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Abstract

Corrosion of St3 steel and protective effectiveness of an inhibitory composition (25-200 mg/l),
which is a solution of nitrogen-containing compounds (polyamines) in a mixture of organic
solvents, were studied in model stratum waters MW1 and MW2, differing in the degree of
mineralization, saturated with H>S and CO. and containing 0.25 mg/L CH3COOH. Gravimetric
methods have shown that the corrosion rate of steel in less mineralized MW1 environments is
higher than in MW2 environments under static conditions both at room temperature and 80°C,
and in stirred solutions in the presence of a hydrocarbon phase. The protective effectiveness of
the inhibitory composition in the presence of H>S in solution is higher in MWL, and in the
presence of H2S and CO, in contrast, in MW2 at room temperature and 80°C. The presence of
H>S and CO- in the solution contributes to a higher protective effectiveness of the inhibitory
composition in both stratum waters (Z=90%) than in the presence of H2S (Z=60-70%), both
at room temperature and 80°C. Under dynamic conditions at 10% hydrocarbon phase content,
its value exceeds 90%. The influence of acetic acid present in the solution is discussed. The
impedance spectroscopy method made it possible to evaluate the adsorption of the components
of the inhibitory composition. This made it possible to calculate the surface coverage with an
inhibitor, to determine the type of adsorption isotherm, and to calculate the adsorption free
energy.
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Introduction

Hydrogen sulfide and carbon dioxide corrosion in the oil and gas industry have been studied
for a long time. Various methods have been proposed to reduce metal losses from these types
of corrosion, among which the use of corrosion inhibitors is considered the most effective
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and economical. Inhibitor protection is important to reduce the risk of corrosion damage to
pipelines of the oil and gas complex [1, 2]. Numerous studies have been devoted to their
application; a review of some of them is given in [3]. It is noted in [4] that the composition
of stratum waters has a significant influence on the corrosion behavior of metal equipment.
It is assumed that, in addition to H,S and CO,, the presence of acetic acid has a noticeable
effect on the nature of corrosion damage to metal equipment. A detailed study of the role of
acetic acid in carbon dioxide corrosion of carbon steel was carried out in [5]. Electrochemical
measurements while maintaining a constant pH value of the medium have shown that
additions of acetic acid significantly increase the limiting cathode current and slow down the
anodic reaction at room temperature. The corrosion process is under kinetic control. At
elevated temperatures, the effect of acetic acid is most pronounced and the corrosion process
is controlled by mass transfer. No tendency to pitting corrosion has been identified. The
authors believe that the undissociated form of acetic acid present at low pH is responsible
for the increase in corrosion rates.

It is noted in [6, 7] that temperature, composition of the aqueous phase, the presence of
CH3;COOH and mixing are the main factors influencing the increase in corrosion in hydrogen
sulfide environments. Each of them, individually or together, to varying degrees, is capable
of influencing the development of general and local hydrogen sulfide corrosion [8, 9].
Analysis shows that aqueous environments accompanying oil and gas fields have different
mineralization and composition [10, 11]. The salinity and composition of the aquatic
environment can have an important influence on corrosion in the presence of CO, and/or
H.S.

In [12, 13], the dependence of hydrogen sulfide corrosion on the H,S content and the
pH factor of the aquatic environment is noted, which is directly related to the possibility of
either the formation of densely packed and more evenly distributed corrosion products on
steel, or their absence.

According to [14], the presence of H,S has a greater effect on corrosion than CO,. In
this case, the presence of chloride anions and the temperature of the environment have a
stronger influence on the development of internal corrosion than CO,. According to other
data [15], when H,S is added to a CO, environment, the corrosion rate can increase tens and
even hundreds of times. The influence of CH;COOH when introduced into an H,S or CO,
environment is significantly less. The authors of [16] in similar H,S/CO, environments note
an increase in general and local corrosion in the combined presence of two factors
(CH3COOH and elevated temperatures up to 55-85°C). Note that acidification with the
addition of CH3COOH will have a greater effect in carbon dioxide environments, dissolving
or preventing the formation of an iron carbonate layer, than in hydrogen sulfide
environments, where iron sulfide has much lower solubility.

