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Electrochemical and surface analytical studies of synergistic
effect of phosphonate, Zn2þ and ascorbate in corrosion

control of carbon steel
B. V. Appa Rao* and S. Srinivasa Rao
Synergistic inhibition of corrosion of carbon steel in low chloride environment

using ascorbate as a synergist along with 2-phosphonobutane-1,2,4-

tricarboxylic acid (PBTC) and Zn2þ is presented. The synergistic effect of

ascorbate has been established from the present studies. In the presence of

ascorbate, lower concentrations of PBTC and Zn2þ are sufficient in order to

obtain good inhibition, thus making this formulation more environmentally

friendly. Potentiodynamic polarisation studies inferred that this mixture

functions as a mixed inhibitor, predominantly cathodic. Impedance studies

revealed that an immersion period of 24h is necessary for the formation of the

protective film, with a very high charge transfer resistance. The film is stable

even at 60 8C in the presence of the inhibitor in the corrosive environment.

The surface analysis by X-ray photoelectron spectroscopy (XPS) showed the

presence of iron, oxygen, phosphorus, carbon and zinc in the protective film.The

XPS spectra inferred the presence of oxides/hydroxides of iron(III), Zn(OH)2 and

[Zn(II)–PBTC–ascorbate] complex in the surface film. This inference was further

supported by the reflection absorption Fourier transform infrared spectrum

of the surface film. A plausible mechanism of corrosion inhibition has been

proposed.
1 Introduction

It is well known that phosphonate/Zn2þmixtures are prominent

inhibitors to control corrosion of carbon steel in cooling water

systems. Synergistic effect existing between phosphonic acids

and zinc ions on the inhibition of corrosion of carbon steel has

been studied by several researchers [1–7]. The reports pointing to

synergistic action of phosphonates and Zn2þ explained that the

inhibiting action is due to the formation of protective films on the

metal surface [2]. It was also reported that phosphonates act

anodically and form complexes with metal ions while Zn2þ ions

act cathodically and form Zn(OH)2 resulting in the synergistic

corrosion inhibition [8]. However, these highly effective phos-

phonate/Zn2þ formulations require high levels of both Zn2þ and

phosphonate. But, the disposal of zinc salts in wastewaters at

higher levels has become unacceptable. The tolerated content of

zinc in water is restricted to about 2mg/dm3 [9]. Owing to these

strict environmental restrictions on industrial wastewater

disposal, research has been progressed in the direction to
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minimise the concentration of Zn2þ in the inhibitor formula-

tions. An interesting method to handle this task is to add another

non-toxic component of either organic or inorganic nature, which

can synergistically act along with phosphonate and Zn2þ and

bring about effective corrosion inhibition at relatively lower

concentrations of zinc ions. The formulations are referred to as

ternary inhibitor systems. A few of such formulations were

reported in the literature [10–12].

In this background, a new ternary inhibitor formulation with

relatively low concentrations of both phosphonate and Zn2þ in

the presence of an organic compound has been proposed in the

present study. The selected phosphonic acid and the organic

compound are 2-phosphonobutane-1,2,4-tricarboxylic acid

(PBTC) and ascorbic acid, respectively. PBTC consists of one

phosphonic acid group and three carboxylic acid groups. The oral

and dermal toxicity of PBTC, as tested in rats have been found to

be very low [13]. The ecological risk for aquatic organisms has

been reported to be the lowest for PBTC among several

phosphonates studied [13]. Therefore, this compound is

environmentally friendly.Ashcraft et al. [14]. studied the inhibitive
film formed on carbon steel in the presence of PBTC. Bohnsack
et al. [15] inferred that phosphonocarboxylic acids, like PBTC, are

able to prevent precipitation of ferric hydroxide. Ascorbic acid is

well known to be an environmentally friendly compound.
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Figure 2. Molecular structure of ascorbic acid
Ascorbate ion contains five hydroxyl groups and one carboxyl

group and has the complexing ability withmetal ions [16, 17]. The

main objective of the present study is to investigate the

electrochemical and surface analytical aspects of the synergistic

action of the selected compounds, namely PBTC, Zn2þ and

ascorbate in the corrosion control of carbon steel in chloride and

nearly neutral aqueous environment. For all these studies,

200 ppm of sodium chloride solution has been chosen as control

because of the following reason: the water used in the cooling

water systems is generally either demineralised water or

unpolluted surface water. In either case, the aggressiveness of

the water will never exceed that of 200 ppm of sodium chloride.

2 Experimental

2.1 Materials

For all the studies, the specimens taken from a single sheet of

carbon steel of the following composition were chosen: C, 0.1–

0.2%; P, 0.03–0.08%; S, 0.02–0.03%; Mn, 0.4–0.5% and the rest

iron. Prior to the tests, the specimens were polished to mirror

finish with 1/0, 2/0, 3/0 and 4/0 emery polishing papers,

respectively, washed with distilled water, degreased with acetone

and dried. For gravimetric measurements, the polished speci-

mens of the dimensions, 3.5 cm� 1.5 cm� 0.2 cm, were used

while for other studies, the dimensions of the specimens

are 1.0 cm� 1.0 cm� 0.1 cm. PBTC (C7H11O9P), zinc sulphate

(ZnSO4�7H2O), ascorbic acid (C6H8O6) and other reagents were

analytical grade chemicals. Molecular structures of PBTC and

ascorbic acid are shown in Figs. 1 and 2, respectively. All the

solutions were prepared by using triple distilled non-deaerated

water. pH values of the solutions were adjusted by using 0.01 N

sodium hydroxide and 0.01 N sulphuric acid solutions. An

aqueous solution consisting of 200 ppm of sodium chloride

has been used as the control throughout the studies.

2.2 Gravimetric measurements

In all the gravimetric experiments, the polished specimens were

weighed and immersed in duplicate, in 100mL control solution

in the absence and presence of inhibitor formulations of different

concentrations, for a period of 7 days. Then the specimens were

reweighed after washing, degreasing and drying. During the
Figure 1. Molecular structure of PBTC
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studies, only those results were taken into consideration, in which

the difference in the weight-loss of the two specimens immersed

in the same solution did not exceed 0.1mg. Accuracy in weighing

up to 0.01mg and in surface area measured up to 0.1 cm2, as

recommended by ASTM G31, was followed [18]. The immersion

period of 7 days was fixed in view of the considerable magnitude

of the corrosion rate (CR) obtained in the absence of any

inhibitor after this immersion period. The immersion period was

maintained accurately up to 0.1 h in view of the lengthy

immersion time of 168 h. Under these conditions of accuracy,

the relative standard error in CR determinations is of the order

of 2% or less for an immersion time of 168 h [19].

CRs of carbon steel in the absence and presence of various

inhibitor formulations are expressed in mmpy. Inhibition

efficiencies (IEw) of the inhibitor formulations were calculated

by using the formula

IEw ð%Þ ¼ 100 ½ðCRÞo � ðCRÞI�=ðCRÞo (1)

where (CR)o and (CR)I are the CRs in the absence and presence of

inhibitor, respectively.

The gravimetric studies were first carried out on the binary

system containing PBTC (30–50 ppm) and Zn2þ (30–100 ppm).

The results of these studies were used to fix the concentration

ranges of PBTC and Zn2þ in the ternary inhibitor formulations.

Gravimetric studies of the ternary formulations containing PBTC

(20–40 ppm), Zn2þ (10–20 ppm) and ascorbate (10–200 ppm)

were carried out at pH7. The influence of pH on inhibition

efficiency of the effective inhibitor formulations was also studied

in the pH range, 4–9. Gravimetric experiments were also

conducted with the specimens after the formation of the

protective film in the ternary inhibitor formulation, in order to

decide the required minimum dosage of each of the components

for maintenance of the protective film in the chosen corrosive

environment.

2.3 Electrochemical studies

Both the potentiodynamic polarisation studies and electroche-

mical impedance spectroscopic (EIS) studies were carried out

using Electrochemical WorkstationModel IM6e, Zahner-Elektrik,

GmbH, Germany and the experimental data were analysed by

using the Thales software. The measurements were conducted in

a conventional three-electrode cylindrical glass cell with platinum

electrode as auxiliary electrode and Ag/AgCl as reference

electrode. The working electrode was carbon steel embedded
www.matcorr.com
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Figure 3. Corrosion rate (CR) of carbon steel and inhibition efficiency

(IE) of the binary inhibitor formulation, PBTC–Zn2þ as a function of

concentration of Zn2þ at various concentrations of PBTC at pH 7

[PBTC]¼ 30 ppm: CR , IE ; [PBTC]¼40 ppm: CR ,

IE ; [PBTC]¼ 50 ppm: CR , IE
in epoxy resin of polytetrafluoroethylene so that the flat surface of

1 cm2 was the only surface exposed to the electrolyte. The three-

electrode set up was immersed in control solution of volume

500mL both in the absence and presence of various inhibitor

formulations and allowed to attain a stable open circuit potential

(OCP). The pH values of the solutions were adjusted to 7.0 and

the solutions were unstirred during the experiments.

