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ARTICLE INFO ABSTRACT
Keywords: In a recent study (Kokalj, 2026), a model was developed to map multilayer surface coverage to inhibition
Multilayer adsorption efficiency (). In that model, the corrosion protectiveness of adsorbed molecular layers beyond the first was

Corrosion inhibition

Surface coverage

Adsorption isotherm

Standard adsorption free energy

postulated to follow a Langmuir-like dependence on the number of layers. In the present work, this model is
generalized by leveraging an experimental observation that the polarization resistance of Langmuir-Blodgett
monolayers increases linearly with the number of deposited monolayers beyond the first. It is shown that the
previously developed model is a special case of the more general formulation presented here. Both models
predict a characteristic hallmark shape in the ¢/n versus ¢ plot — where ¢ is the inhibitor concentration —
featuring a bent, arching profile above the ¢/ = ¢ line at low concentrations, followed by a linear regime at
higher concentrations. The generalized model, however, provides further insight, indicating that the extent of
this curvature increases when the contribution of the subsequent layers to inhibition efficiency is strong, or
when the first adsorbed layer contributes weakly, a behavior that is consistently reproduced when the model is
applied to experimental inhibition efficiency data from the literature. Yet under many conditions, the curvature
remains too subtle to allow unambiguous identification of multilayer adsorption based on c¢/5 versus ¢ plots
alone.

1. Introduction physical expectation that a sample completely covered by an infinitely
thick inhibitor multilayer is no longer exposed to the corrosive envi-
ronment and corrosion should cease. In that formulation, the corrosion
protectiveness of subsequent adsorbate layers was assumed to follow a
Langmuir-like dependence on the number of layers, while the coverage
itself was described using Brunauer-Emmett-Teller (BET) adsorption
theory [2]. Adopting the Langmuir-like ansatz enabled the inhibition
efficiency expression — otherwise given as an infinite sum within the
BET framework — to be written in closed form, yielding a significantly

In corrosion inhibition studies, the standard adsorption Gibbs en-
ergy (AGY)) is routinely estimated from ¢/5 versus ¢ plots, which are
widely interpreted as ¢/6 plots due to the commonly used approxima-
tion 6 ~ 5, where 6 denotes the fractional surface coverage. However,
this approximation breaks down in the case of multilayer adsorption,
since inhibition efficiency is, by definition, confined to values below
one (or 100%), whereas surface coverage in multilayer adsorption can
grow arbitrarily large. To address this, a model mapping multilayer

surface coverage to inhibition efficiency was developed in previous
work [1]. Here, inhibition efficiency is expressed as a dimensionless
fraction between 0 and 1, which facilitates a more compact mathemat-
ical formulation, rather than as a percentage (0%-100%), an equivalent
convention differing only by a scaling factor of 100.

That model [1] was based on two key assumptions: (i) the formation
of adsorbed molecular layers beyond the first does not affect the
corrosion protectiveness of the first adsorbed layer, and (ii) the inhi-
bition efficiency increases smoothly with coverage and asymptotically
approaches unity as coverage tends to infinity. The latter reflects the
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simplified analytical formulation.

In the present work, the postulated Langmuir-like dependence is
replaced with a model based on the corrosion resistance of subsequent
layers. Specifically, an experimental study [3] on Langmuir-Blodgett
monolayers demonstrates that the polarization resistance increases lin-
early with the number of deposited monolayers beyond the first. This
dependence satisfies the second assumption mentioned above—namely,
that the inhibition efficiency asymptotically approaches unity as cover-
age tends to infinity. Based on this insight, a new multilayer model is
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Fig. 1. Polarization resistance measured by Xing et al. [3] (points) as a
function of the number of Langmuir-Blodgett monolayers (i) of stearic acid
on an Fe electrode in 0.1 M NaCl solution, along with the definitions of R,
R|, Ry, and R, used in the derivation of the corrosion inhibition efficiency
multilayer adsorption model. R, is determined from the slope of the fitted line
fori> 1.

derived herein. The previous model [1], which employed the Langmuir-
like ansatz, emerges as a special case of the more general model
developed in this work.! Accordingly, the two are referred to as the
special and generalized models, respectively. However, unlike the spe-
cial model, the general expression for the inhibition efficiency cannot
be written in closed form, and the sum must be evaluated explicitly.

2. Theory

In terms of corrosion resistance, the inhibition efficiency is defined
as:

@

where R is corrosion resistance of the inhibited sample and R, that of
the blank sample. Here, the term corrosion resistance is used in a general
sense to denote a quantity reciprocal to the corrosion current density,
independent of the measurement technique (e.g., LPR, EIS).

