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Hypothesis: Abrasive-blasted steel surfaces exhibit a complex, multi-substrate environment. Adsorption
to contaminant substrates can reduce the amount of available corrosion inhibitor and decrease its effi-
ciency. Knowledge of where inhibitors preferentially adsorb is required.
Experiments: The quantitative extent and strength of adsorption of the representative corrosion inhibitor
benzotriazole (BTAH) from toluene to particular substrates is given, including corrections for solution
self-association, and complemented by X-ray photoelectron spectroscopy (XPS), sum-frequency genera-
tion spectroscopy (SFG), and quartz crystal microbalance (QCM) measurements.
Findings: All substrates show adsorbed BTAH layers. Based on the adsorption strength, preferential
adsorption is found to be in the order steel > iron oxide > calcium carbonate and garnet > silica – this
is relevant when there is limited BTAH. However, with ample BTAH, the amounts adsorbed in the plateau
regions of the isotherm are more relevant and the order is calcium carbonate and silica > iron
oxide > garnet > steel. Although the contaminant substrates deplete the BTAH concentration, the steel
should still have a complete monolayer of BTAH inhibitor. This work is part of a larger initiative devel-
oping novel methods of corrosion inhibitor delivery via the blasting process, to prevent corrosion
between blasting and repainting.
� 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

It has been recently demonstrated that ‘cleaning’ metal struc-
tures with abrasive blasting can lead to the presence of a number
of inorganic solids, in addition to the metal/metal oxide substrate
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[1]. These solids are embedded in, or deposited on, the metal sur-
face and may be the major components of the abrasive, as well as
other minor components. Interestingly, some minor components of
the abrasive medium may be selectively enhanced at the surface
depending on the way they adhere during blasting.

In this paper, we focus on these ‘impurity’ substrates, demon-
strated to be present when steel infrastructure, such as offshore
structures, are blasted as part of the cleaning/repair process. Cur-
rent approaches still lead to corrosion and the need for expensive
maintenance, including repeated cleaning and repainting. This
work is part of a larger initiative to develop a novel method to deli-
ver corrosion inhibitors as part of the blasting process, to address
the issue of corrosion beginning in the period between blasting
and repainting [2]. Whatever the delivery mechanism, many com-
mercial inhibitors could be used. This work aims to illustrate the
key issue of inhibitor distribution for a representative example.

This study builds on previous work concerning the adsorption
of paint-relevant species [1]. Here, the adsorption of a representa-
tive corrosion inhibitor, 1H-benzotriazole (BTAH), is considered,
adsorbed from non-aqueous solution to typical substrates one
might find in an abrasive-blasted system (S355 steel, iron oxide,
garnet, calcium carbonate and silica). Experimental data for the
adsorption of BTAH on these different substrates are presented
and compared.

It is common to use various surface-active agents as corrosion
inhibitors in protective coatings, to minimize steel corrosion dur-
ing paint drying, water ingress, and coating failure. These inhibi-
tors are believed to function by adsorbing onto the metal surface.
There are reports that in aqueous media these may work by form-
ing a well-packed molecular ‘barrier’ layer at the metal surface [3-
5]. However, recent neutron reflectivity studies have demonstrated
that systems with an essentially perfect close-packed molecular
layer still can corrode very quickly. By contrast, other much less
perfect organic layers (less closely packed, with higher degrees of
conformational disorder and higher solvent content) can inhibit
corrosion effectively [6,7]. The difference in corrosion rate is attrib-
uted to the chemistry of the additive functional group, rather than
any restricted layer permeability. These findings are also supported
by measurements of the permeabilities of relatively thick paint
films [8]. It may be inferred that a layer of molecular dimensions
gives a rather limited barrier to migration.

A quantitative understanding of adsorption on different sur-
faces is essential to correctly predict how much additive is
adsorbed on the surface of interest and how much is adsorbed on
other accessible materials. It is to be expected that there will be
some preferential adsorption, and if the metals to be protected
cannot compete effectively, the other substrates can act as a sink,
removing the inhibitor from the system and leaving the metals
exposed. For example, if one wishes to protect a steel surface in
the presence of a significant amount of embedded garnet: if the
inhibitor preferentially adsorbs on the garnet, less inhibitor will
be available to protect the steel. It has been reported that impuri-
ties acting as competing surfaces can indeed reduce the perfor-
mance of corrosion inhibitors on steel, highlighting the need for
detailed analysis of corrosion inhibitor behaviour in complex
industrial settings [9]. This predicament could be dealt with by
adding more inhibitor to the system to ensure there is enough to
cover the competing surfaces and the steel, but that may be an
unnecessary expense if the steel is the dominant site of adsorption.

