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Nitrilotris(methylenephosphonic acid) (NTMP) inhibits corrosion of carbon steel in presence of Zn2+ . However, in or-
der to make the inhibitor more environment friendly, it is necessary to reduce the levels of Zn2+ or phosphonate or both by 
introducing an environment friendly organic salt as a second synergist. In this paper, the inhibitive action of ascorbate as a 
second synergist in the presence of relatively low concentrations of NTMP and Zn2+, is presented. Addition of just 25 ppm 
of ascorbate to 20 ppm each of NTMP and Zn2+, at pH=7, increased the inhibition efficiency markedly from 35 to 95%. In 
the pH range of 6-4, the concentration of ascorbate required to bring up the inhibition efficiency to 94%, is only 10 ppm. 
However, the alkaline region demanded relatively higher concentration of ascorbate. This ternary system is quite effective in 
a wide pH range, 4-10. This is the uniqueness of this new synergistic formulation. Potentiostatic polarization studies indi-
cated that this synergistic formulation acts as a mixed inhibitor, predominantly cathodic in nature. A large increase in charge 
transfer resistance and also a decrease in double layer capacitance of the surface film, were observed from a.c. impedance 
studies. X-ray photoelectron spectrum of the surface film indicated the presence of the elements, viz., P, O, N, C, Zn and Fe 
in the film. The shifts in binding energies of these elements indicated the presence of oxides and hydroxides of iron and zinc 
as well as complexes of Fe(III) and Zn(II) with phosphonate and ascorbate. The reflection absorption FTIR spectrum of the 
surface film also supported the formation of insoluble complexes of phosphonate and ascorbate with metal ions as well as 
presence of Zn(OH)2 on the metal surface. A suitable mechanism of corrosion inhibition is proposed, which corroborates all 
the above experimental results. 
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Nitrilotris(methylenephosphonic acid) (NTMP) in 
combination with Zn2+ is a well-known inhibitor for 
corrosion of carbon steel in nearly neutral aqueous 
environment1,2. In view of the environmental guide-
lines restricting the concentration of Zn2+ in the indus-
trial wastewaters, it is necessary to reduce the concen-
tration of Zn2+ in the inhibitor formulations. For this 
purpose, the addition of a second synergist to NTMP 
– Zn2+ combination has been thought of and studies 
on environment friendly organic compounds like ox-
alic acid, phthalic acid anhydride as second synergist, 
have been reported3,4. In the present study, sodium 
ascorbate is chosen as a second synergist to NTMP – 
Zn2+ combination. It is an environment friendly or-
ganic compound containing five hydroxyl groups and 
one carboxyl (-COO- ) group in each ascorbate ion. 
This compound is known to form complexes with 
metal ions like Fe3+. Its passivating properties have 
also been reported5. These properties of ascorbate fa-

voured in selecting it as a second synergist. Results of 
weight-loss studies, potentiostatic polarization stud-
ies, A.C. impedance studies and surface examination 
studies, viz., X-ray photoelectron spectroscopic stud-
ies, Fourier Transform infrared spectroscopic studies 
of the inhibited surface film, have proved ascorbate as 
an excellent second synergist to the NTMP – Zn2+ 
system. 
 

Experimental Procedure 
Carbon steel specimens (0.1-0.2% C, 0.02-0.03% 

S, 0.04-0.05% P, 0.4-0.5% Mn and the balance iron) 
of the dimensions 3.5×1.5×0.2 cm were used for the 
weight-loss and reflection absorption FTIR spectro-
scopic studies. For surface examination studies by 
XPS, the same samples of dimensions 1 cm×1cm× 
1mm, were used. 

The polished and weighed carbon steel specimens 
in duplicate, were immersed in 100 mL solutions con-
taining different concentrations of inhibitor and at 
different pH values, for a period of 7 days. Then the 
specimens were reweighed after washing, degreasing 
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with acetone and drying. Shimadzu AY 120 balance 
(accuracy, 0.1 mg), was used for weighing the speci-
mens before and after immersion in various environ-
ments. Accuracy in weighing of 0.0001 g and in sur-
face area measurement of 0.1 cm2 as recommended by 
ASTM G31 of ASTM Standards6 was followed. Pe-
riod of immersion was measured accurately to 0.1 h in 
view of the lengthy immersion period (168 h). Under 
these conditions, the relative standard error in corro-
sion rate determination is of the order of 1% or less 
for an immersion period of 7 days7. 

