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Abstract

Data on the specific features of the corrosion of steels in acid solutions containing Fe(l11) salts
are summarized. The current state of studies in the field of their protection in these media using
corrosion inhibitors (Cl) is analyzed. The main routes by which Fe(l11) salts enter acid solutions
are considered. Most often, they enter a corrosive environment upon dissolution of oxide scale
in the acids. The corrosion of low-carbon steels in acid solutions containing Fe(l11) salts results
from three partial reactions: anodic ionization of iron; cathodic reduction of protons and Fe(lll)
cations. The first two reactions occur under kinetic control, and the last one, under diffusion
control. The presence of Fe(lll) salts in acid solutions often significantly accelerates the
corrosion of steels due to predominant hindrance of the cathodic reaction by Fe(ll1) cations. As
a rule, Fe(ll) cations significantly reduce the protective effect of Cls of steels added to acid
etching solutions. The protective effect of Cls in acid solutions containing Fe(ll1) salts can be
increased by reducing the overall corrosivity of the medium. This can be achieved by addition
of H3PO4 that can bind Fe(lll) into strong complexes that have lower oxidizing capacity than
Fe(l11) agua complexes and mobility in the corrosive environment characterized by the diffusion
coefficient. A decrease in the mobility of Fe(lll) cations is extremely important for slowing
down their reduction, which occurs in the diffusion mode, by the CI. A CI used in a corrosive
environment should be efficient not only in slowing down the cathodic reduction of protons and
anodic ionization of iron, but should also significantly suppress the reduction of Fe(lll) cations
that occurs under diffusion control. These requirements are satisfied by H.SO4 + H3PO4 and
HCI + H3PO4 solutions containing Fe(l11) salts and inhibited by a three-component formulation
of a substituted 1,2,4-triazole (IFKhAN-92 corrosion inhibitor) + KNCS + urotropine. It is
shown that the efficiency of this formulation as a Cl of steels is due to the formation of a
polymolecular protective surface layer consisting of IFKhAN-92 molecules, Fe(l1) cations and
thiocyanate anions, which inhibits the reduction of Fe(l1l), and due to an additional decrease in
the oxidative ability of Fe(lll) cations by urotropine. The bibliography includes 122 references.
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Introduction

Important areas where mineral acid solutions are used on industrial scale include the
metallurgical industry, the oil and gas complex, and housing and utility services [1-8]. The
long-term operation of these media that are highly corrosive towards steel structures and
manufactured products these media contact [9, 10] is accompanied by the accumulation of
Fe(lll) salts in these media, which can significantly affect the nature of steel corrosion in
contact with acid solutions.

At metallurgical plants, semi-finished steel products are heated to such temperatures (t)
that intense oxidation of metal surfaces with atmospheric oxygen becomes possible. As a
result, a layer of iron oxide phase called scale [11-19] is formed on the steel surface. The
scale formed on low-carbon steels has an inhomogeneous structure and consists of the
wustite (FeO) phase immediately adjacent to the metal, which then turns to magnetite
(FesO4). The outside part of scale consists of the hematite phase (Fe,O3). One of the ways to
free the metal surface from scale is by acid etching [20—25]. The following processes occur
in solutions of hydrochloric and sulfuric acids where scale is removed from steels:

Fe + 2 HCI = FeCl; + Hy, (1)

FeO + 2 HCI = FeCl; + H,0, (2)

Fes04 + 8 HCI = FeCl; + 2 FeCls + 4 H,0, (3)
Fe,O; + 6 HCI = 2 FeCl; + 3 H,0, 4)

Fe + H,SO,4 = FeSO4 + Hy, (5)

FeO + H,SO,4 = FeSO,4 + H,0, (6)

FesO4 + 4 HySO4 = FeSO4 + Fea(S04)3 + 4 H20, (7)
Fe,O3 + 3 HSO4 = Fey(SO4); + 3 H,0. (8)

Reactions (1) and (5) occur at steel surface areas already freed from scale. Chemical
reactions (3), (4), (7), and (8) should result in the accumulation of Fe(lll) salts in acid
solutions. Scale removal from the surface of low carbon steels has a complex mechanism.
The specifics of the kinetics of scale acid etching and dissolution of its individual phases are
considered in a number of studies [24—33]. An additional increase in the content of Fe(l1l)
salts in etching solutions can be facilitated by the oxidation of Fe(ll) salts formed upon
dissolution of steel and the scale covering it in the acid in the presence of atmospheric
oxygen. This is most often possible if the etching solution is operated incorrectly or in the
case of a long downtime of the etching bath.
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According to [34—37], it often happens that all the Fe(l1l) entering the etching solution
iIs completely consumed for the reaction with metallic iron, thus increasing its corrosion.
This result allows one to write reactions (3), (4), (7) and (8) in a more general form:

FesO4 + Fe + 8 HCI = 4 FeCl, + 4 H,0, (9)
Fe,0s + Fe + 6 HCI = 3 FeCl, + 3 H,0, (10)
FesO, + Fe + 4 H,SO4 = 4 FeSO, + 4 H,0, (11)
Fe,0s + Fe + 3 H,SO4 = 3 FeSO, + 3 H,0. (12)

Nevertheless, accumulation of Fe(lll) salts in etching solutions is possible.

The operation of acid formulations at oil and gas enterprises is also accompanied by the
accumulation of Fe(l11) salts therein [38]. The content of dissolved Fe(l11) in 15% HCI can
reach 10 g/L or more. The adverse effect of Fe(ll1l) compounds in such media is primarily
associated with their tendency to form insoluble compounds. The most efficient methods for
preventing the adverse effects of the deposition of Fe(ll1l) compounds from acid solutions
imply the complexation of these ions with special chelating agents and reduction to less
hazardous Fe(ll) ions.

Cleaning and washing the internal surfaces of steel structures and equipment (steam
boilers, process tanks, pipelines, etc.) from mineral deposits with acids necessarily involves
the dissolution of corrosion products containing Fe(l11). Under conditions of real production
processes, the operation of acid solutions in contact with steel surfaces should be
accompanied by accumulation of Fe(lll) salts in them, which will change their properties
significantly. The industrially used acid corrosion inhibitors (CI) of steels significantly lose
their protective effect when Fe(ll1) salts are accumulated in a corrosive medium [39]. To
estimate the corrosivity of acid solutions containing Fe(l1l) salts with respect to steels and
to determine the prospects for the inhibitory of steels protection in these media, it is
important to summarize and systematize the scattered literature data on this problem. In view
of this, let us consider the specific features of the mechanisms of steel corrosion in acid
media containing Fe(lll) cations and the reasons for the loss of CI efficiency in these
solutions.

The chemical composition of steels discussed in this review is given in Tables 1 and 2.

Table 1. Chemical composition of steels.

Steel brand Content elements in mass percent, %

0.14-0.22 C; 0.15-0.33 Si; 0.40-0.65 Mn; up to 0.3 Cr; up to 0.30 Ni; up to
0.008 N; up to 0.30 Cu; up to 0.05 S; up to 0.04 P; up to 0.08 As; remainder Fe

0.07-0.14 C; 0.17-0.37 Si; 0.35—-0.65 Mn; up to 0.15 Cr; up to 0.25 Ni; up to
0.25 Cu; up t0 0.04 S; up to 0.035 P; up to 0.08 As; remainder Fe

0.17-0.24 C; 0.17-0.37 Si; 0.35-0.65 Mn; up to 0.25 Cr; up to 0,30 Ni; up to
0.30 Cu; up t0 0.04 S; up to 0.035 P; up to 0.08 As; remainder Fe

