y., 2005. Geochemistry of molybdenum in the Chao
Phyraya River Estuary, Thailand: role of suboxic diagenesis and porewater
transport. Chem. Geol. 218, 189-202.

Dellwig, O., Beck, M., Lemke, A., Lunau, M., Kolditz, K., Schnetger, B., Brumsack, H.J.,
2007. Non-conservative behaviour of molybdenum in coastal waters: coupling
geochemical, biological, and sedimentological processes. Geochim. Cosmochim.
Acta 71 (11), 2745-2761.

Emerson, S.R., Huested, S.S., 1991. Ocean anoxia and the concentrations of molybdenum
and vanadium in seawater. Mar. Chem. 34, 177-196.

Falkowski, P.G., 1983. Enzymology of nitrogen assimilation. In: Carpenter, E.J.,
Capone, D.G. (Eds.), Nitrogen in the Marine Environment. Academic Press, New
York, pp. 839-868.

Fitzpatrick, K.L., Tyerman, S.D., Kaiser, B.N., 2008. Molybdate transport through the
plant sulfate transporter SHST1. FEBS Let. 582 (10), 1508-1513.

Flegal, AR, Smith, GJ.,, Gill, G.A. Safiudo-Wilhelmy, S.A., Anderson, L.C.D., 1991.
Dissolved trace element cycles in the San Francisco Bay estuary. Mar. Chem. 36,
329-363.

Fogg, G.E., 1962. Extracellular products. In: Baldwin, R.A. (Ed.), Physiology and
Biogeochemistry of Algae. Academic Press, New York, pp. 475-489.

Fogg, G.E., Wolfe, M., 1954. Nitrogen metabolization of blue-green algae. Symp. Soc.
Gen. Microbiol. 4, 99-125.

Gobler, CJ., Berry, D.L, Anderson, O.R., Burson, A., Koch, F,, Rodgers, B.S., Moore, LK.,
Goleski, J.A., Allam, B., Bowser, P, Tang, Y., Nuzzi, R, 2008. Characterization,
dynamics, and ecological impacts of harmful Cochlodinium polykrikoides blooms on
eastern Long Island, NY, USA. Harmful Algae 7, 293-307.

Gobler, CJ., Lonsdale, D.J., Boyer, G.L., 2005. A synthesis and review of causes and impact
of harmful brown tide blooms caused by the alga, Aureococcus anophagefferens.
Estuaries 28, 726-749.

Godfrey, C., Greenwood, C., Thomson, AJ., Bray, R.C,, George, G.N., 1984. Electron
paramagnetic resonance spectroscopy studies on the dissimilatory nitrate
reductase from Pseudomonas aeruginosa. Biochem. J. 224 (2), 601-608.

Goslan, E.H., Fearing, D.A., Banks, J., Wilson, D., Hills, P., Campbell, A.T., Parsons, S.A.,
2002. Seasonal variations in the disinfection by-product precursor profile of a
reservoir water. ]. Water Supply: Res. Technol.-AQUA 51, 475-482.

Graetz, D.A., Volk, B.G., 1983. Liquid chromatographic analysis in soil chemistry. In:
Grob, RL. (Ed.), Chromatographic Analysis of the Environment. Marcel Dekker, New
York, pp. 423-497.

Heuwinkel, H., Kirkby, E.A., Le Bot, J., Marschner, H., 1992. Phosphorus deficiency
enhances molybdenum uptake by tomato plants. . Plant Nutr. 15, 549-568.

Hille, R., 1996. The mononuclear molybdenum enzymes. Chem. Rev. 96, 2757-2816.

Howarth, RW., Cole, ]J., 1985. Molybdenum availability, nitrogen limitation, and
phytoplankton growth in natural waters. Science 229, 653-655.

Howarth, RW., Marino, R., Cole, ].J., 1988. Nitrogen fixation in freshwater, estuarine, and
marine ecosystems. 2. Biogeochemical controls. Limnol. Oceanogr. 33, 688-701.

Johnson, D.J., West, T.S., Dagnall, R.M., 1973. A comparative study of the determination
of zinc and molybdenum by atomic absorption spectrometry with a carbon
filament atom reservoir. Anal. Chim. Acta 66, 171-178.

Jones, P.G.,1974. Molybdenum in a near-shore and estuarine environment. Estuar. Coast.
Mar. Sci. 2, 185-189.

