Egyptian Journal of Petroleum (2014) 23, 367-377

HOSTED BY

b}&\“é‘ PN

Egyptian Petroleum Research Institute

EGypPTIAN
JOURNAL OF
PETROLEUM

Egyptian Journal of Petroleum

www.elsevier.com/locate/egyjp
www.sciencedirect.com  pram e

FULL LENGTH ARTICLE

Corrosion protection of mild steel by a new
phosphonate inhibitor system in aqueous solution

@ CrossMark

M. Prabakaran, K. Vadivu, S. Ramesh “, V. Periasamy

Department of Chemistry, The Gandhigram Rural Institute, Deemed University, Gandhigram, 624302 Dindigul, Tamilnadu, India.

Received 27 August 2013; accepted 26 November 2013
Available online 13 October 2014

KEYWORDS Abstract A protective film has been developed on the surface of the mild steel in low chloride
Corasiee aqueous environment using a synergistic mixture of an eco friendly inhibitor, imino dimethyl phos-
Mild steel; phonic acid (IDMPA) and Zn?". The synergistic effect of IDMPA in controlling corrosion of the

Imino (dimethyl phosphonic mild steel has been investigated by gravimetric and electrochemical studies in the presence of Zn>*.
acid); The formulation consisting of IDMPA and Zn>" has excellent inhibition efficiency. The mixed

Gravimetric; mode of inhibition studied by potentiodynamic polarization and electrochemical impedance spec-
Polarization; troscopy has shown that the changes in the impedance parameters like charge transfer resistance
Impedance (R.y) and constant phase element (CPE) confirm the strong adsorption on the mild steel. Surface

characterization inspection using Fourier transform infrared (FTIR) spectroscopy, scanning elec-
tron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) is used to ascertain the

nature of the protective film. The mechanistic aspects of corrosion inhibition are proposed.
© 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
Open access under CC BY-NC-ND license,

1. Introduction

Mild steel is widely applied as a construction material in many
chemical and petrochemical industries due to its excellent
mechanical properties and low cost. Corrosion is the destruc-
tion or deterioration of metals. Corrosion in cooling water sys-
tems greatly affects the health of human beings and economic
level of the world. One of the most practical methods for pro-
tection against excessive dissolution of metal by corrosion is
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the use of proper inhibitors [1]. Inhibitors are extremely effec-
tive even in very small concentrations and effectively reduce
the corrosion rate. The technique of adding inhibitors to the
environment of a metal is a well known method of controlling
corrosion in many branches of technology. Among various
inhibitors, phosphonates were considered as scale inhibitors
at the beginning, later they were proved to be good corrosion
inhibitors in nearly neutral aqueous media [2]. The inhibition
of molecule depends on the nature of the charge distribution
and the interaction between the metal surface and the inhibitor
molecule and number of adsorption sites available.
Phosphonates have been extensively used as water treat-
ment agents because of their low toxicity, high stability and
corrosion inhibition activity in neutral aqueous media [3.4].
The reason for choosing phosphonate as an inhibitor is its
property of adsorption on the metal surface, thereby forming
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poorly soluble compounds and thus decreases the area of
active metal surface or by increase in the activation energy.
Thus, the corrosion rate is decreased, which proves that corro-
sion in aqueous media is an electrochemical process.

Phosphonates have high hydrolysis stability and they can-
not be easily degraded by microorganisms. In phosphonate
based inhibitor system, the inhibition efficiency was increased
by the addition of metal cations like Ca®", Mg”, Zn>",
Ni2+, C02+, Cd2+, Mn2+, Sn2+, Cu2+, Fe“, Ba“, Sr“,
APY, Cr?7 ete., in nearly neutral media. In the above series
zinc was chosen as the good metal ion to enhance the inhibi-
tion property of phosphonates [5,6].

