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Highlights

e A benzotriazole derived pigment system is shown to inhibit cathodic delamination on
zinc.

e The system demonstrates an inhibition efficiency approaching that of strontium
chromate.

e Inhibition of cathodic oxygen reduction reactions by benzotriazole is proven.

Abstract

A novel cationic benzotriazole pigment (CBP) based on the benzotriazolium cation (BTAH")
exchanged into a sulfonated organic resin has been synthesized and evaluated as a means of
inhibiting the corrosion-driven cathodic disbondment of organic coatings from the surface of
galvanized steel. The CBP is acidic in nature (BTAH2" pKa = 1.1) and is intended to be
compatible with acidic coating formulations such as etch-primers. Delamination rates, as
measured using a scanning Kelvin probe (SKP), were found to decrease monotonically with
increasing CBP volume fraction (®cgp) and to approach zero when ®cgp = 0.1. The mechanism

of CBP operation is described.

Keywords: benzotriazole, corrosion, inhibition, zinc, galvanized steel.

1. Introduction



Organically coated galvanized steel (OCS) is a multi-billion-pound industry and represents a
significant portion of the finished-steel market [1]. Favoured for the on-demand and bespoke
supply chains, products currently offer robust lifetime guarantees - upwards of 30 years [1].
These guarantees are largely afforded by the corrosion inhibiting properties of hexavalent
chromium and its chromate derivatives in the form of soluble salts such as strontium and zinc
chromate dispersed as pigments within a protective organic coating. Despite their currently
unmatched corrosion inhibiting potency, these compounds are extreme health hazards and are

classed as genotoxic carcinogens [2-5].

Recent research has been focused on finding suitable alternatives that can match chromates in
their ability to inhibit the corrosion mechanisms that lead to the failure of OCS products without
the associated hazards. Within the literature, there have been numerous candidate replacement
chemistries, including: zinc salts, phosphates and rare earth species. However, alternatives have

struggled to match the performance of chromate systems [6-9].

The high efficiency of chromate-based pigments as corrosion inhibitors for organically coated
metal surfaces is thought to result from their particular mechanism of operation. For example,
in the case of strontium chromate (SrCrO4) pigments it has been shown that CrO4> anions
diffusing beneath an organic coating can effectively inhibit cathodic disbondment [6, 10-13].
This mode of inhibition has been ascribed to CrO4> reduction replacing oxygen reduction in
the cathodic reaction, the product being an insoluble, electrically insulating Cr(OH)s
precipitate. This process is self-limiting and effectively stifles further O> reduction. However,
for ferrous alloys (and possibly some non-ferrous) it has been argued that chromate can provide
anodic inhibition by acting as a ‘passivator’, that is an oxidizing agent which increases the open

circuit potential of the alloy, passivating the surface.



The typical makeup of an OCS product consists of an initial pre-treatment coating, also known
as a conversion coating, which is effectively a wash that prepares the metallic surface and
provides better adhesion to the subsequent primer coating. The primer coating contains the
bulk of the corrosion inhibitor, it then receives a topcoat which acts as a barrier to the outer
environment and determines the overall appearance and aesthetics of the product [1]. Current
chrome-free primer formulations that provide acceptable corrosion protection remain reliant
on chromate-based pre-treatments [6,14]. However, an alternative approach involves the use
of a “pre-treatment primer” systems, sometimes referred to as “etch-primers”, these avoid the
use of a separate pre-treatment step in coating preparation. A typical etch primer formulation
would comprise of a film forming polymer, such as polyester or polyurethane, and phosphoric

acid (H3POs4), dissolved in a suitable solvent, such as butanone [14,15].

Various inorganic and organic corrosion inhibitors have been proposed as potential chromate
replacements, either alone or in combination [6-9]. Furthermore, a number of “smart-release”
strategies have been described which allow these inhibitors to be converted into coating-
compatible pigments capable of releasing the inhibitor species as and when required [16-19].
Benzotriazole is a heterocyclic aromatic organic compound known for its versatility and
application in many fields, in particular, as a corrosion inhibitor for copper (and associated
alloys) in both atmospheric and submerged conditions [20,21]. Other works have also
demonstrated benzotriazole as an effective inhibitor to the corrosion of aluminium and zinc
[22,23]. The benzotriazole anion (benzotriazolate (BTA")) has been exchanged into
hydrotalcite (a layered double hydroxide (LDH)) to produce corrosion inhibitor pigments
suitable for dispersion in organic coatings applied to metallic substrates [24-26]. The greater
part of work published on such BTA/LDH pigments relates to the protection of aluminium
alloys. However, benzotriazole has also been studied as an inhibitor for organic coated zinc or

galvanized steel. For example, benzotriazole has been incorporated into mesoporous SiO>



layers applied to galvanized steel [27]. benzotriazole has also been used to impregnate
polymeric core-shell nanocontainers based on poly-acrylic acids and incorporated into organic
coatings for the protection of galvanized steel [28]. Anti-corrosion pigments have also been

developed based on sparingly soluble zinc-BTA complexes [29].

