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Computational and electrochemical experimental approaches were combined to identify factors which would be
favourable or detrimental to corrosion inhibition of aluminium by 8-hydroxyquinoline (8Hq) and its sulfonic
derivative (8HqSH). 8HqSH exhibited a strong adsorption on Al(111) but a greater solubility in water than 8Hg,
including Al complexes, which might increase Al corrosion. This was confirmed by the electrochemical mea-
surements. In the presence of 8HgSH, an acceleration of the aluminium dissolution was observed, whereas, in the

presence of 8Hg, a protective film was formed on the Al surface.

1. Introduction

The 8-hydroxyquinoline molecule (8Hq) has already been the pur-
pose of numerous works due to a broad range of applications such as
metal cations detection and removal [1-3], organic light emitting diodes
(OLEDs) [4,5] and medicine [6]. Corrosion inhibition efficiency of 8Hq
has also been studied as it could be an environment-friendly candidate
for the replacement of chromates for aluminium-based alloys [7-11]. All
of these uses are based on the ability of the quinoline compound to
complex metal ions. One of the most studied derivative of 8Hq was the
8-hydroxyquinoline-5-sulfonic acid (8HqSH). As for the 8Hq molecule,
applications of such derivative is due to its chelating ability, in partic-
ular for metal ions detection in aqueous solutions [3,12]. Both molecules
seem to have the same chemical reactivity towards complexation with
metal ions. However, little is known on the 8HqSH reactivity as potential
corrosion inhibitor. It has even been classified as an aluminium corro-
sion accelerator [11,13].

In the field of corrosion inhibitors, correlations between electronic
properties of the molecules and their inhibitive efficiency, experimen-
tally determined, have been proposed and debated [14-17]. In parallel,
the study of the inhibitor-metallic surface bonding has also been the
purpose of several computational studies in relation with experimental
identification of the inhibitive layer on the metal surface [8,10,18-20].
Other important factors are also relevant for corrosion inhibition. For
instance, the molecules solubility in aqueous solution together with the

* Corresponding authors.

possible formation of complexes with metal cations have to be taken into
account. These two phenomena are competitive with the inhibitors
adsorption on the metal surface and the formation of protective organic
layers [21].

In our previous works, corrosion inhibition of pure aluminium by
8Hq has been characterized by electrochemical and analytical tech-
niques [7,9] and more recently, in addition to these experimental re-
sults, density functional theory (DFT) studies of the 8Hg-aluminium and
8-Hg-oxide covered aluminium surfaces bonding have been performed
[22-26]. The present work aims first to investigate, at atomic scale, the
action mechanisms of the 8Hq and of the 8HqSH on pure aluminium
surfaces performing DFT calculations, including an implicit solvent
model. Then, electrochemical measurements (polarisation curves and
impedance spectroscopy) were performed on pure aluminium
(99.9999 wt%) during immersion in a neutral aqueous solution in the
presence of the two quinoline derivatives to evaluate their inhibitive
action. Electrochemical techniques are the most used in situ techniques,
at laboratory scale, to assess inhibition efficiency of organic compounds.
Moreover, they are powerful to analyse the inhibitive action (anodic,
cathodic or mixed) and to evaluate synergy effects [7,9,27]. Among the
electrochemical techniques, impedance spectroscopy (EIS) presents
several advantages, in particular to study adsorption kinetics of in-
hibitors or for in situ determination of thin organic layer thicknesses
adsorbed onto metallic surfaces [28,29]. The final aim of the present
study is to combine the modelling outputs with the electrochemical data
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in order to extract the factors which are favourable to the inhibition
processes or, in other words, to find descriptors correlated with the in-
hibitor efficiency. Hereafter, the computational details, with a descrip-
tion of models and equations of the energies calculated from the DFT
computations, and the experimental procedure (materials and methods)
are first specified. The results of the DFT studies are next presented and
discussed: the solvation and solubility of the 8-hydroquinoline species
(8Hq and 8HqSH) were investigated in aqueous solution. The adsorption
of the molecules on an Al(111) surface was then studied in terms of
structures, energetics and charge distribution, in presence of an implicit
solvent model. Following, the electrochemical results, i.e. open circuit
variation, polarisation curves and electrochemical impedance diagrams
without inhibitor, with 8Hq or with 8HqSH, allowed the inhibition effect
of both quinoline molecules to be evaluated. The impedance data
analysis, using the complex-capacitance representation (exploitation of
the high-frequency part of the diagrams), make it possible to have a
better understanding of the interface properties, as already pointed out
in previous studies [28,30,31].

2. Computational details

The molecules studied are the 8-hydroxyquinoline (8Hq) and the 8-
hydroxyquinoline-5-sulfonic acid (8HqSH). In the latter, a H atom of
8Hgq is substituted by a sulfonic group at the para position of the phenyl
(Fig. 1).

DFT calculations were first carried out with the GAUSSIANO9 [32]
package to study the solvation of the free molecules, their deprotonated
species, and their complexes with AI>* cations. Then, the VASP (Vienna
Ab-initio Simulation Package) code [33-36] was used to investigate the
molecules adsorption on the Al(111) surface in the framework of peri-
odic calculations to give insight at the very first steps of the formation of
organic layers on the aluminium surface.

2.1. Molecular calculations

The geometries of the native molecules and complexes (molH) and of
the deprotonated species (mol) were first fully optimised in vacuum to
investigate their Gibbs solvation energies and their solubilities. Spin
polarised density functional theory calculations were performed with
the GAUSSIANO9 package [32]. The PBE functional [37] with the
def2TZVP basis set [38,39] and Grimme’s D3 [40,41] dispersion cor-
rections were chosen. All the stationary points were characterised as
minima by a vibrational analysis. The total energy of the species
included zero-point energy corrections and the calculated Gibbs en-
ergies at 298.15 K also included thermal corrections. In a second step,
Gibbs energies were also calculated using Truhlar and coworkers’ SMD
solvation model [42] by placing the solute in a cavity within the solvent
reaction field to model an aqueous solution.