Steel 3

Steel 10

Steel 20
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Steel brand Content elements in mass percent, %
Steel 45 0.42-0.5C; 0.17-0.37 Si; 0.5-0.8 Mn; up to 0.25 Cr; up to 0.25 Ni; up to 0.25
Cu; up t0 0.04 S; up to 0.035 P; up to 0.08 As; remainder Fe
0.16-0.25 C; up to 0.6 Si; up to 0.6 Mn; 12—14 Cr; up to 0.6 Ni; up to 0.025 S;
2Kh13 _ .
up to 0.03 P; remainder Fe
Kh18N10T up to 0.12 C; up to 0.8 Si; up to 2 Mn; 9—11 Ni; up to 0.02 S; up to 0.035 P;
17-19 Cr; up to 0.3 Cu; up to 0.5 Ti; remainder Fe
Steel KhVG 0.9-1.05C; 0.1-0.4 Si; 0.8-1.1 Mn; up to 0.35 Ni; up to 0.03 S; up to 0.03 P;
0.9-1.2 Cr; up to 0.3 Mo; 1.2—-1.6 W; up to 0.3 Cu; remainder Fe
08PS 0.05-0.11 C; 0.05-0.17 Si; 0.35-0.65 Mn; up to0 0.1 Cr; up to 0.25 Ni; up to

0.25 Cu; up to0 0.04 S; up to 0.035 P; up to 0.08 As; remainder Fe

410 Stainless Steel

0.09 C; 0.27 Si; 0.44 Mn; 0.24 Ni ; 0.022 S; 0.024 P; 12.39 Cr; 0.07 Mo; 0.12
Cu; remainder Fe

2205 Duplex
Stainless Steel

0.024 C; 0.62 Si; 1.42 Mn; 5.46 Ni; 0.001 S; 0.024 P; 21.13 Cr; 3.11 Mo; 0.15
N: remainder Fe

304 Stainless Steel

up to 0.08 C; up to 2 Mn; 8.0-10.5 Ni; up to 0.03 S; up to 0.045 P; 18—20 Cr;
up to 1.0 Cu; remainder Fe

El 531

0.07-0.12 C; 0.35-0.5 Si; 0.5-0.7 Mn; 1.9-2.4 Cr; 0.1-0.3 V; 0.4-0.6 Mo;
0.4-0.6 Nb; up t0 0.025 S; up to 0.035 P; remainder Fe

ARMCO Pure Iron

up to 0.02 C; 99.8-99.9 Fe

Table 2. Chemical composition of corrosion inhibitors.

Label Chemical composition
BA-6 A condensation products of benzylamine and urotropine
PB-5 A condensation products of urotropine and aniline
OP-10 Treatment products of a mixture of mono- and dialkylphenols with ethylene oxide
H2m+-1CmQO(CHQCHQ)nCHchQOH
CmHama1 m=8-12,n=10-12
Catapine A A mixture of p-alkylbenzylpyridinium chloride
([H3C(CH2)nCH2CsH4CH2NCsHs]Cl, where n = 8—10)
Catapine K A mixture of p-alkylbenzylpyridinium chloride

([H3C(CH2)nCH2CsH4CH2NCsHs]Cl, where n = 4—6)

Catapine KI-1

Aqgueous solution of 25% alkylpolybenzylpyridinium chlorides and 25%
hexamethylenetetramine

Catapine BPV

A mixture of polyalkylbenzylpyridinium chlorides
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Label Chemical composition
I-1-A A mixture of modified polyalkylpyridines
I-1-V A mixture of modified polyalkylpyridines
PKU-E [(CH2=N-CH2)3N—-CH2Cg¢Hs)]CI
Catamine AB A mixture of alkylbenzyldimethylammonium chlorides
([CnH2n+1N*(CH3)2CH2CsHs]Cl, where n = 10-18)
IFKhAN-92 A derivative of substituted 1,2,4-triazole

The physicochemical properties of acids containing iron(l11) salts

The corrosivity of environments to metals is largely determined by their physicochemical
properties. The knowledge of these properties is important for understanding the mechanism
of metal corrosion and in the directed search for methods of anticorrosive protection of a
metal in such an environment. In acid solutions, protons are the corrosive component of the
corrosive medium. In acids containing Fe(lll) salts, an additional corrosive component
appears, viz., the Fe(lll) cations. An important thermodynamic parameter of such systems is
the redox potential (E) that characterizes their oxidizing ability. In the systems we studied,
the potential is determined by the equilibrium reaction:

Fe’" + e = Fe?", (13)

Potentiometry is the simplest way to measure it [40—-44]. A number of studies
[27, 45, 46] have shown that the E value of the Fe(ll1)/Fe(ll) redox couple in solutions of
mineral acids is lower than the theoretical value. The value of Ereqiyeeqy decreases in the
series: HCIO,4 > HBr > H,SO4 > HCI > H3PO, > HF (Figure 1) [46]. The observed effect is
determined by the ability of mineral acid anions to bind Fe(lll) cations into complex
compounds whose oxidizing ability is lower than that of hydrate complexes. This is
confirmed by the data on the complexing ability of Fe(l1l) cations with mineral acid anions
presented in Table 3. According to potentiometric data, phosphate and, especially, fluoride
anions form the strongest complexes with Fe(lll) cations. Spectrophotometric data confirm
that Fe(l11) ions are bound into phosphate complexes in acid media [47-49].

Valuable information about the properties of solutions containing Fe(lll) cations is
provided by studies using the cyclic voltammetry method (CV) on various inert electrodes
[50-59]. It was shown by CV on a platinum electrode [60—62] that binding of Fe(l11) cations
into phosphate and, especially, fluoride complex compounds in acid solutions decreased not
only their oxidizing ability but also their mobility. In 2 M HCI + H3PO,4 and H,SO4 + H3PO4
containing 0.10 M Fe(l1l), a systematic increase in the content of H3PO, (Figure 2) results
in a decrease in the diffusion coefficient of Fe(lll) cations (Dgeqiy) [61, 62]. In @ number of
studies, the Dreqiy Values in aqueous solutions were determined from electrochemical data
obtained on inert metal rotating electrodes of various shapes [63, 64]. However, as noted in
[63], this approach shows a significant scatter of results obtained under similar conditions,
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which can be explained by the design of the working electrode, its preparation and surface
condition, differences in research methods, and adsorption of impurities. In addition to
electrochemical methods, the gel diaphragm method can be used to determine the Dgeqn)
values in acid media [65].

E.V --- Reference
_ - - data
N « HCIO,
- | % « HBr

— « H,S0,
06 F HCl
N « H,PO,
0o T e HF
04 F ._—.___.,_0-—-’
03 b

0O 20 40 60 80 100
t,°C

Figure 1. Potentials of a platinum electrode in argon-deaerated 2 M mineral acids containing
0.05 M Fe(l11) and 0.05 M Fe(Il) at various temperatures.

Table 3. Instability constants (pK;) of Fe(lll) complexes with some inorganic ligands. t = 20—-30°C [46].

Ligands pKi1 pKi1,2 pKii-3 pKii-4 pKi1-5 pKii-6
) 1.15 — — — — —
CIO,
1.0 - — - - -
. 4.18 7.4 — — — —
SO,
4.02 5.38 — - - -
HSO, 2.48 — — — — —
HPO? 3.5 - - 9.15 - -
H, PO, 9.75 - — - - —
F 6.04 10.74 13.74 15.74 16.10 ~16.10
1.45 2.10 1.10 —0.85 - —
ClI- 1.52 2.22 - - - -
1.48 2.13 1.13 - - -

Br- 0.55 0.82 — — — -
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Figure 2. Effect of H3PO4 concentration in a HCI + HsPO4 + 0.10 M Fe(l11) and H2SO4 +
H3PO4 + 0.10 M Fe(l11) systems on the diffusion coefficient of the Fe(lll) cation. t = 25°C.
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Thus, the physicochemical parameters of acid solutions containing Fe(lll) salts are
largely determined by their anionic composition. The stronger the acid anions bind Fe(l1l)
cations into complex compounds, the stronger the decrease in the oxidizing properties of the
solution and the mobility of the corrosive component, Fe(ll1), in it. Binding of Fe(ll1) cations
into complex compounds by the components of an acid solution changes the thermodynamic
and kinetic characteristics of such systems. The observed effect makes it possible to predict
and control the properties of acid solutions containing Fe(lll) salts. Addition of acids (H3PO,
or HF) that dissociate to generate anions capable of forming complexes with Fe(lll) can
decrease the corrosivity of such media significantly. HsPO, is more promising in this respect.
In contrast, HF solutions are not readily acceptable for practical application because of its
high corrosivity towards a wide range of materials and high toxicity. Apparently, the
accumulation of Fe(ll1) in widely used solutions of HCI and H,SO, is most dangerous since
it greatly increases the corrosivity of these media.