Polarisation curves were recorded in the potential range of

�1000 to þ200mV with a resolution of 2mV. The curves were

recorded in the dynamic scan mode with a scan rate of 2mV/s

in the current range of �20 to þ20mA. The ohmic drop

compensation has been made during the studies. The corrosion

potential (Ecorr), corrosion current (Icorr) and anodic Tafel slope

(ba) and cathodic Tafel slope (bc) were obtained by extrapolation of

anodic and cathodic regions of the Tafel plots. The inhibition

efficiency (IEp) values were calculated from Icorr values using the

equation [20]

IEp ð%Þ ¼ ½1� ðI0corr=IcorrÞ� � 100 (2)

where Icorr and I0corr are the corrosion current densities in case of

control and inhibited solutions, respectively.

Electrochemical impedance spectra in the form of Nyquist

plots were recorded at OCP in the frequency range from 60 kHz

to 10mHz with 4–10 steps per decade. A sine wave, with 10mV

amplitude, was used to perturb the system. The impedance

parameters, viz. charge transfer resistance (Rct) and constant

phase element (CPE) and CPE exponent (n) were obtained from

the Nyquist plots. The inhibition efficiencies (IEi) were calculated

using the equation

IEi ð%Þ ¼ 100 ½1� ðRct=R
0
ctÞ� (3)

where Rct and R0ct are the charge transfer resistance values in the

absence and presence of the inhibitor, respectively. In order to

study the effect of immersion period, the three-electrode set up

was kept undisturbed for 24 h and impedance spectra were

recorded at various immersion periods, namely 1, 6, 12 and 24 h.

In order to conduct the tests at various temperatures, the working

electrode was immersed in the environment for 24 h at 30 8C to

ensure the formation of the protective film. The Nyquist plots

were then recorded at higher temperatures up to 60 8C. The
temperature of the cell was controlled by using thermostat

arrangement, with an accuracy of �0.1 8C.

2.4 X-ray photoelectron spectroscopy (XPS)

XPS measurements of the surface films were carried out with

Kratos analytical photoelectron spectrometer model AXIS 165

with monochromated Al Ka X-ray source (1486.6 eV) operated at

100W. Both the survey spectra and deconvolution spectra were

recorded at four spots on each specimen. The average of the four

measurements is reported. The spectra were collected at an

electron take-off angle of 908. Analyser pass energy was 80 eV,

with a step of 1 eV. Deconvolution spectra were recorded with

analyser pass energy of 80 eV, with a step of 0.1 eV for the

elements of interest namely Fe 2p, O 1s, P 2p, C 1s and Zn 2p.

Binding energies for the deconvolution spectra were corrected
www.matcorr.com
individually for each measurement set, based on a value of

285.0 eV for the C–C component of C 1s.

2.5 Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded using FTIR spectrophotometer from

Thermo Electron Corporation, USA, model Nexus 670 with a

resolving power of 0.125 cm�1. The detector is temperature

stabilised DTGS (KBr window) and liquid nitrogen cooledMCT-A

and the beam splitter is XT-KBr. FTIR spectra of pure PBTC and

pure ascorbic acid were recorded using KBr pellet method.

The reflection absorption FTIR spectra of the surface films

were recorded in the wave number range of 4000–400 cm�1. The

measurements were made at a grazing angle of 858.

3 Results and discussion

3.1 Gravimetric studies

The results of gravimetric studies using the binary inhibitor

formulation, PBTC–Zn2þ, are shown in Fig. 3. These results

indicate that PBTC alone in the concentration range of 30–50 ppm

aggravates corrosion of carbon steel. As expected, addition

of Zn2þ to PBTC offered good corrosion inhibition at optimum

concentrations of each of the components, due to synergistic

effect. For example, at the concentration of 30 ppm of PBTC

equivalent to 1.1� 10�4 M, the inhibition efficiency increased

with the increase in concentration of Zn2þ in the mixture,

reached a maximum of 81% at a concentration of 30 ppm

of Zn2þ, equivalent to 4.6� 10�4 M and then reduced with a

further increase in the concentration of Zn2þ. The highest

inhibition efficiency corresponds to a molar ratio of [Zn2þ]/

[PBTC] as 4.2:1. At the higher concentrations of PBTC such as

40 ppm (1.5� 10�4 M) and 50 ppm (1.9� 10�4 M), the same trend

of variation of inhibition efficiency with the increase in

concentration of Zn2þ in the mixture is observed. The

highest inhibition efficiencies of 98% correspond to a molar

ratio of 4.2:1 ([Zn2þ]/[PBTC]) at 1.5� 10�4 M PBTC and to amolar

ratio of 3.3:1 at 1.9� 10�4 M PBTC. At lower or higher molar
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. CR of carbon steel as a function of concentration of

ascorbate, added to various combinations of PBTC and Zn2þ at

pH 7: , PBTC (20 ppm)þ Zn2þ (10 ppm); , PBTC

(30 ppm)þ Zn2þ (10 ppm); , PBTC (40 ppm)þZn2þ (10 ppm);

, PBTC (20 ppm)þ Zn2þ (15 ppm); , PBTC (30 ppm)þZn2þ

(15 ppm); , PBTC (40 ppm)þZn2þ (15 ppm); , PBTC

(20 ppm)þ Zn2þ (20 ppm)
ratios of [Zn2þ]/[PBTC] than those mentioned above, the

inhibition efficiencies are found to be less. These results indicate

that the synergistic effect operating between PBTC and Zn2þ is

the highest at a given molar ratio of [Zn2þ]/[PBTC] in solution.

However, to afford higher inhibition efficiency >95%, the

minimum required concentrations of PBTC and Zn2þ, respec-

tively, are 1.5� 10�4 and 6.2� 10�4 M. It is worth mentioning the

molar ratios corresponding to highest inhibition efficiencies in

case of other phosphonate–Zn2þ combinations reported in the

literature. For Zn(II)–HEDP system, at the molar ratio of [Zn2þ]/

[HEDP] as 3, and at the concentration of 3� 10�4 M HEDP the

highest inhibition efficiency was reported [7]. In the case of

aminotris (methylenephosphonic acid) (AMP), at the molar ratio

of [Zn2þ]/[AMP] as 1, the highest inhibition efficiency was

obtained at the comparable concentrations. Deluchat et al. [21]
determined the complexation constants (logKs) of AMP and

HEDP with Zn2þ, each of them being at the concentration of

2� 10�3 M, in aqueous 0.1 M KNO3 solution. They reported the

highest value of logKs for the complex between Zn(II) and

completely deprotonated ligand. The authors also reported an

increase in complexed cation level with an increase in pH from 5

to 8 and a decrease at pH9. This trend is more evident in case of

HEDP, with logKs value of 10.3, which is much less than the

log Ks value of 16.3 for AMP. This trend must be true in case of

Zn(II)–PBTC combination also as the log Ks value of PBTC is only

8.3. At low pH values�5, the protonation of ligand ismore, which

is not favourable for the complex formation and at pH values �9,
there is OH� ion interference in complexation of PBTC with

Zn(II). In the present study, the concentrations of Zn2þ and

PBTC corresponding to the highest inhibition efficiency are

6.2� 10�4 and 1.5� 10�4 M, respectively. That means much

higher concentration of Zn2þ in comparison to that of PBTC is

required to afford the highest efficiency of inhibition. This can be

explained as follows:

The complexation equilibrium between Zn2þ ions and PBTC

is as follows:

Zn2þ þ L5�  ! ½Zn� L�3� complexed species

where L5� indicates the completely deprotonated ligand of

PBTC. The value of logKs is 8.3

Ks ¼ ½Zn� L�3�=½Zn2þ� ½L5�� (4)

When the concentration of Zn2þ is much higher, the equilibrium

is shifted towards right and the concentration of the [Zn–PBTC]3�

complex increases. Sufficient concentration of this complex is

necessary to get attached to the metal surface at anodic sites.

Secondly, there will be enough concentration of free zinc ions at

the molar ratio of [Zn2þ]/[PBTC] as 4.2. It is also necessary that

free zinc ions from solution diffuse to the metal surface and

precipitate optimum amount of zinc hydroxide at the cathodic

sites. For Zn(II)–HEDP system, at the molar ratio of [Zn2þ]/

[HEDP] as 3, the highest inhibition efficiency was reported at the

concentration of HEDP as 3� 10�4 M [7]. This is because

the logKs value of HEDP is somewhat higher than that of PBTC.

