
Several phosphonic acids have been used as
corrosion inhibitors, due to their ability to
form complexes with metal ions and scale
inhibiting property[1-11]. The present work
is undertaken:
• to study the synergistic effect of sodium

salt of ethyl phosphonic acid (EPA) and
Zn2+ on the inhibition of corrosion of mild
steel in neutral aqueous environment
containing 60ppm Cl–, a situation com-
monly encountered in cooling water tech-
nology; and

• to understand the nature of the protective
film by using x-ray diffraction, FTIR, uv-
visible and luminescence spectra.

Experimental

Preparation of the specimens
Mild steel specimens (0.02-0.03 per cent S,
0.03-0.08 per cent P, 0.4-0.5 per cent Mn,
0.1-0.2 per cent C and the rest iron) of the
dimensions 1 × 4 × 0.2cm were polished to
mirror finish and degreased with trichloroeth-
ylene and used for the weight-loss method
and surface examination studies.

Weight-loss method
Three mild steel specimens were immersed in
100ml of the solutions containing various
concentrations of the inhibitor in the absence
and presence of Zn2+, for a period of seven
days. The weights of the specimens before
and after immersion were determined using a
Mettler balance, AE-240.

Surface examination study
The mild steel specimens were immersed in
various test solutions for a period of two days.
After two days, the specimens were taken 
out and dried. The nature of the film formed
on the surface of the metal specimens was
analysed by various surface analysis 
techniques.
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Abstract
The synergistic effect of sodium salt of ethyl phosphonic
acid (EPA) and Zn2+ on the inhibition of corrosion of mild
steel in neutral aqueous environment containing 60 ppm
Cl– has been evaluated by the weight-loss method. The
formulation consisting of 300 ppm EPA and 300 ppm Zn2+

has 88 per cent  inhibition efficiency. The nature of the
protective film formed on the metal surface has been
analysed by x-ray diffraction, FTIR, uv-visible and lumines-
cence spectra. The protective film is found to be lumines-
cent and to consist of Fe2+ –EPA complex, Zn (OH)2 and a
very thin film of oxides of iron.
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The FTIR spectra
The FTIR spectra were recorded using a
Perkin-Elmer 1600 FTIR spectrophotometer.

The uv-visible spectra
The uv-visible reflectance spectra were
recorded using a Hitachi U-3400 spectropho-
tometer. The same instrument was used for
recording uv-visible absorption spectra of
aqueous solutions also.

X-ray diffraction technique
The XRD patterns of the film formed on the
metal surface were recorded using a computer
controlled x-ray powder diffractometer,
JEOL, JDX 8030 with CuKa(Ni-filtered)
radiation (l = 1.5418 Å) at a rating of 40kV,
20mA.

Luminescence spectra
The luminescence spectra of the film formed
on the metal surface were recorded using a
Hitachi 650-10 S fluorescence spectropho-
tometer equipped with a 150W Xenon lamp
and a Hamamatsu R 928 F photomultiplier
tube. The emission spectra were corrected for
the spectral response of the photomultiplier
tube used.

Results and discussion

Analysis of the results of weight-loss
method
Corrosion rates of mild steel in neutral aque-
ous environment containing 60ppm chloride
in the absence and presence of inhibitor at
various concentrations obtained by the
weight-loss method are given in Table I. The
corrosion inhibition efficiencies of the system,
ethyl phosphonic acid (EPA)–Zn2+ are also
given in Table I.

It is evident from these results that EPA by
itself is a poor corrosion inhibitor. Also, Zn2+

is found to be corrosive. However, interesting-
ly, EPA–Zn2+ combination offers good corro-
sion inhibition at 300ppm each of EPA and
Zn2+. This clearly indicates the synergistic
effects of EPA and Zn2+ combination. It is
observed that the formulation consisting of
300ppm EPA and 300ppm Zn2+ offers 88 per
cent inhibition efficiency. A thin interference
film, embedded in a very thin brown film is
observed on the surface of the inhibited metal
during the weight-loss experiment.

