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Synergistic effect of ethylphosphonic acid—Zn®" system in controlling corrosion
of carbon steel in chloride medium
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The inhibition efficiency of ethylphosphonic acid (EPA) in controlling corrosion of carbon steel, immersed in an
aqueous solution containing 120 ppm of Cl” and sulphate ion, has been evaluated by weight loss method in the absence
and presence of Zn>". Weight loss study reveals that the formulation consisting of 250 ppm of EPA, 50 ppm of Zn*" and
73.58 ppm of sulphate ion has 84% inhibition efficiency in controlling corrosion of carbon steel, immersed in an
aqueous solution containing 120 ppm of CI. Synergism parameters suggest that a synergistic effect exists between EPA
and Zn*". Polarization study reveals that this system functions as an anodic inhibitor. AC impedance spectra reveal that
a protective film is formed on the metal surface. FTIR spectra reveal that the protection film consists of Fe*'~EPA

complex. This is confirmed by UV-visible reflectance spectra.

Key words: Carbon steel, corrosion inhibition, phosphonic acid, UV spectra, synergistic effect, F-test

INTRODUCTION

Inhibition of corrosion and scaling can be done
by the application of inhibitors. It is noted that the
effect of corrosion inhibitors is always caused by
change in the state of surface, being protected due to
adsorption or formation of hardly soluble compounds
with metal cations. Several phosphonic acids have
been used as corrosion inhibitors along with metal
cation such as Zn®" [1-5]. Phosphonic acids are the
inhibitors which have been widely used due to their
stability, ability to form complexes with metal
cations and scale inhibiting properties [6—8]. Elec-
trochemical techniques have been used in corrosion
inhibition studies of carbon steel by phosphonic
acids [9, 10]. The electrochemical techniques have
provided only macroscopic details of the redox reac-
tion and no mechanistic information [11-13]. To
understand the mechanism of the effect of inhibitors
on the metal surface analytical techniques for
surface must be used [14, 15]. The aim of the
present study is to investigate synergistic corrosion
inhibition for the EPA and Zn®" combination to
carbon steel immersed in aqueous solution
containing 120 ppm of CI” and 29.43 ppm of
sulphate ion. The corrosion inhibition efficiency has
been evaluated using weight loss method.
Electrochemical studies such as polarization and AC
impedance spectra have been employed. The
protective film formed on the metal surface was
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characterized with the help of surface analytical
techniques such as UV-visible reflectance spectra
and Fourier transform infrared (FTIR) spectroscopy.

METHODS AND MATERIALS

Carbon steel (0.026% S, 0.06% P, 0.4% Mn,
0.1% C and the rest Fe) specimens of dimensions
4x1x0.2 cm were used for weight loss study.
Carbon steel encapsulated in teflon was polished to
a mirror finish and degreased with trichloroethylene.
The surface area of the exposed metal surface was 1
cm’. This specimen was used in electrochemical
studies.

The experiment was carried out at room tem-
perature (37°C). Three carbon steel specimens were
immersed in 100 ml of the solution containing 120
ppm of CI” and sulphate ion and various concen-
trations of the inhibitor in the absence and presence
of Zn*" (ZnS0,.7H,0) for a period of 5 days. The
weight of the specimen before and after immersion
was determined using Shimadzu balance AY62.
Inhibition efficiency (IE) was calculated from the
relationship IE = (1 — W»/W;)x100, where W, =
corrosion rate in the absence of inhibitor, and W, =
corrosion rate in the presence of the inhibitor.

The carbon steel specimens were immersed in
various test solution for a period of 5 days. After 5
days, the specimens were taken out and dried. The
film formed on the surface of the metal specimens,
was analysed by surface analysis technique.
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IR spectra were recorded with a Perkin'Elmer-
1600 spectrophotometer. The FTIR spectrum of the
protective film was recorded by carefully removing
the film, mixing it with KBr and making the pellet.