Complexation Gibbs energies of the deprotonated species (mol = ¢,
gSH and ¢S%) with an A" cation were determined in water as:

AG,

complexation

:Go(complex)f(3 G (mol™) + G”(Aﬂ*)) 10

With G (complex) the Gibbs energy of the complex of 3 molecules

Species X
8Hq H O c
SHqSH | SOsH o
® o
8HqS | SOsx H

Fig. 1. 8Hq species and derivatives.

Corrosion Science 233 (2024) 112104

mol” with AI>*. The complexes studied are presented in Fig. 2.

To evaluate the affinity of all the species with water, the solvation
Gibbs energies AG, 40, Of the molecules were calculated. For the
neutral species (molH), i.e. 8Hq, 8HqSH, Alqs and Al(qSH)3, the solvation

Gibbs energies were calculated as:

AG,ion(MOlH) = Gy (mOlH) = Goy i (mOlH) 2
With G, ., the total Gibbs energy of the molecule (molH) in water
and G:n vacuum the total Gibbs energy of the molecule (molH) in vacuum.

For the anionic species, ¢, gSH and ¢S, and the Al(qS)3 complex,
the solvation Gibbs energies were determined with the expression pro-
posed by Truhlar et al. [43-45]:

AG;olvation(m(]li) = —AG;<’"01H )+ AGg, i, (molH)
+2.303RT pKa(molH) — AGy,, .. (H")
_ AG'am=1mol 3)
With AGg,q(mMolH) the solvation Gibbs energy of the neutral

species molH, pKa the negative logarithm of its dissociation constant,
and AG'@m~1mel — (0,082 eV (Gibbs energy change when moving from a
gas-phase pressure of 1 atm to a liquid phase of concentration 1 M at
298.15 K).

AG;,(molH) is the gas-phase acidity of molH (see Table S1) calcu-
lated as:
AG,(molH) = G (mol )+ G (H") - G (molH) 4

With G the Gibbs energy of the mol, H" and molH species in
vacuum.

In the above expression a value of —11.53 eV was used for the ab-
solute aqueous solvation free energy of the proton AGg,qion(H") [45].

From the solvation Gibbs energies  AG, 40, (MOlH), the solubility S
of the native 8Hq and 8HqSH molecules was calculated [46]:

P, —AG., IH

With P, ;,; the pure substance vapour pressure of solid (molH) at 298 K,

P’'= 24.45 atm (pressure of an ideal gas at 1 molar concentration and
298.15 K).

2.2. Periodic calculations

Periodic calculations with plane-wave basis set were chosen to study
the adsorption of the molecules on an Al(111) surface, chosen to
represent a bare aluminium surface. Indeed, at neutral pH, the thin
protective aluminium oxide film can be defective and in this case,
aggressive species in solution can be directly in contact with the bare
metal surface.

The periodic calculations were performed using the VASP (Vienna
Ab-initio Simulation Package) code [33-36] at the DFT-D level of

Species X
Algs H
Al@@SH); | SOsH
Al(gS)s* | SOs

Fig. 2. Algs, Al(qSH);3 and Al(qS)3 complexes.
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theory. The PBE functional [37,47] and Grimme’s D2 dispersion
correction [40,41] were chosen. Potentials generated by the Projector
augmented-wave method (PAW potentials) described the electrons/core
interactions [48,49]. Calculations parameters included a cut-off energy
of 450 eV for the plane-wave basis set, a Methfessel-Paxton smearing of
the Fermi surface [50] with 6 = 0.1 eV, an electronic convergence cri-
terion of 1075 eV and a convergence criterion on the forces on atoms
smaller than 0.005 eV/A for the geometry optimisations. The reciprocal
space was sampled by a Monkhorst-Pack [51] grid of 3x3x1 k-points.

In this study, the coverage of the bare surface by molecules was 6 =
4.72.1073 molecule/A? (5%6 supercell). This low coverage allowed the
very first steps of the organic layer formation on Al(111) to be simu-
lated. The Al(111) surface was modelled by an asymmetric slab of four
Al(111) layers, with the two top layers free to relax, and the two bottom
layers fixed. The molecules were adsorbed on top of the Al(111) surface.
The vacuum, measured from the top of the adsorbed molecule to the
bottom of the adjacent slab was at least 14.4 A.

Models of the deprotonated species of the 8Hq and 8HqSH molecules
were adsorbed on the Al(111) surface. It has been shown previously that
these species led to the strongest interaction with aluminium during the
adsorption process in vacuum [22-26]. q, ¢SH and gS radicals, resulting
from H-abstraction on the hydroxyl group of the 8Hq and 8HqSH mol-
ecules, were studied to get the adsorption geometries of the deproto-
nated species on the Al(111) surface. To study the adsorption of
molecules on metallic surfaces in the framework of periodic calcula-
tions, it has been demonstrated that the same adsorption geometry has
been obtained independently of the initial charge (anion/neutral
radical) on the molecule [52-54].

An implicit solvent model was chosen to simulate the effect of water
on the formation of the organic layer on Al(111). The VASPsol package
[55,56] was used, with a relative permittivity of 78.4, which is the
relative permittivity of water at ambient temperature.

Bader atomic net charges Q™ were calculated from the values of
electronic density using the program developed by the Henkelman
group [57]. Net charge on an adsorbed species QM was obtained by
summation of the bader atomic net charges on atoms of the adsorbed
molecule.

Figs. 1,2, and 4 were plotted with the VESTA package [58,59].

From the results of the DFT calculations, the adsorption Gibbs en-
ergies in vacuum and the adsorption Gibbs energies of the molecules and
of the deprotonated species from the aqueous phase were calculated as
explained hereafter.

2.2.1. Adsorption Gibbs energies of the neutral species (molH and mol) on
the Al(111) surface in vacuum

The adsorption Gibbs energy of a neutral species (molH = 8Hq or
8HqSH) or a radical (mol = g, qSH and gS), on the Al(111) surface was
calculated in vacuum as:

G vacum _ G (molH (or mol)on AI(111))

adsorption

- (Gu (molH (or mol))+ G (Al(l 1 1))) ©
With G’ (molH(or moljon Al(111)) the Gibbs energy of the resulting
system with a molecule (molH (or mol)) adsorbed on Al(111),
G (molH(or mol))  the Gibbs energy of the isolated (molH (or mol))
species and G (Al(111)) the Gibbs energy of the bare relaxed aluminium
surface. The Gibbs energies were calculated by the summation of elec-
tronic and zero-point energies. The values of the adsorption Gibbs en-
ergies in vacuum are presented in Table S2.

