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Highlights 

 Investigation of cathodic delamination of PVB from hot dip galvanized steel.  

 Production of corrosion inhibitor whereby BTA adsorbed onto zinc phosphate.  

 Comparison of the ability of ZnPhos-BTA and ZnPhos to resist coating 

delamination.  

 pH dependent release of BTA from ZnPhos in presence of NaCl. 

 Reduced cathodic delamination rate in presence of ZnPhos-BTA compared to 

ZnPhos.  

 
Abstract 

A simple modification using adsorbed benzotriazole is shown to significantly improve the 

performance of zinc phosphate corrosion inhibitive pigment in slowing rates of organic 

coating failure. The novel inhibitor, ZnPhos-BTA, is dispersed within a model coating and 

the scanning Kelvin probe (SKP) is used to monitor corrosion driven cathodic coating 

delamination from hot dip galvanized steel (HDG). Disbondment kinetics are obtained as 

a function of pigment volume fraction (ϕ) and compared to those obtained for unmodified 
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ZnPhos. Additions of 0.1 ϕ ZnPhos-BTA result in an almost 20-fold reduction in 

delamination rate compared to standard ZnPhos at the equivalent volume fraction.  

 

Keywords: A. Steel, A. Zinc, A. Organic Coatings, C. Atmospheric Corrosion 

 

1. Introduction 

Zinc (Zn) based galvanised coatings can provide sacrificial protection to underlying steel 

substrates and are heavily utilised within the automotive and construction industries, where 

they are typically used in conjunction with mixed organic/inorganic coating systems [1]. 

These systems are made up of several layers: a pre-treatment/conversion coating which 

prepare the substrate and improves the adhesion of the overlying primer, the primer layer 

which contains corrosion inhibitor pigments, and a topcoat which acts as a barrier to the 

external environment and is responsible for the aesthetics of the finished product [1]. 

Organically coated metal surfaces can fail via a variety of processes including 

cathodic delamination and filiform corrosion (FFC), which are related to cathodic 

and anodic blistering respectively [2]. Historically, the ability of organic coatings to resist 

corrosion driven failure, has relied heavily on the use of dispersed sparingly soluble 

hexavalent chromium-based pigments. However, Cr(VI) compounds are toxic and 

carcinogenic, and research is heavily focused on the identification of suitable alternatives 

[3-14]. Zinc phosphate (ZnPhos) is a well-known corrosion inhibitor pigment which is used 

extensively within industry as a Cr(VI) replacement and is associated with a far lower 

toxicity [15-16]. ZnPhos can be incorporated as part of the pre-treatment and/or as the 

corrosion inhibitor pigment within the primer layer. In the case of the former, the 

phosphoric acid used in phosphating baths reacts with metallic Zn to produce an inorganic 
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Zn3(PO4)2. nH2O layer which acts as a barrier to further anodic metal dissolution [9-10] 

and improves adhesion of the overlying organic coating [11-14]. Additional ZnPhos may 

be incorporated in the form of an anti-corrosion pigment (a dispersion of 1-10 µm ZnPhos 

submicron powder particles) in the primer coating. ZnPhos is sparingly soluble in water 

[14] and its dissolution will result in the release of Zn2+ cations and phosphate anions into 

any potentially corrosive electrolyte present at a break or defect in the protective coatings. 

Both Zn2+ and phosphate are known to act as corrosion inhibitors [10-11, 17-22]. Phosphate 

ions can form a protective passive film on the surface [17-18] and the formation of 

insoluble metal salts can also polarize the surface of the substrate [19-20]. However, the 

low solubility (Zn3(PO4)2 Ksp = 9 x 10-33 mol5dm-15) [23] of ZnPhos means that its 

effectiveness is limited.[7-9, 18-22, 24-27]. The production of inhibitors based on organic-

inorganic complexes have been suggested as a promising way to incorporate inhibitors into 

organic coatings [8].   

Small organic molecules (low molecular weight organics) such as benzotriazole (BTA) has 

been investigated heavily as potential corrosion inhibitors, primarily for zinc, copper and 

brass [28-39], as well as aluminium [40]. However, it is normally added in solution and is 

not typically used as a simple solution in a film forming polymer for reasons of migration 

(into other coating layers). It is therefore advantageous to convert BTA into a solid 

particulate form (pigment) that is insoluble in the film forming polymer (binder) of the 

priming paint layer. A solid and bound form of BTA would also reduce the leachability 

of the species and limit the environmental concerns associated to it [41-42]. 

Furthermore, organic inhibitor heteroatoms can react with organic coating functionalities. 

This process can result in a reduction in cross linking density and loss of inhibitor 
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properties [7]. The curing process can also result in chemical interference between organic 

coatings and organic inhibitors that contain hydrogen [8].  

The amphoteric nature of BTA means that its form depends on solution pH according to 

the protonic equilibria given by Equations (1) and (2) [37]. 

𝑩𝑻𝑨𝑯𝟐
+ ↔ 𝑩𝑻𝑨𝑯 + 𝑯+ (pKa1=1.1)  (1) 

𝑩𝑻𝑨𝑯 ↔ 𝑩𝑻𝑨− + 𝑯+ (pKa2=8.2)  (2) 

The anionic form of BTA (benzotriazolate (BTA-)) has previously been exchanged into the 

layered double hydroxide, hydrotalcite, to form a pigment for use in organic coatings 

applied to aluminium alloys [43-46]. BTA has also been incorporated into mesoporous 

SiO2 and polymeric nanocontainers for use with zinc and HDG [47-48] and, more recently, 

a novel corrosion inhibitor pigment based on benzotriazolium cations (𝐁𝐓𝐀𝐇𝟐
+) 

exchanged into an ion exchange resin, has proved to be effective in preventing the cathodic 

delamination of a model PVB coating from a HDG surface [49]. 