According to [17], even small additions of H,S (21 ppm) to the CO, environment are
sufficient for the corrosion mechanism to change from carbon dioxide to hydrogen sulfide
one. This leads to a change in the composition of corrosion products and only mackinawite
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Is formed on the steel (without traces of siderite). Due to its small thickness, the FeS film
formed on steel is unable to act as a barrier to hydrogen sulfide corrosion [17].

Corrosion products (in the form of iron sulfides) begin to form on steel immediately
after contact with an H,S-containing aqueous environment. This is confirmed by visual
observation of steel samples during the experiment. It should be noted that the composition,
structure, thickness and durability of hydrogen sulfide corrosion products will be influenced
by the above-mentioned main corrosive environmental factors (mineral composition and pH
factor of water, temperature, H,S content, etc.). The rate of hydrogen sulfide corrosion will
depend on the properties of the film of corrosion products formed on the steel [18].

The morphology of iron sulfides (FeS) is quite different [19, 20]. Each form of FeS has
its own conditions or sequence of formation that affect its properties and stability as
hydrogen sulfide corrosion products on steel surfaces. Corrosive conditions have different
effects on the shape, composition and properties of the resulting FeS deposits.

A comparative analysis showed differences in the morphology of corrosion products
obtained from different agueous solutions under hydrogen sulfide conditions [20]. The film
of corrosion products formed in a 5% NaCl solution (in the presence/absence of CH3;COOH)
was very compact and dense. In the model water under the same conditions, the FeS layer
turned out to be very loose. At the same time, the authors of [21] found that at a higher H,S
content (2500 mg/L), a dense black deposit forms on the steel surface, and at a lower content
(50 mg/L H,S), a loose film of iron sulfides forms.

In mixed CO»/H,S environments, iron sulfide can form either independently or together
with iron carbonate [22]. The composition of corrosion products will depend on the CO,/H,S
ratio and other associated aggressive factors. The study [23] notes that when H,S/CO; is
combined in the system, mackinawite is predominantly formed, especially when the H,S
content prevails over CO, one. For the simultaneous formation of FeS and FeCOs, a large
amount of Fe?* cations dissolved in the aqueous medium is required.

Another analysis of hydrogen sulfide corrosion products by X-ray diffraction in the
combined presence of H,S/CO, showed [24] that the content of crystalline compounds on
the steels studied was 30-100% (the rest is X-ray amorphous substances). Of these
crystalline compounds, the contents of mackinawite and siderite were 11-86% and 14—9%,
respectively. Moreover, the concentration of FeCOg; increased with a decrease in the
proportion of FeS. This confirms that both corrosion products can be present together in the
deposits. As the authors note [24], to isolate the surface of steels during hydrogen sulfide
corrosion, it is important that the film of corrosion products be densely packed, which is
more achievable in the presence of well-formed crystalline compounds. The presence of X-
ray amorphous substances will loosen corrosive products, making them more porous, less
protective and insufficiently effective in aggressive operating conditions.

According to [25], in an acidic environment with the presence of CH3;COOH, the
primary layer of corrosion products forms faster than in a neutral environment. However,
the growth rate of the outer layer of deposits in an acidic aqueous solution may be less than
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in a neutral one. This may be one of the reasons why the corrosion rate will be higher in an
acidic environment than in a neutral one. At the same time, the authors of [26] found that
acidification of the environment with the addition of CH3;COOH leads to a change in the
composition of corrosion products and is the cause of the formation, in addition to the
tetragonal (mackinawite), also of the cubic form of FeS. The formation of deposits with
different crystal structures and different FeS facets will lead to the formation of a less
cohesive and monolithic film, reducing its barrier (protective) potential. Calculations using
data on the composition of hydrogen sulfide corrosion products obtained by X-ray
diffraction showed [26] that the addition of CH3;COOH does not affect the size of the faces
of mackinawite crystals. However, one of the main indicators in the diffraction patterns, the
half-width of the diffraction lines (B), in the medium without CH;COOH coincides with its
reference value for mackinawite (B=0.1697), while it is different in mackinawite formed in
an aqueous medium acidified with acetic acid (3=0.1719). This may indicate defects in the
FeS crystal lattice in the form of microstresses, isomorphism, etc. and the corresponding
decrease in the protective properties of such corrosion products [26, 27]. Studies of hydrogen
sulfide corrosion show that mackinawite is not capable of providing a protective effect,
especially under dynamic test conditions, due to its low adhesion to the steel surface and the
possibility of being carried away by the flow of the medium [27].