Kaul, B.B., Enemark, J.H., Merbs, S.L., Spence, ].T., 1985. Molybdenum(VI)-dioxo,
molybdenum(V)-oxo, and molybdenum(IV)-oxo complexes with 2,3:8,9-
dibenzo-1,4,7,10-tetrathiadecane. Models for the molybdenum binding site of
the molybdenum cofactor. J. Am. Chem. SOC. 107, 2885-2891.

Ken Ichi, N., 2005. Fractionation of dissolved organic matter (DOM) as precursors of
trihalomethane in Lake Biwa and Yodo Rivers. Bunseki Kagaku 54 (9), 923-928.

Kim, H.C,, Yu, M.J,, Han, I, 2006. Multi-method study of the characteristic chemical
nature of aquatic humic substances isolated from the Han River, Korea. App.
Geochem. 21 (7), 1226-1239.

King, ].N., Fritz, ].S., 1985. Concentration of metal-ions by complexation with sodium bis
(2-hydroxyethyl) dithiocarbamate and sorption on XAD-4 resin. Anal. Chem. 57
(6),1016-1020.

Kisker, C., Schindelin, H., Rees, D.C., 1997. Molybdenum-cofactor-containing enzymes:
structure and mechanism. Annu. Rev. Biochem. 66, 233-267.

Kramer, S.P, Johnson, J.L., Ribeiro, A.A., Millington, D.S., Rajagopalan, K.V., 1987. The
structure of the molybdenum cofactor. J. Biol. Chem. 262, 16357-16363.

Lai, S.M., Chen, LW,, Tsai, M.J., 2005. Preparative isolation of terpene trilactones from
Ginkgo biloba leaves. J. Chromatogr. A. 1092 (1), 125-134.

Liamas, A., Kalakoutskii, K.L., Fernandez, E., 2000. Cofactor amounts in Chlamydomonas
reinhardtii depend on the Nit5 gene function related to molybdate transport. Plant,
Cell Environ. 23, 1247-1255.

Liermann, LJ., Guynn, R.L.,, Anbar, A., Brantley, S.L., 2005. Production of a molybdophore
during metal-targeted dissolution of silicates by soil bacteria. Chem. Geol. 220,
285-302.

Lippard, SJ., Berg, ].M,, Klatt, G., 1994. Principles of Bioinorganic. Chemistry. University
Science Books.

Lloyd, J.R., 2003. Microbial reduction of metals and radionuclides. FEMS Microbiol. Rev.
27, 411-425.



256 D. Wang et al. / Marine Chemistry 113 (2009) 250-256

Malthouse, J.P.G., Gutteridge, S., Bray, R.C, 1980. Rapid type 2 molybdenum (V)
electron-paramagnetic resonance signals from xanthine oxidase and the structure
of the active centre of the enzyme. Biochem. J. 185, 767-770.

Malthouse, J.P.G., Williams, J.W., Bray, R.C., 1981. Molybdenum(V) e.p.r. signals obtained
from xanthine oxidase on reduction with aldehyde substrates and with 2-amino-4-
hydroxy-6-formylpteridine. Biochem. J. 197, 421-425.

Marschner, H., 1995. Mineral Nutrition in Higher Plants. Academic Press, London.

Martin, J.M., Meyback, M., 1979. Elemental mass-balance of material carried by major
world rivers. Mar. Chem. 7, 173-206.

Mendel, R.R., 2005. Molybdenum: Biological Activity and Metabolism. Dalton Trans.,
pp. 3404-3409.

Miyata, N., Ike, M., Furukawa, K., Fujita, M., 1996. Fractionation and characterization of
brown colored components in heat treatment liquor of waste sludge. Water Res. 30,
1361-1368.

Modec, B., 2008. Acetato complexes of molybdenum (V): a novel tetranuclear core
based on the metal-metal bonded {Mo,04}** units. Inorg. Chim. Acta 361,
2863-2870.

Modec, B., Brenci, J.V., 2002. From small {Mo,04}*>" aggregates to infinite solids.
J. Cluster Sci. 13, 279-302.

Modec, B., Brencic, J.V., 2004. Novel hydrogenmaleato molybdenum(V) complexes
based on a dinuclear metal-metal bonded unit: syntheses and structural
characterization of (PyH)3[Mo,04Cl4(O0CCH=CHCOOH)] and (PyH)3[Mo,04Br4
(OOCCH=CHCOOH)]-CH5CN. Inorg. Chem. Comm. 7, 516-520.

Morford, J.L., Emerson, S.R., Breckel, E.J., Kim, S.H., 2005. Diagenesis of oxyanions (V, U,
Re, and Mo) in pore waters and sediments from a continental margin. Geochim.
Cosmochim. Acta 69 (21), 5021-5032.