Specific features of steel corrosion in acid solutions containing Fe(l11) salts

In simplified form, the process of steel corrosion in acid solutions containing Fe(ll1) salts is
described by two parallel reactions:

Fe + 2 H* = Fe?* + H,, (14)
Fe + 2 Fe® =3 Fe?", (15)

Reaction (14) describes the reaction of the metal with an acid, while reaction (15), the
reaction with a Fe(ll1) salt. Let us consider the features of these processes in more detail.
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The studies of the corrosion of steels in solutions containing Fe(lll) salts encounter
some experimental difficulties. As we’ll show below, the reduction of Fe(III) cations occurs
in the diffusion mode. In general, this makes the corrosion process sensitive to the
hydrodynamic parameters of the corrosive medium. The most adequate study of steel
corrosion, both based on the mass loss of samples and by electrochemical methods, is
possible only if the hydrodynamic parameters of the solution are controlled. A standard
solution to this problem makes use of a rotating disc electrode. The theoretical and applied
aspects of how electrochemical reactions occur on rotating electrodes of various shapes are
analyzed in reviews [66—69]. Let us consider the design of an experimental device (Figure 3)
for studying the corrosion of steels in acidic media containing Fe(lll) salts created at the
Department of General and Analytical Chemistry of the Moscow State Pedagogical Institute
[70]. A fundamentally important feature of this corrosion setup is that the disk electrode has
the working surface on top, which considerably minimizes the screening effect of gaseous
hydrogen released on the metal. A steel sample is rotated by an axis arranged below it, which
eliminates the distortion of the convective solution flow to the working disk surface. This
device makes it possible, by using a burette filled with water, to measure the volume of
hydrogen gas evolved on the steel sample. The device is also equipped with a vessel for
preliminary thermal stabilization and deaeration of the test solution while its contact with
the test electrode is prevented. This setup makes it possible to study steel corrosion in acid
solutions both in terms of mass loss of samples and by a set of electrochemical methods.
Moreover, the setup contains inputs for sensors that allow one to monitor the solution
conductivity and acidity.

A study of this process in a stream of concentrated FeCl; solutions provided important
information on the regularities of corrosion of various steels in acid media containing Fe(ll1)
salts [71]. In 0.5-4.3 M FeCl; and 1 HCI + 0.5-4.3 M FeCls, the corrosion of low-carbon
(steel 3), low-alloy (2Kh13) and chromium-nickel (Kh18N10T) steels occurs at high rates
(k) (Figure 4a). In all the cases, the plot of k vs. Cgeqiy passes through an extremum in the
concentration range studied, and the maximum corrosion rate is observed at Creqy = 2.25—
2.75 M. In FeCls solutions, the corrosion of steel 3 and steel 2Kh13 is uniform, while
Kh18N10T steel undergoes pitting corrosion, which indicates the instability of its passive
state. The corrosion rates of steel 3 and steel 2Kh13 in 1 M HCI + FeCl; are the same as in
the FeCls solution, but that of steel Kh18N10T is higher in 1 HCI + FeCls at Creqiy<2 M.
Pitting corrosion of Kh18N10T steel does not occur in this environment. Within the
experimental scatter, steel 45 and steel KhVVG behave similarly to steel 3. An increase in the
temperature of the FeCl; solution accelerates the corrosion of steel 3 (Figure 4b). At Crequ)
=0.90, 2.25, and 3.15 M, the activation energy (Eac) of steel 3 corrosion in this environment
is 5.4, 9.8, and 14.2 kJ/mol, respectively, which is typical of processes that occur under
diffusion control.
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Figure 3. Device with a rotating disk sample for corrosion testing. 1 — thermostatically
controlled glass cell for corrosion and electrochemical measurements, 2 — rotating disk electrode
with isolated bottom and side parts of the surface, 3 — metal axis in a glass isolated tube, 4 —
fluoroplastic plug, 5 — tube with located in it: metal axis, fluoroplastic glands, bushing, cone,
bearings and rubber insulation, 6 — union nut, 7 — contact brush, 8 — reducer, 9 — electric motor,
10 — electrolytic key, 11 — vessel with an platinum auxiliary electrode, 12 — silver chloride
electrode, 13 — thermometer, 14 — glass cover, 15 — burette for measuring the volume of evolved
hydrogen gas, 16 — temperature-controlled vessel for preliminary preparation of the test solution,
17 — device for passing gas bubbles through a liquid layer, 18 — three way glass faucet.

Valuable information for understanding the corrosion mechanism of low-carbon steel
in FeCls solutions is obtained by analyzing the plot of k vs. the flow velocity of the corrosive
medium (Figure 5). It is linear in 1.30 M FeCls, but more complex in 3.15 M FeCls. The
deviation of the plot from linearity results from the formation of sludge, which can easily be
removed with filter paper, on the steel disk surface. At low disk rotation rates, it almost does
not slow down the supply of Fe(lll) cations to the steel surface. At high rotation rates, the
sludge is accumulated more strongly, which creates diffusion limitations to the penetration
of Fe(l1l) cations to the surface and slows down overall corrosion. The role of the inhibitory
effect of sludge on the corrosion of steels in concentrated FeCl; solutions was confirmed by
experiments with its periodic mechanical removal from the surface of steel samples during
the experiment (Table 4). Sludge formed on a steel disk in 1.35 M FeCl; almost does not
slow down the dissolution of steel, but it is significant in 3.15 M FeCls.
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Figure 4. Variation of the corrosion rate of steels vs. Fe(l1l) concentration in a FeClz solutions
(1,1,1", 3,5 and 1 M HCI + FeCls (2, 4, 6). Rotation rate of disk samples — 2300 rpm. 1, 1,
1", 2 —steel 3; 3, 4 — 2Kh13 steel; 5, 6 — Kh18N10T steel. 1-6 — 20°C, 1' — 50°C, 1" — 80°C.

In general, the very high corrosivity of concentrated FeCls solutions toward steels,
where the weight loss of the samples amounts to kilograms per (m?-h), should be noted.
Similar high corrosion rates of steels are observed only in high-temperature solutions of
mineral acids [72].

k, kg/(m2h)
48 F

36 F

s

24 F

2

0 1 | ] ] ] ]
0 4 8 12 16 20 22

n'2 [n, rad/s|

Figure 5. Variation of the corrosion rate of steel 3 vs. the square root of rotational speed of the
disk sample in a FeCls solutions with a concentration, M: 1 — 1.30, 2 — 3.15. t =20°C.
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Table 4. Influence of periodic mechanical removal of sludge from the surface of rotating disk samples of
steel 3 (n = 2300 rpm) on their corrosion rate (k) in FeCls solutions. Test duration — 6 min. t = 24°C.

k, kg/(m2-h) Corrosion
acceleration

Creamny, M . Two removal of  Four removal of coefficients at
Without removal
sludge, each after sludge, each after  four removal of
of sludge . )
2 min 1 min sludge
1.35 5.31 5.63 5.43 1.02
2.25 5.26 6.99 7.31 1.39
3.15 2.61 3.75 4.47 1.71

Voltammetric studies on the behavior of steel and platinum rotating disk electrodes in
highly concentrated FeCls solutions (1.30—4.12 M) show that the diffusion of Fe(l11) cations
to a metal surface is the limiting stage of dissolution of steel 3 in these media [73]. In these
media, the corrosion rate of steel is determined by the content of Fe(lll), the solution
viscosity (n), the diffusion coefficient of Fe(lll) cations (Dreqi), and the intensity of the
formation of a sludge layer that prevents the penetration of a corrosive solution to the metal
surface. The effects of these factors on the corrosion of steel in FeCls solutions were
separated (Figure 6). Curve 1 was obtained from the weight loss of steel samples under real
corrosion process conditions where, with an increase in the FeCl; content in the solution, its
n increases, Dre gy decreases, and formation of surface sludge increases. The shape of
curve 1 reflects the effect of all these factors. Curve 2 was obtained from the data on the
limiting diffusion current (ig) of Fe(lll) reduction on a platinum electrode in similar media.
Since no sludge formation on an inert platinum electrode occurs, the shape of the curve
results only from the variation in n and Dgeqiy. Curve 3 shows the result of the process
simulation taking into account the Levich equation, according to which, if n and Dgequiy are
constant, the i values are directly proportional to Ceeqyy.