Polarization study was carried out in an H and
CH electrochemical work station Impedance
Analyzer Model CHI 660A, provided with iR
compensation facility, using a three electrode cell
assembly. Carbon steel was used as working elec-
trode, platinum as counter electrode and saturated
calomel electrode (SCE) as reference electrode.
After having done iR compensation, polarization
study was carried out. The corrosion parameters
such as linear polarization resistance (LPR), corro-
sion potential FE.,,, corrosion current /., and
Tafel’s slopes (b, and b.) were measured.

AC impedance spectra were recorded in the same
instrument used for polarization study, using the
same type of three electrode cell assembly. The real
part (Z’) and imaginary part (Z2”) of the cell impe-
dance were measured in Ohms for various frequen-
cies. The charge transfer resistance (R;) and double
layer capacitance (Cy) values were calculated.

UV-visible absorption spectra of solutions were
recorded using a Hitachi Model U-3400 spectro-
photometer. The same instrument was used for
recording UV-visible reflectance spectra of the film
formed on the metal surface.

RESULTS AND DISCUSSION

Corrosion rates of carbon steel, immersed in an
aqueous solution containing 120 ppm of CI, in the
absence and presence of EPA and Zn*" and sulphate
ion, obtained by weight loss method are given in
Table 1. The inhibition efficiencies are also given in
this table.

Table 1. Corrosion rates (CR) of carbon steel, immersed
in an aqueous solution containing 120 ppm of Cl ion in
the absence and presence of inhibitor and the inhibition
efficiencies (IE) obtained by weight loss method (when
Zn*" = 25 ppm, sulphate ion = 36.79 ppm; when Zn ** =
50 ppm, sulphatae ion = 73.58 ppm). Inhibitor EPA + Zn*";
Immersion period 5 days.

Zn*', ppm
ClI"  EPA, 0 25 50

ppm  ppm - cp’ IE, CR, IE, CR, IE,
mdd % mdd % mdd %

120 0 18.36 - 21.66 18  19.09 4
120 50 17.44 5 1322 28 8.44 54
120 100 16.16 12 1248 32 6.43 65
120 150 15.05 18 10.10 45 5.14 72
120 200 14.69 20 9.55 48 3.67 80
120 250 1395 24 8.81 52 2.94 84

It is observed that when carbon steel is immersed

120

in 120 ppm of CI', the corrosion rate is 18.36 mdd.
Upon addition of various concentrations of EPA, the
corrosion rate slowly decreases. The inhibition
efficiency gradually increases from 5% to 24% (250
ppm of EPA has 24% IE). That is the formulation
consisting of 250 ppm of EPA in 120 ppm of CI ion
environment, has 24% IE.

The influence of a divalent metal ion, Zn*', on
the efficiency of ethyl phosphonic acid, in control-
ling corrosion of carbon steel, is given in Tables 2
and 3. It is observed that in the presence of 25 ppm
of Zn*", (and 36.79 ppm of sulphate ion), the IE of
EPA slightly improves. The divalent Zn>" ion forms
a complex with EPA, diffuses towards the carbon
steel surface, forms Fe’’~EPA complex on metal
surface and Zn”" is released. In the presence of 50
ppm of Zn*", (73.58 ppm of sulphate ion), the
inhibition efficiency of EPA further increases.

A synergistic effect exists between Zn*" and
EPA. For example 50 ppm of Zn>" (73.58 ppm of
sulphate ion) has 4% IE. (The negative IE indicates
the acceleration of corrosion rate in presence of Zn*"
alone). 250 ppm of EPA has 24% IE. However, their
combination has 84% IE. This is due to the syner-
gistic effect existing between EPA and Zn®".

Synergism parameters were calculated using the
relation:

St1=(1 = Li2)/(I-1112)

where I+, = (I} + 1) — (I1%); I} = inhibition effi-
ciency of substance 1; /; = inhibition efficiency of
substance 2; I’1., = combined inhibition efficiency
of substance 1 and 2.

