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Abstract—The effect of the nature of acids on the kinetic regularities of the dissolution of iron (hydr) oxide phases
in acidic solutions is studied. The nature of the potential-determining reaction in the magnetite electrode/ortho-
phosphoric acid solutions system is revealed. It is shown based on the experimental data that the dissolution of iron
oxide phases can be stimulated varying the iron oxide/electrolyte solution phase-boundary potential.
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The determination of the composition and stability
constants of complexes of metal orthophosphates gen-
erally and iron orthophosphates specifically are diffi-
cult tasks as shown by the limited and contradictory
published data [1–4].

The review [4] summarizes the data on the com-
plexation of orthophosphate anions with iron(II) and
iron(III) cations in aqueous solutions, as well as ana-
lyzes protolytic reactions in the orthophosphoric
acid–water system. At [H+] > 10–6 mol L–1 [4–6],
aqueous solutions of H3PO4 mainly contain dihydro-
phosphate ions and orthophosphoric acid molecules.
In concentrated solutions of H3PO4, the portion of
dimers and their dissociation products is high [5, 7].
The constants for all the considered molecules of
orthophosphoric acid are given in Table 1 [4, 5]. They

are in accordance with the earlier obtained values [1–
3, 8–11]; however, in some cases a slight deviation
from the data of [4] are observed [4].

The experimental data on the complexation of
Fe(II) and Fe(III) cations with orthophosphate
anions were obtained at 25°C and an ionic strength of
3 mol L–1 (NaClO4); the constants were calculated also
for infinitely diluted solutions [4, 12–14]. Polynuclear
complexes were identified for ferric iron [4, 6, 13, 14]. It
should be noted that their presence at pH < 0.5–1.0 is
insignificant with the concentration of orthophos-
phate ions being predominant [4, 6]. The kinds of
Fe(II) and Fe(III) orthophosphate complexes and
their stability constants are given in Table 2 [4].

Some Fe(II) orthophosphate complexes (1 : 1)
described in [4] have been obtained earlier [1–3]. The
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Table 1. Dissociation constants of H3PO4 and its dimer in the 3 M Na(ClO4, H2PO4) system [4]

* Concentration of dihydrophosphate ions.

pK value
С, М*

0.3 1.0 3.0 infinite dilution

рК1 7.98 ± 0.04 8.19 ± 0.05 9.0 ± 0.3 9.2 ± 0.1
рК2 1.80 ± 0.01 1.60 ± 0.02 1.3 ± 0.1 2.15
рК3 9.55 ± 0.05 9.03 ± 0.07 8.1 ± 0.3 11.7 ± 0.2
рК4 4.8 4.7 4.0 5.9
рК5 1.35 ± 0.05 1.40 ± 0.02 1.5 ± 0.1 1.8 ± 0.2
рК6 0.0 ± 0.2 0.0 ± 0.2 0.13 ± 0.08 0.0 ± 0.2
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Table 2. Values of constants in the Fe(II)–orthophosphoric acid and Fe(III)–orthophosphoric acid [4] systems

Complex logK, 3 M NaClO4 logK, infinite dilution

FeH2PO4(II) 0.55 ± 0.08 1.0 ± 0.2
FeHPO4(II) –3.75 ± 0.04 –2.9 ± 0.2
FeH2PO4HPO4(II) –3.42 ± 0.12 –3.4 ± 0.3
Fe(H2PO4)2(II) 1.82 ± 0.08 2.7 ± 0.2
FeH3PO4(III) 0.8 –0.3
FeH2PO4(III) 1.52 ± 0.15 1.75 ± 0.3
FeHPO4(III) –0.4 0.7
Fe(H2PO4)2(III) 2.32 ± 0.1 3.0 ± 0.3
FeH3PO4H2PO4(III) 2.65 ± 0.14 2.6 ± 0.3
FeHPO4H2PO4(III) 1.22 ± 0.15 2.35 ± 0.3
Fe(H2PO4)3(III) 2.5 ± 0.1 3.00 ± 0.25
FeH3PO4(H2PO4)2(III) 3.54 ± 0.15 3.5 ± 0.3
Fe3H(PO4)2(III) 7.24 ± 0.01 7.7 ± 0.4
Fe3H2(PO4)3(III) 7.65 ± 0.06 10.2 ± 0.2
Fe3H4(PO4)3(III) 9.74 ± 0.06 9.9 ± 0.4
Fe3H6(PO4)4(III) 11.61 ± 0.03 12.96 ± 0.3
Fe3H9(PO4)5(III) 13.09 ± 0.06 14.2 ± 0.2
Fe3H8(PO4)5(III) 11.8 ± 0.2 13.8 ± 0.4
Fe3H9(PO4)6(III) 11.0 ± 0.2 13.1 ± 0.4
studies of [4, 15] give the values of constants for
 and FeHPO4 complexes (at infinite dilu-

tion). The differences in the values of constants are
likely due to a low stability of these complexes [4].