In the case of AMP, at the molar ratio of [Zn2þ]/[AMP] as 1, the

highest inhibition efficiency was obtained at the comparable
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
concentrations. The logKs of AMP is as high as 16.3 [21]. These

observations lead to a generalisation that at a particular molar

ratio of [Zn2þ]/[phosphonic acid] and at an optimum concentra-

tion of the phosphonic acid, the highest inhibition efficiency is

obtained. The higher the log Ks value of [Zn2þ–phosphonic

acid]x� complex, the lower is the molar ratio of [Zn2þ]/

[phosphonic acid] required for the highest inhibition efficiency.

Ascorbic acid exists as monoanion in the pH range, 4–9 and

the chelate-type coordination of ascorbate with metal ions has

been reported [22].When ascorbate is added as another additive to

the mixture of PBTC and Zn2þ at relatively low concentrations of

each, CR of carbon steel is found to be reduced significantly.

Hence, the ternary inhibitor formulations containing 20–40 ppm

of PBTC and 10–20 ppm of Zn2þ are considered along with

ascorbate (10–200 ppm). The results of CRs are shown in Fig. 4.

None of the formulations containing 10 or 15 ppm of Zn2þ

showed inhibition efficiency>52% evenwhen the concentrations

of PBTC and ascorbate are increased to 40 and 200 ppm,

respectively. In order to achieve an inhibition efficiency >95%,

the required minimum concentrations of PBTC and Zn2þ are

20 ppm each only corresponding to 0.75� 10�4 and 3.1� 10�4 M,

respectively, in the presence of ascorbate. While the binary system

consisting of 20 ppm each of PBTC and Zn2þ showed an

inhibition efficiency of only 22%, the ternary inhibitor system

containing 25 ppm of ascorbate and 20 ppm each of PBTC

and Zn2þ, afforded an inhibition efficiency of 98%. The

synergistic effect of ascorbate in the ternary system is established

by this result. However, at very high concentrations of ascorbate

such as 150 and 200 ppm, the inhibition efficiency is reduced to

21 and 4%, respectively. It can be observed from Fig. 4 that in case

of all the ternary inhibitor formulations, as the concentration of

ascorbate is increased, the CR decreases, reaches a minimum at

an optimum concentration of ascorbate and then increases. Thus,

in case of the ternary inhibitor formulation also, the mixture

containing optimum concentrations of each of the components

gives the highest inhibition efficiency. In other words, optimum

amounts of each of the three components must be available in the

solution, so that each one of them plays its own synergistic role in
www.matcorr.com
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Figure 5. CR of carbon steel and IE of the ternary inhibitor formulation,

PBTC (20 ppm)þ Zn2þ (20 ppm)þ ascorbate, as a function of pH at

various concentrations of ascorbate 25 ppm: CR , IE ; 50 ppm:

CR , IE ; 75 ppm: CR , IE
the formation of protective film covering the entire metal surface.

It may be mentioned here that the molar ratios of PBTC/Zn2þ/

ascorbate are 1.0:4.2:2.0 and 1.0:4.2:4.0 to exhibit excellent

synergism with an efficiency >95%.

The influence of pH onCRs of carbon steel in the presence of

the ternary inhibitor system and the inhibition efficiencies of the

inhibitor namely, PBTC (20 ppm)þZn2þ (20 ppm)þ ascorbate

(25–75 ppm), in the pH range of 4.0–9.0 are shown in Fig. 5. The

highest inhibition efficiency could be obtained by the formulation

containing PBTC (20 ppm)þZn2þ (20 ppm)þ ascorbate (25 ppm)

in the pH range of 5–8. But when the pH is decreased from 5.0 to

4.0, the inhibition efficiency is reduced to 48% and when the pH

is increased from 8.0 to 9.0, the inhibition efficiency is reduced to

32.5%. The reasons for decrease in inhibition efficiency in more

alkaline and more acidic environments are explained under

the mechanistic aspects. Once, the protective film is formed on

the metal surface by using the ternary inhibitor system consisting

of PBTC (20 ppm), Zn2þ (20 ppm) and ascorbate (25 ppm), the

concentrations of each of these components in the inhibitor could

be even less in order to maintain the protective film. The results
Table 1. Results of gravimetric studies of the inhibitor formulations for

maintenance of the protective film

Inhibitor formulation for
maintenance of the

film (ppm)

Corrosion
rate (mmpy)

Inhibition
efficiency (%)

[PBTC] [Zn2þ] [Ascorbate]

– – – 0.08108 –

20 20 25 0.00167 97.93

20 15 25 0.00469 94.21

20 10 25 0.00576 92.89

20 5 25 0.06311 22.16

15 10 25 0.00645 92.03

10 10 25 0.00683 91.58

5 10 25 0.07086 12.60

10 10 20 0.00701 91.35

10 10 15 0.00719 91.12

10 10 10 0.07165 11.62

10 10 5 0.08038 0.85
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of gravimetric studies carried out in order to determine the

minimum concentrations of the formulation for maintenance of

the protective film are shown in Table 1. These results show that

the inhibitor mixture containing only 10 ppm of PBTC, 10 ppm

of Zn2þ and 15 ppm of ascorbate could maintain the protective

film. The molar ratio of PBTC/Zn2þ/ascorbate in the main-

tenance dosage is 1.0:4.2:2.3.

3.2 Potentiodynamic polarisation studies

The potentiodynamic polarisation curves of carbon steel electrode

in 200 ppm NaCl solution at pH7 in the absence and presence of

various inhibitor combinations are shown in Figs. 6 and 7. The

Tafel parameters derived from these curves and the inhibition

efficiencies are listed in Table 2. The corrosion potential (Ecorr) in

case of the control is �323.4mV versus Ag/AgCl and the

corresponding corrosion current density (Icorr) is 13.00mA/cm
2.

PBTC alone shifts the Ecorr value to more anodic side. In the

presence of PBTC alone, a slight increase in anodic and cathodic

current densities is observed in the potential range of �0.15 to

�0.50V. Beyond this range, the anodic and cathodic current

densities are slightly reduced. Icorr value is reduced only to a small

extent in the presence of PBTC alone. The shift in anodic Tafel

slope (ba) is greater than the shift in cathodic Tafel slope (bc) in

the presence of PBTC alone. According to the literature reports [8,

23], phosphonates in general are anodic inhibitors. When zinc

ions alone are considered, the cathodic current density values are

slightly reduced while the anodic current densities are increased.

The cathodic reaction is controlled by the formation of zinc

hydroxide at cathodic sites. The corrosion potential is shifted to

cathodic side and the shift in cathodic Tafel slope is greater.

Contrary to the result obtained in case of PBTC, zinc ions
Figure 6. Potentiodynamic polarisation curves for carbon steel in

various aqueous environments: , NaCl (200 ppm); , NaCl

(200 ppm)þPBTC (40 ppm); , NaCl (200ppm)þZn2þ (40 ppm);

, NaCl (200 ppm)þ PBTC (40 ppm)þZn2þ (40 ppm)

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Potentiodynamic polarisation curves for carbon steel in

200ppm NaCl in the presence of different combinations of the

inhibitor: , NaCl (200 ppm); , PBTC (20 ppm)þ Zn2þ (20 ppm);

, PBTC (20 ppm)þ ascorbate (25 ppm); , Zn2þ

(20 ppm)þ ascorbate (25 ppm); , PBTC (20 ppm)þZn2þ

(20 ppm)þ ascorbate (25 ppm)
increased the rate of corrosion as inferred by increase in

corrosion current density. Such an increase in CR in the presence

of zinc ions alone was also reported in the literature [24]. From the

polarisation curves shown in Fig. 6, it is clear that the

combination of PBTC (40 ppm) and Zn2þ (40 ppm) significantly

decreased both the anodic and cathodic current density values

when compared to the control. It is thus evident that this

formulation acts as an effective mixed type inhibitor. There is a

tremendous shift of corrosion potential to more cathodic side and

the shift in cathodic Tafel slope is greater than the shift in anodic

Tafel slope. The corrosion current is significantly decreased to

1.14mA/cm2, corresponding to an inhibition efficiency of

91.23%. When the concentrations of both PBTC and Zn2þ are

reduced to 20 ppm each, this binary formulation also showed

similar trends in the shifts of Ecorr, ba and bc. But the inhibition

efficiency is only 65.92%. The other possible binary combina-

tions namely PBTC (20 ppm)þ ascorbate (25 ppm) and Zn2þ

(20 ppm)þ ascorbate (25 ppm) also shifted the corrosion poten-
Table 2. Tafel parameters for carbon steel in 200ppm NaCl environmen

Concentration (ppm) Ta

PBTC Zn2þ Ascorbate Ecorr (mV) vs.
Ag/AgCl

Ico
(mA/

0 0 0 �323.4 13

40 0 0 �303.7 7

0 40 0 �494.9 16

40 40 0 �592.3 1

20 20 0 �350.0 4

20 0 25 �436.6 6

0 20 25 �327.8 5

20 20 25 �490.9 0
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tial to more cathodic side and decreased the corrosion current

values. But none of these formulations afforded an inhibition

efficiency greater than 58%. When 25 ppm of ascorbate is added

to the control, the Ecorr is slightly shifted to anodic side (curve not

shown). Both the anodic and cathodic current densities are

slightly reduced in the presence of ascorbate. Thus, it affects,

though to a small extent, both the anodic and cathodic reactions.