2.2.2. Adsorption Gibbs energies of neutral species (molH) from the
aqueous phase

The adsorption of the neutral species from the aqueous phase was
also simulated. To take into account the solvent (water) effects, a ther-
modynamic cycle was chosen as proposed by Kokalj et al. [60]. Values of
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the Gibbs energy were calculated and provided a more appropriate
thermodynamic quantity instead of the values of the total energy E.
Following this approach, the adsorption Gibbs energy for neutral species

(molH) in aqueous phase AG™*r  (molH)

adsorption was quantified from the

adsorption Gibbs energy of the neutral molecule species il"d;'f,;,ﬁmn(molfl)

calculated in vacuum:

AG[n water (molH) —

adsorption

Gin vacuum (molH) _ AG”

adsorption solvation

+ AAG, i (mOlH//Al(l 1 1)) @

(molH)

With AG,

solvation
cies (Table 1).
AAG, 0ion(MolH/ /AI(111), currently named as differential adsorp-

tive solvation Gibbs energy, was defined as:

(molH) the solvation Gibbs energy of the neutral spe-

AAG.

solvation (

molH//AI(111)) = AG
- AG,

(molH on Al(111))
(AI(111)) ®

o
solvation

solvation

Where the two terms were the solvation Gibbs energies of the coated and
bare Al(111) surfaces, respectively.
Concerning the calculation of AAG, o it has been shown in the
literature that the magnitude of this quantity is rather small for species
adsorbed on Cu surfaces. For instance, values from —0.49 to +0.35 eV
have been calculated for azole molecules adsorption on Cu(111) [52,54,
60,611, on Cu(100) and on Cu(110) [52]. Therefore, the magnitude of A

Gin water
adsorption

adsorption Gibbs energy calculated in vacuum Gg;;g,;;;ﬁ,"g(mom) and the

(molH) is dominated by the competitive terms between the

solvation Gibbs energy of the adsorbed species AG,

solvation (molH) In our

case, the AAGy;,q1ion (MolH/ /Al(111)) term (calculated values are pre-
sented in Table S3), was obtained using the solvation Gibbs energies
AG, aions Calculated with the VASPsol package [55,56].

The following values were used for the adsorption of 8Hg on Al(111):
invacum gpyg) — _ 1.44 eV (Table S2), AG, (8Hq) =—0.20 eV

adsorption solvation

(Table 1) and AAG, p,qi0n (8HG//AL(111)) = —0.10 eV (Table S3).
2.2.3. Dissociation of the neutral species (molH) on the Al(111) surface
The dissociation Gibbs energy, GA¥ar.  of the 8Hq molecule on the

Al(111) surface in presence of water was calculated by the equation:

in water
dissociation

With G’ ((q + H) on Al(111)) the Gibbs energy of the most stable
system with a H atom co-adsorbed with a g species. The naming “(q + H)
on Al(111)” has been chosen to represent the adsorbed species on Al
(111) whatever their final net charge. G’ (8Hq on Al(111)) was the Gibbs
energy of the system with a native 8Hq molecule adsorbed on the
aluminium surface, in presence of the implicit solvent model.

= G'((g+H)on Al(111)) — G (8Hg on Al(111)) (10)

2.2.4. Adsorption Gibbs energies of charged species (mol and H") from the
aqueous phase

The adsorption Gibbs energy of the deprotonated species mol, i.e. q°
and gqSH species, was evaluated from the thermodynamic cycle pro-
posed by Kokalj et al. [60]:

AGL i, (mol”) = Glagaea (mol) + AE — ® = AG,, (mol”)
+ AAG,,,, (mol/ [Al11D)) an

With Gfl"d_;’(f,;,‘gg’;(mol) the adsorption Gibbs energy of the neutral species
(radical) calculated in vacuum (periodic calculations, values in

Table 52), AG,parion(Mol”)

the solvation Gibbs energy of the charged
species (in Table 1), and AAG, .0, (mol//AL(111)) the differential
adsorptive solvation Gibbs energy (defined by Eq. (8), Table S3).

The following values were used for the adsorption of g" on Al(111):
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Ginvacuum gy — _ 3 52 / — 3.63 eV (parallel/tilted geometries, Table S2),

adsorption
AG;olvution(qi) =-287 eV (Table 1) and AAG;olvation(q//Al(lll)) =
—0.08 eV (Table S3).

The following values were used for the adsorption of gSH on Al

(111): Gnyewm(ggr) = — 3.99 / — 3.74 eV (parallel/tilted geometries,

adsorption
Table S2), AGipaion(@SH ) =—2.55 eV (Table 1) and A
AG:olmﬂ-on(qSH//Al(lll)) = —0.64 eV (Table S3).
AE was the adiabatic electron affinity calculated as:
AE = E:':;rva(uum(mol) _ E:'Ztvamum(molf) (12)

Values of 2.30 eV and 3.18 eV were obtained for the g and qSH
species respectively.

®* was the work function of Al(111) with an adsorbed thick enough
film of liquid water on it; a value of 3.31 eV was used, calculated as ®* =
® + A®, with @ the work function of the Al(111) bare surface (4.04 eV)
and A® the work function change if the slab was covered by a film of
liquid water (-0.73 eV).

The Gibbs adsorption energy of the proton H' was evaluated as:
AG[n water (H+) :G[n vacuum (H) —IP+ o — AG

adsorption adsorption

+ BAG 0, (H/ fA1011))

otvarion ()

solvation

13)

With ng:g,;,“;;g(H) the adsorption Gibbs energy of the neutral species
(radical) calculated in vacuum (periodic calculations), ®* the work
function of Al(111) with an adsorbed thick enough film of liquid water
on it (3.31 eV), and AAG, p,ui0n(H//AL(111)) the differential adsorptive
solvation Gibbs energy (defined by Eq. (8)).

