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Abstract

The conditional stability constants for various modifications of molybdenum heteropoly anions (HPAs) having
Keggin structure were calculated using the results obtained when constructing the molar ratio curves. A comparative
study of the stability of the main analytical forms of HPAs, which were used to determine phosphorus(V) and
gallium(III), was carried out including oxidized, metal-substituted, reduced and oxidized forms, as well as those
obtained in non-ionic surfactant medium. Based on the results of the study, molybdenum HPAs of phosphorus(V) can
be arranged in the next row according to the values of conditional stability constant: PM0120403- (in a non-ionic
surfactant medium) (B = (1.6£0.6)-104°) > H4PBi3+2M04VMo07"10406 ( = (5.6+1.6)-103%) > HaPMo04VMo0s"10403- ((B =
4.9+0.4)-1037) > PM0120403- (f = 103¢). The members of the series with n = 2-4 were the most stable in the series of
gallium molybdotungsten HPAs. The stability of various forms of molybdenum HPAs of phosphorus(V) is not very
different and is determined by the stability of the entire skeleton of Keggin heteropoly anion. When assessing overall
stability of reduced forms of HPAs, it is important to consider their Kinetic stability.
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OI[IHKA BIL/IUBY PI3HUX ®AKTOPIB HA CTIHKICTh MOJIIBIEHOBUX
TETEPOIIOJIIAHIOHOB CTPYKTYPHU KETTIHA

Osena B. Buminikinal, Auapiit b. Bumnnikin?, H0sis B. Mex?, Onena A. JlixonaT?!

1YHigepcumem mMumHoi cnpasu ma @inancis, 8ya. Bosodumupa Bepradcwvkozo, 2/4, /lHinpo, 49000, Ykpaina
2/lninposcbKull HayioHabHull yHigepcumem imeHi Oaecsi 'oHuapa, np. azapiua, 72, [JHinpo, 49010, Ykpaina

AHoTalist

3 BUKOPHUCTAHHAM pe3y/ibTaTiB 100y J0BH KPUBUX HACUYE€HHSA PO3PaxoBaHi YMOBHiI KOHCTAHTH CTIMKOCTI 14 pisHUX
moaudikaniii Mosi6aeHoBuX rererponoJiadionis (I'MA) crpykrypu Kerrina. [IpoBeeHo nopiBHAIbHE AOC/TiIKEeHHS
cTifikocTi 0cCHOBHUX aHa/iTHYHUX ¢opmMm I'TIA, y BUrisaai skux BusHavawTb ¢ocdop(V) i ranii(Ill), Bkiwyawumn
OKHCJ/IeHi, MeTa/io3aMillleHi, BifHOB/IeHi i okucjeHi ¢popMH, a TakoK OTpMMaHi B cepeaoBuili HeioHHux IIAP.
Buxoasaum 3 pe3yjabTaTiB JociaigkeHHA MoJi6geHoBi I'TIA ¢ocdopy(V) mo crilikocTi MoXKHA po3TallyBaTH B
HACTynHUi psag: : PMo120403- (B cepeaoBuuli HeionHux IAP) > H4PBi3+:M04VM07V10406- > H4PMo04VMo0sg"10403- >
PMo0120403". B paay Mmoi6a0Boab¢ppamoBux I'lIA rasiro Hal6Gi/IbII CTINKUMHU BUSIBUIUCA YJIEHH PAAY 3 n = 2-4,

Karouosi csoea: reTepomnosiaHioH, yMoBHa KOHCTaHTa cTiikocTi, docdop(V), ranii(I1I)
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OILIEHKA BJIMAIHUA PA3/INYHBIX PAKTOPOB HA YCTOHYUBOCTh MOJIMBAEHOBBIX
TFETEPOIIOJIMAHHMOHOB CTPYKTYPbI KETTHHA

Esnena B. BuminukuHal, Augpei b. Buminukun?, I01usa B. Mex?, Enena A. Jluxonat?!