The corrosion current is reduced to some extent. The difference

in the shifts of ba and bc is only 5mV/dec. Ferreira et al. [25]

studied the inhibitor effect of ascorbic acid on the corrosion of

mild steel and inferred that it acts on both anodic and cathodic

reactions. It is interesting to note that the ternary formulation

containing PBTC (20 ppm), Zn2þ (20 ppm) and ascorbate

(25 ppm) drastically decreased the Icorr value to 0.83mA/cm2,

corresponding to an inhibition efficiency of 93.62%. This result is

in agreement with the inhibition efficiency obtained from

gravimetric studies. This result clearly infers the synergistic

action of PBTC, Zn2þ and ascorbate in corrosion control of

carbon steel. In the presence of ternary inhibitor formulation,

both the cathodic and anodic current density values are

significantly reduced. However, the decrease in cathodic current

density is much higher. The corrosion potential is shifted to an

extent of about 167mV in the cathodic direction. It may also be

noted that the shift in the cathodic Tafel slope ismuch higher than

the shift in the anodic slope. All these results indicate that the

ternary inhibitor formulation retards both the anodic dissolution

of carbon steel and oxygen reduction at cathodic sites in the

corrosion inhibition process. Nevertheless, the effect on cathodic

reaction is more pronounced. Similar phosphonate-based

formulations were reported to be mixed inhibitors in the

literature [8, 26, 27].

3.3 Electrochemical impedance studies

Nyquist plots for carbon steel immersed in 200 ppm of NaCl

solution at pH7 in the absence and presence of various

formulations are shown in Figs. 8 and 9. In case of the control

as well as in the presence of various formulations, i.e. individual

components, possible binary combinations and the ternary

inhibitor formulation, the Nyquist plots are found to be depressed

semicircles instead of ideal semicircles. This kind of phenom-

enon is called dispersing effect [28]. When the complex plane

impedance contains a depressed semicircle with centre below the

real axis, which is characteristic for solid electrodes, it is often
t in the absence and presence of inhibitor formulations

fel parameters Inhibition efficiency,
IEp (%)

rr

cm2)
ba

(mV/dec)
bc

(mV/dec)

.00 228 794 –

.43 151 750 42.85

.23 306 642 �24.85

.14 170 184 91.23

.43 197 487 65.92

.57 322 569 49.46

.44 218 373 58.15

.83 253 243 93.62
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Figure 8. Nyquist plots for carbon steel in various aqueous

environments:þ, NaCl (200 ppm);~, NaCl (200 ppm)þ PBTC (40 ppm);

&, NaCl (200ppm)þ Zn2þ (40 ppm); *, NaCl (200 ppm)þPBTC

(40 ppm)þ Zn2þ (40 ppm)

Figure 9. Nyquist plots for carbon steel in 200ppm NaCl in the

presence of different combinations of the inhibitor: þ, PBTC
(20 ppm)þ Zn2þ (20 ppm); ~, PBTC (20 ppm)þ ascorbate (25 ppm);

&, Zn2þ (20 ppm)þ ascorbate (25 ppm); *, PBTC (20 ppm)þ Zn2þ

(20 ppm)þ ascorbate (25 ppm)

Figure 10. The equivalent circuit used to fit the impedance spectra
attributed to roughness and inhomogeneities of the solid surface

[29]. It is also attributed to the distribution of active sites,

adsorption of inhibitor molecules and formation of porous layers

[30]. In such cases, the parallel network charge transfer

resistance–double layer capacitance (Rct�Cdl) is a poor approx-

imation especially for systems where an efficient inhibitor is

present. Due to the fact that the double layer does not behave as an

ideal capacitor in the presence of the dispersing effect, a CPE is

substituted for the capacitor to fit the impedance behaviour of the
Table 3. Impedance parameters for carbon steel in 200 ppm NaCl enviro

Concentration (ppm) Imp

PBTC Zn2þ Ascorbate Charge transfer
resistance, Rct (V cm2)

0 0 0 2575

40 0 0 7164

0 40 0 1144

40 40 0 10 030

20 20 0 4555

20 0 25 5907

0 20 25 6542

20 20 25 16 010

www.matcorr.com
electrical double layer more accurately [31–34]. CPE can thus be

regarded as a non-ideal capacitance [35]. The admittance and

impedance of a CPE are, respectively, defined as

YCPE ¼ Yo ðjvÞn (5)

and

ZCPE ¼ A ðjvÞ�n (6)

where v is the angular frequency, Yo is the modulus which

represents different quantities, depending on the value of CPE

exponent, n and A is the proportional factor mathematically the

reciprocal of modulus [32–34, 36]. For a highly polished electrode,

the value of n is close to 1.0. The lower the value of n, the rougher

is the electrode surface. It can be seen that when n¼ 1, the

element CPE becomes an ideal capacitor. The value of n is also

related to the inherent physical and chemical heterogeneous

nature of the solid surface, the presence of a porous corrosion

product layer and non-uniform distribution of current density on

the surface [37–39].

All the Nyquist plots obtained in the present study are

characterised by single time constant. The experimental data

obtained from these plots are fitted by the equivalent electrical

circuit shown in Fig. 10. Such an equivalent circuit was also

discussed by several researchers [32, 33, 40], who obtained similar

depressed semicircles with single time constant. The impedance

parameters, viz. charge transfer resistance (Rct), CPE and CPE

exponent (n) obtained from the Nyquist plots and the calculated

inhibition efficiency (IEi) values are shown in Table 3. Charge

transfer resistance (Rct) and the non-ideal capacitance (CPE) are the

two important parameters related to corrosion processes at the

metal/solution interface. The former one is directly related to the

rate of corrosion reaction at the interfacewhile the latter is related to

the structure of electrical double layer at the interface. During

corrosion inhibition by the adsorption of inhibitor molecules,
nment in the absence and presence of inhibitor formulations

edance parameters Inhibition
efficiency, IEi (%)

Constant phase
element, CPE (mF/cm2)

n

13.41 0.592 –

10.13 0.739 64.06

24.07 0.729 �125.09
7.16 0.618 74.33

10.79 0.676 43.47

9.22 0.654 56.41

11.61 0.598 60.64

7.95 0.826 83.92
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Figure 11. Nyquist plots of carbon steel in the absence and presence of

inhibitors at various immersion periods:þ, 1 h;~, 6 h;&, 12 h;*, 24 h.

(A) Control, (B) binary inhibitor system, (C) ternary inhibitor system
highRct values can be obtained due to slower corroding system [41,

42].Consequently, the decrease inCPEcan result fromthedecrease

of the local dielectric constant and/or from the increaseof thickness

of electrical double layer, which suggests an adsorption of the

inhibitor molecules on the metal surface [43]. Hence, for an

effective inhibition process, there will be an increase in Rct and

decrease in CPE. However, there are inhibition processes that are

associated with increase in capacitance values. This can be

interpreted due to the replacement of water molecules in the

interface by ionic inhibitor species and/ordue tooxides/hydroxides

of metal formed due to initial corrosion. Bonnel et al. [44] studied
corrosion of carbon steel in neutral chloride solution by impedance

technique. They obtained high capacitance values in their studies

and ascribed them due to the existence of a layer of the inner

corrosion products.

In the present study, in the presence of the control alone, a

small semicircle with an Rct value of 2575V is observed. Similar

semicircle is also obtained when 40 ppm of Zn2þ is added to the

control. Due to Zn2þ ions, the Rct is decreased and CPE value is

increased with a slight increase in the value of n. These changes

are due to the replacement of water molecules in the interface by

the zinc ions, which resulted in the increased rate of corrosion. By

the addition of 40 ppm of PBTC to the control, a single and

slightly depressed semicircle with high Rct value is obtained. The

capacitance value is decreased and n value is increased. These

observations can be attributed to the presence of organic inhibitor

molecules in the double layer and the control of corrosion

processes to some extent. When the combination of 40 ppm each

of PBTC and Zn2þ is considered in the presence of control, a large

depressed semicircle is observed from high frequency to low

frequency regions in the Nyquist plot, indicating that the charge

transfer resistance becomes dominant in the corrosion processes

due to the presence of protective film on the metal surface. This

result is supported by the significant decrease in CPE and a slight

increase in n value. In the presence of PBTC/Zn2þ combination at

40 ppm each, the capacitive loop is more depressed than that in

the presence of 20 ppm each of PBTC and Zn2þ. When 25 ppm of

ascorbate is added to 20 ppm each of PBTC and Zn2þ, a very large

capacitive loop with a slight depression is observed. This

semicircle represents the Rct value of 16 010V, which is about

six times greater than that observed in case of the control. The

CPE value at the metal/solution interface is found to decrease

from 13.41mF/cm2 in case of the control to 7.95mF/cm2 in case of

the ternary inhibitor formulation. This is because of the

replacement of water molecules in the electrical double layer

by the organic molecules having low dielectric constants [45]. The

value of n is considerably increased to 0.826 in the presence of the

ternary inhibitor system suggesting the decrease of inhomo-

geneity of the interface during inhibition. These results indicate

that there is formation of a non-porous and protective film in the

presence of the ternary inhibitor formulation. The inhibition

efficiency obtained from impedance studies for 1 h immersion

period is found to be 83.92%. Several authors, who studied the

inhibitory effects of phosphonate-based corrosion inhibitors, also

reported that there is formation of thick and less permeable

protective film on themetal surface [7, 8, 26]. They also concluded

that the protective film consists of phosphonate–metal com-

plexes. The impedance results of the present study also infer the
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
synergistic action operating between PBTC, Zn2þ and ascorbate.