The following values were used for the adsorption of H'on Al(111):

et (H) = — 2.56 eV (Table $2) and AAGqyqi0n(H//AI(111)) =
—0.006 eV (Table S3). A value of —11.53 eV was used for the absolute
aqueous solvation free energy of the proton AGgyion(H') [45].

IP was the adiabatic ionisation potential calculated as:

P = E:’zzvncuum (H+) _ E:’z[mcmxm (H) (14)

A value of 13.59 eV was obtained.
3. Experimental procedure: electrochemical measurements

The electrolytic solution (corrosive medium) was prepared from
deionised water by adding 0.1 M NaySO4 and a small concentration of
chlorides (0.05 M NaCl) (reagent grade). The electrolyte was in contact
with air at room temperature (20 °C + 2°C). The pH of the blank solu-
tion was 6.5. 8Hq and 8HqSH were analytical grade reagents (purity =
99%) from Alfa Aesar and Sigma-Aldrich, respectively and were used as
received. The concentration of 8Hq (3 x103 M) was chosen near its
solubility limit in neutral solution. The same concentration was chosen
for the 8HqSH. The addition of the 8HgSH in the electrolyte led to a pH
decrease (pH = 3 for a concentration of 3 x 1073 M). In order to compare
the mode of action of the two compounds, the pH of the corrosive me-
dium containing the 8HqSH was adjusted at a value of 6.5 by a 0.1 M
NaOH solution. The electrochemical experiments were carried out with
a pure Al (99.9999 wt%) rod provided by Praxair, with a cross-sectional
area of 1 cm?. The body of the rod was covered with a heat-shrinkable
sheath, leaving only the tip of the rod in contact with the electrolyte.
The samples were abraded with successive SiC papers (grade 1200) then
cleaned in ethanol in an ultrasonic bath and finally dried in warm air.

A three-electrode cell was used for the electrochemical measure-
ments with a platinum grid counter-electrode, a saturated calomel
reference electrode (SCE) and the pure Al rod as working electrode
(rotating disk). The rotation rate was fixed at 500 rpm. Open Circuit
Potential (OCP) variation, polarisation curves and electrochemical
impedance measurements were obtained using a Biologic VSP appa-
ratus. The anodic and the cathodic parts of the polarization curves were
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obtained separately from the OCP at a potential sweep rate of 0.6 V/h.
Impedance diagrams were acquired at the OCP over a frequency range of
65 kHz to a few mHz with eight points per decade using a 20 mV peak-
to-peak sinusoidal voltage. The polarisation curves and the impedance
diagrams are shown after 20 h of immersion at the OCP.

4. Results and discussion

The 8Hq molecule and its derivatives are presented in Fig. 1. The pKa
values corresponding to the hydroxyquinoline OH group are 9.89 and
8.66 for the 8Hq [62] and the 8HqSH [63] molecules respectively,
leading to protonated/deprotonated species depending of the pH of the
aqueous solution. The experiments were performed at pH = 6.5, and the
native 8Hq and 8HqSH forms were then the most abundant species in
solution. However, deprotonated molecules g~ and gSH were also pre-
sent, even in very low concentration. As it has been shown in previous
works [22-26], these latter forms led to the strongest interaction with
aluminium during the formation of complexes, in solution or on the
aluminium surface and they were also studied numerically.

The pKa of the SO3H/SO3 group in these molecules has been calcu-
lated at a value of —4.9 by Le Bahers et al. [64]. Thus, the sulfonic group
of the molecule was mostly deprotonated in aqueous solution at pH =
6.5 and the qSZ' species was also studied theoretically. As the neutrali-
sation of the SO3 group by a cationic species present in the aqueous
solution (Na™, for example) is highly probable, it was also simulated in
this work taking the gSH™ species as a model of the neutralised species
[65,66].

In the following, results of DFT calculations are first presented. These
investigations at atomic scale, including a solvent model, are useful to
reveal differences between the two 8Hq and 8HgSH molecules and their
deprotonated species in interaction with AP cations or Al(111) sur-
faces. The electrochemical measurements (polarisation curves and
impedance spectroscopy) performed on pure aluminium during im-
mersion in a neutral aqueous solution in the presence of the two quin-
oline derivatives allowed in a second step their inhibitive properties to
be characterised.

4.1. DFT results

The alkoxide species of the quinoline molecules, deprotonated on the
hydroxyl group, are denoted ¢, gSH and ¢S and their complexes with
APt cations are denoted Algs, Al(qSH)3 and Al(qS)g', hereafter. Two
isomers may exist for the complexes, the meridional and the facial one
[67,68]. The mer isomers are shown in Fig. 2 and were the only isomers
studied in the current computations because they have been experi-
mentally identified in solution [67,68].

4.1.1. Native molecules, complexes, and their deprotonated species in
aqueous phase

The calculation of molecular electronic properties, such as the
HOMO and LUMO energies (¢gomo and eymo) and the HOMO/LUMO
gap, defined as (ezumo — €rHomo), that could be relevant to the under-
standing of inhibition mechanisms by organic compounds has been the
purpose of several review papers [14,15,69]. However, it has been
demonstrated that this approach cannot be directly related to corrosion
inhibition [16,17]. Studying the frontier orbital energies and
HOMO-LUMO gap of the molecules in vacuum or in water might be
helpful but doing so without considering others aspects would not
respond to the complex problem of corrosion inhibition mechanisms.