Analysis of the uv-visible absorption
spectra of solutions
The uv-visible absorption spectra of various
test solutions are given in Figure 1. In 
comparison to the absorbance value at 192nm
in the case of 300ppm EPA alone, one can see
an increase in the absorbance when 300ppm
Zn2+ is added to 300ppm EPA. This suggests
the possibility of the formation of a complex
between EPA and Zn2+ in solution. The λmax
shifts from 192-235nm, in the case of the
solution containing 300ppm EPA and
100ppm Fe2+. Besides, there is an increase in
absorbance also. These observations indicate
the formation of Fe2+–EPA complex also in
solution.
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Table I Corrosion rates of mild steel in neutral aqueous environment 
(Cl– = 60 ppm) in the presence and absence of inhibitor and the inhibition
efficiencies obtained by the weight-loss method inhibitor system: EPA + Zn2+

Concn. of Concn. of Corrosion Inhibition
S1. EPA Zn2+ rate efficiency
No. ppm ppm mdd (%)

1 0 0 15.54 –
2 300 0 15.25 2
3 300 10 10.88 30
4 300 50 6.22 60
5 300 100 3.42 78
6 300 150 3.11 80
7 300 200 2.80 82
8 300 300 1.87 88
9 0 300 22.53 –45
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Figure 1 UV-visible absorption spectra of solutions

Note: a EPA 300 ppm
b Zn2+ 300 ppm
c EPA 300 ppm + Zn2+ 300 ppm
d Fe2+ 100 ppm
e EPA 300 ppm + Fe2+ 100 ppm



Analysis of the FTIR spectra
The FTIR spectrum of pure EPA is given in
Figure 2a. The FTIR spectrum of the film
carefully scratched from the surface of 
the metal immersed in the environment 
containing 60ppm Cl– and 300ppm EPA is
given in Figure 2b. It is interesting to note that
the P-O stretching frequency of EPA decreas-
es from 1,071.1 to 1,025.8cm–1. This shift
may be caused by the decrease of electron
cloud density of P-O bond. Owing to the shift
of the electron cloud density from O atom to
Fe2+, it is suggested that the O atom of the
phosphonic acid is coordinated to Fe2+[12-
17] resulting in the formulation of Fe2+–EPA
complex on the metal surface.

The FTIR spectrum of the film scratched
from the surface of the metal immersed in the
environment consisting of 60ppm Cl–,
300ppm EPA and 300ppm Zn2+ is given in
Figure 2c. It is seen from the spectrum that
the P-O stretching frequency decreases from
1,071 to 997.5cm–1. This also suggests that
the O atom of the phosphonic acid is coordi-
nated to Fe2+. This confirms the formation of
Fe2+–EPA complex on the metal surface.

Further, the band at 1,320cm–1 is due to
Zn(OH)2[1].

Now the following question arises. When
the complex formed on the metal surface is
the same (i.e. Fe2+ – EPA complex), what
could be the reason for the observed differ-
ence in the corrosion inhibition efficiencies in
the presence and absence of Zn2+. The inter-
pretation is as follows. In the absence of Zn2+,
the complex formed at the anodic sites is not
able to protect the metal surface from corro-
sion due to the constant action of the aggres-
sive chloride ion which breaks this film on the
anodic sites. On the other hand, in the pres-
ence of Zn2+ and EPA, there is formation of
Zn(OH)2 at the cathodic sites which controls
the cathodic reaction besides the formation of
Fe2+ – EPA complex at the anodic sites, and
hence, the observed higher corrosion inhibi-
tion efficiency in the presence of EPA – Zn2+

combination.

Analysis of the uv-visible reflectance
spectra
The uv-visible reflectance spectra of the films
formed on the surfaces of the metal specimens
immersed in various test solutions are given in
Figure 3. The uv-visible reflectance spectra of
the unpolished metal, of the polished metal
immersed in the environment containing
60ppm Cl–, and that of the polished metal
immersed in the environment consisting of
60ppm Cl– and 300ppm Zn2+, show wave-
length transition at 550nm revealing that the
band gap (Eg) of the film formed on the above
surfaces is Eg = 1.239/0.55 = 2.25 eV. This
indicates that the film formed on the above
surfaces consists of oxides of iron[18-21]
having semiconducting property[22-25].