It is noted that in dilute HCI solutions in the presence of significant amounts of FeCl;
[74], no evolution of gaseous hydrogen on the surface of corroding steel occurs in the initial
period of time (Figure 7). The observed effect is associated with the reduction of Fe(lll)
cations on a steel surface, which increases the metal corrosion potential (Ec,r) and thus
decreases the hydrogen evolution rate. Direct interaction of Fe(lll) ions with adsorbed
hydrogen atoms cannot be ruled out, either.

Fe3" + Hag = Fe2" + H* (16)
This reaction prevents the evolution of gaseous hydrogen from the metal surface.
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Figure 6. Corrosion rate of steel 3 (rotating disk electrode, n = 2300 rpm) in FeCls solutions.
1 —under real conditions of the corrosion process, 2 — in the absence of sludge on the surface
of the samples, 3 — provided that the viscosity of the solution remains unchanged and there is
no sludge on the surface of the samples. t =20°C.

Vy,, mL
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P

0.16 1 !
0 5 10 z.h

Figure 7. The volume of evolved hydrogen (a) and the electrode potential of steel 3 (b) in
static HCI solutions (pH 0.4) containing FeClz with a concentration, g/L: 1 - 0; 2, 3—5. The
ratio of the HCI solution volume to the surface area of steel samples, mL/cm?: 2 — 10; 3 — 20.

In more concentrated solutions of mineral acids containing Fe(l11) salts, the corrosion
of low-carbon steels occurs through two independent processes (14) and (15). The features

of these processes were analyzed in [75] and are discussed below. Process (14) is the result
of four partial reactions:
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anodic dissolution of iron

Fe — 2e = Fe?*, (17)
cathodic deposition of iron

Fe?* + 2e = Fe, (18)
cathodic evolution of hydrogen

2H* +2e = H, (19)
and its anodic ionization

H, — 2e = 2H". (20)

Corrosion results from the predominant reactions (17) and (19).

The cathodic hydrogen evolution consists of several sequential stages, e.g., the transfer
of H* from the acid bulk to a metal surface ((H")~ is the hydrogen ion closest to the metal
surface),

H" — (H)-+, (21)
and the charge transfer (VVolmer) reaction
(H")++ e — Ha, (22)
which is followed by a stage of chemical recombination (the Tafel reaction),
Had + Hag = (H2)ad (23)
or a stage of electrochemical recombination (the Heyrovsky reaction),
Hag + (H")* + & = (H2)a. (24)

The set of stages (22) and (23) is called the VVolmer—Tafel mechanism, and the set of
reactions (22) and (24) is called the Volmer—Heyrovsky mechanism. It is believed that both
mechanisms take place on steel surfaces.

The mechanism of iron anodic dissolution is equally obscure. Heusler assumed that the
reaction between the Fe crystal lattice atoms and adsorbed OH™ ions leads to the formation
of FeOHyq:

Fe+OH_, > FeOH_, +e. (25)

It is believed that this compound catalyzes the transfer of a Fe(I1) ion through the double
layer:

Fe+OH_ + FeOH_, — (FeOH"). + FeOH_, + 2e. (26)
In an acidic solution of the compounds, FeOH* decomposes slowly as follows:
(FEOHY)« + (H")» — (Fe?)« + H,0. (27)

In contrast, Bockris considered FeOH to be an intermediate product of the single-stage
reaction:



Int. J. Corros. Scale Inhib., 2021, 10, no. 3, 1069-1109 1082

Fe + OH™ — FeOH + ¢, (28)
FeOH — FeOH* + e, (29)
FeOH* — Fe?" + OH". (30)

More complicated mechanisms of the anodic reaction of iron suggested by Kolotyrkin,
Chin and Nobe allow it to involve not only OH™ ions but also anions formed upon acid
dissociation.

Process (15) is the result of anodic (17) and cathodic reactions:

Fe3* + e = Fe?", (31)

Processes (14) and (15) involve the same anodic reaction (17). Based on this, the
corrosion of low-carbon steel is determined by three independent partial reactions: cathodic
reduction of H* (19) and Fe(l11) (31) , as well as anodic ionization of iron (17) [75]. Using
voltammetric studies of a steel electrode, it was shown that corrosion under these conditions
occurred in the region of active metal dissolution. Reactions (17) and (19) are characterized
by Kkinetic control, whereas reaction (31), by diffusion control. A study on the cathodic
reduction of Fe(l11) on a steel surface using a rotating disk electrode shows that the cathodic
reaction is accelerated by an increase in the content of Fe(l1l) in the solution and an increase
in the frequency of electrode rotation that accelerate the transfer of the solution to the metal
surface. The dependence of the reaction rate on the disk rotation rate is well described by the
equation [66]:

iq = 0.62ZFC*D¥3n 612, (32)

where z is the number of electrons participating in the electrode reaction; F is the Faraday
number; C* is the Fe(l11) bulk concentration in the solution; D is the diffusion coefficient of
the electroactive particle; ) is the kinematic liquid viscosity, and n is the angular rate of disk
rotation. At the same time, data of electrochemical studies are in good agreement with the
results of corrosion studies based on the mass loss of metal samples, according to which an
increase in the Fe(l11) content in an acid solution accelerates steel corrosion (Table 5).

Table 5. Effect of Fe(l11) cations on the corrosion rate (k, g/(m?-h)) and the corrosion loss increment (AK,
g/(m?-h)) of steel 08PS in Fe(l11)-containing 2.0 M H2SO4 and 2.0 M H3POa. Test duration — 2 h. t = 20°C.

2.0 M H2SO0q4 2.0 M H3PO4
Creamny, M
k Ak k Ak
0 9.8 0 7.8 0
0.02 12 2.2 7.9 0.1
0.05 15 5.2 8.2 0.4

0.10 18 8.2 9.7 1.9
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The accelerating effect of Fe(lll) cations on the cathodic reaction of low-carbon steels
and, as a consequence, on their general corrosion is more pronounced in H,SO, than in
HsPO, solutions [75]. The observed effect results from stronger binding of Fe(lll) into
complexes by phosphate anions than by sulfate anions (Table 3). It decreases their oxidizing
ability and their mobility in a corrosive environment, which is especially important for
reactions that occur in diffusion mode. A clear illustration of this situation is provided by a
simulation of the plots of the Fe(l11) reduction current versus the rotation rate of a steel disk
(Figure 8) using Eqg. (32) and the Dgeiy value measured by cyclic voltammetry on a Pt
electrode in H,SO,4 and H3PO,4 solutions (Figure 2). A good agreement between experimental
and theoretical data is observed, while the reduction currents of Fe(lll) cations in the H,SO4
solution are higher than those in H3PO,.

. o2
iq- A/m

200

0 1020 30 40 0 1020 30 40

n [n, rpm]

Figure 8. Dependence of the cathodic current density at E =-0.30 V on the square root of the
rotational speed of the disk electrode (steel 3) in 2.0 M H2SO4 (a) and 2.0 M H3POg4 (b) in the
presence of Fe(lll) (mol/L): 1 -0.00, 2 -0.01, 3-0.02, 4 -0.05,5-0.10. t = 25°C.

