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The electrochemical behaviour of isopoly- and hoggetyoxomolybdates formed during anodic
oxidation of molybdenum in seawater at constanterurintensity was investigated in this work. The
results supported by spectrophotometry clearlyciaugi the formation of mixed valence molybdates
(V/V1) during this process. The electrochemical &abur of isopolyoxomolybdates shows a typical
guasi-reversible mass-transport limited system lemupvith an adsorption of reduced species and
under some kinetic limitations. For heteropolyoxdybdates a reversible mass-transport limited
system coupled with an homogeneous chemical reaetes found. The coupled reaction, probably
protonation, prevents a rapid heterogeneous eledtemsfer for heteropolyoxomolybdate complex.
The phenomenon is more noticeable for the phosplytate complex since the protonation step has
a greater influence on the registered voltammogrdine presented results have a great importance in
research areas where molybdate chemistry is useéetaction of silicate and phosphate, namely in
seawater.
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1. INTRODUCTION

Polyoxomolybdates have long been applied for detecteparation and quantification, based
on properties such as high molecular mass, eldstrowal activity, reducibility, and variety of
elements that can be incorporated. One of the madely used application has been the
spectrophotometric determination of phosphate divait® in seawater after reduction of [XM®sq"
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(X=Si, P) to “heteropoly blues” by ascorbic acid3JL The determination of P, Si, Ge and As has been
also performed by differential pulse anodic voltagtiy [4], cyclic voltammetry [5, 6] and
amperometry [7, 8]. Recently, a totally new electremical method was developed in our group for
determination of silicate [9, 10] and phosphate] [Mthout addition of any liquid reagents. The
method is based on the anodic oxidation of molybhdenn seawater in order to form silico- or
phosphomolybdate complex electrochemically detéetaiiher by means of cyclic voltammetry or
amperometry. This method offers a great possitititythein situ phosphate and silicate monitoring in
seawater, but our knowledge about different formhsmolybdates produced during molybdenum
oxidation is limited. The purpose of this work i® tfind what kind of isopoly- and
heteropolyoxomolybdates complexes are formed duelegtrochemical oxidation of molybdenum
electrode in seawater. These results will helppudet/elop a first electrochemical sensor forithsitu
detection of phosphate and silicate in the ocean@elucidate the complex chemistry of isopolyd an
heteropolyoxomolybdates.

Oxidation of molybdenum has been performed in séwlutions. The polarization curve for
molybdenum in acidic medium was divided in thregioas: cathodic, passive and transpassive [12,
13]. In the first region hydrogen evolution proceaah the electrode; in the middle zone a layer of
MoO; leads to passivity; in the high potential regite MoQ layer is transformed to Moand Mo
dissolves to form molybdate. Bojinov et al. [14)] Bbiggested that the final soluble product of the
molybdenum oxidation in acid solution is Mo(VI) whican exist according to Hull [16] as molybdate
or polymolybdate species (depending on pH). Howeitagaki et al. [13] claimed coexistence of
Mo(V) and Mo(VI) in the solution after oxidation amholybdenum at high anodic potentials.
Chukalovskaya et al. [17] stated that the finaubtd product in this region was molybdenum blue.
The Mo(VI)/Mo(V) ratio of molybdenum blue compositi was 0.5.

The electrochemical behaviour of molybdenum indasiutions was also investigated but to a
lesser extent. However, the molybdenum electrodbigimedium was covered with a film consisting
mainly of Mo(OH} MoO, and MoQ [16]. The soluble product of anodic oxidation agher
potentials (0.2 — 1.0 V) was Mo(VI) as monomeric®4d species since the pH was basic. Moreover
some Mo(lll) species were reported but at much towencentrations than when oxidizing
molybdenum at low potentials (-0.3V — 0.2 V). Atryénhigh potentials > 1.0 V the molybdate (V)
species were also found in the solution.

There are only a few publications about the oxatabf molybdenum in neutral medium like
seawater [10] or 0.15 mol'LNaCl solution [18]. Wang et al. [18] stated thatlybdate oxides film
consists of Mo@ and M@Q;3, but the final soluble product is Mo(VI). Lacombeal. [10] supposed
also that the produced soluble Mo(VI) can exiddifferent forms depending on the pH of the solution

It is worth noticing also that the produced anothgers of molybdenum oxides were
conductive [19]. This is very important for ourrpases since the molybdenum electrode could not be
cleanedn situ after oxidation.

As it was mentioned above, polyoxomolybdate formpehels strongly on pH and
concentration. It was found that, at very low carcgtions (<10 mol L), mononuclear species
predominate. At higher concentrations (31@nol L%), the polynuclear species appear [20].
Additionally, it was found that in the pH 7-12 theain species is Mo and its protonated forms:
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HMoO, and BMO0Q,, but at pH 3-5 the M@246_, HMO70245_, H2MO70244_, H3|V|O70243_ are
predominant. Finally at pH 2 and below, the d@g* [21] appears and [MgO:11(H»0):6]> was also
found [22]. Future acidification might lead to m@ed more complicated polyoxomolybdates due to a
polymerization process. In the aqueous solutiomgetooxidation state molybdates are not very well
defined. The aqua ions of Mo(V) and Mo(IV) are @g]** and [MaO4]**. The aqueous chemistry of
Mo(lll) suggests monomeric MoO)s* or Mo(H,0)s*" and dimer [(HO)sMo-O-Mo(H,0)s]** [21,
23].