On the other hand, the uv-visible
reflectance spectrum of the polished metal
does not show any wavelength transition at
550nm. This may be due to the thinness of
the iron oxide film.

The uv-visible reflectance spectrum of the
film immersed on the surface of the polished
metal immersed in solution containing
60ppm Cl– and 300ppm EPA (Figure 3e)
shows gain wavelength transition at 500nm
indicating the presence of oxides of iron. The
absorption peak at 235nm corresponds to the
presence of Fe2+–EPA complex embedded in
oxides of iron.

It is observed from the uv-visible
reflectance spectrum of the film formed on
the surface of the metal immersed in the
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Figure 2 FTIR spectra of EPA (a) and of mild steel surface immersed in various
environments (b,c)

Note: a pure EPA
b C1– 60 ppm + EPA 300 ppm
c C1– 60 ppm + EPA 300 ppm + Zn2+ 300 ppm



environment consisting of 60ppm Cl–,
300ppm EPA and 300ppm Zn2+ (Figure 3f),
that wavelength transition takes place at
420nm. The band gap of the protective film is
found to be Eg = 1.239/0.42 = 2.95 eV, that is
an increase in the value of band gap from 2.25
eV to 2.95 eV upon the addition of 300ppm
Zn2+ to the formulation consisting of 60ppm
Cl– and 300ppm EPA is noticed. It is interest-
ing to note that this protective film offers an
inhibition efficiency of 88 percent, as revealed
by the weight-loss method. It is also observed
from the spectrum that the absorption peak at
240nm corresponds to Fe2+–EPA complex,
which is in agreement with the result obtained
from the uv-visible absorption spectra of
solutions.

Analysis of the X-ray diffraction patterns
The X-ray diffraction (XRD) patterns of the
film formed on the surfaces of the metal
specimens immersed in various test solutions
are given in Figure 4.

The surface of the unpolished metal con-
tains Γ–FeOOH (2θ = 13.6°), Fe3O4 (2θ =
35.7°) and α–FeOOH (2θ = 58.2°). The peak
due to iron occurs at 2θ = 44.2°[26]. In the
case of polished metal, the peaks due to iron
appear at 2θ = 44.8°, 65.1°, 82.4° and 99.0°.
With the metal specimen immersed in 60ppm
Cl– solution, in addition to iron peaks, peaks
due to magnetic (Fe3O4) occur at 2θ = 30.1°,
35.5° and 62.5°[26]. This indicates that in the
chloride environment, mild steel specimen

has undergone corrosion leading to the for-
mation of magnetite.

The XRD pattern of the surface of the
metal immersed in solution containing
60ppm Cl– and 300ppm Zn2+ is given in
Figure 4d. It is observed that the peaks due to
iron occur at 2θ = 44.4°, 64.8° and 82.2°. The
peaks corresponding to Γ–FeOOH appear at
20 = 36.6° and 61.1°[26].

The XRD pattern of the surface of the
metal immersed in the solution containing
60ppm Cl– and 300ppm EPA is given in
Figure 4e. It is found that the brown film
formed on the surface contains α–FeOOH
(2θ = 52.9°) and Γ–FeOOH (2θ = 14.2°,
36.5°, 47.2° and 60.8°). The peaks due to
iron occur at 2θ = 44.9°, 65.3° and 82.6°[26].
The XRD pattern of the surface of the metal
immersed in the solution containing 60ppm
Cl–, 300ppm EPA and 300ppm Zn2+ is given
in Figure 4f. It is observed that the peaks due
to iron occur at 2θ = 44.9°, 65.2° and 82.6°.
The peaks due to oxides of iron such as
Fe3O4, a–FeOOH and Γ–FeOOH are found
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Figure 3 UV-visible reflectance spectra of mild steeel
surface immersed in various environments

Note: a unpolished
b polished
c polished + C1– 60 ppm
d C1– 60 ppm + Zn2+ 300 ppm
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Figure 4 XRD patterns of mild steel surface immersed in
various environments

Note: a unpolished
b polished
c polished + C1– 60 ppm
d C1– 60 ppm + Zn2+ 300 ppm
e C1– 60 ppm  + EPA 300 ppm
f C1– 60 ppm  + EPA 300 ppm + Zn2+ 300 ppm



to be absent, even though visual observation
reveals very small amount of brown film along
with a thin interference film. It may be due to
the fact that this film is too thin to be detected
by XRD technique.