Donor-acceptor interaction between the metal and inhibi-
tor forms a thin protective layer (chemisorption binding) on
the metal surface that reduces the corrosion rate. Here the
phosphonates act as the surfactant and are diprotic in nature,
their properties are studied on the basis of polar head groups.
Several corrosion inhibition studies have been carried out
using phosphonic acids viz., aminotris (methylene phosphonic
acid) (ATMP) [7], 1-hydroxyethane-1,1-diphosphonic acid
(HEDP) [8], piperidin-1-yl-phosphonic acid (PPA) [9], 2-car-
boxy ethyl phosphonic acid (2-CEPA) [10], carboxy methyl
phosphonic acid (CMPA) [11], propyl phosphonic acid [12],
2-chloroethyl phosphonic acid (2-CIEPA) [13], 4-phosphono-
piperazin-1-yl-phosphonic acid (PPPA) [14], 2-phosphonobu-
tane-1,2,4-tricarboxylic acid (PBTC) [15], phosphonate anions
[16] and so many other corrosion inhibitors that have been
reported in the literature. Compounds with a phosphonic func-
tional group are considered to be the most effective chemicals
for inhibiting the corrosion process and it is well known that
short-chain substituted phosphonic acids are good corrosion
inhibitors for iron and low alloyed steels.

In the present work, the inhibitive effect of using a new
organic inhibitor viz., imino dimethyl phosphonic acid
(IDMPA) and Zn?" ions in controlling the corrosion of
the mild steel in neutral aqueous environment containing
low chloride has been studied by non electrochemical and
electrochemical studies such as: potentiodynamic polariza-
tion and impedance spectroscopy. Surface analytical tech-
niques, viz., Fourier transform infrared spectroscopy
(FTIR), and scanning electron microscopy (SEM) with
energy dispersive X-ray analysis (EDX) were used to inves-
tigate the nature of protective film formed on the metal
surface. A plausible mechanism of inhibition of corrosion
is proposed. For all these studies, aqueous solution of
60 ppm chloride has been chosen as control because the
water used in cooling water systems is generally either
demineralized water or unpolluted surface water.

2. Experimental

2.1. Materials

The molecular structure of the IDMPA is shown in Fig. 1. The
tested compound namely imino dimethyl phosphonic acid
(IDMPA) obtained from Sigma-Aldrich was used without fur-
ther purification. Zinc sulfate (ZnSO47H,0), sodium chloride
and other reagents were analytical grade chemicals. All the
solutions were prepared using triple distilled non-deaerated
water.

Figure 1
(IDMPA).

Molecular structure of imino dimethyl phosphonic acid

2.2. Preparation of specimens

Mild steel specimens (0.026% S, 0.035% P, 0.58% Mn,
0.104% C and the rest iron) of dimensions 3.5cm X
1.5cm x 0.2 cm, were polished to a mirror finish with 1/0, 2/
0, 3/0, 4/0, 5/0, and 6/0 emery polishing papers respectively,
degreased with acetone, dried and used for gravimetric mea-
surements, FTIR and SEM for surface studies. The dimensions
of the specimens with 1.0 cm X 1.0 cm and 0.2 cm thickness of
the electrode were encapsulated by araldite paste and the effec-
tive exposed surface area of 1 cm?> was used for electrochemical
studies

2.3. Gravimetric studies

Gravimetric experiments are the classical way to find the cor-
rosion rate (CR) and inhibition efficiency (IE). In all gravimet-
ric experiments, the polished specimens were weighed and
immersed in duplicate, in 100 ml in the absence (control
solution) and presence of inhibitor formulations of different
concentrations, for a period of 7 days and pH 7.0 was main-
tained for all test solutions. Then, the specimens were
reweighed after washing and drying. The weights of the
specimens before and after immersion were determined with
Mettler electronic balance AE 240 model with a readability
of 0.1 mg. Accuracy in weighing up to 0.0001 g and its surface
area measurement up to 0.1 cm? as recommended by ASTM,
was followed. Corrosion rates of the mild steel in the absence
and presence of various inhibitor formulations are expressed in
milligram per dm? per day (mdd). The corrosion rate was cal-
culated according to the following equation:

CR (mdd) = [As—ﬂ x 100 (1)

where AW (mg) is the weight loss, S (dm?) is the surface area
and ¢ (days) is the immersion period. Inhibition efficiencies
(IE) of the inhibitor were calculated by using the formula

IE, (%) = {M

CR, } x 100 ()

where CR( and CR; are the corrosion rates in the absence and
presence of inhibitor, respectively.
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2.4. Electrochemical studies