1YHugepcumem mamosceHHo20 deaa u puHaHcos, ya. Baadumupa Bepnadckoeo, 2/4, [Juenp, 49000, YkpauHa
2/lnenposckull HaYuoHa1bHbL yHUusepcumem umernu Oaecsi ['onuapa, npocn. I'azapuna, 72, [jnenp, 49010, YkpauHa

AHHOTaus

C wucnojb30BaHHEM pe3yjabTaTOB MNOCTPOE€HHsA KPHUBBIX HACBIIIEHUA PACCYUTAHBbI

YC/I0BHbIE€ KOHCTAHTHBI

YCTOHYMBOCTH JJIs1 Pa3/IMYHbIX MoAuPUKanMi MOIMGAEeHOBBIX rereponoauaHuoHoB (ITA) crpykrypsl Kerruna.
IIpoBeseHO CpaBHUTE/IbHOE HCC/IeJ0BaHNEe YCTOHYMBOCTH OCHOBHBIX aHa/IUTHYecKUX ¢popm I'TIA, B BJ€e KOTOPBIX
onpegenawt ¢ocdop(V) u rammii(lll), BkIwYas OKUCIEHHbIEe, MeTa/UI3aMelLeHHble, BOCCTAHOBJIEHHbIE U
oKuCJIeHHble GOpMBbI, a TaKKe NOJy4YeHHble B cpejse HeHOHHbIX IIAB. Hcxoas u3 pe3y/bTaTOB HCCIeA0BAaHUS
mosin6aeHoBblie 'MIA ¢pochopa(V) nmo ycTOMUYMBOCTU MOKHO pPacnoJIOKUTh B ciaeaywmuil psaa: PMo120403- (B cpeae
HenoHHBIX [IAB) > H4PBi3+2M04VM07V1040% > H4aPM04VMo0g"10403- > PM0120403". B paay momm6a0B0/ib¢pamoBeix I'TIA
ra/uiusi Hau6oJiee yCTOHYMBBIMU OKa3aJIMCh YIEHBbI psija ¢ n = 2-4,

Katouesvle cs106a: reTeponoIMaHUOH, YCI0BHAsA KOHCTAHTa ycToHduBoCTH, pocdop(V), raymmui(111)

Introduction

The study of changes in the stability of
molybdenum heteropoly anions (HPAs) with a
Keggin structure depending on the nature and
number of substituent atoms, the degree of
reduction, and the medium is still very important
in analytical chemistry [1]. Such changes include
the formation of metal-substituted [2; 3] and
mixed-ligand HPAs [4], the transition from
oxidized to reduced forms [5], and the influence of
an organized medium of non-ionic surface-active
substances (NSAS). Just the stage of formation of
HPA determines the optimal conditions of the
analytical methods using such complex anions or
their ionic associates with organic dyes [6; 7].
Therefore, it seems useful to undertake a
comparative assessment of the stability constants
for the corresponding formation reactions.
Despite the fact that the calculations carried out in
this work do not give the values of thermodynamic
stability constants, the obtained estimates of
conditional constants make it possible to arrange
the complexes in order of increasing stability and
evaluate the contribution of certain changes in the
structure or the medium to its change. The study
was conducted under conditions of constant ionic
strength and the solution acidity in order to
exclude the influence of these important variables
on the values of the constants.

The stability constants were calculated only for
HPAs of phosphorus(V) due to the fact that there
is a large amount of experimental data for these
complexes in the literature. The evaluation of the
stability constants for molybdenum heteropoly
complexes (HPCs) with other heteroatoms was
carried out only occasionally. The most
thoroughly studied, among others, is the P043- -

Mo04% - H* system [8; 9]. 12-molybdophosphate
is formed in aqueous solutions at pH <1.5. With
increasing pH, it undergoes alkaline hydrolysis,
which in dilute solutions (<103 mol/L) passes
through the successive stages:
PMo012040% + 60H- 5 PM0110397- + M004? + 3H20 (1)
PMo0110397- + 40H- 5 H2PM090347- + 2M0042- + H20 (2)
2H2PMo090347- + 170H- 5 HP2M05023% + 13M0042- +
10H20 (3)
HP2Mo05023%> + 90H" 5 2HP04% + 5M004% + 4H20  (4)
The stability constants for heteropoly
complexes, indicated in equations (1) - (4), and
their protonated forms have been determined by
Pettersson etal. [10; 11]. In addition, equilibriums
for molybdenum HPAs of As(V) were also studied

in  detail [10]. In  solutions, many
polyoxometallates are characterized by the
coexistence of several substances. The

