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Abstract

In the first part of this review, a technique for obtaining adsorption isotherms by the
ellipsometric method was presented and a brief analysis of theoretical adsorption isotherms was
given. Analyzing the literature in which the ellipsometric method was used, we noted that it was
used mainly to determine the thicknesses of adsorbed layers. In the second part of the review,
we will consider examples of studying the adsorption of well-known organic corrosion
inhibitors (CIs) on the metal surface using this method. These include salts of carboxylic and
phosphonic acids, organophosphates (salts of acid dialkyl phosphates), and azoles. An important
advantage of using ellipsometry in agueous or agueous-organic solutions is the possibility of its
combination with electrochemical measurements. It makes it possible to study adsorption in a
wide range of potentials. Examples of adsorption of a mixture of Cls and induced adsorption
are given, the possibility of enhancing the adsorption of BTA by small additions of dimegin to
a solution on iron and copper is shown. Depocolin has been proposed as a surface modifier for
copper and MNZh5-1 alloy. The conditions for preparing the surface of magnesium and
aluminum to obtain adsorption isotherms are considered in detail. Adsorption isotherms of the
following sodium salts of higher carboxylic acids were obtained on magnesium: sodium oleyl
sarcosinate, sodium oleate, and sodium linoleate from a borate solution with pH 11.2.
Determination of the thicknesses of the adsorbed layers suggests their location on the surface.
The thicknesses of the adsorbed layers of depocolin and dimegin on nickel determined by the
ellipsometric method and XPS coincide within the measurement error. For some inhibitors,
Kinetic adsorption isotherms have been obtained, which can be adequately described by the
Roginsky—Zeldovich slow chemisorption equation.
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Salts of carboxylic acids

This article is a continuation of our review, in the first part of which [1] the procedure for
obtaining the adsorption isotherms of organic compounds by the ellipsometric method is
considered and a brief analysis of the theoretical adsorption isotherms is given. The influence
of the chemical structure of carboxylate Cls: sodium benzoate and phenylanthranilate
(SPhA) on the effectiveness of their protection against corrosion of zone-melted iron, Fe-
ARMCO, low-carbon steel St3 in aqueous solutions is considered in [2] and reviews [3, 4].
In [5], the adsorption from aqueous solutions of substituted of SPhA, C¢HsNHCsH,COONa
was studied. They are sodium salt of aromatic amino acids: mephenamic acid 0-[2,3-
(CH3),C¢H3NH]CsH,COOH (SMEPh); N-(3-difluoromethyltiophenyl)-anthranilic acid o-
[3-(SCHF,)CsH4sNH]CsH,COOH, iso-diphtorant, (DPh); and fluphenamic acid o0-[3-
(CF3)CsH4NH]CsH4COOH (SFPh). Changes in the angle 6A=(A—Ap), where A and Ag are
the current and initial values of the angle, respectively, and the adsorption isotherms
constructed from them are represented in Figure 1. The error in determining the standard
free energy of adsorption (—AGQ) usually does not exceed 5%. The values of (—AG,E) and
hydrophobicity? (logP) of these compounds are given in Table 1.

The CI’s hydrophobicity plays a major role in its effectiveness. The higher the P value,
the more hydrophobic the compound is. The logD coefficient is the ratio of the sum of the
concentrations of all forms of the compound (ionized and non-ionized) in each of the two
phases and depends on the pH of the aqueous phase:

for acids logD = logP - log [1+10('°H"°Ka)} (1)

for bases logD = logP - log [1+10<pKa'pH)} (2)

With an increase in the hydrophobicity of the three compounds studied, the value of
(—Anglincreases. For example, SDPh (6=0.33 for the SCHF, group) is adsorbed much
better than SPhA (64=0.00), but noticeably more weakly than SFPh (ccr3=0.43).

It can be seen that adsorption becomes stronger with the increase in their polarity
reflected by Hammett’s o-constants [7, 8]. SMEPh contains two electron-donating CHs
groups as substituent R, while SFPh has a strong electron-withdrawing CF; group. However,
in both cases, the protective properties of Cl increase significantly.

In [9], the adsorption and protective properties of SFPh on the St3 surface in a neutral
borate buffer solution were studied using electrochemistry, ellipsometry, and XPS methods.
The adsorption layer thickness d was determined on the oxidized surface at E=0.2V
(d=0.8 nm) and on the reduced surface E=—0.65 V (d=0.5 nm). Analysis of ellipsometric

2 The criterion of hydrophobicity is the logarithm of the distribution coefficient of the test compound in the
system of two immiscible liquids octanol-water, logP [6, 7]. Here P=No/Naq, where N is the molar fraction
of the chemical compound in octanol and water, respectively.
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and XPS data has shown that SFPh forms a monomolecular layer both on bare and oxidized
surface of mild steel, which thickness corresponds to the size of SFPh molecule. The angle
resolved XPS allowed determining the vertical orientation of SFPh molecules that are
anchored to iron cation by oxygen of carboxyl group and CF; groups form the topmaost layer.
It seems that the layer formed by SFPh or similar molecules may serve as a robust interface
for grafting other substances onto such a functionalized surface.
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Figure 1. Dependence of the change in the ellipsometric angle (A) (a) and surface
coverage (b) vs. IgC of SFLPh (1), SDPhT (2), SMEPh (3) and SPhA (4) on oxidized iron
surface at E=0.2 V in borate buffer with pH 7.4.
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Table 1. The standard free energy of adsorption values for the anions of sodium salts of substituted SPhA
derivatives on zone-melted iron from a borate buffer pH 7.4 at E=—0.65 and 0.20 V, as well as the logarithm
of the distribution coefficients (logP), and (logD) calculated using the ACD/Labs 6.00 program (build
6.12/17 Sep 2002).