BTAH is reported to act as a corrosion inhibitor on various
metallic substrates, such as iron, copper and aluminium [10-13].
On copper, the molecules are reported to be adsorbed in an essen-
tially upright orientation, with the ring perpendicular to the sur-
face and the nitrogen atoms pointing towards the surface. Some
reports state that BTAH molecules deprotonate and form stable
complexes with copper surface atoms and adatoms, building up
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chains across the surface [13-15]. Anti-corrosive properties of
BTAH have also been reported for aluminium, iron and steel sur-
faces, but with decreased efficiency compared to copper [10,16].
In aqueous systems, BTAH has been found to interact with iron
atoms at iron or steel surfaces by deprotonation of the inhibitor
molecule [17-19]. This interaction appears to be similar to, but
slightly weaker than, the interaction between BTAH and copper,
with the triazole moiety oriented towards the metal surface [18].
The adsorption of BTAH from aqueous solutions is pH dependent:
complex formation with iron surface atoms has been reported to
occur in neutral and slightly basic conditions [17-21], whereas
under acidic conditions, the BTAH is said to form a molecular layer
[19]. The reports also suggest that the strength of BTAH adsorption
varies depending on the pH; on iron and steel, values consistent
with both physisorption and chemisorption have been reported
[17-19,22]. Literature illustrating steel corrosion with and without
BTAH is given by Sabet Bokati et al. [10,16] and Section S1 in the
Supporting Information shows similar data collected by the pre-
sent authors.

Many surface-active additives in commercial formulations are
amphiphilic, with polar head groups and non-polar alkyl tails. In
non-aqueous solvents, the polar head groups are not expected to
be well dissolved and may self-associate. Therefore, not all of the
additive in solution will be present in the monomer form: a large
fraction, indeed the majority, may be present as associates. The
behaviour (such as adsorption) of these solutions is controlled by
the monomer chemical potential, not the total amount present.
As the total amount of additive increases, the amount of monomer
may not change substantially, if there is significant association
occurring. Therefore, the amount adsorbed will not change and will
appear to have reached an adsorption plateau. This behaviour is
similar to that of micellizing surfactants in water above the critical
micelle concentration.

Self-association in aprotic solvents has been reported for many
nitrogen-containing bases, leading to multimers of various orders
depending on the molecular species and solvent [23]. Determining
association constants for nitrogen-containing bases is challenging
and depends on the experimental conditions and assumptions
[24]. In this work, literature values of the association constants
have been used to estimate the magnitude of this effect and hence
its role when quantifying the extent of adsorption; full details are
given in section S2 in the Supporting Information. In brief, knowl-
edge of the equilibrium constants allows the extent of association
and monomer concentration to be determined for any total BTAH
concentration. This monomer concentration is then used to assess
the adsorption behaviour. The solution association constants used
here were taken from the paper by White et al., which considered
the association of BTAH in benzene [25]. These constants are
expected to be a reasonably good approximation to those in
toluene. One might consider toluene slightly more alkane-like than
benzene, which usually leads to more self-association, so these cal-
culations are likely to be a slight underestimate. Section S2 in the
Supporting Information outlines the mathematical expressions
required; Matlab was used to calculate the monomer
concentrations.
2. Experimental section

Chemicals and reagents. 1H-benzotriazole (BTAH, 99 %) was
purchased from Sigma-Aldrich, and toluene (99.85 %, extra dry)
was supplied by Acros Organics. The adsorbent materials, iron
oxide (Fe2O3, haematite; BET surface area 6.05 ± 0.01 m2 g�1)
and fumed silica (BET surface area 187.7 ± 1.6 m2 g�1), were pur-
chased from Sigma Aldrich. Minerals Technologies supplied precip-
itated calcium carbonate (BET surface area 16.75 ± 0.04 m2 g�1),



Fig. 1. Adsorption isotherms of 1H-benzotriazole (BTAH) in toluene on iron oxide,
calcium carbonate, silica, garnet, and S355 steel surfaces at 20 �C with respective
Langmuir isotherm fits; concentrations are monomer concentrations.
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and S355 steel powder was supplied by Sandvik Osprey (BET sur-
face area 0.30 ± 0.01 m2 g�1). All materials were used as received.
80 Mesh (177 lm) almandine garnet powder was purchased from
GMA Garnet and was milled to a reduced size of below 10 lm. This
material was treated with acid to remove a calcium carbonate
impurity, as described elsewhere [1]. The BET surface area of the
acid-treated garnet powder, as used in the adsorption experiments,
was determined as 6.59 ± 0.05 m2 g�1.

