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Abstract

The study investigated the impact of the octadecylamine to benzotriazole ratio on the
effectiveness of their mixture as a chamber inhibitor for steel corrosion, using both corrosion
and electrochemical methods. It is established that the anticorrosive after-effect of the mixture
depends on the ratio of its components. The inhibitor that contains 75% octadecylamine exhibits
the best protective properties. The use of a mixture of octadecylamine and benzotriazole in the
chamber treatment of steel is characterized by antagonism of the protective action, but the
inhibitor of optimal composition is significantly more effective than the individual components.
The antagonism of the protective effect of octadecylamine and benzotriazole may be related to
acid-base interactions of these compounds, which results in a decrease in the inhibitor’s vapor
pressure. The protective effect of the mixture of octadecylamine and benzotriazole is due to the
stabilization of the passive state of the steel, manifested by an increase in the pitting potential
and/or anti-pitting basis in chloride-containing electrolytes. The mechanism of action of the
studied mixture is “blocking-activation” with a predominance of blocking effects.
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1. Introduction

Protection of metals from atmospheric corrosion is an important technical challenge [1-8].
One method of addressing this issue is through the use of inhibitors [8—13]. Among them,
vapor-phase inhibitors — volatile (\VCI) and chamber inhibitors (CIN) — are distinguished by
their efficiency and manufacturability.

Numerous publications [14—25] focus on the theory and practice of metal protection
using VCI. CINs have been studied less. The method of chamber treatment (CT) of metals
was developed at the Institute of Physical Chemistry and Electrochemistry of the Russian
Academy of Sciences only a few years ago. However, the advantages of CIN over VCI are
already apparent, and its potential for use in industry is promising.

CT involves exposing of metal products to vapors of low-volatile inhibitors under
normal conditions in a sealed chamber at elevated temperatures (t) [26—30]. During CT,
nano-sized adsorption layers of inhibitors are formed on the metal from the vapor phase,
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which can prevent atmospheric corrosion for a long time after removing the products from
the chamber.

An effective chamber inhibitor for atmospheric corrosion of steel is a mixture of
octadecylamine (ODA) and 1,2,3-benzotriazole (BTA). Both components are low toxic and
characterized by low vapor pressure at room temperature. However, when the chamber is
heated to 120°C, the vapor pressure of these compounds increases by several orders of
magnitude and their mixture acquires the volatility necessary for vapor phase protection. The
anticorrosion properties of this CIN were investigated in [27]. Nevertheless, the authors did
not analyze the influence of the ratio of the mixture components on the protection efficiency,
assuming that ODA and BTA do not interact with each other. Indeed, in the absence of
component interactions, the vapor composition of blended CINs, which determines the
protection efficiency, does not depend on their ratio. Nevertheless, the interaction of ODA
and BTA in the inhibitor volume, in the gas phase and adsorption layers cannot be excluded
a priori.

The aim of this work was to investigate the effect of the ratio of ODA and BTA on the
protective effect of a mixed chamber inhibitor against steel.

2. Experimental

All the reagents used in this study were of “pure” or “chemical pure” grade. Portions of the
blended CINs were prepared by grinding its components.

In this work, samples and cylindrical electrodes made of low-carbon steel St3 were
used. All the samples measured 30x50x3 mm and had a hole for mounting in chambers and
in test cells.

The cylindrical electrodes were 10 mm in diameter. One end of the cylinders had a
threaded hole for a rod holder. The electrodes were pressed into a Teflon cage to prevent
interaction of the side surface with the electrolyte. The lower ends served as the working
surface.

Sample and electrode preparation

The working surfaces of the samples and electrodes were ground with sandpaper of grit from
P240 to P1500, degreased with acetone and dried in air. Then they were mounted on nylon
threads to the lids of 0.7 litre glass cells containing a portion (1 g) of CIN. The cells were
hermetically sealed and placed in a SNOL 50/350 drying oven heated to 120°C. The duration
of CT was 1 hour. Afterwards, the cells were cooled, opened, and left at room temperature
for 24 hours. The specimens and electrodes were then removed and tested.

Accelerated corrosion tests under conditions of daily moisture condensation

Samples were attached to nylon threads from the lids of 0.7 litre glass test cells, ensuring
that they did not touch the walls of the cell or each other. Each cell was filled with 50 ml of
hot (50°C) water, which caused intensive condensation of moisture on the metal. The cooled
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water was replaced with hot water once a day. The samples were inspected hourly for two
days from the start of the test. Then the surface condition was monitored every 6 hours. The
recorded time of the first appearance of corrosion damage on the metal surface (tprot) Was
noted.