Polyoxomolybdates can incorporate other ions intdeirt structure, forming
heteropolyoxomolybdates. The major silicomolybdisteSiMo,,04". The a— and B- isomers are
known, but thex— isomer is more stable. Both appear in acidic nradiout the first one corresponds
to a pH range about 3.5-4.5, the second one to alpilit 0.8-2.5 [24]. In pH higher than 4 the
SiM01104¢" is formed but upon simple acidification or exce$ésMoO,> the SiMa;O.0" form is
predominant [25]. The major phosphomolybdatecareandp— PMo1:040>, P-M01g0s2, PM011057%,
PM01gO34>, PM®Os1(OHy)s>, P.M0s0,5> [26]. The Keggin anion PMaOsg® is the most known
complex of phosphomolybdates which appears in &eigic aqueous solutions. TBe isomer as any
3— Keggin anion is less stable in aqueus solutioas thea— one [25].

The study of molybdate complexes in this work wasrfggmed by electrochemistry,
spectrophotometry and equilibrium analysis. It frst paper describing in details the electrochehi
behavior of isopoly- and heteropolyoxomolybdatesied during molybdenum oxidation in seawater.

2. REAGENTSAND SOLUTIONS

Molybdate solution (1 mol ) was prepared by dilution of 2.42 g of sodium nholgte (V1)
(Merck) in 10 mL of milliQ water.

Sulphuric acid solutions (0.5 mol*'land 5 mol [*) were prepared by dilution of concentrated
sulphuric acid (Merck) in milliQ water.

Phosphate and silicate solutions were prepared sathum silicofluoride (Nz5iFs, Merck)
and potassium dihydrogen phosphate {R&,, Merck).

The ascorbic acid for spectrophotometrical analyss prepared by dissolution of 7.5 g of
ascorbic acid (Sigma) in 250 mL milliQ water.

All experiments were performed in artificial seateraat salinity 35.4.

3.METHODS

3.1. Electrochemistry

The reference electrode was an Ag/AgCl/3 mbIMCI electrode (Metrohm). All the following
potentials are given relative to this electrodeeckibchemical measurements were carried out with a
potentiostafi-Autolab 11l (Metrohm).

Voltammograms at a stationary or rotating disk tetete were recorded in a three electrode
cell with a platinum counter electrode. Workingottede was in gold (Metrohm, area 0.07%grThe
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electrode was polished with lapping film sheet (®InL™ Aluminium Oxide, 1 pm) and
electrochemically cleaned in 0.5 mol® Lsulphuric acid solution (5 scans, from 0.0 to V5
200 mV §') before each measurement.

The molybdenum electrode (Good Fellow Metals, pu9.9%) has an area of 0.20 T(or
7.85*10° cn¥). The intensity potential curves for molybdenuridation were obtained with small
electrode (7.85*18 cnf). The oxidation of molybdenum at constant curneas done with a bigger
one (0.20 crf).

The production of isopoly- and heteropolyoxomolyiedawithout addition of any liquid
reagents in our conditions is based on the use2ff mL cell divided in two by a membrane (N117
DuPonf™ Nafio® PFSA Membranes); the first part of the cell waledi with 3 mL of the solution,
the second with 17 mL of solution. Molybdenum, refeee and working electrodes were in the anodic
compartment while the counter electrode was in daiodic one. Molybdates were produced by
molybdenum anodic oxidation performed in artificedawater at a constant current electrolysis
(50 mA) during different times.

3.2. Spectrophotometry

The measurements were carried out on a UV-Vis gpgaobtometer (Varian Inc. Cary 50,
Australia) using 10 mm 100-QS quartz cuve (Hellmaaltics, Germany). The spectrograms for
isopoly- and heteropolyoxomolybdates were registeat different pH and concentrations of
molybdate. The final solution was treated withaeb acid to reduce heteropolyoxomolybdates (V1)
to molybdenum blue which gives a spectrum in vesi@00-900 nm). Spectrograms for isopoly- and
heteropolyoxomolybdates created without additionaofy liquid reagents were performed after
different oxidation times of the molybdenum eledian artificial seawater. The spectrograms (400-
900 nm) were registered in presence and abseraseofbic acid.

3.3. Equilibrium analysis

Artificial sea water solutions at different initipH were prepared and the 1 mé! molybdate
solution was added to obtain different final conications. The pH was measured before and after
addition of molybdate.

The pH was also measured after different times®fmolybdenum electrode oxidation and the
concentration of protons was compared with thecaetialues obtained from Faraday's law.

The pH was controlled using the pH meter Metroh. 74

4. RESULTS AND DISCUSSION

4.1. Molybdenum oxidation

Molybdate and protons were produced by anodic dixidaof molybdenum in the
electrochemical cell according to reaction (1). &paration of the anode from the cathode with a
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Nafion diaphragm, we eliminate the consumptionhef protons on the platinum cathode. This allows
us to achieve the desired pH in the anodic compartm

Mo + 4H,0 >MoO,* +8 H" + 6€ 1)

The intensity potential curves for molybdate oxioiatin natural seawater at different pH and
in 0.6 mol L NaCl solution are presented on Fig. 1a. The anpalits of the Tafel plots (Fig. 1b) can
be described by a general equation (2).