Xing et al. [3] demonstrated, using the Langmuir-Blodgett tech-
nique to deposit multiple monolayers, that the polarization resistance
increases approximately linearly with the number of deposited mono-
layers (Fig. 1). Hence, the corrosion resistance of a sample protected by
i monolayers can be expressed as (cf. Fig. 1):

R=Ry+R +(i—-DRy=Ry +(—1DR, fori>1, )

where R, is a shorthand for the R;, + R, sum, R; is the corrosion
resistance of the first (chemisorbed) monolayer, and R, is the resistance
of a subsequent (physisorbed) monolayer. For i monolayers, there are
i — 1 such physisorbed monolayers.

Before proceeding with the derivation, a few clarifying remarks
are in order. First, the derivation below considers Langmuir-Blodgett

! This is not the only instance where a formulation based on corrosion
resistance yields a Langmuir-like dependence as a special case. Ref. [4] con-
sidered the concept of synergism in corrosion inhibition and showed that
the synergistic parameter defined with corrosion resistances — the so-called
“adjusted 1+1>2” model — is equivalent to that based on the Langmuir model
at partial concentrations of inhibitors.
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monolayers, which simplifies the analysis by allowing the consider-
ation of only complete monolayers. The more general case of non-
uniform surface coverage is addressed later in Section 2.2. Furthermore,
for practical purposes, the first adsorbed monolayer is referred to as
chemisorbed, while subsequent layers are referred to as physisorbed.
This terminology is consistent with the commonly accepted physical
picture: many molecules are capable of forming chemisorbed monolay-
ers directly on surfaces, while additional layers are typically stabilized
through weaker physisorption interactions. However, it is important
to emphasize that the derivation does not depend on this chemisorp-
tion/physisorption distinction; the terms are used solely to differentiate
the first monolayer from the subsequent ones.

Plugging Eq. (2) into Eq. (1), the inhibition efficiency can be ex-
pressed as:
n= w fori>1. 3)

Ry + (- 1R,
This expression can be decomposed into contributions from the first
(chemisorbed) monolayer and the subsequent (physisorbed) monolay-
ers:
R, (i—DR,

T Ry +(-DR, Ry +(i-DR,
=1 +Mm..

fori>1, ()]

n

where 7, is the inhibition efficiency contribution from the first mono-
layer, and #,...; is the contribution from the subsequent monolayers. The
latter simplifies to:

i~ DR j — i -
(i-DRy i-1 =1 fori>1, %)

m..;=

iRy+Ry —R, i+Ry/R—1 i+q
where:
Ry,
=—= —1. 6
q R, (6)

In the previous work [1], a special case with ¢ = 0 was considered,
yielding #,..; = (i — 1)/i, which corresponds to R, = R,. For efficient
corrosion inhibitors, where R, > R, this condition implies R, =~
R,, meaning that each subsequent monolayer contributes equally to
corrosion resistance as the first one. In practice, it is reasonable to
assume that R; > R,, since the first monolayer typically forms stronger,
chemisorptive bonds with the surface and directly blocks corrosion
reactions, whereas subsequent layers contribute only indirectly by im-
peding access of corrosive species. This implies that ¢ > 0 in most
cases.

It can be shown that Eq. (4) is equivalent to the expression used in
the previous work [1], where the total inhibition efficiency — denoted
here as #,,, — was expressed as:

Mot =07+ (L =™, forix1, @

where 7" is the maximum inhibition efficiency of the first layer,

corresponding to a complete monolayer. As evident from Eq. (4), the

inhibition efficiency of the first monolayer reaches its maximum at

i =1. Thus, "™ is given by:

max __ Rl

o= Ry’ (8
The proof that Egs. (4) and (7) are equivalent can be shown by

direct substitution.

Mot = ninax +(1- ﬂﬁmx)ﬂz...[

_ R <1 R, > (i = DR,
Ry, Ry ) Ry +(G— DR,
R, (i — DR, Ry(i— DR,

+ —
Ry Ry +(—DR, Ry (Ry + (@G- 1Ry)
Ry (Ry; + (i—1D)Ry) + Ry (i — DRy — Ry(i — DR,
R (Ro; + (i — DRy)
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Fig. 2. The experimentally determined corrosion inhibition efficiencies of Xing
et al. [3] (points) of Langmuir-Blodgett monolayers of stearic acid on an Fe
electrode in 0.1 M NacCl solution. Curve shows the fit using Eq. (10); note that
Eq. (7) produces the same result for i > 1, so the two fitting curves overlap.

_ RyRy; + RyG—HRy + Ry (i — DR, — RG—DR;
Ry (Rp; + (i = DRy)
Ry (R, +(i—DRy) R, +(i— DR
- RaR +0 ) _ R+ 2, m ©
Ro(Ryy +G—DRy) _ Ry + (- DR,

Note that the final equality follows from Eq. (3).

