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Abstract

The kinetics of corrosion of brass LK62-0.5 in freely aerated solutions of acetic (0.25-8.0 M)
and citric (0.001-2.0 M) acids was studied. The effect of the convective factor of the
environment and addition of a corrosion inhibitor, catamine AB, on these processes was also
investigated. The presence of a corrosion product, Cu(ll) cations, has an accelerating effect on
the corrosion of brass in the environments studied, including solutions containing catamine AB.
The dependence of the corrosion rate of brass on the convective factor in freely aerated acid
solutions and in acid solutions containing Cu(ll) cations is formally described by the equation
k=a+b-nY2, where a and b are empirical parameters and n is the rotation frequency of the
propeller magnetic stirrer that stirs the solution. In solutions of acetic and citric acids, including
stirred media containing Cu(ll) cations, the corrosion rate of brass does not exceed 0.91 and
0.55 g/(m?:h), respectively. In the same environments with addition of catamine AB, the
corrosion rate of brass does not exceed 0.14 g/(m?-h). Given the low corrosion rate of brass in
the inhibited acidic environments, the results obtained are of practical interest, especially for
solutions of acetic acid.
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Introduction

Aqgueous solutions of various acids are widely used by modern enterprises to clean the
surfaces of metal products and structures from corrosion products and mineral deposits
[1, 2]. An important group of metal structural materials consists of copper and its alloys,
among which brasses, i.e., binary or multicomponent alloys based on copper, where the main
alloying component is zinc (up to 50%) [3], occupy a prominent place. Various aspects of

*This study was carried out as part of R&D (2022-2024): “Chemical resistance of materials, protection of
metals and other materials from corrosion and oxidation” (EGISU registration number 122011300078-1,
inventory number FFZS-2022-0013).
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the corrosion of brass in solutions of mineral acids and their inhibitory protection are
considered in numerous works [4-12]. It is noted that the presence of Cu(ll) salts in a
corrosive environment speeds up the corrosion of brass in an acidic sulfate solution [13].
Solutions of organic acids are used in production as an alternative to process media based
on HCI and H,SO,. The advantage of organic acids compared to mineral acids is that they
have low corrosivity towards important structural steels, which makes it possible to use
them, unlike inorganic acids, in industrial operation without additional inhibitory protection
[14]. Process equipment that is often in contact with acid solutions is partially or completely
made of copper or copper-based alloys. The specifics of brass corrosion in solutions of
organic acids are insufficiently covered in literature [15, 16].

To explain the processes occurring during corrosion of brass in aqueous corrosive
environments, Pourbaix E—pH diagrams are used [17-19]. Brasses are alloys whose
composition includes metals of different chemical nature, i.e., copper and zinc. Analysis of
the E—pH diagram of the Cu—H,0O system (Figure 1) shows that in acid media, the lower
limit of water stability (line a) is located in the region of lower potentials than the stability
limit of metallic Cu (line 1) [20, 21]. As a result, there is no region in the diagram where
metallic Cu is unstable while gaseous H, is stable. Displacement of hydrogen gas by copper
from acid solutions does not occur. However, between the stability limit of metallic Cu
(lines 1 and 2) and the upper limit of water stability (line b), there is a region in which Cu
and gaseous O, are unstable. Therefore, the following reactions are permitted:

2Cu+0,+4H*=2H,0+2Cu?*, (1)
4CU+0,+4H*=2H,0+4Cu* )

Thus, in acid solutions containing dissolved atmospheric oxygen, the corrosion of brass
can involve reactions (1) and (2), but copper cannot displace hydrogen from the acid [22].

According to the E—pH diagram of the Zn—H,0 system (Figure 2), in acidic media, the
lower limit of water stability (line a) is located in the region of potentials higher than the
stability limit of metallic Zn (line 1) [21, 23]. Between these lines there is a region where
metallic Zn is thermodynamically unstable, while gaseous H, is stable. The following
reaction can occur in this region:

Zn+2H*=Zn?*+H, (3)

Concurrently, between the stability limit of metallic Zn (line 1) and the upper stability
limit of water (line b), there is a region in which metallic Zn and gaseous O, are unstable.
Therefore, the following reaction can occur:

27Zn+0,+4H*=2H,0+2Zn?* (4)

Thus, in acid solutions containing dissolved atmospheric oxygen, reactions (3) and (4)
can occur during brass corrosion.
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Figure 1. Fragment of the E—pH diagram of the stability regions of metallic copper in water at
25°C and 101.3 kPa total pressure. We consider only Cu, Cu.0 and CuO to be solid phases
[20, 21]. The stability regions are given for cases where g a(Cu?*) corresponds to the values
of —6, -4, -2,and 0. a — 2H*+2e=Hy(), E=—(0.059/2)-1g p(H2)—0.059pH (lower limits of
water stability); b — Oz(q)+4H"+4e=2H,0(), E=1.23+(0.059/4)-1g p(02)—0.059pH (higher
limits of water stability); 1 — Cu?*+2e=Cu, E=0.337+0.0295-1g a(Cu®*); 2 — Cu*+e=Cu,
E=0.520+0.0591-lga(Cu*), Iga(Cu*)=-7; 3 - Cu?*+e=Cu*, E=0.153 V.