The electrochemical experiments viz., potentiodynamic polari-
zation and electrochemical impedance spectroscopy, were car-
ried out using CHI Electrochemical analyzer model 760D with
operating software CHI 760D. The analyzer had a three
electrode cell setup having a mild steel working electrode
embedded in a Teflon holder with exposed surface area of
1.0x 1.0 cm in corrosive environment, a saturated calomel
electrode (SCE) as reference electrode, and a platinum wire
as counter electrode. The reference electrode was placed close
to the working electrode to minimize IR contribution. Before
each potentiodynamic polarization and electrochemical imped-
ance study, the electrode was allowed to corrode freely and its
open circuit potential (OCP) was recorded as a function of
time up to 30 min. After this time, the steady state, corre-
sponding to the corrosion potential of the working electrode,
was obtained. The potentiodynamic polarization measure-
ments were started from cathodic to the anodic direction
(OCP + 200 mV) with a scan rate of 1 mV s~' and the param-
eters such as corrosion potential (E.,,,), corrosion current den-
sity (I.orr) and anodic Tafel slope (f8,) and cathodic Tafel slope
(B.) were obtained by the Tafel extrapolation method. The
inhibition efficiencies (IEp) were calculated from /., values
using the following relation

1Ep (%) = [i} x 100 (3)

corr

where L, and I are the corrosion current densities in case
of the control and inhibitor solutions respectively.

Electrochemical impedance spectroscopy measurements
were carried out using ac signals of amplitude 5 mV peak to
peak in the frequency range from 10,000 Hz to 0.1 Hz. The
electrochemical parameters such as charge transfer resistance
(R, constant phase element (CPE) and constant exponent
(n) were calculated from EIS studies. The inhibition efficiencies
(IE;) were calculated using the following equation,

1E; (%) = {%} x 100 (4)

where R, and R/, are the charge transfer resistance values in
the absence and presence of the inhibitor respectively.

2.5. Surface evaluation studies

The nature of the film formed on the surface of the metal spec-
imen was analyzed by Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM) and energy dis-
persive X-ray spectroscopy (EDX).

2.5.1. Fourier transform infrared (FTIR) spectra

FT-IR spectra were recorded with a frequency ranging from
4000 to 400 cm ™! with a resolution of 4 cm™! for the inhibitor
as well as the inhibitor adsorbed on the mild steel in aqueous
solution in KBr matrix using an FT-IR JASCOW 460 plus
model instrument.

2.5.2. Scanning electron microscopy

The polished mild steel specimens were immersed in 60 ppm
chloride solutions in the absence and in the presence of the

inhibitor. After 7 days, the specimens were taken out, washed
with distilled water and dried. The SEM photographs of the
surfaces of the specimens were investigated using a JEOL
model JSM-5500. The energy of the acceleration beam
employed was 20 kV.

2.5.3. Energy dispersive analysis of X-rays (EDX)

EDX system attached with a JEOL JSM-5500 scanning elec-
tron microscope was used for elemental analysis or chemical
characterization of the film formed on the mild steel surface
before and after applying the inhibitor.

2.6. Quantum chemical calculations

The quantum chemical calculations were carried out using Jag-
uar module of Schrodinger. Complete geometry optimization
was carried out using density functional theory (DFT) with
Becke’s three-parameter exchange potential and Lee—Yang—
Parr correlation functional (B3LYP), using basis set 3-21" level
using PBF salvation.