The reason for the insufficient effectiveness of inhibitor protection and increased pitting
corrosion in hydrogen sulfide conditions may be either an insufficient concentration of a
corrosion inhibitor (to form a uniform layer on steel) or a low rate of adsorption on the metal
surface (compared to reactive FeS). The authors of [28] reported the possibility of
competitive adsorption between iron sulfide and the corrosion inhibitor studied on a steel
surface, which could undermine the integrity of the inhibitor film. At the same time, it is
known that in hydrogen sulfide environments, the presence of sulfide or hydrosulfide anions
on the surface of the steel can promote adsorption of some corrosion inhibitors.

Recently, mixtures of various compounds dissolved in specially selected mixed
solvents are often used as inhibitors. Their composition, as a rule, contains imidazolines,
polyamines, quaternary salts, alcohols, etc.

The purpose of this work is to study the influence of the composition of model stratum
waters containing acetic acid and saturated with H,S and CO, on the corrosion of St3 steel
and the protective effect of the inhibitory composition provided by Gazprom VNIIGAZ
LLC.

Experimental

Gravimetric and impedance measurements were carried out on samples of St3 steel with
composition, mass. %: C —0.2; Mn —0.5; Si —0.15; P —0.04; S—0.05; Cr —0.30; Ni —0.20;
Cu —0.20; Fe —98.36.

Model stratum waters with the following compositions were used:
e MW1, g/L: NaCl — 30, CH;COOH - 0.25;
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e MW2, g/L: Na;SO4 — 1.4703, CaCly2H,0 — 21.1974, MgCl, — 1.6393, NaCl -
73.1014, CH3COOH - 0.25.

Hydrogen sulfide (400 mg/l) and carbon dioxide (1 excess atmosphere) were
introduced into these media. Hydrogen sulfide was obtained directly in the working solution
by introducing calculated amounts of Na,S and HCI with iodometric concentration control.
CO; was pumped from a high pressure cylinder.

The values of total salinity of waters MW1 and MW2 selected for testing are in the
range typical for most oil and gas facilities.

The inhibitory composition is a solution of nitrogen-containing compounds
(polyamines) in a mixture of organic solvents.

Gravimetric corrosion tests at room temperature and 80°C for 24 hours and 1 hour,
respectively, were carried out under static conditions. A number of experiments were
performed in a two-phase system “hydrocarbon phase — electrolyte solution (1:9)” under
dynamic conditions (~240 rpm). Diesel fuel was used as the hydrocarbon phase. In this case,
the duration of the experiment was 6 hours. The corrosion test procedure is described [29].

The protective effect of the inhibitory composition (25-200 mg/L) is calculated
according to gravimetric corrosion tests and impedance measurements using the formulas:

Ko B Klnh)
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p,Inh

where Ko and Ky, are the corrosion rate in the absence and presence of an inhibitor in
solution, respectively; Rpinn and Ry are the values of polarization resistance in a medium
with and without an inhibitor, respectively, calculated on the basis of an equivalent
impedance circuit. Impedance measurements were carried out according to [29]. Polarization
resistance is calculated by the formula:

R :[Rl'(R2+RD)]

" (R+R,+Ry) ®)

where R; and R; are the charge transfer resistances in the anodic and cathodic reactions,
respectively, and Rp is the mass transfer resistance.

Before the experiments, the working electrodes were ground to class 6 cleanliness and
degreased with acetone.