The data on the complexation in the Fe(III)–
orthophosphoric acid system are given in [4, 13, 14,
16–22]. The differences in the constant values in dif-
ferent authors are due to different experimental condi-
tions, as well as due to the fact that the constants for
mononuclear complexes were determined by the data
obtained for solutions containing polynuclear forms of
complexes [4, 13, 14]. Also, it should be noted that the
reaction of Fe(II) and Fe(III) ions with orthophos-
phate ions is likely to occur through the elimination of
the dihydrophosphate ion from the dimeric forms of
orthophosphoric acid followed by complexation with
monomeric ions [23, 24]. The data of these studies
show that the nature of the complexes is significantly
influenced by the concentration of Fe(III) ions
(mono- or polyforms of complexes), H+, and phos-
phate ions (different degree of protonation of the
ligand and different coordination numbers of com-
plexing agent).

Thus, Fe(II) and Fe(III) phosphate complexes in
aqueous solutions are products of the sequential
replacement of water molecules with hydrophosphate
and dihydrophosphate ions in iron aquacomplexes.

+
2 4FeH PO
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.
The increase in the concentration of orthophosphoric
acid in a solution and, consequently, pH leads to an
increase in the coordination number of the complex-
ing agent and degree of protonation of the ligand [4, 6,
24–27]. The coordination number of the complexing
agent does not exceed three [4, 6, 14, 15, 25]. No
hydrolysis and polymerization of Fe(II) and Fe(III)
ions were observed under the selected experimental
conditions (the concentration of H3PO4 was >1 mol L–1)
[6, 23, 28].

The stability constants for the Fe(II) and Fe(III)
complexes given in Table 2 are described by the inter-
action of the metal ion with dihydrophosphate ions
and orthophosphoric acid, respectively [4].

The rate of dissolution of the oxide phases is gov-
erned by the nature and potential jump at the
oxide/electrolyte solution interface. The potential-deter-
mining reactions in the multistep dissolution of oxides
are quasi-equilibrium as it follows from the determina-
tion of the exchange current (10–1–10–3 A/cm2) of the
potential-determining reactions (by Fe(III) and
Fe(II) ions) depending on the anionic composition of
the electrolyte, which considerably exceeds the disso-
lution current of the iron oxides (10–7–10–8 A cm–2)
[29–31].

The study of the magnetite electrode potential as a
function of some factors [29, 31] showed that, in
 76  No. 6  2021
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Fig. 1. Portion of dissolved oxide (α) as a function of time (t) for Fe3O4 (a) in H2SO4 (3) (2.50 М, f = 1/2), HCl (2) (5.00 M, f = 1/1),
and H3PO4 (1) (1.67 M, f = 1/3) acids at 293 K, for α-Fe2O3 (b) in HClO4 (4) (1.00 М, f = 1/1), H2SO4 (3) (0.50 M, f = 1/2),
HCl (2) (1.00 M, f = 1/1), and H3PO4 (1) (0.33 М, f = 1/3) acids at 313 K and for hydrated α-Fe2O3 (c) at 313 K in HClO4 (5)
(1.00 M, f = 1/1), HNO3 (4) (1.00 M, f = 1/1), H2SO4 (3) (0.50 M, f = 1/2), HCl (2) (1.00 M, f = 1/1), H3PO4 (1) (0.33 М, f = 1/3).
The points are experimental data and the lines are graphic presentation of the heterogeneous kinetics equation –ln(1 – α) =
Ash(Wit) = Ash(τ).
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strongly acidic media (pH < 1) in the presence of
Fe(III) and Fe(II) ions, the potential-determining
reaction is a process described by the equation that
taking into account the presence of complexing agents
(A) in solutions will be as follows:

The dissolution current of magnetite as a function
of potential was studied in [29, 32]. The increase in the
dissolution current was found for iron oxides upon the
cathode polarization of the magnetite electrode in
acidic media, including orthophosphoric acid.