3. Results and discussion
3.1. Evaluation of corrosion inhibition

3.1.1. Gravimetric measurements

The gravimetric measurements were carried out to calculate
the corrosion rate (CR) and inhibition efficiency (IE) for the
mild steel in an aqueous solution containing 60 ppm chloride
ions (control solution) in the absence and presence of various
concentrations of the IDMPA (10-250 ppm) and Zn>" (10—
50 ppm) for 7 day immersion periods. Inhibition efficiency
and corrosion rate obtained from gravimetric measurements
at different concentrations of inhibitor for the corrosion of
the mild steel immersed in control solution, in the absence
and presence of Zn>"* are given in Table 1. The results of
the gravimetric studies using the binary system IDMPA-
Zn>" at various concentrations of both constituents are shown
in Fig. 2. Initially the mild steel corroded in control solution
and showed very high corrosion rate with heavy metal loss.
The corrosion rate decreased and the inhibition efficiency
increased appreciably by addition of 50 ppm Zn?>" and
100 ppm IDMPA and the efficiency reached up to 99%. It is
evident from gravimetric results that IDMPA by itself is a
poor corrosion inhibitor and Zinc ions are found to be corro-
sive. However, interestingly IDMPA—Zn>" combination offers
a good corrosion inhibitor system. The formulation consisting
of 10 ppm Zn*>" and 100 ppm IDMPA shows an inhibition
efficiency of 54%. On increasing concentration of Zn>" from
20 ppm to 50 ppm, the inhibition efficiencies also increase to
92%, 97%, and 99% respectively. The combination containing
50 ppm of Zn** and 100 ppm of IDMPA has achieved the
maximum inhibition efficiency (IE) of 99%. In this way, a syn-
ergistic corrosion inhibition effect is noticed. It is found that
the value of inhibition efficiency was increased with an increase
in the concentration of Zn?>*. After this concentration, no
appreciable change in efficiency was observed. It can be inter-
preted that low concentrations of Zn>" are insufficient to form
a protective film with IDMPA on the metal surface. At lower
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Table 1 Inhibition efficiency (%) obtained by gravimetric studies of the mild steel in absence and presence of inhibitor
(IDMPA-Zn>").

IDMPA (ppm) Zn®" (ppm)
0 10 20 30 40 50
CR IE CR IE CR IE CR IE CR IE CR IE
0 13.32 - 13.19 1 13.05 2 12.65 5 12.25 8 11.85 11
10 11.72 12 9.22 31 9.01 32 8.77 34 7.80 40 10.34 20
25 11.46 14 6.21 53 8.98 33 3.60 73 4.28 68 8.73 34
50 11.19 16 9.08 32 7.47 44 3.29 75 3.97 70 7.15 46
75 11.06 17 9.76 27 7.57 43 3.07 77 1.21 90 0.99 93
100 9.99 25 6.11 54 8.42 37 1.07 92 0.36 97 0.18 99
150 10.12 24 4.86 63 7.04 47 0.72 95 0.99 93 0.09 99
200 10.66 20 8.11 39 5.99 55 0.54 96 1.29 90 0.09 99
250 11.06 17 3.72 38 7.30 45 0.75 94 1.07 92 0.27 98
100 - i
4 \
00 ] /./- -\./I
80 - /
704 et
S 1 " u u
< 50 \
e -
404 w _/ (] 1 2+
] / \ u S~~—" —=—10 ppm Zn
30+ g '\/_ —=— 20 ppm Zn®*
204 30 ppm Zn**
0] —a— 40 ppm Zn*
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0 T T T T 1
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Concentration of IDMPA

Figure 2

concentrations of Zn?", the IDMPA is precipitated as
IDMPA-Zn*" complex in the bulk of the solution and not
transported toward the metal surface. The synergistic combi-
nation of 50 ppm Zn>* and 100 ppm IDMPA offered the
maximum inhibition efficiency of 99%. The anodic reaction
is controlled by the formation of Fe’ " -IDMPA complex on
the sites of the metal surface. The cathodic reaction is con-
trolled by the formation of Zn(OH), on the cathodic sites of
the metal surface.

3.1.2. Effect of pH

The influence of pH on corrosion rate of the mild steel in the
presence of inhibitor system and the maximum inhibition effi-
ciency obtained in the gravimetric measurements were studied.
The effect of pH for the synergistic formulation consisting of
IDMPA (100 ppm) + Zn>" (50 ppm), in the pH range of 3—
11 is shown in Fig. 3. It is evident from the results obtained
that the inhibition efficiency decreases on increasing the pH
from 7.0 to 9.0 in alkaline medium and also on decreasing
the pH from 5.0 to 3.0. The highest inhibition efficiency could
be obtained in the pH range of 5.0 to 7.0. However, interest-
ingly, the corrosion inhibition efficiency again increases from
pH 10.0 to 11.0. This is due to the formation of sodium zincate

Inhibition efficiency as a function of concentration of IDMPA.

