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Abstract—Theoretical aspects of low-carbon steel corrosion in H;PO, solutions containing FePO, are con-
sidered. In the system under study, reactions of iron with the acid solution and Fe(I1I) salt are thermodynam-
ically allowed. The oxidizing power of this medium, characterized by the Fe(I11)/Fe(II) couple redox poten-
tial, is mainly determined by its anionic composition. Phosphate anions of a corrosive medium bind Fe(I1I)
cations into complex compounds, reducing their oxidizing ability. In H;PO, solutions containing FePO, and
Fe;(PO,),, the dependence of the system’s redox potential on the Fe(III) and Fe(II) cation relative content
is poorly described by the Nernst equation, which is due to the nonequivalent complex formation of these cat-
ions with phosphate anions. Analysis of the effect of the studied media convection on the low-carbon steel
electrode reactions allowed revealing some of their features. In a FePO,-containing H;P O, solution, kineti-
cally controlled partial reactions of iron anodic ionization and H* cathodic reduction, as well as diffusion-
controlled Fe(III) cation cathodic reduction, occur on the steel. The FePO, accelerating effect on the steel
corrosion in H;PO, solution is due only to the Fe(III) reduction but does not affect the H" reduction and the
iron ionization. The value of the Fe(III)-cation diffusion coefficient in the studied corrosive medium was
experimentally determined from the data of cyclic voltammetry of the Pt electrode therein and the results of
the studying of the cathodic reaction of a steel disk electrode at different rotation velocities. The data on the
low-carbon steel corrosion in the flow of the studied media, obtained from the metal samples mass loss, are
in full agreement with the results of the study of the electrode partial reactions. An accelerating effect of
FePO, on the steel corrosion in H;PO, solutions is observed. In this environment, steel corrosion is deter-
mined by the convective factor, which is typical of processes with diffusion control. The empirical depen-
dence of the steel corrosion rate on the medium flow intensity is described by the linear dependence k = kg +
w2 where k is the steel corrosion rate in a static medium, w is the rotation velocity of the propeller stirrer
that creates the medium flow, A is the empirical coefficient.

Keywords: convection, diffusion kinetics, diffusion coefficient, acid corrosion, low-carbon steel, phosphoric
acid, iron(I1I1) phosphate

DOI: 10.1134/S1023193523070030

INTRODUCTION

The phosphoric acid solutions are a perspective
alternative to the hydrochloric and sulfuric acid solu-
tions that are used in the iron and steel work and hous-
ing and utilities sector for the steel work and produc-
tion equipment cleaning from heating furnace cinder,
the corrosion products, and mineral deposits. An
important technological advantage of the H;PO, solu-
tions, as compared with the hydrochloric and sulfuric
media, is the high rate of dissolution of the iron oxides
(FeO, Fe;0,, Fe,05) forming the heating furnace cin-
der [1]. During operation, the H;PO, solutions accu-
mulate Fe(III) phosphates, mainly due to their inter-
action with the heating furnace cinder and corrosion
products. The latter change significantly the media
properties and their aggressiveness toward their con-
tacting steels. The Fe(1II) phosphate is water-insolu-
ble. The Fe(III) phosphate solubility in H;PO, solu-

tions is the result of its chemical interaction with the
acid, which leads to the formation of a mixture of acid
phosphates of complex composition [2]. In this work,
we shall formally regard such systems as a FePO,-con-
taining H;PO, solution.

We see it fit revealing special features of the low-
carbon steel corrosion mechanism in the H;PO, solu-
tions containing the Fe(Ill) phosphate. To better
understand the processes occurring in the
steel/Fe(I1l)-phosphate-containing H;PO,-solution
corrosion systems, one must analyze some thermody-
namic and kinetic characteristics of both the corrosive
medium per se (the Fe(III)-salt-containing phos-
phoric acid solution) and the corrosion system. Indis-
pensable is to evaluate the aggressive-medium convec-
tion effect on both the steel corrosion integrally and its
separate stages. The studying of the effect of the
aggressive medium hydrodynamic parameters on the
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steel corrosion is of importance both in theoretical and
in practical respects. Under production-line condi-
tions, the exploiting of acidic solutions often occurs in
the liquid streams or is accompanied with a significant
natural convection as a result of the hydrogen gas evo-
lution.

To prognose thermodynamic possibility of the
metal corrosion in aqueous media and determining
the reaction products, the Pourbaix diagrams (E—pH)
used to be applied [3—5]. A diagram [6] form has been
chosen that described equilibria momentarily occur-
ring in the Fe—H,O system when iron hydroxides
unstable with respect to the oxide phases are formed
therein (Fig. 1). This approach reflects more accu-
rately the equilibria that can establish in corrosion
media. When the acidity of an aqueous corrosion
medium is lowered, the Fe cations in the first instance
will form thermodynamically unstable hydroxide
phases, rather than the iron oxides. The iron oxide
phase formation from hydroxides is a lengthy process.