In the previous work [1], the decomposition of the overall inhibition
efficiency into contributions from the first and the subsequent layers, as
implemented in Eq. (7), was based on the assumption that the adsorbed
layers beyond the first do not influence the inhibition efficiency of the
first layer. However, the analysis above reveals that it is more precise
to state that subsequent layers do not affect the corrosion resistance of
the first layer. This is because the first term in Eq. (4) depends on the
number of layers i, and therefore modifies the inhibition efficiency of
the first layer. Nevertheless, the algebraic structure of Eq. (7) remains
valid, as demonstrated in Eq. (9).

2.1. Fitting the experimental data

Eq. (3) is formulated for complete monolayers, i.e., for i > 1. To
enable its application to submonolayer coverage (i < 1), the expression
must be reformulated to explicitly handle this regime. This is achieved
by the following modified equation:

n = mm({, 1')R1 + max(i 'I,O)Rz . 10)
Ry + min(i, )Ry + max(i — 1,0)R,

Using this expression, the experimental data of Xing et al. [3] were
fitted, with Ry, R, and R, treated as fitting parameters. In parallel,
the same data were also fitted using Eq. (7), with ne and g as
fitting parameters. The results are shown in Fig. 2, where the curves
obtained from the two equations overlap and are therefore visually
indistinguishable for i > 1, since Eq. (7) is defined only for i > 1; both
reproduce the experimental data points nearly perfectly. This confirms
the equivalence of Egs. (4) and (7), as proven in Eq. (9).

It is worth noting that the fit using Eq. (7) yields #"™ = 0.66 and
q = 2.38. This supports the earlier assertion that g is typically greater
than zero, as the first (chemisorbed) layer is expected to provide greater
corrosion resistance than each subsequent physisorbed monolayer.

2.2. From Langmuir-Blodgett monolayers to a general multilayer case

The difference between Langmuir-Blodgett monolayers and a gen-
eral multilayer case is that in the latter, the surface coverage is al-
lowed to be non-uniform. In the previous work [1], the Brunauer—
Emmett-Teller (BET) adsorption isotherm [2] was used to describe
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multilayer coverage as a function of inhibitor concentration, and the
total inhibition efficiency was expressed as the sum of the first-layer
contribution (#,) and that of all subsequent layers (14):

=N +Mmu =m +Z”I,~» an
i=2

where #; corresponds to the #,,, component of inhibition efficiency due

to the fraction of the surface exclusively covered by i layers. The term

n; was described as [1]:

axn i — 1
m = (=) ===, 12)
and therefore consisted of three components:

e (11— nm""‘) = the maximum value of 7y,
i— l

= the protectiveness of the i layers,

* 0; = the fraction of the surface exclusively covered by the i layers.

In the previous work [1], the protectiveness component (second
item above) was postulated to be (i —1)/i using a Langmuir-like ansatz.
This form is algebraically equivalent to the Langmuir isotherm, 6 =
Kc/(1 + Kc), with Kc replaced by i — 1, and it guarantees that the
inhibition efficiency asymptotically approaches unity as the coverage
tends to infinity.

The generalized formulation introduced in Eq. (5) reveals that the
protectiveness component (i — 1)/i used previously is a special case
corresponding to ¢ = 0. Hence, the generalized expression for #; should
be used instead:

-1
mei. 13)
The 7y, contribution is thus given by:

;= (1 max

'Iz<+)—2(1 m“*) 9,-. a4

The fraction of the surface 6, that is exclusively covered by i layers
can be described using BET adsorption theory. According to the BET
model, the expression for 6, is:

0; = whyx', (1>
where:
- 16)
_ K @7
w= 5
fo= — " (valid for x < 1). (s
1 —x+wx

Here, ¢ is the inhibitor concentration in the bulk solution; K, is
the adsorption equilibrium constant for adsorption on a bare surface
(i.e., first-layer adsorption); K, is the adsorption equilibrium con-
stant for adsorption onto an adsorbate layer (i.e., subsequent-layer
adsorption); and 6, is the fraction of the surface not covered by any
adsorbate.