Synergism parameters are indications of syner-
gistic effect existing between two inhibitors [16,
17]. The values of synergism parameters (Table 2)
are greater than one, indicating synergistic effect
existing between Zn>" and various concentrations of
EPA.

Table 2. Synergism parameters derived from inhibition
efficiencies of EPA — Zn®" system (when Zn*" = 25 ppm,
sulphate ion = 36.79 ppm; when Zn ** = 50 ppm, sulphate
ion = 73.58 ppm).

EPA, Zn*', ppm p Zn*', ppm P

ppm 0 25 : 0 50 :

0 - 18 R R 4 }
50 5 28 281 5 54 038
100 12 32 674 12 65 086
150 18 45 734 18 72 120
200 20 48 768 20 80 120
250 24 52 857 24 8 138

To investigate whether the influence of Zn** on
the inhibition efficiencies of EPA is statistically
significant, F-test was carried out [18]. The results
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are given in Tables 3 and 4. In Table 3, the influence
of 25 ppm of Zn*" on the inhibition efficiencies of
50, 100, 150, 200 and 250 ppm of EPA is investi-
gated. The obtained F-value 154.1 is statistically
significant, since it is greater than the critical F-
value of 5.32 for 1, 8 degrees of freedom at 0.05
level of significance. Therefore, it is concluded that
the influence of 25 ppm Zn*" on the inhibition effi-
ciencies of various concentrations of EPA is statis-
tically significant.

Table 3. Distribution of F-value between the inhibition
efficiencies of various concentrations of EPA (0 ppm
Zn*") and the inhibition efficiencies of EPA in the pre-
sence of 25 ppm Zn”>" (when Zn>" = 25 ppm, sulphate ion
=36.79 ppm).

Source of Sum of Degrees of Mean .Le.v cl of
. F  significance
variance squares freedom  square of F
Between 1587.6 1 1587.6
Within ~ 82.1 8 03 104 P=005

In Table 4, the influence of 50 ppm of Zn>* on
the inhibition efficiencies of 50, 100, 150, 200 and
250 ppm of EPA is represented. The obtained F-
value is 609.4 statistically significant, since it is
greater than the critical F-value of 5.32 for 1, 8
degrees of freedom at 0.05 level of significance.
Therefore, it is concluded that the influence of 50
ppm Zn®" on the inhibition efficiencies of various
concentrations of EPA is statistically significant.

Table 4. Distribution of Fvalue between the inhibition
efficiencies of various concentrations of EPA (0 ppm
Zn*") and the inhibition efficiencies of EPA in the pre-
sence of 50 ppm Zn”>" (when Zn ** = 50 ppm, sulphate ion
=73.58 ppm).

Source of Sum of Degrees of Mean .Le.v el of
. F  significance
variance squares freedom  square of F
Between 7617.6 1 7617.6
Within 9.6 8 125 0094 P=005

The potentiodynamic polarization curves of
carbon steel immersed in an aqueous solution
containing 120 ppm of CI™ are shown in Fig. 1. The
corrosion parameters such as corrosion potential
(Ecorr), corrosion current (I.,,), Tafel’s slopes (b,

b.) and linear polarization resistance (LPR) are
given in Table 5. When carbon steel is immersed in
an aqueous solution containing 120 ppm of CI ion,
the corrosion potential is —490 V vs SCE. When the
inhibitors are added (250 ppm of EPA, 50 ppm of
Zn*" and 73.58 ppm of sulphate ion), the corrosion
potential shifts to the anodic side (431 V vs SCE).
Further, the LPR value increases from 7.31x10?
Ohm-cm® to 96x10° ohm-cm® and the corrosion
current decreases from 8.21x10° A/em® to
0.494x10° A/ecm®. These results suggest that a
protective film (probably, Fe*’~EPA complex) is
formed on the metal surface. This protects the metal
from corrosion.
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Fig. 1. Polarization curves of carbon steel, immersed in
various test solutions 120 ppm Cl" 120 ppm CI" + 250
ppm EPA + 50 ppm Zn*" + 73.58 ppm of sulphate ion.