(-AGY) kd/mol at:

Inhibitor
E=-0.65V E=02V
SPhA:I:)OggI;)::f.'??ZIiOAl 15.6 16.8
SMEPhI:Olgngégﬁo-“Z 40.5 27.3
SDPh:I:)oggg::i.gfio.w 45.7 46.0
SFPh:II;)é][F)’;g.g?iOAS 565 49.6

The use of mixed Cls often allows for lower concentrations to be used, reducing the
risk of environmental pollution and the cost of CI protection of metals. This justifies the
increased interest in composite Cls, including those of the adsorption type [2, 10]. Anions
of substituted sodium phenylantranilates (NaCOOC¢HsNHCsH4R) when used together with
higher organic carboxylates such as CH3(CH,);CH=CH(CH,);COONa (sodium oleate,
SOl), for mixtures of aromatic amino acids with sodium phenylundecanoate
CsHs(CH3)10COONa (SPhU), C10Hs(COONa) sodium hydroxynaphthoate (SHN), cause an
increase in metal protection only if they themselves are sufficiently hydrophobic (SPhA,
SMEPh). Figure 2 shows that SHN and SMEPh have similar adsorption properties (on
oxidized iron, their values are g—AGQ =27.6 and 27.2 kJ/mol, respectively). The molecular
masses of the components are almost equal, therefore, in the first approximation, the average
value (219.8) can be taken as the mass of their equimolar mixture and a conditional isotherm
can be constructed. In this case, an increase in adsorption upon passing from individual Cls
to their equimolar mixture in the region of medium occupancies becomes obvious. The
equimolar composition is also interesting, in which, instead of SHN, a more surface-active
SPhU with é—AG§)=33.1 kJ/mol is used. In this case, the mixed CI isotherm sharply shifts
to the left. For a mixture of SMEPh and SPhU, the CI adsorption strength reaches a much
higher value (—AG;) =41.7 kI/mol.

Further ellipsometric studies of Cls adsorption showed that mutual enhancement is due
to the ability of one component to initiate the adsorption of the other. Thus, if SPhU is first
adsorbed on the electrode, for example, up to the degree of coverage ®=0.2 or 0.5, and only
then SMEPh is introduced into the solution, then the adsorption increases, yet the stronger,
the higher the preliminary adsorption of SPhU is [11]. To achieve this, after the formation
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of a monolayer of SPhU on oxidized iron at E=0.2 V, without turning off the potentiostat,
the solution was replaced with pure borate buffer. Since SPhU is chemisorbed on this
electrode, its desorption proceeds slowly, and even with the subsequent introduction of
SMEPh into the solution, no signs of displacement of SPhU from the surface of oxidized
iron were observed.
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Figure 2. Isotherms of adsorption of sodium salts of organic acids and their mixtures:

(1) SHN, (2) SMEPh, (3) SHN+SMEPh (1:1), and (4) SPhU+SMEPh (1:1) on oxidized iron

surface at E=0.2 V in borate buffer with pH 7.4.

By taking the surface of the electrode coated with a SPhU monolayer as the initial one
and increasing the concentration of SMEPh, we obtained the adsorption isotherm of the latter
(Figure 3). It is also possible to adsorb a third layer consisting of SPhU anions onto such an
electrode. To do this, after completion of the coating of oxidized iron with a SMEPh
monolayer, maintaining E=0.2 V on the electrode, the solution was changed back to pure
buffer, and then SPhU was introduced into it.

In [12], the passivation of iron and low-carbon steel in a borate buffer solution with
pH 7.4 of 1,2,3-benzotriazole CsHsN3; (BTA) and its equimolar composition with SPhU was
studied. BTA practically does not prevent local depassivation of steel by chloride anions.
The equimolecular mixture SPhU+BTA surpasses its individual components in adsorption
capacity on oxidized iron. The adsorption of all three Cls was formally described by the
Frumkin equation. In [13], a theoretical description of the joint adsorption of surface-active
components of a solution on a metal electrode is given when the concentration of one of the
components in the solution is constant. In [12], we performed a comparative analysis of
attraction interactions between adsorbed SPhU and BTA particles using this method. The
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results of the analysis enabled us to suggest that adsorption of mixture on passive iron
(E=0.2 V) causes attraction not between the same adsorbate particles but between SPhU and
BTA anions.
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Figure 3. Isotherms of adsorption of sodium salts of organic acids and their mixtures on
oxidized iron surface at E=0.2 V in borate buffer with pH 7.4: (1) SMEPh without and
(2) with preliminary adsorption of SPhU, and (3) SPhU without and (4) with preliminary
formation of a two-layered coating consisting of SPhU+SMEPh.

Some difficulties arose in the study of the adsorption of sodium salts of higher
carboxylic acids on magnesium: CH3(CH,);CH=CH(CH,);CON(CH3)CH,COONa -
sodium oleyl sarcosinate (SOS); CH3(CH;);CH=CH(CH;);COONa - sodium oleate (SOI);
CH3(CH,CH=CH)3(CH,);COONa — sodium linoleate (SLi) [14]. This metal is very active,
its standard electrode potential, E,?A » =—2.37 V, is indicative of a high thermodynamic

e c Vig/Mg e g .-
possibility of oxidation and corrosion of the metal. The difficulty of realizing the condition
of a stable state of the magnesium surface, which is necessary for measuring adsorption on
it by the ellipsometric method, required a special preliminary passivation of the electrode.
In order to ensure a stable surface (the constancy of ellipsometric angles A and ),
magnesium electrode was subjected to special preliminary passivation. First, the electrode
was stripped, polished, and degreased before being chemically oxidized in 5.0 M NaOH
solution for 1.5 h. Next, it was transferred to the working solution (a borate buffer with
pH 11.2), where it was left for additional 17 h. The electrode’s surface retained a high gloss
after this treatment. After 17 h, a potentiostat was used to maintain the electrode potential at
20 mV more negative than the corrosion potential Ecor. After angles A and ¥ became stable,
the concentrated CI solution was added to the cell. For each concentration of CI (Cinn), angle
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A was measured over time until it became constant. For every change in Ci, the angle was
OA=A—-Ag where A is the current angle obtained after the CI additive was introduced into the
solution, with Aq is the initial value.