Among the factors contributing to corrosion inhibition, the solvation
of inhibitors candidates seemed first of all of great importance: a strong
solvation favours the stability of hydrated inhibitors in the aqueous
solution and thus, could decrease the adsorption affinity of the mole-
cules with the metal surface. The solvation Gibbs energies AGg,p,qion at
298.15 K in water, for the native molecules, complexes and for their
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Table 1

Solvation Gibbs energies at 298.15 K for the free molecules and anions (in eV).
Species 8Hq 8HqSH 8HqS’ q qSH qs*
AG;I,ZVMOﬂ -0.20 -0.54 -2.62 -2.87 -2.55 -8.07

Table 2

Solvation Gibbs energies at 298.15 K for the aluminium complexes (in eV).
Species Al(Q)3 Al(qSH)3 Al(qS)¥
AG;OIVMM -0.47 -1.47 -34.65

deprotonated species, are reported in Tables 1 and 2. If we compare the
free native 8Hq and 8HqSH molecules, at 298.15 K, the latter molecule
has the strongest solvation Gibbs energy (-0.54 eV). This is a first indi-
cation of an easier solubilisation in water of the 8HgSH compared to the
native 8Hq molecule. The solvation Gibbs energy of 8HqS is —2.62 eV.
This anionic species is strongly stabilised in solution, and it is also the
case for all the anionic species that are highly solvated with more
exothermic solvation Gibbs energies than for the native forms. The most
charged anions, gS* and Al(gS)3 have the strongest solvation Gibbs
energies. But it must be underlined that the calculated values for these
two latter species are raw approximations because Truhlar and co-
workers’ SMD model is applicable to uncharged and monocharged sol-
utes in water [45] but has not been parametrised on multi-charged
species. Overall, the addition of the SO3H group on the 8Hq and the q°
species increased the exothermic character of the solvation. The hy-
drated species in solution are thus very stable and this could be detri-
mental to the adsorption of the sulfonic/sulfonate species on the metal
surface.

The solvation Gibbs energy, combined to the vapour pressure of a
molecule, allows its solubility in water to be calculated (Eq. (5)). It then
comes:

s(8HgSH Py
SBHGSH) _ 4 gy 109  Lsmastt as)
S(SHL]) P8Hq

The vapour pressure at 298 K is available for the 8Hq molecule
(P;Hq: 1.6 1073 mm Hg [70]), but it is not the case for the 8HqSH
species. The values that are available in the literature for 8Hq de-
rivatives, i.e. 5-nitro-8-hydroxyquinoline and 2-methyl-8-hydroxyquino-
line [71] and halogen-modified 8-hydroxyquinolines [72], are lower at
298 K than the vapour pressure of native 8Hg. Concerning the sulfonic
species, the vapour pressure of benzene sulfonic acid and p-hydroxy
benzene sulfonic acid are respectively 2.36 10~> mm Hg and 3.33 1077
mm Hg at 298 K [73]. Thus, we can estimate from Eq. (15) that the
solubility of 8HqSH in water is more than one hundred times higher than
the solubility of 8Hg. This is a first aspect to take into account to study
molecules / metal surfaces interactions in aqueous solution.

A study of the formation of complexes between the deprotonated
inhibitor molecules and one AI** cation was needed in relation with Al
dissolution. The complexation Gibbs energies of the aluminium com-
plexes were calculated and converged toward —22.72 + 0.31 eV in
water. These values related to the naked At cation are very strong and
largely overestimated because hydrated AI® is more stable as [Al
(HZO)6]3+ [74]. The [Al(HZO)5]3+ complex would be a more accurate
model of solvated A®* than the bare A" ion and an implicit solvent
model. However, the small range of data (+ 0.31 eV) of the values
showed similar chelating properties for the three deprotonated species.
The addition of the SOsH group did not significantly modify the
complexation Gibbs energies of the A** cation with three ¢, or gSH or
¢S% anions. The solvation Gibbs energies for the complexes at 298.15 K
are presented in Table 2. In all the cases, the solvation of the molecules
stabilised the systems (-0.47 and —1.47 eV for Al(q)3 and Al(qSH)3) and
the sulfonic/sulfonate species were the most solvated ones. Again, the
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value calculated for the Al(qS)g' complex has to be taken into account
only qualitatively.

Similarly to the quinoline molecules and anions, the Al(qSH)3 and Al
(qS)3 species appeared strongly solvated in the aqueous phase. This
could be unfavourable to their adsorption on the metal surface. This is a
first difference in the chemical behaviour of the 8Hq and 8HqSH mole-
cules. However, there will be anyway a small concentration of native
and deprotonated molecules in solution that can interact with the
aluminium surface. The adsorption of the molecules on the Al(111)
surface is thus presented in next section.

4.1.2. Adsorption of deprotonated species q, gSH and qS% on Al(111)
from aqueous phase

The study of organic molecules adsorption on the metal substrate is
today recognised as a mandatory step to investigate the inhibitors effi-
ciency. It could lead to a dissociative adsorption of the inhibitor on the
metallic surface. The question of the O-H bond breaking in the
hydroxyquinoline molecule had therefore to be considered by the study
of the O-H bond dissociation on the Al(111) surface, in presence of
water. The chemisorption and dissociation processes that can occur on
the Al(111) surface for the 8Hg molecule are reviewed in Fig. 3.

In the present computations (implicit solvent model), the dissocia-
tion Gibbs energy of the free 8Hq species in water is 1.29 eV and it is thus
endothermic (Fig. 3(a) and section S4). The adsorption Gibbs energies
on Al(111) are —1.34 eV, —1.85 eV and —1.32 eV for the most stable
adsorption geometries of (8Hq on Al(111)), (g on Al(111)) and (H on Al
(111)) (Fig. 3(b), (c) and (d), respectively). When the species, coming
from the aqueous phase, were co-adsorbed on Al(111), the adsorption
Gibbs energy is —3.14 eV ((q+H on Al(111)) in Fig. 3(e)). In the latter
system, the distance between the deprotonated species and the H atom
co-adsorbed is 5.593 A. From a thermodynamic point of view, the
dissociation of 8Hg is exothermic on Al(111) with a dissociation energy
of —0.45 eV and a dissociation Gibbs energy of —0.52 eV in presence of
water (Fig. 3(f)). Regarding this low energetic value, it can be reason-
ably considered that the activation energy for the dissociation on the
surface should have a low value and thus, it can be concluded that
deprotonated species are predominant on the Al(111) surface.