This is in agreement with the inferences drawn from polarisation

and gravimetric studies.

TheNyquist plots for carbon steel in the control and the binary

and ternary inhibitor formulations at different immersion periods

(1–24h) andat a constant temperatureof 30 8Care shown inFig. 11.

The impedance parameters obtained from these plots and the

inhibition efficiencies calculated from Rct values are shown in

Table 4. All the Nyquist plots are depressed capacitive loops, which

are characterised by single time constant. In case of the control,

there is a slight decrease inRctwith immersionperiod,whileCPE is

considerably increased to an extent of 9.79mF/cm2 after an

immersion time of 24 h. The value of n ranges between 0.574 and

0.658. The significant increase in CPE is due to a large increase in

thespecific areacausedby thepresenceofcorrosionproductson the

metallic surfacewith time [44]. Incaseofboth thebinaryand ternary

inhibitor formulations, there is an increase of Rct value with

increase in immersion time.However, the increase ismore in case
www.matcorr.com
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Table 4. Impedance parameters for carbon steel in 200 ppm NaCl environment in the absence and presence of the binary as well as ternary

inhibitor formulations at different immersion periods and at a constant temperature of 30 8C

Immersion time Impedance parameters IE (%)

Rct (V cm2) CPE (mF/cm2) n

Control – 200 ppm NaCl

1 h 2575 13.41 0.592 –

6 h 2080 16.85 0.613 –

12 h 1870 18.27 0.574 –

24 h 1598 23.20 0.658 –

Binary inhibitor formulation – PBTC (40 ppm)þZn2þ (40 ppm)

1 h 10 030 7.16 0.618 74.33

6 h 12 140 6.58 0.648 82.87

12 h 14 210 5.71 0.605 86.84

24 h 20 940 4.72 0.595 92.37

Ternary inhibitor formulation – PBTC (20 ppm)þZn2þ (20 ppm)þ ascorbate (25 ppm)

1 h 16 010 7.95 0.826 83.92

6 h 19 450 6.96 0.855 89.31

12 h 28 370 6.55 0.781 93.41

24 h 45 500 4.36 0.825 96.49

Figure 12. Nyquist plots of carbon steel in the absence and presence of

inhibitors at various temperatures:þ, 30 8C;~, 40 8C;&, 50 8C;*, 60 8C.
(A) Control, (B) binary inhibitor system, (C) ternary inhibitor system
of the ternary inhibitor formulationwhencomparedwith thebinary

formulation at each immersion time studied. CPE is decreased in

case of both the formulations almost to the same extent with time.

The decrease in CPE may be due to the displacement of hydrated

layer at the double layer by the developing inhibitor film on the

surface [46]. Supposing that the electrochemical processes are

taking place only at the pores and pinholes of the surface film, the

increasing Rct values give direct information on the growth and

quality of the inhibitor film.Thus, these observations indicate that a

continuous build up of inhibitor film is taking place with time

resulting in the formation of non-porous and protective layer at the

surface. In case of the ternary inhibitor formulation, the values of n

at various immersion periods are close to each other, which infer

that the homogeneity of the surface film is maintained during the

immersion period studied. In case of both the binary and ternary

inhibitor formulations, depressed nature is more for the

semicircles obtained at an immersion time of 24h. The inhibitor

film formed after an immersion period of 24 h by all the three

components of the ternary inhibitor formulation resulted in the

rapid fall of the rate of iron dissolution of the substrate, as indicated

by its highest inhibition efficiency of 96.49%.From these studies, it

may be noted that this highest inhibition efficiency, achieved after

an immersion time of 24h, is close to that obtained by gravimetric

measurements. It is inferred that an immersion time of 24 h is

required for the formation of the protective film.

Figure 12 presents the Nyquist plots for carbon steel in the

control and the binary and ternary inhibitor formulations at

different temperatures. The impedance parameters obtained

from these plots and the inhibition efficiencies calculated

from Rct values are shown in Table 5. All the Nyquist plots are

depressed capacitive loops, which are characterised by single time

constant. In case of the control, there is a slight decrease in Rct

and an increase in CPE with temperature. The value of n is

decreased from 0.658 at 30 8C to 0.149 at 60 8C. It is obvious that
these changes are due to enhanced corrosion reactions at both the

anodic and cathodic sites with increasing temperature in the

absence of any inhibitor. It can be observed that in case of both

the binary and ternary inhibitor formulations, the size of the
www.matcorr.com � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5. Impedance parameters for carbon steel in 200 ppm NaCl environment in the absence and presence of the binary as well as ternary

inhibitor formulations at different temperatures and constant immersion period of 1 h

Temperature (8C) Impedance parameters IE (%)

Rct (V cm2) CPE (mF/cm2) n

Control – 200 ppm NaCl

30 1598 23.20 0.658 –

40 1494 25.90 0.440 –

50 1446 29.40 0.262 –

60 1198 30.90 0.149 –

Binary inhibitor formulation – PBTC (40 ppm)þZn2þ (40 ppm)

30 20 940 4.72 0.595 92.37

40 15 580 7.21 0.647 90.41

50 12 020 7.38 0.574 87.97

60 8636 7.77 0.523 86.13

Ternary inhibitor formulation – PBTC (20 ppm)þZn2þ (20 ppm)þ ascorbate (25 ppm)

30 45 500 4.36 0.825 96.49

40 17 270 5.96 0.740 91.35

50 14 800 8.23 0.734 90.23

60 11 590 9.52 0.419 89.66

Figure 13. XPS deconvolution spectra of Fe 2p in the surface films.

(A) Control, (B) binary inhibitor system, (C) ternary inhibitor system
capacitive loop is gradually decreased with increase of tempera-

ture. In the presence of the binary system, the Rct value is

gradually decreased with temperature, while in case of the ternary

system, a rapid fall of Rct is observed from the temperature 30 to

40 8C and later the fall is gradual. From the results given in

Table 5, it is clear that at each temperature in the studied region,

the inhibition efficiencies are slightly higher for the ternary

inhibitor system than that for binary formulation. In case of the

binary inhibitor formulation, CPE is increased with temperature

from 30 to 40 8C and later it is almost constant at further elevated

temperatures. There is no much influence of temperature on the

value of n. But in the presence of the ternary inhibitor

formulation, there is increase of CPE with temperature and

the value of n decreased from 0.825 to 0.419. These observations

can be attributed to the slight dissolution at the local areas of the

protective film already present on the surface, making it slightly

porous and inhomogeneous. It may also be due to desorption of

some of the adsorbed inhibitor species at relatively higher

temperatures. However, the inhibition efficiency is nearly 90%

even at 60 8C. Hence, it can be concluded that this ternary

inhibitor system is efficient in the corrosion control of carbon

steel at elevated temperatures even up to 60 8C.
A significant observation related to the inhibition efficiency

values is to be noted. If the inhibition efficiencies obtained from

gravimetric (IEw), polarisation (IEp) and EIS (IEi) studies are

compared, slight differences are observed. The IE values obtained

from Rct are closer to those obtained from the gravimetric

measurements, when compared with the values obtained from

polarisationdata. It is suggested that the inhibition efficiency values

obtained fromvariousmethodsmay not be strictly compared as the

immersion times considered for all these methods are not same.

3.4 X-ray photoelectron spectroscopic studies (XPS)

The XPS deconvolution spectra of the individual elements present

in the surface films in the absence and presence of inhibitors are

shown inFigs. 13–17. The interpretation of all these spectra is done

with the help of the data of the elemental binding energies reported
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
in the literature and also with the help of the reports published on

the analysis of XPS spectra of the surface films.