100

90

80

LE (%)
/

70

60

50 A

pH
Figure 3  Effect of pH.
over the metal surface, protecting the metal due to metal pas-

sivation. This inhibitor formulation is effective in the pH range
of 5.0 to 7.0 and also at pH 11.0.
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3.2. Electrochemical impedance spectroscopy (EILS)

EIS measurements were carried out to determine the kinetic
parameters for electron transfer reactions at the iron/electro-
lyte interface [17]. The corrosion behavior of the mild steel in
aqueous solution containing 60 ppm CI~ (control solution)
with and without inhibitor was also investigated by EIS mea-
surements. The impedance parameters derived from these plots
are given in Table 2 and Fig. 4 which show the impedance
behavior of the mild steel corrosion in the form of Nyquist
plots.

Double layer capacitance (Cyq;) and charge transfer resis-
tance values (R.) were obtained from impedance measure-
ments. In the case of the electrochemical impedance
spectroscopy, inhibition efficiency (IE;) is calculated by charge
transfer resistance using Eq. (4). The double layer capacitance
(Cq) and the frequency at which the imaginary component of
the impedance is maximum (—Z,.,) are represented in the
equation

Ca = 1/wRy (5)

where ©® = 27/max.

From Nyquist plots in Fig. 4, it is clear that the impedance
diagrams in most cases do not show a perfect semicircle. This
behavior can be attributed to the frequency dispersion [18.19]
as a result of homogenates of the electrode surface. These
curves are dispersed in nature. Also these curves show a single
semicircle indicating the occurrence of a single charge transfer
reaction. All the Nyquist plots obtained in the present study
are characterized by single time constant. Fig. 5 shows the
equivalent circuit based on the EIS data. Such an equivalent
circuit was also discussed by several researchers [20-22] who
obtained similar depressed semicircles with single time con-
stant. In this equivalent circuit, Ry is the solution resistance
between the reference and working electrode, R, is the charge
transfer resistance corresponding to corrosion reaction at
metal/electrolyte interface and CPE is the constant phase ele-
ment. CPE is substituted for the respective capacitor of Cy
in order to fit the depressed semicircles better [23].

The impendence of CPE is defined as

Zcpg = YSI (joo)™" (6)

where Y, is the modulus, j is the imaginary root;  is the angu-
lar frequency and # is the phase [24]. Depending on the value
of exponent n, Zcpg represents a resistance with R = Y~!; for
n = —1, an inductance with C = Y [25]. The value range of a
real electrode of n is often between 0 and 1. The smaller the
value of n, the rougher the electrode surface and the more seri-
ous, the corrosion of the electrode [26].

In the present study, in the presence of the control alone, a
small semicircle with an R, value of 125 ) is observed. A sim-

1600 ! L ! L ! ! ! ‘ !
1400
1200
1000 4

800 | o

-Z" / ohm

6001 . *
400] - d°
200§ eoveun, ¢
. b

T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
7'/ ohm

Figure 4a  Nyquist plots of mild steel immersed in various test
solutions: (a) Control solution (60 ppm CI7); (b) 50 ppm Zn>"; (c)
100 ppm IDMPA; (d) 100 ppm IDMPA + 50 ppm Zn>".
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Figure 4b  Nyquist plots of mild steel immersed in various test
solutions: (a) Control solution (60 ppm CI7); (b) 100 ppm
IDMPA + 50 ppm Zn>".

ilar semicircle is also obtained when 50 ppm of Zn*>* is added
to the control. Due to Zn>", R, is decreased and Cy value is
increased in the value of n. These changes are due to the
replacement of water molecules in the interface by Zinc ions,
which resulted in the increased rate of corrosion. By the
addition of 100 ppm of IDMPA to the control, a slightly
depressed semicircle with high R value is obtained. The

Table 2 A.C. impedance parameters obtained for the mild steel immersed in the absence and presence of inhibitor.