Under certain conditions, Fe(lll) salts present in acid solutions can act as steel
passivators [76]. The reduction of oxidants on an electrically conductive passive oxide
covering a steel can occur like on a steel surface free from oxide films. As a result, a steel
can spontaneously remain in a stable passive state if its Ecr is more positive than the steel
passivation potential (Epas). For spontaneous passivation of steel, the E,,s of steel has to be
more negative than the equilibrium redox potential of the oxidizing agent (Eox/red), although
this requirement is necessary but insufficient. Sufficient conditions for the passivation of
metals are demonstrated in Figure 9. Depending on the position of the cathodic polarization
curves (PC) of oxidant reduction (2—5), four cases of metal corrosion are possible:

a) the corrosion potential E; is in the area of active metal dissolution and the latter is not
passivated spontaneously (curve 2);
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b) the metal is in the passive state at E.,r = E;, but it is required for the onset of spontaneous
passivation that at the primary passivation potential Ep, the current density of oxidant
reduction (iox) has to be higher than the critical current density of passivation ic.r (curve 3);

c) the metal corrodes at a high rate in the stable active state at E.,; = E3 or in an unstable
passive state at Ecor = E4 In the case of its preliminary passivation by anodic polarization
(curve 4);

d) the metal undergoes trans-passivation (curve 5). This case is observed if Ec,r = Es where
Eoxred IS more positive than the potential of the onset of trans-passivation and the oxidant
reduction occurs with insignificant inhibition.

1

Figure 9. Scheme of establishing the corrosion potential of a passivating metal depending on
the position of the cathodic partial polarization curves of a oxidant reduction (2-5) for the case
when the metal can dissolve in the state of transpassivation and the equilibrium potential of
the conjugated cathodic reaction (Eoxred) IS more positive than the potential of the onset of
transpassivation. 1 — anodic partial polarization curve of the metal.

While analyzing the effect of the addition of Fe,(SO,); on stainless steel 410 in H,SO,4
solutions, Kaesche [76] suggested a scheme illustrating its passivating action (Figure 10).
Curve 1 denotes the partial anodic PC of dissolution of a rotating cylindrical steel sample;
curve 2 is the partial cathodic PC of hydrogen evolution on it in a deaerated acid solution.
Under these conditions, the metal is in active state at Ec,r = E;. Addition of Fe,(SO,); to the
solution in such an amount that the limiting diffusion current density of its reduction (ijim) IS
smaller than icr Slightly shifts Ecor in the positive direction to E; and Es, but the metal remains
in the active state (curves 3 and 4). It is only an increase in the Fe,(SO,)s content to values
where iiim is higher than icr that an abrupt shift of Ec, to E4 in the passive region occurs
(curve 5). It is noted that steel can be transferred to the passive state if ijim IS less than ico. If
a certain content of Fe,(SO.)s is insufficient for steel passivation at a low rotation rate of the
sample, it can be achieved by increasing the rotation rate.
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E4
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Figure 10. Schematic polarization diagram illustrating the increase of the corrosion potential
of steel by increasing of the Fez(SOa)3 content in H2SO4 solutions.

The etching rate of Duplex Stainless Steel 2205 in H,SO, solutions was found to slow
down in the case of Fe(lll) accumulation [77]. In contrast, addition of HCI to a 0.54 M
FeCl; + 0.27 M FeCl; solution accelerates the corrosion of hot-rolled stainless steel 304 in
this solution. It is noted that the corrosion of steel in such media occurs in the active
dissolution region [78]. The corrosion of carbon steel [79] and stainless steel 304 [80]
accelerates with an increase in the FeCl; content in the solution and with an increase in t.

A study on the effect of t on the corrosion of low-carbon steel 08PS in 2 M HCI and
H,SO, indicated an increase in metal losses as a result of the presence of FeCl; and Fe»(SO4)3
in them, respectively, with an increase in t to 80°C [81]. In these cases, the fraction of
corrosion losses of steel decreases with an increase in t due to the presence of Fe(lll) salts in
the acid solutions.

Using low-carbon steel 08PS and high-strength steel 70S2KhA as examples, the effect
of Fe(l1l) salts not only on their corrosion but also on hydrogen absorption in solutions of
mineral acids (HCI, H,SO, and H3PO,) and their mixtures was studied [82, 83].
Hydrogenation of steels in these environments depends on the chemical composition of the
steel, the anionic composition of the corrosive solution, the concentration of Fe(l1l) salts in
it, and t.

Solutions of Fe(lll) salts are corrosive not only toward steels but also toward metals
with a positive standard electrode potential that are resistant to aqueous media. Corrosion of
copper, silver, palladium and gold was noted in such environments [65, 84].

Aqgueous solutions of Fe(lll) salts and acid solutions containing these salts are very
corrosive toward steels. At the same time, it is noted that Fe(l11) salts in solutions in contact
with steels, primarily alloyed ones, can transfer the latter to a stable passive state that ensures
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protection. However, this protection method is unreliable, since as the Fe(lll) content in a
corrosive medium or its flow velocity near the metal surface decrease, steel can pass to an
unstable passive state or even return to corrosion in the active dissolution region. This
situation is extremely dangerous for industrial operation of steels. We see the solution to this
problem in a search for efficient approaches to the inhibitory protection of metals in these
media by organic compounds.

Inhibitory protection of steel in acid solutions containing Fe(l11) salts

There are two approaches for reducing the adverse effect of Fe(lll) cations on the corrosion
of steels in acid solutions. The first one involves the use of additives that reduce Fe(lll)
cations to Fe(ll) cations which affect the corrosion process less significantly. It was
suggested to use Sn(ll) salts [85] and hydrazine [86] as such additives. Addition of 15 g/L
SnCl,-2H,0 is recommended for the protection of steel in 5.9% HCI + 6.9 g/L Fe(lll) (at
60°C). It slows down steel corrosion by a factor of 18. The poor performance of this additive
Is evident. It is very likely that its effect is based on the reduction of Fe(lll) to Fe(ll) by
Sn(Il) cations. As a result, the effect of the additive will be unstable due to its consumption.
In addition, SnCl, will be reduced on steel to give Sn°, producing micro-galvanic pairs on
its surface, which will result in local corrosion of a steel product during its further operation.
The industrial use of toxic hydrazine and its derivatives is also unacceptable for these
purposes. It is more promising to protect steels in acid solutions containing Fe(ll1) salts by
addition of corrosion inhibitors to the corrosive environment.

The issue of the inhibitory protection of steels in acid solutions is widely covered in
scientific literature, as shown in a number of reviews [87-107]. Despite the practical
importance of maintaining a high protective effect of Cls in acid solutions in the case of
accumulation of Fe(l11) salts therein, this issue was not considered in review literature. We
believe that such a practically significant property of acid Cl is not discussed in scientific
literature due to the lack of any significant progress in the protection of steels in acid
solutions where Fe(ll1) salts are accumulated. The recent achievements in the protection of
steels by Cls in acid solutions containing Fe(ll1) salts are briefly considered only in a few
articles [85, 108, 109].

Back in 1969, Podobaev et al. [110] who studied the effect of Fe(lll) chloride on the
corrosion of Armco iron in HCI solutions showed a complex effect of this additive on the
inhibition of the metal corrosion by Cls of different groups (Table 6). The presence of Fe(lll)
chloride in inhibited corrosive media not only favors a significant acceleration of general
corrosion but can, in media containing propargyl alcohol and the BA-6 inhibitor, favor the
evolution of gaseous hydrogen on Armco iron. The addition of FeCls to inhibited acids
increases Eco significantly. The accelerating effect of FeCl; on the general corrosion of
Armco iron is more pronounced in inhibited corrosive media, while a similar effect of
nitrobenzene, an organic corrosion stimulant studied in parallel, is more pronounced in the
background solutions.
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Table 6. Influence of oxidants on the corrosion parameters of a rotating disk samples of Armco iron (n =
3000 rpm) in 10 M HCI. Test duration — 0.25 h. t = 20°C.