The Fe 2p deconvolution spectrum in case of the control is

shown in Fig. 13A. Two peaks are observed, one at 710.8 eV
www.matcorr.com
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corresponding to Fe 2p3/2 and the other one at 724.2 eV

corresponding to Fe 2p1/2 electron. The peak due to Fe 2p3/2 is

interpreted for the determination of chemical state of iron in the

surface film.ThepeakofFe2p3/2 at710.8 eVis theone, shifted from

707.0 eV, the characteristic elemental binding energy of Fe 2p3/2
electron [47].Sucha large shift of 3.8 eVsuggests that iron ispresent

in Fe3þ state in the surface film. In the literature [26, 48], the peak at

711.0 eVwas ascribed to the presence of FeOOHandFe(OH)3. The

binding energy of Fe 2p3/2 due to g-Fe2O3 was reported to be

711.0� 0.15 eV [49]. It was also reported that the mean binding

energy of Fe 2p3/2 in a-FeOOH is 711.0� 0.2 eV [49].Maroie et al.
[50] reported that thebindingenergy valueof 711.0 eV forFe2p3/2 is

due to ferric oxide species. Thus, the presence of a peak due to

Fe 2p3/2 observed in case of the control at 710.8 eV can be ascribed

due to the presence of iron in the form of g-Fe2O3, Fe3O4 and

FeOOH. The spectrum (Fig. 13B) corresponding to the binary

inhibitor systemshows the Fe 2p3/2 peak at 710.4 eVand also a peak

at 713.1 eV.Similarly in the caseof the ternary inhibitor systemalso,

theXPS (Fig. 13C) shows the Fe 2p3/2 peak at 710.8 eVand the other

peak at 714.2 eV. Thus, the Fe 2p3/2 peaks obtained in the case of

both the binary and ternary formulations infer the presence of

oxides and hydroxides like Fe2O3, Fe3O4, FeOOH and also

involvement of Fe3þ in the complex formation with the inhibitor

molecules. No peak is observed due to elemental iron in the case of

control and also in the case of both binary and ternary inhibitor

formulations. This result infers the formation of thick films in all

the three cases. The film is porous andnon-protective in the case of

control and non-porous and highly protective in the presence of

inhibitor molecules. If the intensities of Fe 2p3/2 peaks are

compared, they are 4600 cps for control, only 1800 cps for binary

inhibitor system and 1700 cps for ternary inhibitor system. Such a

large decrease in the intensity of Fe 2p peak in the presence of both

the inhibitor formulations can be understood because of formation

of protective films and consequently less corrosion of iron and less

amount of iron oxide. The binding energy of Fe2þ state in iron

oxides is reported to be around 708.5 eV [51]. The absence of any

peak in this region in the present study also supports that iron does

not exist in Fe2þ state.

The XPS spectra of phosphorus are shown in Fig. 14. In case

of the binary formulation, the P 2p peak is observed at 133.0 eV,
Figure 14. XPS deconvolution spectra of P 2p in the surface films.

(A) Binary inhibitor system, (B) ternary inhibitor system

www.matcorr.com
while in case of the ternary formulation, it is observed at 133.1 eV.

In the literature [52, 53], it was reported that the P 2p peak could

be observed in the range of 132.9–133.8 eV, for iron or steels

immersed in the solutions containing phosphonates, orthopho-

sphates and polyphosphates. Nakayama [54] obtained a P 2p peak

at 133.0 eV and attributed it to the presence of phosphonate

compounds. Felhosi [7] et al. observed a P 2p peak at 132.1 eV in

the XPS of the surface film formed on carbon steel when

immersed in a solution containing Zn2þ and HEDP. They

interpreted this peak due to the presence of [Zn–HEDP] complex

in the surface film. Ochoa et al. [55] in their studies on the

mixtures of salts of phosphonocarboxylic acids and fatty amines

as inhibitors for corrosion of carbon steel reported the P 2p peak

at 132.1 eV and interpreted it due to the presence of phosphonate

group in the surface film. In the light of these reports, the P 2p

peaks observed in the present study suggest the presence of PBTC

in the surface films formed in the case of both binary and ternary

inhibitors. The intensity of the P 2p peak in case of the ternary

inhibitor formulation is found to be one fourth of the intensity

of P 2p peak in case of the binary formulation while the

concentration of PBTC is reduced to only half in the ternary

inhibitor formulation in comparison to the binary system. This

infers the presence of ascorbate also in the protective film, as

evidenced by a high intensity C 1s spectrum in the case of ternary

formulation.

TheXPS spectra of C 1s are shown in Fig. 15. C 1s spectrum in

case of the control shows a single peak at 284.6 eV. This peak is due

to contamination from the vacuumsystemand chamber during the

analysis [56]. In case of the binary formulation, the C 1s spectrum

(Fig.15B)has twopeaks, one is thehigh intensepeakat284.5 eVand

the other one is a low intense peak at 288.3 eV. Ochoa et al. [55] in
their studies on themixtures of salts of phosphonocarboxylic acids

and fatty amines as inhibitors for corrosion of carbon steel reported

the C 1s peak at 284.5 eV. This signal was accounted for by the

presence of the inhibitor molecules on the steel surface.

Gunasekaran and Chauhan [32] studied the corrosion inhibition

of mild steel by a plant extract and they obtained C 1s peaks at 285,

287 and 288.6 eV. They interpreted these peaks due to C–C, C–O

and C––O bonds because of the organic molecules present in the

plant extract. Aramaki and Shimura [57] obtained a peak of organic
carbon at 284.5 eV and they inferred that it is due to adsorbed

organic inhibitor molecules on the surface. PBTC has various

carbon environments and hence the two peaks observed in the

presenceof thebinary formulation indicate thepresenceofPBTCin

the surface film. In case of the ternary inhibitor formulation, a

relatively more intense peak was observed at 284.6 eV along with a

small peak at 288.4 eV.The increase in intensitiesof thepeaks in the

presence of ternary inhibitor system indicates that both PBTC and

ascorbate ions are present in the surface film.

The XPS spectra of O 1s are presented in Fig. 16. In case of

the control (Fig. 16A), two peaks corresponding to O 1s are

observed, one at 530.1 eV and the other one at 533.0 eV. The latter

peak is essentially due to adsorbed water on the surface. Several

researchers have obtained O 1s peak around 533.0 eV and

ascribed it due to water molecules adsorbed on the metal surface

[51, 54, 58]. Ochoa et al. [55] obtained O 1s peak at 533.2 eV and

attributed it to the presence of water molecules adsorbed on

the oxide/hydroxide mixture. In the present study, O 1s peak
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



296 Rao and Rao Materials and Corrosion 2010, 61, No. 4

Figure 16. XPS deconvolution spectra of O 1s in the surface films.

(A) Control, (B) binary inhibitor system, (C) ternary inhibitor system

Figure 15. XPS deconvolution spectra of C 1s in the surface films.

(A) Control, (B) binary inhibitor system, (C) ternary inhibitor system
observed at 530.1 eV is due to O2�. Pech-Canul and Bartolo-Perez
[26] obtained O 1s peak at approximately 529.8 eVand attributed it

to O2�. Karman et al. [58] studied the role of oxide layer formation

during corrosion inhibition of mild steel in neutral aqueous

media. They assigned the O 1s peak at �530 eV to O2�. In the

present study, the presence of O2� in the surface film formed in

the presence of control may be in the form of oxides/hydroxides

of Fe(III). In case of both the binary and ternary inhibitor

formulations, a single O 1s peak of high intensity was observed. It

is positioned at 531.4 eV in the former case and at 531.5 eV in the

latter case. Fang et al. [59] ascribed the O 1s peak observed at

531.3 eV to the complex formed between iron and phosphonate.

Pech-Canul and Bartolo-Perez [26] observed the O 1s peak at

531.3 eV, which was ascribed to OH� from hydrous iron oxides

and to the complex formed between iron and phosphonate group.

It was also mentioned in their article that such hydrous ferric

oxides consist of Fe(OH)3 and FeOOH. Felhosi et al. [7] studied
effects of bivalent cations on corrosion inhibition of steel by

HEDP. They mentioned that the O 1s peak at 531.4 eV is due to

Fe–OH bond. Asami et al. [51] observed O 1s peak at 531.5 eV in

their study and attributed it to oxygen with a kind of Fe–O–H

bond. In the light of these results and interpretations reported in
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
the literature, the O 1s peaks of high intensity observed in the

present study may be interpreted as follows. The XPS of surface

films show that besides oxygen, there is presence of carbon,

phosphorus, iron and zinc in the surface films. That means PBTC

is present on the surface, zinc is present as Zn2þ and the

interpretation given above in case of Fe 2p indicates the presence

of Fe2O3, Fe3O4 and FeOOH. Hence, O 1s peaks can be ascribed

to the presence of Zn(OH)2, Fe2O3, Fe3O4, FeOOH and oxygen of

PBTC in the surface film. In case of the ternary inhibitor

formulation, O 1s peak can also be ascribed to –OH group of

ascorbate ion in addition to the presence of all the compounds

mentioned above in the case of binary inhibitor formulation. The

disappearance of the peak around 533 eV in case of the binary and

ternary inhibitor formulations indicates the absence of water

molecules in the surface films as they have been completely

replaced by the inhibitor molecules.