As brass corrosion occurs, Cu(ll) and Cu(l) cations are accumulated in the acid solution.
In an aqueous environment containing dissolved molecular oxygen, Cu(l) cations can be
oxidized to Cu(ll):

ACU*+0,+4H *=4Cu?* +2H,0 (5)
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Figure 2. Fragment of the E—pH diagram of the stability regions of metallic zinc in water at
25°C and 101.3 kPa total pressure. We consider only Zn and Zn(OH) to be solid phases
[21, 23]. Stability regions are given for cases where lga(Zn?*) corresponds to the values of

—6,—4,-2,and 0. a — 2H"+2e=Hy(), E=—(0.059/2)-1g p(H2)—0.059pH (lower limits of water
stability); b — Oz(g)+4H" +4e=2H,0¢y, E=1.23+(0.059/4) Ig p(O2)—0.059 pH (higher limits of
water stability); 1 — Zn?*+2e=2Zn, E=0.763+0.0295-1g a(Zn**); 2 — Cu?>*+2e=Cu,
E=0.337+0.0295-lg a(Cu?*).

On the E—pH diagram of the Cu—H,0 system, reaction (5) can occur in the region lying
between the boundary between the stability regions of Cu(ll) and Cu(l) cations (line 3) and
the upper limit of water stability (line b). The Cu(ll) cations accumulating in solution are a
strong oxidizing agent.

On the E—pH diagram of the Zn—H,0O system, between the stability boundaries of
metallic Zn (line 1) and Cu (line 2), there is a region where metallic Zn and Cu(ll) cations
are unstable. Therefore, the following reaction can occur:

Zn+Cu?*=Cu+2Zn?* (6)
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The possibility of the following reaction should also be taken into account:
Cu+Cu?=2Cu* (7)

since Eo(Cu?*/Cu*)=0.153 V, while E(Cu*/Cu)=0.106 V (at Iga(Cu*)=-7). It may be
assumed that accumulation of the corrosion product, Cu(ll) cations, in the media under
consideration facilitates the corrosion of brass.

Analysis of the E—pH diagrams of the Cu—H,0 and Zn—H,0 systems makes it possible
to predict the reactions allowed by thermodynamics that can occur during the corrosion of
brass in acid solutions, and is fairly useful for interpreting the experimental data. It should
be noted that in our analysis we used the simplest forms of E—pH diagrams plotted without
taking the effect of anions in the corrosive environment into account [24, 25].

It is known that in acid solutions containing additional oxidizing agents (oxygen, metal
cations), their involvement in the corrosion of the metal is associated with disinhibition of
the cathodic process by these species. Such additional oxidants are reduced under diffusion
control [26, 27]. Since in the corrosion system under consideration, along with protons, the
oxidizing agents are represented by oxygen and Cu(ll) cations, we can conclude that
corrosion will occur with diffusion control, and its rate should depend significantly on the
hydrodynamic parameters of the medium. It should be noted that in solutions of weak
organic acids, diffusion restrictions in metal corrosion may be associated, among other
things, with the delivery of H* to the metal surface, but this factor is beyond the scope of
our discussion.

In connection with the above, it seems expedient to study the regularities of copper
corrosion in solutions of acetic (H;CCOOH) and citric (CsHsO;) acids and to consider the
possibility of its protection by inhibitors. An industrially available cationic surfactant,
catamine AB (alkylbenzyldimethylammonium chloride [C,H2,+1N"(CH3),CH,CsHs]Cl,
where n=10-18) was used as the corrosion inhibitor. It is necessary to estimate the effect of
the duration of corrosion tests, acid concentration, the presence of a corrosion product
[Cu(ll) cations], addition of the corrosion inhibitor, and the convective factor of the
environment on the corrosion of copper in the environments studied.

Experimental

The corrosion rate of brass LK62-0.5 (composition, mass%: 36.2 Zn; 0.5-1.0 Si; remainder
Cu) in solutions of H;CCOOH and CgHgO; was determined from the mass loss of samples
(at least three samples per point) with a size of 50.0x30.0x1.0 mm using 165 mL of the acid
solution per sample at a temperature of t=20+2°C. Before the experiment, the samples were
cleaned with sandpaper (P 600) and degreased with acetone. The experiments lasted from 1
to 20 days.