Adsorption determined by solution depletion. The adsorption
of BTAH on these selected adsorbent materials at room tempera-
ture and standard pressure was characterized by the solution
depletion method. 10 mL of known concentrations of BTAH in
toluene was added to 2 g of iron oxide powder, 2 g of precipitated
calcium carbonate, 0.35 g of fumed silica, 2 g of garnet powder, or
10 g of S355 steel powder, respectively, in 22 mL glass vials. The
mixtures were tumbled for 4 h. This time was optimized based
on a time-dependent measurement to ensure complete equilibra-
tion of the system and minimize potential solvent evaporation.
After centrifugation of the mixture for 30 min at 10,000 rpm, the
clear supernatant was retrieved, and the concentration of BTAH
was determined by ultraviolet–visible spectroscopy relative to cal-
ibration measurements. The amount of BTAH adsorbed was deter-
mined by the difference of concentrations measured before and
after equilibration.

Ultraviolet–visible spectroscopy (UV–vis). The concentrations
of BTAH in toluene were determined at a wavelength of 290 nm
using a Cary 60 UV–visible Spectrophotometer, Agilent Technolo-
gies, and Hellma Suprasil quartz absorption cuvettes of 3 mL vol-
ume and 10 mm pathlength.

QCM desorptionmeasurement. In this work, a Biolin Qsense at
the Department of Nanotechnology, University of Cambridge was
used. Quartz QCM chips coated with iron oxide (Fe2O3, haematite)
were obtained from Biolin and initially exposed to pure toluene,
establishing a stable baseline. BTAH solutions were then exposed
to the substrate, and the shift of frequency and dissipation noted.
It is expected that the adsorbed layers will be fairly rigid; hence
the frequency shift, indicative of the adsorbed monolayer mass
loading, can be assessed with the Sauerbrey equation. The
observed dissipation supports such an interpretation, with changes
in dissipation, DD, remaining below 0.5 ppm (Section S3 in the
Supporting Information). The adsorption isotherm was assessed
by following the frequency shift with a series of solutions of
increasing concentration. Finally, flushing with a pure solvent
was used to assess the desorption and any reversibility of the
adsorption process.
3. Results and discussion

Experimentally determined adsorption isotherms of 1H-
benzotriazole (BTAH) in toluene on iron oxide, calcium carbonate,
silica, and garnet by the solution depletion method are given in
Fig. 1. The data are presented in terms of the monomer concentra-
tion of BTAH. With all substrates, there is a pronounced rise in
adsorption with increasing concentration in solution. However,
the rise in adsorption slows at higher concentrations, and a plateau
in adsorption is generally evident, although this is discussed in
more detail for each system below. The specific adsorption values
plotted in Fig. 1 were calculated using the substrate-specific sur-
face areas, measured independently by BET analysis. However, it
is important to note that measurements of specific surface areas
have significant uncertainties.

Fig. 2 shows the adsorption data of BTAH from toluene on iron
oxide and calcium carbonate at 20 �C. The adsorbed amount is plot-
ted as a function of the total BTAH present in the solution (squares)
and as a function of the monomer concentration (circles). To give
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an estimate of the role of self-association, for a 10 mM total con-
centration, 22 % of the total amount of BTAH is associated. The data
plotted in terms of the monomer concentration have the same
form as plotted in terms of the total BTAH concentration, but
now the features are moved to lower concentration, and any ‘pla-
teau’ is less pronounced. However, it is important to note that the
appearance of the plots at the lowest concentrations is not signif-
icantly altered.

Fig. 3 presents similar isotherm data for BTAH on silica, acid-
washed garnet and S355 steel. Many of the features identified
above for BTAH on iron oxide and calcium carbonate are again
seen, for example a reasonably sharp rise with concentration to a
modest plateau. In some cases, after correction of the horizontal
axis to monomer concentration, there is an apparent further
increase in adsorption which appears to suggest a divergence
somewhere between 20 and 30 mmol L�1, as discussed further
below.

The key features of the isotherms are a) the ‘plateau’ value, a
measure of the substrate area per adsorbed molecule and b) the
initial gradient, which is directly related to the free energy of
adsorption and is a measure of the ‘strength of adsorption’. The
change from plotting the total concentration to plotting the mono-
mer concentration moves the data to the left, parallel to the con-
centration axis. Hence, the magnitude of the adsorption plateau
is not generally affected. The initial gradient of the isotherm could
be changed by any low-concentration translation on the concen-
tration axis. However, at the very low concentrations, where we
observe this rapid rise in adsorption, our calculations and Figs. 2
and 3 indicate there is expected to be rather little self-
association, and the initial slopes of the isotherms remain essen-
tially unchanged.

All the data in Figs. 2 and 3 have been fitted to a Langmuir iso-
therm model (as outlined in section S4 in the Supporting Informa-
tion) as a function of monomer concentration. According to this
model, KL is the adsorption equilibrium constant, and C1 is the
plateau adsorption value.