The iron metal and Fe(I1I) cation stability fields in
this system are spaced-apart. This points to the impos-
sibility of coexistence of these components under
equilibrium conditions in the corrosion system. In
acidic medium, the iron-metal limits of stability in the
E—pH diagram are determined by the curve / that cor-
responds to the following equilibrium:

Fe = Fe’" +2¢7, E =—0.440 +0.029510g ag. 1), (1)

whereas the Fe(I1I) salt solubility, by the curve 2:
Fe'* +¢e = Fe™",
Ape(111) (2

E = E]Se(lll)/Fe(lI) +0.059log——
Ape1n)

where E(F)e(m)/Fe(“) is the Fe(I1I1)/Fe(II) redox-couple
standard electrode potential, whose value is 0.771 V at
25°C, apeqmny and agyy is the Fe(I1I) and Fe(II) active
concentrations in the solution. At the equality of
apeqny and agep, the value of the Fe(III)/Fe(Il)

redox-couple potential corresponds to its E;e(m)/Fe(”),
which is shown in Fig. 1. Under conditions of real cor-
rosion process in discussed aggressive media, the
apeam and agep) ratio can be different, which affects
the system’s redox-potential significantly. For exam-
ple, when the ap.y)-to-ag. ratio is 9, the Ex i1y /req
value comes to 0.827 V. At ag.11)/@reqn = 99 we have
Ereqmy/rearn = 0.889 V. By contrast, at the ap.y)/ap.ar =
99! the value Egey/rean = 0.653 V. Thus, the oxidiz-
ing ability of the discussed system depends signifi-
cantly on the Fe(IIl) and Fe(II) soluble salt concen-
trations ratio therein. The increase in the Fe(III) rela-
tive content can lead to a significant increase of the
system’s redox-potential.

Also, the stability limits in the discussed system of
the Fe(III) salts are determined by the vertical part of
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Fig. 1. A fragment of E'vs. pH diagram of the Fe-metal and
Fe(111)-cation stability field in water at 25°C and 101.3 kPa
of full pressure [6]: (/) the Fe-metal stability field bound-
ary, (2, 3) the Fe(lll)-cation stability field boundaries,
(4, 5) the water stability limit lines. The solid phases are
only Fe, Fe(OH),, and Fe(OH);. The stability fields are

given only for the cases log a1y = 108 af(yy); they cor-
respond to the values of —6, —4, —2, and 0.

line 3, which characterizes the process of the Fe(I1I)
soluble compounds’ transition to insoluble form,
thanks to lowering of the medium acidity:

Fe™ +3H,0 = Fe(OH), + 3H", 3
loga(Fe™") = 4.84 — 3pH.

Thus, in the Fe(III)-salt-containing solutions of
acids the iron and steel corrosion occurs in accordance
with the following equation:

2Fe’ + Fe = 3Fe’™. 4)
Concurrently, the process
2H" + Fe = Fe** + H,, (5)

is allowed thermodynamically because the water sta-
bility lower limit (curve 4)

2H" +2¢” =H,,
E =-0.0295logp(H,) — 0.059pH
lies at higher potentials than the equilibrium (1).

(6)
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The analysis of the Pourbaix diagrams allows pre-
dicting the mediated pathway of the Fe(III) salts accu-
mulation in corrosion medium as a result of Fe(II)
salts oxidation in the solution with ambient oxygen.
The water stability upper limit (curve 5)

2H,0 —4e” =0, +4H",
E = 1.23-0.0148logp(0,) — 0.059pH,

lies at the potentials much more positive than those of
the transition (2) even in the case when the oxygen
partial pressure p(O,) = 0.2 atm (which is characteris-
tic of air). This path for the Fe(IlI) salt accumulate in
the acidic solution is discussed in works [7, 8].

The analysis of the Pourbaix diagram of the Fe—
H,0 system allowed obtaining important information
concerning the studied case of steel corrosion. How-
ever, this information is to a great extent formalized
because in the discussed system the effect of the
anions present in aqueous medium on thermody-
namic characteristics is not taken into consideration
[9]; the latter fact should be investigated further.

In addition to thermodynamic aspects of the low-
carbon steel corrosion in the Fe(Ill)-salt-containing
acidic solutions, it is important to consider specific
kinetic features of the process. The low-carbon steel
corrosion in inorganic acid can be described in simpli-
fied form by the summary reaction (5), which is the
result of a predominant passing of the following partial
reactions [10]:

the iron anodic dissolution:

(7

Fe —2¢ = Fe™ 8)
and the hydrogen cathodic evolution:
2H" +2¢ = H,. )

The reaction (9) [10] includes both the H* deliver-
ing from the acid bulk to the metal surface

H® - (H'),, (10)
and the charge transfer stage (the Volmer reaction)

(1)

It is followed by the chemical reaction stage (the
Tafel process)

(H), + ¢ > H,

Hy+Hy — (HZ)ad (12)

or the electrochemical recombination (the Heyrovsky
process)
Hy +(H), + ¢ > (H,),,. (13)
The stages (11) and (12) in aggregate is the Vol-
mer—Tafel mechanism; the stages (11) and (13), the
Volmer—Heyrovsky mechanism. It is recognized that
both mechanisms are realized at the steel surfaces
during the hydrogen evolution [11].
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The iron anodic ionization mechanism suggested
by Heusler [10] believed to have the FeOH,; com-
pound formation in the course of the Fe crystal lattice
atom reaction with the adsorbed OH™ anions:

Fe + OH,, — FeOH,, +¢ . (14)

This compound catalyzed the further reaction of
the Fe(Il) ion transfer through the electrical double
layer:

Fe + OH,, + FeOH,4

. B (15)

— (FeOH"),. + FeOH,, + 2¢ .