The thickness of the oxide layer was determined numerically, as shown in part 1, [1]
for the growth of oxides on copper. For this, a theoretical nomogram of the growth of MgO
oxide on the plane A—Y¥ (Figure 4) with Nfin=1.45 was constructed. The refractive index of
magnesium was determined in a solution and in air. For A=640 nm and ¢=68.5°, Nyg=0.85—
3.461 was calculated. The theoretically constructed oxide growth nomogram shows the
experimentally obtained values of the angles A and . The points on the curve are drawn
every 5 nm; the arrow indicates the moment of CI introduction. The thickness of the oxide
film on the surface of magnesium reaches about 70 nmin a5 M solution of NaOH and about
50 nm in a borate solution with pH of 11.2, over 120 min.

¥, d
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Figure 4. The nomographic chart on the A—¥ plane. The theoretical curves are constructed for
the growth of an oxide with Nriim=(1) 1.45-0.02i, (2) 1.42—0.05i, and (3) 1.45—0.05i. The
points in the curves are drawn every 5 nm. (+) denotes the experimental values of the angles.

The adsorption of the anions of these salts was adequately described by the Temkin
equation, which yielded the following adsorption energies: SOI (—AG§)=57.2 kJ/mol, SLi
g:AGg):GO.l kd/mol, SOS (~AGZ)=63 k/mol. It can be observed that chemisorption of
the investigated Cls takes place here, with the strength increasing in the series:
SOI<SLi<SOS. Interestingly, the order of increasing hydrophobicity of the adsorbate
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molecules characterized by the logP value is different: SLi (6.50) <SOS (6.57) <SOI (7.70).
A similar series is maintained for (—AGQ and logD: SOS (3.17)<SLi (3.91) < SOl (5.1).

The adsorption of SOS was studied on zinc from a neutral borate buffer with pH 7.4
[15]. On the oxide-free zinc surface at E=—0.9 V, the adsorption isotherm was adequately
described by the Temkin logarithmic isotherm. The values (—AGE? =45.3 kJ/mol and f=1.2
were obtained, and on the pre-oxidized electrode at E=0.2 V (—AG§2=49.3 kd/mol and
f=2.6. The value of (—AGQ) on zinc is higher than on iron (35.9 kJ/mol) but lower than on
copper (62 kJ/mol).

The thickness of the SOS monolayer is estimated to be approximately 3.0 nm on the
surface of oxidized zinc and 0.5 nm on the “clean” surface. For comparison, the size of the
SOS molecule determined by summing the bond lengths is 2.9 nm. This allows us to
conclude that the adsorbed SOS anions on oxidized zinc are oriented vertically to the
electrode surface, but in the absence of an oxide film, their orientation becomes inclined.

The adsorption of another known CI, SFLPh, on the oxidized zinc surface at E=0.2 V
was also studied in neutral (pH 7.4) and weakly alkaline (pH 9.1) borate solutions also by
the ellipsometric method [16]. The study of the kinetics of zinc oxidation for 120 min
showed that in the first case, the thickness of the oxide reaches ~4 nm, and in the second
case, ~1.2 nm. The oxide layers formed in a weakly alkaline environment are more compact
than those formed in a neutral buffer. However, the thicknesses of SFLPh adsorption films
turned out to be the same in both cases, ~1.3 nm. The adsorption of SFLPh on the zinc
surface was described by the Frumkin isotherm. SFLPh adsorption is more efficient in a
slightly alkaline medium, as indicated by a higher value (—AG§ =61 kJ/mol than in a neutral
solution (—AGQJ =57.8 kd/mol. At the same time, the chemisorption of SFLPh anions in both
media is beyond doubt, and its strength is confirmed by the results of XPS studies of the zinc
surface after its passivation with a solution of this CI.

Sodium salts of many carboxylic acids can be used to protect copper and its alloys from
corrosion. For example, in [17], studies were carried out comparing the adsorption properties
of several sodium salts of higher carboxylic acids (non-oxidizing type) on copper. The
effectiveness of protecting copper from corrosion under harsh conditions of 100% relative
atmospheric humidity with daily moisture condensation on samples was also investigated by
passivating adsorption films. Figure 5 shows changes in the value of (—3A) as a function of
the logarithm of the concentration of five carboxylates on oxidized copper in a borate buffer
with pH 7.4 at E=0.2 V.

As shown by ellipsometric measurements, SOS anions begin to be adsorbed on
oxidized copper in the region of very low Ci;n>0.02 nmol/L, and after the formation of a
monolayer, a multilayer film is also formed. This is not surprising, since SOS is a well-
known colloidal surfactant, which is not only low toxic, but also easily biodegradable, and
therefore is widely used in the industry [18]. Adsorption upon filling the first monolayer
with ClI is adequately described by the Frumkin isotherm equation with (—AG§)=62 kJ/mol.
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Figure 5. Dependence of the change in the ellipsometric angle on IgC of (1) SOS, (2) SOl,
(3) SMEPh, (4) SFLPh, and (5) SPhU on a copper surface at E=0.0 V in borate buffer, pH 7.4.

Another CI with a high adsorption capacity is SOI, although it begins to be adsorbed at
logC=-9.0, which is 1.5 orders of magnitude higher than for SOS. The formation of two
SOI layers occurs in the range 10gCsoi=—(6.77-5.52). In the region of higher Cso), the
formation of multilayers is possible, similarly to how it happened on iron [11].

The adsorption of SOI during the formation of the first monolayer is also well described
by the Frumkin equation, but with a smaller value of (-AG?)=57 kJ/mol. Both Cls appear
to be chemisorbed on the oxidized electrode surface. The same conclusion can be drawn by
estimating the (—AGQ) value for SFLPh and SMEPh (48 and 43 kJ/mol, respectively).