Results and Discussion

Table 1 shows the results of the gravimetric determination of the corrosion rate of St3 steel
and the protective effect of the inhibitory composition in daily experiments in MW1 and
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MW?2 environments saturated with H,S (400 mg/L). In background solutions, the corrosion
rate in medium MWL is higher than in medium MW?2, and in the presence of an inhibitory
composition, on the contrary, it is lower, with the exception of the solution with
Cinn=100 mg/L. This is reflected in the smaller protective effect of the inhibitor in the MW2
environment.

Table 1. Corrosion rate of St3 steel and the protective effect of the inhibitor in MW1 and MW2 media
saturated with H>S (400 mg/L) at room temperature.

K, g/(m?-h) Z, %
Cinh, Mg/L
MW1+H2S MW?2+H2S MW1+H2S MW?2+H2S
0 0.4150 0.3087 - -
25 0.2639 0.2672 36 15
50 0.1750 0.1876 59 39
100 0.1635 0.1555 61 50
200 0.0983 0.1336 76 57

The presence of carbon dioxide in the MW1 and MW2 environments along with H,S
helps to increase the protective effectiveness of the inhibitory composition (Table 2). At its
concentration of 200 mg/L, the value of Z=90%.

Table 2. Corrosion rate of St3 steel and the protective effect of the inhibitor in MW1 and MW2 media
saturated with CO2 (1 atm.)+H>S (400 mg/L) at room temperature.

K, g/(m?-h) Z,%
Cinh, Mg/L
MW1 MW2 MW1 MW?2
0 0.6480 0.5719 - -
25 0.4288 0.1281 34 78
50 0.2194 0.1181 66 79
100 0.1319 0.1009 80 82
200 0.0654 0.0591 90 90

In background solutions with CO, and H,S, the corrosion rate is higher than in
background solutions with H,S, and in the presence of an inhibitor in the MW2 environment,
on the contrary, it is lower, and in the MW1 environment it is lower only at ¢;,,=100 and
200 mg/L. In the presence of CO, and H,S, the corrosion rate in MW?2 is lower than in MW1,
both in the background solution and at all the inhibitor concentrations, and the Z values are
close to each other at the two highest concentrations.
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At 80°C, the protective efficiency of the inhibitor in the presence of H,S is close to that
at room temperature, both in MW1 and MW?2 (Table 3).

Table 3. Corrosion rate of St3 steel and the protective effect of the inhibitor in MW1 and MW?2 media
saturated with H.S (400 mg/L) at 80°C.

K, g/(m?-h) Z, %
Cinh, Mg/L
MW1 MW2 MW1 MW?2
0 10.4566 6.4324 - -
25 5.9601 4.9590 43 23
50 5.6845 4.4554 46 31
100 3.9994 3.6671 62 43
200 3.1507 2.5986 70 60

The corrosion rate of steel in both background and inhibited solutions is higher in MW1
than in MW2.

In simulated stratum waters containing CO,+H,S, the protective effectiveness of the
inhibitory composition at 80°C is higher than in the presence of H,S (Table 4), as was also
observed at room temperature. At ¢;;,n=200 mg/L, the Z values are close to 90%.

Table 4. Corrosion rate of St3 steel and the protective effect of the inhibitor in MW1 and MW?2 media
saturated with CO; (1 atm.)+H.S (400 mg/L) at 80°C.

K, g/(m?-h) Z, %
Cinh, mg/L
MW1 MW2 MW1 MW?2

0 11.9295 9.2955 - -

25 5.7746 3.9408 52 70

50 4.5242 3.2692 62 75
100 3.9884 2.3414 67 82
200 1.4105 1.2993 88 90

In background solutions MW1 and MW2 with H,S and CO,, the corrosion rate at 80°
is higher than in the presence of H,S, and in an inhibited environment, on the contrary, it is
lower. It should also be noted that in the presence of both corrosion stimulants, the corrosion
rate in MW1 environments is higher than in MW2 ones.

In a two-phase system in the presence of hydrogen sulfide under dynamic conditions,
the corrosion rate in MWL is higher than in MW2 both in background and inhibited solutions
(Table 5). It should be noted that the corrosion rate is higher compared to static conditions.
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The protective effect of the inhibitor is significantly higher than in all other cases and is
characterized by similar values in both environments. This is obviously due to the
hydrophobization of the steel surface by the hydrocarbon component, since it wets the
electrode surface better than an aqueous medium.