Morrice, P.C., Humphries, W.R., Bremner, 1., 1989. Determination of molybdenum in
plasma using graphite furnace atomic absorption spectrometry. Analyst 114,
1667-1669.

Morris, A.W., 1975. Dissolved molybdenum and vanadium in the northeast Atlantic
Ocean. Deep Sea Res. 22, 49-54.

National research council of Canada (Nrc), 1999. CASS-4 nearshore seawater reference
material for trace metals. Ottawa, Ontario, Canada. http://inms-ienm.nrc-cnrc.gc.
ca/calserv/crm_files_e/CASS-4_certificate.pdf.

O'Sullivan, D.W., Hanson, A.K., Miller, W.L,, Kester, D.R., 1991. Measurement of Fe(II) in
surface water of the equatorial Pacific. Limnol. Oceanogr. 36 (8), 1727-1741.

Paerl, H.W,, Crocke, R.K.M., Prufert, L.E., 1987. Limitation of N; fixation in coastal marine
waters relative importance of molybdenum, iron, phosphorus, and organic matter
availability. Limnol. Oceanogr. 32 (3), 525-536.

Palmer, G., Reedijk, J., 1991. Momenclature of electron-transfer proteins. Eur. J. Biochem.
200, 599-611.

Pau, RN., Lawson, D.M., 2002. Transport, homeostasis, regulation, and binding of
molybdate and tungstate to proteins. Met. lons Biol. Syst. 39, 31-74.

Pettersson, L., Andersson, I, Ohman, L.O., 1986. Multicomponent polyanions. 39.
Speciation in the aqueous H"-MoOZ% ~HPOZ~ system as deduced from a combined
emf->'P NMR study. Inorg. Chem. 25, 4726-4733.

Prange, A., Kremling, K., 1985. Distribution of dissolved molybdenum, uranium and
vanadium in Baltic Sea waters. Mar. Chem. 16, 259-274.

Raitsimring, A.M., Astashkin, A.V., Feng, C., Wilson, H.L., Rajagopalan, K.V, Enemark, J.H.,
2008. Studies of the Mo(V) center of the Y343F mutant of human sulfite oxidase by
variable frequency pulsed EPR spectroscopy. Inorg. Chim. Acta 361 (4), 941-946.

Sasaki, O., Kanai, 1., Yazawa, Y., Yamaguchi, T., 2007. Relationship between the chemical
structure of humic structure of humic substances and their hygroscopic properties.
Ann. Environ. Sci. 1, 17-22.

Sears, H.J., Bennett, B., Spiro, S., Thomson, A.J., Richardson, D.J., 1995. Identification of
periplasmic nitrate reductase Mo (V) EPR signals in intact cells of Paracoccus
denitrifcans. Biochem. J. 310 (Pt1), 311-314.

Shimizu, Y., Li, B., 2005. Purification of water-soluble natural products, In: Sarker, S.D.,
Latif, Z,, Gray, Al (Eds.), Methods in Biotechnology, second Ed. Natural Product
Isolation, vol. 20. Humana Press, pp. 415-438.

Smith, B.E., Buck, M., Eady, RR., Lowe, DJ., Thorneley, R.N.F,, Ashby, G., Deistung, ].,
Eldridge, M., Fisher, K., Gormal, C., Loannides, L., Kent, H., Arber, ]., Flood, A., Garner,
C.D., Hasnain, S., Miller, R., 1988. Recent studies on the structure and function of
molybdenum nitrogenase. In: Bothe, H. de Bruijn, FJ., Newton, W.E. (Eds.),
Nitrogen Fixation Hundred Years After. Gustav Fischer, Stuttgart, pp. 91-100.

Soylak, M., Elci, L., Dogan, M., 1997. Determination of molybdenum in water and
geological samples from the Sorgun-Yozgat region after separation and precon-
centration: comparative results. Kuwait J. Sci. Eng. 24 (1), 87-91.

Soylak, M., Elci, L., Dogan, M., 2001. Solid phase extraction of trace metal ions with
Amberlite XAD resins prior to atomic absorption spectrometric analysis. J. Trace
Microprobe Tech. 19 (3), 329-344.

Spivack, B., Dori, Z., 1975. Structural aspects of molybdenum(IV), molybdenum(V) and
molybdenum(VI) complexes. Coord. Chem. Revs. 17, 99-136.

Spriro, T.G., 1985. Molybdenum Enzymes. John Wiley &Sons, New York.