Corrosion testing of copper plates treated with dilute (2.0 nmol/L) solutions of the
studied carboxylates at room temperature showed that SOS under the above severe
conditions prevents the appearance of the first signs of corrosion significantly better than
other Cls. Judging by the time before the appearance of the first corrosion site in a humid
atmosphere, the efficiency of SOS (21 days) is 3—3.5 times higher than that of SFLPh or
SPhU. The protection of copper not only by SOS, but also by SOI (t=17 days), is apparently
accompanied by self-organization in adsorption layers, since its efficiency increases
significantly with an increase in the duration of the passivation treatment of copper. When
the passivation time is reduced to 5 min, the first centers of corrosion on copper samples
during subsequent tests are formed much earlier, since the CI film does not have time to
form in such a time. By increasing the temperature to 60°C and 5 min of passivation
treatment is enough to provide t=23 h. Studies on non-toxic Cls for replacement of classical
molecules containing sulfur, nitrogen or aromatic functions such as BTA to protect copper
from corrosion are of considerable interest. In [19], a study on the conditions and mechanism
of copper corrosion inhibition by linear sodium heptanoate with the formula
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CH3(CH,)sCOONa is reported. Sodium heptanoate has been proven to be a good non-toxic
ClI for copper corrosion and its optimum operating conditions, pH 8 and 0.08 mol/L NaC,
are compatible with the water of a heat exchanger. The inhibition is due to the formation of
a thin metallic soap layer mainly constituted by copper heptanoate. ECAFM techniques have
shown the relations between the inhibition efficiency and the morphology of the surface
layer under real conditions. Furthers studies dealt with the determination of the relationship
between the orientation of the copper substrate and the growth of metallic soaps. The
passivation of copper in 0.08 mol/L sodium heptanoate solution with pH 8 was studied by
ellipsometry [20]. The inhibition may be due to the formation of a passive layer containing
Cu(OH), and Cu(l1) heptanoate [CH3(CH,)sCOQ].Cu (designated as Cu(C-),) on the copper
surface. Two growth rates are observed during the passivation process. A model of a duplex
layer is proposed. The thickness of the passive film is evaluated as 14+1.5 nm.

Salts of dicarboxylic acids containing two reactive carboxyl groups are also of great
interest. They do not pose an environmental hazard, since they are found in nature in a free
form (green parts of plants and juice), and if they show protective properties, they can be
classified as “green Cis”. It turned out that they can be strongly adsorbed on the surface of
metals [21]. The adsorption of (sodium malonate NaOOCCH,COONa, ethylmalonate
NaOOCCH(C,Hs5)COONa, and sodium succinate NaOOCCH,CH,COONa) on copper was
studied in [22]. The values g—AGQ calculated from the full Temkin isotherm are 47.7, 69.4,
and 77.4 kd/mol, respectively. It can be assumed that the high adsorbability of these anions
Is due to the participation of both carboxyl groups of these anions in their chemisorption
process with the copper surface. For substituted malonates, this interaction should also be
facilitated by the close spatial arrangement of carboxyl groups in their molecules.

Noteworthy are studies of the adsorption, electrochemical, and corrosion behavior of
copper in aqueous solutions of sodium salts of alkylmalonic acids (AMA) with alkyl lengths
n=0,2,4,7, and 9 [23]. This work used ellipsometry, electrochemical impedance
spectroscopy (EIS), potentiodynamic polarization measurements and corrosion tests.
Addition of alkylmalonic acid salts at a concentration of C;,;;=0.002 mol/L to borate buffer
solution (pH 7.4) containing 0.01 mol/L NaCl slows down the anodic dissolution of copper,
increases its local depassivation potential and inhibits the cathodic oxygen reduction.
Figure 6 presents polarization curves of copper in borate buffer solution pH 7.4 containing
10.01 mol/L chloride without (1) and with addition of 3 mmol/L AMA. The greater the alkyl
length in the CI, the more expressed these effects are. It has been shown that the adsorption
strength of alkylmalonate increases with increasing alkyl length and is adequately described
by the full Temkin isotherm equation. The value of (—AG? | of these anions on the oxidized
copper surface at E=0.0 V is 47.7 kJ/mol for malonic acid and 83.9 kJ/mol for nonylmalonic
acid, which suggests a chemical nature of adsorption.
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Figure 6. Polarization curves of copper in borate buffer solution with pH 7.4 containing
10 mmol chloride without (1) and with addition of 3 mmol/L OCI: Co (2), C2 (3) and Co (4).

An even more complicated case is the adsorption on metals and inhibition of corrosion
by salts of dicarboxylic and even polycarboxylic acids of macrocyclic organic compounds.
Since organic compounds are capable of transferring their electrons to unoccupied d-orbitals
of a metal, forming covalent bonds with it, or, conversely, accepting free electrons from the
metal surface, it is not easy to predict which functional groups containing N, O, S, and P
heteroatoms are active centers that carry out bonding of large organic molecules or ions to a
metal surface.

It should be recognized that the adsorption of such salts of di- or polycarboxylic acids
using ellipsometry is much less studied. In this regard, macroheterocyclic compounds, such
as porphyrins and phthalocyanines, are of great interest [24—27]. The assessment of
adsorption, for example, by phthalocyanines, which in [25] were represented by 1(4)-
tetrakis[(2-mercapto)pyridine]phthalocyanine (I) and 2,3-octakis[(2-mercapto)pyridine]-
phthalocyanine (II) sulfates, was estimated in 0.1 M/L HCI solution by electrochemical
method from the increase in the charge transfer resistance Rs with an increase in the CI
concentration. The adsorption of the studied phthalocyanines on the aluminum surface was
adequately described by the Langmuir equation with the value —AGQ):24.2 kJ/mol and
decreased with increasing temperature. Both of these facts point to the physical adsorption
of phthalocyanines on the aluminum surface, at least from an acidic solution.

Apparently, the adsorption of Dimegin (DMG) on the passive surface of zone-melted
iron (with an impurity of C<0.001%) from a borate buffer with pH 7.4 was studied by the
ellipsometric method for the first time [28]. DMG macrocyclic compound [disodium salt of
2,4-di(metoxyethyl)deuteroporphyrin IX] (Figure 7a). It was shown that its adsorption on an
iron electrode at E=0.2 V resulted in the formation of a monomolecular layer strongly bound
to the surface of oxidized iron. It is described by a logarithmic Temkin equation with the
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values (—AG§)=43.3 kJ/mol and f=1. The authors compared these adsorption characteristics
with those for BTA, a well-known CI for copper. The adsorption of BTA under the same
conditions on passive iron is adequately described by the same equation, but with a much
smaller (~AG{)=19.2 ki/mol and a larger value of f=3.6. Unlike BTA, which is rather
weakly adsorbed on iron in a neutral agueous solution, i.e., does not chemically interact with
the electrode surface, DMG is chemisorbed on passive iron with high probability. In this
regard, DMG chemisorption was used to modify the surface in order to improve the
adsorption of BTA on it.

imegi depocolin
HCO (s dimegin P
o <=/=17m =>
HO— /SoSsN
' | | T CH—OCH;
Yo NH  N=
—N v
med V| —en
-
a {lmz CH,

) | =
COO Na'  COONa
Figure 7. Structural formulas of dimegin and depocolin.