The corrosion behaviour of Zn in BTA containing phosphate solutions has been studied 

previously [28-29] and BTA has been shown to adsorb onto a ZnPhos covered zinc surface 

[30]. Elsewhere, BTA has been found to interact with zinc ions to form a Zn(BTA)2 salt 

[32-36]. Other work has focused on the development of Zn-BTA based corrosion inhibitive 

pigments [7], as well as (ZnPhos)-BTA [50] and potassium zinc phosphate (PZP)-BTA 

pigments [8] produced using co-precipitation methods. PZP-BTA pigments provided 

superior inhibition of steel corrosion than either PZP or ZnPhos. This enhanced 

performance was attributed to the combination of inorganic (PZP) species, which was 

believed to retard anodic kinetics, and organic (BTA) species, which reduced cathodic 

kinetics [8]. Protonated BTA molecules were believed to adsorb on the cathodic sites via 
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electrostatic attraction. Metal complexes of BTA were also detected. The additional 

corrosion protection provided was attributed to the nature and morphology of the insoluble 

film deposited on the steel samples [8].  

The aims of  the work to be described here are 1.) to evaluate the efficiency of Zn-Phos as 

a corrosion inhibitive pigment for the protection of HDG, for which the prevailing 

mechanism of organic coating failure occurs via cathodic delamination [2], 2.) to 

assess whether simple modification of the same industry standard Zn-Phos pigment, using 

BTA, can produce a significantly effective inhibitor, and 3.) to identify the principal modes 

by which the novel pigment works to retard cathodic disbondment. In so doing, BTA is 

adsorbed onto the surface of ZnPhos using a rotary evaporation process. The ZnPhos-BTA 

pigment is dispersed within an ethanolic solution of polyvinyl butyral co-alcohol co-acetate 

(PVB), which is then coated onto a HDG surface. Coating disbondment is initiated from 

an artificial coating defect in a Stratmann type cell which allows for the accurate 

identification of the relevant coating failure mechanism. The delamination process is 

monitored using a scanning Kelvin probe (SKP) technique [51-53]. By following this well-

established methodology, it is possible to complete a systematic study of the effect of 

ZnPhos-BTA pigment volume fraction (ϕ) on the kinetics of cathodic coating delamination.  

2. Materials and Methods 

2.1 Materials  

Hot dipped galvanised steel (HDG) was supplied by TATA Steel UK and consisted of 0.7 

mm gauge, mild steel coated with a 20 µm zinc layer (containing 0.15 wt.% aluminium) 

on each side. Coupons were cut from a larger sheet and were 5 cm x 5 cm in size. Zinc 

phosphate PZ20 (> 97 % purity, ~ 4.5 µm diameter), was supplied by Société Nouvelle des 
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Couleurs Zincique (SNCZ). Polyvinyl butyral-co-vinyl alcohol-co-vinyl acetate (PVB), 

molecular weight 70,000-100,000, benzotriazole (> 99 % purity), and all other chemicals, 

were obtained from Sigma-Aldrich Chemical Company and of analytical grade purity. 

2.2 Methods 

Pigment preparation; Adsorption of BTA on zinc phosphate 

BTA was adsorbed onto ZnPhos using a rotary evaporator. 300 cm3 of a 10 wt.% ethanolic 

solution of BTA was prepared in a round bottomed flask. Once the BTA had dissolved, 

270 g ZnPhos was added to the mixture such that a 9:1 ratio of ZnPhos to BTA was 

achieved. Once the ZnPhos had become fully dispersed within the ethanolic mixture, the 

round bottomed flask was attached to a rotary evaporator and slowly lowered into a water 

bath maintained at 50oC. The flask was rotated at a constant speed and water was passed 

through the condensation tube. This allowed the ethanol, contained within the round 

bottomed flask, to evaporate and condense into the receiving vessel. This process was 

carried out until formation of a dry white powder occurred. The powder was removed from 

the flask and dried in an oven at 70oC for 24 hours to drive off any residual moisture. The 

pigment formed during this process will be referred to as ZnPhos-BTA for the remainder 

of this paper. The optical appearance of ZnPhos-BTA does not vary significantly from that 

of ZnPhos; both are white, polydispersed powders.  

UV-VIS Spectroscopy; 

The release of BTA, from the ZnPhos-BTA pigment, into a series of electrolytes was 

monitored using a Perkin Elmer Lambda 750 UV/VIS/NIR spectrophotometer. Calibration 

was completed by plotting the absorbance (A) at λmax = 274 nm as a function of BTA- 

concentration (c) for values of concentration between 1 x 10-5 mol.dm-3 and 1 x 10-4 
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mol.dm-3. Measurements were taken at 20°C at a pH of 11. Aliquots of the relevant solution 

were dispensed into 1 cm quartz cuvettes and the absorption spectrum was recorded. A 

good straight line was obtained indicating that at pH 11, aqueous BTA- (at concentrations 

between 1 x 10-5 mol.dm-3  and 1 x 10-4 mol.dm-3 ) obeys Equation 3, (the Beer Lambert 

law, where 𝜀274 is the molar extinction coefficient at 274 nm and 𝑙 is the optical path length 

in cm)  

𝐴274 = 𝜀274𝑐𝑙      (3) 

This indicates that association, precipitation or surface absorption of the BTA- anions does 

not occur to a significant degree at these conditions [54]. The value of 𝜀274 obtained using 

Equation 3 was (9700±200) M-1.cm-1. Following calibration, it was possible to monitor the 

concentration of BTA species present within solutions of varying pH, allowing for 

determination of the pH dependent nature of BTA release from ZnPhos. 1 g of pigment 

was dissolved into 1 dm3 of the chosen electrolyte. The samples were mixed using a 

magnetic stirrer. After 20 hours a Buchner funnel was used to remove any powder (>1µm) 

which remained in suspension. Aliquots of solution (10 ml) were withdrawn, diluted to 100 

ml using distilled water and, if required, the pH of the solution was adjusted to pH 11 by 

the drop-wise addition of NaOH (aq). Each measurement was repeated three times.  