In its turn, the FeOH* compound decomposed
slowly:

(FeOH"), + (H"), — (Fe™), + H,0. (16)

By contrast, Bockris [12] regarded FeOH as an

intermediate product in the stagewise passing of the
reaction:

Fe+OH — FeOH +e , (17)
FeOH — FeOH" + ¢, (18)
FeOH' — Fe** +OH™. (19)

The iron dissolution in phosphate solutions was
shown [13] to involve OH~ and H,PO,, at that, the

H,PO, ions participated in the anodic process only at
pH > 4. Later, in solutions with larger phosphate-
anion summary content, their participation in the
anodic reaction at the Armco iron was observed at
lower pH values [14]:

Fe + H,PO; < [FeH,PO,]  +e¢, (20)
[FeH,PO,] , +H,0 o

< [FeOH] ,_+H,PO, + H",
[FeOH] , — Fe’ +OH +e. (22)

At low-carbon steels, sometimes, another mecha-
nism can be realized:

Fe + H,PO; ¢ [FeH,PO,]  +¢, (23)
FeH,PO +H,0
[ 2 4]ads _2 . (24)
& [Fe(OH)(H,PO,)[, +H",
[Fe (OH) (H,PO,)]_, 25)

— Fe’* + H,PO, +OH +¢ .

In solutions of acids containing such a strong oxi-
dant as the Fe(III) salt, the process (4) can be realized
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in parallel; it includes an anodic [equation (8)] and a
cathodic

Fe'* + e = Fe** (26)

reactions [15, 16]. The cathodic reaction at the low-
carbon steel in these media is comprised of the parallel
and independent processes of hydrogen evolution
under kinetic control and the Fe(III)-cations reduc-
tion to Fe(Il), passing under diffusion control.

The above-discussed mechanisms of hydrogen
cathodic evolution and iron anodic ionization are the
common notion, therefore, their refining is out of
scope of this work. By contrast, the involvements of
the Fe(III) salts dissolved in acids in the low-carbon
steel corrosion is disregarded in literature. Because the
steel corrosion in these media is controlled by diffu-
sion at one of its stages, of primary importance is the
taking into consideration f the convective factor that
can contribute markedly to the metal disruption.

EXPERIMENTAL

In the solutions’ preparation, we used H;PO,
(reagent grade) and distilled water. The H;PO, solu-
tions containing the Fe(I1I) phosphate were obtained
in the reaction of excess H;PO, with Fe(OH), depos-
ited from FeCl; solution under the action of NaOH
(reagent grade). To prepare the Fe(I1I) chloride solu-
tion, FeCl;6H,0 (chemically pure) was used.
Because of technical difficulties in the preparation of
H,PO, solutions containing the Fe(II) phosphates,
which can be used for potentiometric measurements,
they were replaced by solutions containing equivalent
FeSO, concentration. With this approach, sometimes,

the SOi_ and POi_ content unaccounted for was max-
imally 4.8% each from the summary anion concentra-
tion in the solution, which allowed neglecting this fac-
tor in further discussion.

The potentiometric measurements in 2 M H;PO,
solution containingit 0.1 M Fe(III) + Fe(II) were car-
ried out in thermostatted electrochemical glass cell
with reserved zone for saturated silver/silver chloride
reference electrode. The working electrode was made
of smooth platinum (1.5 cm?); the auxiliary electrode
was a saturated silver/silver chloride electrode. The
potential difference between the working electrode
and reference electrode was controlled using a PI-50
potentiostat.

The platinum electrode cyclic voltammetry in the
studied media was applied using an EL-02.061 poten-
tiostat in a thermostatted three-electrode glass cell
with separated electrode compartments. The working
electrode was platinum wire (S = 15.9 mm?); the ref-
erence electrode, silver/silver chloride electrode; the
auxiliary electrode, platinum plate (S = 1.5 cm?). The
working Pt-electrode potential was scanned from 1.4
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to 0.0V, then, from 0.0 to 1.4 V; the potential scanning
rate was 0.05, 0.10, and 0.20 V/s.

The presence of an oxidant, a dissolved ambient
oxygen, in the studied aqueous media can affect the
results of potentiometric and cyclic-voltammetry
studies carried out therein. To remove the dissolved
oxygen from the studied aqueous media, they were
pre-deaerated for 30 min with argon gas (reagent
grade). The mean gas delivery rate was 1 mL/s. The
electrochemical measurements were carried out in a
static medium upon the stopping of the argon gas bub-
bling through the studied solution. Prior to the per-
forming of the experiment, the working Pt-electrode
was degreased with acetone, then kept in the concen-
trated HNO; for 3 min and washed with distilled
water.

Electrochemical measurements at the St3 low-car-
bon steel (the composition, wt %: C, 0.14—0.22; P,
0.04; Si, 0.15—0.33; Mn, 0.40—0.65; S, 0.05; Cr, 0.3;
Ni, 0.3; N, 0.008; Cu, 0.3; As, 0.08; the rest, Fe) were
carried out using a rotating disc electrode (n=
460 rpm) in the 2 M H;PO, solution at # = 25°C. The
steel potential was measured against silver/silver chlo-
ride electrode. The steel electrode was ground with
emery paper (M20) and degreased with acetone.
Polarization curves were taken using an EL-02.061
potentiostat at a potential scanning rate of 0.0005 V/s.
Prior to the applying the polarization, the electrode
was kept in the studied solution for 30 min, to set the
free corrosion potential E_,,, then the anodic and
cathodic polarization curves were taken. Upon their
taking, the dependence of cathodic current at £ =
—0.30 V on the electrode rotation velocity (n = 0, 460,
780, 1090, and 1400 rpm) was studied. In the case of
the steel corrosion in the Fe(Ill)-salt-containing
H;PO, solutions, the cathodic process includes the
reaction (9). Its character can depend on the hydrogen
gas pressure in the system. To obtain stable results of
electrochemical measurements, the dissolved oxygen
gas was removed from the studied media by their
deaeration with gaseous hydrogen, rather than with
argon. This allowed performing electrochemical mea-
surements at a constant hydrogen gas pressure in the
system. The solutions were deaerated for 30 min prior
to the beginning of the studies. The hydrogen was
obtained in electrolyzer from NaOH solution. The
mean gas flow rate was 1 mL/s. During the performing
of electrochemical measurements, no hydrogen bub-
bling through solution was carried out.