Inserting the BET expression for 6; into Eq. (14), we obtain:

M) = (1= 0wy Z 19)
i+ q

In the special case of g = 0, this sum can be written in closed form and

the expression for M4 becomes [1]:

(1=x)In(1 —x)+x
T l-x+wx
However, for ¢ > 0, the sum in Eq. (19) cannot be expressed analyti-
cally. Instead, it must be evaluated explicitly, which effectively leads to
the BET-n model [1,5], where # is the maximum number of considered

layers. In this case, #,,, becomes:

M) = (] — rl?‘mx) w S for x < 1. (20)

n
i—-1
Moy () = (1 = ™)wB(n) ; Pl (1)
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where 6,(n) is the BET-n fraction of the surface not covered by adsor-
bates [1]:
0y(n) = m (22)
I-x
The final expression for the overall inhibition efficiency is obtained
by combining the monolayer model for #;, developed in Ref. [6], with

the above expression for 7,
n
_ /nmax . i—1 ;
n(n) = p"> (1 = Op(m)™/" ) + (1= 1) wy(n) é ral (23)

where m is the number of surface sites protected by a single inhibitor
molecule at a very low coverage [6].

Note that due to the finite sum in Eq. (23), the maximum achievable
inhibition efficiency is less than one:
A ) = Tim g = ™+ (- gL < @4)

x00 1 U g

which is physically reasonable because 5 = 1 requires the coverage to
tend to infinity.

2.3. The special case of ¢ =0

In the special case of ¢ = 0, the infinite sum in Eq. (19) can be
evaluated in closed form, resulting in Eq. (20). However, this expression
is valid only for x < 1. The reason is that at x = 1, the BET coverage
becomes infinite, as it is given by [1,2]:
o= — (25)

(1 —=x)(1 - x+ wx)
Physically, x = 1 corresponds to condensation of the adsorbate on
the surface, i.e., the onset of unbounded multilayer growth within the
BET adsorption model, which occurs at the following concentration
(cf. Eq. (16)):

1
Ceond = K_Z’ (26)

where the subscript “cond” stands for condensation.?

Note also that the logarithmic term In(1 — x) in Eq. (20) diverges
at x = 1. To obtain a workable expression at all concentrations, this
divergence is avoided by replacing the terms 1 — x and (1 — x)In(l — x)
with the functions #(x) and L(x), respectively, defined as [1]:

t(x) = max(l — x,0) (27)

and

L {(1 —x)In(l —x) forx<1, 28)
0 for x > 1,

where the latter follows from the fact that (1 — x) In(1 — x) tends to zero
as x — 1. Consequently, the expression for 6, in Eq. (18) becomes:

1(x)
=% 29
0 1(x) + wx @9
and the expression for 4 in Eq. (20) is rewritten as:
: L(x)+ x
My = (1=my™) w ol (30)

t(x) + wx’

2 For surfactant inhibitors, a related surface-aggregation concept is the
aggregate transition concentration (ATC) [7], associated with a change in
adsorption behavior and often interpreted as a transition from monolayer to
multilayer adsorption. The ¢, concentration defined here is distinct from
ATC, as it marks the divergence of the BET multilayer adsorption model.
Both surface condensation and ATC are conceptually different from bulk
phenomena such as precipitation upon exceeding solubility or, for surfactants,
aggregation above the critical micelle concentration (CMC). Nevertheless, since
both phenomena are governed by similar intermolecular interactions, the
corresponding characteristic concentrations are often comparable [7].
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Fig. 3. Dependence of the multilayer corrosion protectiveness, given by (i —
1)/(i + g), on the number of monolayers i and the parameter g, for the
monolayers physisorbed on top of the chemisorbed monolayer (i > 1).

which simplifies to:

My =1- r]‘l“a" for x > 1, 31

whereas for x < 1, it behaves as in the original Eq. (20).
Hence, the final BET-based expression for the overall inhibition
efficiency in the special case of ¢ =0 is [1]:

: m/nx . L(x)+ x
— pmax 1-0 1 1- max R 32
n= ( 0 >+( ) @S s (32)

where 6, is given by Eq. (29).
3. Results and discussion

Before analyzing the generalized model of Eq. (23), let us first
examine the protectiveness component of #; in Eq. (13), specifically
how the expression (i — 1)/(i + q) depends on the parameter ¢. This
dependence is illustrated in Fig. 3, and the result is quite intuitive: the
greater the value of ¢, the more slowly the protectiveness increases with
the number of monolayers i. This behavior can be understood from the
definition of ¢, which is approximately proportional to the ratio Ry, /R,
(cf. Eq. (6)). A larger g therefore corresponds to a smaller corrosion
resistance of the physisorbed monolayer, R,, relative to the combined
resistance R, of the chemisorbed layer and bare surface. Consequently,
the smaller the R,, the more physisorbed monolayers are required to
achieve a given level of protection.

Let us now examine the characteristics of the generalized multilayer
model of Eq. (23) by analyzing the ¢/5 versus ¢ curve, which is widely
interpreted as the ¢/6 curve due to the common approximation 6 ~ 7.
Such plots are routinely used to estimate the standard adsorption Gibbs
energy by extrapolating to ¢ = 0 and determining the intercept, which
is related to the inverse of the adsorption equilibrium constant.