The AC impedance spectra of carbon steel,
immersed in various test solutions are shown in Fig.
2. The AC impedance parameters such as charge
transfer resistance (R,) and double layer capacitance
(Cq) are given in Table 5. The equivalent circuit
diagram in shown in Scheme 1. In the presence of
inhibitors (250 ppm of EPA, 50 ppm of Zn®" and
73.58 ppm of sulphate ion), the R, value increases
and Cj; value decreases. This indicates that a
protective film is formed on the metal surface. The
corresponding Bode’s plots are shown in Fig. 3. It is
observed that in the absence of inhibitors the real
impedance value (logZ) is 2.28 Ohm. In the
presence of inhibitors, this value increases to 2.62.

Table 5. Corrosion parameters of carbon steel, immersed in an aqueous solution containing 120 ppm of Cl ion obtained
by polarization study and AC impedance spectra. Inhibitor EPA + Zn*".

System E,.,. b, LPR Lo R, Cu Impedance
mV vs SCE mV/dec mV/dec Ohm-cm? A/em*  ohmeem® F/em®*  logZ, Ohm
120 ppm of CI” ion 490 506 189  7.31x10*  821x10° 154 588x10° 228
120 ppm of CI” + 73.58 ppm of 431 245 190 96x10%  0.494x10° 455  1.98x10°  2.62

sulphate ion + 50 ppm of
Zn*" + 250 ppm of EPA
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Fig. 2. AC impedance spectra of carbon steel,
immersed in various test solutions (Nyquist’s plots).

The FTIR spectrum of pure EPA (KBr) is shown
in Fig. 4a. The various bands are assigned as follows
[19]. The absorption bands due to the bending of
O-P-O appear at 474.1, 502.9 and 598.1 cm'. The
P-O stretching frequency occurs at 1071.7 cm .
The band at 1275.6 cm ™' represents P=O stretching.
The band at 1415.8 ¢cm™! results from P—-CH,—CH;
absorption. The P(O)OH group causes absorption at
2335, 2356.8 and 2955.6 cm . Thus, based on the
assignment of groups at various frequencies, ethyl
phosphonic acid is characterized by the FTIR
spectrum.

The FTIR spectrum of the film scratched from
the surface of the metal, immersed in the environ-
ment consisting of 120 ppm CI°, 250 ppm EPA, 50
ppm Zn®>" and 73.58 ppm of sulphate ion is given in
Fig. 4b. It is seen from the spectrum that the P-O
stretching frequency decreases from 1071.7 cm
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to 990 cm'. This also suggests that the O atom of
the phosphonic acid is coordinated to Fe*. This
confirms the formation of Fe> ~EPA complex on the
metal surface. Further, the band at 1340 cm' is due
to Zn(OH), [20-22].

|
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R, = Solution resistance
R, = Charge transfer resistance
Cq = Double layer capacitance
Scheme 1. Equivalent circuit diagram.
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The UV-visible absorption spectra of various test
solutions are shown in Fig. 5. Fig. 5a is the absorp-
tion spectrum of a solution containing 250 ppm of
EPA. Fig. 5b is the spectrum of the solution con-
taining 100 ppm of Fe*". When 250 ppm of EPA
and 100 ppm of Fe’" are mixed the spectrum Fig. 5¢
is obtained. There is increase in intensity. A peak
appears at 230 nm. This peak corresponds to Fe*'—
EPA complex formed in the solution.

The UV-visible reflectance spectrum of the film
formed on the metal surface after immersion in the
solution containing 120 ppm of CI, 250 ppm of
EPA, 50 ppm of Zn*" and 73.58 ppm of sulphate ion
is shown in Fig. 6. A peak appears at 230 nm. This
peak corresponds to Fe*'~EPA complex formed on
the metal surface. This is in agreement with the UV-
visible absorption spectrum, obtained in the case of
aqueous solution.