equilibrium state depends on the pH and
addendum atom (Mo(VI), W(VI), V(V))
concentration. Establishing equilibrium in HPC
solutions takes from a few fractions of a second
(labile molybdate systems) to several months
(inert tungstate systems). Unfortunately, for most
of the HPAs, including the reduced ones, slow
establishment of formation or destruction
equilibria is typical. Nevertheless, the formation
of, for example, tungstophosphoric HPA was
studied in several papers [8].
12-molybdophosphoric HPA PMo0120403- (12-
MPA) is the basis of the structural series of
molybdenum HPCs of phosphorus(V) and belongs
to the complexes with medium stability. Its
formation becomes noticeable only in a relatively
narrow pH range close by 1.4 provided that the
sufficiently high concentration of molybdate-ions
is created in the solution [10; 11]. To ensure the
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completeness of the formation, a large excess of
molybdate ions is commonly introduced. This
often prevents to achieve a sufficiently high
sensitivity, reproducibility, etc. Under the
conditions typical for HPA formation, molybdate
ions can form isopoly anions, which absorb the
radiation in the same spectral region, can be
reduced with the formation of isopoly blues, or
form ion association complexes with dye cations
[5]. Stability constant of 12-MPA was calculated in
several papers [10; 11]. At the same time, for the
derivatives of 12-MPA, such data are practically
absent. Therefore, the stability of HPAs is often
evaluated and compared indirectly — with respect
to the decomposition by acid or hydroxy acids
[12], which is not a reliable basis for evaluation.
There is an opinion that the stability of
molybdenum HPAs increases by introduction of
metal ion into HPA. The very fact that a metal ion
replaces molybdenum in 12-HPA also indicates
this.

In micellar media of non-ionic SAS (nonionic
surfactants), like the aqueous-organic mixtures
[13; 14], the apparent stability constant of HPA
increases. Stability of HPA grows in organic or
water-organic media. It has been shown by
electrical conductivity method that such
heteropoly acids as H3PWi2040, H3zPMo01204,
H4SiW12040, H4SiMO12040 and H4PVMO11040 are
resistant to hydrolysis in ethanol, acetone and
acetic acid at 10> - 10 mol/L concentrations
[15]. Heteropoly acids having Keggin structure are
strong, completely dissociated polybasic Bronsted
acids in water. One or two protons of these acids
remain strong when dissolved in organic solvents.
Another consequence of the weakening of acidic
properties of heteropoly acid in the micellar
medium is the decrease in the number of cations
of basic organic dyes attached to the HPA because
weak protons lose their ability to be replaced by
dye cations.

The aim of this work is a comparative study of
the stability of oxidized form of 12-MPC in
aqueous and micellar media, as well as reduced
derivatives of 12-MPC, including metal-
substituted ones, under the conditions used in

chemical analysis. The effect of partial
substitution of molybdenum atoms in HPA by
tungsten atoms was studied using

molybdotungstic HPAs of gallium(III).

Experimental part

Reagents and equipment. The solutions of the
reagents used in the work were prepared in
distilled and bidistilled water and stored in a
polyethylene container in order to avoid

contamination with silicon(IV) impurities. A stock
solution of 0.01 mol/L potassium
dihydrophosphate was prepared by dissolving
pre-recrystallized “chemically pure” KHzPOs,
which had been dried for 3 hours at 120 °C. 0.01
mol/L solution of Si(IV) was prepared by
dissolving an exact weighed Na,SiO3x9H,0 p.a.
and standardized gravimetrically. 0.1 mol/L
solution of Ga(NO3); was prepared from metallic
gallium (99.999 %) by dissolving an exact weight
in concentrated nitric acid, standardized by back
complexometric titration with ZnSOs4. 0.1 mol/L
solutions of Na;Mo0O4 and Na,WO4 were prepared
from Na;Mo0042H,0 and Na;WO04x2H,0 with
“chemically pure” grade recrystallized from a
water-ethanol medium. 5 mol/L and 0.5 mol/L
H,>SO04 were prepared from concentrated H,SO4
(“chemically pure” grade). A hydrochloric acid
with “especially pure” grade was also used. SbCl3
solution was prepared by dissolving SbCls sample
in 10 mol/L HCL Its standardization was
performed by bromatometric method. 0.1 mol/L
solution of Bi(NOs3); was prepared by dissolving
Bi(NO3)3-5H,0 sample in 1 mol/L H,SOs and
standardized by complexometric titration with
Trilon B. 1% solution of neonol (analog of Triton
X-100) was prepared by dissolution of 1 mL of
reagent in distilled water by gentle warming.