Electrochemical studies were carried out using So-
latron SI 1280 B electrochemical measurement sys-
tem. Carbon steel rod encapsulated in teflon with an 
exposed cross section of 0.5 cm diameter, was used as 
working electrode. Saturated calomel electrode and 
platinum electrode were used as the reference and 
counter electrodes, respectively. 

XPS studies were carried out with Kratos analytical 
photoelectron spectroscopy model AXIS 165 with Mg 
Kα radiation (1253.6eV) and resolution of 0.1 eV. The 
instrument has been calibrated by using Au foil for 
which the characteristic binding energy value of 4f 
electron is 84.1 eV. FTIR spectra were recorded using 
Shimadzu FTIR – 8201 PC spectrophotometer. 
 
Results and Discussion 
 
Weight-loss studies 

Corrosion inhibition efficiency of the ternary sys-
tem, NTMP (20 ppm) – Zn2+ (20 ppm) – ascorbate as 
a function of pH at various concentrations of ascor-
bate is presented in Fig. 1. Without any ascorbate and 
at such low levels of 20 ppm each of NTMP and Zn2+, 
the system functions efficaciously at pH=4. With in-
crease in pH from 4-7, the efficiency is drastically 
reduced. At pH=8, acceleration of corrosion is ob-
served. By the addition of 25 ppm of ascorbate to this 
system consisting of 20 ppm each of NTMP and Zn2+, 
at pH=7, the inhibition efficiency is increased from 
35-95%. In fact, at pH=6, addition of ascorbate as less 
as 10 ppm makes the inhibitor formulation effective. 

However, the required concentration of ascorbate in-
creases with increase in pH, reaching 75 ppm at 
pH=10. This formulation is very effective with 50 
ppm of ascorbate in a wide pH range of 5-9, which 
includes the pH range of cooling water systems. 
 
Potentiostatic polarization studies 

The potentiostatic polarization curves are presented 
in Fig. 2. The corresponding corrosion parameters are 
listed in Table 1. In the case of ternary system con-

 
 

Fig. 1—Corrosion inhibition efficiency of the ternary system as a 
function of pH NTMP (20 ppm) + Zn2+ (20 ppm) + ascorbate 
(varying) [Ascorbate]: ■ 0 ppm ♦ 10 ppm ▲ 25 ppm □ 50 ppm ҳ 
75 ppm ○ 100 ppm 

 

 
 

Fig. 2—Potentiostatic polarization curves for carbon steel in dif-
ferent aqueous environments. (a) Cl- (60 ppm) (b) Cl- (60 ppm) + 
NTMP (20 ppm) + Zn2+ (20 ppm) (c) Cl- (60 ppm) + NTMP (20 
ppm) + Zn2+ (20 ppm) + ascorbate (25 ppm)  

Table 1—Corrosion parameters obtained from potentiostatic polarization studies 
 

Environment Ecorr (mV) Icorr (μA/cm2) ba (mV/dec) bc (mV/dec) 
     
Cl- (60 ppm) -468 6.97 93 112 
     
Cl- (60 ppm) + NTMP (20 ppm) + Zn2+ (20 ppm) -473 3.91 65 111 
     
Cl- (60 ppm) + NTMP (20 ppm) + Zn2+ (20 ppm)     
+ ascorbate (25 ppm) -516 2.74 81 53 
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taining 20 ppm of NTMP, 20 ppm of Zn2+ and 25 ppm 
of ascorbate, corrosion potential is shifted by 48 mV 
towards cathodic side. This shift is significant when 
compared with the shift of only 5 mV for the binary 
system containing 20 ppm of NTMP and 20 ppm of 
Zn2+. There is a decrease in corrosion current by 4.23 
μA/cm2, which is also significant when compared 
with that of the binary system. In case of the ternary 
system, though there is a shift in both the anodic and 
cathodic tafel slopes, the shift in cathodic tafel slope 
is much higher. This clearly indicates that the ternary 
system acts as a mixed inhibitor, predominantly ca-
thodic in nature. 
 