The aim of this study is to establish and explain the
relationship between the rate of dissolution of iron
oxide phases in orthophosphoric acid (compared to

( ) ( )+ ++ =–Fe A Fe A .n me
MOSCOW UNIVERS
other acidic solutions) and the complexation of Fe(II)
and Fe(III) ions with orthophosphoric acid and its
anions.

EXPERIMENTAL
In the kinetic study of dissolution, the main test objects

were the iron oxide phases: α-Fe2O3 (hematite) and Fe3O4
(magnetite and iron hydroxide α-Fe2O3⋅xH2O). The
samples were identified by powder X-ray diffraction.
All reagents used were of the analytical grade. Iron
(hydr)oxide (0.100 g) was placed in a temperature-
controlled cell (TS-16 thermostat) containing a solu-
tion of electrolyte(s) (0.500 ± 0.005 L). The empirical
kinetic dissolution curves were obtained for tempera-
tures of 293 and 313 K. To eliminate diffusion hin-
ITY CHEMISTRY BULLETIN  Vol. 76  No. 6  2021
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Fig. 2. Portion of dissolved magnetite (α) as a function of time (t) upon dissolution in acids and their mixtures (T = 313 K, the
concentration of all acids was 6.50 N): (a) H3PO4 (1), CH3COOH + H3PO4 (1 : 1) (2), H2SO4 + H3PO4 (1 : 1) (3), H2SO4 (4),
CH3COOH (5); (b) H3PO4 (1), H2SO4 + H3PO4 (1 : 9) (2), H2SO4 + H3PO4 (1 : 4) (3), H2SO4 + H3PO4 (1 : 1) (4), H2SO4 +
H3PO4 (4 : 1) (5), H2SO4 (6). The points denote experimental data and the lines are graphic presentation of the heterogeneous
kinetics equation –ln(1 – α) = Ash(Wit) = Ash(τ).

Time, min

α
1

0 20 40 60

0.2

0.4

0.6

0.8

(b)(a)

2 3

4

5

Time, min

α
1

0 10 20 30 40

0.2

0.4

0.6

0.8

2 3
4

6

5

drances, (hydr)oxide was dissolved in the mode of
mechanical stirring of the water-dispersed mixture at
600–700 rpm [29–31]. A portion of the solution was
sampled from the cell at intervals and the total con-
centration of the iron(II) ions (the iron(III) ions were
preliminarily reduced with hydroxylamine) was deter-
mined by photocalorimetry on a KFK-3-01 photome-
ter using o-phenanthroline [33]. The primary analysis
of the kinetic data was performed in the following
coordinates: portion of dissolved oxygen (α) – time (t).
The portion of dissolved oxygen (α was calculated by
the equation α = A/A∞, where A and A∞ are the
absorbances of the filtrate’s solution at time t and
upon the complete dissolution of the iron oxide phase,
respectively [29–31, 34].
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.

Table 3. Potential of magnetite electrode in acids and their
mixtures

Concentration of H2SO4 and H3PO4 
in the mixture, respectively

Е, V

0.05 М, f = 1/2 and 0.0 М 0.483
0.05 М, f = 1/2 and 0.05 М, f = 1/3 0.473
0.05 М, f = 1/2 and 0.1 М, f = 1/3 0.464
0.0375 М, f = 1/2 and 0.25 М, f = 1/3 0.453
0.0 and 0.50 М, f = 1/3 0.375
0.0 and 2.50 М, f = 1/3 0.307
0.0 and 3.50 М, f = 1/3 0.288
0.0 and 5.00 М, f = 1/3 0.274
Concentration of CH3COOH and H3PO4 
in the mixture, respectively

–

0.1 М, f = 1/1 and 0.05 М, f = 1/3 0.421
To study the electrochemical behavior of magne-
tite, an electrode was made of this material according
to the procedure of [35]. The reference electrode was a
saturated silver chloride electrode (the potential vs.
the normal hydrogen electrode at 20°C was 0.201 ±
0.003 V). The potential was measured using a pH meter
(pH-150MP.2 millivoltmeter) in the standard electro-
chemical cell at 22 ± 0.5°C in solutions of electrolytes.

The complexation of high-concentration solutions
of orthophosphoric acid with iron(III) ions (0.16 g L–1)
was studied by UV-vis spectrophotometry. The data
were obtained using a SHIMADZU UV-1700 Phar-
maSpec UV-VIS spectrophotometer. Spectra were
recorded relative to water and solutions of orthophos-
phoric acid at a certain concentration using quartz
cuvettes (1 mm). For the UV-vis spectrophotometric
study, solutions of orthophosphoric acid (1.23, 2.46,
3.69, 4.92, and 6.15 M) containing a certain amount of
iron(III) ions were used. The solutions were prepared
dissolving the iron oxide phase, hematite, in ortho-
phosphoric acid.