Table 5. Corrosion rate of St3 steel and the protective effect of the inhibitor in MW1 and MW?2 media
saturated with H»S (400 mg/L) with stirring and in the presence of a hydrocarbon phase.

K, g/(m?-h) Z, %
Cinh, Mg/L
MW1 MW2 MW1 MW?2
0 4.7621 3.2402 - -
25 1.1418 0.7700 76 76
50 1.0434 0.5802 78 82
100 0.3714 0.1852 92 94
200 0.0710 0.1336 98 96

A significant acceleration of hydrogen sulfide corrosion during the transition from
static to dynamic test conditions is noted in [30—32]. This is due to the fact that the dynamic
factor of the test conditions promotes both the removal of corrosion products from the
surface of the steel, and the delivery of aggressive components to it to continue the corrosion
process.

According to the authors [30], in an H,S-containing two-phase environment (agueous
solutions with a mineralization of 100-200 g/L), the corrosion rate reached 0.725-—
0.935 mm/year at 20—30°C, increasing 4—6 times when the temperature increased to 80°C.

With the simultaneous presence of H,S and CO, in two-phase systems with MW1 and
MW?2, approximately the same protective efficiency of the inhibitor is observed as in single-
phase systems under static conditions, although lower than in two-phase systems in the
presence of only H,S (Table 6).

Analysis of the data presented indicates that the corrosion rate of steel in MW1
environments is higher than in MW?2 environments in almost all cases considered. The MW2
environment is more saturated with salts than MW1. To a first approximation, it can be
assumed that the reason for the lower aggressiveness is the higher viscosity of MW2, which
leads to a slower diffusion of medium components to the electrode surface and a slower
removal of corrosion products. And besides, the higher the concentration of salts in the
solution, the lower the solubility of oxygen.

In uninhibited solutions, slight pitting is observed on the surface of the samples, and in
environments with CO,to a lesser extent than in the presence of hydrogen sulfide alone. The
presence of an inhibitor in the solution contributes to the absence of pitting.
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Table 6. Corrosion rate of St3 steel and the protective effect of the inhibitor in MW1 and MW2 media
saturated with CO> (1 atm.)+H2S (400 mg/L) with stirring and in the presence of a hydrocarbon phase.

K, g/(m?-h) Z, %
Cinh, Mg/L
MW1 MW?2 MW1 MW?2
0 5.1732 3.3697 — —
25 3.0576 0.7081 41 79
50 2.0935 0.6631 60 80
100 1.0339 0.6524 80 81
200 0.4012 0.3686 92 89

The higher protective effectiveness of the inhibitor in the simultaneous presence of H,S
and CO; in solution than in the presence of H,S alone, observed both at room temperature
and at 80°C, may be associated with the inhibitory properties of CO,, manifested in the acidic
environment created by acetic acid. In a solution saturated with CO,, carbonic acid is formed
by the reaction:

CO,+H,0—H,CO3 (4)

However, its amount is insignificant, according to the ratio [CO.]/[H.CO3]=296 [3], and the
dissociation H,CO, <> H" +HCO; is suppressed in the presence of stronger acetic acid
(Kdis (CH3COOH)=l.8'1075; K1dis (H2C03)=4'1077; Kogis (H2C03)=5.6'10711). Moreover,
the dissociation of hydrosulfide acid H,S is suppressed, since its dissociation constant in the
first step is an order of magnitude lower than that of carbonic acid (Kygis (H2S)=8.9-107%).
Still Ya.M. Kolotyrkin showed in [33] that saturation of a sulfuric acid solution with carbon
dioxide slows down the anodic reaction on nickel. A similar phenomenon was noted by
G.G. Uhlig for austenitic chromium-nickel steel (18% Cr, 8% Ni), the corrosion rate of
which ina 6.3 N HCI solution decreases 470 times when CO; is introduced into the solution
[34]. The observed phenomena are explained by the authors by the adsorption of CO, on the
electrode. A similar inhibitory effect of CO, was observed in [35] on St3 steel in weakly
acidic (0.005 N, 0.01 N) HCI solutions, and the higher the acidity of the medium, the
stronger the inhibition, i.e. clearly the effect was exerted by CO, molecules, and not by
HCO; or CO: ions.

