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Abstract

The effect of amino (trimethylene phosphonic acid),
(ATMP), molybdate and Zn2* on the inhibition of corrosion
of mild steel in a neutral aqueous environment containing
60 ppm CI- has been evaluated by the weight - loss
method. It is found that the formulation consisting of 50
ppm ATMP, 300 ppm M00,2" and 50 ppm Zn?* has 96 per
cent inhibition efficiency. The nature of the protective film
has been analysed by X-ray diffraction technique FTIR and
luminescence spectra. It seems that the protective film
consists of Fe,(M00,);, ZnMoO,, Fe?*-ATMP complex and
Zn(OH),. This film is found to be luminescent.
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Introduction

Several phosphonic acids have been used as
corrosion inhibitors due to their ability to
form complexes with metal ions, their
hydrolytic stability and scale inhibiling prop-
erty (Breske, 1977; Du Thanbao et al., 1997;
Fangetal., 1993; Galkin et al., 1996;
Gunasekaran et al., 1997; Hatch and Ral-
ston, 1972; Horvath et al., 1994; Hwa, 1969;
Kubicki et al., 1988; Kuznetsov, and Barda-
sheva, 1988; Rajendran et al., 1995; 1996a;
1996bh; 1996c; Sekine and Kirakawa, 1986).
They show synergistic effect with several
chemicals such as zinc (Gunasekaran et al.,
1997; Hatch and Ralston, 1972; Kubicki et
al., 1988; Kuznetsov, and Bardasheva, 1988;
Rajendran et al., 1995; 1996a; 1996b;
1996¢; Sekine and Kirakawa, 1986), molyb-
date (Breske, 1977; Rajendran et al., 1996c¢),
carboxylic acids (Kubicki et al., 1988) and
dichromate (Hatch and Ralston, 1972; Hwa,
1969).

In the present work, the effect of amino
(trimethylene phosphonic acid) (AT MP),
molybdate and Zn2* on the inhibition of
corrosion of mild steel in neutral aqueous
environment containing 60 ppm CI- has been
evaluated by the weight-loss method. Poten-
tiostatic polarisation study has been used to
determine the nature of the inhibitor —
whether anodic, cathodic or mixed. The
nature of the inhibitive film has been
analysed by X-ray diffraction (XRD) tech-
nigue FTIR and luminescence spectra.

Experimental

Preparation of the specimens

Muild steel specimens (0.02 to 0.03 per cent
S,0.03t00.08 percentP, 0.4to00.5 per
cent Mn, 0.1to 0.2 per cent C and the rest
iron) of the dimensions 1 x 4 x 0.2 cm were
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polished to mirror finish and degreased with
trichloroethylene and used for the weight-
loss method and surface examination stud-
ies. For potentiostatic polarisation studies,
mild steel rod encapsulated in Teflon with an
exposed cross section of 0.5 cm diameter was
used as the working electrode. Its surface
was polished to mirror finish and degreased
with trichloroethylene.

Weight-loss method

Mild steel specimens, in triplicate, were
immersed in 100 ml of the solutions contain-
ing various concentrations of the inhibitor in
the absence and presence of Zn2*, or a peri-
od of seven days. The weights of the speci-
mens before and after immersion were deter-
mined using Mettler balance, AE-240.

Potentiostatic polarisation study

This study was carried out in a three elec-
trode cell assembly connected to Bioanalyti-
cal system (BAS - 100A) electrochemical
analyser, provided with IR compensation
facility, using mild steel as the working elec-
trode, platinum as the counter electrode and
saturated calomel electrode as the reference
electrode.

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 speci-
mens was analysed by various surface analy-
sis techniques.

The FTIR spectra

The FTIR spectra were recorded using
Perkin-Elmer 1600 FTIR spectrophotome-
ter.

X-ray diffraction technique

The XRD patterns of the film formed on the
metal surface were recorded using a comput-
er controlled X-ray powder diffractometer,
JEOL JDX 8030 with CuK (Ni-filtered)
radiation (A = 1.5418) at a rating of 40 kV,
20 mA. The scan rate was 0.05-20° per step
and the measuring time was 1 second per
step.
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Luminescence spectra

The luminescence spectra of the film formed
on the metal surface were recorded using
Hitachi F-4500 fluorescence spectropho-
tometer.