Inhibitor
oxidant _ 5 mM KI > mM Propargyl g 2506 BA6
Corrosion potential, V
- -0.21 -0.22 -0.22 -0.22
5 mM nitrobenzene -0.19 -0.16 -0.15 -0.19
20 mM FeCls —0.20 -0.19 -0.18 -0.07
The volume of hydrogen evolved during the experiment, mL
- 8.6 2.6 - -
5 mM nitrobenzene - 3.0 — —
20 mM FeCls 8.1 2.8 1.6 1.2
Corrosion rate, g/(m?-h)
- 114 29 8.4 3.0
5 mM nitrobenzene 188 86 38 3.6
20 mM FeCls 175 108 96 72

Industrial Cls and their mixtures poorly protect steel 10 and steel EI 531 in 4% HCI
(60—80°C) containing FeCls (Table 7). Even in the presence of the most efficient mixtures
(PB-5 + OP-10 + urotropine or PB-5 + urotropine), the k value of steel 10 is < 9.1 g/(m?-h)
and that of steel EI 531 is < 7.7 g/(m?-h) [111]. In the same hydrochloric acid solution
containing mixed Cls (PB-5 + urotropine or catapin KI-1 + urotropine), acceleration of steel
20 corrosion with an increase in the content of FeCl; is observed. Corrosion of steel also
increases on transition from static to dynamic experimental conditions, which is typical of
processes that occur under diffusion control (Table 8). The variation in Creqny and total
Crequy+reqny in @ corrosive medium in contact with steel obeys certain regularities (Figure 11).
The Fe(Il) content decreases with time the more abruptly, the higher the initial Cgeqny and
solution temperature, as well as in case of solution circulation. The growth in the total
content of Fe(lll) + Fe(ll) ions follows the same regularities. In the presence of a ClI, the
decrease in Cgeupy in a solution and the increase in Creqny+reqny OCCUr to a lesser extent than
without a CI in the background solution. The corrosion rate of steel due to reaction (15) in a
solution containing a CI decreases in the first hour more sharply than without it (Figure 12).
In an inhibited medium, a residual content of Fe(lll) ions is observed at the end of the
experiment, which indicates that reaction (15) continues at a low rate. In a solution without a
Cl, the oxidation of steel by Fe(l11) ions occurs more intensely in the first hour and then ceases.
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In general, though Cls have high protective effects in some cases, the corrosion rates of steel
in the media in question are high, especially in tests in a stream of a corrosive medium [112].
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Figure 11. The mass concentration of Fe(l1l) ions (1'-3") and the total content of Fe(lll) +
Fe(I1) ions (1-3) during corrosion of steel 20 in static 4% HCI at the initial content of Fe(lll)
ions, %:1,1'-0.8, 2, 2' - 0.5, 3, 3' - 0.3. a — without inhibitor, b — 0.2% PB-5 + 0.5%
urotropine. t = 60°C.
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Figure 12. The corrosion rate of steel 20 as a result of the reaction Fe + 2 Fe®" = 3 Fe?" (a) and
the content of Fe(l11) ions (b) in 4% HCI + 0.8% Fe (111). a — without an inhibitor, b — 0.2%
PB-5 + 0.5% urotropine. t = 80°C, fluid flow velocity — 1 m/s.
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Table 7.* Corrosion rates (k, g/(m?-h)) and corrosion inhibition coefficients (y) of steel 10 and steel El 531
in 4% HCI containing FeCls. Test duration — 4 h. Fluid flow velocity — 1 m/s.

Content of Fe(ll1) cations, g/L

Inhibitor 0.5 1.0 2.0
k Y k ¥ k Y
Steel 10, 60°C
- 56.0 - 78.9 - 127.5 -
1% urotropine 43.7 1.3 65.7 1.2 109.0 1.2
0.5% PB-5 21.2 2.6 47.0 1.7 79.7 1.6
0, - 0,
0.5% PB-5 + 0.5% 9.4 5.2 12.4 6.3 418 3.0
urotropine
0.5% PB-5 + 0.5%
urotropine + 0.3% 9.1 6.1 14.4 55 34.1 3.7
OP-10
0.5% SA-U 22.3 2.5 37.3 2.1 76.7 1.7
Steel 10, 80°C
- 102.0 - 151.0 - 223.0 -
1% urotropine 63.5 1.6 76.6 2.0 218.0 1.0
0.5% PB-5 20.6 4.9 45.0 3.4 85.0 2.6
0, - 0,
05%PB-5+05% 157 8.0 17.8 8.5 51.7 43
urotropine
0.5% PB-5 + 0.5%
urotropine + 0.3% 11.0 9.3 17.1 8.8 31.1 7.1
OP-10
0.5% SA-U 15.2 6.7 21.3 7.1 32.2 6.9
Steel EI 531, 60°C
- 52.2 - 99.3 - 199.0 -
1% urotropine 50.0 1.0 94.0 1.1 185.0 1.1
0.5% PB-5 25.7 2.0 62.0 1.6 138.5 1.4
0, - 0,
0.5% PB-5 + 0.5% 7.7 6.8 33.3 3.0 106.2 1.9
urotropine
0.5% PB-5 + 0.5%
urotropine + 0.3% 11.5 4.5 35.2 2.8 89.0 2.2
OP-10

0.5% SA-U 18.8 2.8 49.5 2.0 107.5 1.8
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Content of Fe(ll1) cations, g/L

Inhibitor 0.5 1.0 2.0
k Y k Y k Y
Steel EI 531, 80°C
— 84.5 — 131.0 — 276.0 —
1% urotropine 77.0 1.1 128.0 1.0 225.0 1.2
0.5% PB-5 194 4.3 72.5 1.8 171.2 1.6
0, - 0
0.5% PB-5 + 0.5% 9.0 9.4 395 3.3 105.2 2.6
urotroplne
0.5% PB-5 + 0.5%
urotropine + 0.3% 14.1 6.0 32.4 4.0 73.8 3.7
OP-10
0.5% SA-U 14.4 5.8 194 6.7 73.2 3.8

* The corrosion rate of steel 10 in 4% HCI at 60 and 80°C is 18.5 and 38.4 g/(m?-h). steel EI 531 — 11.0
and 30.6 g/(m?-h).

Table 8. Corrosion rates (k, g/(m?-h)) and degree of protection (Z, %) of steel 20 in 4% HCI containing
FeCls. Test duration — 4 h.

Static condition

Fluid flow velocity — 1 m/s

Content
of Fe(lll) 60°C 80°C 60°C 80°C
cations, %
k Z k Z k z k Z
Without inhibitor
0 50 - 195 - 27 - 68 -
0.3 107 - 245 - 122 - 456 -
0.5 125 - 257 - 195 - 698 -
0.8 140 - 275 - 303 - 876 -
0.2% PB-5 + 0.5% urotropine
0 0.6 98.8 4.3 97.8 5.4 80.0 3.4 95.0
0.3 5.8 94.6 7.6 96.9 25.0 79.5 21.9 95.2
0.5 7.0 94.4 12.1 95.3 55.1 718 44.7 93.6
0.8 11.6 91.7 19.8 92.8 89.5 70.5 64.8 92.6
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Static condition Fluid flow velocity — 1 m/s
Content
of Fe(l11) 60°C 80°C 60°C 80°C
cations, %
k Z k Z k Z k Z
0.1% Catapine KI-1 + 0.5% urotropine

0 15 97.0 1.3 99.4 75 72.2 6.8 90.0
0.3 6.2 94.2 11.9 95.2 415 66.1 43.9 91.3
0.5 9.4 92.6 15.3 94.1 70.4 64.0 75.8 89.1
0.8 12.3 91.2 28.2 89.8 101.5 66.6 106.8 87.9

Back in 1969, Balezin et al. [113] reported results of a search for Cls for steel 20 in
0.5 N citric acid (80—100°C). The most interesting results on steel protection in this
environment are provided by binary formulations: catapin K + captax and catapin K + SnCl..
However, the presence of Fe(ll) and Fe(lll) citrates in this inhibited medium, either in
individual form or as a mixture, can significantly accelerate the corrosion of steel, especially
in a moving corrosive environment (Table 9). In static 0.5 N citric acid containing Fe(l1) and
Fe(lll) citrates, the three-component mixture catapin K + captax + SnCl, provides good
protection, but it is also inefficient in a stream of the corrosive medium. One has to bear in
mind the low performance of composite Cls containing Sn(ll) that will be removed from an
acid solution due to a reaction with steel to form undesirable metallic tin on its surface, along
with oxidation with Fe(lll) cations.