Stiefel, E.I, Cramer, S.P,, 1985. Chemistry and biology of the iron-molybdenum cofactor of
nitrogenase. In: Spiro, T.G. (Ed.), Molybdenum Enzymes. Wiley, New York, pp. 89-116.

Stiefel, E.I, 1987. Molybdenum (VI). In: Wilkinson, G., et al. (Ed.), Comprehensive
Coordination Chemistry. Pergamon Press, Oxford, pp. 1375-1421. Chap. 36.5.

Stiefel, E.I, 1997. Chemical keys to molybdenum enzymes. Dalton Trans. 3915-3923.

Sugio, T., Hirayama, K., Inagakiz, K., Tanaka, H., Tano, T., 1992. Molybdenum oxidation by
Thiobacillus ferrooxidans. Appl. Environ. Microbiol. 58 (5), 1768-1771.

Sugio, T., Tsujita, Y., Katagifi, T, Inagakiz, K., Tano, T., 1988. Reduction of Mo®* with
elemental sulfur by Thiobacillus ferrooxidans. ]. Bacteriol. 170, 5956-5959.

Szilagyi, M., 1967. Sorption of molybdenum by humus preparations. Geochem. Int. 4,
1165-1167.

Ter Steeg, P.F, Hanson, PJ., Paerl, HW., 1986. Growth-limiting quantities and
accumulation of molybdenum in Anabaena oscillarioides (Cyanobacteria). Hydro-
biologia 140 (2), 143-147.

Tewari, PK. Singh, AXK. 2001. Synthesis, characterization and applications of
pyrocatechol modified amberlite XAD-2 resin for preconcentration and determina-
tion of metal ions in water samples by flame atomic absorption spectrometry
(FAAS). Talanta 53 (4), 823-833.

Titley, S.R., Anthony, JW. 1961. Some preliminary observations on the theoretical
geochemistry of molybdenum under supergene conditions. Ariz. Geol. Soc. Digest.
4,103-116.

Tuit, C.B., Ravizza, G., 2003. The marine distribution of molybdenum. Geochim.
Cosmochim. Acta 67 (18), A495 Suppl 1.

Tunceli, A., Tirker, A.R., 2004. Solid-phase extraction and spectrophotometric
determination of molybdenum (VI) in soil and plant samples as a Mo(V)-
thiocyanate complex. Microchim. Acta 144, 69-74.

Tyson, R.V., Pearson, T.H., 1991. Modern and ancient continental shelf anoxia: an
overview. In: Tyson, R.V., Pearson, T.H. (Eds.), Modern and Ancient Continental
Shelf Anoxia. vol58, Geol. Soc. Spec. Publ., pp. 1-26.

Tytko, K.H., Baethe, G., Cruywagen, ].J., 1985. Equilibrium studies of aqueous
polymolybdate solutions in 1M NaCl medium at 25 °C. Inorg. Chem. 24, 3132-3146.

Wallen, D.G., Cartier, L.D., 2008. Molybdenum dependence, nitrate uptake and
photosynthesis of freshwater plankton algae. J. Phycol. 11 (3), 345-349.

Windom, H., Niencheski, F.,, 2003. Biogeochemical processes in a fresh-seawater mixing
zone in permeable sediments along the coast of Southern Brazil. Mar. Chem. 83,
121-130.

Yamanouchi, K., Enemark, J.H., McDonald, J.W., Newton, W.E., 1977. A triply bridged
binuclear molybdenum(V) compound containing two kinds of bridging thiophe-
nolate groups. . Am. Chem. Soc. 99, 3529-3531.

Yamazaki, H., Gohda, S.,1990. Distribution of dissolved molybdenum in the Seto Inland Sea,
the Japan Sea, the Bering Sea and the Northwest Pacific-Ocean. Geochem. J. 24 (4),
273-281.


http://inms-ienm.nrc-cnrc.gc.ca/calserv/crm_files_e/CASS-4_certificate.pdf
http://inms-ienm.nrc-cnrc.gc.ca/calserv/crm_files_e/CASS-4_certificate.pdf

	A new method for the quantification of different redox-species of molybdenum (V and VI) in seaw.....
	Introduction
	Materials and methods
	Method description
	Preparation of standard solutions for Mo speciation recovery experiments
	The use of tartrate as a ligand for Mo (V)
	XAD resin preparation
	Graphite Furnace Atomic Absorption Spectrometry
	Stability of Mo (V)
	Determination of Mo speciation in natural water samples

	Results and discussion
	Recovery experiments in synthetic seawater
	Stability of Mo (V)
	Mo (V) and Mo (VI) concentrations in estuarine waters

	Conclusion
	Acknowledgements
	References