_23RT . 23RT

n 7'0910

log j (2)

Where j is the current density (A @ jo is the exchange current density (A &ma is the
anodic transfer coefficient is the overpotential (V), F is the Faraday coris(@mol?) and R is the
molar gas constant (J nfoK™).

(b) n =0.074logj +0.491
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Figure 1. (a) Linear sweep voltammograms (5 m¥j for molybdenum oxidation in 0.6 moltNaCl
solution (red line) and in natural seawater at p8i (Blue line), pH 1.0 (black line) and pH 10
(orange line); (b) corresponding Tafel plots.

The Tafel plot slopes in 0.6 mol'LNaCl and in natural seawater (pH 7.8) are the sante
equal to 0.123. The exchange current density was 20cm’ for seawater and 0 A cm? for the
NaCl solution. The determined transfer coefficianfrom equation (2) was equal to about 0.46 for
both media. Acidification of seawater to pH 1.0dwphuric acid caused a decrease of the Tafel plot
slope to 0.074 and the exchange current densitedseasing to 10’ A cm?. The alkalinisation of
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seawater with sodium hydroxide to pH 10 resulth&increase of the Tafel plot slope to 0.147 and a
increase of exchange current density t6-48 cm®. The transfer coefficient was 0.39 for seawater at
pH 10 and 0.79 for seawater at pH 1.0. The obtaresdlts showed similar order of magnitude that
those obtained by Wang et al. [18] in differentusioins and clearly indicate that the passivation of
molybdenum can be achieved more easily in acidiciume than in basic one. The following
experiments may be done in artificial seawater bgedhe electrochemical behaviour of molybdenum
electrode in 0.6 mol £ NaCl solution is very similar to the one in natweawater (pH 7.8).

For further analysis a constant current intensstchosen for the molybdenum oxidation in
order to control the quantity of molybdate formadg¢ording to the Faraday’s law. We chose a current
of 50 mA corresponding to potentials between 0180-V and thus, we are in the transpassive region
where active dissolution of molybdenum to molybdateurs.

The concentration of molybdate and protons incieasth oxidation time. A longer oxidation
time of molybdenum leads to a higher molybdate eatration in the solution and the percentage of
polynuclear species increases.
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Figure 2. Comparison of (black line) expected value of pnottoncentration (calculated from
Faraday’s law) with (red line) experimental meamests of pH.

Besides, the formation of polyoxomolybdates consurm@me protons and more and more
complex polyoxomolybdates are created with an es®eof acidification. Having all this in mind, we
assume that equation (1) will change with time migithe molybdenum oxidation. Fig. 2 presents the
comparison between the expected value of protoms that calculated from measured pH after
different oxidation times. The results show that theasured concentration of protons is lower than
the theoretical one. This may be due to mentiorretbpation process of molybdates. Some protons
are used for the formation of polyoxomolybdates #ng the measured pH for the solution is higher
than expected.
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In spite of the complexity of the reactions ocaugriduring the molybdenum dissolution, the
measured pH in the solution is repeatable withexipion of 1.7% for 500s of oxidation [11]. The
colour of the solution after molybdenum dissolutisrblue and its intensity increases with time of
oxidation. This fact clearly indicates the presemdeisopolyoxomolybdate complexes containing
Mo(V) and Mo(VI) known as molybdenum blues. Moregvéhe blue colour appears in both
0.6 mol L' NaCl solutions: in presence and absence of phtsploa silicate). Additionally, the
surface of the oxidized molybdenum electrode iseced with a dark blue oxide layer which is
conductive as it had been noticed before [19].

4.2. Electrochemical behavior of isopolyoxomolyledat

4.2.1.Cyclic voltammetry

Cyclic voltammetry was performed on a 3 mm goldkditectrode (200 mVY after each
oxidation time of molybdenum in 0.6 mot*lNaCl solution and presented on Fig. 3a. For coispar
cyclic voltammograms made with isopolyoxomolybdatesated by addition of sodium molybdate
(VI) and sulphuric acid are presented on Fig. 3lemlthe value of molybdate concentration and pH
were the same as those achieved during the oxidationolybdenum. For clarity only selected curves
are presented.

Cyclic voltammetry of isopolyoxomolybdates creabgdaddition of sodium molybdate (VI) to
an acidified solution was investigated before bysKman et al. [21]. The work shows clearly that the
shape of the curves depends strongly on pH sirféereht molybdate species might be formed from
simple MoQ? to protonated species of M®s". Similar conclusions were made in this work bt th
situation is even more delicate since the pH of iomedwas lower (pH 1-2) and diverse
isopolyoxomolybdates can be formed as it is suggesty different shapes of voltammograms.
Calculation of parameter “z” —the number of protenasumed by one molecule of MgQOss a proper
equilibrium method to indicate the isopolyoxomolgbes formed at different conditions (Table 1.).
The method is based on pH measurements of aniadidiblution before and after addition of sodium
molybdate at adequate concentration. The differanc@roton concentrations is divided by the
molybdate concentration giving a value of paramé&té&rcharacteristic for each created molybdate
species. Moreover, total formation reaction canphbmposed for each species (equations 3a-e). It is
clear from these results that with growing acidifion and molybdate concentration more and more
complicated isopolyoxomolybdates are formed dugrmonation and condensation reactions. The
proposed forms of isopolyoxomolybdates are in geggeement with a reaction model of the
equilibrium system for molybdate described by Cragen et al. [27].