The Fe(IIT) phosphate effect on the electrode reac-
tions was evaluated by the value of the acceleration
coefficient

. —1
Y = lkeambo »

27)

where i, and ig.y is the current densities in the sup-
porting solution and in the solution added with the
Fe(I1I) phosphate.
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The lowest of the above-given electrode rotation
velocity values (460 rpm) was taken as a basic rotation
velocity of the steel disc electrode in the electrochem-
ical studies. At this rotation velocity we obtained the
closest values of the kinetic and diffusion current den-
sities characterizing the cathodic reaction realized at
the electrode under the experimental conditions. This
holds out the promise of the most correct evaluating of
the effect of the Fe(IIl) phosphate additives on the
steel partial cathodic reactions.

The electrode potentials are given in the standard
hydrogen scale.

The corrosion rate of the 08PS steel (the composi-
tion, wt %: C, 0.08; Mn, 0.5; Si, 0.11; P, 0.035; S, 0.04;
Cr, 0.1; Ni, 0.25; Cu, 0.25; As, 0.08; the rest, Fe) in
2 M H;PO, solution at a temperature of 20 + 2°C was
determined by the mass loss (=5 per point) of samples
sized 50 mm X 20 mm X 0.5 mm, calculated on the
basis of 50 mL of the acid solution per sample:

k=AmS 't (28)

here Am is the change of the sample mass, g; S is the
sample surface area, m?; T is the corrosion test time, h;
the test durability is 2 h. The studies were carried out
both in static and dynamic corrosion medium at the
magnetic stirrer rotation velocity w = 250, 420, 750,
and 1080 rpm. Prior to the experiment, the samples
were cleaned out at a grinding wheel (ISO 9001, the
abrasive grit 60) and degreased by acetone.

The effect of the presence of the Fe(I1I) phosphate
in the acid and the corrosion medium flow mode on
the steel corrosion rate were estimated by the corro-
sion loss increments

Ak = kFe(lll) — ko, (29)
Ak = kyyy — ki, (30)

And the corrosion acceleration coefficient incre-
ments

(31
(32)

where kg.;y and & is the rates of the steel corrosion in
the acid solution in the presence and in the absence of
the Fe(I1I) salt; kg4, and kg is the corrosion rates in the
dynamic and static media.

'Y_] = kFe(IIl)ko_lv
Y_l = kdynks_tl’

RESULTS AND DISCUSSION

The first step in the understanding of the processes
occurring in the aggressive medium/metal system is
the study of the aggressive medium thermodynamic
and kinetic characteristics. Important information on
the effect of the aqueous corrosion medium anionic
composition in the presence of oxidative metal cations
therein on some its thermodynamic characteristics
can be obtained from potentiometric studies [9, 17].
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The redox-potential of the discussed system is deter-
mined by the equilibrium reaction (2); it can be
described by the Nernst equation:

o RT Age(111)
EFe(llI)/Fe(ll) = EFe(lII)/Fe(II) +—log———, (33)
F Ape(11)

where R is the universal gas constant; 7'is the absolute
temperature; z is the number of electrons involved in
the redox-process [z = 1 for the Fe(Ill)/Fe(II) cou-
ple]; Fisthe Faraday constant. It is challenging to use
the Nernst equation in its present form, the more so,
at high electrolyte concentrations, because the activity
of any type of potential-determining ions in solutions
is by no means connected with their concentration by
a simple interrelation. The non-complexed iron cation
active concentrations in the solution can be found by
using activity coefficients calculated by the Debye—
Hueckel equation and the equilibrium constants char-
acterizing the Fe complex compounds. It is highly
unlikely that the discussed problem can be solved
because it is very complicated and its chemical com-
position is rather indeterminate.

From a practical standpoint, the real potential is
more suitable to describe processes occurring in the
Fe-cation-containing acid solutions. It can be inter-
preted as a potential of redox-system settled in a par-
ticular solution under the equality of the initial con-
centrations of the oxidized and reduced forms of the
potential-determining ions uncorrected for the com-
plex-formation, hydrolysis, and like processes [9]. For
the studied system, its real potential is most suitable
for the qualitative interpreting of experimental data
connected with the potential-determining ion com-
plex-formation.