A comparison of intensities of O 1s peak in the control, in the

presence of binary inhibitor system and in the presence of ternary

inhibitor system is of interest. In comparison to the intensity of

29 500 cps in control, the intensity of O 1s peak increases to

40 000 cps in the presence of binary inhibitor system. This

increase is to be considered along with the large intensity of zinc

(Fig. 17A), of carbon (Fig. 15B) and of phosphorus (Fig. 14). The

intensity of O 1s peak is related mainly to oxygen in one

phosphonate and three carboxylate groups of PBTC, –OH group

of Zn(OH)2 and to small amounts of oxides/hydroxides of iron.

Interestingly, the intensity of O 1s peak in the case of ternary

inhibitor system is reduced to 20 500 cps, which is almost equal to

half of the intensity of O 1s peak in the case of binary inhibitor

system. This is because of the reduction in the concentrations of
www.matcorr.com
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Figure 18. Reflection absorption FTIR spectra of the surface films.

(A) Control, (B) binary inhibitor system, (C) ternary inhibitor system

Figure 17. XPS deconvolution spectra of Zn 2p in the surface films.

(A) Binary inhibitor system, (B) ternary inhibitor system
PBTC and Zn2þ to half in the ternary system, though there is an

addition of 25 ppm of ascorbate, equivalent to 1.42� 10�4 M. This

can be seen in combination with reduction in the intensities of Zn

2p and P 2p peaks in the spectrum of the ternary system.

Figure 17 presents the XPS deconvolution spectra of zinc. In

case of the binary formulation, the Zn 2p3/2 peak is observed at

1022.8 eVand the Zn 2p1/2 peak at 1045.7 eV. In case of the ternary

formulation, these peaks are observed at 1022.7 and 1045.8 eV,

respectively. Zn 2p3/2 peak is normally interpreted. The high

intensities of the Zn 2p3/2 peaks observed in both the spectra may

be ascribed to the presence of Zn(OH)2 in the surface film and also

to the involvement of Zn2þ in the complex formation with PBTC.

In case of the ternary formulation, zinc ions involve in the complex

formation with both PBTC and ascorbate ions. It was reported in

the literature by Aramaki [60] that the Zn 2p3/2 peak at 1022.7 eV

wasdue to thepresenceofZn(OH)2 in the surface film.Felhosiet al.
[7] interpreted from the XPS analysis that there is formation of

[Zn–HEDP] complexon themildsteel surfacewhen immersed ina

solution consisting of amixture ofHEDPandZn2þ. In the present

study, the intensity ofZn2ppeak in case of the ternary formulation

is less than half of the intensity of the corresponding Zn 2p peak

obtained in the case of the binary inhibitor formulation. This is

because the bulk concentration of Zn2þ in case of the ternary

system is half of that of the binary system.

Along with the elements discussed above, the survey

spectrum (not shown) in case of the control has a low intensity

chlorine peak at 200.0 eV. This is because some chloride ions

reach the metal surface and are responsible for corrosion of the

metal. The chlorine peak is not observed in the survey spectra of

inhibited surface films, which indicates that the protective films

are non-porous and do not allow the aggressive ions to reach the

metal surface. After consolidating all the inferences drawn from

the XPS of individual elements present in surface films, it is

suggested that the surface film consists of mainly [Zn(II)–PBTC]

complex, Zn(OH)2 and small amounts of oxides/hydroxides of

Fe(III) in the case of binary inhibitor system. In the case of ternary

inhibitor system, the surface film may consist of ternary complex

namely [Zn(II)–PBTC–ascorbate], Zn(OH)2 along with Fe(III)

oxides/hydroxides. The complex may be chemisorbed on the

metal surface and get attached to the Fe(III) ions.

3.5 Interpretation of FTIR spectra

The reflection absorption FTIR spectra of the surface films

formed on carbon steel in the absence and presence of the binary
www.matcorr.com
and ternary inhibitor formulations are shown in Fig. 18. These

spectra are interpreted by comparing with the FTIR spectra of

pure PBTC and pure ascorbic acid (not shown here) as well as

with the help of literature reports. In the FTIR spectrum of PBTC,

multiple bands in the region, 900–1150 cm�1 were assigned

to –PO3 stretching frequencies [61]. The peak at 1200 cm�1 was

assigned to P––O group while the peak at 926 cm�1 was assigned

to P–OH group [62, 63]. In case of the inhibited surface film

formed by the binary formulation in the present study, the peak

due to P––O is shifted from 1200 to 1105.8 cm�1, while in case of

the ternary formulation, it is shifted to 1092.1 cm�1. The P–OH

stretching located at 916.9 cm�1 in case of the binary formulation

and at 930.5 cm�1 in case of the ternary formulation is observed to

be weak. These results can be interpreted in terms of interaction

between P–O� present in the phosphonate with metallic species,

viz. Zn(II) and Fe(III) to form P–O–Zn and P–O–Fe bonds. This

interpretation was also given by several authors, who worked on

corrosion inhibition of carbon steel by phosphonates [8, 23, 64].

Carter et al. [65] found that FTIR spectra obtained with an organic

phosphonate on a steel substrate are consistent with the

phosphonate reaction on steel to produce a metal salt. This also

suggests that phosphonates are coordinated with metal ions

resulting in the formation of [metal–phosphonate] complexes on

the metal surface. Weak bands observed in both the spectra

(Fig. 18B,C) around 1330 cm�1 indicate the presence of zinc

hydroxide in the surface film [2, 4, 64]. A very broad and intense

band around 1716 cm�1 in the FTIR spectrum of PBTC was

reported [66]. This is characteristic of uncoordinated, protonated

carboxylate and was assigned to the C––O stretch of –COOH. In

the FTIR spectrum of pure ascorbic acid, the C––O stretching

frequency is observed at 1669.1 cm�1. In case of the binary

inhibitor formulation of the present study, the C––O stretching

frequency is observed by a strong absorption band at 1676 cm�1.

The small peaks at 1767.9 and 1601.0 cm�1 in the reflection

absorption FTIR spectrum of the surface film in case of the

ternary inhibitor system indicate the presence of both PBTC and

ascorbate ions in the surface film. The shifts in the stretching

frequency are resulted due to the involvement of these ions in

the complex formation. There are several bands in the region,
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1200–400 cm�1 in all the spectra of surface films. Many of these

peaks imply the presence of various oxides and hydroxides of iron

like Fe3O4, FeOOHand Fe2O3 [54, 57]. Yee andChow [67] obtained

peaks at 570 and 630 cm�1 and assigned them to amorphous

oxides of Fe2O3 and Fe3O4. Amar et al. [64] obtained absorption

peaks between 750 and 1100 cm�1, in the spectra of metal

surfaces in the presence of 3% NaCl solution. They interpreted

them to corrosion products of ferric hydroxide (g-FeOOH)

and magnetite (Fe3O4). A moderately intense and a broad band

formed at 3540.8 cm�1, in case of the control, can be assigned to

the presence of –OH group on the surface. This hydroxyl group

may be in the form of FeOOH and/or Fe(OH)3 [68]. Such peaks

are observed in the spectra of the inhibited surface films also.

These peaks can be assigned to the –OH groups present in the

inhibitor molecules, to Zn(OH)2 and a small contribution of

hydroxide of Fe(III) present in the inhibited films.

Thus, the reflection absorption FTIR spectrum of the surface

film formed in the presence of the binary inhibitor formulation

infers the presence of [Zn(II)–PBTC] complex, Zn(OH)2 and

small amounts of oxides and hydroxides of Fe(III). In case of

the ternary inhibitor system, the complex formed is [Zn(II)–

PBTC–ascorbate].

The XPS spectra and the reflection absorption FTIR spectra

of the surface films infer the presence of Fe(III), Zn(II), PBTC

and ascorbate in the surface films. The shifts in binding energies

of various elements and shifts in the absorption band frequencies

of various functional groups inferred that PBTC and ascorbate are

involved in the complex formation with Zn2þ and Fe3þ. This

inference is further supported by several studies reported in

literature.Holm et al. [69] studied the nature of the film formed on

carbon steel in cooling water in the presence of an inhibitor

containing 20 ppm of PBTC and 200 ppm of Ca2þ ions by XPS

and AES techniques. They interpreted that PBTC is present as

deprotonated Ca(II)–PBTC complex, which reacts with the Fe(III)

ions at the steel surface to form cross-linked, amorphous,

anhydrous Fe(III)–Ca(II)–PBTC compound. Mao and Clear-
field [70] synthesised a ternary zinc complex with a phosphonic

acid namely N-(phosphonomethyl)iminodiacetic acid (PMIDA)

and a carboxylic acid namely acetic acid. They reported

that the crystal structure of that complex, Zn2(PMIDA)

(CH3COOH)�2H2O, features a two-dimensional zinc carboxy-

late–phosphonate hybrid layer. Kuznetsov [71] reported that the

mechanism of action of phosphonates is not only associated with

adsorption but also with electrophillic substitution of complex-

forming surface cations, precipitation of almost insoluble

hydroxides and formation of hetero- and polynuclear complexes.