Benzotriazole is an amphoteric compound and can therefore exist in neutral, anionic and
cationic forms, depending on solution pH. [20]. The protonic equilibria linking the various
benzotriazole species, together with the relevant pK, values, are shown in equations (1) and (2)

[20] and Fig. 1 shows the relative concentrations of the various species as a function of pH.

BTAH;" < BTAH + H" pKi=1.1 (1)
BTAH < BTA"+H" pK> =8.2 (2)
Figure 1

Fagel and Ewing et al [30] demonstrated that the UV absorption of benzotriazole in aqueous
solution is strongly pH dependant. A single absorption peak (Amax = 274 nm) is observed for
strongly acidic conditions (pH < 0) where the BTAH:" cation predominates. A single peak (Amax
again 274 nm) is also observed under strongly basic conditions (pH > 10) where the BTA"
anion predominates. Two absorbance peaks (Amax = 274 nm and 260 nm) are observed at
intermediate values of pH where neutral benzotriazole predominates. The BTAH," cation is
predicted to be stable in the presence of strongly acidic species such as those found in etch

primer formulations.

In this paper, we present a systematic study aimed at characterising a novel BTAH>" cation
exchanged corrosion-inhibitor pigment prepared by reacting neutral benzotriazole with a
crosslinked polystyrene sulfonic acid resin (Amberlite 120 H"). The formation reaction relies

on the sulfonic acid functional groups of the resin (pKa -2.8) being significantly more acidic



than the pKa of 1.1 associated with reaction (1) so that the resulting proton transfer produces
BTAH:" in situ., as shown schematically in Fig. 2a. In principle, the BTAH," cation can be
released through an exchange equilibrium with cations present in an aqueous electrolyte at any
pH. However, at the alkaline pH prevailing at sites of local net cathodic activity any BTAH>"
so released will become rapidly deprotonated, as shown schematically in Fig. 2b. Under these
circumstance the exchange equilibrium will be continually displaced in favour of further
BTAH:" release, so that the release process is predicted to become particular efficient. Here
we follow the kinetics associated with the reaction schemes in Fig. 2a and Fig. 2b

spectrophotometrically.
Figure 2

The cationic benzotriazole pigment (CBP), produced as below, is evaluated as a corrosion
inhibitor by dispersion in an ethanolic solution of polyvinyl butyral (PVB) which is then coated
onto the cleaned surface of hot dip galvanised (HDG) steel coupons. Using a “Stratmann type”
experiment [31-33], a penetrative organic coating defect is formed, and a corrosive (aqueous
sodium chloride) electrolyte introduced. The resulting corrosion-driven cathodic coating
disbondment is followed using a scanning Kelvin probe (SKP) instrument. By this means the
effect of varying the CBP volume fraction (®cgp) in the organic coating is systematically
determined. To help explain the mode(s) of operation by which benzotriazole inhibits
corrosion-driven coating failure, the inhibition of cathodic oxygen reduction, reactions (3) and
(4), on zinc (HDG steel) by BTA™ dissolved in an aqueous electrolyte is investigated using
potentiodynamic polarization in combination with a rotating disk electrode (RDE) apparatus,
which ensures reproducible conditions of mass transport for electroactive species (in this case

02).



4¢ 0, + 2H,0+ 4e” — 40H" 3)

2¢¢  0,+ H,0+2e" — HO; + OH~ (4)

2. Materials and Methods

Materials: HDG steel coupons of 0.7 mm gauge mild steel coated on both sides with a 20 pm
zinc layer (containing 0.15% aluminium) were supplied by Tata Steel UK. These were
subsequently cut into 5 cm square coupons and used as substrates in the programme of
experimental work. The as received material had been produced by skin passing and tension
levelling following hot-dip galvanization. Zinc samples of 99.9% purity were purchased from
Goodfellow Ltd. Benzotriazole, polyvinyl butyral, Amberlite® 120 H* and all other chemicals
were purchased from the Sigma-Aldrich Chemical Co. and were of analytical grade purity.
Hellma 10 mm 100 QS (3.5 x 107 L) quartz cuvettes were also purchased from the Sigma-

Aldrich Chemical Co.

Methods

Spectrophotometric determination of benzotriazole: All optical absorbance measurements
were performed at pH 11 using a PerkinElmer Lambda 750 UV/VIS/NIR Spectrometer in
conjunction with a 1 cm quartz cuvette. A calibration curve was prepared by plotting the
absorbance measured at Amax = 274 nm as a function of BTA" concentration between 1 x 107
and 1 x 10*M. The resulting plot was a good straight line (R? = 0.9988) implying that at pH
11 aqueous [BTA"] (between concentrations of 1 x 107 and 1 x 10 M) obeys the Beer-Lambert
law, equation (5), and that significant association, precipitation or surface absorption of BTA"

anions do not occur over the stated concentration range.

Axzq = Exacl &)



where &£274 is the molar extinction coefficient at 274 nm, ¢ is concentration in M and / is the

optical path length in cm. The value of &274 obtained from the least-squares analysis of

absorbance data was 9700 M! cm™ (+/- 200) at ~20°C. Thereafter, the solution concentration
of benzotriazole species (at any pH) was determined by withdrawing an aliquot, volumetrically
diluting with distilled water (if necessary), adjusting the pH to 11 with aqueous NaOH and

measuring the optical absorbance at 274 nm.