The effect of the convective factor on the corrosion rate of brass was studied in solutions
of H;CCOOH and CgHgOy stirred with a magnetic stirrer at rotation frequencies of n=0, 350,
700, and 950 rpm.
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The efficiency of the inhibitor was estimated by the degree of protection
Z=[(ko—kin)/ko]-100%, (8)

where ko and ki, are the corrosion rates in the background solution and in the solution with
the additive being studied.

To prepare solutions, we used 70% H3;CCOOH (GOST R 55982-2014), Cs¢HgO7- H,O
(GOST 908-2004), copper(ll) acetate, and distilled water. Solutions of copper(ll) citrate
were prepared by the reaction of basic copper(ll) carbonate with CgHgO;. The basic
concentration of catamine AB was Ci,=1.0 mM.

Copper(ll) acetate was prepared by dissolving basic copper(ll) carbonate in 70%
H;CCOOH. Basic copper(ll) carbonate was obtained by precipitation from a solution of
copper(ll) sulfate (pure grade) with sodium bicarbonate (reagent grade) followed by
prolonged washing of the precipitate with distilled water.

Results and Discussion

Acetic acid solutions

The corrosion of brass in 2.0 M H3CCOOH occurs relatively slowly (Table 1). In long-term
corrosion tests (20 days), the mass loss of samples (Am/S) reaches a significant value of
47 g/m?. The average corrosion rate of brass k depends on the duration of exposure of metal
samples in a corrosive environment. The maximum value of k obtained in 13-day tests was
0.11 g/(m?:h). The minimum value was k=0.038 g/(m?-h) (4 days).

Table 1. Effect of the time of exposure of brass LK62-0.5 samples in 2.0 M H3CCOOH (20+2°C) on the
mass loss (Am/S), corrosion rate (k), and degree of metal protection by the inhibitor (2).

. Exposure time, days
Corrosion process

parameter L ) A g 13 20
Without inhibitor
AM/S, g/m? 1.2 2.0 3.7 17 34 47
k, g/(m?h) 0.051 0.042 0.038 0.091 0.11 0.099
1.0 mM catamine AB
AM/S, g/m? 0.23 0.25 0.27 2.7 7.1 9.8
k, g/(m?-h) 0.0097 0.0052 0.0028 0.014 0.023 0.020

Z,% 81.0 87.6 92.6 84.6 79.1 79.8
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The content of H3CCOOH in the solution affects the k of brass only weakly (Table 2).
For example, its 32-fold increase accelerates the corrosion of copper by only a factor of 2.0.
This result indicates that in the corrosive environment under study, brass is predominantly
oxidized by dissolved air oxygen the content of which in these solutions is about the same,
in contrast to the content of acetic acid. The accumulation of copper(ll) acetate in the
corrosive environment enhances its corrosiveness towards brass (Table 3). For example, in
the presence of 0.05 M Cu(HzCCOOQ),, the k value of brass increases 2.5-fold; however, a
further increase in the content of this salt in the solution does not accelerate corrosion
significantly.

Table 2. Effect of the concentration of H3CCOOH (20+2°C) on the corrosion rate (k) of brass LK62-0.5
and degree of metal protection by the inhibitor (Z) based on data of 8-day tests.

_ C(HsCCOOH), M
Corrosion process

parameter

0.25 0.5 1.0 2.0 4.0 8.0
Without inhibitor
k, g/(m?-h) 0.066 0.075 0.083 0.091 0.11 0.13
1.0 mM catamine AB
k, g/(m?-h) 0.0064 0.0087 0.0099 0.014 0.012 0.013
Z,% 90.3 88.4 88.1 84.6 89.1 90.0

Table 3. Effect of the concentration of copper(ll) acetate on the corrosion rate (k) of brass LK62-0.5 in
2.0 M H3CCOOH (20+2°C) based on data of 4-day tests.

C(Cu(HsCCOO)2), M
Corrosion process (Cu(Ha )2)

parametsr 0 0.025 0.05 0.10
Without inhibitor
k, g/(m?-h) 0.038 0.059 0.094 0.11
1.0 mM catamine AB
k, g/(m?h) 0.0028 0.0038 0.0042 0.0052

Z,% 92.6 93.6 955 95.3
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The results discussed above on copper corrosion in HsCCOOH solutions refer to static
conditions that are infrequently realized under production conditions. More often, metals
come into contact with a flow of a corrosive environment. In the case where corrosion is
controlled by diffusion restrictions, this can lead to a significant acceleration of metal
degradation.