However, it is not clear why the retarding effect of CO, is not manifested in the
background solutions MW1 and MW?2. To a first approximation, it can be assumed that the
adsorption of acetic acid and acetate ions on the electrode surface prevents the adsorption of
CO.. And in inhibited media, the adsorption of the components of the inhibitory composition
prevents the adsorption of CH3COOH molecules and anions, but does not affect the
adsorption of CO,.
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In the presence of a hydrocarbon phase that hydrophobizes the metal surface, the
adsorption of CO, on the surface is obviously hindered by the hydrophobic film and therefore
the protective effect does not increase compared to media containing H,S.

To resolve the issue of the mechanism of the inhibitory action, the apparent activation
energy E, of the corrosion process in the studied solutions in the absence and presence of an
inhibitor was calculated using the Arrhenius equation:

In[&j:{Ea(TZ Tl):|’ (5)
K, RT,-T,

where K; and K, are the corrosion rates of steel at temperatures of 293 K and 353 K,
respectively, T:=293 K, T,=353 K. The E, values obtained are given in Table 7, from which
it follows that in environments inhibited the activation energy of the process differs from its
value in background solutions, although only slightly. If these values coincide, it could be

argued that there is a blocking mechanism of the inhibitor. The small difference observed
allows us to assume a mixed mechanism: blocking along with energy one.

Table 7. The values of the apparent (effective) activation energy of the steel corrosion process in media
under study.

Eaeff., kJ/mol at cinn, mg/L

Medium
0 25 50 100 200
MW1+H2S 46.2 44.6 49.9 45.8 49.7
MW1+H>S+CO; 41.7 37.2 43.3 48.8 44.0
MW2+H,S 43.5 41.8 454 454 42.5
MW2+H,S+CO; 40.0 49.1 47.6 45.0 44.3

Impedance studies confirm the protective effectiveness of the studied inhibitory
composition. As an example, consider the corresponding results for MW2. Figure 1 shows
the Nyquist diagram for a steel electrode in an MW2+H,S environment.

Table 8 presents the numerical values of the elements of an equivalent circuit
simulating a steel electrode in the solution under study [29].

The value of charge transfer resistance in the anodic process R; increases with the
introduction of an inhibitor into the solution and an increase in its concentration, indicating
a slowdown in the anodic reaction. The values of charge transfer resistance in the cathodic
process R, change slightly. The capacitance values of the electrical double layer Cq decrease
with the introduction of an inhibitor and an increase in its concentration. This indicates the
adsorption of the inhibitor on the surface of the steel electrode. The resistance of diffusion
mass transfer Rp significantly exceeds the resistance of charge transfer in the cathodic
process R,. This indicates the reduction of the depolarizer with a predominance of diffusion
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restrictions. The values of the protective effect, calculated according to the polarization
resistance Ry, increase with an increase in the inhibitor concentration, that is consistent with
the results of gravimetric measurements.

Z'". Q-cm?
-150 +

0 : | : : |
0 50 100 150 200 250
Z'. Q-cm?
Figure 1. Nyquist diagram of a steel electrode in MW2 media saturated with H>S (400 mg/L)
at Ecorr in the absence (1) and in the presence of inhibitory composition, mg/L: 2 — 25; 3 — 50;

4 —100; 5 — 200. The dots correspond to the experimental data, whereas the solid lines
correspond to the impedance spectra fitted using the equivalent circuit.

Table 8. Numerical values of elements of the equivalent circuit at Ecorr Of the steel electrode in MW2 media
saturated with H.S (400 mg/L) without and with tested concentrations of the inhibitory composition.