Results and discussion

Analysis of the results of the weight-loss
method

Corrosion rates of mild steel immersed in
neutral agueous environments containing 60
ppm CI-, in the absence and presence of
inhibitors, are given in Table I. The inhibi-
tion efficiencies are also given in Table I and
it can be seen that while 50 ppm ATMP has
15 per cent inhibition efficiency, 50 ppm
Zn2* is found to be corrosive. Interestingly
the formulation consisting of 50 ppm ATMP
and 50 ppm Zn?2* has 45 per cent inhibition
efficiency. This suggests the synergistic effect
existing between ATMP and Zn2*. The
formulation consisting of 50 ppm Zn?* and
300 ppm MoO,?" has 90 per cent inhibition
efficiency. This indicates the synergistic
effect of the Zn2+MoO42‘ system. Itis very
interesting to note that the formulation
consisting of 50 ppm ATMP and 300 ppm
MoO42' has only 32 per cent. This suggests
the antagonistic effect existing between
ATMP and MoO,?-.

Itis also inferred from Table | that the
formulation consisting of 50 ppm ATMP,
300 ppm MoO,2" and 50 ppm Zn?* has 96
per cent inhibition efficiency.

Analysis of potentiostatic polarisation
curves

Potentiostatic polarisation curves of mild
steel immersed in various environments are
given in Figure 1. It is found that ATMP
alone or M0oO,?" alone or the ATMP-
MoO42' system acts as anodic inhibitor. It is
interesting to note that the formulation
consisting of 50 ppm ATMP, 300 ppm
Mo0,2- and 50 ppm Zn?* shifts the corro-
sion potential to the cathodic side (from -
389 mV us SCE to -598mV us SCE). This
suggests that this formulation controls the
cathodic reaction predominantly.
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Table I Corrosion rates of mild steel in neutral aqueous environment (CI' = 60 ppm) in the absence and presence of
inhibitor and the inhibition efficiencies obtained by the weight-loss method

Sample ATMP n%* Mo0, Corrosion Inhibition
number (ppm) (ppm) (ppm) rate (mdd) efficiency (%)
1 0 0 0 15.54 -

2 50 0 0 13.21 15

3 0 50 0 19.11 -23

4 50 50 0 8.55 45

5 0 0 300 311 80

6 0 50 300 1.58 90

7 50 50 300 0.62 96

8 50 0 300 10.57 32

Figure 1 Potentiostatic polarisation curves of mild steel in various

environments
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(a) CI~ (60ppm)
(b) CI- (60ppm) + ATMP (50ppm)
(c) CI- (60ppm) + Moof_ (300ppm)
(d) CI~ (60ppm) + ATMP (50ppm) + Mo0,” (300ppm)
(e) CI= (60ppm) + ZnZ*(50ppm)
(f) CI- (60ppm) + ATMP (50ppm) + M0042_ (300ppm) + ZnZ*(50ppm)

Analysis of the XRD patterns
The XRD patterns of mild steel surfaces

immersed in various environments are given

in Figure 2.
The XRD pattern of the polished metal

surface is given in Figure 2a. The peaks due

to iron appear at 20 = 44.8°, 65.1° and

82.4°. This suggests the absence of oxides of

iron such as y-FeOOH and Fe;O, on the
metal surface (Favre and Landolt, 1993).
This is probably due to the very thinness of
the oxide film.
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The XRD pattern of the film formed on the
surface of the metal immersed in the envi-
ronment consisting of 60 ppm CI-, 50 ppm
ATMP and 300 ppm MoO,?" is given in
Figure 2b. The peaks at 26 = 13.7°, 15.3°,
20.1°, 22.6°, 24.7° and 27.2° suggest the
presence of iron-molybdate complex,
Fe,(M00O,), on the metal surface (JCPDS
Nr. 200526). The peaks due to iron appear
at 26 = 44.5°,64.9° and 82.3°.

The XRD pattern of the film formed on
the surface of the metal immersed in the
environment consisting of 60 ppm CI- 50
ppm ATMP, 300 ppm MoO,2- and 50 ppm
Zn2* is given in Figure 2c.

The peaks at 26 = 13.8°, 20.1° and 22.7°
suggest the presence of Fe2(MoO,), com-
plex on the metal surface (JCPDS Nr.
200526). The peak at 26 = 30.38° is due to
ZnMoO, (JCPDS Nr. 251024). The iron
peaks occur at 26 = 44.8°, 65.1° and 82.4°.

Analysis of FTIR spectra

The FTIR spectra of pure ATMP and pure
sodium molybdate are given in Figures 3a
and b. The FTIR spectrum of the solid iron-
molybdate complex prepared by mixing
ferrous sulphate solution and sodium
molybdate solution is given in Figure 3c. It is
observed that the Mo-O frequency decreases
from 818.1cm1 to 798.2cm-1.