The generalized multilayer model depends on four parameters and
two constants: (i) m, the number of surface sites protected by a sin-
gle inhibitor molecule at very low coverage; (i) #"™*, the maximum
achievable inhibition efficiency of the first adsorbed layer; (iii) n, the
maximum number of considered layers; (iv) g, a parameter reflecting
the relative corrosion resistance of physisorbed layers versus combined
resistance of the chemisorbed layer and bare surface; (v) K, the
equilibrium constant for adsorption on the bare surface (i.e., first-layer
adsorption); and (vi) K,, the equilibrium constant for adsorption on an
adsorbate layer (i.e., subsequent-layer adsorption).

The adsorption equilibrium constants K; and K, are calculated
from the corresponding standard adsorption Gibbs energies, which are
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more intuitive to interpret than the equilibrium constants themselves.
As is commonly done, inhibitor adsorption is treated as substitutional
adsorption; thus, the relation between the adsorption equilibrium con-
stant and the standard adsorption Gibbs energy (AG?, ) is given by [8]:

1 AGieads
exp| — . R fori=1,2,

33
CH,0 RT (33)

K =

where ¢y, is the molar concentration of liquid water (55.34 M at
25 °C). In the examples presented below, the values AG fa 4 = —30kJ/mol
and AGZ . = —20 kJ/mol are used.

For the analysis of the ¢/5 versus ¢ curves, presented in Fig. 4, the

following values of the model parameters are used:

*m = 1/3 and 3, to cover two qualitatively different cases: one
where an inhibitor molecule only partially protects the site it
occupies at low coverage (m = 1/3), and another where an
inhibitor molecule protects more than one surface site at low
coverage (m = 3).

s =07 and 0.9, to reflect different relative importance of

chemisorbed versus physisorbed layers. A lower value of 4"

corresponds to a lower protectiveness of the chemisorbed layer.

n =10 and 100, to examine the effect of the maximum number of

adsorbed layers. The BET-10 case is included because, in previous

work [1], the experimental data [9] were best fitted using the

BET-8 based model. The value n = 100 is used because it yields

results close to the BET model with n = oo [1].

* q¢=0,2,4,and 6, to span a range from high to progressively lower
relative corrosion resistance of the physisorbed layer compared
to the combined resistance of the chemisorbed layer and bare
surface.

In addition to the multilayer model, the single-layer model is also
considered in Fig. 4 to highlight the effect of multilayer adsorption
on the ¢/n versus ¢ plot. For the single-layer model, the Langmuir
isotherm [10] is used, and the surface coverage is calculated as:

cK;

6, = ——,
L™ 14 ek,

(€2)]
where the subscript L denotes the use of the Langmuir isotherm. The
inhibition efficiency is then calculated using the single-layer expression
developed in Ref. [6]:

max m/nn]ax
n = (1 - HOL ! > , where §, =1-6,. (35)
Here, 6, is the fraction of the surface not covered by adsorbates, as
given by the Langmuir model.

Fig. 4 reveals that the lower the value of ¢, the sooner the multilayer
model deviates from the monolayer model with increasing concentra-
tion. This is easily understood, as a lower ¢ implies higher corrosion
resistance of a physisorbed layer relative to the chemisorbed one. Hence,
multilayer effects become significant at lower inhibitor concentrations.
However, near the concentration ¢4, corresponding to the onset of
unbounded multilayer growth in the BET adsorption model — indicated
by the vertical red dashed line — the curves for larger g values exhibit
stronger bending, provided that » is large. The reason is that for higher
g, the contribution of physisorbed layers to inhibition efficiency is
suppressed at low concentrations. But as the concentration approaches
Ceonds the number of physisorbed layers increases rapidly, and multi-
layer effects set in abruptly. As a result, the curves for higher ¢ values
bend downward sharply near c,,q. This pronounced curvature just
before c,q is referred to as the super-coverage effect.

Despite the super-coverage effect, the overall shape of the ¢ /5 versus
¢ curve remains consistent regardless of the value of ¢. This observation
implies that the special case of ¢ = 0, developed in the previous
publication [1], correctly predicted the characteristic shape: an arching
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profile above the ¢ /5 = ¢ line at low concentrations (¢ < c¢,.,q), followed
by a linear regime at higher concentrations.

Note that the effect of multilayer adsorption on the c¢/5 versus ¢
curve diminishes progressively from the top-left plot in Fig. 4 to the
bottom-right one. Regarding the curvature of the arching portion of
the ¢/n curve, the figure reveals that this curvature increases when
the physisorbed layer contributes more strongly — or, equivalently,
when the chemisorbed layer contributes less strongly — to the overall
inhibition efficiency. More specifically:

1. The curvature is greater for lower values of nree A low n
means that the chemisorbed layer alone offers limited inhibition
efficiency.