Coating formulation 

Pigments were dispersed into the PVB model coating at various volume fractions (ø).  

Although PVB does not fully represent industrial coating systems it was used in the 

current work as it allows a measurable degree of delamination over a short time-scale. 

It is therefore considered to be a suitable alternative when the principal aim is the 

comparison of materials with respect to their ability to resist corrosion driven coating 
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disbondment of organic coatings. The mass of the pigment (𝑀𝑝𝑖𝑔) required for each value 

of øpig was determined using Equation 4, where 𝑀𝑝𝑜𝑙 is the mass of the polymer (0.8 g.cm-

3) and 𝜌𝑝𝑖𝑔is the density of the relevant pigment (3.95 g.cm-3 for ZnPhos) and 𝜌𝑝𝑜𝑙 is the 

density of the polymer (1.083 g.cm-3). 

𝑀𝑝𝑖𝑔 =  
∅× 𝑀𝑝𝑜𝑙×𝜌𝑝𝑖𝑔

(1−∅)×𝜌𝑝𝑜𝑙
       (4)  

An ethanolic slurry of the pigment was made. This was then dispersed in the relevant 

amount of 15.5 % w/w PVB ethanolic solution using a high shear mixer and the mixture 

was degassed in an ultrasonic bath. 

Cathodic Delamination 

The ability of ZnPhos and ZnPhos-BTA to prevent the cathodic driven coating 

disbondment of PVB from a HDG substrate was investigated using ‘Stratmann’ [51-52] 

type corrosion cells. 5 cm x 5 cm sized HDG coupons were cut from larger sheets. An 

aqueous slurry of 5 µm polishing alumina powder was used to remove any surface oxides 

and contaminants from the coupons, which were then rinsed with distilled water. Insulating 

tape was applied to two, parallel sides of each coupon. The tape controlled the thickness of 

the PVB model coating which was bar cast onto the surface before being allowed to dry in 

air [53]. The resultant dry PVB film thickness was (30±5) µm, as determined using a 

micrometer screw gauge. A small area of the bare metal was exposed by partially peeling 

back the dry coating. This area served as an artificial defect. This defect was separated from 

the intact polymer coating by a clear adhesive tape/PVB barrier. The application of non-

corrosive silicone rubber, to the remaining edges, allowed a reservoir to be formed. 0.86 

mol.dm-3 NaCl was introduced into the reservoir to initiate cathodic coating delamination.  
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Scanning Kelvin probe 

Potentiometric measurements were obtained under atmospheric conditions using SKP 

instrumentation described in detail elsewhere [53]. The gold wire (125 μm diameter) SKP 

reference probe was vibrated normal to the sample surface at a vibration frequency of 280 

Hz and amplitude of 40 μm. Ag/Ag+, Cu/Cu2+, Fe/Fe2+ and Zn/Zn2+ couples were used to 

perform calibration of the SKP following a procedure established previously [51, 53].  In 

short, metal discs (15 mm diameter, 5 mm thick) were machined to create 8 mm diameter, 

1 mm deep wells. A 0.5 mol.dm-3 aqueous solution of each of the respective metal chloride 

salt (0.5 mol.dm-3 nitrate salt in the case of Ag) was then used to fill each well. The metal 

electrode potential (Ecorr) was measured vs. SCE using a Solartron 1280 potentiostat, and 

then compared to the Volta potential difference measured between the SKP reference probe 

and the solution/air interface (∆Ψ𝑆𝑜𝑙
𝑅𝑒𝑓

). To account for the influence of PVB, 30 µm thick 

self-supporting polymer films were placed over each calibration well, in contact with the 

electrolyte meniscus. The Volta potential difference between the SKP reference probe and 

the polymer/air interface (∆Ψ𝑃𝑜𝑙
𝑅𝑒𝑓

) was obtained and Equation 5 was used to calculate the 

calibration constant (C).  

𝐸𝑐𝑜𝑟𝑟 =  ∆Ψ𝑃𝑜𝑙
𝑅𝑒𝑓

+ 𝐶          (𝑉 𝑣𝑠. 𝑆𝐻E)   (5) 

During cathodic delamination studies the SKP reference probe was scanned along a 12 mm 

line leading up to the defect/intact coating boundary. Scans took place at regular 

intervals and repeated 4 times for each sample. In both cases, Scans were recorded as 

numeric grids on the SKP control computer. A constant humidity (~96% RH) was 

achieved by use of open reservoirs of 0.86 mol.dm-3 NaCl, placed at the bottom of the 

chamber. An experimental temperature of 25 °C was maintained throughout. 
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3. Results  

3.1 UV VIS Results 

UV-VIS spectroscopy was used to characterise the pH dependent nature of BTA release 

from the ZnPhos-BTA pigment when dispersed in distilled water and 0.86 mol.dm-3 NaCl 

(aq) at varying pH. The UV absorption of BTA has been shown to be strongly dependent 

upon pH and under basic conditions a single peak (λmax = 274 nm) is observed [55].  In the 

current work, the solution concentration of BTA (at any pH) was calculated by measuring 

the optical absorbance at 274 nm using Equation 3 and the values obtained are given in 

Table 1 and shown in Figure 1. The maximum (100 %) value assumes the complete release 

of BTA from the ZnPhos-BTA pigment, which, based on the 10 wt. % solution used, is 

estimated to be 8.4 x 10-4 mol.dm-3 Figure 1 shows that the release of BTA, from ZnPhos-

BTA, is pH dependent. 44% of the BTA species is liberated when the ZnPhos-BTA 

pigment was dispersed in near neutral pH 7 solutions. The release efficiency falls to a 

minimum (9.2 %) at pH 11 and reaches a maximum at pH 13 (96%). In the presence of 

NaCl, the release efficiencies were reduced at every pH value. 