In freely aerated 2.0 M H;CCOOH, the effect of forced convection (n=950 rpm) on
brass corrosion is significant (Table 4). The increase in corrosion losses is 310%. In freely
aerated 2.0 M H;CCOOH+0.05 M Cu(H3sCCOO),, the effect of forced convection on the k
of brass is higher and amounts to 600%. The value of k of brass in the static and dynamic
(n=950 rpm) environment differs by a factor of 7.0. In freely aerated 2.0 M
H;CCOOH+0.05 M Cu(HsCCOO),, corrosion of brass is the result of the presence, in
addition to protons, of two additional oxidizing agents in the corrosive environment:
molecular oxygen and Cu(ll) cations. In freely aerated 2.0 M H;CCOOH, only protons and
molecular oxygen are present. It is of interest to isolate the effective corrosion rates of brass
in this environment, which are only due to the presence of Cu(ll) cations in it, by calculating
them as the difference in k of the metal in aerated acid solutions in the presence and in the
absence of 0.05 M Cu(HsCCQOQO),. This approach is valid if it is assumed that the corrosion
processes on brass due the presence of protons, molecular oxygen, and Cu(HsCCQOOQ); in the
H3;CCOOH solution occur independently. The effective k of brass determined by the
presence of only Cu(ll) cations is sensitive to the convective factor. The increase in corrosion
losses was 890% (n=950 rpm). The effective values of k of brass in static and dynamic
(n=950 rpm) environments differ by a factor of 9.9.

Table 4. Effect of the convective factor on the brass LK62-0.5 corrosion in 2.0 M HzCCOOH (20+2°C)
based on one-day tests.

Without inhibitor 1.0 mM catamine AB

Corrosion process Rotation rate of the magnetic stirrer, rpm

parameter
0 350 700 950 0 350 700 950
2.0 M H3CCOOH (free aeration)
k, g/(m?-h) 0.051 0.11 0.18 0.21  0.0097 0.016 0.029 0.043
Z,% — — — — 81.0 85.5 83.9 79.5
2.0 M H3CCOOH+0.05 M Cu(H3CCOO): (free aeration)
k, g/(m?-h) 0.13 0.47 0.75 0.91 0.011  0.055  0.096 0.14

Z,% — — — — 91.5 88.3 87.2 84.6
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Without inhibitor 1.0 mM catamine AB

Corrosion process Rotation rate of the magnetic stirrer, rpm

parameter
0 350 700 950 0 350 700 950
2.0 M HsCCOOH+0.05 M Cu(HsCCOO):*
k, g/(m%h) 0078 042 065 077 00013 0.039 0067  0.097
Z, % - - - - 983  90.7 897  87.4

*Effective contribution of the 0.05 M Cu(HsCCOO)2 addition to the corrosion process.

Analysis of the dependences of the corrosion rate of brass on the magnetic stirrer
rotation frequency in freely aerated 2.0 M H3;CCOOH and 2.0 M H;CCOOH+0.05 M
Cu(HsCCOO), (Table 5, Figure 3) showed that, formally, they are satisfactorily described
by an equation of the form:

k=a+bnt2 9)

The form of this equation is characteristic of parallel processes occurring with kinetic
and diffusion control [27]. Parameter a characterizes the kinetic component, while b, the
diffusion component. However, in our system it is more correct to additionally associate
parameter a with metal corrosion due to natural convection of the corrosive environment
during long-term static tests.

Table 5. Parameters a and b of the kinetic equation k=a+b-n%? for brass LK62-0.5 corrosion in 2.0 M
HsCCOOH and 2.0 M H3CCOOH+0.05 M Cu(HsCCOO), based on 1-day tests. a, g/(m?h); b,
g/(m?-h-rpm¥/2); t=20+2°C.

2.0 M HsCCOOH 20M HsCCOOH+0.05M 2.0 M HsCCOOH+0.05 M

Inhibitor Cu(HsCCOO). Cu(HsCCOO):*
a b a b a b
Without 0.051 0.0047 0.13 0.023 0.079 0.021
inhibitor
1.0 mM
catamine  0.0097 0.0008 0.011 0.0035 0.0013 0.0027
AB

*Effective contribution of the 0.05 M Cu(HsCCOO)2 addition to the corrosion process.
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Figure 3. Plots of the brass LK62-0.5 corrosion rate in 2 M H3CCOOH (a) and 2.0 M
H3CCOOH+0.05 M Cu(H3CCOO):> (b) based on the data of one-day tests versus the
frequency of solution stirring by a magnetic stirrer. Effective corrosion rates of brass in 2.0 M
H3CCOOH+0.05 M Cu(H3CCOO):> (c) due only to the presence of Cu(ll) cations in the
solution. 1 — without inhibitor, 2 — 1.0 mM catamine AB. t=20+2°C.