A.C. impedance studies 

Impedance data of carbon steel, immersed in vari-
ous environments, in the form of nyquist plots are 
shown in Fig. 3. The plots are not perfect semicircles. 
Deviations from the ideal semicircles can be attrib-
uted to the inhomogeneties of the surface as well as 
due to mass transport process8. The impedance dia-
grams plotted in bode coordinates are shown in Fig. 4. 
The impedance parameters are listed in Table 2. An 
increase in charge transfer resistance by 615 Ω and 
the decrease in double layer capacitance by 253 μF in 
the presence of ternary inhibitor formulation, when 
compared with the blank solution, indicates that there 

is formation of a highly nonporous protective film in 
the presence of ternary inhibitor formulation and 
hence the observed inhibitive effect9. 
 
X-ray photoelectron spectra 

The X-ray photoelectron spectrum (XPS) of the 
surface film in presence of inhibitor is shown in 
Fig. 5. The X-ray photoelectron spectra of individual 
elements namely P, O, N, C, Zn and Fe present in the 
surface film in presence of the ternary inhibitor sys-
tem, are shown in Fig. 6. 

The XPS of phosphorus (Fig. 6a) shows two broad 
peaks overlapped at a binding energy of 133.07 eV. 
These peaks are shifted from their characteristic bind-
ing energies of 133 eV for P 2p3/2 and 134 eV for P 
2p1/2. In the literature, it was reported10-12 that the 
binding energies for P 2p in the surface film on iron 
or steel immersed in the solutions containing phos-
phonates are in the range between 132.9 and 133.8 
eV. Hence, the observed peaks at 133.07 eV can be 

 

Table 2—Impedance parameters obtained from A.C. 
impedance studies 

 
Environment Rct (Ω) Cdl (μF) 
   
Cl- (60 ppm) 1535 309 
   
Cl- (60 ppm) + NTMP (20 ppm) + Zn2+

(20 ppm) 
2288 214 

   
Cl- (60 ppm) + NTMP (20 ppm) + Zn2+

(20 ppm) +  
  

ascorbate (25 ppm) 2150 56 
 

 
 

Fig. 3—Nyquist plots for carbon steel in different aqueous envi-
ronments. (a) Cl- (60 ppm) (b) Cl- (60 ppm) + NTMP (20 ppm) + 
Zn2+ (20 ppm) (c) Cl- (60 ppm) + NTMP (20 ppm) + Zn2+ (20 
ppm) + ascorbate (25 ppm) 

 

 
 

Fig. 4—Bode plots for carbon steel in different aqueous envi-
ronments. (a) Cl- (60 ppm) (b) Cl- (60 ppm) + NTMP (20 ppm) + 
Zn2+ (20 ppm) (c) Cl- (60 ppm) + NTMP (20 ppm) + Zn2+ (20 
ppm) + ascorbate (25 ppm) 

 

 
 

Fig. 5—X-ray photoelectron spectrum of the surface film on car-
bon steel in the presence of ternary inhibitor system 
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attributed to the presence of NTMP molecules on the 
surface, probably by the involvement in bond forma-
tion with the surface atoms. 

The O 1s spectrum (Fig. 6b) shows two overlapped 
peaks at 531.5 eV shifted from 531.0 eV, which is 
characteristic binding energy value for elemental 
oxygen. Asami et al.13 observed the O 1s peak at 
531.5 eV and interpreted it due to the oxygen with a 
kind of Fe–O–H bond. This was supported by McIn-
tyre & Zetaruk14. According to them, OH- peak of α-
FeOOH appears at 531.4 ± 0.2 eV. Fang et al.15 re-
ported that the O 1s peak observed at 531.3 eV can be 
attributed to the complex compound formed by oxy-
gen of phosphonate group with iron. Hence, the 
O 1s peaks observed in the present studies can be at-
tributed both to the presence of α-FeOOH on the sur-
face and to the involvement of oxygen of NTMP in 
the complex formation with iron. 

The N 1s peak (Fig. 6c) is shifted from 398 eV, 
characteristic binding energy for elemental nitrogen, 
to give two peaks, one at 398.1 eV and another one at 
400 eV. In case of the former peak, the shift is negli-
gible. The peak at 400 eV can be attributed to the 
NTMP molecules adsorbed on the metal surface. 
Ochoa et al.16 reported that the N 1s peak observed at 
400 eV is due to amine adsorbed on the metal surface. 