The mutual influence of the components of the mixtures in corrosion tests was
evaluated by the coefficient a:

__,_ODA+BTA / TODA+BTA

o= prot,ex protcalc !

where the index “ex” refers to the value of Tyt Of the mixture of ODA and BTA determined
experimentally, while “calc” refers to the result of calculation according to the formula:

ODA+BTA __ ODA_ BTA/ IS
protcalc  — “prot Tprot Tprot

which was derived under the assumption that there is no interaction between the components
of the mixture. Here rfm Is time to the appearance of corrosion on the samples in the initial
state (IS).

According to [28], the value a=1 indicates the absence of interaction between the
mixture components, o>1 indicates synergism, while o<1 indicates antagonism of the
protective effect.

Potentiodynamic polarization study

Anodic polarization curves were obtained using an IPC-Pro MF potentiostat (Russia).
Experiments were carried out in a three-electrode cell. A graphite electrode was used as a
counter electrode. Potentials (E) were measured relative to the saturated silver chloride
electrode and converted to the normal hydrogen scale. Borate buffer solution with pH=7.36
containing 0.001 M NaCl served as the electrolyte. The experiments were carried out at room
temperature and natural aeration of the solution.

The electrodes were placed in a cell with electrolyte and kept for 5 min until E stabilized
(Eo). After that, they were polarized anodically at a sweep rate of 0.2 mV/s. The pitting
potential (Epit) was taken as E at which the anodic current density (i) reached 0.002 mA/cm?,

Electrochemical impedance spectroscopy

The impedance experiments were performed using a potentiostat, cell and electrolyte similar
to those described above, and a FRA-2 module. Impedance was measured in the
potentiostatic mode at E, with imposition of a harmonic signal in the frequency range of
0.1-10° Hz at an amplitude of 10 mV.

The electrochemical impedance spectra were interpreted in terms of the modified
Mansfeld equivalent circuit [31, 32] shown in Figure 1.
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Figure 1. Equivalent circuit.

In this circuit: Rs is the resistance of the bulk electrolyte between the counter electrode
and working electrode, which does not affect the electrode processes and depends on the
conductivity of the medium and the geometry of the cell; Ry is the resistance of the surface
oxide-hydroxide and adsorption layers; R is the polarization resistance, which characterizes
the electrochemical kinetics of the corrosion process; CPE; is the constant phase element,
which characterizes the capacitance of the surface oxide and/or adsorption layers; and CPEy,
Is the constant phase element, which reflects the capacitance of the electrical double layer.
The impedance of the constant phase element was described by equation [34]:

Zcpe = Al(jo) ™,
where: A is the proportionality factor; j is the imaginary unit; ® is the complex frequency
related to the alternating current frequency; and n is an exponent representing the phase
deviation, 0 <|n| < 1.
The equivalent circuit parameters were calculated using Dummy Circuits Solver

Version 2.1 [34].
The degree of protection of steel electrodes upon CT was determined by the formula:

7= (RCT,TT _ RIS)/RCT,TT>< 100%

where RT'TT is the sum of active resistances R and Ry in the equivalent circuit for the metal
sample after CT or thermal treatment (TT). Similarly, R™ is the sum of Ry and Ry for
experiments with steel in the IS.

The experimental data matched the calculated ones to within at least 98%.

3. Results

Accelerated corrosion tests under conditions of daily moisture condensation

The results of corrosion tests carried out under conditions of daily moisture condensation are
shown in Table 1.

On the samples of steel grade St3 in the IS and those subjected to TT without CIN, the
first corrosion damages (rust plaque) were observed after 0.5 hours.
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CT in BTA vapors slightly inhibited corrosion initiation. CT with ODA extended the
time of full metal protection up to 120 hours.

Table 1. The tprot OF adsorption films formed on steel at different treatment variants, and coefficients of
mutual effect of components of blended CINs.

Treatment conditions Tprot, N o

IS 0.5 -

TT without CIN 0.5 -

BTA 100% 3 _

ODA 100% 120 -
ODA 25% + BTA 75% 51 0.07
ODA 50% + BTA 50% 110 0.15
ODA 75% + BTA 25% 144 0.2

The protective aftereffect (PA) of the mixed CIN depended on the ratio of inhibitor
components. With the increase in the content of ODA from 0 to 75%, the values of Ty
increased from 3 to 144 hours. Note that the mixture containing 75 percent of ODA had the
best protective properties and was superior to the components in terms of anti-corrosion
properties. According to [28], this can occur even in the presence of component antagonism.
Indeed, the calculated values of the o were significantly less than 1, indicating the
antagonism of ODA and BTA in the chamber protection of steel. It is logical to assume that
such antagonism is a consequence of the interaction of weak bases (ODA) and acid (BTA)
in the CIN mixture. Such acid-base interactions are accompanied by a decrease in the vapor
pressure of the inhibitor component and, consequently, in the efficiency of chamber
protection.