Thus, HsCCOOH solutions, especially in the absence of long-term contact with metal,
feature relatively low corrosiveness towards brass, which is typical of static environments.
In dynamic environments, brass can corrode significantly faster. Under static conditions,
accumulation of the corrosion product Cu(H3sCCOOQO), in the acid will accelerate the
corrosion of brass. The presence of Cu(ll) cations in acetate solutions, in combination with
dynamic corrosion conditions, contributes to a more significant increase in their
corrosiveness towards brass, which is extremely undesirable.

The addition of 1.0 mM catamine AB maintains a protective effect against corrosion of
LK62-0.5 brass in 2.0 M H3CCOOH for at least 20 days (Table 1). It slows down the
corrosion of brass by a factor of 4.8—14. Judging by the mass loss of samples over time in
the presence of 1.0 mM catamine AB, the corrosion of brass occurs most slowly in a time
range of up to 4 days, after which the process accelerates.

We associate the observed sharp increase in mass loss of brass samples in 2.0 M
H3;CCOOH, both in the absence of an inhibitor and in its presence, after contact of the metal
with the solution for more than 4 days, with the accumulation of Cu(ll) cations in the solution
that changes the pathway of the corrosion process.

The organic inhibitor studied slows down the corrosion of brass in a wide range of
concentrations C(H;CCOOH)=0.25-8.0 M (Table 2). Data of 8-day tests show that in
comparison with the background media, the k value of brass decreases 6.5—10 fold.

In a static corrosive environment, the presence of Cu(H;CCOO), favorably affects the
protection of brass with catamine AB, despite a slight increase in the corrosion rate of brass
(Table 3). The presence of 0.1 M Cu(ll) increases the k of brass only 1.9-fold compared to
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the medium without Cu(H3CCOO),. This result is rather interesting, since the presence of
metal cations exhibiting oxidizing properties in a corrosive environment is known to reduce
the protective effect of acid corrosion inhibitors significantly [26, 28].

It is of importance to understand whether the inhibition of brass corrosion in H;CCOOH
solutions persists on passage from a static to a dynamic corrosion mode. Indeed, in freely
aerated 2.0 M H3CCOOH in the presence of 1.0 mM catamine AB, the difference in the k
values of brass under static and dynamic (n=950 rpm) conditions is 4.4-fold (Table 4). The
protective effect of the inhibitor decreases from 81.4 to 79.5%. In freely aerated 2.0 M
H;CCOOH+0.05 M Cu(H3CCOO), with addition of catamine AB, the difference in the k
values of brass under static and dynamic (n=950 rpm) conditions is 13 times. In this case,
the protective effect of the inhibitor decreases from 91.5 to 84.6%.

In the presence of catamine AB, the dependence of the brass corrosion rate on the
rotation frequency of the magnetic stirrer in freely aerated 2.0 M H3CCOOH and 2.0 M
H3;CCOOH+0.05 M Cu(H3CCOO),, similarly the background environment, is satisfactorily
described by equation (9) (Table 5, Figure 3). In the presence of 1.0 mM catamine AB in
these solutions, parameter a decreased 5.3- and 12-fold and parameter b, 5.9- and 6.6-fold,
respectively. Similar patterns are observed for the effective corrosion rates of brass due to
the individual effect of Cu(ll) cations. In the presence of catamine AB, the value of
parameter a is reduced by a factor of 60, while parameter b, by a factor of 7.8.

Thus, catamine AB slows down the corrosion of brass in H3CCOOH solutions
satisfactorily. It will maintain a protective effect in the event of accumulation of the
corrosion product, Cu(H3;CCOOQ),, in H;CCOOH solutions. It is of importance that catamine
AB protects brass in both static and dynamic corrosive environments. Under all experimental
conditions, this inhibitor provides Z>79.1%, and the maximum observed value of k of brass
under extremely severe corrosion conditions (0.05 M Cu(H;CCOO),, n=950 rpm) is as
small as 0.14 g/(m?-h).

The results obtained are of practical importance since they provide new possibilities for
the use of H3CCOOH solutions in the case of potential contact with metal brass. In 2 M
HsCCOOH, the corrosion rate is very low, k=0.038-0.11 g/(m?-h); however, the
accumulation of Cu(H3CCOO), in combination with forced convection of the medium can
increase it to 0.91 g/(m?h). If 1.0 mM catamine AB is used to protect brass, regardless of
the hydrodynamic conditions in 2.0 M H;CCOOH and the presence of Cu(H3CCOO),,
k=0.0028-0.14 g/(m?-h) for brass, which is satisfactory result.