The experimental data were also fitted with the BET isotherm
(described in detail in section S4 in the Supporting Information).
This model has parameters which can be stated as K1: the equilib-
rium constant for the adsorption of the BTAH directly to the sub-
strates, Kn: the equilibrium constant for adsorption of BTAH onto
already adsorbed BTAH, and Cinf : a parameter characterizing the
monolayer coverage [26,27]. The extracted fit parameters for all
systems are summarised in Table 1.



Fig. 2. BTAH adsorption from toluene on iron oxide (a: Langmuir model fit, b: BET model fit) and calcium carbonate (c: Langmuir model fit, d: BET model fit) at 20 �C. The data
are presented as total concentration (squares) and monomer concentration (circles).
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The BET model captures several features of the experimental
data not captured by the Langmuir model. In particular, the diver-
gence of the adsorption at high concentration can be interpreted as
the approach to the miscibility limit when the BTAH becomes
insoluble: It is possible to demonstrate that the equilibrium con-
stant Kn is given by 1/Csat, where Csat is the saturation concentration
of the BTAH/toluene solution. The solubility limit has been deter-
mined experimentally as 31.7 ± 1.6 mmol L–1 (stated as the total
concentration, not the monomer concentration; experimental
details are given in section S5 in the Supporting Information),
which leads to a Kn value of 31.5 ± 1.6 M�1. The solubility limit
shows reasonable agreement with the concentration at which the
adsorption is observed to diverge, and the Kn value obtained from
the solubility limit is comparable to those found from the BET fits
to the isotherm data (given in Table 1), supporting the interpreta-
tion that the apparent divergence in adsorption is due to the BTAH
concentration approaching saturation.

3.1. Areas per molecule in the plateau region

The plateau values of the isotherms in Figs. 2 and 3 can be used
to estimate the effective surface area per molecule of BTAH, AL.
Geometric estimates of the molecular size (described in detail in
section S6 in the Supporting Information) have been made to inter-
pret the magnitude of these AL values; the molecular area of the
BTAH ranges from 20 Å2, the case with the plane of the aromatic
rings perpendicular to the surface, to 52 Å2, when the rings are par-
allel to the surface, as illustrated in Fig. 4.

The areas per molecule, AL, of BTAH on iron oxide, calcium car-
bonate, and silica extracted from the isotherm data are well below
52 Å2 and not dissimilar to 20 Å2. Hence, these area-per-molecule
values indicate an essentially upright BTAH molecule. This orienta-
339
tion is perhaps not unexpected, given the likelihood of a particu-
larly strong interaction of the nitrogens with the substrates, and
is in good agreement with the literature concerning BTAH on cop-
per [13,31-33]. In the cases of garnet and S355 steel, the higher
areas per molecule suggest a more tilted orientation of BTAH on
the surface. This is consistent with findings for butyl imidazole
adsorption on steel, where the azole ring has been found to be ori-
ented in plane with the substrate surface, or slightly tilted. Butyl
imidazole molecules were less closely packed on steel compared
to adsorption at a copper surface, where the azole ring was ori-
ented in an upright configuration, similar to the behaviour of BTAH
on copper [34].

The BET fitting also provides the areas per BTAHmolecule in the
first monolayer, ABET; these are given in Table 1. These are some-
what larger than the values found using the Langmuir model
(AL), suggesting that the molecules are not as tightly packed on
the surface as previously implied and may be more significantly
inclined. The larger area per molecule is consistent with the shape
of the BET fits, in which the ‘plateau’ regions of the isotherms are
not particularly flat/horizontal, effectively indicating that adsorp-
tion to subsequent layers becomes significant before the mono-
layer is complete.
3.2. Substrate sites

It is important to consider if the maximummonolayer density is
due to the packing size of the BTAHmolecule or arises from the ‘re-
action’ of the BTAH with well-defined surface sites. Chemisorption
tends to be of this latter type, due to the strong energy benefit of
substrate-molecule binding. It has been proposed that BTAH is che-
misorbed onto copper, while both chemisorption and physisorp-



Fig. 3. BTAH adsorption from toluene on silica (a: Langmuir model fit, b: BET model fit), garnet (c: Langmuir model fit, d: BET model fit) and S355 steel (e: Langmuir model fit,
f: BET model fit) at 20 �C. The data are presented as total concentration (squares) and monomer concentration (circles).
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tion have been reported on other surfaces, such as mild steel and
aluminium alloys [10].