RESULTS AND DISCUSSION
The data obtained in the empirical studies of the

kinetic dependences of dissolution of the iron oxide
phases, i.e., Fe3O4, α-Fe2O3, and hydrated α-Fe2O3,
in different media as a function of time are given in
Figs. 1 and 2.

To reveal how the acid mixtures influence the rate
of dissolution of magnetite, the effect of H3PO4 addi-
tions to CH3COOH and, in more detail, to H2SO4 was
studied.

It is seen from the given experimental data that the
rate of dissolution of the iron (hydr) oxide phases is
higher in solutions containing orthophosphoric acid;
 76  No. 6  2021
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Fig. 3. Potential of magnetite electrode (E, V) as a function of the logarithmic concentration of ions (logC; C, M): (a) iron(III),
(b) H+, (c) orthophosphoric acid, and (d) iron(II).
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and the rate increases with an increase in the acid con-
centration [29, 31, 34].

The experimental data for the dependence of the
magnetite electrode’s potential on the concentration
of ions in solutions of orthophosphoric acid and its
mixture with acetic and sulfuric acids (Fig. 3) confirm
that there is a correlation between the kinetic depen-
dence and potentiometric data. The obtained data do
not contradict those given in [29, 36–39].

The analysis of the data shows that, upon an
increase in the concentration of the orthophosphoric
acid (the portion of the orthophosphoric acid in the
acid mixture), the potential of the magnetite electrode
shifts to negative values due to the complexation of the
orthophosphoric acid and its ions with Fe(III) ions to
a higher degree compared to the Fe(II) ions (Table 3).
This agrees with the kinetic data on an increase in the
rate of dissolution of oxide phases and the effect of
potential on their dissolution rate [29–31, 34].

The potential-determining reaction in the magne-
tite electrode–orthophosphoric acid solution system
is governed by four parameters: the concentrations of
the H+, iron(II), and iron(III) ions, as well as the con-
centration of the orthophosphoric acid. The depen-
dences of the magnetite electrode’s potential on the
MOSCOW UNIVERS
logarithmic concentration of the above-mentioned
ions are shown in Fig. 3.

As the given data show, the potential increases with
an increase in the concentration of iron(III) and a
decrease in pH, and the potential decreases with an
increase in the concentrations of the orthophosphoric
acid and iron(II) ions.

To clarify the nature of the potential-determining
reaction in the magnetite–orthophosphoric acid solu-
tion system, it is necessary to know how the distribu-
tions of portions of Fe(III) and Fe(II) ions, as well as
their phosphate complexes in solutions of orthophos-
phoric acid, depend on the acid concentration. Taking
into account that upon the dissolution of the iron
oxide phases the concentration of the ligand (ortho-
phosphoric acid and its anions) is multiple times
higher than that of the complexing agent (Fe(III) and
Fe(II)), we can assume that [Fe(H2PO4)3]0 and
[Fe(H2PO4)2]0 predominate in the solution of ortho-
phosphoric acid upon dissolution of the oxide phase
[4, 12–14]. The existence of only one complex in the
studied solutions of orthophosphoric acid is con-
firmed by the data of the UV-vis spectrophotometric
analysis (Fig. 4).
ITY CHEMISTRY BULLETIN  Vol. 76  No. 6  2021
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Fig. 4. (I) Electronic absorption spectra for solutions of orthophosphoric acid (the acid concentration was 1.23 (1), 2.46 (2), 3.69 (3),
4.92 (4), and 6.15 M (5)) and solutions of orthophosphoric acid (6.15 (6), 3.96 (7), 4.92 (8), 2.46 (9), and 1.23 M (10)) containing
iron(III) ions (0.16 g L–1) recorded relative to water. (II) Electronic absorption spectra for solutions of orthophosphoric acid (the
acid concentration was 3.69 (1), 6.15 (2), 4.92 (3), 1.23 (4), and 2.46 M (5)) containing iron(III) ions (0.16 g L–1) recorded relative
solutions of orthophosphoric acid with the same concentration.
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CONCLUSIONS
Based on the reported and considered data, we can

assume that the potential-determining reaction in the
magnetite–orthophosphoric acid solution system is as
follows:
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