Preparation of BTAH>" exchanged resin: The quoted volume exchange capacity of Amberlite
120 H'is 1.8 eq L"! [34] and the density is 1.2 kg L. On this basis, the exchange capacity of
the resin, per-weight, may be calculated as 1.5 milliequivalents (mEq) per gram. The molecular
weight of the benzotriazole is 119.13 g mol! implying that, when fully exchanged, 100 g of
resin should hold 17.87 g of BTAH:". From these estimates, an excess of benzotriazole was
calculated to ensure resin saturation. Thus, 0.2 M (23.82 g) of benzotriazole was dispersed in
1 L solution of distilled water. The dispersion was heated to 60°C, at which temperature
benzotriazole readily dissolves as neutral benzotriazole, and 100 g of Amberlite 120 H' beads

added. This mixture was then stirred at a constant speed for 2 hours using a magnetic stirrer.

The process of benzotriazole uptake was followed by periodically drawing small (0.1 ml)
aliquots of the hot benzotriazole solution from the reaction mixture using a micropipette over
a 2-hour period. Fig. 3 shows the concentration of neutral benzotriazole in contact with
Amberlite 120 H' as a function of time (for 100 ml of solution and 10 g of resin) falls by
approximately 72.5% from 0.2 M to 0.055 M and becomes approximately constant after 30
minutes. These findings imply that, at equilibrium, the BTAH," exchange capacity of the

Amberlite 120 H" resin may be calculated as 1.59 mEq g, which is in good agreement with



the value of 1.5 mEq / 100 g derived from the manufacturers’ specification. Furthermore, the

BTAH:" uptake kinetics are relatively fast, reaching 90% completion in ~10 minutes.
Figure 3

At the end of the 2-hour exchange period the resin beads were collected using a Buchner
filtration system, washed with 500 ml of deionised water, and then dried for 24 hrs at 40°C
under vacuum. Once dried, the exchanged Amberlite 120 H' resin beads were milled using a
Retsch planetary ball mill at 350 RPM for 2 hours. The resulting powder was then sieved
through a 20 um mesh, yielding a finely divided cationic benzotriazole pigment, hereafter

referred to as CBP.

Rotating disk electrode polarization measurement: For RDE measurements of Oz reduction
kinetics on zinc, disks of HDG steel (18 mm diameter) were used as the working cathode. The
HDG zinc surface was prepared by lightly abrading with silicon carbide paper (1200 pm grit)
and polishing with an aqueous slurry of 5 pm alumina followed by acetone rinse and air drying.
All electrochemical measurements were performed in aerated conditions at 20°C in 0.5 M
aqueous sodium sulfate electrolyte, containing 0.05 M sodium tetraborate (Na2B4O7.10H20)
and 0.1 M sodium hydroxide (NaOH), which gave a buffered pH of 9.3. When required,
benzotriazole was added to the experimental electrolyte at concentrations of 2 x 102, 2 x 1073,
2 x 10 or 2 x 10> M, with further additions of sodium hydroxide made in order to maintain a
pH of 9.3. At the experimental pH, zinc is not active (i.e. zinc oxidation products are insoluble),
thus avoiding high zinc dissolution rates [35]. Samples were mounted in the PTFE holder of
an Oxford Instruments RDE-2 rotating disk electrode system supplied by Sycopel Scientific.
A Gamry mercury/mercurous sulfate reference electrode and a platinum gauze counter

electrode were used in a standard 3 electrode cell arrangement. Polarization of the working



electrode was carried out using a Solartron 1280 potentiostat. Prior to each experiment, the
working electrode was held at a potential just above the onset of visible hydrogen evolution for
two minutes in order to reduce any air-formed oxide film. Quasi-steady state polarization
curves were obtained using linear potential sweep rate of 3.3 x 10 V s™! and a rotation head

speed of 217 rad s! following a methodology described elsewhere [36-38].

Benzotrialzole release kinetics from cationic-exchange resin: The release kinetics of
benzotriazole species from the fully [BTAH:"] exchanged Amberlite 120 H' resin were
determined using 1 M aqueous NaOH as a model for the alkaline electrolyte forming at sites
of local cathodic activity. A 10 g quantity of [BTAH>"] exchanged resin beads (prepared as
before) were stirred in 100 ml of 1 M aqueous NaOH for twenty minutes at room temperature.
Aliquots of solution (0.1 ml) were withdrawn periodically, diluted to 100 ml with distilled
water and adjusted to pH 11 using aqueous NaOH. This procedure was repeated three times,

until ~96% of the BTAH:" originally present in the resin had been released.