The surface site density has been estimated for each of the sub-
strates, to compare with the isotherm data: Surface hydroxyl
groups are often reported to play a predominant role in the surface
chemistry of iron oxides [35]. The average hydroxyl group density
at the surface of haematite, a typical iron oxide, is reported to be
4.4 sites nm�2, equivalent to 22.7 Å2 per site, although a range of
values have been found, dependent on the experimental method
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[28]. The area per active surface site for calcium carbonate is taken
as 20.4 Å2 [29], and that for silica is 21.7 Å2 [30]. The acid-treated
garnet surface has previously been estimated to have 95.2 Å2 per
site by surface titration [1]. The area per active site on the S355
steel surface was estimated, by determining the percentages of
crystallographic mineral phases present (using backscattered elec-
tron diffraction data from a polished surface) and attributing the
hydroxyl group densities reported for various well-characterized



Table 1
Summary of BTAH adsorption isotherm values of monomer concentration data.

Adsorbent KL (M�1)
x 103

Monolayer adsorption
C1(mmol m�2)

R2 Area per molecule
AL (Å2)

Area per surface site (Å2)
(inferred from literature values)

Iron oxide 1.1 ± 0.1 0.0059 ± 0.0009 0.947 28 ± 4 22.7[28]
Calcium carbonate 0.39 ± 0.03 0.0079 ± 0.0005 0.979 21 ± 1 20.4[29]
Silica 0.07 ± 0.01 0.0079 ± 0.0004 0.991 21 ± 1 21.7[30]
Garnet 0.36 ± 0.05 0.0044 ± 0.0004 0.981 37 ± 4 95.2[1]
S355 steel 3.0 ± 0.3 0.0030 ± 0.0005 0.838 56 ± 9 19.1[1]

K1 (M�1)
x 103

Kn (M�1)
x 103

Monolayer adsorption
C1(mmol m�2)

R2 Area per molecule
ABET (Å2)

Iron oxide 3.2 ± 0.8 0.023 ± 0.008 0.004 ± 0.001 0.997 40 ± 15
Calcium carbonate 0.90 ± 0.06 0.024 ± 0.002 0.0050 ± 0.0005 0.996 33 ± 1
Silica 0.38 ± 0.03 0.034 ± 0.004 0.0024 ± 0.0003 0.983 68 ± 8
Garnet 0.9 ± 0.1 0.023 ± 0.004 0.0027 ± 0.0005 0.992 62 ± 12
S355 steel 8.8 ± 1.0 0.021 ± 0.002 0.0023 ± 0.0003 0.994 73 ± 18

Fig. 4. Possible configurations of a BTAH molecule on a surface; a. with the plane of
aromatic rings perpendicular to the surface (giving an estimated area per molecule
of 20 Å2); b. with the plane of aromatic rings parallel to the surface (52 Å2 per
molecule).
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iron oxides, as 19.1 Å2 (5.3 sites nm�2) [1]. These site-dependent
areas are summarised in Table 1.

For iron oxide, calcium carbonate and silica, the areas per sur-
face site correspond well with the areas per BTAH molecule, eval-
uated using the Langmuir model, suggesting that approximately
every active site is occupied by one molecule. The smaller area
per molecule compared to the area per site for the garnet powder
could be interpreted as the interaction of multiple BTAH molecules
with each active surface site, although this finding could also be
caused by underestimating the number of sites for the rather inho-
mogeneous garnet material. Popova et al. reported that BTAH
adsorbs on Al2O3 surfaces via hydrogen bonds to Al-OH surface
groups. They postulated that the deprotonation of BTAH during
this process causes the formation of additional adjacent Al-OH
groups [36]. Neighbouring Al-OH groups could take up the BTAH
proton, forming Al-OH+ which in turn could separate into Al3+

and H2O. If H2O desorbs from the surface in this way, a small
amount of water will be present (even though the solvent is non-
polar), which is able to further react with the surface. A mechanism
such as this would lead to more available reaction sites and
thereby effectively decrease the area per site. In the case of S355
steel, the packing of substrate sites is too close for this relatively
large molecular species to fit on every site. The area per BTAH
molecule obtained from the Langmuir fit is significantly larger
for S355 than the other substrates considered here, consistent with
the molecules adopting a relatively flat conformation, or, if a direct
reaction is the dominant interaction mechanism, the molecules
adsorbing on every third site.
3.3. Comparison of adsorption plateaus

When fitted with a Langmuir adsorption model, the plateau
value for the adsorption of BTAH on S355 steel is approximately
half the plateau value for the data on iron oxide (haematite) pow-
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der. It might initially be expected that the steel has a surface of iron
oxide, and there should be a better agreement. However, the min-
eral composition of the steel surface layer can be complex and
changes depending upon the chemical and thermal history of the
samples. In a previous report it has been suggested that for the
steel used in this study, the predominant iron oxide species is mag-
netite (47.7 %) rather than haematite (15.5 %), and the average
hydroxyl group densities on magnetite (5.2 nm�2) and haematite
(4.4 nm�2) are different [1]. Therefore, the difference in monolayer
adsorption behaviour is likely to be due to these substrate
differences.