Citric acid solutions

The corrosion of LK62-0.5 brass in 2.0 M CsHsO7 upon exposure of metal samples for more
than 4 days occurs more slowly than in 2.0 M H;CCOOH (Table 6). Moreover, in long-term
corrosion tests (20 days), the mass loss of samples (Am/S) reaches 24 g/m?, which is
2.0 times less than in H3CCOOH. The average corrosion rate of the k of brass depends on
the duration of exposure of metal samples in the corrosive environment. The maximum value
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of k, which was obtained in one-day tests, is 0.074 g/(m?h). The minimum value is
k=0.040 g/(m?-h) (8 days).

Table 6. Effect of the duration of exposure of LK62-0.5 brass samples in 2.0 M C¢HgO7 (20+2°C) on the
mass loss (Am/S), corrosion rate (k), and degree of metal protection by the inhibitor (Z).

i Exposure time, days
Corrosion process

parameter

1 2 4 8 13 20
Without inhibitor

AM/S, g/m? 1.8 2.8 4.9 7.8 16 24

k, g/(m?-h) 0.074 0.058 0.051 0.040 0.051 0.049
1.0 mM catamine AB

AM/S, g/m? 0.43 0.67 1.1 1.6 3.3 5.3
K, g/(m%h) 0.018 0.014 0.011 0.0082 0.011 0.011
Z,% 75.7 75.9 78.4 79.5 78.4 77.6

A significant effect of the content of C¢HsO- in the solution on the k of brass is exhibited
at C(C¢HgO7)=0.001-0.05 M (Table 7). At higher CsHsO; concentrations, the effect of
concentration is virtually not manifested. The presence of copper(ll) cations in the corrosive
environment enhances its corrosiveness towards brass (Table 8). For example, in the
presence of 0.05 M Cu(ll), the value of k of brass increases 1.4-fold compared with the
solution without Cu(ll) cations.

Table 7. Effect of CeHgO7 concentration at (20+2°C) on the corrosion rate (k) of LK62-0.5 brass and degree
of metal protection by the inhibitor (Z) based on data of 13-day tests.

Corrosion process C(CeHsO7), M

harameter 0001 0005 001 005 01 05 10 20
Without inhibitor
k, g/(m?h) 0.0014 0.0075 0.027 0.044 0.048 0.048 0.048 0.051
1.0 mM catamine AB
k, g/(m?h) 0.0003 0.0021 0.010 0.011 0.013 0.013 0.013 0.011

Z,% 78.6 72.0 63.0 75.0 72.9 72.9 72.9 78.4




Int. J. Corros. Scale Inhib., 2024, 13, no. 3, 1501-1519 1513

Table 8. Effect of the concentration of Cu(ll) cations on the corrosion rate of LK62-0.5 brass in 2.0 M
CeHsO7 (20+£2°C) based on the data of 4-day tests.

_ C(Cu(ll)), M
Corrosion process
parameter
0 0.025 0.05
Without inhibitor
k, g/(m?-h) 0.051 0.069 0.073
1.0 mM catamine AB
K, g/(m?2-h) 0.011 0.015 0.015
Z, % 78.4 78.3 79.5

In freely aerated 2.0 M CgHsO>, the effect of forced convection (n=950 rpm) on brass
corrosion is significant (Table 9). The increase in corrosion losses is 89%. In freely aerated
2.0 M CgHgO7+0.05 M Cu(ll), the effect of forced convection on the k of brass is higher and
amounts to 650%. The value of k of brass in a static and dynamic (n=950 rpm) environment
differs by a factor of 7.5. In freely aerated 2.0 M CgHgO;+0.05 M Cu(ll), the corrosion of
brass is a result of the presence of three oxidizing agents in the corrosive environment:
protons, molecular oxygen, and Cu(ll) cations, while in freely aerated 2.0 M C¢HgO-, only
protons and molecular oxygen are available. We separated the effective corrosion rate of
brass in this environment, which is determined by the presence of only Cu(ll) cations in it,
to reveal that it is sensitive to the convective factor. The increase in corrosion losses was
6600% (n=950 rpm). The effective value of the k of brass in the static and dynamic
(n=950 rpm) environments differs by a factor of 67.

Table 9. Effect of the convective factor on the corrosion of LK62-0.5 brass in 2.0 M Ce¢HgO7 (20+£2°C)
based on one-day tests.