Concentration of inhibitory composition, mg/L

Element

Background 25 50 100 200

Rs, Q-cm? 0.8 3.3 3.4 3.6 2.2
Ca, uF/cm? 179.5 185.8 117.2 112.6 11.7
R1, Q-cm? 138.6 430.8 432.2 4925 537.5
Cal, pF/cm? 26.9 19.0 11.8 10.1 10.1
R,, Q-cm? 5.1 4.2 4.8 3.6 8.3
Ra, Q-cm? 44.0 18.6 24.7 32.2 30.0
Rp, Q-cm? 896 951 1039 1124 1398
w, S 8.4 15.9 15.1 194 7.1

Pd 0.6 0.5 0.5 0.5 0.6

s, % 2.9 4.0 4.3 3.3 3.9
Rp, Q-cm? 120.1 296.9 305.6 342.8 388.9

Z,% — 59 61 65 69
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The Cq values obtained make it possible to calculate the steel surface coverage with the
components of the inhibitory composition according to formula (6):

c,-C
CO_Cl’

where Coy, C and C; are the capacitances of the electric double layer in the solution without
addition of inhibitory composition, with that and with the maximum coverage of the
electrode surface with the adsorbed particles, respectively. The value of C; is calculated
graphically on the basis of the rectilinear dependence Cg=Cq(1/Cinn) and is equal to the
segment cut off on the y-axis (Figure 2). In the MW2 environment, saturated with H,S
(400 mg/L), the value of C; is 7.75 uF/cm?. The calculated values of © are given in Table 9.

®=

(6)

Cy nF/cm2
24 1

16 -

0 0,015 0.03 0,045
].I,C c.m /L

Figure 2. The dependence of Cq on 1/cinn in MW?2 media saturated with H.S (400 mg/L).

Table 9. The values of the electrode surface coverage with the inhibitory composition in MW2 media
saturated with H2S (400 mg/L).

Cinh, Mg/L 25 50 100 200

C) 0.41 0.79 0.87 0.88

To select an isotherm corresponding to the data given in Table 9, it was checked their
correspondence to the Temkin isotherm Bc=exp(f-®), the Frumkin isotherm
Bc=[0/(1-0)]Jexp(—2a®), and the Langmuir isotherm ¢/®=1/B+c, where f is the factor of
the energy inhomogeneity of the surface, B is the constant of adsorption equilibrium, a is the
attraction constant characterizing the interaction between adsorbed particles, ¢ is inhibitor
concentration. For this, the graphic dependences of ® vs. (Inc), In[c(1-0®)/O] vs. ® and ¢/©
vs. ¢ corresponding to the Temkin, Frumkin and Langmuir isotherms, respectively, were
considered (Figure 3).
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Figure 3. Adsorption isotherms for St3 steel in MW2+H,S (400 mg/L).

It turned out that the best fitting of the data to the linear dependence corresponds to the
Langmuir isotherm (Figure 3a). The segment cut off on the vertical axis of Figure 3a makes
it possible to calculate the adsorption equilibrium constant B. The value of B is 0.038 L/mg.
The value of B enables us to calculate the value of free adsorption energy according to the
formula (7):

~AGy, =RTIn(B-10°), (7)

ads

where 10° is the concentration of water in the solution, mg/L. The value —-AG., at a
temperature of 298 K is 26 kJ/mol. It can be assumed that the adsorption of the components
of the inhibitory composition is due to physical forces with a certain amount of
chemisorption.

Figure 4 shows hodographs on the Nyquist diagram for a steel electrode in an
MW2+H,S+CO, environment in the absence and presence of additives of an inhibitory
composition. They are arcs, the diameter of which increases with increasing concentration
of the inhibitory composition. This indicates an increase in the overall resistance in the
system and, consequently, a decrease in the corrosion rate.

The numerical values of the elements of the equivalent circuit (Table 10) indicate that
the charge transfer resistance in the anodic process R; increases with the introduction of an
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inhibitor and an increase in its concentration, which indicates inhibition of the anodic
process. The values of R, and Cgy change similarly to their change in a solution with H,S.

Z". Q-cm?
-100 T

Z'. Q-cm?