Corrosion driven cathodic delamination measurements: The HDG zinc surface was prepared
for coating using an aqueous slurry of 5 pm alumina to remove the as-received surface
including any contaminants and/or pre-existing oxide layer. Degreasing was carried out via an
acetone rinse followed by air-drying. PVB solutions MW 70,000-100,000 were prepared in
ethanol (15.5% w/w), the required amounts of CBP were added and thoroughly mixed using a
shear mixer. Organic coatings (films) were produced by bar casting the PVB/CBP dispersion
onto the relevant substrate using electrical tape (~145 pm in thickness) as a height guide. This
resulted in a dry film thickness of ~16 pum (measured by a micrometre screw gauge). The

volume fraction (®cgp ) of the CBP in the PVB dispersions was calculated using:



MpyB - PPig .
Dcpp = <1+ M—> (0)

pig - PPVB

where Mpys is the mass of PVB used in the coating formulation, Mpig the mass of CBP, ppys
the density of PVB (~0.8 g cm™) [41] and ppig is the density of Amberlite 120 H" (~1.8 g cm™
%) [34]. Strong PVB film adhesion to the HDG substrate was observed and it was not possible

for the films to be peeled off by hand.

The delamination sample cell preparation procedure was based on the methods presented by
Stratmann et al [31, 39, 40]. All corrosion-driven cathodic delamination experiments were
carried out in an enclosed SKP chamber containing air and maintained at a constant 96% R.H.
and 20°C. Delamination was initiated by introducing ~2 ¢cm® of 0.86 M aqueous NaCl
electrolyte at pH 7 into the penetrative coating defect (area ~1 cmby 2 cm rectangle). The SKP
reference probe consisted of a gold wire of diameter 125 pm vibrating vertically at 280 Hz and
amplitude of 40 um at a distance of 100 pm above the sample surface. Ecorr data points were
recorded at a density of 20 points per mm. The SKP reference probe was scanned over the
coated surface along a 12 mm line normal to, and adjacent with, the defect-coating boundary.
Scanning commenced immediately on the addition of electrolyte and thereafter at hourly

intervals over a period of > 24h.

Design and operation of the SKP apparatus has been described extensively elsewhere [31, 39,
40], including the procedure for calibrating the SKP in terms of local free corrosion potential
(Ecorr). Following this calibration procedure, it was shown that for a metal surface covered with
an adherent PVB film, or with a PVB film which has become delaminated through the ingress

of a thin electrolyte film, that

Ecorr= AW + C Vvs. SHE (7)

10



where A‘I’If Oelf is the Volta potential difference measured between the SKP reference probe and
the polymer/air interface and calibration constant (C) determined by placing a free standing
PVB film over a calibration cell, as described elsewhere [31,39,40]. Where no defect region is
present (i.e. no progression of the delamination front) the adherent intact coating region is
referred to as Einwmct. A schematic representation showing the movement of the SKP probe
relative to the experimental sample and the relationship between the cathodic delamination cell

and the potential profile recorded by SKP is given in Fig. 4.
Figure 4
3. Results and Discussion

Inhibition of cathodic delamination by CBP: Prior to the introduction of corrosive electrolyte
(0.86 M NaCl) at the coating defect the potential (Eintact) measured over the intact PVB coated
zinc surface at 96% RH was recorded over a 20 hour period. Fig. 5 shows area-averaged Eintact
values plotted as a function of time for PVB coatings with ®cgp =0, 0.01, 0.025, 0.05 and 0.1.
In all cases Eintact increases gradually over time, becoming approximately constant (time-
independent) after approximately 10 hours. The time-independent (final) values of Eintact
progressively decrease with increasing ®cgp and when ®cgp = 0.1 the time-independent Eintact

is approximately 0.1 V lower that in the case of unpigmented PVB.
Figure 5

The significance of Eintact for polymer-coated metal has been discussed at length elsewhere.
Briefly, for nonconducting polymers, Einwact reflects the open-circuit potential of the oxide-
covered metal surface, influenced as this may be by reactions with atmospheric O, and/or
Bronsted acid-base interactions occurring between the oxide and polymer coating [10, 32, 42].
On this basis the time-dependent evolution of Eiyac values in Fig. 5 most probably reflects the
time taken for (electro)chemical reactions occurring at the coating-zinc interface to reach a

11



steady-state. Furthermore, mixed potential theory would suggest that the slight depression of
time-independent Einace values with increasing ®cgp is consistent with the CBP pigment acting
to inhibit cathodic processes and/or facilitate anodic processes occurring at the coating-zinc

interface.

When corrosive electrolyte was introduced into the defect in unpigmented PVB coatings
delamination was found to become initiated within 2 hours of electrolyte contact. Thereafter,
time-dependent Ecorr vs. distance (x) from the defect edge profiles became established as shown
in Fig. 6 a). In the intact coating region potentials (Einwct) are relatively high because anodic
zinc dissolution is disfavoured in the absence of liquid electrolyte. Conversely, in the near-
defect region potentials (Ecor) fall to values expected for freely corroding zinc, shown
schematically in Fig. 4. Ionic current flux passing along the thin layer of electrolyte which
ingresses beneath the delaminated coating produces in an ohmic potential gradient linking the
net anode at the coating defect to the site of cathodic oxygen reduction, reactions (3) and (4),
at the coating delamination front. Current in the underfilm electrolyte is carried by Na" ions
migrating from the external electrolyte to balance the charge of OH™ produced through reaction
(3). External electrolyte anions (in this case CI") are migrationally excluded. The the under-

film electrolyte becomes alkaline (pH > 10) due to the formation of sodium hydroxide [33].