2. The curvature is greater for lower values of m. A small m im-
plies that, at low coverage, each chemisorbed inhibitor molecule
weakly protects the surface site to which it is adsorbed.

3. When the number of layers is limited (i.e., for low n), the
curvature increases as g decreases. A lower g corresponds to
higher corrosion resistance of the physisorbed layers relative to
the combined resistance of the chemisorbed layer and bare
surface, giving rise to more pronounced multilayer effects and
stronger curvature.

4. For high values of both #™* and m — indicating that the chemis-
orbed layer provides highly efficient protection — the influence
of multilayer adsorption becomes insignificant, especially for
low n. In this case, the c¢/n curves appear nearly linear.> Only
for large g values does a small super-coverage effect become
noticeable at high n, as evident in the n = 100 case shown in
Fig. 4.

Beyond the condensation concentration, the ¢/ curve follows the
¢/n = ¢ line — marked by the black dashed line in Fig. 4 — if the
value of n is large. This occurs because, for large n, the maximum
inhibition efficiency approaches unity because the quotient (n—1)/(n+q)
tends to one (cf. Eq. (24)). In contrast, for small n, this quotient is
significantly less than one, resulting in a maximum inhibition efficiency
well below unity. This contrasting behavior is clearly visible in Fig. 4
when comparing the n = 100 and n = 10 curves.

To supplement the above analysis based on ¢/5 versus ¢ plots, Fig.
5 examines the alternative 5 versus c¢ representation that can provide
complementary insight. In principle, the most direct way to identify
multilayer adsorption is to analyze surface coverage as a function of
concentration. However, in practical corrosion-inhibition experiments
the surface coverage is rarely known explicitly; instead, inhibition
efficiency is measured. Because inhibition efficiency is confined to
values below one, its bounded nature can considerably mask signatures
of multilayer adsorption.

Fig. 5a therefore compares the Langmuir, BET-10, and BET-40
adsorption models on the coverage—concentration plot, where multi-
layer effects are most clearly revealed. While the Langmuir isotherm
saturates at monolayer coverage, the BET-n models, after reaching
this point, exhibit a continued increase in coverage with increasing
concentration, which is a clear signature of multilayer growth.

Figs. 5b—d show inhibition efficiency as a function of concentration
for the BET-40 and BET-10 models. Owing to the bounded nature of
inhibition efficiency, the corresponding curves can only partially reflect
characteristic multilayer behavior. In particular, for a sufficiently large

3 Here, the linearity at low concentrations arises from adopting the Lang-
muir monolayer adsorption model. For a discussion of how the shape and slope
of ¢/6 curves depend on lateral interactions, multi-site adsorption, and surface
heterogeneity, see Ref. [8], where it was shown that in many such cases the
¢/0 curves remain nearly linear. Among these effects, only significant lateral
interactions result in pronounced curvature at very low concentrations, in
particular attractive interactions, whereas repulsive interactions lead to weaker
deviations from linearity.



A. Kokalj Corrosion Science 261 (2026) 113626

n = 100
25 T T T
( 9=6—  of |
I 4 !
q=4 N |
20 g=2 = &z)/ ! -
G
qg=0 — 34 A
S4 A0
=15F NV o i =
= 7 . 1 =
£ J e H £
= ’/ v ! =
= S e =
© 10 4 /’\‘(\ ' Iy
Y !
/ 1
/, :
5 - i ]
/’ 1
4 1
’/ 1 Ccond
0 k4 I I I i
nxlna,x =07 0 5 10 15 20 25
¢ (mM)
25 T T
q=6 — >7
_ Sy
q=4 — @0/ !
20 g=2 — §,~ L —
=0 — i f {
IS S !
o/, P I
stsf S A 1 = i
.
E 7 i E i
s S0 i S i
S10f .\“4 i S i
»” 1 1
4 1 1
| |
5 /o | ] |
4 1 1
4 1 1
A 1Ccond At 1Ccond
N 0 I I I I H
0 5 10 15 20 25
¢ (mM)
e 25 T S
q=6 — a1
e — &
20 g=2 — @/‘ ! 1
q=0 — (\c}?/ Ry
Oy S
= N LS
Sr 7 S0 ]
E o
< 7 S0 !
= v/ ‘g 1
© 10 . 1 .
N :
’ 1
‘. 1
e !
54 i 1
s i
',' 1Ccond
0 ‘ Il Il Il : Il
ni‘ﬂax =0.9 0 5 10 15 20 25
c (mM)
25 T T T T T F
iy p— I
Q_G ! I/
g=4 — v
20} g=2 — ¥ .
=0 — P
— I' :
S5 v ! 1
E AN
< |
© 10 Al 1 -
4 1
'l 1
|
5 ‘ | ]
1
1
i
N 0 I I I I 0 I I I
0 5 10 15 20 25 0 5 10 15
¢ (mM) ¢ (mM)