Figure 4. Nyquist diagram of a steel electrode in MW2 media saturated with CO; (1 atm)+
H>S (400 mg/L) at Ecorr in the absence (1) and in the presence of inhibitory composition, mg/L:
2 — 25;3-50;4 - 100; 5 — 200. The dots correspond to the experimental data, whereas the
solid lines correspond to the impedance spectra fitted using the equivalent circuit.

Table 10. Numerical values of elements of the equivalent circuit at Ecorr Of the steel electrode in MW2 media
saturated with CO> (1 atm.)+H.S (400 mg/L) without and with tested concentrations of the inhibitory
composition.

Concentration of inhibitory composition, mg/L

Element

Background 25 50 100 200

Rs, Q-cm? 1.5 2.2 2.4 3.9 1.6
Ca, uF/cm? 39.0 213.0 160.0 189.8 240.5
R1, Q-cm? 62.8 111.0 340.1 381.1 426.1
Cal, uF/cm? 36.0 22.6 20.3 20.0 12.9

Rz, Q-cm? 3.8 5.7 2.8 3.4 5.1
Ra, Q-cm? 9.7 13.1 19.4 11.4 15.6
Rp, Q-cm? 289.7 304.7 344.6 468.3 886.4

T, S 8.9 6.4 34.8 31.2 9.8

Pd 0.5 0.5 0.4 0.4 0.6

s, % 3.2 3.2 3.9 4.6 3.4
Rp, Q-cm? 51.8 81.8 171.9 210.8 288.3

Z,% - 37 70 75 82
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The protective effectiveness of the inhibitor, calculated from the polarization resistance
Rp, exceeds the corresponding values in the MW2+H,S medium and is consistent with the
Z values determined in gravimetric tests.

Using data on the reduction in the capacity of the double electric layer Cgq, the steel
surface coverage with the components of the inhibitory composition was calculated
according to formula (6) and the method described above for the MW2+H,S solution. The
corresponding ® values are given in Table 11.

Table 11. The values of the electrode surface coverage with the inhibitory composition in MW2 media
saturated with CO2 (1 atm)+H.S (400 mg/L).

Cinh, Mg/L 25 50 100 200

C) 0.53 0.62 0.63 0.91

It turned out that the obtained ® values correspond to the Langmuir isotherm with the
adsorption equilibrium constant B coinciding with that for the MW2+H,S medium.
Accordingly, the value of the free energy of adsorption —AG_,. has the same value, indicating
the physical nature of the adsorption of the components of the inhibitory composition with
a certain amount of chemisorption.

Conclusion

The corrosion and protective effectiveness of an inhibitory composition representing a
solution of nitrogen-containing compounds (polyamines) in a mixture of organic solvents
were studied in relation to St3 steel in simulated stratum waters MW1 and MW?2, differing
in the degree of mineralization, saturated with H,S and CO, and containing 0.25 mg/L
CH3;COOH.

Gravimetric studies under static conditions at room temperature and 80°C showed that
the corrosion rate of steel is lower in more mineralized environments of MW2 than in MW1.
The same picture is observed in two-phase systems containing 10% hydrocarbon phase
under dynamic conditions.

The protective effectiveness Z of the inhibitory composition in the presence of H,S in
solution is higher in MW1 media, and in the presence of H,S and CO,, on the contrary, in
MW?2 at room temperature and 80°C.

The presence of H,S and CO, contributes to a higher protective effectiveness of the
inhibitory composition in both stratum waters (Z=90%) compared to the presence of only
H,S (Z=60-70%) both at room temperature and at 80°. This is confirmed by impedance
measurements. Under dynamic conditions in the presence of a hydrocarbon phase, the Z
value exceeds 90%.

The impedance spectroscopy method made it possible to determine the adsorption of
the components of the inhibitory composition, the adsorption isotherm and calculate the free
energy of adsorption equal to 26 kJ/mol.
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The morphology of the forms and composition of iron sulfides (density/looseness,

absence/presence of pores), as well as thickness, can affect the barrier properties of the
resulting corrosion products under conditions of hydrogen sulfide corrosion.
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