Figure 6

The time-dependent Ecor(x) profiles were found to become significantly modified when the
coatings contained CBP. Fig. 6 b) shows representative Ecor(x) profiles obtained from a
pigmented PVB coating containing ®cgp = 0.01. A comparison of Figs. 6 a) and b) shows that
the extent of delamination occurring after a holding period of 24 h is significantly reduced
(relative to unpigmented PVB) when the CBP is present. Furthermore, values of Ecorr measured

in the near-defect region are ~0.1V higher for the ®cgp = 0.01 case than for the unpigmented

12



coating. Systematically increasing @cgp was found to produce a progressive reduction in the
rate of delamination and when ®cgp> 0.1 no indication of coating delamination was observable

over the 24-hour experimental period, as shown in Fig. 6 c).

The rate (lateral velocity) of cathodic delamination may be quantified by taking the position of
the delamination front to be point of maximum potential gradient in successive time-dependent
Ecorrx profiles [31-33]. Delamination kinetics may then be determined by plotting the
delaminated distance (Xde1) against (tdel - ti), where tqe1 is the time since electrolyte introduction
and t; is the time taken for delamination to become initiated. Fig. 7 shows a series of (Xdel) vs.
(tel - ti) curves thus obtained for: unpigmented PVB and various values of ®cgp up to Ocpp =
0.1. It may be seen that increasing ®cgp produces a significant reduction in delamination rate
but also a change in kinetic order with respect to time, from parabolic (t?> dependence) to zero

order (linear with respect to t).
Figure 7

Parabolic delamination kinetics are frequently observed in the case of uninhibited coatings [10,
31-33, 39, 40] and are typically the result of underfilm cation migration (here Na*) being the
rate determining process [32, 33]. The change to linear kinetics observed in the presence of
CBP is consistent with a vertical process (one not dependent on X4e) becoming rate determining
as Ocpp increases. Such a vertical process could be either: 1) diffusional mass transport of O
through the coating [43] or i1) the electrochemical electron transfer process associated with the
cathodic oxygen reduction reaction (3). Since the transition to linear kinetics is observed when
®cpp is as low as 0.01 (under which circumstance it is very unlikely to significantly affect O

transport) the most probable cause is an inhibition of underfilm cathodic O, reduction.

Because of the change from parabolic to linear kinetics, shown in Fig 7, the initial rate of

coating delamination was used as a means of making a comparison between unpigmented PVB

13



and the various coatings containing different ®cgp. In each case, the initial delamination rate
was obtained by determining the gradient (dxge/dt) of a tangent constructed to the relevant
(Xde1) vs. (tdel - ti) curve at (tgel - ti) = zero. Fig. 8 shows normalised values of initial delamination
rate plotted of as a function of ®@cpp. In order to better assess the likely usefulness of CBP as
an inhibitor of cathodic disbondment on zinc Fig. 8 also shows normalized data obtained from
a previously published study of inhibition by a strontium chromate pigment [10]. Comparison
of the CBP and strontium chromate derived data in Fig. 8§ shows that for pigment volume
fraction (@) values < 0.5 CBP actually seems more efficient than strontium chromate.
However, it should also be noted that strontium chromate produces immeasurably slow
delamination at ® = 0.08, whereas for CBP the same occurs when @ = (0.1. It should also be
borne in mind that the experiments described here pertain only to cathodic disbondment and

not the full range of corrosion phenomena that can affect an organic coated metal.

Figure 8

Possible modes of CBP-substrate interaction: Three modes of CBP-substrate interaction may
be thought of as possibly contributing to the inhibition of corrosion-driven cathodic

disbondment described above. These are as follows

1. Modification of the zinc surface through reaction with CBP prior to the addition of the
corrosive electrolyte.

2. Inhibition of underfilm cathodic O reduction as a result of benzotriazole being released
into the underfilm electrolyte.

3. Inhibition of anodic zinc dissolution at the coating defect site as a result of benzotriazole

species being released into the defect (external) electrolyte.

14



Mode 3 is not expected make a significant contribution to the overall inhibition of

cathodic disbondment in the experiments described here for the following reasons:

a) No visible change in corrosion at the defect site was observed with increasing CBP, in
all cases the zinc surface exposed at the defect became heavily corroded.

b) Relatively low concentrations of benzotriazole species will be produced in the (2 cm?)
volume of defect electrolyte.

c¢) The defect area is large (1 cm?), requiring a very profound inhibition to occur if anodic

current contributions tend to become rate determining.

It would therefore seem likely that the greater part of an observed inhibition results from a

combination of Modes 1 and 2.

In consideration of mode 1, it should be noted that the acidic BTAH>" cations exchanged into
the CBP could, in principle, undergo deprotonation in the presence of zinc and zinc (hydr)oxide

species via reactions (8-10).