(Table 1) 

(Figure 1) 

3.2 Cathodic Delamination Results 

Having characterized the pH dependent release of BTA from the ZnPhos-BTA pigment, a 

systematic study was undertaken with the aim of determining the effect of the pigment on 

the kinetics and mechanism of cathodic delamination.  
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The corrosion driven cathodic delamination of unpigmented PVB, from a HDG substrate, 

was initially studied to obtain baseline kinetics. The mechanism by which unpigmented 

PVB cathodically delaminates from a HDG substrate has been published on numerous 

occasions previously [53, 56]. Time dependent Ecorr(x) profiles became established shortly 

after initiation (ti) and are shown in Figure 2. A uniform potential value of -0.30 V vs. SHE 

is observed in Region IV, determined by the relative rates of anodic zinc dissolution 

(Equation 6) and the oxygen reduction reaction (ORR) (Equation 7), is associated with 

the intact coating (Eintact) [53, 56]. Here the ORR is kinetically fast, whilst the anodic 

reaction is slowed by the zinc hydr(oxide) layer. The presence of the corrosive NaCl 

electrolyte in the defect region results in dissolution of this hydr(oxide) film. The Ecorr 

value falls to be in line with that expected for freely corroding zinc (ca. -0.7 V vs. SHE) 

[53, 56].  

𝑍𝑛(𝑠) ↔ 𝑍𝑛(𝑎𝑞)
2+ + 2𝑒−    (6) 

𝑂2 + 2𝐻2𝑂 + 4𝑒− ↔ 4𝑂𝐻(𝑎𝑞)
−     (7) 

A sharp deflection in the profile (Region III) is observed between high (intact) and low 

(defect) potential values. This transition is a convenient way by which to determine the 

distance between the artificial coating defect, and the point to which the coating has 

become delaminated (delamination front, xdel) and can subsequently be used to determine 

the coating disbondment kinetics. The ingress of alkali (pH ≥10) electrolyte into the 

underfilm region [56] results in the dissolution of zinc hydr(oxide) to soluble hydrogen 

zincate (Equation 8) or zincate (Equation 9) [53, 56] and at pH > 10.37 zinc dissolves via 

Equation 10. The formation of zincate causes a decrease in potential. However, the region 

can still be considered as a net cathode and the potential values observed are greater than 
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those in Region I. The occurrence of cathodic oxygen reduction reaction (ORR) results in 

dissolution of the zinc hydr(oxide), as well as base catalyzed hydrolysis of vinyl acetate 

functions within the PVB, both of which contribute to the ultimate disbondment and failure 

of the coating [56]. A linear gradient in potential is observed in Region II and this is 

associated with ohmic ion current flux in the underfilm electrolyte.  

𝑍𝑛(𝑂𝐻)2 ↔ 𝐻𝑍𝑛𝑂2(𝑎𝑞)
− + 𝐻(𝑎𝑞)

+    (8) 

𝑍𝑛(𝑂𝐻)2 ↔ 𝑍𝑛𝑂2(𝑎𝑞)
− + 2𝐻(𝑎𝑞)

+    (9) 

𝑍𝑛(𝑠) + 2𝐻2𝑂 ↔ 𝐻𝑍𝑛𝑂2(𝑎𝑞)
− + 3𝐻(𝑎𝑞)

+ +2𝑒−   (10) 

(Figure 2) 

ZnPhos based pigments; The effect of ZnPhos on the rate of PVB coating disbondment 

was investigated by systematically changing the ZnPhos ϕ (present within the coating) 

from 0.05 to 0.2. The time dependent Ecorr(x) profiles obtained for each ZnPhos ϕ are shown 

in Figure 3. 

Table 2 shows ti and Eintact, obtained from Figure 3, for each of the values of ZnPhos ϕ. 

There is some evidence that ZnPhos results in a delay in the onset of cathodic disbondment, 

and ti increases to 420 minutes for 0.1 ϕ ZnPhos. However, it should be borne in mind that 

the SKP is unable to take measurements immediately up to the defect, and the time after 

which the establishment of Ecorr profiles is first detected (initiation time) is therefore 

associated with some error. There is some indication that ZnPhos acts to suppress the value 

of Ecorr in the absence of cathodic delamination (the value measured over the intact coating, 

Eintact). The meaning of Eintact has been explained on previous occasions. In brief, for non-

conducting polymers, the intact potential (Eintact) represents the open circuit potential of the 
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(oxide covered) metal (zinc) surface. This value can be influenced by both atmospheric O2 

and Bronsted acid-base reactions which take place between the surface oxide and the 

coating [57-60]. Eintact is ~ -0.39 V vs. SHE for coatings containing 0.2 ϕ ZnPhos, compared 

to ~-0.27 V vs. SHE for unpigmented coatings. On the basis of mixed potential theory the 

decrease in potential (Figure 3) suggests that ZnPhos behaves as a net cathodic inhibitor. 

There is some evidence of a time dependent increase in potential within the near defect 

region at 0.05 ZnPhos ϕ. However, this trend is not observed for higher values of ϕ. 

(Figure 3) 

(Table 2) 

Coating disbondment kinetics can be obtained from Figure 4, which shows xdel as a function 

of the associated delamination time (tdel– ti) for all ZnPhos ϕ. The diffusion length is quite 

small in the initial time period of the experiment and cation diffusion in the underfilm 

electrolyte cannot be rate limiting [51]. The initial, linear rates were therefore estimated by 

construction of a tangent to the xdel vs. (tdel
 –ti) curves at (tdel

 –ti) = zero, and allowed for 

convenient comparison with ZnPhos-BTA. The linear delamination rate constant kdel 

values obtained are shown in Table 2.The curves in Figure 4 appear to show that xdel 

increases with t1/2 This is expected in the case that kinetics are parabolic (as is typical for 

uninhibited organic coating systems in the absence of pigments etc.) and that the rate of 

coating delamination are controlled by the ionic conductivity and mobility of cations (here 

Na+) in the under-film electrolyte [52]. Although the cathodic delamination rates shown in 

Figure 4 decrease with increasing ZnPhos, the kinetics of cathodic delamination appear to 

remain parabolic.  