To better understand the processes involving the
potential-determining ion in the studied system, we
determined its real potential for the 2 M H;PO, +
0.05 M Fe(III) + 0.05 M Fe(II) solution. The similar
parameter was determined for 2 M H;PO, solution
containing 0.1 M Fe(III) + Fe(Il), at Cr 1/ Crear =
99,9, 97!, and 99! (Fig. 2). When no deviation from
the ideal state of the 2 M H,PO, + 0.05 M Fe(1Il) +
0.05 M Fe(II) solution occurs, the real potential must

be equal to E:e(m)/Fe(“). Also, the dependence of the
system’s potential on the Cgyqyy)/Creqyy ratio is
described by the Nernst equation (Fig. 2, curve I).
The experimentally determined values of the redox-
potentials of the Pt-electrode in the Fe(IIl)- and
Fe(II)-salt containing 2 M H,PO, solution (Fig. 2,
points) lie much lower than those expected for a sys-
tem non-deviated from its ideal state. The observed
effect is a result of the potential-determining ion inter-
action with the corrosion medium components. The
Fe(I1I)-cations are bound with the phosphate-anions
to complex compounds whose oxidative ability is
lower than that of Fe(I1lI) hydrated ions. The forma-
tion of the Fe(III) phosphate complexes in the phos-
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Fig. 2. The Pt-electrode potentials in argon-deaerated 2 M
H3PO, solution containing 0.10 M Fe(III) + Fe(Il) as a
function of the Fe(Ill)- and Fe(Il)-ion concentration
ratio. Here (/) the dependence plotted based on the hypo-
thetic suggestion on the absence of the concerned system
deviation from ideal state, (2) the experimental depen-
dence. The theoretical dependence is obtained by using the
Nernst equation.

phate media is evidenced by their stability constants
(Table 1). The Fe(I1I)-phosphate-complexes’ compo-
sition and structure in the H;PO, solutions is dis-
cussed in works [19, 20].

There is still an open question, whether it is to be
expected that the Nernst equation is formally fulfilled
in the studied systems when the linear dependence of
the system redox-potential on the logarithm of the
ratio of the potential-determining particles’ active
concentrations has been retained. To solve the prob-
lem with due allowances made for the Nernst equation
we plotted a model dependence crossing the experi-
mentally determined value of the Pt-electrode poten-
tial obtained at Cr,yj;y = Crry = 0.05 M (Fig. 2, curve 2).
The comparison of experimental data with the model
(curve 2) showed the experimental points approaching
the theoretical line at Cgyy) > Creyy- By contrast, at

Table 1. Cumulative stability constants [ of Fe(III) and
Fe(II) complexes with phosphate anions at 20—30°C

FLOW OF PHOSPHORIC ACID SOLUTION 517

I, pA
1500
1000
500

0
—500 f: -
—1000 .

—1500 f /
—2000

.3,

1 1 1 1 1 I
0 02 04 06 08 10 12 14
E,V

Fig. 3. Cyclic voltammogram of Pt-electrode taken at
25°C in argon-deaerated 2 M H;POy solution containing
0.1 M FePOy at the potential scanning rate, V/s: (1) 0.05;
(2) 0.10; (3) 0.20.

Cream < Creany the experimental points lied at larger £
as compared with the theoretical line, which is most
pronounced at Cr, i/ Creqry = 997" The character of
this phenomenon, to our view, is mainly based on the
non-equivalent complex formation of the Fe(I11-) and
Fe(II)-cations with phosphate-anions. In spite of the
lesser stability of the Fe(II) complexes with phos-
phate-anions (Table 1), at larger Cg(y;) in H;PO4solu-
tions the Fe(II)-cations are mainly bound into the
complexes, which is beneficial in the increase of the
potential.

The cyclic voltammetry is a more informative
method for the studying of the properties of the dis-
cussed corrosion medium. Voltammograms of a Pt-
electrode in FePO,-containing 2 M H;PO, solution
have two peaks (Fig. 3, Table 2). The first (cathodic)
peak observed at more negative potentials corresponds
to the Fe(I1I)-cation reduction at the Pt-electrodee:

Fe’" +e = Fe™, (34)
whereas the second (anodic) one, to the oxidation of
the formed Fe(II)-cations:

— Fe3+

Fe’" —¢e” (35)

Table 2. The cathodic and anodic peak (£, and E,,) poten-

Complex compound logf3 Ref. tials, their difference (E,, — E,), the half-wave potentials
(E} ), the cathodic peak currents (/) at Pt-electrode in
Fe(I1I) the 2 M H;PO, deaerated solution containing 0.1 M
[FeHPO,|* 3.5 [18] FePO,, and the Fe(Ill)-cation diffusion coefficients
s obtained at 25°C at different electrode potential scanning
[Fe(HPOy)4l 9.15 [18] rates. The dimensionality of £is V; of I, mA; of D, },Lm2 s7!
[F6H2PO4]2+ 9.75 [18] v, V/s Epc Epa Epa - Epc El/2 Ipc D
Fe(ll) 0.05 | 026 | 055 | 029 [041] 1.0
[FeH,PO,* 1.0 [1] 010 | 025 [ 0.56 | 031 |041| 1.4 [110£10
[Fe(H,PO,),] 2.7 [1] 0.20 | 0.22 | 0.58 0.36 |0.40 | 2.0
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Fig. 4. Polarization curves of the St3 steel in FePOy4-con-
taining 2 M H;PO, solution, M: (1) 0; (2) 0.01; (3) 0.02;
(4) 0.05; (5) 0.10. n =460 rpm; ¢ = 25°C.

The oxidative ability of the Fe(III)-cations in
phosphoric-acid medium is determined by the half-
wave potential:

E1/2 === (36)

2

which is widely judged as the system’s redox-potential
[21]. Here E,, E,, is the cathodic and anodic peak
potential, respectively. At that, in the studied system
the E,,, values approach the Ep.n/rer) value deter-
mined by the potentiometric method at Cryqyyy =
Crear, Which also points to the presence of the
Fe(IIT)-cations in the H;PO, solution as their com-

plex compounds with the phosphate-anions.