Zn + 2BTAHJ - Zn?*+ H, + 2BTAH (8)
Zn(OH), + 2BTAHS — Zn?*+ 2H,0 + 2BTAH )
Zn(OH), + 2BTAH - Zn(BTA"),+2H,0 , pK, ~ 8.2 (10)

Reactions (8) and (9) both have cationic products (Zn**) which would allow further BTAH,"
to be released from the CBP via a cation exchange process. The ®cgp dependent changes in
Eintact shown in Fig. 5 are consistent with some degree of reaction occurring between the (oxide
covered) zinc surface and CBP prior to introduction of the corrosive electrolyte. However,
because this involves an essentially solid-solid reaction mechanism, which can only occur at

points of contact between CBP particles and the zinc substrate, it is likely that mode 1 is

15



relatively inefficient and only a small fraction of the BTAH," initially present in the CBP is

capable of reacting in this way.

In consideration of mode 2, a question arises as to what fraction of the BTAH," cations
exchanged into the CBP is capable of being released into the alkaline electrolyte film forming
beneath the delaminated coating and how quickly that release can occur. In order to better
determine these quantities inhibitor release experiments were performed using an excess of 1
M aqueous NaOH as model for the alkaline underfilm electrolyte, as detailed in the
experimental section. A large excess of NaOH was employed to ensure that the availability of
base did not limit the extent or rate of inhibitor release. Amberlite resin beads exchanged with
BTAH;" were used in these experiments, rather than the CBP power produced by grinding the
beads, because of the difficultly in handling aqueous dispersions of CBP. Consequently, the
measured rates of inhibitor release probably underestimate the rates achievable from the CBP

itself.

The proposed release mechanism is shown schematically in Fig. 2b, whereby BTAH:" cations
in the resin exchange with the Na* ions in solution and subsequently undergo a rapid coupled
homogenous deprotonation through reaction with aqueous hydroxide, yielding BTA™ anions.
Fig. 9 shows the concentration of released BTA™ plotted as a function of time for three
successive release experiments in which the same 10 g of BTAH>" exchanged beads were
stirred with fresh 100 ml aliquots of 1 M aqueous NaOH for 20 minutes at room temperature.
From the data in Fig. 9 it is possible to calculate that approximately 80% of the available BTA"
is released by the end of the first release experiment, 90% by the end of the second, and 96%
at the end of the third. A comparison of Figs. 3 and 9 indicates that the kinetics of BTA™ release
at room temperature are somewhat slower that the kinetics of benzotriazole uptake at 60°C.

Nevertheless, BTA™ release is sufficiently rapid and complete as to suggest that useful amounts

16



will be release into the underfilm catholyte over the timescale of a typical cathodic

disbondment experiment.

Figure 9

Inhibition of electrochemical kinetics by benzotriazole: Given the arguments developed in the
preceding sections, a question arises as to what extent benzotriazole species released from the
CBP pigment are capable of inhibiting electron transfer processes, particularly those associated
with reactions (3) and (4). To this end a series of potentiodynamic polarization experiments
were carried out to quantify the effect of varying electrolyte BTA™ anion concentrations ([BTA"
]) on the kinetics of the cathodic oxygen reduction reaction (CORR) as it occurs at the HDG
steel zinc surface. In so doing a rotating disk electrode (RDE) apparatus was used to ensure
reproducible conditions of mass transport for electroactive species (in this case Oz). The
electrolyte conditions, 0.5 M aqueous sodium sulfate buffered to pH 9.3 with borate buffer,
were selected to minimize rates of zinc dissolution and maximize comparability with
previously published work [36-38]. To an extent these conditions represent a reasonable model
for a mildly alkaline underfilm electrolyte. However, they differ in one important respect, the
underfilm electrolyte will contain no aggressive anions (sulfate or chloride) derived from the

external electrolyte [33].

Cathodic-going scans starting from the open circuit potential (OCP) were used to ensure that
the zinc surface was in a state that resembled (as near as possible) the free corrosion condition.
A slow potential scan rate (3.3 x 10* V s') was used to produce a quasi-potentiostatic
measurement, in which the current densities measured were close to being steady-state values.
Fig. 10 shows cathodic polarization curves obtained for the HDG zinc surface under aerated

conditions using an RDE rotation angular velocity of 217 rad s™. At the experimental pH (9.3)
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benzotriazole (pKa. = 8.3) will be predominantly (~90%) deprotonated via reaction (2) to
anionic BTA". The electrolyte BTA™ concentration, for the various curves in Fig. 10 are a) zero,
b)2x 10°M,¢)2 x 104 M, d) 2 x 10° M and e) 2 x 102 M, respectively. Curve a) is basically
similar to data reported previously for zinc cathodically polarized in aerated aqueous chloride
electrolyte [37]. The current plateau (~1.5 mA cm™?) seen between (approximately) -1.04 V and
-1.15 V corresponds to a diffusion limited 4 electron reduction of Oz, reaction (3) occurring on
bare metallic zinc. At potentials > -1.04 V the zinc surface becomes covered with a zinc

(hydr)oxide film and 2 electron O» reduction, reaction (4), is expected to predominate. [36].