Without inhibitor 1.0 mM catamine AB

Corrosion pracess Rotation rate of the magnetic stirrer, rpm

parameter
0 350 700 950 0 350 700 950
2.0 M CgHgOy (free aeration)
k, g/(m?h) 0.074 0.078 0.092 0.14 0.018 0.020 0.023 0.033

Z,% — — — — 75.7 74.4 75.0 76.4
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Without inhibitor 1.0 mM catamine AB

Corrosion process Rotation rate of the magnetic stirrer, rpm

parameter

0 350 700 950 0 350 700 950
2.0 M CgHgO7+0.05 M Cu(ll) (free aeration)
K, g/(m?h) 0.081 0.31 0.55 0.61 0.019 0.055 0.096 0.14
Z,% — — — — 76.5 82.3 82.5 77.0
2.0 M CgHgO7+0.05 M Cu(ll)*

k, g/(m?h) 0.007 0.23 0.46 0.47 0.001 0.035 0.073 0.11
Z,% — — — — 85.7 84.8 84.1 76.6

*Effective contribution of the 0.05 M Cu(ll) cations addition to the corrosion process.

Analysis of the dependences of the corrosion rate of brass on the rotation frequency of
the magnetic stirrer in freely aerated 2.0 M CgHgO; and 2.0 C¢HgO7;+0.05 M Cu(ll)
(Table 10, Figure 4) showed that, formally, they are satisfactorily described by equation (9).

Table 10. Parameters a and b of the kinetic equation k=a+b-n'’2 for LK62-0.5 brass corrosion in 2.0 M
CsHsO7 and 2.0 M CgHsO7+0.05 M Cu(ll) based on one-day tests. a, g/(m?h); b, g/(m?-h-rpm*?);
t=20+2°C.

2.0 M CsHsO7 2.0 M CsHgO7+0.05 M 2.0 M CsHgO7+0.05 M

Inhibitor Cu(Ir) Cu(in*
a b a b a b
Without 0.074 0.0013 0.081 0.017 0.007 0.015
inhibitor
1.0 mM
catamine 0.018 0.0003 0.019 0.0032 0.001 0.0030
AB

*Effective contribution of the 0.05 M Cu(Il) cations addition to the corrosion process.
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Figure 4. Plots of the LK62-0.5 brass corrosion rate in 2.0 M CsHgO7 (a) and 2.0 M
CeHsgO7+0.05 M Cu(ll) (b) based on the data of one-day tests versus the frequency of solution
stirring by a magnetic stirrer. Effective corrosion rates of brass in 2.0 M C¢HgO7+0.05 M
Cu(ll) (c), due only to the presence of Cu(ll) cations in it. 1 — without inhibitor, 2 — 1.0 mM
catamine AB. t=20+2°C.

Thus, static solutions of 2.0 M C¢HgO- in long-term contact with the metal feature low
corrosiveness towards brass in comparison with 2.0 M H3CCOOH. In dynamic
environments, brass can corrode significantly faster. Under static conditions, the
accumulation of the corrosion product, Cu(ll) cations, in the acid will accelerate the
corrosion of brass. The presence of Cu(ll) cations in citrate solutions combined with dynamic
corrosion conditions further enhances their corrosiveness towards brass.

The addition of 1.0 mM catamine AB maintains a protective effect against corrosion of
LK62-0.5 brass in 2.0 M CgHgO- for at least 20 days (Table 6). It slows down the corrosion
of brass by a factor of 4.1 t0 4.9.

The inhibitor studied slows down the corrosion of brass in a wide range of
C(CsHg0O7)=0.001-2.0 M (Table 7). Data of 13-day tests show that, in comparison with the
background media, the k value of brass decreases by a factor of 2.7 to 4.7.

Under static conditions, the presence of Cu(ll) does not affect the protection of brass
with catamine AB significantly, despite a slight increase in the corrosion rate of brass
(Table 8). The presence of 0.1 M Cu(ll) increases the k of brass by a factor of 1.4 compared
to the medium without Cu(ll).

It is of importance to understand whether the inhibition of brass corrosion in C¢HsO;
solutions will persist on passage from a static to a dynamic corrosion mode. Indeed, in freely
aerated 2.0 M CgHgOy in the presence of 1.0 mM catamine AB, the values of k of brass under
static and dynamic (n =950 rpm) conditions differ by a factor of 1.8 (Table 9). The protective
effect of the inhibitor slightly increases from 75.7 to 76.4%. In freely aerated 2.0 M
CsHgO7+0.05 M Cu(ll) with addition of catamine AB, the difference in the values of k of
brass under static and dynamic (n=950 rpm) conditions is 7.4 times. The protective effect
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of the inhibitor increases slightly from 76.5 to 77.0%, which is the result of stronger
acceleration of brass corrosion in the background environment under the same conditions.