Table 3. Corrosion potentials (£;;) of the St3 steel, Tafel
slopes of polarization curves (b, and b,), the cathodic and
anodic current densities (. and i,), acceleration coefficients

for the cathodic and anodic reactions (yg‘ and y;') obtained
at £=—0.30 and —0.10 V, respectively. The F dimensional-
ityis V; i, A/m*; n = 460 rpm, ¢t = 25°C

CF;(/}'”’ E be A I A s
0 —0.23 | 0125 | 1L5| — | 0.06 |262| —
001 | =020 | iy, | 21519 [0.06 236 |0.90
0.02 | =019 | iyy | 31.5/2.70.06|227 | 0.87
0.05 | —0.18 | iy, | 63.1/5.5|0.06|226 | 0.86
0.10 | —0.17 | iy, | 119 |10 |0.06 | 215 | 0.82

iim 18 the limiting current.
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The maximal cathodic current in the current—voltage
curves is given by the Randles—Sevcik equation [21]:

1, = PZFSC (zFvD/RT)" (37)

where S is the electrode surface area (m?); C is the
electroactive substance concentration (mol/m?); D is
the electroactive particle diffusion coefficient (m?/s);
v is the potential scanning rate (V/s); P is the parame-
ter, a function of zFvt/RT, where T is the time. Based
on equation (37) and using the experimentally deter-
mined values of the maximal cathodic currents, we
found the Fe(III)-cation diffusion coefficient in 2 M
H;PO, (Table 2). The obtained Dgy, mean value in
2M H;PO, is 110 + 10 um? s~!, which is close to
Doy = 120 pm? s~ in 1 M H;PO, at 20°C [22].

The visions of the corrosion medium properties are
necessary for the understanding of processes occur-
ring in the corrosion medium at the aggressive
medium/metal interface. The most relevant informa-
tion on the steel corrosion mechanism in acidic solu-
tions is obtained in the course of the revelation of spe-
cific features of electrode reactions occurring thereat.
In 2 M H;PO, the form of the low-carbon steel polar-
ization curves is characteristic of the corrosion occur-
ring in the area of the steel active dissolution (Fig. 4,
Table 3). In this medium, the slope of the steel
cathodic polarization (b,) approached that theoreti-
cally predicted for iron (0.120 V). However, the metal
anodic polarization (b,) appeared being higher than
the theoretical value (0.035 V) [14]. The increase in
the steel slope b, resulted from the formation of a visu-
ally observed mud layer at its surface. The presence of
the FePO, acid in the solution shifted the steel free
corrosion potential (E,,,) toward more positive values,
which is a result of the cathodic reaction counterinhi-
bition by this additive. The Fe(III)-cations practically
do not affect the anodic process; however, the
cathodic reaction order with respect to their concen-
tration is positive. As the FePO, content in the corro-
sion medium increased, the cathodic reaction acceler-
ation coefficient also grows. The initial section of the
cathodic polarization curves is characterized by a lim-
iting current (#;,,). By contrast, the slope of the anodic
polarization curves corresponds to the background
dependence.

The presence of FePO, additives in the H;PO,
solution practically does not affect the character of the
anodic reaction which passed in accordance with
equation (8) both in the absence and in the presence of
the Fe(I1I) phosphate. The form of cathodic polariza-
tion curves points to the Fe(Ill) involvement in the
cathodic reaction. In concentrated solutions of acids
(pH < 2) the cathodic reaction corresponding to equa-
tion (9) passed under kinetic control [23], which is
confirmed by the character of cathodic polarization
curves. In the presence of Fe(IIT) phosphate they are
complicated by a limiting current, which points to the
change of the cathodic reaction mechanism. The
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observed limiting current can be caused by diffusion
limitations in the delivery of oxidants present in the
acid solution—H" and Fe*'—to the steel surface.
Because the H* concentration is larger by more than
one order of magnitude than Cg(y), the limiting cur-
rent is rather the result of the diffusion limitations in
the delivery of Fe(IlI)-cations to the steel surface. To
confirm this suggestion, it is necessary to study the
effect of the electrolyte solution flow on the steel
cathodic reaction rate. Such studies used to be carried
out with the rotating disc electrode. By varying its
rotation velocity, the regime of the liquid flow near the
metal surface can be controlled [24, 25].

The cathodic process at steel including the reac-
tion (9) passing under the kinetic control and the reac-
tion (26) controlled by diffusion can be characterized
by the following expression:

(38)

where i, and i; is the kinetic and diffusion current den-
sities. In the case of laminar liquid flow near the rotat-
ing metal disc electrode surface, the i, value is propor-
tional to the square root from the disc electrode rota-
tion velocity (n). Therefore, expression (38) can be
rewritten as:

iC Zik +id’

i =i+ 'l (39)

In the 2 M H;PO, + FePO, solution, the i. vs. n'/?
experimental dependence is linear (Fig. 5). However,
in 2 M H;PO, there is no cathodic current response to
the change in the steel disc rotation velocity, which
points to the kinetic nature of the reaction (9). In the
presence of FePO, the cathodic current kinetics com-
ponent is the same as in the absence thereof, which
points to the mutual independence of the reactions (9)
and (26). Moreover, it is clear that the reaction (9) is
under kinetic control; the reaction (26), under diffu-
sion control.