The FTIR spectrum (KBr) of the film
scratched from the surface of the metal
immersed in the environment consisting of
60 ppm CI, 50ppm ATMP and 300ppm
MoO42' is given in Figure 3d. It is found that
the Mo-O frequency is shifted from 818.1
cm-1 to 763.6cmL. This shift may be caused
by the decrease of electron cloud density of
Mo-0O bond. Due to the shift of electron
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Figure 2 XRD patterns of mild steel surface immersed in various Figure 3 FITR spectra of mild steel surface immersed in various environments
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P

e

ppm CI-, 50 ppm ATMP, 300 ppm MoO %
and 50 ppm Zn?* is given in Figure 3e. It is
observed that the Mo-O frequency decreases
from 818.1 cm to 800 cm-1. Thissuggests  dranetal., 1995, 1996a, 1997c; Horner and
the presence of iron molybdate complex on Horner, 1976). The peak at 1,344 cmis

the metal surface. due to Zn(OH)?% (Sekine and Kirakawa,
Further, it is observed that the P-O 1986).

stretching frequency of ATMP decreases

from 1,002cm to 972.7 cm1; the C-N Analysis of luminescence spectra

stretching frequency decreases from The emission spectra (A, = 413 um) of the

1,145cm1 to 1,066.7cm L. It is suggested film formed on the surface of the metal

that ATMP is coordinated to Fe2* through O  specimens immersed in various environ-

atom and N atom (Fang et al., 1993, Rajen- ments are given in Figures 4a and b.
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Figure 4 Luminescence spectra of mild steel surface immersed in various
environments
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(a) CI~ (60ppm) + ATMP (50ppm) + MoO42_ (300ppm)
(b) CI~ (60ppm) + ATMP (50ppm) + MoOAZ_ (300ppm) + Zn2+(50ppm)

The emission spectrum of the film formed
on the surface of the metal immersed in the
environment containing 60 ppm CI-, 50 ppm
ATMP and 300 ppm MoO,?" is given in
Figure 4a and that of the metal immersed in
the environment consisting of 60 ppm Cl-,
50 ppm ATMP, 300 ppm MoO,% and 50
ppm Zn2* is given in Figure 4b. They show
peaks at 463 pm and 505 um. It is very inter-
esting to note that in the presence of ZnZ*
there is increase in the intensity of the peaks.
This suggests that the formation of protec-
tive film is enhanced in the presence of Zn?*,
This is in agreement with the results of the
weight-loss method which reveal that in the
presence of ZnZ* the inhibition efficiency
increases from 32 to 96 per cent.

Mechanism of corrosion inhibition
The results of the weight loss method show
that the formulation consisting of 50 ppm
ATMP, 300 ppm MoO,?" and 50 ppm Zn2*
had an inhibition efficiency of 96 per cent.
The polarisation study reveals that this sys-
tem controlled the cathodic reaction pre-
dominantly. The XRD pattern shows that
the protective film consisted of Fe,(Mo0O,),
and ZnMoO,. The FTIR spectra indicate
that the protective film consisted of Fe2*-
ATMP complex, iron molybdate complex
and Zn(OH),.

The film was found to be luminescent. In
order to explain these observations in a
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holistic way, the following mechanism of
inhibition of corrosion is proposed.
When the environment consisting of 60
ppm CI-, 50 ppm ATMP, 300 ppm
Mo0O,2  and 50 ppm Zn?* is prepared,
there is formation of Zn2*-ATMP com-
plex and Zn?*-Mo0O ,2- complex in solu-
tion.
When the metal is immersed in this envi-
ronment, the Zn2*-ATMP complex and
Zn?*-Mo0O,?- complex diffuse from the
bulk of the solution to the surface of the
metal.
On the surface of the metal, the Zn?*-
ATMP complex is converted into Fe2*-
ATMP complex in the local anodic sites.
Zn?*-ATMP + Fe,+ - Fe,+-ATMP +
Zn2*,
Similarly, the Zn?*-MoO 2 complex is
converted into iron-molybdate complex,
namely, Fe,(MoO,).

3Zn?*-Mo0,% + 2 Fe3* -,

Fe,(MoO,), + 3 Zn?*
(Formation of Fe3*-ATMP complex and
Fe2*-Mo0O,2- complex to some extent
cannot be ruled out.)
The released Zn?* on the metal surface
forms Zn(OH), in the local cathodic
regions.

Zn?* +2 OH" - Zn(OH), !
ZnMoO - also forms on the metal sur-
face.

Conclusions

The formulation consisting of 60 ppm CI-,
50 ppm ATMP and 300 ppm MoO,2?" has
32 per cent inhibition efficiency. The
inhibitive film consists of Fe,(M00O,),
complex.

The formulation consisting of 60 ppm CI-,
50 ppm ATMP, 300 ppm MoO42' and 50
ppm Zn2* has 96 per cent inhibition
efficiency. The inhibitive film consists of
Fe,(M00O,),, ZnMoO,, Fe?*-ATMP
complex and Zn(OH),.

The protective film is found to be lumi-
nescent.

This formulation may be used in cooling
water systems.
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