(Figure 4) 
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ZnPhos-BTA based pigments; Figure 5 shows Ecorr as a function of xdel for a PVB coating 

containing 0.01-0.1 ϕ ZnPhos-BTA. As with ZnPhos, an increase in ZnPhos-BTA ϕ tends 

to result in a general increase in the time before onset of delamination (Table 3), which 

occurs almost immediately in the absence of ZnPhos-BTA and occurs after 2100 minutes 

at 0.1 ϕ ZnPhos-BTA. The presence of ZnPhos-BTA also appears to result in a further 

suppression (compared to ZnPhos) in Eintact to ~ -0.5 V vs. SHE (Figure 6). The reduction 

in Eintact observed at 0.1 ϕ is similar to that observed for the cationic BTA pigment 

studied previously [49], for which the change in Eintact is around -150 mV. On the basis 

of mixed potential theory, the slight depression of time-independent Eintact values, with 

increasing PVF, is consistent with the pigment acting to inhibit cathodic processes 

and/or facilitate anodic processes occurring at the coating-zinc interface. Again, the 

potential recorded within the near defect region generally appears to increase with time for 

some values of ZnPhos-BTA ϕ.  

(Figure 5) 

(Figure 6) 

Figure 7 shows xdel plotted as a function of tdel-ti for varying values of ZnPhos-BTA ϕ. The 

initial kdel values obtained from Figure 5 are also shown in Table 3 and decreases from 1.5 

µm.min-1 for coatings containing 0.01 ϕ ZnPhos-BTA, to 0.5 µm.min-1 for coatings 

containing 0.1 ϕ ZnPhos-BTA . Linear kinetics are observed for all values of ZnPhos-BTA 

ϕ. In contradistinction to ZnPhos, Zn-BTA appears to both reduce the rate of cathodic 

delamination, and change the mechanism of delamination in such a way that its rate 

becomes controlled by interfacial electron transfer. A change in delamination mechanism 

has been observed previously during a study into the use of divalent cation exchanged 
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bentonites [61] and cross-linked sulphonated polystyrene [62] to inhibit corrosion driven 

coating disbondment from HDG. Whilst the use of Ca2+ and Zn2+ ions both resulted in a 

decrease in delamination rate, only Zn2+ caused a change in delamination kinetics from 

parabolic to linear.  

(Figure 7) 

(Table 3) 

Figure 8 shows the linear delamination rate constant kdel obtained for varying 

concentrations of ZnPhos and ZnPhos-BTA. Previously obtained values for strontium 

chromate (which exhibits a similar density to ZnPhos, 3.9 g.cm-3) are also shown for 

comparison [53].  The efficiency of ZnPhos-BTA is equivalent to that achieved by 

strontium chromate, particularly at ϕ values of less than 0.1.  

(Figure 8) 

4. Discussion 

ZnPhos was only able to inhibit cathodic disbondment of a PVB coatings from HDG to a 

limited extent, and whilst its ability to behave as a corrosion inhibitor has been investigated 

extensively elsewhere [9-14, 21-22, 24-27], its low solubility (Zn3(PO4)2 Ksp = 9 x 10-33 

mol5dm-15) [23] tends to limit its performance. Previous work has shown that Zn2+ ions, 

present in the underfilm electrolyte, are capable of buffering the pH, this in turn preventing 

zinc(hydr)oxide dissolution via Equation 8 and Equation 9 [62]. Another possibility is that 

the Zn2+ ions reinforce the hydr(oxide) layer via Equation 11 (Ksp =3.1x10-14 mol3 dm-9) 

[23]. However, both of these possibilities would give rise to a reduction in interfacial 
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electron transfer and linear delamination kinetics, and it therefore seems plausible that 

insufficient Zn2+ is released from the poorly soluble ZnPhos.  

𝑍𝑛2+ + 2𝑂𝐻− ↔ 𝑍𝑛(𝑂𝐻)2    (11) 

In this work, although the rate of PVB cathodic delamination decreases with increasing 

ZnPhos ϕ (Figure 4), the kinetics of cathodic delamination appear to remain parabolic. 

There are two plausible reasons for this; 1.) there is an increase in the resistance of the 

underfilm electrolyte and/or 2.) there is a change in the constant of proportionality between 

the cell current and the rate of disbondment/unit area, which may occur, for example, due 

to chemical changes at the metal/coating interface. The second possibility may come about 

if the pH in the underfilm electrolyte were buffered, for example via Equation 12 and 13. 

This, in turn, would lead to a reduction in the rate of dissolution of the zinc hydr(oxide), as 

well as base catalyzed hydrolysis of vinyl acetate functions within the PVB, both of which 

contribute to the ultimate disbondment and failure of the coating [56]. 

𝑍𝑛2+ + 4𝑂𝐻− ↔ 𝑍𝑛(𝑂𝐻)4
2−    (12) 

𝑍𝑛3(𝑃𝑂4)2 + 12𝑂𝐻− ↔ 3𝑍𝑛(𝑂𝐻)4
2− + 2𝑃𝑂4

3−   (13) 

Whilst it is not possible to categorically determine the exact reason for the reduction in the 

parabolic rate of delamination, what is clear is that the rate of cathodic delamination does 

not become determined by interfacial electron transfer. 