Indeed, such a modification of the iron surface improves the adsorption of BTA on it
and increases (—AG? ) from 19.2 to 45.1 kJ/mol. The adsorption characteristics of BTA, as
can be seen from the results of their measurement at various degrees of coverage the iron
surface with DMG (®pwmg), are presented in Table 2. When passing to the modified surface,
the factor of its inhomogeneity, characterized by the value f, first increases (up to ®pmc~0.5),
and then decreases. ®pmg has a similar effect on the value —AGQ) , Which is also maximum
at ®pmc~0.5, but even at ®pms=1.0 it is more than 2 times higher than the similar value for
BTA adsorption on the unmodified surface of the passive gland. The corresponding BTA
adsorption isotherms are shown in Figure 8.

During the adsorption of BTA on passive iron, small changes were observed [6A|~0.18°
corresponding to its film thickness of 0.4—0.5 nm, which indicates a flat arrangement of
BTA molecules on the electrode surface. The ellipsometric measurements also showed an
almost flat arrangement of DMG |8A~0.41°| corresponding to a thickness of ~0.9 nm.
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Figure 8. Dependence of the change in the ellipsometric angle on I1gC of (1) dimegin
concentration; (6) BTA on iron surface oxidized at E=0.2 V in borate buffer, pH 7.4; and
BTA on an iron electrode preliminarily modified by dimegin adsorption, degrees of electrode
surface coverage, ®pwma: (2) 0.27; (3) 0.50; (4) 0.70; and (5) 1.0.

Table 2. Adsorption characteristics of BTA by varying the degree of coverage with dimegin (®pwmg) of the
surface of oxidized iron.

@owme f (-AG;), kd/mol
0.00 3.6 19.2
0.27 5.1 38.7
0.50 5.0 45.1
0.70 49 44.6
1.00 a7 39.9

The thickness of the adsorbed BTA layer increases if it is formed on a passive electrode
at the same E=0.2 V, the surface of which is preliminarily filled with DMG, even partially.
For all studied ®pwmg, the thickness of the adsorbed BTA layer reaches 1.0—1.2 nm. This
indicates that the BTA orientation is no longer flat.

As we showed later [29], DMG is adsorbed from a borate buffer with pH 7.4 on passive
copper at E=0.0 V even more strongly than on iron. DMG adsorption on oxidized copper
occurs at low concentrations, Ig Cinn=—7.75...—5.75, is also well described by the Temkin
equation with the values (—AG§)=56 kJ/mol and f=3.4. Such a strong binding of DMG to
the copper electrode raises no doubts about its chemisorption. It is no coincidence that it
surpasses many known copper Cls (SFLPh, BTA and even its more effective derivative 5-
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CI-BTA) in terms of passivating and protective action. This makes it possible to use very
low concentrations of DMG to modify the surface of oxidized copper in order to improve
the subsequent adsorption of the more economically available BTA.

Indeed, it is able to stimulate BTA adsorption on copper by modifying its surface with
a very small value ®pus=0.1. On such a copper electrode, BTA adsorption begins in the
range of its concentrations at which it does not yet occur on the passive copper surface
without modification. This thin film provides better protection for copper in humid
atmospheres than protection from BTA itself. Interestingly, in contrast to the above case for
iron, a further increase in ®pmc does not enhance BTA adsorption and —AGS) remains at
the level of 63 kJ/mol. The results of XPS studies led to the conclusion that DMG is bound
to copper surface cations through two donor oxygen atoms of carboxyl groups. The DMG
nitrogen atoms do not participate in the formation of coordination bonds with copper cations.
The adsorbed DMG anions seem to have an oblique orientation with respect to the copper
surface and can form several layers of Cls.

The study of DMG adsorption on nickel from the same borate buffer at E=—0.65 V (on
the reduced surface) and 0.2 V (on the oxidized surface) also deserves attention [30]. In both
cases, it was adequately described by the Temkin isotherm with values for E=—0.65 V:
(—AGQ):75.38 kJ/mol and f=4, and for E=—0.2 V: —AGQ):54.8 kJ/mol and f=2.8. It can
be seen from the data that strong DMG chemisorption takes place on this metal as well,
which is even more pronounced on the electrode with reduced nickel oxide.

As a surface modifier not only for copper, but also for its alloy MNZh5-1, there can be
another porphyrin derivative — depocolin, that is, the disodium salt of 3,7,12,17-tetramethyl-
8,13-divinyl-2,18-deuteroporphyrin IX (Figure 7b), depocolin (3,7,12,17-tetramethyl-8,13-
divinyl-2,18-deuteroporphyrin 1X) containing two peripheral carboxyl groups [31]. From the
changes (—0A) during the adsorption of depocolin (Figure 9), the thicknesses of the formed
monolayers on the surface of alloy MNZh5-1 and copper were calculated. It was found that
on the oxidized surface of alloy MNZh5-1 and copper d~0.35 nm. Comparing the thickness
of the emerging monolayer d and the length of the depocolin molecule I, calculated from the
bond lengths of their constituents, it can be assumed that depocolin is adsorbed with a large
inclination to the surface of both metals. The thickness of the depocolin layer on the alloy
was also determined by the XPS method; it is about 0.3 nm (E=0.0 V) and 0.36 nm at a
Ecor=0.12 V. The adsorption of depocolin from a neutral buffer solution on their oxidized
surface is adequately described by the Temkin equation with the values (-AG?)=68 and
78 kJ/mol, respectively, in the case of copper and its alloy. The modification of the surface
of copper and alloy MNZh5-1 with depocolin facilitates the subsequent adsorption of 5-Cl-
BTA and passivation of these electrodes, increasing their protection in a neutral chloride
solution from local depassivation. XPS data [32] showed that depocolin is bound to the
surface of the alloy via the oxygen atoms of both carboxyl groups, and the porphyrin ring
did not participate in the formation of the metal complex on the electrode.
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Figure 9. Dependence of the change in the ellipsometric angle (—3A) on the 1gC of depocolin
concentration on the oxidized surface of copper—nickel alloy MNZh 5-1 (1) and on copper
surface (2) oxidized at E=0 V in borate buffer, pH 7.4.