Absorbance and absorption spectra were
measured on an SF-26 spectrophotometer (LOMO,
St. Petersburg, Russia). The pH was monitored on
a pH-150 MI pH meter with an ES-10601 glass
indicator electrode and an ESD-10101 silver
chloride reference electrode.

Results and its discussion

Evaluation  of the stability of 12-
molybdophosphate and 11-molybdophosphate
heteropoly blues as well as 12-molybdophosphate in
a micellar medium of nonionic surfactant. When
assessing stability of phosphorus(V) heteropoly
blues (HPBs), two representatives of these
complexes - products of reduction of 12-MPC and
its metal-substituted derivative - 11-molybdo-2-
bismuthophosphate HPC (11,2-MBPC) were
studied. According to [8; 16; 17] in both cases, the
product of reduction are four-electron heteropoly
blues. These substances are analytical forms
formed in the corresponding methods for
orthophosphate determination. The data for the
calculation were obtained from the molar ratio
curves as the concentration of molybdate was
varied. In the course of preliminary studies, the
range of molybdate concentration was found, in
which the degree of complex formation was
significantly different from 100 %. This was a
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prerequisite for calculating the stability constant.
The results of the experiment are shown in Fig. 1.

A
12 1 1
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- .—.—4/./././. 3
0 i 1 1 1 1 1

1-10° 1.4-10° 1.8-10°
Cwo, mol Lt

Fig. 1. Influence of molybdate concentration on
absorbance of reduced 12-MPC (1), 11,2-MBPC (2) and
isopoly molybdates (3). Cp = 4105 M, Cu = 0.2 M,
Casc = 0.04%,1=1cm. 1,3 - A =820 nm; 2 - Cgiam = 1.6-10-
4M,A =716 nm. Time of reduction: 1, 3 - 40 min of boiling;
2 - 15 min of standing
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Fig. 2. Dependence of absorbance of 12-MPC on
molybdate concentration in medium of non-ionic
surfactant. Cp = 8:10-¢ M, Cx = 0.2 M, C(neonol) = 0.04%,
A=350nm,1=5cm

In the absence of bismuth(IIl) ions, even 15
minutes after the components mixing, the degree
of  12-molybdophosphate = formation  was
insignificant, so the solutions were heated until
equilibrium was reached (Fig. 1, curve 1). 11,2-
MBPC formation is almost complete already after
15 minutes of standing and the heating slightly
affects the character of obtained curves (Fig. 1,
curve 2). As can be seen from Fig. 1, for the
complete formation of both complexes, it is

sufficient to create a molybdate concentration of
about 1.5-10-3 mol/L.

We have shown in a number of works [18; 19]
that a much lower concentration of molybdate
ions is required in a non-ionic surfactant medium
for the quantitative formation of saturated
molybdenum HPCs of phosphorus and arsenic in
comparison with the formation of oxidized or
reduced phosphorus HPA in an aqueous medium.
Stability of 12-MPA in micellar media has not been
previously evaluated. A series of experiments was
carried out with the same acidity of the solution. It
can be seen that the quantitative formation of
12-MPA is observed at molybdate concentrations
> 7-10-4 mol/L (Fig. 2).

The calculation of HPA stability constant
requires the simultaneous consideration of
several possible equilibria. These are, firstly, the
equilibria of the formation of isopoly molybdate
anions [10] and in a strongly acidic solution of
cationic forms of molybdenum(VI) [20] (more
than 10 such compounds are known). Secondly,
these are the equilibria of the formation of
molybdenum HPAs of phosphorus(V) (equations
1-4) [10; 11]. The calculation of all these
equilibria is complex and often impossible.
Therefore, other simplified methods for
calculating the HPC stability constants have been
adopted in the literature.

Pettersson et al. showed [11] thatin a relatively
wide range of pH with an excess of molybdate ions,
the equilibrium of the formation of a saturated
complex of the 12th row dominates:

PO43- + 12M004% + 24H* S PM0120403 + 12H20 (5)
or for metal-substituted HPC

P043- + 11M0042 + Bi3* + 24H*+ 2AK S H4PBiMo011040%
+ 8H20 +2H2AK (6)

In a brief record, these equations can be
written in the form:

P+ 12Mo s PM012 (7)
P + 11Mo + Bi 5 PBiMoxs (8)

Hydrogen ions and ascorbic acid are omitted in
order to simplify calculations on the basis that
their concentrations were constant and high in all
solutions.