The XPS of carbon (Fig. 6d) shows three peaks, 
one each at 284.7, 286.4 and 288.2 eV, respectively, 

shifted from 285 eV, characteristic binding energy for 
elemental carbon. The first peak is essentially ac-
counted for by the presence of inhibitor molecules on 
the surface16. Meneguzzi et al.17 have reported, that, 
the peak at 286.8 eV can be ascribed to carbon atoms 
coupled singly to oxygen atoms (C-O) or to nitrogen 
atoms (C–N, C=N). Hence, the peak observed at 
286.4 eV in the present studies is due to the bond 
formed between either nitrogen of C-N in NTMP or 
oxygen of C-O in ascorbate or both with the metal. 
The peak observed at 288.2 eV may be due to differ-
ent carbon environments present in ascorbate ion, 
other than the carbon of C-O involved in bond forma-
tion with the metal.  

In the Zn 2p spectrum (Fig. 6e), the 2p3/2 peak is 
shifted to 1022.1 from 1021 eV, characteristic binding 
energy for the elemental Zn 2p3/2

18. Aramaki19 has 
reported a peak of Zn2+ (hydroxide) appearing at 
1022.7 eV. Hence, the peak observed at 1022.1 eV in 
the present study indicates the presence of Zn(OH)2 
on the surface. This shift may also be due to the in-
volvement of Zn(II) in the complex formation with 
inhibitor molecules. This is further supported by the 
shift of Zn 2p1/2 peak to 1045.1 eV from 1044 eV, 
characteristic binding energy for Zn 2p1/2

18. 
In the Fe 2p spectrum (Fig. 6f), the peak due to 

2p3/2 electron is shifted from 707 eV, characteristic 
binding energy of Fe 2p3/2 to give two peaks, one each 

 
 

Fig. 6—X-ray photoelectron spectra of individual elements of the surface film in the presence of ternary inhibitor system. (a) P 2p (b) O 
1s (c) N 1s (d) C 1s (e) Zn 2p and (f) Fe 2p 
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at 710.8 and 713.4 eV. The peak of Fe 2p3/2 obtained 
at 710.4 eV, can be ascribed20 to the presence of Fe3+, 
with a small contribution of the Fe-phosphonate com-
plex. Also, a peak at 711 eV is attributable20 to 
FeOOH. Nakayama and Akira21 reported that the peak 
at 711 eV is attributable to ferric compounds such as 
ferric oxides. Narmada22 reported that Fe 2p3/2 peak 
was shifted from 707 to 713.9 eV and inferred that 
iron exists in its higher oxidation state of +3 in the 
surface film, in the form of Fe2O3.H2O or Fe3O4.H2O. 
Hence, the two peaks observed at 710.8 and 713.4 eV 
in case of Fe 2p3/2 in the present studies can be attrib-
uted to the presence of Fe3+ in the surface film in the 
form of oxides/hydroxides, particularly Fe2O3, Fe3O4 
and α-FeOOH. It can also be attributed to the in-
volvement of Fe(III) in the complex formation with 
NTMP and ascorbate. The Fe 2p1/2 peak is shifted 
from 721 eV, characteristic binding energy, to give 
two peaks, one each at 724.1 and 726.1 eV. The peak 
of Fe 2p1/2 electron, observed at 724.1 eV is attribut-
able23 to Fe2O3 on the surface. The peaks observed in 
the case of Fe 2p1/2 electron in the present studies 
support the interpretation given above based on the 
shifts in the case of Fe 2p3/2 electron that iron exists in 
the Fe3+ state, in the form of oxides/hydroxides and 
involves in complex formation with phosphonate and 
ascorbate. 

Thus, the XPS are supportive of the formation of 
Zn(OH)2, oxides/hydroxides of iron, specifically, 
Fe2O3, Fe3O4 and α-FeOOH and complexes of Fe(III) 
and Zn(II) with NTMP as well as ascorbate, in the 
form of protective film on the metal surface. 
 