8 MoO,” + 12 H > MogO6" + 6 H:0 (3a)
13 MoQ* + 22 H > H,M015045" + 10 HO (3b)

13 MoQ> + 21 H > HM0130,,°+ 10 O (3¢)
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12 MoQ? + 17 H > HM01,04" + 8 HO (3d)

36 MoQ” + 65 H > HM03¢O115 + 32 HO (3e)

The cyclic voltammetry for isopolyoxomolybdatesfed during oxidation of molybdenum
differs from the characteristics described abovee Bhapes of the curves registered after each
oxidation times are similar to each other, the aigreak is more or less at the same potential laad t
reduction peak current density is proportional ke tmolybdate concentration calculated from
Faraday’'s law (}=-0.323c-0.664, R-0.995). These results suggest that during the atigid of
molybdenum in seawater only one species of molybtaformed and it is rather different than those
achieved during simple addition of sulphuric acit asodium molybdate (VI). However, it is not
possible at this step to propose a chemical forrffarl¢his species.
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Figure 3. Cyclic voltammograms recorded on a gold disk etefg (3 mm, 200 mV Y for
isopolyoxomolybdates created by: (a) oxidation alybhdenum at constant current of 50 mA
in 0.6 mol L'* NaCl solution at several times; (b) simple additaf sulphuric acid and sodium
molybdate (VI) to 0.6 mol £ NaCl solution to achieve appropriate pH and moéagbd
concentrations.
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Table 1. Parameter « z » - the number of protons consumeshe molecule of Mo calculated for
different pH and molybdate concentrations with sgr@position of chemical formula for the
created isopolyoxomolybdates.

[M0oOs] Initial pH*  Final pH**  Parameter «z» Proposed formof ~  Eq.
(mmol L™ isopolyoxomolybdate
1.73 1.93 2.04 1.52 ©0=0.021) MogO2s (8, 12) 3a
3.45 1.65 1.78 1.69 0=0.015)  HM01504," (13, 22) 3b
6.91 1.31 1.42 1.61 =0.014)  HMo1304," (13, 21) 3c
10.0 1.21 1.32 1.40 =0.017)  HMO01,04" (12, 17) 3d
13.8 1.08 1.23 1.80 0=0.007)  HMOo3O112 (36, 65) 3e
17.3 0.87 0.98 1.80 =0.010)  HMo3¢O112" (36, 65) 3e
* pH of acidified NaCl solution before addition wiolybdate
** pH of acidified NaCl solution after addition ofiolybdate
o-standard deviation

(a) r T T T TLTU
-0.9 0.6 -0.3 0 0.3
5 4
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j (mA cm?)
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Figure 4. Cyclic voltammograms recorded on a gold disktebele (3 mm) at different scan rates for
isopolyoxomolybdates created by: (a) oxidation @lyhdenum in 0.6 mol £ NaCl solution
during 240 s at constant current of 50 mA (pH 1.880]=6.91 mmol L); (b) simple addition
of sulphijric acid and sodium molybdate (V1) to h6l L'* NaCl solution (pH 1.42, [M0]=6.83
mmol L7).



Int. J. Electrochem. Sci., Vol. 7, 2012 7334

In spite of many differences between isopolyoxorndites formed during molybdenum
oxidation and by simple addition of sodium molyd#¥/1) to sulphuric acid solution, the cyclic
voltammograms show some similarities. In both meés#hothe reduction current density.)j is
proportional to the square root of the scan raig. @), as it is indicated by equatior&;}105.30'1’2+
45.5; R=0.993 (isopolyoxomolybdates created by simple tamtdiof reagents)j=-106.50""*+ 44.5;
R?=0.992 (isopolyoxomolybdates created by molybdemidation). However, the reverse oxidation
peaks (j5) are less pronounced (the ratig gver j. is smaller than 1) which is indicative of a very
slow rate of electron transfer. Reduction potergedk (B¢ shifts to higher potentials as scan rafe (
increases as it is indicated by equationg=H.34v-0.141; R=0.992 (isopolyoxomolybdates created
by simple addition of reagents),,&-1.62)-0.10; R=0.983 (isopolyoxomolybdates created by
molybdenum oxidation). Moreover, the peaks are dgo@nd the peak separation£E,:) increases
with scan rate ) as described by equations: {E,)=0.902)-0.054; R=0.985
(isopolyoxomolybdates created by simple additionredgents), (E-Ep)=1.19-0.137, R=0.985
(isopolyoxomolybdates created by molybdenum oxutgti These results indicate a typical quasi-
reversible mass-transfer limited process.

4.2.2. Linear sweep voltammetry

Measurements were performed on a 3mm rotating giigtt electrode (1000 rpm, 5 mVs
after each oxidation time of molybdenum in 0.6 rhdINaCl solution and presented on Fig. 5a. For
comparison a linear sweep voltammetry made for asg@xomolybdates created by addition of
molybdate and sulphuric acid is presented on Figwbere the value of molybdate concentration and
pH were the same as those achieved during oxidafiomolybdenum. For clarity only selected curves
are presented.