2.70 - ;
L T D T il :

2.60 trtevta,,
2,50 LT
i i

£ 240 .,

£ 230 § : : : ‘e

© L0 ... : o - 5,

N 210 ] i ; i -

=} : : ; ! H &

o 200 ] 3 . : : s F
1.90 3 : H “—
1.80 T T T T . T

1.0 1.5 20 25 3.0 3.5 4.0 4.5 5.0
logFreq, Hz
80.0 : 5 : *

: .
4R e SR R g s : SgE R LR Jamea
0.0 3 i : 3t E

5 fed : ; o A o

_ 400 .
'§w 30.0 3 2 o
; : : ot
2 00 b
3 ML L
10.0 .'..'-".h.:.~..-|¢.--| :
1.0 15 2.0 25 3.0 35 4.0 45 5.0
logFreq, Hz b

Fig. 3. AC impedance spectra of carbon steel, immersed in an aqueous solution (Bode plots); a. containing 120 ppm CI;
b. containing 120 ppm CI” + 250 ppm EPA + 73.58 ppm of sulaphate ion + 50 ppm Zn*",
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Fig. 5. UV-visible absorption spectra of solutions EPA 250 ppm, Fe** 100 ppm, EPA 250 ppm + Fe*" 100 ppm.
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Fig. 4. FTIR spectra of pure EPA (KBr) film formed on
carbon steel surface after immersion in the solution
containing 120 ppm CI” + 250 ppm EPA + 73.58 ppm
of sulphate ion + 50 ppm Zn*'.

4000

50

% Reflectance

0 1 1 1 1

200 300 400 500 600 700

Wavelength, nm
Fig. 6. UV-visible reflectance spectra of mild steel
surface immersed in the environment 120 pm Cl” + EPA
250 ppm + 73.58 ppm of sulphate ion + 50 ppm Zn*'.

Mechanism of corrosion inhibition

Results of the weight-loss method reveal that the
formulation consisting of 250 ppm ethyl phos-
phonic acid (EPA) and 50 ppm Zn®" offers an
inhibition efficiency of 84%. Results of the pola-
rization study show that this formulation acts as an
anodic inhibitor. The FTIR spectra show that Fe*'—
EPA complex and Zn(OH), are present on the inhi-
bited metal surface. The UV-visible reflectance spec-
trum shows the presence of Fe*’~EPA complex on
the metal surface.

In order to explain all the observations in a
holistic way, a suitable mechanism of corrosion
inhibition is proposed as follows:

When carbon steel specimen is immersed in the
neutral aqueous environment, the anodic reaction is:

Fe — Fe*" +2¢
and the cathodic reaction is:
2H20 + 02 +4e — 40H

When the environment, consisting of 120 ppm +
250 ppm EPA + 50 ppm Zn>" + 73.58 ppm of sul-
phate ion is prepared, there is formation of Zn*"—
EPA complex in solution.

Now, when the metal (carbon steel) is immersed
in this environment, the Zn*~EPA complex diffuses
from the bulk of the solution to the surface of the
metal.

On the surface of the metal, Zn*—EPA complex
is converted into Fe*~EPA complex in the local
anodic regions as the latter is more stable than the
former [23].

Zn*—EPA + Fe?* — Fe*—EPA + Zn>"

This reaction takes place on the surface of the metal
in the local anodic regions. Also, formation of Fe’—
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EPA complex to some extent cannot be ruled out.

Now, the released Zn”>" ions on the surface will
form Zn(OH), precipitate in the local cathodic
regions.

Zn** + 20H — Zn(OH), ¥

Thus, the protective film consists of Fe~EPA
complex and Zn(OH),.