FTIR spectra 

The reflection absorption FTIR spectrum of the 
surface film in the presence of inhibitor is shown in 
Fig. 7. This spectrum shows a shift in P–OH stretch-
ing frequency to 1127 from 941 cm-1, observed in 
case of pure NTMP (FTIR spectra of pure NTMP and 
pure ascorbic acid, recorded using the same instru-
ment are not shown here). This result was inter-
preted24 by interactions of free P–O- with metallic 
species, viz., Zn(II) and Fe(III) to form P–O–metal 
bonds. The C=O stretching frequency for pure ascor-
bic acid is 1676 cm-1, which is shifted to 1630 cm-1 in 
the spectrum of the surface film. This can be inter-
preted in terms of the involvement of ascorbate in the 
complex formation with Fe(III) and Zn(II). A small 
peak at 1321 cm-1 indicates the formation of Zn(OH)2 
on the surface25. A peak around 797 cm-1 indicates the 
presence of α-FeOOH in the surface film26. A broad 

band in the range of 3000-3600 cm-1 can be assigned 
to the presence of superficial adsorbed water and 
stretching mode of O–H in the ascorbate ion or in 
NTMP. Gunasekaran and Chauhan27 reported that, 
broad bands in the range of 3000–3500 cm-1 can be 
assigned to the presence of adsorbed water, stretching 
mode of an O–H and/or N–H. 

Thus, the FTIR spectrum of the surface film indi-
cates the involvement of NTMP and ascorbate in the 
complex formation with Fe(III) and Zn(II) as well as 
the presence of Zn(OH)2 and α-FeOOH on the metal 
surface. 
 
Mechanism of corrosion inhibition 

In order to explain all the above results, the follow-
ing mechanism of corrosion inhibition is proposed, 
 

1 Before immersion of carbon steel in the aqueous 
environment consisting of Cl-, NTMP, Zn2+ and 
ascorbate, there is formation of complexes, viz., 
Zn2+-NTMP, Zn2+-ascorbate, Zn2+-NTMP-
ascorbate. These complexes are in equilibrium 
with free Zn2+, NTMP and ascorbate ions. 

2 When carbon steel is immersed in this environ-
ment, 
(i) There is diffusion of all the complexes men-
tioned above from the bulk of electrolyte to the 
metal surface and they complex further with 
Fe(III) available on the metal surface due to initial 
corrosion. 
(ii) Free Zn2+ ions diffuse to the metal surface, 
combine with OH− ions available at the cathodic 
sites due to oxygen reduction and form insoluble 
Zn(OH)2. This controls the cathodic reaction. 

3 The film formed on the surface of carbon steel 
consists of oxides/hydroxides of iron and zinc. It 
is also likely to comprise complexes of Fe(III) 
and Zn(II) with NTMP as well as ascorbate. XPS 
and reflection absorption FTIR spectrum of the 

 
 

Fig. 7—Reflection absorption FTIR spectrum of the surface film 
in presence of ternary inhibitor system 

 

T 
(%

) 



INDIAN J. CHEM. TECHNOL., NOVEMBER 2005 
 
 

634

surface film suggest the formation of these com-
plexes and the presence of Zn(OH)2 in the surface 
film. These complexes fill the pores of the ox-
ide/hydroxide film and make it nonporous and 
protective. 

4 With increase in pH, the required concentration of 
ascorbate increases. Higher concentration of 
ascorbate is necessary to offset the effect of ag-
gressive OH- ions in destabilizing the protective 
film and to make the film stable at higher pH val-
ues. 

 
Conclusion 

From the results of the study the following conclu-
sions can be drawn, 
 

1 Ascorbate has an outstanding role as a second 
synergist in the NTMP-Zn2+-ascorbate system to 
inhibit the corrosion of carbon steel. 

2 The ternary system, NTMP (20 ppm) – Zn2+ (20 
ppm) – ascorbate (5-75 ppm) is effective in a 
wide pH range such as 4-10. 

3 The required concentrations of both NTMP and 
Zn2+ are reduced and ascorbate, which is envi-
ronment friendly, is needed at very low concen-
trations. Thus, this new inhibitor formulation is 
more environment friendly. 

4 Both NTMP and ascorbate form stable complexes 
with metal ions, viz., Fe(III) as well as Zn(II) on 
the metal surface. 

5 The ternary system acts as a mixed inhibitor, pre-
dominantly cathodic in nature. 

6 The protective film consists of α-FeOOH, Fe2O3, 
Fe3O4 and possibly complexes of Fe(III) and 
Zn(II) with NTMP as well as ascorbate. 
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