The efficiency of ZnPhos [8-14, 21-22, 24-27] and BTA [28-34, 37-40,42-50] corrosion 

inhibitors, when used in isolation, has been investigated extensively elsewhere and the 

ability of ZnPhos-BTA based pigments to inhibit the corrosion of iron has been 

demonstrated previously [50]. During that work it was proposed that heat, produced during 
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the production of ZnPhos from zinc nitrate and sodium phosphate, was used to dissolve 

and recrystalise BTA during the co-precipitation. The ZnPhos-BTA pigment formed was 

shown to have a plank martensite structure and this was believed to reinforce the 

combination of the pigments to epoxy coatings [50]. The stability of the coating was 

attributed to formation of N-Zn bonds [50]. However, to the authors’ knowledge, the work 

described herein provides the first account of the ability of a ZnPhos-BTA inhibitive 

pigment (produced by adsorbing BTA onto ZnPhos) to act as an effective inhibitor of the 

corrosion of HDG. The way in which BTA acts in combination with ZnPhos to inhibit 

organic coating delamination on HDG is, as yet, uncertain. Although there is some 

evidence that the presence of ZnPhos-BTA results in a time dependent increase in the 

potential value recorded within the near defect region (Figure 3). The limited solubility of 

zinc phosphate limits significant release of the constituent ions into the defect electrolyte 

at the coating defect interface. It is therefore deemed unlikely that the inhibition of anodic 

zinc dissolution (within the defect site) plays a significant role in the inhibition mechanism. 

For all ϕ values the zinc in the defect region became heavily corroded, and due to the large 

size of the defect region (~1 cm2) only a very limited concentration of ZnPhos-BTA will 

be available at the anodic site and it is unlikely that anodic current distributions will become 

rate determining.  

The formation of a Zn-BTA complex (in preference to ZnPhos) has been shown to occur 

in the case that Zn is exposed to a BTA containing phosphate electrolyte [30].  In the same 

work, the addition of 10 mmol.dm-3 BTA was shown to result in the removal of the 

phosphate layer on the surface of Zn which had been pre-exposed to phosphate [30] and it 

therefore seems reasonable to propose the formation of a similar complex in our work. 

There appears to be two plausible explanations to explain the formation of Zn-BTA; 1.) via 
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salt formation or 2.) via surface chemisorption. The first possibility pertains to a 

mechanism by which BTA can adsorb onto, and indeed release from, a ZnPhos surface as 

a result of an acid base reaction. The pH dependent speciation of H3PO4 proceeds according 

to the following dissociation reactions (Equation 14-16) [63].  

𝐻3𝑃𝑂4 ↔ 𝐻2𝑃𝑂4
− + 𝐻+ (pKa1=2.1)   (14) 

𝐻2𝑃𝑂4
− ↔ 𝐻𝑃𝑂4

2− + 𝐻+  (pKa2=7.2)   (15) 

𝐻𝑃𝑂4
2− ↔ 𝑃𝑂4

3− + 𝐻+  (pKa3=12.4)   (16) 

Assuming phosphoric acid exists as its conjugate base (𝑃𝑂4
3−), and by considering the pKa 

values associated with the protonic equilibria linking the BTA species (Equation 1 and 2), 

it seems reasonable to suggest that an acid-base proton exchange reaction occurs according 

to Equation 17.  

𝑃𝑂4
3− + 𝐻𝐵𝑇𝐴 ↔ 𝐻𝑃𝑂4

2− + 𝐵𝑇𝐴−   (17) 

Following this logic, it is believed that BTA reacts with ZnPhos via Equation 18. It is 

plausible that the higher solubility of the modified ZnPhos structure increases its corrosion 

inhibiting efficiency [8, 50].  

𝑍𝑛3(𝑃𝑂4)2 + 2𝐻𝐵𝑇𝐴 ↔ 𝑍𝑛(𝐵𝑇𝐴)2 + 2𝑍𝑛𝐻𝑃𝑂4  (18) 

The second possibility, surface chemisorption, is shown by the simplified schematic in 

Figure 9 and involves a mechanism whereby protonation of surface phosphate tri-anion 

results in the formation of hydrogen phosphate anions which remain associated to the 

surface. Electrostatic attraction then occurs between the positively charged metal salt 

surface and the resultant BTA-.  
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(Figure 9) 

In the presence of chloride ions it is then feasible to propose that the ZnPhos-BTA behaves 

as an ion-exchange medium according to Equation 19.  

𝑍𝑛(𝐵𝑇𝐴)2 + 2𝐶𝑙− → 𝑍𝑛𝐶𝑙2 + 2𝐵𝑇𝐴−   (19) 

However, if the preceding scenario were true, increased BTA release efficiencies from the 

ZnPhos-BTA pigment would be expected in the presence of free chloride ions. The 

measurements reported in Table 1 reveal that the presence of NaCl seemingly inhibits the 

liberation of BTA species from the ZnPhos-BTA pigment. The reduction in the release 

efficiencies in the presence of NaCl may be attributed to the ‘salting out’ phenomenon [64]. 

In this scenario, solvent water molecules are electrostatically attracted to the dissolved salt 

ions in solution, thereby reducing the availability and capacity for the water molecules to 

interact with the adsorbed BTA species. Consequently, anion exchange is not believed to 

occur to any significant degree for this system. 

The pH dependent release of BTA species is plotted in Figure 1. The release of the 

BTA species from ZnPhos-BTA (via Equation 18) reaches a minimum between pH 10 

and 11. The pH dependent Ksp values, for the Zn(BTA)2 complex, calculated using 

Equation 20, along with the measured BTA concentrations found in Table 1, are 

tabulated in Table 4.  

    𝐾𝑠𝑝  = [𝑍𝑛2+][𝐵𝑇𝐴−]2    (20) 

Please note that the Ksp values given are calculated with the assumption that all of the 

Zn2+cations form during the dissolution of the Zn(BTA)2 complex. However, it should 

be considered that the actual values of [Zn2+] may, in fact, be higher due to the 
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dissolution of ZnPhos, which will result in the release of Zn2+ cations and phosphate 

anions into solution.  