Potentiodynamic polarization study

The data about the PA of the CIN obtained during corrosion experiments are in agreement
with the results of potentiodynamic studies.

Figure 2 shows anodic polarization curves of steel electrodes at different variants of
their treatment. In all cases, the curves had the appearance characteristic of the passive metal.

The E, of the electrodes in the IS was 0.035 V (Table 2). The passive film breakdown
occurred at Epir=0.250 V (Table 2). The total extent of the passive region (anti-pitting basis,
AE = Epii—Eo) was 0.215 V.

TT without CIN slightly ennobled both characteristic E values but almost did not affect
the AE value.
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Figure 2. Anodic polarization curves of steel at different variants of its treatment: 1 — IS, 2 —
TT without CIN, 3—- BTA, 4 - ODA, 5 - ODA 25% + BTA 75%, 6 — ODA 50% + BTA 50%,
7—ODA 75% + BTA 25%.

Table 2. The effect of steel treatment in CIN vapor on the characteristics of anodic polarization curves.

Treatment conditions Eo, V Epit, V AE,V
IS 0.035 0.250 0.215

TT without CIN 0.070 0.280 0.210
BTA 100% -0.085 0.210 0.295
ODA 100% —-0.130 0.345 0.475
ODA 25% + BTA 75% 0.065 0.400 0.335
ODA 50% + BTA 50% 0.145 0.520 0.375
ODA 75% + BTA 25% 0.020 0.610 0.590

CT of steel in BTA vapor shifted the Eq values to the cathodic side. At the same time,
the passive film breakdown was facilitated. The Eg; values in this treatment were lower than
Epit values for steel in IS and steel subjected to TT without CIN. However, the values of AE
slightly increased.

After treatment of steel with ODA vapors, the E; was more enriched than when the
electrodes were treated with BTA. The breakdown of the passive film was noticeably
hampered. The values of E,i and AE were 0.345 and 0.475 V, respectively.

The PA of the adsorption films of the mixed inhibitor increased symbatically with the
content of ODA in it. As in the series of corrosion experiments, the best protection of steel
(Epit=0.61 V and AE=0.59 V) was characterized by the CIN consisting of 75% of ODA. It
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should be noted that the protective properties of this inhibitor exceeded the protective
properties of ODA itself.

Thus, irrespective of the choice of potential E,;; or potential AE as a protection criterion,
the data of potentiodynamic studies confirm the conclusions of corrosion experiments. The
PA of blended CINs depended on the ratio of components. The best anti-corrosion properties
were possessed by the inhibitor containing 75% of ODA.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy provides additional information on the protective
effect of the CIN.

The Nyquist diagrams of steel electrodes at different variants of treatment are shown in
Figure 3. Two semicircles appear on all hodographs with different degrees of distinctness.
This allows us to apply for their description the Mansfeld scheme characterized by two time
constants. Its parameters for different experiments are given in Table 3.

Table 3. Parameters of the equivalent circuit at different variants of steel electrode processing.

Treatment conditions kQFis:’mZ s(-:sﬁ/ii%z Nsl kQR. 2m2 SC_:;/E‘;;Z Ndl k(.?- CCtmz OZ/O
IS 095  3.41-10° 1.00 7.80 4.39-10° 089 58.0 -

TT without CIN 046  6.87-10° 0.88 764 262:10° 100 760 56.9
BTA 100% 047  9.02-107 091 106 6.87-10° 067 402 87.0
ODA 100% 059  9.71-107 0.85 209 427-10° 100 441 899
ODA 25% + BTA 75% 057  291-10® 091 179 281-10° 092 588 914
ODA 50% + BTA 50% 0.59 1.23-10°% 092 207 2.05-10°% 098 926 942
ODA 75% + BTA 25% 0.96 6.77-107 093 555  9.79-107 0.64 2880 98.1

For steel electrodes in the IS, the value of Ry is significantly less than R:. This suggests
that the corrosion resistance of the metal is determined by the rate of electrode reactions in
the double layer. The capacitive loop in the high-frequency region is due to the presence of
air-formed oxide film on the surface. The values of ng and ng show that the constant phase
elements represent pure capacitance.

TT of the electrode led to a decrease in the CPEg value compared to the IS of steel due
to the growth of oxide on the surface. At the same time, the Ry values increased almost
10 times. Comparison of CPEq values of the steel electrode before and after TT indicates a
2 times decrease in the electrochemically active surface of the metal. TT was accompanied by
an increase in Ry by 1.3 times. The growth of corrosion resistance of steel after TT was a
consequence of thickening of oxide film. The values of ng and ng did not actually change after
TT, which indicates the homogeneity of the oxide film and the absence of diffusion limitations
in the course of electrode processes in the double layer. The Z of steel due to TT was 56.9%.
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Figure 3. Nyquist diagrams of steel electrodes at different variants of its treatment: 1 — IS, 2 —
TT without CIN, 3~ BTA, 4 - ODA, 5 - ODA 25% + BTA 75%, 6 — ODA 50% + BTA 50%,
7—0ODA 75% + BTA 25%.