The comparison of both conditions showed some ariti¢s. After experiments, the surface of
the gold electrode was covered with a thin darledait has been noticed before by Kuznestov et al.
[28] for isopolyoxomolybdates created by simpleiadd of acid to molybdate (VI) ions. He stated
that the thin layer consists of compounds of Mdoefer valences. The reduced solution becomes blue
after reduction of isopolyoxomolybdates createdsbyiple addition of sulphuric acid and sodium
molybdate which indicates the presence of mixednad (VI/V) molybdates. Similar results could not
be observed for isopolyoxomolybdates created byaiiaon of molybdenum since the solution after
this process was already blue.

For both methods, the voltammograms presented @nSFshow two waves. The wave at less
negative potentials which becomes a peak at higi@ybdate concentrations is characteristic of an
electrochemical process coupled with adsorptiomediiced species or coupled with a homogenous
reaction. Additionally, the limiting current densijim) for this wave is independent on rotation rate
(w) as it is shown on Fig. 6. These results mightgesy that the wave indicates a process with
adsorption of the reduced species.
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Figure 5. Linear sweep voltammograms recorded on a rotajoid disk electrode (3 mm, 1000 rpm,
5 mV s%) for isopolyoxomolybdates created by: (a) oxidatiof molybdenum at constant
current of 50 mA in 0.6 mol £ NaCl solution at several times; (b) simple additid sulphuric
acid and sodium molybdate (VI) to 0.6 mol NaCl solution to achieve appropriate pH and
molybdate concentrations.

The second wave occurring at more negative potsrianore dependent on the rotation rate.
However, for the greater rotation rates (up to 36@0) the limiting current density{j) becomes
constant. A deviation of a plot.j=f(w*? from a straight line intersecting the origin segt that a

kinetic limitation is involved in the electron-trsfier reaction [29]. In this case, one can meaduge t
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limiting current density in the absence of any maassport effects (j. There is a well-defined point
where the limiting current density starts to beekically limited (Fig. 7).
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Figure 6. Linear sweep voltammograms recorded on a rotafing disk electrode (3 mm, 5 mV#jsat
different rotation rates for isopolyoxomolybdatesated by: (a) oxidation of molybdenum in
0.6 mol L* NaCl solution during 240 s at constant curren6@fmA ( pH 1.45, [Mo]=6.91
mmol LY); (b) simple addition of sulphuric acid and sodimmolybdate (V1) to 0.6 mol t
NaCl (pH 1.42, [M0]=6.83 mmol ).
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Figure 7. Limiting current density vs. square root of theeadlode rotation rate for
isopolyoxomolybdates created by: (a) oxidation @lyhdenum in 0.6 mol £ NaCl solution
during 240 s at constant current of 50 mA (pH 1[#%)] =6.91 mmol L); (b) simple addition
of sulphuric acid and sodium molybdate (VI) to Orol L* NaCl (pH 1.42,

[Mo] =6.83 mmol LY.

Thus, the § for isopolyoxomolybdates created by addition afuld reagents is equal to
-3.22 mA cn?, whereas for isopolyoxomolybdates created by diGdaof molybdenum is equal to
about -6.32 mA crf. This allows to calculate the heterogeneous ratstant (K due to equation (4):

— J Kk
= 4
" FAC] )
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Where F is the Faraday’s constant (C MplA is the electrode surface (nCy is the
concentration of reduced species (mol¢nk; is the heterogeneous rate constant (& jg is the
kinetically limited current density (A cA).

The calculated heterogeneous rate constant is e¢wald.7 * 10° cm $* (for
isopolyoxomolybdates created by addition of liquidagents) and 9.3 * Tocm $' (for
isopolyoxomolybdates created by oxidation of mob#uaim).

When comparing both methods, some differences atelithe formation of more complicated
species during molybdenum oxidation, than in theddtons were isopolyoxomolybdates are created
by simple addition of acid to molybdate (VI) sotuti For instance the potentials of the waves on
Fig. 5a are shifted to more negative values thasdltorresponding to Fig. 5b.

12

E (V) vs Ag/AgCl

Figure 8. Linear sweep voltammograms recorded on a rotagoid disk electrode (3 mm, 5 m\#s
1000 rpm) for isopolyoxomolybdates created by otkaaof molybdenum in 0.6 mol 't NaCl
solution during 240s and 480s at constant curreB0 anA.

It was mentioned above that isopolyoxomolybdatestaining Mo(V) and Mo(VI) can be
formed during molybdenum oxidation. A linear sweeftammetry was performed on a gold electrode
(1000 rpm, 5 mV %) after molybdenum oxidation in order to find madigtes at lower valences. The
presence of a wave at more positive potentials #th8 V (Fig. 8) clearly indicates the presence of
Mo (V) in the solution. Moreover, spectrophotomeinyvisible was performed after oxidation of
molybdenum and presented on Fig. 9. The data shqweadts at wavelengths corresponding to
molybdenum blue spectrum with a maximum at 800 hhis kind of spectrum did not appear when
only Mo (V1) is present in the solution.
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Figure 9. Absorbance as a function of wavelength for isppabmolybdates created by: (black line)
simple addition of sulphuric acid and sodium mobted(V1) to 0.6 mol [* NaCl; (blue line)
oxidation of molybdenum in 0.6 mol'LNaCl solution during 480 s at constant curren5®f
mA.