Table 4 shows that, of the pH values included, the Zn(BTA)2 complex exhibits the 

lowest calculated Ksp value of 2.2 x10-13 mol.dm-3 at pH 11. It is likely that the minima 

observed at pH values 10 and 11 is associated with the limited solubility of Zn2+ (Ksp 

is 3.1 x10-13 mol.dm-9 [23]) at these conditions. At pH 11 any Zn2+ released from 

Zn(BTA)2 complex would immediately precipitate out as solid Zn(OH)2 [65], as the 

[Zn2+] threshold is exceeded (3.1 x10 10-8 mol.dm-3). 

 

At pH 7 (below pKa2 value of BTA (8.2)) benzotriazole predominantly exists as BTAH 

(Equation 2). The notably higher release efficiency of BTA at pH 7 is therefore likely to 

be a result of the relatively high solubility of BTAH, 20 g.dm-3 [66]. The near total release 

of BTA observed at pH 13 reflects that both H3PO4 (Equations 14-16) and BTAH 

(Equations 1-2) species are fully dissociated and. The pH dependent solubility 

equilibrium of the BTA species is shown schematically in Figure 10. 

(Table 4) 

(Figure 10) 

Despite the variation in release efficiencies, the results in section 3.2 demonstrate that the 

ZnPhos-BTA pigment can effectively inhibit cathodic disbondment on HDG. It is expected 

that the environment of the coating defect interface/cathodically disbonding front will have 

an associated pH of between 10-11 [56]. Thus, the limited release of BTA from the ZnPhos-

BTA pigment at the relevant pH values is sufficient to effectively inhibit cathodic 
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disbondment. It may also be the case that, at the onset of cathodic disbondment and prior 

to the establishment of the elevated pH region, a proportion of BTA is liberated from the 

pigment in the near neutral electrolyte, as demonstrated in the release measurements at pH 

7 (Figure 1), and contribute to the inhibition.  

Despite the efficiency with which BTA itself is known to inhibit corrosion, the exact 

mechanism by which it is able to do so is, as yet, uncertain [37-38, 67]. This ambiguity is 

a result of the various pH dependent phenomena which can occur at the surface of a metal 

undergoing corrosion. In the case of transition metals such as Fe and Zn there are two 

mechanistic theories which predominate, the first of which involves the adsorption of the 

BTAH species onto the substrate during the reaction given by Equation 21 where 𝑀(𝑠) is 

an atom at the surface of the metal [67-70]. In this manner, the adsorbed BTAH layer 

physically disrupts the adsorption of aggressive ions, such as Cl-, thereby hindering the 

onset of corrosion failure mechanisms such as the dissolution of an oxide film.  

[𝐵𝑇𝐴𝐻]𝑎𝑞 + 𝑀𝑠 →  [𝐵𝑇𝐴𝐻]𝑎𝑑𝑠: 𝑀    (21) 

A densely packed polymeric film is believed to form during the second mechanism which 

involves the precipitation of a metal-BTA complex via Equation 22 [67-72]., This complex 

would inhibit corrosion in a similar manner to the above mechanism but would also likely 

hinder electron transfer reactions at the surface, on account of the more robust densely 

packed film [49]. 

𝑀(𝑠) + 𝐵𝑇𝐴𝐻 → 𝑀𝐵𝑇𝐴 +  𝐻+ +  𝑒− pKa ~ 8.2 BTAH   (22) 

n(MBTA) → (MBTA)n     (23) 
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Adsorption (Equation 21) and complex formation (Equation 22) are believed to occur in 

equilibrium (Equation 24) [73-74]. This implies that Equation 22 is favoured at higher pH 

values consistent with those measured in the underfilm electrolyte of a zinc cathodic 

disbondment cell (pH~11) [56] and it therefore seems reasonable to propose that organic 

coating disbondment is predominantly inhibited by the formation of a BTA-derived 

polymeric complex in this work. 

𝑛𝐵𝑇𝐴𝐻𝑎𝑑𝑠 + 𝑛𝑀 ↔  (𝑀𝐵𝑇𝐴)𝑛 + 𝑛𝐻+ +  𝑛𝑒−   (24) 

Thus, in the case of Zn2+ ions, an expected BTA-derived polymeric complex is given in 

Equation (25). 

   𝟐𝑩𝑻𝑨𝑯 + 𝒁𝒏𝟐+  ↔  𝒁𝒏(𝑩𝑻𝑨)𝟐 + 𝟐𝑯+   (25) 

It is, of course, entirely plausible that the availability of Zn2+ ions plays a role in the 

enhanced delamination resistance observed in the case of coatings which contain ZnPhos-

BTA. Zn2+ ions have been shown to retard the delamination rate of PVB from HDG by a 

factor of six [62].However, the reduced inhibitor efficiency exhibited by ZnPhos, alongside 

the known ability of BTA to behave as an anodic corrosion inhibitor, means that we can be 

confident that the higher efficiency observed for ZnPhos-BTA is a consequence of the 

presence of BTA.  

5. Conclusions 

This paper demonstrates a methodology by which to produce a novel, zinc phosphate- 

benzotriazole corrosion inhibitor pigment during a process whereby benzotriazole (BTA) 

is adsorbed onto zinc phosphate (ZnPhos) using a simple, easily scalable rotary evaporation 

process. UV-VIS spectroscopy was used to measure the release efficiency of BTA from 

the ZnPhos-BTA pigment in a range of pH modified and NaCl containing solutions. The 
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results showed that, the BTA release is moderately efficient at pH 7 (44%), the least 

efficient at pH 11 (~9%), and most efficient at pH 13 (96%).  