Table 9. Corrosion rates (k, g/(m?-h)) of steel 20 in 0.5 N citric acid, containing Fe citrates. Test duration —
2 h.t=100°C.

Inhibitor

. :
Additives of Fe citrates 0.1% Catapine K

Static conditions*
Without Fe citrates 0.32 0,27 -
2 g/L Fe(ll) citrate 0.47 4.0 —
2 g/L Fe(111) citrate 4.2 0.39 -
2 g/L Fe(ll) citrate + 2 g/L Fe(lll) citrate 11 7.6 1.6
Fluid flow velocity — 1 m/s
2 g/L Fe(ll) citrate + 2 g/L Fe(ll) citrate 59 46 8.4

* The corrosion rate of steel 20 in 0.5 N citric acid is 80.2 g/(m?-h).
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One can see from the above data that it is nearly impossible to provide efficient
protection of steels with Cls in solutions of mineral and organic acids containing Fe(lll)
salts. This conclusion is confirmed by our data, according to which none of the nine
industrial Cls studied (Soling m. Z, Soling m. L, VNPP-2, INVOL-2 m. A, NORUST CM
150 C, PKU-E, catapin A, catapin BPV, and catamine AB) can efficiently protect steel 08PS
in solutions of HCI, H,SO,, or H3PO, in the presence of the corresponding Fe(ll1) salts [39].

Let us consider the reasons for the decrease in the CI efficiency in the corrosion of
steels in acid solutions. According to Antropov [114], addition of Fe(lll) cations to a
corrosive medium shifts the Ecor of steels to higher potentials, which increases the positive
charge of the metal surface. This complicates or makes impossible the adsorption of cationic
Cls on them since their particles are charged positively. Such a change in the adsorbability
of these compounds is the reason for the decrease or complete cessation of their protective
action. Moreover, the reduction of Fe(lll) cations occurs in diffusion mode, and the CI
efficiency may weaken due to a low degree of surface screening that plays a decisive role in
the inhibition of corrosion processes. Indeed, our later studies using a rotating disk electrode
[115, 116] showed that the low protection of steels by organic Cls in acids containing Fe(l11)
primarily results from the weak inhibition of cathodic reaction (31) by these Cls. In addition,
the presence of Fe(lll) salts in a corrosive environment is often capable of causing the
coagulation of organic Cls present in it, which removes them from the corrosive environment
[115]. We believe that each of the factors mentioned above can determine the low efficiency
of a Cl. In many cases, it can be the result of their joint effect.

It is interesting that in acidic media containing Fe(l11) salts, the inhibitory protection of
not only steels but also copper encounters difficulties, especially at high Ceeqpy [117, 118].

A fundamentally new approach to the protection of steels in acid solutions containing
Fe(lll) was developed by discovering that inhibitory protection of steel 3 in solutions of
HsPO,4 + FePQ, is possible [115, 116]. It has been shown that addition of the composite
inhibitor IFKhAN-92 + KNCS slows down the corrosion of steel 3 considerably even if
significant amounts of Fe(ll) and, especially important, Fe(lll) are accumulated in the
corrosive environment (Table 10). It is important that in 2 M HzPO4 + 0.1 M FePO, (25—
95°C) inhibited by 5.0 mM IFKhAN-92 + 0.5 mM KNCS, the values of k for steel 3 are very
low, >2.3 g/(m?-h). The composite Cl slows down the cathodic and anodic processes on
steel significantly (Figure 13), while both cathodic partial reactions (19) and (31) are
inhibited, as indicated by the nature of the plot of the cathodic reaction rate vs. the rotation
frequency of the steel disk electrode (Figure 14).

The efficient inhibition of partial electrode reactions of steel by this CI results from the
formation of a protective polymolecular layer from chemically bound triazole molecules,
thiocyanate anions, and Fe(ll) cations on its surface through coordination interaction. Its
thickness is at least 4 conventional monomolecular layers. In turn, this protective layer is
chemically bound to the steel surface. The formation of a protective layer on the steel surface
by the mixed CI is confirmed by data of its X-ray photoelectron spectroscopy, according to
which the spectrum of N atoms contains two signals (399.5 and 401.4 eV) (Figure 15). The
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first peak is due to the N atoms of the IFKhAN-92 molecule’s triazole ring and the nitrogen
atoms of the thiocyanate anion. The second peak is determined by the nitrogen atom of the
IFKhAN-92 molecule outside the triazole ring [116].

lg 7 [7, A/m?]

Figure 13. Polarization curves of the steel 3 disk (n = 460 rpm) in 2,0 M H3POs (a), inhibited
by 0.5 mM IFKhAN-92 + 0.5 mM KNCS (b) and 5.0 mM IFKhAN-92 + 0.5 mM KNCS (c),
in the presence of FePO4 (mol/L): 1 -0.00, 2 - 0.01, 3-0.02, 4 —0.05, 5 - 0.10. t = 25°C.
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Figure 14. Dependence of the cathodic current density at E = —0.30 V on the square root of
the rotational speed of the disk electrode (steel 3) in 2.0 M H3POs (a) inhibited by 0.5 mM
IFKhAN-92 + 0.5 mM KNCS (b) and 5.0 mM IFKhAN-92 + 0.5 mM KNCS (c), in the
presence of FePO4 (mol/L): 1 —0.00, 2-0.01, 3-0.02, 4 —0.05, 5—0.10. t = 25°C.
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Another important factor determining the high protection of steel with IFKhAN-92 in
HsPO, + FePQO, solutions is that Fe(lll) cations are bound in this medium into strong
phosphate complexes, which significantly decreases their oxidizing ability and mobility
[45, 46, 61, 62]. This is the determining slowdown factor in the course of reaction (31)
characterized by diffusion control in the inhibited medium.

Table 10. Influence of Fe(l1l) and Fe(ll) cations on the inhibition corrosion of steel 3 in 2 M H3PO4 by a
composition of 5.0 MM IFKhAN-92 + 0.5 mM KNCS.

Temperature, °C

Fe cations Inhibitor K, y*

25 40 60 80 95
- k 7.8 235 62.8 222 505
- 5.0 mM IFKhAN-92 k 0.083 0.28 0.33 0.52 1.34
+0.5 MM KNCS % 94.0 83.9 190 426 377
- k 7.0 23.0 65.3 220 499
0.01 M Fe(lll) 5.0 mM IFKhAN-92 k 0.10 0.30 0.32 0.47 1.40
+0.5 mM KNCS % 70.0 76.7 204 468 356
- k 10.5 26.1 76.0 232 508
0.05 M Fe(lll) 5.0 mM IFKhAN-92 k 0.23 0.44 0.47 0.80 1.53
+0.5 MM KNCS v 45.7 59.3 162 290 332
- k 13.5 30.8 89.9 237 511
0.10 M Fe(lll) 5.0 mM IFKhAN-92 k 0.42 1.76 2.02 2.10 2.32
+0.5 mM KNCS % 321 17.5 445 173 220
- k 6.5 23.0 64.6 235 511
0.10 M Fe(ll) 5.0 mM IFKhAN-92 k 0.050 0.13 0.22 0.28 1.03
+0.5 MM KNCS v 128 177 294 839 496
- k 6.2 19.2 67.8 290 332

0.50 M Fe(ll) 5.0 mM IFKhAN-92 k 0.10 0.28 0.38 0.66 15
+0.5 MM KNCS v 62.0 68.6 178 439 221
- k 4.9 19.7 68.3 117 98.7

1.O0MFe(ll)  5.0mM IFKhAN-92 k 0.10 0.92 1.31 2.03 6.3
+0.5 mM KNCS % 49.0 21.4 52.1 57.6 15.7

0.05 M Fe(lll) - k 9.3 - 71.3 - -

+ 5.0 mM IFKhAN-92 k 0.23 - 0.40 = -

0.05 M Fe(ll) +0.5mM KNCS % 40.4 - 178 - -

* v = ko/kin, where ko and ki, are the corrosion rates of steel 3 in the non-inhibited solution and in the solution
with the additive being studied, respectively.
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Figure 15. XPS spectra of N1s electrons of surface of steel 3 after exposure to 2 M H3PO4 +
5 mM IFKhAN-92 + 5 mM KNCS (24 h, 25°C).