CT of the steel electrode in BTA vapors led to a 2 orders of magnitude decrease in
CPEg, due to the formation of adsorption films. They exhibited higher resistivity compared
to the surface layers on the steel in the IS and after TT. The CPEg values also decreased by
an order of magnitude. This was accompanied by an increase in polarization resistance by a
factor of approximately 9. The value of ny was close to 1 due to the homogeneity of the
surface films. At the same time, the value of ng shows that the electrode processes are
inhomogeneous or complicated by diffusion. The degree of protection by BTA steel did not
exceed 87%.

CT of steel with ODA also led to a decrease in CPEg and CPEy values. Moreover, the
values of ng and ng indicate the homogeneity of surface layers and electrode processes in
the double layer. The value of Ry after treatment in ODA vapors was about 2 times higher
compared to BTA, and the values of R, were commensurate for both inhibitors. It can be
concluded that ODA slows down the rate of electrode reactions. At the same time, the
blocking effect of the ODA film is greater than in the case of BTA. The value of Z for ODA
was 89.9%.
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CT in vapor mixtures was accompanied by a greater decrease in CPEg and CPEy, as
well as an increase in Ry and R, compared to the components. The values of ng and ng show
that the surface films are homogeneous and the electrode processes are not complicated by
diffusion in all cases except for the mixture containing 75% of ODA. In this case, the ng
value indicates diffusion limitations or inhomogeneity of processes in the double layer. In
terms of steel protection efficiency, the blended CINs were superior to the components. For
all mixtures studied, Z were above 90%. The most effective steel protection (Z=98.1%) was
provided by the mixture containing 75% of ODA.

Thus, the data of electrochemical impedance spectroscopy agree with the results of
corrosion and voltammetric experiments. PA of blended CINs depended on the ratio of
components. The best anti-corrosion properties were possessed by the inhibitor containing
75% of ODA.

In addition, EIS allows us to make some conclusions about the mechanisms of CIN
action.

Two mechanisms of corrosion inhibition are known: blocking and activation [11].
Inhibitors acting according to the first mechanism reduce the corrosion rate by decreasing
the area of the active surface of the metal. At the same time, the corrosion rate on unblocked
areas of the surface does not change. Activation mechanism means inhibition of corrosion
by changing the kinetics of corrosion processes, i.e. accompanied by a change in their
activation energy. Usually both mechanisms are realized simultaneously, but their
contribution to the inhibitor action may be different.

In accordance with [28], the contribution of the blocking mechanism of inhibitor action
to metal protection when using the equivalent scheme shown in Figure 1 is characterized by
the value of Ry. In this case, the corrosion inhibition coefficient due to blocking by surface
layers (yp) is the ratio of the resistance Ry of the electrode after its TT or CT to the value of
Ry, for the metal in the IS:

Yoo =Ry /Ry’

The inhibition coefficient of electrochemical reaction using CIN (yac) is defined as the
ratio of polarization resistances R for samples after TT or CT and steel in IS:

_ pTT.CT IS
’Yact - Rct / Rct

The values of yuiock and yac: for different variants of steel treatment are given in Table 4.
Their comparison allows us to conclude about the mixed “blocking-activation” mechanism
of action of the studied CINs. However, under all conditions of steel treatment the inequality
Yact<Yblock 1S Observed, which indicates the predominance of the blocking mechanism.
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Table 4. Coefficients of steel corrosion inhibition by blocking and activation mechanism at different
treatment variants.

Treatment conditions Yblock Yact
TT without CIN 9.80 131

BTA 100% 13.6 6.93

ODA 100% 26.8 7.60

ODA 25% + BTA 75% 22.9 10.1
ODA 50% + BTA 50% 26.5 16.0
ODA 75% + BTA 25% 71.1 49.7

Conclusions

1.

2.

The protective aftereffect of the mixture of ODA and BTA depends on the ratio of

components. The best corrosion protection is provided by CIN with 75% ODA.

The mixture of ODA and BTA in chamber protection of steel is characterized by
antagonism of protective action, but the CIN with optimal composition is markedly
superior to the components in terms of effectiveness.

. The antagonism of the protective effect of ODA and BTA may be related to acid-base
interactions of these compounds accompanied by a decrease in the vapor pressure of CIN.

. The protective effect of the mixture of ODA and BTA is due to the stabilization of the
passive state of steel, demonstrated by an increase in the pitting potential or anti-pitting
base in chloride-containing electrolytes.

. The mechanism of action of the ODA/BTA mixture is “blocking-activation” with

predominance of blocking effects.
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