The diffusion current of the Fe(IlI) reduction at a
steel cathode at the laminar liquid flow is described by
the following formula [23]:

iy = 0.62zFC* DY Von'l2. (40)

Here C*isthe Fe(I11I) concentration in the solution
bulk, m is the kinematic viscosity of the liquid
(0.011 cm?/s [26]), n is the in the steel disc angular
rotation velocity. By using equation (40), it is possible
to calculate Dg.yy in 2 M H;PO, (Table 4). The
obtained D, values are in good agreement with the
data, found by the cyclic voltammetry method (Table 2).
The difference between the Dg ;) value obtained by
cyclic voltammetry at Pt-electrode and the mean
value of the same quantity calculated from the mea-
surements at the rotating disc electrode does not
exceed 18%. To our view, the cyclic voltammetry
method produced more correct values of Dg, ;). The
D1y value determined from the measurements in
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Fig. 5. Dependence of the cathodic current density on the
steel disc rotation velocity in FePOy-containing 2 M
H3PO, solution, M: (1) 0; (2) 0.01; (3) 0.02; (4) 0.05;
(5)0.10. E=-0.30V, r=25°C.

real corrosion medium is less accurate because several
parallel processes occur therein. The larger D,y val-
ues obtained from the measurements at the rotating
steel disc electrode are mainly due to the hydrogen
bubbles formed at the metal surface, as the hydrogen is
evolved at cathodic potentials. These bubbles adhered
to the electrode are likely to facilitate turbulent flows
near the electrode surface during its rotation, which
violates the laminar regime of the corrosion-medium
motion.

The revelation of some thermodynamic and kinetic
parameters of the studied corrosion medium allowed
predicting the low-carbon steel corrosion character.
The results of potentiometry showed that the presence
of the Fe(IIl) phosphate in the corrosion medium
increased its redox-potential and, as a consequence,
its aggressivity toward the steel. In spite of the decrease

Table 4. Values of the i, and f constants in the equation i, =
i, + fm'/? at E= —0.30 V for cathodic reaction at the steel
rotating disc electrode in the FePO,-containing 2 M

H;PO, solution. Values of i, are given in A/m?; f, in
A/(m? rpm'/?), t=25°C

Creiny, M i S D, um?/s
0 10.2 0 —
0.01 10.2 0.50
0.02 10.2 0.97

130 £ 10
0.05 10.2 2.34
0.10 10.2 4.84
No.7 2023
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(b)
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0 10 20 30
w!/2, [rpm] /2

Fig. 6. Dependence of the 08PS steel corrosion rate on the propeller mixer rotation velocity in corrosion medium at 20 + 2°C in
FePOy4-containing 2 M H3POy solution, M: (7) 0; (2) 0.005; (3) 0.01; (4) 0.02; (5) 0.05; (6) 0.10. The results are given both non-
corrected (a) and corrected for the natural convection (b). The experiment duration is 2 h.

in the Fe(III) cation oxidative ability because of its
binding to the complexes with the phosphate-anions,
it remained well perceptible. The Ereqy)/reary Value is
0.323 V even at low Fe(Ill)-cation concentration
(0.001 M). The presence of the Fe(III) salt in H;PO,
solution increased the systems oxidative ability. The
higher the Fe(I1I) content, the more noticeable is the
effect. It is logical to assume that the increase of the
Fe(I1I) phosphate content in the studied aggressive
medium will have a detrimental effect on low-carbon
steel corrosion stability. In addition, the steel corro-
sion in the FePO,-containing 2 M H;PO, passed
through the stages characterized by both kinetic con-
trol and diffusion limitations. Correspondingly, the
steel corrosion in such systems must depend on the
aggressive medium convection type significantly.

The postulated suggestions were confirmed in the
studies of the low-carbon steel corrosion in
the FePO,-containing 2 M H;PO, flow, with regard to
the metal samples’ mass loss (Fig. 6).

In particular, the low-carbon steel corrosion in the
FePO,-containing 2 M H;PO, is intensified upon the
increasing of the salt content. In all studied media, we
observed a clear response of the corrosion process to
the corrosion medium agitating intensity. The experi-
mental dependence of the low-carbon steel corrosion
rate on the propeller mixer rotation velocity used in
the medium forced convection can be described by the
following formula:

k = ky + A, (41)
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where kg is the low-carbon steel corrosion rate in the
static medium, w is the mixer rotation velocity, A is the
empirical coefficient (Table 5). Equation (41) formally
corresponds to expression (39) that characterized
electrode reactions passed under diffusion control.

When analyzing experimental dependences, it
should be borne in mind that according to the diffu-
sion kinetics laws, only kinetic component of the cor-
rosion process must occur in the static medium,
whereas the diffusion component cannot be realized
because of the absence of the liquid motion. Corre-
spondingly, the k values obtained in the FePO,-con-
taining media must equal the kg value in 2 M H;PO,
where the process occurs strictly in the kinetic regime.
However, the k actual values observed in the FePO,-
containing media are significantly larger than the
value in 2 M H;PO,. This effect results from the natu-
ral convection occurring in the static medium. The
effect is still more intensified as a result of the hydro-
gen gas bubbles plentiful evolution in the course of the
corrosion process at a rather large steel surface area
because the pop up hydrogen bubbles agitate the
aggressive medium. Nonetheless, when passing from
static medium to dynamic one, this effect is leveled out
as the propeller mixer rotation velocity increased.
With reference to the above mentioned, the obtained
experimental results are presented in two extreme
dependences, both without taking into account and
with consideration to the natural convection pro-
cesses. It is to be noted that in the FePO,-free 2 M
H;PO, we observed but quite insignificant response
from the corrosion process to the increase of the
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Table 5. The constants k (g/ (m? h)) and A (g/(m? h rpm'/?)) in equation (41) for the 08PS low-carbon steel corrosion at