The potential dependence of cathodic currents in the region of curve a) lying between -1.04 V
and the open circuit potential (OCP) of ~0.85 V suggests that over this potential range reaction

(4) is occurring substantially under activation (electron transfer) control.
Figure 10

A comparison of the various polarization curves in Fig. 10 indicates that as [BTA] increases,
cathodic current densities are significantly reduced relative to the uninhibited case. This effect
1s most fully demonstrated in curves d) and e), which show no evidence of any diffusion-limited
current plateau. Furthermore, over the potential range -0.85 V to -1.05 V, where reaction (4) is
expected to dominate, current densities in curves d) and e) are reduced by up to 90% compared
to curve a). The polarization curves in Fig. 10 can be further analysed to determine values of
OCP and polarization resistance (Rp). The latter is calculated as the reciprocal gradient of a
tangent constructed to the curve at OCP (i = zero). Fig. 11 shows OCP and R, values thus

obtained plotted as a function of [BTA].
Figure 11

It may be seen from Fig. 11 that OCP increases monotonically with increasing [BTA™]. This

finding implies that is actually acting as a mixed (anodic and cathodic) corrosion inhibitor, as
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has been reported elsewhere [44]. It further implied that, that although Fig. 10 indicates that
BTA" it is an effective inhibitor of the CORR, it is its action an anodic inhibitor which
predominates under free corrosion conditions. Fig. 11 shows that R, also increases with
increasing [BTA"] for all [BTA] <2 x 10 M but decreases again slightly when [BTA] is
increased to 2 x 102 M. The various values of R, may be used to estimate the effect of varying

[BTA] on the corrosion current density (icorr) using the Stern-Geary relationship, equation (11).

R, = — (11)

lcorr

where icorr 18 the corrosion current and B is given by

bc'ba
 2:3(ba+be)

(12)

where b, and b. are the anodic and cathodic Tafel slopes respectively. From equations (11) and
(12) it is evident that R, will be inversely proportional to the free corrosion current provided ba
and b are assumed to be constant. On this basis, the data in Fig. 11 implies that corrosion
inhibition by BTAreaches a maximum efficiency of ~90% at (or near) [BTA]=2x 10° M
under free corrosion conditions. The reason for inhibition efficiency decreasing slightly when

[BTAT is increased to 2 x 10 M remains unclear.
The findings outlined above have a number of implications:

1) BTA" is an effective inhibitor of the CORR on zinc under mildly alkaline conditions and this
is consistent with the notion that the CBP inhibits cathodic coating disbondment by inhibiting

underfilm CORR.

2) In terms of the inhibition of cathodic disbondment the maximum efficiency exhibited by the
CBP (~100% at ®cpp =0.1) is significantly greater that the maximum efficiency predicted from

the R, values in Fig. 11 (~90% at [BTA"] = 2 x 10> M). This difference is presumably the
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consequence of aggressive anions (CI or sulfate) being excluded from the underfilm electrolyte

layer and also the possibility of underfilm pH becoming > 9.3.

3) The finding that BTA" is a mixed inhibitor with a tendency to increase OCP (predominantly
anodic inhibition) is consistent with the increase in near-defect Ecorr values observed when

coatings contain CBP, as in Fig. 6.

The Mechanism of benzotriazole Inhibition: As previously stated, benzotriazole has a long
history in the field of corrosion, where it has predominantly been used as an inhibitor for the
protection of copper and brasses. However, uncertainty still persists in explaining the exact
mechanisms by which benzotriazole affords inhibition [20, 21, 45]. This uncertainty arises
from the varying phenomena that interplay at the metal surface under corrosion conditions. For
transition metals (Fe, Cu and Zn) two principal mechanisms have been proposed, the first
attributes inhibition to adsorption of benzotriazole species at the metal surface via reaction (13)

[46-50]

[BTAH], +M)— [BTAH],, :M (13)

ads
where Ms) represents a transition metal surface atom. The second mechanism is characterised

by the precipitation of a metal-BTA complex that forms a densely packed polymeric film

following reactions (14) and (15) [45, 46, 50, 51]

M)+ BTAH —» MBTA + H*+ e pK.~ 8.2 BTAH (14)
n(MBTA) - (MBTA), (15)

where reaction (14) shows the complex formation and reaction (15) the development of a
polymeric structure. It has also been suggested that the adsorption and complex formation

reactions described here are in equilibrium [52, 53]

nBTAH,4,+ nM < (MBTA),,+ nH*+ ne’ (16)
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This implies that the at higher pH values, the polymeric film complex is favoured, whereas at
lower pH, adsorption becomes more favourable. The underfilm electrolyte of a cathodic
disbondment cell exhibits a high pH, in the case of zinc it can reach pH 11 [33]. Therefore, it
would be expected that reaction (14) would dominate in the underfilm environment associated
with cathodic disbondment. Furthermore, it has been demonstrated that benzotriazole can
produce dense films on zinc under alkaline conditions [45, 46, 50-53]. It therefore seems
reasonable to propose that the inhibition of corrosion-driven organic coating disbondment by
CBP is consistent with the formation of a BTA-derived polymeric film complex at the under-

film zinc surface.