To complement the process of the adsorption and dissociation of 8Hq
species on the bare Al(111) surface from the aqueous phase, the
adsorption and dissociation of 8Hq molecules were investigated in
presence of surface O or OH species, always present on the Al(111)
surface. To that aim, the following deprotonation reactions on (i) the
Oads/Al(111) and (ii) the OHg4/Al(111) surfaces were considered:

8HGads + Oads/Al(111) - gugs + OHgae/Al(111) and 8Hqags + OHags/Al

(111)ﬂ> Gads + H2044s/Al(111). The results showed that the dissocia-
tion process of 8Hq on Og4s/Al(111) is endothermic (reaction Gibbs
energy of (i) = +0.34 eV) and the presence of the O species on the Al
(111) surface does not promote the dissociation of the 8Hq molecule on
the metal surface. The dissociation process of 8Hq on OHggs/Al(111) is
exothermic (reaction Gibbs energy of (ii) = —0.19 eV) but the dissoci-
ation process on the bare Al(111) surface is more favoured (-0.52 eV).
This trend is similar if the 8Hq free molecule is taken in the initial state
of the process instead of the 8Hg,4s one.

The most stable adsorption geometries of the molecules on the Al
(111) surface with the implicit solvent model are presented in Fig. 4
(and selected geometrical parameters are presented in Table S5). The
adsorption geometries, of the g, ¢gSH and ¢S species modelling the
deprotonated molecules, were a parallel mode relatively to the Al(111)
surface or a tilted mode as it was already the case in our previous
computations in vacuum [25]. For the tilted geometries, adsorbed spe-
cies are bounded to the Al(111) surface by their O and N atoms. The O
atom is in bridge position on the Al(111) surface and the two O-Al
shortest distances are respectively in the range of 1.901-1.910 A and
2.005-2.036 A, whereas the N atom is on-top of an Al atom with a N-Al
distance of 2.027-2.036 A. The tilt angle a between the adsorbed
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Fig. 3. Chemisorption and dissociation processes for 8Hq in presence of water. (a): dissociation of 8Hg; (b): chemisorption of 8Hg on Al(111); (c): chemisorption of ¢
on Al(111); (d): chemisorption of H on Al(111); (e): co-adsorption of g and H on Al(111); (f): dissociation of 8Hq on Al(111); the charge on the adsorbed species is not

mentioned in the Figure.

molecules and the Al(111) surface has a value ranging from 57.0 to
69.6°. For the parallel conformations (a0 = 9.7-12.3°), the O and N atoms
are on-top of an Al surface atom (dp.a] from 1.813 to 1.831 A and dn.a1
from 1.918 to 1.924 ;\). A bond is also formed between one carbon of the
pyridine cycle and one Al atom of the surface (dc.a; from 2.188 to
2.203 A). Additionally, for the gSH and ¢S adsorbed species, two of the O
atoms of the SO3H/SO3 group are bounded to the Al surface (with bond
lengths between 1.954 and 2.189 A).

The adsorption Gibbs energies of the deprotonated species were
calculated and are given in Table 3. From the most stable geometries, it
comes: AGIwI (q7) — AGhywse (qSH™) = 0.12eV. This positive
value shows that gSH™ is more strongly adsorbed on Al(111) that the ¢
species. In more details, it is more strongly adsorbed on the Al(111)
surface than the ¢ molecule, both in tilted and parallel conformations.
However, the tilted geometry is the most stable one for the g~ molecule
whereas the parallel conformation is the most stable one for the gSH and
qS% species. For the latter one, it was not possible to determine the most
stable geometry for the free ¢S molecule, modelling gS? species, due to
non-realistic geometry of the SOz group. Thus, the adsorption Gibbs
energies from the aqueous phase could not be accurately calculated but
the parallel conformation is more stable of 1.82 eV than the tilted one.
Nevertheless, an evaluation of the adsorption energy was done using the
energy of a geometry optimised with a constraint on the S-O bond
lengths of the SO3 group for the free molecule (Adsorption energies:
—6.58 eV and —6.16 eV in vacuum and in water, respectively for the
radical species). However, calculation of AGhywae  (gS>) with suffi-
cient precision could not be possible (see section S6 for the calculation
attempt).

The preferred parallel conformation for the adsorbed sulfonic and
sulfonate molecules over the tilted one can be explained by the addi-
tional bonds formed between the O atoms of the SO3H/SO3 group and
the Al surface atoms. The addition of the SOsH or SO3 group increases
the strength of the bonding of the inhibitor on the Al(111) surface. The
iono-covalent character of the bonding between the molecules and the
Al(111) surface can be deduced from the electronic density shown in
Fig. 4 (accumulation of the electronic density between atoms of the

molecules and the Al surface) and the electron transfers from the metal
surface to the adsorbed species (Table 3) for the parallel geometries
(1.06-1.24 electrons).

From the DFT computations, the following points can be emphasised:

(i) The negative values of the solvation Gibbs energies (AGg,;,ion 2t
298.15 K) for the native 8Hq molecule and the Al(q)s complexes
show an exothermic process and agree well with the qualitatively
known experimental solubilisation of these species in water.

(i) The adsorption of the 8Hq molecules on the Al(111) surface,
followed by its deprotonation, is thermodynamically favoured.

(iii) The deprotonated species are strongly adsorbed on the metal
surface which could lead to the formation of a layer on the
aluminium surface. The layer would be composed of stand-alone
molecules or complexes on the surface. This is in favour of the
corrosion inhibition process.

(iv) The aluminium complexes with the 8HqSH species are highly
soluble in solution, more soluble than the aluminium complexes
with the 8Hq molecules, i.e. Al(q)s. This might lead to aluminium
dissolution and thus, might accelerate the corrosion process.

To complement these calculations, electrochemical measurements
were performed to go further.

4.2. Electrochemical results

Fig. 5 illustrates the OCP variation of the Al electrode in the elec-
trolytic solution (blank solution), with the 8Hq and the 8HgSH mole-
cules. For the three electrolytes (with and without the organic
molecules), when the Al sample was dipped in the electrolyte, the OCP
values are similar, around —0.92 V/SCE. This indicates that the initial
surface condition is identical and the measurements start with the same
reference state. During the first 2 h of immersion, regardless of the
system, the OCP evolves towards cathodic potentials. This variation in
the cathodic direction is more pronounced with the 8HqSH. In the
presence of the 8HqSH, the OCP continues to evolve slowly in the
cathodic direction when the immersion time increases and it reaches a
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Fig. 4. (q on Al(111)), (gS on Al(111)) and (¢SH on Al(111)) in presence of
water; left: tilted geometries; right: parallel geometries; atom colour code: C:
brown balls, N: small blue balls, S: yellow ball, H: white balls, AL: big blue balls;
for the gSH species, the electronic density on the system is also plotted in yellow
(p=0.051 electrons/A3).