Solutions of acid mixtures (HCI + H3PO,4 or H,SO4 + H3PO,) inhibited with IFKhAN-
92 formulations that are cheaper than media containing HsPO, alone can be promising
alternatives to H3PO, solutions containing the IFKhAN-92 + KNCS formulation if there is
potential danger that Fe(l11) salts can accumulate in them. An important role in the creation
of such solutions is played by the fact that even in solutions of acid mixtures (HCI + H3PO,
or H,SO,4 + H3PO,), Fe(lll) cations are bound into complex compounds with phosphate
anions, which also reduces their oxidizing ability and mobility. This turns out to be sufficient
for efficient protection of low-carbon [81, 119] and high-strength steels [82] by the binary
formulation IFKhAN-92 + KNCS in a H,SO,4 + H3PO,4 mixture containing up to 60 mol.%
of H,SO, in case of accumulation of Fe(lll) salts in the acid environment. The three-
component mixture IFKhAN-92 + KNCS + urotropine (molar ratio of components 9:1:400)
IS more interesting for the protection of steels in acid environments based on H3PO, and
containing Fe(l11) salts. It protects low-carbon [119, 120] and high-strength [82, 83] steels
in H,SO, + H3PO,4 and HCI + H3PO,4 mixtures containing up to 60 mol.% of H,SO, and HCI,
respectively. In the case of high-strength steels, the Cls not only slow down the general
corrosion of the metal, but also considerably prevent its hydrogenation. The role of
urotropine in the protective action of the mixture made it possible to understand the results
of potentiometric studies of H,SO, + H3PO,4 and HCI + H3PO4 solutions containing Fe(l11)
salts. It was shown that urotropine present in them additionally binds Fe(l1l) cations into
complex compounds, which further reduces the oxidizing capacity of the systems [121].

Thus, inhibited acid solutions that are resistant to the accumulation of Fe(ll1) salts can
be created by combining the ability of acid solutions containing HsPO, to bind Fe(l11) cations
into phosphate complexes that are less corrosive towards steels, and the unique properties of
the IFKhAN-92 + KNCS + urotropine formulation. This formulation not only forms a
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protective polymolecular CI layer on the metal surface from IFKhAN-92 molecules, Fe(ll)
cations and thiocyanate anions that efficiently inhibits the reduction of Fe(lll), but also, due
to the presence of urotropine, additionally reduces the oxidizing ability of Fe(lll) cations.
Similar regularities are observed in the protection of low-carbon steel in weakly acid
solutions of disodium ethylenediaminetetraacetate (100°C) by mixed CIs (Table 11) [122].
If this corrosive environment contains ligands, i.e., anions of ethylenediaminetetraacetic acid
capable of binding Fe(lll) into strong complex compounds, and efficient Cls of steel based
on pyridine derivatives, it becomes possible to slow down its corrosion significantly even in
the presence of a Fe(lll) salt in the system. The presence of 1 g/L FeCls in a solution
containing disodium ethylenediaminetetraacetate + composite Cl accelerates steel corrosion,
but the maximum observed k value is as small as 2.28 g/(m?-h), which is 16.3 times lower
than in the background environment.

Table 11. Corrosion rates (k, g/(m?-h)) and corrosion inhibition coefficients (y) of steel 10 in 0.02 M
ethylenediaminetetraacetic acid disodium salt, containing FeCls. t = 100°C.

Without FeCls 1 g/L FeCls
Corrosion inhibitor . =
K Y pHy,  pHg, K y pHo  pHfin
— 16.60 — 4.40 7.05 37.20 — 3.70 6.80

0.1% Catapine A +
0.03% thiourea

0.1% 1-1-V + 0.03%

0.27 61.4 4.40 4.45 1.98 18.7 3.70 3.85

0.22 755 4.40 4.43 2.28 16.3 3.70 3.90

thiourea
005% I-A+003% 028 595 440 445 203 183 370 385
thiourea
. .
0.1% Catapine A + 025 665 440 445 179 201 370  3.80
0.03% captax

* Initial acidity of the solution. ** Final acidity of the solution.

Conclusions

The physicochemical parameters of acid solutions containing Fe(lll) salts are largely
determined by their anionic composition. Anions of acids can strongly bind Fe(l1l) cations
into complex compounds, thereby reducing their oxidizing ability and mobility in solution.
Binding Fe(lll) cations into complex compounds by the components of an acid solution
changes the thermodynamic and kinetic characteristics of such systems. This fact allows one
to predict and control the properties of acid solutions containing Fe(l1l) salts. Addition of
acids (HsPO, and HF) that dissociate to generate anions capable of forming complexes with
Fe(l11) can significantly reduce the corrosivity of the solutions. HsPO, is the most promising
acid in this respect. In widely used HCI and H,SO, solutions, accumulation of Fe(ll1) salts
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Is undesirable, since it significantly increases their corrosivity due to the weak ability of
these acids to form complexes with Fe(l11) cations.

Cyclic voltammetry of inert electrodes (platinum, gold) is a versatile method for
determining the oxidizing ability and mobility of Fe(lll) cations in acid solutions. Data on
the oxidizing ability of Fe(lll) cations can be obtained from potentiometric studies of the
Fe(lll)/Fe(ll) redox couple in acid solutions on a platinum electrode. The diffusion
coefficients of Fe(lll) cations in acid solutions are calculated on the basis of voltammetric
measurements in these media on rotating electrodes (platinum, steel).

The corrosion of low-carbon steels in acid solutions containing Fe(lll) is due to three
partial reactions: anodic ionization of iron; cathodic reduction of protons and Fe(l11) cations.
The first two reactions occur under Kinetic control, while the last one, under diffusion
control. The presence of Fe(lll) salts in acid solutions significantly accelerates corrosion,
which is a consequence of the predominant acceleration of the cathodic reaction by Fe(lll).
The corrosion of steels in these environments is sensitive to the effect of the convective
factor, which is typical of processes under diffusion control.

In acid solutions, steels, primarily alloyed ones, can be transferred by Fe(l11) salts to a
stable passive state that ensures their protection. However, this protection method is
unreliable, since as Creqny in a corrosive medium or its flow velocity decrease, steel can pass
to an unstable passive state or even return to corrosion in the region of its active dissolution.

The inhibitory protection of steels in solutions of various acids containing Fe(lll),
especially under dynamic conditions, is inefficient. This problem is solved by using solutions
of mixtures of acids based on H3PO, and additives of the mixed CI containing IFKhAN-92.
In solutions of H,SO, + H3PO, and HCI + H3PO,4 mixtures containing 60 mol.% H,SO, or
HCI, efficient protection of low-carbon and high-strength steels is achieved by the IFKhAN-
92 + KNCS + urotropine mixture (molar ratio of components: 9:1:400).

A study of these systems made it possible to formulate a scientific approach to the
creation of inhibited acid solutions resistant to the accumulation of Fe(l11). It is based on the
ability of acid solutions containing HsPO, to bind Fe(ll1) cations into phosphate complexes
and the unique properties of the IFKhAN-92 + KNCS + urotropine formulation. This
formulation not only forms a polymolecular protective ClI layer on the metal surface from
IFKhAN-92 molecules, Fe(ll) cations and thiocyanate anions that efficiently inhibits Fe(lll)
reduction, but also, due to the presence of urotropine, additionally lowers the oxidizing
ability of Fe(ll1) cations.

In steel etching or in acid washing of steel equipment leading to the accumulation of
Fe(ll1) in acids, no more than 40% HCI or H,SO, should be replaced with phosphoric acid,
and the IFKhAN-92 + KNCS + urotropine formulation should be used as a corrosion
inhibitor.
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