Freedman [72] reported in his study on cooling water systems that

though the key role of zinc ions in corrosion inhibition is to

precipitate zinc hydroxide on themetal surface, in some cases, the

zinc ions also complex with the stabilising agents. Shaban et al.

[73] studied the inhibitive effect of N-phosphonomethyl glycine

(NPMG) on corrosion of steel. One of their interpretations was

that Ca2þ and Zn2þ ions form a passivating complex with NPMG

on the steel surface, which protects the metal. Felhosi et al. [7]
studied the effects of bivalent cations on corrosion inhibition of

steel by HEDP. They interpreted their XPS results in terms of

formation of complex between HEDP and Zn2þ on the carbon

steel surface. They mentioned that there is formation of
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
heteropolynuclear complexes on the iron surface. Gonzalez
et al. [8] studied the synergistic effect between amino-trimethyl

phosphonic acid (ATMP) and zinc chloride in corrosion

inhibition of carbon steel with 0.5 M NaCl as the control. They

reported that ATMP forms chelate compounds with Zn2þ

and Fe3þ and it leads to the enhancement of the corrosion

protection due to construction of a dense system, which prevents

the penetration of aggressive species. Based on all these

literature reports on various phosphonates and the requirement

of optimum concentration of zinc ions for effective inhibition

and also on the high intensity Zn 2p peaks obtained from XPS

spectra, it can be inferred that Zn(II) and Fe(III) are involved

in the complex formation with PBTC and ascorbate to form

[Fe(III), Zn(II)–PBTC–ascorbate] polynuclear multiligand com-

plex, which plays significant role in making the surface film

protective.
3.6 Mechanism of corrosion protection

In order to explain all the experimental results, a plausible

mechanism of corrosion inhibition is proposed as follows:
1. T
he mechanism of corrosion of carbon steel in nearly neutral

aqueous media is well established. The well-known reactions

are mentioned below

Fe! Fe2þ þ 2e� (7)

Fe2þ further undergoes oxidation in the presence of oxygen

available in the aqueous solution

Fe2þ �!½O2�
Fe3þ þ e� (8)

The corresponding reduction reaction at cathodic sites in

neutral and alkaline media is

O2 þ 2H2Oþ 4e� ! 4OH� (9)

Fe3þ ions produced at anodic areas and OH� ions produced at

cathodic areas combine to form Fe(OH)3, (Fe2O3�H2O) which

gets precipitated on the surface of the metal due to its very low

solubility product (Ksp of Fe(OH)3¼ 1.1� 10�36).
2. W
hen PBTC and Zn2þ ions are added to the aqueous solution,

PBTC reacts with Zn2þ to form a binary complex, [Zn2þ–

PBTC]. It diffuses to themetal surface and binds to Fe(III) ions

present on the surface. The cross-linkage and reorganisation

of such complex ions on the surface will produce a polymeric

network structure. The resulting polynuclear complex, [Fe(III),

Zn(II)–PBTC] covers the anodic sites and controls the

corresponding anodic reaction

½ZnðIIÞ � PBTC� þ Fe3þ ! ½FeðIIIÞ; ZnðIIÞ � PBTC� (10)
3. I
n case of the ternary inhibitor formulation, both PBTC and

ascorbate react with Zn2þ to form a ternary complex, [Zn2þ–
www.matcorr.com
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PBTC–ascorbate]. This complex diffuses to the metal surface

and binds with Fe(III) ions available on the metal surface. A

dense polymeric network structure is constituted on the

surface by high degree of cross-linkage and reorganisation.

The polynuclear multiligand complex [Fe(III), Zn(II)–PBTC–

ascorbate] covers the anodic sites and controls the anodic

reaction of the corrosion process. Felhosi et al. [74] showed
that iron can be passivated by simple immersion of it in

aqueous solutions of 1,7-diphosphonoheptane. The forma-

tion of protective layer by the phosphonate consists of a

fast adsorption step and subsequent slower process, which

is supposed to be due to the organisation. According to

the authors, this effect is due to the formation of self-

assembling layer of complexes of the organic inhibitor with

iron

½ZnðIIÞ � PBTC� ascorbate� þ Fe3þ

! ½FeðIIIÞ; ZnðIIÞ � PBTC� ascorbate� (11)
4. F
ree Zn2þ ions are available in the bulk of the solution because

of relatively higher molar concentration of Zn2þ in the

inhibitor mixture. These Zn2þ ions diffuse to the metal

surface and react with OH� ions produced at the cathodic sites

to form a precipitate of Zn(OH)2

Zn2þ þ 2OH� ! ZnðOHÞ2 (12)

The precipitate of Zn(OH)2 (Ksp¼ 1.8� 10�14) gets deposited

on the cathodic sites and controls the cathodic partial reaction

of corrosion process.
5. T
he decrease in inhibition efficiency when the bulk

concentration of ascorbate is higher than the optimum value

can be explained as follows. It may be noted that the molar

ratios of Zn2þ/PBTC/ascorbate in the bulk of the solution are

4.2:1:8 and 4.2:1:12, when the inhibition efficiencies are found

to be very less. When the bulk concentration of ascorbate is so

much higher in comparison to that of PBTC (8- to 12-fold

higher), the nature and composition of the complex [Zn(II)–

PBTC–ascorbate] may be entirely different, with more

ascorbate than PBTC. Such a complex may not be protective.

Secondly, more free ascorbate is available in the bulk of the

solution. This free ascorbate diffuses to the steel surface and

gets chemisorbed on the metal surface. To that extent, the

protective [Zn(II)–PBTC–ascorbate] complex will not be

available on the metal surface. It must be noted that ascorbate

alone does not afford significant inhibition [11].
6. T
he ternary inhibitor formulation is effective in the pH range,

5–8. At pH9, higher concentration of OH� ions are available

both in the bulk of the solution and on the surface. In such an

environment, there is greater interference of OH� ions in the

complexation [21] leading to the formation of [Zn(II)–PBTC–

ascorbate–OH] complex, which may not contribute to the

formation of protective film on the metal surface. In acidic

medium at pH4, the ligands will be in the protonated form

and do not coordinate with Zn(II) as effectively as the
w.matcorr.com
deprotonated ligands. Secondly, enough amount of Zn(OH)2
will not be formed on the cathodic sites. Hence, the observed

decrease in inhibition efficiency at pH4.
7. T
hus, PBTC, Zn2þ and ascorbate play a very important role in

the synergistic effect in controlling corrosion through the

formation of protective film on the metal surface. It is inferred

that the film may consist of various oxides/hydroxides

like Fe2O3, Fe3O4�H2O, FeOOH, Zn(OH)2 and a polynuclear

multiligand complex, [Fe(III), Zn(II)–PBTC–ascorbate]. Each

of these constituents contributes itself to make the film highly

protective.

4 Conclusions
1. B
oth the binary inhibitor system, PBTC–Zn2þ and the ternary

inhibitor system, PBTC–Zn2þ–ascorbate, exhibit excellent

synergism in the corrosion control of carbon steel in nearly

neutral aqueous environment. The synergistic effect of

ascorbate is established.
2. T
he ternary formulation containing 20 ppm each of PBTC

and Zn2þ along with 25 ppm of ascorbate is as effective as the

binary formulation containing 40 ppm each of PBTC

and Zn2þ. Once the protective film is formed, a mixture of

only 10 ppm each of PBTC and Zn2þ and 15 ppm of ascorbate

will serve as the maintenance dosage. The ternary inhibitor

system is relatively more environmentally friendly.
3. T
he ternary inhibitor system is effective in the pH range

of 5–8.
4. T
he ternary inhibitor formulation acts as mixed type inhibitor

controlling both the anodic and cathodic reactions.
5. E
lectrochemical impedance studies indicated the significant

modification of the metal/solution interface by the formation

of dense, non-porous and protective film in the presence of the

ternary inhibitor formulation.
6. T
he formation of protective film on the metal surface requires

24 h immersion time.
7. T
he ternary inhibitor formulation affords good inhibition

efficiency even at a higher temperature of 60 8C.

8. T
he protective film consists of mainly [Zn(II)–PBTC–

ascorbate] complex, Zn(OH)2 and small amounts of oxides/

hydroxides of Fe(III). The presence of optimum amounts of all

these compounds is required at a given pH value to make the

surface film protective.
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