Organophosphates

Organophosphates should be singled out among the anionic organic Cls, which are not only
widely studied in neutral aqueous solutions, but have long been used in the practice of
anticorrosion protection of metals. They include not only salts or complexes of phosphonic
acids, but also other organic P-containing compounds. However, here we confine ourselves
to phosphoric acid esters, which, of course, are used less frequently than phosphonates as
Cls, but, undoubtedly, are also interesting in this function. Acid esters of phosphoric acid are
distinguished not only by their ease of synthesis, but also by the relative stability of
disubstituted esters, as well as their ability to form hydrophobic passive films on oxidized
metal surfaces and complex compounds with cathions of many metals [33—35]. A good
example of such Cls is dioctyl phosphate (CgH170),P(O)OHNa (DOPh) or its more branched
isomer sodium bis(2-ethylhexyl)phosphate [36, 37]. DOPh proved to be one of the best
water-soluble passivators for iron and mild steel in neutral solutions. The DOPh molecule is
rather hydrophobic, as evidenced by its positive value logP=6.97, which exceeds that of, for
example, the SPhU molecule (logP=5.89), which has high protective properties with respect
to mild steel. For the anion DOPh logD=3.49. This value takes into account the acidity of
the molecule, i.e. its dissociation and the pH of the solution. Indeed, the adsorption of DOPh
from a borate buffer with pH 7.4 on pure iron [36] and on mild steel [37] at E=0.2V is
described by the Frumkin equation with the value —AG§)=28 ki/mol.

The passivating properties of DOPh are manifested not only in relation to Fe and steels,
but also to other metals or alloys. Thus, even in [35] the facilitation of passivation of zinc
and aluminum alloy D16 in an aqueous solution of chlorides was observed upon the
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introduction of DOPh. Other acidic organic esters of phosphoric acid also have adsorption
activity on aluminum or its alloys.

In this regard, it is interesting to compare two surfactants — sodium dodecyl sulphate
(SDS) and sodium dodecyl phosphate (SDP), carried out by F. Carlson et al. [38, 39]. The
authors concluded that the effective corrosion inhibition caused by organophosphate anions
may be due to their chemisorption, possibly including the formation of bridging bidentate
complexes, as well as the ability to form stable complexes with AI(III). The adsorption
behaviour was investigated by determination of the isotherms for adsorption of SDS and
SDP at the aluminium pigment flakes. The inhibition tests with SDP clearly showed that
phosphate ester surfactants provided efficient inhibition of the aluminium oxide surface.

S.V. Oleinik et al. [40] studied the adsorption of DOPh on the surface of D16 alloy in
solutions of borate buffer (pH 7.4) by the ellipsometric method. Like in the study of CI
adsorption on the magnesium surface [14], it was necessary to choose the conditions for
surface preparation. The ellipsometric studies of the D16 alloy electrode in a borate buffer
at Ecor=—0.3 V showed that A changes over a long time and does not reach a stationary
value, probably due to the formation of a hydrated oxide of variable composition on the
surface of the alloy. A technique was proposed in which thin passivating layers were
preliminarily formed on the alloy. DOPh adsorption on such an electrode at E=-0.30 V is
adequately described by the Frumkin equation with (—AGQ):33.8 kd/mol. It follows from
the analysis of the literature that the adsorption of mono- and dialkyl phosphates from
agueous solutions on magnesium or its alloys and their protective properties with respect to
this metal have been studied to the least extent. Traditional methods of corrosion protection
of magnesium alloys (chromate treatment and paintwork containing chromate pigments or
Cl) face serious environmental objections. Although chromate is the most studied and
effective Cl of magnesium alloys, toxicity and environmental hazard makes it necessary to
replace its chromate in various technologies.

In this regard, it is interesting to compare the protective effect of potassium bichromate,
DOPh and the well-known CI class of triazoles — 5-chloro-BTA (CI-BTA) in relation to
technical magnesium (Mg-90, containing (in%): Mg — 99.9; Fe<0.04; Mn<0.03; Al<0.02;
Ni<0.001; Cu<0.004; Si<0.009; C1<0.005) in aqueous borate solutions with pH 7.4 and 9.2.
As magnesium CI in aqueous solutions, 5-CI-BTA and DOPh were studied [41]. The
important role of DOPh in the protective effect of mixed CI is also indicated by the results
of XPS studies carried out after keeping magnesium samples in water, since peaks of P2p
electrons appeared in the spectrum. In all cases, they confirmed the presence of DOPh in the
surface layers. In connection with the assumption of DOPh chemisorption on the oxidized
magnesium surface, it seemed interesting to estimate the free energy of adsorption of this ClI
on it by measuring the DOPh isotherm by the in situ method. In the range of average
coverages, it is adequately described by the logarithmic Temkin isotherm with close values

for these compounds (—AG§)=50.2 kd/mol. However, the 5-CI-BTA anions are located
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obliquely to the electrode surface, while the DOPh anions are located vertically, which
suggests its denser packing. DOPh additions lead not only to a shift in the local depassivation
potential, but also to a decrease in the anode current.

Phosphonic acids are capable of complex formation with ions of various metals,
including Zn?*, forming thin passivating films on the metal surface. Phosphonic acids are
capable of imparting various physical and chemical properties to ZnO nanoparticles,
depending on the nature of their tail group. So, it can increase the hydrophobicity of the
surface when it ends with an alkyl, and vice versa, reduce it when the tail group is an acid.
In addition, hydrogen bonding between acid end groups enhances film stabilization [42, 43].