4. Conclusion

A novel corrosion inhibitor pigment (CBP) based on the benzotriazolium cation (BTAH;")
exchanged into a sulfonated organic resin (Amberlite 120 H") has been synthesized and
evaluated as a means of slowing the corrosion-driven cathodic disbondment of organic coatings
from the surface of galvanized steel (HDG). The CBP is acidic in nature (BTAH?" pKa =~ 1.1)
and is therefore likely to the compatible with acidic coating formulations such as etch-primers
and/or pre-treatment primers containing acids such as phosphoric acid, tetravalent titanium
species or tetravalent zirconium species. The BTAH, "exchange capacity of the resin was found
to be 1.59 mEq / 100 g and ~80% of this capacity becomes released (and converted to the

benzotriazolium anion (BTA") within 20 minutes of contact with 1 M aqueous alkali.

The BTA™ anion thus released has been investigated as an inhibitor of cathodic O» reduction
reactions (CORR) and anodic zinc dissolution by using potentiodynamic polarization

measurements in combination with a rotating disk electrode. Under near neutral (9.3 pH)

21



conditions in air saturated aqueous sodium sulfate solution. BTA™ was found to be a mixed
(anodic and cathodic) inhibitor with an inhibition efficiency of up to 90% (at a [BTA’]
concentration of 2 x 10> M), calculated on the basis of changes in polarization resistance at the
open circuit potential (OCP). The CORR were profoundly inhibited on the zinc surface of HDG
but inhibition of anodic zinc dissolution was the predominant effect, as evidenced by a

monotonic increase in OCP with increasing BTA™ concentration.

Quantities of CBP dispersed in an organic coating (PVB) applied to the zinc surface of HDG
were found to inhibit the kinetics of corrosion-driven cathodic delamination, as produced when
aqueous sodium chloride solution was brought into contact with a penetrative coating defect.
Delamination rates, as measured using a scanning Kelvin probe (SKP), were found to
progressively decrease with increasing CBP volume fraction (®Ocgp). Furthermore, when ®cgp
was increased to 0.1 delamination rates became immeasurably slow, implying an inhibition
efficiency significantly greater than the 90% measured in aqueous sodium sulfate. On the basis
of these findings it is proposed that the CBP pigment acts to produce a rapid and efficient
release of BTA" species into the alkaline catholyte film forming beneath the delaminating
coating. It is further proposed that the high pH of this catholyte coupled with the absence of
aggressive anions (anions from the external electrolyte will be migrationally excluded)
facilitate the formation of a BTA™ derived film at the zinc surface which efficiently inhibits the

under-film CORR.
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7. Figures

Figure 1: A plot displaying the relative concentration of benzotriazole species as a function of
pH.

Figure 2: An illustrated schematic of the a) uptake proton transfer reaction of BTAH from
solution by the exchange resin, and b) the release reaction of the BTAH>" from the resin and
the subsequent deprotonation of said species to the anionic BTA™ when in a high pH
environment.

Figure 3: A plot showing the measured [BTA] concentration over log time throughout the
uptake reaction.
Figure 4: Schematic representation of the corrosion-driven cathodically delaminating cell
showing correspondence with various regions of the time-dependent Ecor(X) profile.
Figure 5: Eintact vs time plots for HDG zinc surfaces coated with PVB films containing CBP
volume fractions (@) of a) 0, b) 0.01, c¢) 0.025, d) 0.05 and e) 0.1, measured over 20 hours.
Figure 6: Plots of the time-dependent Ecorr vs. delamination distance profiles recorded for PVB
containing ®cpp equal to a) 0, b) 0.01 and c¢) 0.1 coated on HDG steel substrates shown at 2
hour intervals for a) and 4 hour intervals for b) and c¢), commencing at 2 hours post initiation
and ending after 24 hours. Delamination was initiated with 0.86 M NaCl.
Figure 7: Plots of delamination distance (Xdel) as a function time (tdel - ti) for PVB films
containing CBP volume fractions (®) of a) 0, b) 0.01, ¢) 0.025, d) 0.05 and e) 0.1.
Figure 8: Plots of the normalised delamination rates as a function of pigment volume fraction
for both a) PVB coatings containing CBP and b) PVB coatings containing strontium chromate.
Figure 9: Showing the measured [BTA] concentration over time for each ‘release’ wash,
where a) represents the first wash, b) the second and <c¢) the third.
Figure 10: A plot of the cathodic-going polarization curves (linear potential sweep rate of 3.3
x10™* Vs™! and a rotation head speed of 217 rad s') obtained for zinc HDG steel surfaces
where the solution electrolyte (0.5 M aqueous sodium sulfate containing 0.05 M sodium
tetraborate (Na;B4O7.10H20) and 0.1 M sodium hydroxide (NaOH)) concentration of BTA for
each curve was a) zero, b) 2 x 10° M, ¢) 2 x 10* M, d) 2 x 10® M and e) 2 x 102 M.
Figure 11: Showing the obtained OCP and Rp values, taken from Fig. 10, plotted as a function
of [BTA"] concentration. Rp values were calculated by taking the reciprocal gradient of the
tangent to the I vs E curve and constructed at OCP (I = zero) found in Fig. 10.
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