Table 3
Adsorption geometries, adsorption Gibbs energies AG
the molecules adsorbed on Al(111).

in water

adsorpiion @d net charges on

Species q qSH qs*
Adsorption parallel  tilted parallel tilted  parallel tilted
geom.
AGZldsv;%EJan -1.74 -1.85  -1.97 -1.72  Most stable of  /
(eV) 1.82eV
Q:I"d‘;l (e) -2.06 -1.00 -2.24 -1.15 -3.11 -1.95
AQT (e) -1.06 0.0 -1.24 -0.15  -1.11 +0.05
153 1 ee mol
AQZle = Q:xndl; - in water

stationary value, around —1.15V/SCE, after 6-8 h of immersion.
Without inhibitor and with the 8Hq and after 2 h of immersion, the
shape of the OCP curves is quite similar: OCP increases with time and
tends to stabilize after approximatively 20 h of immersion. This type of
variation is often associated with the formation of protective films
(organic or passive layers [7]). In the presence of the 8Hq, the OCP value

Corrosion Science 233 (2024) 112104

06T T T T T T T T
> - -0O- Without inhibitor _A
=~ -O- With 8HgSH -

E)J 0.7F —A—W:tthg I n
n - AT 1
2 08} .
S . N -8
5 009 A
-— - ,: ¢~D’—’ N
s R ]
3 _1_0_\\:\§’,_D,, -
5 | D |
C \
() ‘11 = le) =
o =<
o) - 0--0----. O----mmmmmmmmm o
ol v 1
0 2 4 6 8 10 12 14 16 18 20

Immersion time / h

Fig. 5. Open circuit potential (OCP) of pure Al as a function of immersion time
in a 0.1 M Na,SO4 + 0.05 M NaCl solution (pH = 6.5): without inhibitor, with
8Hq and with 8HqSH; electrode rotation rate: 500 rpm.

is more markedly shifted in the anodic range (40.2 V/SCE) by com-
parison with the blank solution. Due to the OCP variation, polarisation
curves and impedance diagrams are shown after 20 h of immersion.

4.2.1. Polarisation curves

Fig. 6 compares the polarisation curves obtained on pure Al for the
blank solution (without inhibitor), with the 8Hq and with the 8HqSH.
The corrosion potential is strongly influenced by the presence of the
molecules, as already seen in Fig. 5. After 20 h of immersion, a corrosion
potential difference of about 0.5 V is observed for the Al electrode in the
presence of each molecule. In the cathodic domain, with and without
inhibitors, the increase of the current densities with the overpotential is
due to the oxygen reduction reaction. Then, at around —1.2 V/SCE,
reduction of water also occurs producing an additional cathodic current
increase. With 8HqSH, the oxygen reduction reaction is not observed
because the corrosion potential is around —1.2 V/SCE and the cathodic
reaction, from this potential value, is mainly the water reduction. Near
the corrosion potential, the cathodic current densities are higher in the
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Fig. 6. Polarisation curves obtained on pure Al after 20 h of immersion in a
0.1 M NaySO4 + 0.05 M NacCl solution (pH = 6.5): without inhibitor, with 8Hq
and with 8HqSH; electrode rotation rate: 500 rpm.
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presence of 8Hq compared to the blank solution. In the anodic domain,
the curves account for the aluminium dissolution and/or for the for-
mation of an oxide film on the Al surface. In the presence of 8HqSH,
oscillations are observed in the whole anodic range (the curve super-
imposed to the data is a smoothed version of all the data points) and the
current densities are rather high (> 10°°A crn’z). Without inhibitor and
with 8Hg, the anodic current densities are low (below 10 Aem™?)
between the corrosion potential and —0.6 and —0.4 V/SCE, respectively.
Then, an abrupt increase of the anodic current densities is observed
when the potential increases due to the breakdown of the oxide film
and/or to the development of pits. This result stresses again that the two
compounds act differently. With 8Hg, the polarisation curve looks the
same as the curve without inhibitor but with higher cathodic current
densities and lower anodic current densities. The anodic part indicates
the presence of a film (oxide and/or oxide + 8Hq). The shift of the
corrosion potential in the anodic direction in the presence of 8Hq is
caused by the increase of the cathodic current densities. With 8HqSH,
the anodic curve reflects the absence of protective film, consistent with a
corrosion potential value strongly shifted towards a very negative value
by comparison with the Al for the blank solution.

4.2.2. Impedance diagrams

The impedance diagrams obtained on pure aluminium after 20 h of
immersion in the neutral solution without inhibitors, with 8Hq and with
8HqSH are shown in Fig. 7. In the absence of inhibitor and with 8HqSH,
the diagrams present only one time constant which characterises the
oxide film and the oxygen reduction reaction on the passive layer [9,27].
The values of the impedance modulus at low frequency is about ten
times lower in the presence of 8HgSH compared to the blank solution.
This indicates that the corrosion rate of aluminium increases in the
presence of this molecule and the shape of the diagram (both impedance
modulus and phase angle) suggests that the oxide film would be thinner
than without inhibitor. In the presence of 8Hq, the impedance modulus
is little modified, slightly higher, by comparison with the blank solution,
whereas two time constants are visible on the phase angle. The first time
constant in the high frequency range might be linked to the formation of
a protective layer composed of insoluble aluminium complexes [7]
while the low frequency part of the diagram characterises the
aluminium oxide layer and the oxygen reduction [9,27]. The shape of
the impedance diagrams emphasizes once more that 8Hq and 8HqSH
have different effects at the Al/electrolyte interface.

In recent papers, it has been shown that, from the impedance data, it
was possible to obtain information on the interfacial properties.
Particularly, in the case of oxide or organic films, the capacitance of the
layers (Cox or Cpm) can be extracted by using the complex-capacitance
representation, without using any model [28,30]:

1
)= o)~ R.) (16

With o = 2xf and R,, is the electrolyte resistance.