4.3. Electrochemical behaviour of heteropolyoxorndates

4.3.1. Cyclic voltammetry

Cyclic voltammetry for hereropolyoxomolybdates wasrformed on a 3 mm disk gold
electrode (50 mV Y after oxidation of molybdenum in 0.6 mol*LNaCl solution containing
phosphate or silicate at a concentration of ab60tumol L. For comparison, a cyclic voltammetry
was made for heteropolyoxomolybdates created bytiaddf sodium molybdate (VI) and sulphuric
acid to the 0.6 mol £ NaCl solution containing phosphate or silicateaatoncentration of about
100 pmol L?, where the value of molybdate concentration andwete the same as those achieved
during oxidation of molybdenum. The resulting voltaograms are presented on Fig. 10 and show
four peaks: two oxidation and two reduction ondse Teduction peaks are at 0.32 V and 0.45 V for
phosphomolybdate complex and at 0.26 V and 0.3or\&ilicomolybdate one. The oxidation peaks
are at 0.40 V, 0.53 V and 0.32 'V, 0.43 V, respetyiv

Comparison of both conditions shows a great agraenbetween voltammograms for
heteropolyoxomolybdates created by oxidation ofyindénum and by simple addition of sulphuric
acid and sodium molybdate (VI) to the sample comgi phosphate or silicate. This suggests that the
formed types of heteropolyoxomolybdates are the esatdowever, the voltammograms for
phosphomolybdate species differ from that of thie@nolybdate complex in several ways. The peaks
are broader and not as well defined. The peaksratipa (E+Eyo) is bigger on phosphomolybdate
voltamograms (80 mV) than for silicomolybdate oii@8 mV). The peak currents densities for the
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phosphomolybdate complex are lower than for theaiolybdate one. These results clearly indicate
that the electrode reactions are limited by a hanegus chemical step which prevents rapid electron
transfer for phosphomolybdate complex. It was aatetl by Carpenter et al. [15] that the electrode
reactions of both phosphomolybdate and silicomaydomplexes are preceded by a pH dependent
chemical reaction, probably protonation. This cleahstep is faster for the silicomolybdate than for
phosphomolybdate complex (equation 6) and thus &asmall influence on the registered
voltammograms.

SiM012046" + H" > HSiM01 040> (6)

The change in pH or molybdate concentration do¢snfioence the potential or shape peak,
but it has a strong influence on peak current derisr both silicomolybdate and phosphomolybdate
complexes. Thus optimization of these parametarasga possibility to find the best conditions for
electrochemical quantitive analysis of silicate @hdsphate. This optimization was done before [9-11
and it was found that the best pH to form the @itiolybdate complex is equal to 1.4, whereas to form
the phosphomolybdate complex it is necessary ttifgche solution to pH 1.0. To achieve appropriate
pH, the oxidation time of molybdenum has to be cateld during 240s and 600s, respectively.
Additionally, the formation of silicomolybdate coteg takes about 5 min, whereas formation of
phosphomolybdate complex 1 min only.

30 + Oxidation 1
Oxidation 2 Dol

20 -

10 -
€ 0
p 0.1 0.5
S 10-

-20 ~ 4 Reduction 1

_30 _

Reduction 2
-40 -
E (V) vs Ag/AgCl

Figure 10a. Cyclic voltammograms recorded on a gold disk etett (3 mm, 50 mV Y for
silicomolybdate complex (10pmol LY created by: (blue line) simple addition of sulgbu
acid and sodium molybdate (V1) (pH 1.42, [M8P=6.83 mmol L); (red line) oxidation of
molybdenum at constant current of 50 mA during 240s
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Figure 10b. Cyclic voltammograms recorded on a gold disk etefg (3 mm, 50 mV Y for
phosphomolybdate complex (1énol L) created by: (blue line) simple addition of sulgbu
acid and sodium molybdate (V1) (pH 1.0, [MgQ=16.7 mmol [); (red line) oxidation of
molybdenum at constant current of 50 mA during 600s

Cyclic voltammograms at different scan rates fothbocomplexes are presented on Fig. 11.
Since the voltammograms for heteropolyoxomolybdateated by both methods are very similar, only
those created by oxidation of molybdenum in the @antontaining phosphate or silicate are
presented. The results show that the peak poteastiabt dependent on scan rate whereas the peak
current density g) is proportional to the square root of scan ratéy and the oxidation peaks are as
well pronounced as the reduction ones. These sesuét clearly indicative of a reversible mass-
transport limited system. For clarity the slogesf(p'”z) are gathered in Table 2.

Table 2. Peak current density vs. square root of the seds i,:f(u'”z) for silicomolybdate and
phosphomolybdate complexes created by both methods.

Peak Phosphomolybdate Silicomolybdate
complex created by : complex created by :

simple addition of sulphuric acid and sodium molyted

Oxidation 1 j,=16.4™" + 5,90, R=0.978 j=32.2 2 + 4.59, R=0.982
Oxidation 2 j,=56.% " —2.68, R=0.996 j=81.2 2 + 2,55, R=0.994
Reduction 1 j=-32.00™2 - 2.95 R=0.998 j=-49.2" — 4,94, R=0.991
Reduction 2 j=-49.10" + 1.46, R=0.997 j=-93.2™"? + 7.08, R=0.993
oxidation of molybdenum at constant current of 58 m

Oxidation 1 j,=27.8&™"° + 6.57, R=0.987 j=37.60™"% +3.36, R=0.972
Oxidation 2 j,=65.0™"% - 2.25, R=0.993 j=84.52 +1.47, B=0.993
Reduction 1 j=-57.4"% + 2.82, R=0.998 j=-47.500™"" — 4.96, R=0.996
Reduction 2 j=-43.107"* - 4.21, B=0.995 j=-94.22 +5.35, B=0.999
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Figure 11. Cyclic voltammograms recorded on a gold disk etelet (3 mm) at different scan rates for
100 pmol L of silicomolybdate complex (a) and phosphomolybdéf) created by oxidation
of molybdenum during 240 s (silicomolybdate complex600 s (phosphomolybdate complex)
at constant current of 50 mA.