The determination of the amounts of BTAH adsorbed on the dif-
ferent substrates (particularly steel) requires a detailed, case-by-
case calculation using the determined adsorption parameters with
estimates of the amounts of each substrate present. However, a
simple overview based on the relative adsorption strengths and
amounts might be considered as follows:

At high concentrations of BTAH the plateau values (Table 1)
determined by fitting the Langmuir model to the data are in the
order calcium carbonate � silica > iron oxide > garnet > S355 steel.
The amount of adsorbed BTAH in the monolayer found from BET
fits (Table 1) shows a slight variation in the order: calcium carbon-
ate > iron oxide > garnet > silica > S355 steel. This finding implies
that a significant amount of BTAH can be adsorbed on the mineral
substrates, which could lead to losses from the BTAH reservoir and
leave less BTAH available for adsorption on the steel.

However, as these high degrees of adsorption are only achieved
for high solution concentrations of BTAH, it can be assumed that,
despite the adsorption on the other substrates, the remaining
BTAH concentration should still be sufficient for complete coverage
of the steel surface, and the corrosion inhibition efficiency should
not be affected. But, for limited concentrations of BTAH in solution,
the mechanism of preferential adsorption is governed by the
strength of adsorption of the BTAH molecules on the different sub-
strates. Therefore, adsorption energies were determined and
compared.

3.4. Thermodynamic energies of adsorption

The changes in the Gibbs free energy of adsorption, DGads, can be
calculated from the evaluated Langmuir equilibrium constants, KL,
or BET first-layer equilibrium constants, K1, using Equation (1)
[37]. R is the gas constant, whose value is 8.314 J mol�1 K�1, T
the absolute temperature in Kelvin, and K a general thermody-
namic equilibrium constant of adsorption (substituted by KL or K1).

DGads ¼ �RTlnK ð1Þ
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The respective changes in the free energies of adsorption for the
formation of a monolayer and BET first layer, DGL and DG1, are
given in Table 2 and are used to compare the ‘strength’ of adsorp-
tion on different substrates.

As noted in section S7 in the Supporting Information, the initial
gradient of an adsorption isotherm is directly related to the equi-
librium constant for adsorption: Evaluation of the initial gradients
for the data in Fig. 1 produced equilibrium constants in very good
agreement with the values from the Langmuir fitting. Therefore,
only the results from the Langmuir and BET fits are discussed
further.

Negative values for the changes in free energy reflect that the
adsorption of BTAH from toluene is energetically favorable for all
tested substrates; as expected, the adsorption is spontaneous.
The DGads values calculated from Langmuir and BET equilibrium
constants correlate well, showing the same trend in the strength
of adsorption of BTAH from toluene onto the tested substrates.
The sequence of adsorption strength goes as S355 steel > iron
oxide > calcium carbonate � garnet > silica.

The determined values are in accordance with previously
reported data for BTAH adsorption from aqueous solutions. Yang
et al. reported adsorption free energies around 35 kJ mol�1 for
BTAH on copper from sodium chloride solution [33]. Bokati et al.
analyzed the adsorption of BTAH from artificial seawater onto mild
steel and an aluminium alloy by weight loss measurements
(indicative of the corrosion rate); they stated DGads as –
22.69 kJ mol�1 for mild steel and –23.97 kJ mol�1 for an aluminium
alloy [10]. Similar values were found for the adsorption of BTAH
from various aqueous solutions onto steel surfaces [22]. However,
Walczak et al. recently pointed out that estimating the standard
Gibbs free energy of adsorption from inhibition efficiency (by infer-
ring the fractional surface coverage), rather than from adsorption
directly, may not give values that are particularly reliable, because
the actual nature of adsorption and amount adsorbed are unknown
[38].

DFT calculations of the gas-phase adsorption of BTAH onto the
Fe{110} surface reported that the BTAH molecule lies flat on the
surface, with an adsorption energy of �130 kJ mol�1 [39]. Consid-
ering that substrates are typically not ideal, with defects and non-
equivalent adsorption sites, and the competition from the solvent
molecules for available adsorption sites, it can be assumed that
the energy changes and preferred molecule orientations in such
systems will be affected.

It is noted that, although the differences in DGads on the differ-
ent substrates considered here appear to be small, the amount of
BTAH adsorbed onto contaminant substrates on steel is controlled
by the corresponding equilibrium constants (Equation (1)), as pre-
sented in Table 1. Therefore, even small differences in free energy
can have a significant effect on the adsorbed amount of BTAH for a
specific solution concentration. Based on the results obtained here,
preferential adsorption of BTAH onto S355 steel and iron oxide
over the other mineral impurities can be assumed. However,
adsorption losses of any corrosion inhibitor will occur and have
to be accounted for, particularly if there is a lot of impurity pre-
Table 2
Gibbs free energy of adsorption of BTAH onto various substrates from toluene at 20
�C, calculated using the adsorption equilibrium constants of the Langmuir (KL) and
BET (K1) isotherm fits.