Fig. 8 presents the complex-capacitance plots for the pure Al in the
electrolyte without inhibitor and with the two compounds. The com-
parison of the complex capacitance plots shows that the high frequency
part is rather similar for the Al without inhibitor and in the presence of
the 8HqSH but, on the contrary, the curve obtained in the presence of the
8Hgq is different. Capacitance values, determined by extrapolation of the
high-frequency data to the real axis, are reported in Table 4. The value
obtained without inhibitor (around 5 pF cm™?) is lower than that ob-
tained in the presence of the 8HgSH (around 8 pF cm™2). Then, the
thickness of the aluminium oxide film, §,, can be calculated from the
relationship:

Eox€0
Oox = —— 17
= a7)

where ¢, is the dielectric permittivity of AlyO3 (¢ox = 10) and ¢ is the
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Fig. 7. Electrochemical impedance diagrams (Bode plots) obtained on pure
aluminium after 20 h of immersion at E.,, in a 0.1 M Na,SO4 + 0.05 M NaCl
solution: without inhibitor, with 8Hq and with 8HgSH; electrode rotation
rate: 500 rpm.

vacuum permittivity.

In the presence of the 8Hg, it is possible to extract a film capacitance
value around 1.4 yF cm™2. In that case, the capacitance at high fre-
quency cannot be attributed to an oxide layer (the thickness would be
too high) and thus, it accounts for the presence of 8Hq molecules or
aluminium complexes on the Al surface. The thickness of this film can be
estimated from the same relationship as for the oxide film but in that
case, the dielectric permittivity of the 8Hg must be taken into account in
Eq. (17) (eguq = 2). The oxide film and the protective film thicknesses
calculated from the impedance data are reported in Table 4. Even if the
values could not be accurately determined, the films thickness can be
compared. It was shown that the oxide film formed on the Al surface
without inhibitor is about 2 nm and it is significantly thinner (1 nm) in
the presence of the 8HqSH. With the 8Hg, there is the formation of a
layer driven by the interactions of the 8Hq and the aluminium oxide
layer, most probably as Al complexes.

On the basis of the electrochemical results, the following points can
be emphasised:

(i) Without inhibitor, during immersion in aqueous solution, the
corrosion of aluminium leads to the formation of an oxide layer.
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Fig. 8. Complex capacitance plots corresponding to the EIS spectra (corrected
from the electrolyte resistance) in Fig. 7.

Table 4

Capacitance values obtained from the complex-capacitance plots at C’ =
0 (Fig. 8). Oxide film and protective film thicknesses calculated according to Eq.
(17) without inhibitor, with 8HgSH or with 8Hg.

Cox Cfilm € € Box Bfitm

(uF cm—2) (uF cm™2) Al,O03 8Hq (nm) (nm)
Without inhibitor 4.8 / 10 / 1.8 /
With 8HqSH 7.8 / 10 / 1.1 /
With 8Hq / 1.4 / 2 / 1.3

Its thickness after 20 h of immersion in the electrolyte was esti-
mated at 2 nm. The insulating character of the oxide film limits
the oxygen reduction reaction. This explains the low cathodic
current densities (0.01-1 pA cm2). The anodic polarisation
curve also accounts for the presence of an oxide film according to
low current densities and a potential breakdown for higher
anodic potential values.

(ii) With 8HqSH, the impedance result indicates the presence of an
oxide layer, the thickness of which is lower than that formed in
the blank solution. The fluctuations of the anodic current den-
sities observed on the polarisation curve would be indicative of
the dissolution of the oxide layer linked to the solubility of the
complexes, formed between the molecules and the AI>* cations.
At the corrosion potential, for which EIS measurements were
performed, the competition between complexes formation and
dissolution would be in favour of the oxide film. When the
dissolution proceeds via the anodic polarisation, the formation of
complexes increases the dissolution rate. This is in agreement
with the corrosion potential value, strongly shifted towards
cathodic values (-1.2 V/SCE) which corresponds to an almost
bare aluminium surface.

(iii) With 8Hq, the same mechanism would be involved with the for-
mation of complexes with the AP cations. But, in that case, their
solubility is limited and a protective layer is formed above the
oxide layer. Its thickness was estimated around 1.2 nm. The for-
mation of this layer impedes the growth of the oxide film. This
explains why the cathodic current densities were higher.

5. Conclusions

In our previous works, the bonding of the molecules on bare Al(111)
surfaces, and on oxidised and hydroxylated aluminium surfaces has been
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investigated [22-26]. We considered in the present work the presence of
water on the strength of this bonding. Computational and electro-
chemical experimental approaches were combined with the goal to find
descriptors correlated to the inhibitor efficiency.

For the 8Hq molecule and its sulfonic and sulfonate derivatives, the
results of the DFT studies first showed that, even if it was not possible to
calculate the solubility of 8HgSH, the strong solvation Gibbs energies of
the sulfonic and sulfonate species indicated a strong tendency to sol-
ubilisation in water, with a solubility evaluated one hundred times
higher than the solubility of 8Hq. Moreover, the aluminium complexes
with the 8HqSH species were much more soluble in aqueous solution
than the complexes with the 8Hq molecules. DFT computations of
adsorption Gibbs energies on the adsorption of the deprotonated mole-
cules on Al(111), in presence of water, revealed that all the quinoline
species were strongly adsorbed on the aluminium surface with a fav-
oured formation of an organic layer on the surface, as stand-alone
molecules or Al complexes.

The electrochemical results obtained with the two molecules clearly
showed different behaviours of the molecules on the Al surface. With the
8Hgq, the presence of a protective film on the pure Al surface is
confirmed, most likely composed of aluminium complexes with the
organic molecules. The film thickness was in the range 1-2 nm. The film
formation would be favoured by the anodic and cathodic reactions: the
oxygen reduction produces OH" ions which generate the q” species and
these species would react with the A" produced by the anodic disso-
lution. 8Hgq is an effective corrosion inhibitor. In the presence of 8HqSH,
there was no protective film formed on the aluminium surface and in
contrast, these molecules accelerate the aluminium dissolution by the
solubilisation of 8HgSH complexes in agreement with the DFT compu-
tations that show the high solvation of these species in solution. This is a
key factor which controls the action of the investigated molecules on the
Al surface.
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