In this system, the only compound absorbing
light in visible region of the spectrum is
heteropoly blue. Since its molar absorption
coefficient can be easily obtained from the
absorbance data at the saturation region, this
makes it possible to calculate the equilibrium
concentration of the complex at all points.
Concentrations of other substances can be found
from the material balance conditions:
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[P] = Cp - [complex];

[Mo] = Cmo - 12(11)-[complex];

[Bi] = Csi - [complex] 9)
The stability constants of 12-

molybdophosphate and 12-MPC in the neonol

medium were calculated using equation (10), and

for 11-MBPC using equation (11):

_ [PMoypp] 10
Bia_rpc = [P}{Mo]L2 (10)
_ [PBiMoyq] 11
ﬁﬂ—MBPC N ( )

[PHBil (Mol

The absence of the drift in the stability
constants values (Table) indicates the correctness
of the model chosen for the calculation. The metal-
substituted complex is more stable than purely
molybdenum. This explains shift of the
equilibrium towards HPC formation according to
reaction (8). 12-MPC is even more stable in the
medium of nonionic surfactant.

B1z-MpC = (4.9+0.4)-1037; p11-MBPC =
(5.6 £ 1.6)-1039; B12-MPC(neonol) = (1.6+0.6)-104.

In the reference [21] the stability constant of
oxidized form of 12-MPC was calculated from the
results of a paper chromatography study using the
same formalism of writing the equations for
complex formation. It was equal to 2.5:1031, which
is noticeably lower than the values obtained for
metal-substituted HPA, as well as for 12-MPC in a
micellar medium. In another reference [20], the
conditional stability constant of 12-MPC was
estimated according to spectrophotometry data
with the same acidity (0.2 mol/L) as in this work
and equaled to 1.2:1029,

Higher stability of reduced forms compared to
oxidized ones was noticed long ago. These
substances are more stable not only to
decomposition by acid, but, in particular, are
kinetically stable to alkaline hydrolysis. Some of
the heteropoly blues are stable even in 1 mol/L
alkali [22]. This, however, is largely determined by
kinetic factors.

Table

The results of the calculation of the stability constants of the reduced 12-MPC,

Cp=4-10-5M, Cu = 0.2 M, Casc = 0.04%, Cgi = 1.6-10-4 M. Formation time 15 min, A = 716 nm, 1 = 1 cm, &Biue = 1.5-10%

11,2-MBPC and 12-MPC in non-ionic surfactant medium

mol-1-L-cm-1

CMo' 104, M A Ce-105,M [P]=[Bi]-105, M [Mo]-104 M Kstabiliy'10-3°
10 0.51 2.61 1.38 7.12 5.69
11 0.57 2.92 1.07 7.78 3.96
12 0.65 3.33 0.67 8.33 5.57
13 0.70 3.59 0.41 9.05 6.39
14 0.73 3.74 0.25 9.88 6.49

12-molybdophosphate heteropoly blue. Cp = 4:10-5 M, Cu = 0.2 M, Casc = 0.04%, 40 min
of boiling, A = 820 nm, 1 = 1 cm, £Bwe = 2.47-104 mol-1-L-cm'1

Cmo-104, M A Cp-105, M [P]-105, M [Mo]-104, M Kitability* 10-37
9 0.48 1.67 2.33 7.60 5.21
10 0.63 2.19 1.81 7.37 4.71
11 0.78 2.71 1.28 7.74 453
12 0.925 3.22 7.83 8.13 4.86
13 1.04 3.62 3.83 8.65 5.32

12-MPC. Cp = 8:10-¢ M, C(neonol) = 0.04%, Ch = 0.2 M,A =350 nm,1 =5 cm, € = 9.50-103

mol-1-L.cm-1

Crmo-10%, M A Cp-106, M [P]-106, M [Mo]-104 M Kstability10-40
4 0.075 1.58 6.42 3.81 2.62
4.5 0.12 2.52 5.47 4.20 1.55
5 0.19 4.00 4.00 4.52 1.38
5.5 0.255 5.37 2.63 4.86 1.19
6 0.315 6.63 1.37 5.20 1.23
Analysis  of the stability of gallium HPA, the conditions under which the absorbance

molybdotungstic heteropoly complexes with Keggin
structure. When determining the stability
constants of molybdotungstic HPAs, in particular
of oxidized yellow forms, problems arise
associated with the effect of absorbance caused by
an excess of reagent. When using molybdenum

of oxidized and reduced forms of HPA is selective
can be found quite simply. At the same time, the
stability of molybdotungsten isopoly anions is
much higher than that of molybdenum isopoly
anions; therefore, it is difficult to convert them
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into slightly colored cationic forms by
acidification.