4.3.2. Linear sweep voltammetry

Linear sweep voltammetry for heteropolyoxomolybdates performed on a 3 mm rotating
disk gold electrode (5 mVs 1000 rpm) after oxidation of molybdenum in 0.6Imd NaCl solution
containing phosphate or silicate at a concentradibabout 100umol L™ . For comparison, a linear
sweep voltammetry was made for heteropolyoxomoligslareated by addition of sodium molybdate
(VI) and sulphuric acid to the 0.6 mol*LNaCl solution containing phosphate or silicateaat
concentration of about 100mol L™, where the value of molybdate concentration andwgie the
same as those achieved during oxidation of molybwherThe resulting voltammograms are presented
on Fig 12. The voltammograms for heteropolymolybdatreated by oxidation of molybdenum were
performed firstly from zero-current potential {§} to increasing potentials and then to decreasing
ones. Finally, both curves were plotted on the stguee.
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Linear sweep voltammetry for silico- and phosphaorhdhte created by simple addition of acid
and sodium molybdate (VI) to the sample containpigsphate or silicate was already done by
Carpenter et al. [5]. Similar curves were achiewethis work and present two waves. It can be seen
that the first wave shows reduction of complexesi@é process followed by a further "3step.
According to the results presented above we capgsthe following electrode reduction reactions (7
a-d):

PM01,0s0> + 26 + 2H" — HoPM0,'M01o" Oue™ (7a)
HoPM0,YMO010”"' O + 36 + 3H > HsPMaos'Mo7"' O (7b)
SiM01,040" + 26 + 2H" — H,SiM0,'M01o” Osg™ (7¢)
H,SiM0,'M01g" Osg"+ 3€ + 3H > HsSiMos’ Moz Oug™ (7d)

10 -

-10g]1
.30 -
50 -

-70 -

j A cm?)

-90 -

-110

-130 -

E (V) vs Ag/AgCl

Figure 12a. Linear sweep voltammograms recorded on a rotafing disk electrode (3 mm, 5 mV*s
1000 rpm) for silicomolybdate complex (1pénol L™) created by: (blue line) simple addition
of sulphuric acid and sodium molybdate (V1) (pH 2,.4M00,*]=6.83 mmol LY); (red line)
oxidation of molybdenum at constant current of 58 for 240s.

However, linear sweep voltammograms for heteropaywolybdates created by oxidation of
molybdenum differ from those achieved by simpleitoial of sulphuric acid and sodium molybdate
(VI) to the sample containing phosphate or silicAteltammograms for heteropolyoxomolybdates
formed by oxidation of molybdenum show an oxidatreeve which is not present on voltammograms
for heteropolyoxomolybdates formed by simple additof sodium molybdate and sulphuric acid.
Besides, the zero current potential-Ereaches a constant value a long time after immgrthe
electrode and is shifted toward less positive gaiben These results suggest that during oxidabion
molybdenum mixed valence heteropolyoxomolybdates (W are formed. Moreover, the ratio of
current density of oxidation over current densityemluction waves gives a possibility to calculidte
percentage content of Mo(V) and Mo(VI). The oxidatiwave represents the oxidation of Mo(V) to
(VI) and the reduction wave the reduction of Mo(W¥d®) Mo(V). Presuming that the only form of
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heteropolymolybdate species formed in this work Keggin anion, the proposed forms of
silicomolybdate are: Si(M8Mo10”" Os0)* — 60% and Si(Mg'Mog"'O40)* — 40% , whereas the main
form of phosphomolybdate is P(Id10s"' O.0)*.

60
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j (A cm?)
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_60 .
E (V) vs Ag/AgClI

Figure 12b. Linear sweep voltammograms recorded on a rotafing disk electrode (3 mm, 5 m*s
1000 rpm) for phosphomolybdate complex (4d®ol L) created by: (blue line) simple
addition of sulphuric acid and sodium molybdate)(fiH 1, [MoQ*]=17.3 mmol LY); (red
line) oxidation of molybdenum at constant curreif5@ mA for 600s.
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Figure 13. (a) Absorbance as a function of wavelength for yindates created by oxidation of
molybdenum in 0.6 mol £ NaCl solution containing silicate at concentratizfn140 uM at
constant current of 50 mA during different timds) Absorbance as a function of wavelength
for molybdates created by both methods and trdatexscorbic acid.

The existence of mixed valence heteropolymolybded@sbe confirmed by spectrophotometry.
The data shows peaks at wavelengths correspondingplybdenum blue spectrum with a maximum
at 800 nm (Fig. 13a). This kind of spectrum did appear if only Mo (V1) is present in the solution.
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Moreover, addition of ascorbic acid after the oximla of molybdenum increases the absorbance value
and the shape of the spectrograms remains typfcilose obtained by simple addition of sodium
molybdate and sulphuric acid to the sample comgiphosphate or silicate (Fig. 13b).