CONCLUSION

The inhibition efficiency of EPA-Zn*" system in
controlling corrosion of carbon steel in an aqueous
solution containing 120 ppm of CI', has been eva-
luated by weight loss method. The present study
leads to the following conclusion.

* Weight loss study reveals that the formulation
consisting of 250 of ppm EPA, 50 ppm of Zn*" and
73.58 ppm of sulphate ion had 84% inhibition effi-
ciency in controlling corrosion of carbon steel
immersed in an aqueous solution containing 120
ppm of CI ion.

» Synergism parameters suggest that a synergistic
effect exists between EPA and Zn*".

* Polarization study reveals that this system func-
tions as anodic inhibitor.

* AC impedance spectra reveal that a protective
film is formed on the metal surface.

* FTIR spectra reveal that the protective film con-
sists of Fe*~EPA complex as well as of Zn(OH),,
hydroxyl chloride and hydroxyl sulphate.

* The UV-visible absorption spectra reveal the
formation of Fe” ~EPA complex, in solution.

* The UV-visible reflectance spectra reveal the
presence of Fe> ~EPA complex on the metal surface.
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CUHEPITMYEH E®EKT B CUCTEMATA ETUJI®OCPOPHA KUCEJIMHA-Zn>" 3A KOHTPOJI HA
KOPO3UATA HA BBIJIEPOJHA CTOMAHA B CPEJJA CBABPXKAILA XJIOPUIU

A. Hurs', C. Pamkennpan'” *
! Lenmwvp 3a uzcreosane Ha Kopozuama, [lenapmamenm no xumus,
Koneoic no uskycmea I''T.H., Junoueyn 624005, Tamur Haody, Hnous
2 Lenmwvp 3a uscneosane nHa koposuama, [lenapmamenm no Qu3UUHU HAYKU,
Koneoic 3a obpasosanue na sicenume ,, Cepsum *, Toeavimanau 621313, Tamun Haody, Huous

[octenuna Ha 3 1oau 2009 r.; Ilpepabotena na 8 nexemspu 2009 r.
(Pe3rome)

Upes MeToja Ha TEIVIOBHHTE 3aryOM B OTCHCTBHE M TPHCHCTBHE Ha Zn’' e onpejeleHa HHXHOMTOPHATA
epexTuBHOCT Ha eTmindochopHa kucennHa (EDK) 3a koHTpomupaHe Ha KOPO3UATA HA BHIVIEPOJHA CTOMAaHA ITOTOIICHA
BBB BOJIHU Pa3TBOPH Chabpikaiiu 120 ppm xJjopHu u cyndarhu ionu. M3cneaBaHeTo Ha TErIIOBHUTE 3aryOu 1okasa, ue
pastBOp chabpikant 250 ppm EDK, 50 ppm Zn** u 73.58 ppm cyndareH HoH nMma 84% MHXHOUTOpHA e(hEeKTUBHOCT 32
KOHTPOJIUpaHE Ha KOPO3MATA HAa BBIJIEPOAHA CTOMaHa IOTOIEHA BbB BOAEH Pa3TBOP chAbpxall 120 ppm XI0pHH HOHH.
[Tapamerpute couar 3a mpucbcTBHe Ha cuHepruueH edekt mexxay EDPK u umukoBute iHonu. IlonmspuzannoHHO
u3clie/IBaHe 10Ka3a, 4e Ta3u cucreMa paboTH KaTto aHoleH HHXuOnuTop. AC MMIIelaHCHU CIIEKTH M0Ka3axa oOpa3yBaHe
Ha 3alMTeH (UM Ha TIOBBPXHOCTTA Ha Metasa. MY criekTpu nokaszaxa, 4e 3alluTHUS (UM Ce ChCTOM OT KOMILIEKC Ha
Fe’" u EQK. Pe3ynTaTsT ¢ NOTBBPIEH U C OTPAXKATEIHH CIIEKTpH B Y B-BuiMaTa o6acr.
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