In the presence of catamine AB, the dependence of the corrosion rate of brass on the
rotation frequency of the magnetic stirrer in freely aerated 2.0 M CgHgO; and 2.0 M
CsHgO7+0.05 M Cu(ll), like in the background environment, is described by equation 9
(Table 10, Figure 4). In the presence of 1.0 mM catamine AB in these solutions, parameter
a decreases 4.1- and 4.3-fold, while parameter b decreases 4.3- and 5.3-fold, respectively.
Similar patterns are observed for the effective corrosion rates of brass due to the individual
effect of Cu(ll) cations. In the presence of catamine AB, parameter a decreases 7.0-fold,
while parameter b decreases 5.0-fold.

Thus, catamine AB slows down the corrosion of brass in C¢HgO; solutions less
efficiently than in H3CCOOH solutions. It maintains a protective effect if the corrosion
product, Cu(ll), accumulates in CgHgO; solutions. It is of importance that catamine AB
protects brass both in static and dynamic corrosive environments. The maximum observed
value of k of brass for extremely severe corrosion conditions (0.05 M Cu(ll), n=950 rpm) is
only 0.14 g/(m?-h).

In 2.0 M CgHgO-, the corrosion rate is very low: k=0.040-0.074 g/(m?h). The
accumulation of the corrosion product, Cu(ll) cations, combined with forced convection of
the medium can increase it to 0.55 g/(m?:h). in the presence of 1.0 mM catamine AB for
brass protection, regardless of the hydrodynamic mode, in 2.0 M CgHgO- and in the presence
of Cu(ll), the k of brass is 0.040—0.14 g/(m?-h). Despite the lower protective effects of
catamine AB in C¢HgO- solutions compared to H;CCOOH solutions, the values of k of brass
in these inhibited environments do not differ much and are low. More importantly, in a
CsHsOy solution containing catamine AB, no significant acceleration of brass corrosion is
observed in the presence of Cu(ll) cations and on transition from a static to a dynamic
environment.

**k*

The results obtained correlate well with the results of studying copper corrosion in solutions
of H;CCOOH and CgHgO; [29, 30]. Corrosion of copper and brass in the considered
environments, both in the absence and in the presence of corrosion inhibitors, occurs with
diffusion restrictions. As a result, passage from static to dynamic environments results in a
significant acceleration of brass corrosion. This effect is most pronounced in solutions
containing a corrosion product, i.e., Cu(ll) cations.

It should be noted that the corrosion of brass in solutions of organic acids is sensitive
to the hydrodynamic parameters of the corrosive environment. We assume that when brass
corrosion occurs in these environments, diffusion restrictions are operative, which are
primarily due to the diffusion of oxidizing agents (O, and Cu(ll) cations) to the metal surface.
When a flow of corrosive medium occurs, these restrictions are removed, which accelerates
the corrosion process. The effect is manifested both in uninhibited and inhibited media.
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There is a qualitative similarity of the patterns of the corrosion processes we are considering
and the corrosion of steels in acid solutions containing Fe(l1l) salts [22, 28].

Conclusions

1.

The corrosion of LK62-0.5 brass was studied in freely aerated solutions of acetic and citric
acids in the range C(H;CCOOH)=0.25-8.0 M and C(CgHs0O7)=0.001-2.0 M. An
accelerating effect on corrosion of brass was noted the presence of a corrosion product in

a corrosive environment, i.e., Cu(ll) cations, and on switching from a static corrosion

environment to a dynamic one.

. The effect of catamine AB on the corrosion of brass in solutions of H;CCOOH and C¢HgO-
was studied. This compound provides the highest protective effects on brass corrosion in
H;CCOOH solutions, which is a result of a greater corrosiveness of the background
solutions towards this alloy in comparison with citric acid solutions. For both media
containing catamine AB, under the most severe experimental conditions (0.05 M Cu(ll),
dynamic environment), the value of k of brass is <0.14 g/(m?-h). In background solutions
of 20 M H3;CCOOH and 2.0 M CgHgO, the values of k of brass are <0.91 and
0.55 g/(m?-h), respectively.

. The dependence of the corrosion rate of brass on the convective factor in freely aerated

2.0 M H3CCOOH and 2.0 M C¢HsOy, both in the absence and in the presence of catamine

AB and Cu(ll) cations, is formally described by an equation of the form k=a+b-n*/?, where

n is the rotation speed of the magnetic stirrer. Addition of catamine AB reduces the

parameters a and b of this equation in the acid environments studied.
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