Gallium HPA is obtained by heating in a boiling
water bath for a certain time until reaching
equilibrium. After cooling the solution, we get a
state of "frozen equilibrium", which reflects the

state of equilibrium at higher temperature. At

Igp

30 |

20 |

| I L I |

room temperature, equilibrium does not shift
more due to the inertness of the obtained HPA.
Therefore, if we separate the HPA by extraction,
then such an amount will pass into the organic
phase, which corresponds to the equilibrium
concentration of HPA at ~90 °C .

L I | I L

0 2 4 6

8 10 12

Number of Mo atoms in HPA

Fig. 3. Dependence between logarithm of conditional stability constant of HPA and number of molybdenum atoms
in a row of molybdotungsten complexes of gallium of general formula GaM0nW12-n0405"

Itis easy to calculate the remaining equilibrium
concentrations provided that the yield of HPA is
known. For example, the following equations are
valid for the formation equilibria of HPA
GaMO1oW20405-:

Ga3* + 10M0042 + 2W042- = GaMo10W20405- (12)
[TTIA] = Ceaqmy-yield; [Ga] = Ceaqm — [[TIA] (13)
[Mo] = Cmo - 10-[TTIA]; [W] = Cw - 2-[TTIA] (14)
B(GaMo10W2) = [TTIA]/([Ga]-[[Mo]1°-[W]?) (15)

For a number of combinations of Ga(IIl), Mo(VI),
and W(VI) concentrations, the degree of HPA
formation was determined using extraction, and
then conditional stability constants were
calculated taking into account the above
assumptions [23]. The stability constants help to
predict the substances concentrations under
conditions of analytical determination, as well as
roughly compare the relative stability of a series of
Ga(III) molybdotungsten HPAs and other HPAs. It
can be seen from Fig. 3 that the members of the
series, in which the number of molybdenum atoms
is 2, 3 or 4, have the maximum stability. It would
seem that these HPA should be mainly used in the
analysis. But together with the increase in the
number of tungsten atoms in the HPA, stability of
molybdotungsten isopoly anions goes up, which

significantly enhances the complexity of their
separation. Therefore, more simpler, reliable and
highly sensitive methods would be developed
when using HPA with 10 molybdenum atoms,
which, on the one hand, is rather stable, and, on
the other hand, allows completely separate excess
of molybdotunsten isopoly anions for one
extraction.

Conclusions

Various modifications of the molybdenum HPA
with Keggin structure lead to an overall increase
in the stability of these complex compounds,
which manifests itself, for example, in reducing
molybdate concentration necessary for the HPA
complete formation, or in an increase of the
stability to acid decomposition or hydroxy acids
action. The conditional stability constants were
calculated for various modifications of Keggin
molybdenum HPA from the results obtained by
construction of molar ratio curves. A comparative
study of the stability of the main analytical forms
of HPA used for determination of phosphorus(V)
and gallium(Ill), including oxidized, metal-
substituted, reduced and oxidized forms, and
those obtained in a medium of non-ionic
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surfactant was carried out. Based on the results of
the study, molybdenum phosphorus(V) HPAs can
be arranged in the following row according to the
decrease of stability constant:

PMo0120403 (in a non-ionic surfactant medium) >
Ha4PBi3+*2Mo4(V)Mo7(VI)040® > HaPMos(V)Mos(VI)Oao3
> PMo0120403".

The members of the series with n = 2-4 were the
most stable in the series of gallium
molybdotungsten HPAs, although even the
replacement of two molybdenum atoms with
tungsten increases the stability of gallium (III)
HPA to such an extent that they can be formed
quantitatively with a sufficiently large excess of
molybdate. It is worth mentioning that when
assessing the overall stability of the reduced forms
of HPAs, it is necessary to take into account their
kinetic stability.
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