Fig. 4. Dependence of the effect of multilayer adsorption on the ¢/n versus ¢ plot for the BET-n based models — shown for n = 100 (left) and n = 10 (right) —
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to the web version of this article.)
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Fig. 5. (a) Surface coverage as a function of inhibitor concentration as predicted by the BET-40, BET-10, and Langmuir adsorption isotherms; (b-d) the
corresponding inhibition efficiencies as a function of inhibitor concentration, as predicted by the BET-n-based multilayer models of Eq. (23) and the monolayer

model of Eq. (35), for various values of the parameters m, ™, and q.

number of layers (BET-40) and small values of m and ny (Fig. 5b), the
n versus ¢ curve exhibits an initial rapid increase followed by a region
of reduced slope associated with saturation of the first layer, and a
subsequent increase reflecting the formation of additional layers. Such
a characteristic shape is a clear sign of multilayer adsorption. However,
when the number of layers is small (BET-10), multilayer effects become
much less apparent even for small m and n"** values (Fig. 5¢). For larger
values of both m and n;"a" (Fig. 5d), the multilayer effects are further
suppressed, making them almost impossible to identify directly from
the u versus ¢ curves alone.

We now evaluate the developed generalized multilayer model using
experimental data from the literature for which multilayer adsorption
has been inferred. Fig. 6 presents an analysis of inhibition-efficiency
data extracted from four independent studies [9,11-13]. The figure is
arranged into a matrix of plots with four columns: the top row displays
inhibition efficiency as a function of concentration (i.e., n versus ¢
plots), while the second row shows the corresponding c¢/n versus c
plots; the third row provides a zoom to low concentrations for selected
cases. The columns, labeled (a)-(d), are ordered from left to right
according to decreasing apparent multilayer character.

In Fig. 6a, multilayer effects are most clearly visible. The 5 versus ¢
curve exhibits a characteristic multilayer shape, while the correspond-
ing ¢/n versus c¢ plot displays a discernible arching behavior below
the condensation concentration ¢,y (marked by a vertical red dashed
line). Although this arching is relatively shallow and therefore not con-
clusive on its own, the combined evidence from both representations
supports multilayer adsorption. In Fig. 6b, the multilayer signature in
the 5 versus ¢ plot is less pronounced but remains suggestive. In this
case, however, the arching behavior in the ¢/n versus ¢ plot is more
pronounced than in Fig. 6a, and together the two representations again
indicate multilayer adsorption.

In Fig. 6¢, the n versus ¢ curve exhibits a monolayer-like behavior,
and multilayer adsorption cannot be inferred directly. Nevertheless, the
corresponding low-concentration c¢/5 versus ¢ plot shows an arching
shape, thereby providing non-conclusive evidence for multilayer ad-
sorption that would be missed if only the  versus ¢ representation
was considered. In contrast, Fig. 6d shows neither a characteristic
multilayer shape in the n versus ¢ plot nor a clear arching behavior in
the (low-concentration) ¢/n versus ¢ plot. In this case, the data are well
described by the monolayer model of Eq. (35), implying that further
evidence would be needed to deduce multilayer adsorption.

The model parameters obtained by fitting the experimental data
with the generalized multilayer model are also reported in Fig. 6.
Inspection of these values shows that ¢ > 0 in all cases, consistent with
the reasoning in the theory section, while lower 7™ generally makes
multilayer effects easier to recognize in the 7 versus ¢ plots, consistent
with the trends discussed for Fig. 5. However, the analysis presented
in Figs. 4-6 demonstrates that the characteristic shapes of the curves

are more informative than the specific numerical values of the fitted
parameters. Furthermore, fitting experimental data with the developed
model is not trivial. First, the model depends on four parameters (n,
m, 11;“'“"‘, and ¢) and two constants (K; and K,). Second, the governing
equation is not a closed-form expression but involves a finite sum.
Although each parameter has a clear physical interpretation, their
number complicates the fitting procedure. In practical applications,
the parameters must be constrained to physically meaningful ranges
(i.,e, m>0,q >0, n'™ €[0,1], K, > K, > 0). When such constraints
are applied, the model yields excellent agreement with experiments; for
all multilayer fits shown in Fig. 6, the coefficients of determination are
R% > 0.999.