T=20 % 2°C in the FePO4-containing 2 M H;PO, solution

Experimental dependence The natural-convection-corrected dependence
Creqns M e X re x
S S

0 2.5 0.065 2.5 0.065

0.005 2.6 0.079 2.5 0.083

0.01 2.7 0.14 2.5 0.15

0.02 2.8 0.29 2.5 0.30

0.05 5.2 0.60 2.5 0.71

0.10 9.2 1.1 2.5 1.3

Table 6. The corrosion rate (k), corrosion loss increment
(Ak), and corrosion acceleration coefficient (y~') for the
08PS steel corrosion in the FePO,4-containing 2 M H;PO,
solution. k and Ak are given in g/(m? h). The experiment
duration is 2 h. r =20 £+ 2°C

Creany, M k Ak |yl | AR |yl
Static medium
0 2.5 — — — —
0.005 2.6 0.1 1.0 — —
0.01 2.6 0.1 1.0 — —
0.02 2.8 0.3 1.1 - —
0.05 5.2 2.7 2.1 - —
0.10 9.2 6.7 3.7 - —
Dynamic medium (250 rpm)
0 3.6 - — 1.1 1.4
0.005 3.8 0.2 1.1 1.2 1.5
0.01 5.1 1.5 1.4 2.5 2.0
0.02 6.3 2.7 1.8 3.5 2.3
0.05 12.8 9.2 3.6 7.6 2.5
0.10 26.5 | 22.9 7.4 17.3 2.9
Dynamic medium (420 rpm)
0 4.1 — — 1.6 1.6
0.005 4.3 0.2 1.0 1.7 1.7
0.01 5.1 1.0 1.2 2.5 2.0
0.02 8.2 4.1 2.0 5.4 3.0
0.05 14.1 10.0 3.5 8.9 2.7
0.10 274 | 233 6.7 | 18.2 3.0
Dynamic medium (780 rpm)
0 4.2 — — 1.7 1.7
0.005 4.4 0.2 1.0 1.8 1.7
0.01 6.2 2.0 1.5 3.6 2.4
0.02 10.8 6.6 2.6 8.0 3.9
0.05 23.3 | 19.1 5.5 | 18.1 4.5
0.10 39.0 | 34.8 9.3 |29.8 4.2
Dynamic medium (1080 rpm)
0 4.5 — — 2.0 1.8
0.005 5.5 1.0 1.2 2.9 2.1
0.01 8.0 3.5 1.8 5.4 3.1
0.02 13.1 8.6 29 | 10.3 4.7
0.05 26.7 | 22.2 5.9 | 21.5 5.1
0.10 458 | 41.3 | 10.0 | 36.6 5.0

* The change in value resulting from the Fe(I1I) presence in the
solution.

** The change in value resulting from the solution flow acceleration.
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medium flow rate, which resulted from the presence
of air oxygen therein. The effect is negligibly small,
however.

The analysis of experimental data showed that the
increase of FePO, content in aggressive medium
accelerated the low-carbon steel corrosion (Table 6).
Also, in the presence of FePQO, in the phosphoric acid
solution the intensity of the steel corrosion increased
when passing from the static medium to dynamic one.
For example, at Cp, ;)= 0.1 M in 2 M H;PO4solution
the passing from the static medium to dynamic one
(w= 1080 rpm) was accompanied by the increment of
the corrosion loss Ak = 36.6 g/(m? h). At that, the steel
corrosion rate in the static medium is k, = 9.2 g/(m? h),
which is much lower than the increment of the corro-
sion loss observed in dynamic medium.

CONCLUSIONS

(1) The low-carbon steel corrosion in FePO,-con-
taining H;PO, solutions can be realized through the
iron reactions with the acid and the Fe(IIl) salt. The
oxidative ability of the FePO,-containing H;PO,
solutions is lower than that predicted theoretically
because of the Fe(I1Il) binding into complexes with
phosphate-anions.

(2) In the FePO,- and Fe;(PO,),-containing
H;PO, solutions the dependence of the system’s
redox-potential on the Fe(III)- and Fe(II)-cation rel-
ative content is unsatisfactorily described by the
Nernst equation which is due to non-equilibrium
complex-formation of these cations with phosphate-
anions.

(3) In the FePO,-containing 2 M H;PO, solution,
three partial reactions are realized at the steel: the iron
anodic ionization, H* and Fe(III) cathodic reduction.
The first two reactions occurred under kinetic control;
the last one, under diffusion control. The increase in
the FePO, concentration in the corrosion medium
accelerated the cathodic reduction reaction.

(4) In the FePO,-containing H;PO, solutions, the
Fe(I1I) diffusion coefficient (Dg ;) can be deter-
mined experimentally by the Pt-electrode cyclic vol-
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tammetry or by the measurements of the dependence
of Fe(IlI)-cation reduction current on the steel disc
electrode rotating velocity; both methods provided
close results.

(5) The data on the low-carbon steel corrosion in
the H;PO, solution flow obtained from the metal
sample mass loss is in good agreement with the results
of electrochemical studies. A FePO, accelerating
effect on the steel corrosion in 2 M H;PO, solutions is
found. The empirical dependence of the steel corro-
sion rate on the medium flow intensity (under agita-
tion with a propeller mixer agitation) can be presented
as a linear dependence:

k =k, + 2w,

where k is the steel corrosion rate in static medium;
wis the propeller mixer rotation velocity; A is the
empirical coefficient.
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