Adsorption of sodium salt of decylphosphonic acid CH3(CH;)sPO(ONa), (SDPh) and
of dodecylphosphonic acid CH3(CH,)1:PO(ONa), (SDDPh) on a zinc surface from a borate
buffer solution pH 7.4 was investigated in [44, 45]. The adsorption of SDPh on the oxidized
and reduced zinc surface can be described by the Temkin equation. On the reduced surface,
SDPh is adsorbed more easily than on the oxidized one: at E=-0.9V, the value of
E—AG§3:75.8 kJ/mol, and at E=0.2 V &—AGQ):42.2 kJ/mol. SDDPh is adsorbed only at

=-0.9 V with (-AGY)=85.7 ki/mol. The thickness of the adsorbed SDDPh monolayer is
d=1.7 nm. The length of the SDDPh molecule is 1.79 nm. Comparing these dimensions, we
can assume that the SDDPh molecules are oriented almost perpendicular to the electrode
surface.

In [46], the Kinetics of adsorption and desorption of organophosphoric Cls on the
surface of steel OL-37 was studied. These are the organophosphonate Cls: amino
trimethylenephosphonic acid and 1-hydroxyethylidene-1,1-diphosphonic acid. The
concentrations of the CI solutions were 1%. The steel plate was placed for 40 min in the CI
solution. The ellipsometric parameters of the plate were measured before and after
immersion. From this data, the thickness of the CI film was calculated. During desorption of
CI, the value of A increases, while the value of ¥ decreases as the thickness of its film
decreases. The measured refractive index of the CI film is Nfiim=1.63. Desorption of Cl from
the plates was determined in the air.

Azoles

Azoles are five-membered heterocyclic compounds that have at least two heteroatoms in the
cycle, one of which is a nitrogen atom, as well as bi- and polycyclic compounds that include
an azole ring. Review [47] is devoted to azoles, a popular class of heterocyclic Cls that have
been best studied. The adsorption of substituted benzotriazoles (R-BTAs) onto copper is
measured via ellipsometry in a pure borate buffer (pH 7.4) [48]. Commercially available Cls
for copper, BTA and its derivatives, 5-chloro-, 5-methyl-, and 5-pentyl-benzotriazoles with
the general structural formula R-CsH4N3, were employed. Figure 10 shows the experimental
dependence of the absolute values of A on logC, where Ciq, is the volume concentration of
the studied Cls in the borate buffer. The values of 10gP, Brax, Bmin, (~AGSma ) (~AG i |
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are given in Table 3. Bmax and Bmin are the constants of adsorption equilibrium that
correspond to the highest and lowest values of the free energy of adsorption.

Table 3. Acid dissociation constant of pKs; partition coefficients (logP); and parameters (Bmax), and (Bmin)
as functions of the chemical structure of Cls belonging to the benzotriazoles family. The pKa and logP
values were determined using the ACDLABS software.

Inhibitors pKa  logP Bmax Brin (4G ) (4G na)
mol mol kJ/mol kJ/mol
BTA 838 129  232.10° 17.2.10° 51.8 52.5
5-CH3-BTA 870 161  3.7.10°  2.7.10Y 58.5 59.2
5-CI-BTA 546  1.92 9.5-10%°  3.8.10% 59.3 61.5
5-CsH11-BTA 94 319 205-10  7.2.10% 66.4 69.1

After the formation of a conditional monolayer, further changes in the ellipsometric
angle A occur in time. This is due to the fact that copper cations, slowly accumulating in
solution, form complex compounds with CI, which begin to be adsorbed and form the second
and subsequent layers. For this reason, the formation of the second layer is shown on the
isotherms by a dotted line (Figure 10). Free energy of adsorption (—AGgmax increases in the
order BTA<5-CH3-BTA<5-CI-BTA<5-CsH11-BTA, which coincides with the order of the
increase in the hydrophobicity of these compounds.
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Figure 10. Changes in ellipsometric angle A as a function of the concentration of BTA and its
derivatives on copper surface oxidized at E=0 V in borate buffer, pH 7.4. The regions of
nonstationary angle A values are shown in the curves as dashed lines.
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The adsorption of BTA, tolyltriazole (TTA) and two different N-methylamino
substituted triazoles on copper surfaces in hydrocarbon media has been examined by in situ
ellipsometry and time-of-flight secondary ion mass spectroscopy [49]. It was shown that all
four triazoles form films, and according to ellipsometric measurements, their thickness, d,
after a 1000-minute exposure of the samples was estimated in the range of 0.5-2 nm. The
films formed by BTA and TTA had d~2 nm, and in the case of N-methylamino substituted
triazoles, d~0.5 nm. Desorption was studied only qualitatively, but it was shown that no
more than 20% of CI was desorbed. The time-of-flight secondary ion mass spectroscopy
study showed that while BTA and TTA adsorbed intact did the N-aminomethyl substituted
triazoles appear to loose their aminomethyl tails on binding since only signals corresponding
to triazole moieties of the compounds were detected.

Not only BTA derivatives but also 3-amino-triazole (3-AT) derivatives can be excellent
Cls for copper in neutral media. In our work [50], using ellipsometry and electrochemical
measurements, we studied the adsorption of 3-amino-1,2,4-triazoles (3-AT) and its
substituted derivatives on copper, as well as their effect on its dissolution in aqueous
solutions of a borate buffer with pH 7.4. It is shown that the adsorption of these triazoles on
copper at E=0.0 V is polymolecular, and the first layer is described by the Temkin equation
((FAG;)):ES?_?? kJ/mol and an energy inhomogeneity coefficient varying from 0.91-2.5

able 4). The maximum value of (—AG?) is found for an acid and a hydrogen sulfide
corrosion inhibitor IFKhAN-92 that is a mixture of triazole derivatives.

Table 4. Dependence of f and (—AG;’) parameters on the chemical structure of the inhibitors.