Due to the multitude of fitting parameters, good fits can be ob-
tained with different combinations of parameter values, corresponding
to multiple local minima in parameter space. Importantly, this non-
uniqueness does not affect the qualitative behavior of the fitted curves
or the inferred adsorption regime. For example, the experimental data
shown in Fig. 6¢ were previously fitted [1] using a specialized model
with ¢ = 0, yielding an excellent description.* However, these data are
described even better by the generalized model with ¢ = 10, further
supporting the relevance and flexibility of the generalized formulation.

The principal utility of the developed multilayer model therefore
lies in its ability to provide a qualitative explanation of the signatures
of multilayer adsorption in the ¢ /5 versus c representation, in particular
the arching behavior below c.,,4. While the shape of the # versus ¢
multilayer curves can be anticipated from the form of multilayer ad-
sorption isotherms and the bounded nature of the inhibition efficiency,
this is not the case for the ¢ /5 versus ¢ curves. In particular, without an
adequate multilayer model, it would be difficult to deduce their arching
shape at lower concentrations (¢ < ¢ onq)-

Finally, we note that experimental data can be fitted either in the 5
versus c¢ or in the ¢/n versus ¢ representation, leading to similar but not
identical parameter values. In Fig. 6, the fitting was performed using
the ¢/n versus ¢ representation.

4. Conclusions

A generalized model of corrosion inhibition efficiency for multi-
layer adsorption has been developed, extending the previous work [1],
where the corrosion protectiveness of adsorbate layers beyond the first
was postulated to follow a Langmuir-like dependence. The generalized

4 A careful reader may note that the reported R?> value for the monolayer
model in the previous work [1] was 0.959, whereas the corresponding value
here is higher (0.9998). This difference arises because the earlier fitting was
performed in the 5 versus c representation, while the present fits were carried
out in the ¢/n versus ¢ representation.
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Fig. 6. Validation of the generalized multilayer model using experimental data from (a) Gobara et al. [11], (b) Oguzie et al. [12], (c) Osman et al. [9], and (d)
Ning et al. [13]. The top row shows the # versus ¢ plots, while the second row shows the corresponding ¢/n versus ¢ plots. For panels (b,c), the third row shows
a zoom into the low-concentration region to make the arching curvature more apparent. The parameter values obtained from the fits and the corresponding R?
values are also indicated; all fits were performed in the ¢/5 versus ¢ representation.

model is instead based on a corrosion resistance formulation. Both
models employ the Brunauer-Emmett-Teller (BET) adsorption theory
to describe multilayer coverage; however, the new generalized model
more effectively accounts for the relative contribution of physisorbed
layers compared to the chemisorbed layer in determining the overall
inhibition efficiency. In contrast to the previous model, the general-
ized model has a clear physical justification and offers a more robust
framework for interpreting inhibition efficiency data in the presence of
multilayer adsorption. It is shown that the previous model is a special
case of the generalized theory, thereby providing a formal justification
for the earlier postulate.

Both the special and generalized models predict the characteristic
shape of the ¢/n versus ¢ plot: an arching profile above the ¢/n = ¢
line at low concentrations, transitioning to a linear regime at higher
concentrations. The curvature of the arch is governed by the rela-
tive importance of physisorbed versus chemisorbed layers, where the
chemisorbed layer corresponds to the first adsorbed layer and the
physisorbed layers to those beyond it. When the contribution of the ph-
ysisorbed layers is significant — or conversely, when the chemisorbed
layer provides relatively weak protection — the curvature becomes
more pronounced. In contrast, as the chemisorbed layer increasingly
dominates the inhibition efficiency, multilayer effects progressively

diminish and the ¢/5 curves increasingly resemble those of monolayer
adsorption, which are often nearly linear.

In contrast to the ¢/n versus ¢ representation, the qualitative shape
of the n versus ¢ multilayer curves can be largely anticipated from the
form of multilayer adsorption isotherms combined with the bounded
nature of the inhibition efficiency. By comparison, the behavior of the
¢/n versus ¢ curves is far less intuitive: their curvature and qualitative
trends cannot be straightforwardly inferred without recourse to an
explicit corrosion inhibition multilayer model. Furthermore, the gen-
eralized model reveals that just before the onset of unbound multilayer
growth, a sharp downward bending of the curve — termed the super-
coverage effect — may appear, reflecting a rapid increase in the number
of adsorbed layers. However, under many conditions, the curvature
remains sufficiently weak to escape detection in experiments — par-
ticularly when only a limited number of data points are sampled —
thereby contributing to the underappreciation of multilayer adsorption
effects in the corrosion inhibition literature.

Finally, the generalized multilayer model was shown to provide a
consistently accurate description of experimental inhibition efficiency
data reported in the literature, capturing both the overall concentration
dependence and the characteristic curvature associated with multilayer
adsorption.
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