Adsorbent DGL (kJ mol�1) DG1 (kJ mol�1)

Iron oxide �17.1 ± 0.2 �19.7 ± 0.6
Calcium carbonate �14.5 ± 0.2 �16.6 ± 0.2
Silica �10.4 ± 0.3 �14.5 ± 0.2
Garnet �14.4 ± 0.3 �16.6 ± 0.3
S355 steel �19.5 ± 0.2 –22.1 ± 0.3
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sent; this again highlights the importance of analysing the adsorp-
tion onto the contaminant species that are present in complex
industrial settings.
3.5. XPS

XPS data on the adsorption of BTAH to S355 steel substrates are
given in section S8 in the Supporting Information. This experiment
was intended to confirm the presence of BTAH and indicate the
nature of its interaction with the substrate, particularly the role
of the nitrogen atoms, which may be expected to electron donate
to the surface. The appearance of a N1s peak after treatment of
steel substrates with solutions of BTAH in toluene confirmed the
presence of the inhibitor on the surface. However, no significant
changes in the shapes of the N1s and C1s peaks from those seen
for unadsorbed BTAH could be observed. A slight change in the
peak position could not be futher interpreted, as it could arise from
the calibration method used. The reason for this could lie in a small
shift of the C1s peak in the pure BTAH spectrum due to an overlap
of the BTAH carbon signal and the adventitious carbon peak that is
used for calibration of the steel samples. Hence, we may conclude
that the local electronic environments of these atoms are not sig-
nificantly perturbed on adsorption, suggesting a weak adsorption
(possibly physisorption).

It is noted that the sample preparation is crucial: These samples
are prepared by dipping a steel coupon in BTAH solution, removing
it and drying under a nitrogen stream, before the XPS measure-
ment. Although great care was taken to avoid small drops of bulk
solution remaining on the substrate by tilting the coupon and run-
ning the nitrogen stream over the sample, even a small drop will
evaporate and deposit a significant amount of BTAH, dwarfing
the signal of interest from the first adsorbed molecular layer. How-
ever, previous DFT and experimental work investigating a single
BTAH layer on copper has indicated that, even if the three nitrogen
atoms are in distinct environments, they cannot be resolved in
most XPS instruments [40].
3.6. Adsorption and desorption study with QCM

Fig. 5 presents the normalized change in frequency during the
addition of increasing concentrations of BTAH in toluene to an iron
oxide-coated QCM chip. The data show a series of step changes in
Fig. 5. Changes in frequency (at the 11th overtone) as a function of time, during the
stepwise addition of different concentrations of BTAH in toluene to an iron oxide-
coated QCM chip at 20 �C. Arrows indicate the times the concentrations were added,
with numbers referring to the respective BTAH concentrations in mmol L�1.
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frequency with increasing concentrations, again indicating the
adsorption of the BTAH. This shift is seen in several harmonics that
all respond in a similar fashion. The adsorbed masses were
deduced, and the resulting adsorption isotherm is compared to
that obtained by depletion in Fig. 6. The error bars on the isotherm
reflect the variation in repeats of the experiment, and also the vari-
ation when different overtones are used to extract the adsorbed
amounts.

Fig. 6 indicates that the qualitative trends of the isothermsmea-
sured by the two methods (depletion and QCM) are very similar,
with rises in adsorption that reach plateaus over the same concen-
tration range. The QCM and solution-depletion adsorption data
correlate well, but the absolute values of the initial adsorption gra-
dient and plateau from the two methods differ somewhat. These
discrepancies can be attributed to several issues: The exposed sur-
face area of the iron oxide on the QCM chip cannot be measured
and may not be equal to the geometric area; deposition of what
is essentially a powder may mean that the actual surface area is
somewhat greater. Similarly, as mentioned above, the specific sur-
face areas of the powders used for solution depletion are difficult
to determine experimentally.

An important aspect also evident in the QCM data (Fig. 5) is
that, after exposing the QCM chip to highly concentrated BTAH
solution and adsorbing a significant layer, the exposure of this
adsorbed BTAH layer to pure toluene leads to a return of the fre-
quency to that essentially corresponding to the bare substrate.
Hence, we conclude that the adsorption of BTAH on iron oxide is
reversible. There is a small variation between the initial and final
values, which may suggest a small amount of irreversibly bound
material, or a drift in the QCM baseline, which is very difficult to
avoid over such a long period.