Corrosion inhibitor Bmaf’l Bm"l’l (_AGS'”“”)’ (_AG;'”“”‘X)' f
mol mol kJ/mol kJ/mol
IFKhAN-92 66.6x10'? 26.6x10"? 75.2 77.4 0.91
5-Pentylmercapto-3-AT  18.31x10%2 4.4x10% 70.9 74.3 1.42
5-Phenyl-3-AT 15.04x10%° 1.3x10%° 56.6 62.6 2.47
3-AT 2.00x10% 7.0x10° 55.2 57.7 1.04

All the compounds studied are strongly chemisorbed on copper and, judging by the
measured adsorption parameters, the well-known inhibitor of acid and hydrogen sulfide
corrosion of steel IFKhAN-92 is most studied in [51]. It is also least sensitive to the energy
inhomogeneity of the copper surface. This CI is a composition of 3-AT derivatives and has
a high passivating ability with respect to copper while protecting it from atmospheric
corrosion. The existence of the IFKhAN-92 chemisorbed layer on copper was confirmed by
the fact that the kinetic adsorption isotherm of this CI observed by the authors is adequately
described by the Roginsky—Zeldovich equation obtained theoretically for slow
chemisorption [52].
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In our other work [53], we studied the adsorption of 5-alkyl derivatives of 3-AT and
the protection of copper from atmospheric corrosion. In these, the alkyls were methyl-,
pentyl-, heptyl-, nonyl- and undecyl-, which allowed these Cls to form passive layers on the
copper surface at very low concentrations in the range of a few uM. At higher concentrations,
this effectively inhibited local depassivation of copper by chlorides in neutral borate buffer
pH 7.4. An increase in the length of the side chain enhances the action of 5-alkyl-3-AT, but
reduces their solubility in water.

The adsorption of 5-alkyl-3-AT is adequately described by the Temkin equation, and
the values of (-AG?) increase with increasing alkyl length. Protective films formed by
higher 5-alkyl-3-ATs provide reliable protection of copper against corrosion even under
severe salt fog conditions. Moreover, mixtures of some 3-alkyl-ATs are able to show higher
efficiency than each of the components separately. In [54], ellipsometry has been used to
determine the thickness and growth rate of protective copper—benzotriazole (Cu—BTA) and
copper—benzimidazole (Cu-BIMDA) surface films formed on CuO/Cu substrates by
immersion in warm (60°C) aqueous (0.017 mol/L) solutions of BTA and BIMDA. The
growth rate of Cu—BTA films is found to be significantly smaller than that of (Cu—BIMDA)
films. In case of immersion for 3 min, the Cu—BTA and Cu—BI films grow to thicknesses of
about 100 A in about 475 A, respectively. A possible explanation of the generally greater
protective properties of Cu—BTA compared with Cu—BIMDA is discussed.

Similar studies are also presented in [55] where the well-known CI for the protection
of copper and its alloys, 2-mercaptobezothiazole (MBT), was studied. In this study, a thin
anticorrosion coating obtained from MBT solutions on a copper surface is analyzed by
spectral ellipsometry. It is shown that it is rapidly formed on the Cu,O layer at temperatures
above 50°C.

The interaction of 2-mercaptobenzothiazole with copper was also studied in an alkaline
solution in [56] using infrared (IR) and Raman spectroscopy and in situ ellipsometry
combined with cyclic voltammetry (CV). At a constant electrode potential, the MBT film
relaxes with a change in the orientation of its molecules. In this film, the thiol form of MBT
predominates over the thionic form. After the dissolution of copper becomes
thermodynamically possible, including in the case of an open circuit, the formation of a
multilayer CUMBT complex begins, in which thiol predominates over thione. In this case,
MBT molecules bind to copper through S and N atoms. At positive potentials, the formation
of a disulfide oxidation product of MBT itself prevents this reaction of the copper surface.
Multilayer films effectively retard oxide formation. Instead, MBT oxidizes and dimerizes to
2,2'-dibenzothiazole disulfide (DBTS), which retains copper protection. The authors
concluded that MBT acts as a “sacrificial inhibitor” because its molecule is oxidized instead
of copper.

The behavior of zinc in alcoholic solutions of BTA was studied in [57]. The authors
note a good agreement between the thickness of the upper layer between the results of
ellipsometry and the intensities of the XPS peaks calculated using the Seah model.
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The adsorption, protective, and passivation effects of 1,2,4-triazole, 3-amino-1,2,4-
triazole, and 5-COOH-3-AT in a neutral borate buffer solution with pH 7.4 were studied on
zinc [58]. Adsorption isotherms were calculated from the full Temkin isotherm. It is shown
that 5-COOH-3-AT anions have higher values of adsorption free energy (—AGQ) on zinc at
E=0.2V compared to triazole and 3-amino-1,2,4-triazole respectively. 82.2, 49.6 and
43.8 kd/mol. Corrosion testing of zinc in an aqueous chloride solution for 7 days showed that
5-COOH-3-AT at 7 mmol/L reduces the corrosion rate by a factor of 7.5 and provides a
degree of protection close to 90%.

Conclusions

After analyzing the results obtained by us and cited in the literature on the study of adsorption
by the ellipsometric method of Cls in aqueous media, it can be stated that this method is
unique in its ability to obtain adsorption isotherms and determine adsorption constants. The
combination with electrochemical measurements makes it possible to study adsorption in a
wide range of potentials. We have studied the adsorption of Cls on the surface of zone-
melted Fe, Fe-Armco, St3, Cu, MNZh5-1 alloy, Ni, Ag, Al, Au, and Mg from aqueous
media. Cls such as sodium salts of carboxylic and dicarboxylic acids, phosphonic acids, acid
dialkyl phosphates, and azoles have been studied. Examples of adsorption of a mixture of
Cls, induced adsorption are given. The possibility of enhancing the adsorption of BTA by
small fractions of dimegin on iron and copper is shown. Depokolin was proposed as a surface
modifier for copper and MNZh5-1 alloy. In many cases, studies of carboxylate Cls identified
relationships between their hydrophobicity and the value of the free energy of adsorption.
The conditions for preparing the surface of magnesium and aluminum in order to obtain
adsorption isotherms on their surfaces are considered in detail. Adsorption isotherms of
sodium salts of higher carboxylic acids were obtained on magnesium: sodium oleyl
sarcosinate, sodium oleate, linoleate from a borate solution pH 11.2. Determination of the
thicknesses of the adsorbed layers suggests their location on the surface. The thicknesses
determined by the ellipsometric method and XPS coincide within the measurement error.
For some Cls, kinetic adsorption isotherms have been obtained, which can be adequately
described by the Roginsky—Zeldovich equation obtained for the case of slow chemisorption.
This may be another argument in favor of their chemisorption.
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