Analysis of the luminescence spectra
The luminescence spectra (λex = 300nm) of
the films formed on the surfaces of the metal
specimens immersed in various test solutions
are given in Figures 5a and 5b. The lumines-
cence spectrum of the film formed on the
surface of the metal immersed in 60ppm Cl–

and 300ppm EPA is given in Figure 5a. It is
observed that the intensities of the peaks are
very weak. However, increase in intensities of
the peaks is noticed in the presence of 60ppm
Cl–, 300ppm EPA and 300ppm Zn2+. This
can be explained as follows. Ethyl phosphonic
acid alone is not a good inhibitor, and there is
formation of several oxides of iron on the
surface. The composition of these oxides is so
high that the complex formed between Fe2+

and EPA is masked, and hence, decrease in
intensity of the luminescence. In the presence
of EPA and Zn2+, 88 per cent inhibition
efficiency is achieved because of the enhanced
formation of the protective film of Fe2+–EPA
complex. This film is not very much masked
by oxides of iron, and hence, increase in
intensity of the luminescence is noticed.

Mechanism of corrosion inhibition
Results of the weight-loss method reveal that
the formulation consisting of 300ppm ethyl

phosphonic acid (EPA) and 300ppm Zn2+

offers an inhibition efficiency of 88 per cent.
The uv-visible absorption spectra indicate the
possibility of formation of the Fe2+–EPA
complex and also Zn2+–EPA complex in
solution. The FTIR spectra show that
Fe2+–EPA complex and Zn(OH)2 are present
on the inhibited metal surface. Luminescence
spectra reveal that the formation of Fe2+–EPA
complex on the metal surface is enhanced by
the presence of Zn2+ in the environment. The
uv-visible reflectance spectra show the pres-
ence of Fe2+–EPA complex on the metal
surface and the band gap of the protective film
is found to be 2.95eV. The XRD pattern of
the protective film corresponds to iron peaks
only. In order to explain all the observations in
a holistic way, a suitable mechanism of corro-
sion inhibition is proposed as follows:
(1) When mild steel specimen is immersed in

the neutral aqueous environment, the
anodic reaction is:
Fe → Fe2+ + 2e–

And the cathodic reaction is:
2 H2O + O2 + 4e– → 4 OH–

(2) When the environment consisting of
60ppm Cl– + 300ppm EPA + 300ppm
Zn2+ is prepared, there is formation of
Zn2+–EPA complex in solution.

(3) Now, when the metal (mild steel) is
immersed in this environment, the
Zn2+–EPA complex diffuses from the
bulk of the solution to the surface of the
metal.

(4) On the surface of the metal, Zn2+–EPA
complex is converted into Fe2+–EPA
complex in the local anodic regions as the
latter is more stable than the former:
Zn2+–EPA + Fe2+ → Fe2+–EPA + Zn2+

(This reaction takes place on the surface
of the metal in the local anodic regions.)
(Formation of Fe2+–EPA complex also to
some extent cannot be ruled out.)

(5) Now, the released Zn2+ ion on the surface
will form Zn(OH)2 precipitate in the local
cathodic regions:
Zn+2 + 2 OH– → Zn(OH)2

(6) Thus, the protective film consists of
Fe2+–EPA complex, Zn(OH)2 and very
thin film of oxides of iron.

Conclusions

(1) The formulation consisting of 300ppm
EPA and 300ppm Zn2+ has 88 per cent
inhibition efficiency.
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Figure 5 Luminescence spectra of mild steel surface immersed in various
environments

Note: a C1– 60 ppm + EPA 300 ppm
b C1– 60 ppm + EPA 300 ppm + Z2+ 300 ppm



(2) The protective film formed on the metal
surface is found to be luminescent and to
consist of Fe2+–EPA complex, Zn(OH)2
and a very thin film of oxides of iron.
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