The scanning Kelvin probe (SKP) was used to monitor the corrosion driven cathodic 

coating delamination of both a ZnPhos and ZnPhos-BTA containing PVB coating from a 

hot dip galvanized steel (HDG) substrate. It was found that;  

 The rate of corrosion driven coating disbondment of a PVB coating from HDG 

decreased as the pigment volume fraction of ZnPhos (present within the coating) 

was systematically varied between 0.05 and 0.2. The kinetics of cathodic 

delamination remained parabolic for all concentrations investigated. The reduction 

in rate is therefore believed to be a result of 1.) an increase in the resistance of the 

underfilm electrolyte and/or 2.) a change in the constant of proportionality between 

the cell current and the rate of disbondment/ unit area.  

 In the presence of ZnPhos-BTA the rate of delamination is reduced compared to 

that obtained when ZnPhos is used in isolation. The rate of delamination becomes 

controlled by interfacial electron transfer. 

 For both ZnPhos and ZnPhos-BTA, a suppression in Eintact, consistent with net 

cathodic inhibition, is observed.  

 Two mechanisms are proposed to explain the process by which BTA is able to 

adsorb onto ZnPhos; the first based on the formation of a Zn-BTA salt, and the 

second on chemisorption of BTA onto the ZnPhos surface.  

This paper demonstrates the potential for pre-existing industry standard corrosion inhibitor 

technologies, such as inorganic ZnPhos systems, to be utilized in conjunction with known 
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organic corrosion inhibitors such as BTA to provide significantly enhanced performance 

when incorporated within protective organic coatings. 
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Figure 1. The BTA percentage release from ZnPhos-BTA in distilled water and 0.86 

mol.dm-3 NaCl of varying pH. 

 

 

Figure 2. SKP derived Ecorr as a function of distance from defect (xdel) profiles for the 

delamination of a PVB model coating, from a HDG substrate after initiation using a 0.86 

mol.dm-3 NaCl electrolyte. ti= 270 minutes.  

 

 

Figure 3. SKP derived Ecorr as a function of distance from defect (xdel) profiles for the 

delamination of a PVB model coating pigmented with a.) 0.05 ø ZnPhos, b.) 0.1 ø ZnPhos 

and c.) 0.2 ø ZnPhos from a HDG substrate after initiation using a 0.86 mol.dm-3  NaCl 

electrolyte.  
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Figure 4. Distance that an unpigmented and ZnPhos pigmented PVB coating have 

delaminated from the defect (xdel) as a function of time, as derived from SKP data shown 

in Figure 3. 

 

 

Figure 5. SKP derived Ecorr as a function of distance from defect (xdel) profiles for the 

delamination of a PVB model coating pigmented with a.) 0.01 ø ZnPhos-BTA, b.) 0.05 ø 

ZnPhos-BTA and c.) 0.1 øZnPhos-BTA from a HDG substrate after initiation using a 0.86 

M NaCl electrolyte. 

 

 

Figure 6. Eintact of PVB coated HDG as a function of ZnPhos and ZnPhos-BTA ø.  
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Figure 7. Distance that an unpigmented and ZnPhos-BTA pigmented PVB coating have 

delaminated from the defect (xdel) as a function of time, as derived from SKP data shown 

in Figure 5. 

 

 

Figure 8. Cathodic delamination rate constant (kdel) as function of ZnPhos and ZnPhos-

BTA and strontium chromate [48].  

 

 

Figure 9. Schematic of the mechanism by which BTA may adsorb onto a ZnPhos surface.  

 

 

Figure 10. Schematic showing the pH dependent release of BTA from ZnPhos-BTA. 
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Tables  

Table 1. The concentration of BTA released from ZnPhos-BTA in distilled water (1 g.dm-

3) and 0.86 mol.dm-3 NaCl of varying pH 

Release Environment BTA Concentration (M) Release Percentage (%) 

pH 7 distilled water 3.8 x10-4 (± 3 x10-6) 44.0±0.5 

pH 7 NaCl 2.2 x10-4 (± 5 x10-6) 26.0±0.9 

pH 10 distilled water 2.5 x10-4 (± 1 x10-5) 30.0±1.4 

pH 10 NaCl 1.9 x10-4 (± 6 x10-6) 22.3±0.9 

pH 11 distilled water 7.7 x10-5 (± 8 x10-6) 9.2±0.9 

pH 11 NaCl 3.0 x10-5 (± 9 x10-6) 3.6±1.0 

pH 13 distilled water 8.0 x10-4 (± 6 x10-6) 95.9±0.6 

pH 13 NaCl 7.6 x10-4 (± 8 x10-9) 89.9 ±0.6 

 

 

 

Table 2. Values of the cathodic delamination rate constant (kdel), inhibition efficiency, 

delamination initiation time (ti) and intact potential (Eintact) obtained for the delamination 

of PVB, pigmnted with varying ϕ of ZnPhos, from a HDG substrate.  

ZnP (ϕ) kdel (µm min-1) kdel reduction 

(%) 

ti (min) Eintact vs. SHE 

(Volts)  

0 9.3±0.24  0 -0.27±0.020 

0.05 7.4±0.11 20 60 -0.35±0.015 

0.1 3.2±0.10 66 420 -0.37±0.040 

0.2 3.3±0.12 65 180 -0.39±0.021 
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Table 3. Values of cathodic delamination rate constant (kdel), inhibition efficiency, 

delamination initiation time (ti) and intact potential (Eintact) obtained for the delamination 

of PVB, pigmnted with varying ϕ of ZnPhos-BTA, from a HDG substrate. 

ZnP-BTA (ϕ) kdel (µm min-1) kdel reduction (%) ti (min) Eintact vs. SHE 

(Volts) 

0 9.3±0.24  0 -0.27±0.020 

0.01  1.5±0.02 84 540 -0.47±0.048 

0.05  0.5±0.02 95 480 -0.58±0.029 

0.1  0.5±0.02 95 2100 -0.47±0.009 

 

Table 4. The calculated Ksp values for the Zn(BTA)2 complex at varying pH. 

pH Ksp (mol3.dm-9) 

7 2.7 x10-11 

10 7.9 x10-12 

11 2.2 x10-13 

13 2.6 x10-10 
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