Linear sweep voltammograms registered at differetdtion rates for both complexes formed
by both methods are presented on Fig 14. The seshitw that the potential half wavep(iEs not
dependent on rotation rate whereas current de(gityis proportional to the square root of rotation
rate ). This characteristic indicates a mass-transporttrolled system. For clarity the plots
(jim)=f(w0’?) are gathered in Table 3

Silicomolybdate complex Phosphomolybdate complex
10 ~ Eo 10
/1 0 !
40 - 0.15 0.75
_10 |
T 90 ~ 201
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a <§_ —— 1000 rpm 3 —500 rpm
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3000 rpm 50 | 3000 rpm
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I'4 -60 1
-240 - 70
E (V) vs Ag/AgCl E (V) vs Ag/AgClI
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‘ ‘ 60 4 —1000 rpm
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Figure 14. Linear sweep voltammogram recorded on a rotatoid disk electrode (3 mm, 5 mV#pat
different rotation rates for 10@mol L™ of silicomolybdate complex (left insets) and
phosphomolybdate (right insets) created by: (ajpknaddition of sulphuric acid and sodium
molybdate (VI) [for silicomolybdate complex: pH42, MoQ? = 6.83 mmol L% for
phosphomolybdate complex: pH 1, MFO= 16.7 mmol []; (b) oxidation of molybdenum
during 240 s (silicomolybdate complex) or 600 bagphomolybdate complex) at constant
current of 50 mA.
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Table 3. Limiting current density vs. square root of ratatirate, jm=f(cw%) for silicomolybdate and
phosphomolybdate complexes created by both methods.

Phosphomolybdate

complex created by :

Silicomolybdate
complex created by :

a) simple addition of sulphuric acid and sodium molsted

Reduction 1

jim=-0.615"2 -7.16, B=0.999

jm=-3.06w"% -12, R=0.999

Reduction 2

jim=-0.30wY? — 2.56, B=0.999

jm=-1.17? - 5.61, B=0.999

b) oxidation of molybdenum at constant current of 58 m

Oxidation jim=1.11w™? +1.52, B=0.999 jim=0.27 w2 -0.85, R=0.997
Reduction1  j;,=-0.86w " - 6.02, B=0.999 jm=-2.32w%?-18.9, R=0.997
Reduction 2 - jim=-0.67w 2 — 8.55, B=0.995

The linear sweep voltammograms for the reductiorihef phosphomolybdate species differ
from those of the silicomolybdate complex. The vwaaee not as well formed; they are less steep and
they overlap to a greater extent. The limiting eats densities for the phosphomolybdate complex are
lower than for the silicomolybdate one. They aré proportional to the radii of the microdisks, bgin
less than the expected ones. These results cotffianthe electrode reactions are preceded by a
reaction of protonation; this chemical step isda$br the silicomolybdate than for phosphomolyledat
complex.

5. CONCLUSION

The purpose of this work was to unravel which kinflsnolybdates are formed during anodic
oxidation of molybdenum in seawater. The molybdemxidation in seawater and in 0.6 mot NaCl
solution show similar behaviour as demonstrateccélgulations from Tafel plot slopes where the
determined anodic transfer coefficient and exchangeent density were almost identical for both
solutions and equal to about 0.46 and,I@spectively.

Electrochemical behaviour of isopoly- and hetergpebmolybdates was investigated. The
complexes were formed by two methods: one baseaxkigiation of molybdenum in artificial seawater
and the second based on classical addition of stifphcid and sodium molybdate which served as a
reference method. The investigation shows thatisbhpolyoxomolybdates formed by oxidation of
molybdenum differs from those created by simpleitaaid of reagents. However, it seems that the
heteropolyoxomolybdates created by both methods hamilar forms. Additionally, the results
supported by spectrophotometry indicate formatidnmixed valence molybdates (V/VI) during
molybdenum oxidation in seawater in presence asdrate of phosphate or silicate.

The formed isopolyoxomolybdate shows complicatedectebde reactions. Cyclic
voltammograms clearly indicate a mass-transportrotded quasi-reversible system, but the linear
sweep voltammetry uncovers also the adsorptiordidiced species and a kinetically limited reaction.
The electrochemical behaviour of molybdate compest@ange if phosphate or silicate is present in
the solution. The cyclic voltammograms representy@cal reversible mass-transport controlled
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system with coupled homogeneous reaction, probabdyonation, which prevents rapid electron
transfer and influences current magnitude. Theopition step is slower for phosphomolybdate
complex and it has greater influence on voltammwogta The cyclic voltammograms for
phosphomolybdate species show peaks which are snetell formed as those for silicomolybdate
complex. The peaks separationf£E,.) is bigger on the phosphomolybdate voltammogredfsntV)
than for silicomolybdate ones (60 mV). Finally, {heak currents densities for the phosphomolybdate
complex are lower than for the silicomolybdate. Sdheesults explain how delicate the problem of
phosphate detection by electrochemistry is. Thélpro intensifies at low phosphate concentrations
(which is the case in the seawater) since complitatectrode reactions coupled with high capacity
current lead to disappearance of the charactenstioction and oxidation peaks [11] and thus, the
detection of phosphate by cyclic voltammetry isywdifficult.
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