There seems to be some debate in the literature over whether
BTAH is chemisorbed or physisorbed onto iron, iron oxide and
other surfaces. Due to its capability to deprotonate and interact
with substrates in a Lewis acid-base manner, most reports con-
clude that the adsorption of BTAH onto metal and metal oxide sur-
faces occurs by chemisorption [17,19-22,36]. In aqueous systems,
this depends on the solution pH. Bokati et al. proposed that BTAH
is physisorbed onto mild steel and aluminium alloy, due to the
magnitude of the adsorption energies being too low to account
for chemisorption [10]. Recently, Kokalj argued that the magnitude
of DGads cannot be used as an indicative measure for physisorption
or chemisorption [39]. They note that more detailed information
Fig. 6. BTAH adsorption from toluene on iron oxide powder measured by the
solution depletion method (squares) and on an iron oxide layer deposited on a QCM
chip (points), with respective Langmuir adsorption isotherm fits; concentrations
have been converted to monomer concentrations.
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on the state of adsorption from modelling and/or spectroscopic
techniques is necessary to characterize the inhibitor-substrate
interactions fully. The reversibility of the adsorption observed here
suggests that the interaction between BTAH and the tested iron
oxide substrate in a non-aqueous environment is dominated by
physisorption.
3.7. SFG spectroscopy

SFG data were collected from the bare steel surface and with
adsorbed BTAH (see section S9 in the Supporting Information);
these were intended to confirm the adsorption of BTAH and ideally
provide some indication of the molecular orientation, based on the
presence/absence of BTAH vibrational modes with different polar-
isation combinations. In brief, the vibrational modes confirm the
presence of BTAH. The presence, albeit weak, of the CAH stretching
signals from the BTAH benzene ring in the SSP polarisation can be
used to indicate that the adsorbed BTAH is not entirely flat on the
surface of the substrate, and it is therefore inclined, in good agree-
ment with the deductions from the adsorption isotherms. How-
ever, due to the high level of noise in the spectra, the magnitude
of the inclination cannot be readily deduced.
4. Conclusions

The first quantitative assessment of the adsorption of 1H-
benzotriazole (BTAH) from a non-aqueous solvent, toluene, onto
several substrates relevant to abrasive cleaning of steel superstruc-
tures has been presented. In contrast to previous adsorption stud-
ies, we also consider the significance of self-association in the non-
aqueous solution in the data interpretation. The data have been fit-
ted to Langmuir and BET isotherm models with reasonable agree-
ment. Although the proximity of the BTAH solubility limit leads us
to conclude that the BET approach is preferred, the area per mole-
cule determined from the Langmuir fits is generally smaller, which
seems to correlate better with the experimental findings for the
molecular orientation.

We find evidence of strong-but-reversible adsorption, leading
to an essentially complete, well-packed monolayer at solution con-
centrations of 10 mM, when a Langmuir-type adsorption mecha-
nism is considered. The BET model fits suggest the possibility of
multilayer formation before completion of the monolayer, as well
as an increased tendency for multilayer formation or sorption upon
the approach of the solubility limit of BTAH in toluene.

The areas per molecule obtained from a Langmuir analysis sug-
gest essentially upright orientations of the BTAH molecules on iron
oxide, calcium carbonate and silica, and possibly tilted orientations
on garnet and S355 steel. However, larger areas are deduced from
the BET analysis, suggesting much flatter orientations. The SFG
data suggest that there is some molecular inclination on the sur-
face (rather than being completely flat), but the precise angle of
inclination cannot be deduced.

The relative strengths of adsorption are found to follow the
sequence S355 steel > iron oxide > calcium
carbonate � garnet > silica. By contrast, the order in amounts
adsorbed in the plateau region is calcium
carbonate � silica > iron oxide > garnet > steel. For limited BTAH
present (at low bulk concentrations), the order in terms of adsorp-
tion strength is most relevant and indicates that BTAH will prefer-
entially bind to the steel and iron oxide surfaces, as desired. For
higher concentrations of BTAH, we expect the other substrates to
adsorb significant amounts; however, the steel/iron oxide should
still have complete layers and effective corrosion inhibition.

Compared to the adsorption of BTAH in aqueous systems
[10,15,16], this work builds a new understanding of BTAH in
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non-aqueous solvents, which are commercially important in, for
example, lubrication and oil-recovery, as well as extending previ-
ously published studies of paint-relevant additives on steel and
garnet [1]. This work indicates that the adsorption of BTAH on
other ‘impurity’ substrates is significant and inhibitor self-
association, an effect which is often neglected, should be included.

The data presented enable calculations to estimate the complex
implications for industrial applications due to the minerals present
on abrasive-blasted surfaces. This approach should be applied
(along with solution self-association studies) to other corrosion
inhibitors, and under different conditions, to determine the extent
of unfavourable preferential adsorption and the resulting negative
effects on corrosion prevention. It could also be extended to con-
sider novel solvent systems, such as supercritical CO2, which is
increasingly relevant due to the potential for corrosion in CCUS
infrastructure.
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