Concentration (ppm) Charge transfer Double layer Constant 1E (%)
IDMPA 72" resistance R (€2) capacitance Cy; (LF/cm?) exponent n

0 0 125 20.34 0.59 -

100 0 409 1.87 0.60 69

0 50 117 22.97 0.86 -

100 50 1936 0.085 0.84 94
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CPE

Figure 5 Nyquist plots are fitted by the equivalent electrical

circuit.

capacitance value is decreased from 20.34 pF/cm? to 1.87 uF/
cm? and 7 value is increased. These observations can be attrib-
uted to the presence of inhibitor molecules in the double layer
and the control of corrosion process to some extent. When the
combination of 50 ppm Zn>" and 100 ppm IDMPA is consid-
ered, a large depressed semicircle is observed from high fre-
quency to low frequency regions. The R, becomes dominant
in the corrosion process due to the presence of the inhibitor
molecule to form a protective film on the metal surface. This
result is supported by the significant decrease in Cg and
increase in n value. The binary formulation (IDMPA-Zn>")
represents an R value of 1936 Q which is greater than that
observed in case of the control. The Cy value at the metal/
solution interface is found to decrease from 20.34 pF/cm? in
the case of the control to 0.085 pF/cm? in the case of the binary
inhibitor formulation. The value of #n is considerably increased
to 0.84 in the presence of the binary inhibitor system, suggest-
ing a decrease in inhomogeneity of the interface during inhibi-
tion. All these results indicate that there is formation of a
protective film in the presence of the binary inhibitor formula-
tion and several authors who studied the inhibiting effects of
phosphonate based corrosion inhibitors also reported that
there is formation of a thick and less permeable protective film
on the metal surface [27-29]. They also concluded that the pro-
tective film consists of phosphonate—metal complexes. The
impedance result of the present study also implies the synergis-
tic action operating between IDMPA and Zn>". This is in
agreement with the inferences drawn from gravimetric studies.

3.3. Potentiodynamic polarization studies

The Tafel parameters derived from these curves and the inhi-
bition efficiencies are listed in Table 3. The potentiodynamic
polarization curves of the mild steel electrode in solution con-
taining 60 ppm CI™ at pH 7 in the absence and presence of var-

ious inhibitor combinations are shown in Fig. 6.

The corrosion potential (E,,) in the case of the control is
—537 mV versus SCE and the corresponding corrosion current

_35 1 1 1 1 1 1 1
401 b i
45 ] : / : g
d
2 50 / AR d
5 557 g
E
S 60y 2
B0
= 651 E
704 F
751 i
'80 T | T T T I I T
-1.00 -090 -080 -0.70 -0.60 -0.50 -0.40 -0.30 -0.20 -0.10
Potential / V
Figure 6a Potentiodynamic polarization curves of mild steel

immersed in various test solutions: (a) Control solution (60 ppm
ClI7); (b) 100 ppm IDMPA; (c) 50 ppm Zn’>"; (d) 100 ppm

IDMPA + 50 ppm Zn>".

-5.0 1

-6.0 4

log(Current/A)

-71.04

-8.01

-9.0 T

-0.80 -0.70 -0.60

T
-0.50 -0.40 -0.30 -0.20

Potential / V

Figure 6b  Potentiodynamic polarization curves of the mild steel
immersed in various test solutions: (a) Control solution (60 ppm
CI7); (b) 100 ppm IDMPA + 50 ppm Zn>".

density (Ieo) is 22.87 uA/cmz. IDMPA alone shifts the E.q.,
value to a more anodic side. In the presence of IDMPA alone,
the Lo, value is reduced slightly to 16.35 pA/ecm?. The shift in
anodic Tafel slope (f8,) is greater than the shift in cathodic
Tafel slope (f.) in the presence of IDMPA alone. In literature
reports [28,30], phosphonates in general are anodic inhibitors.

Table 3 Corrosion parameters of the mild steel immersed in the absence and in the presence of inhibitor obtained by potentiodynamic

polarization studies.

Concentration (ppm) E.orr (mV vs SCE) Leore (LA /cm?) Tafel parameters IE, (%)
IDMPA Zn*" P (mV/decade) fa (mV/decade)

0 0 —537 22.87 524 557 -

100 - —528 16.35 480 632 29

— 50 —557 23.02 437 517 -

100 50 —578 2.28 667 580 90
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Figure 7 FTIR Spectrum of (a) pure IDMPA (b) Surface film.

When Zn*" is considered, the corrosion potential is shifted to
the cathodic side and the shift in cathodic Tafel slope is
greater. Contrary to the result obtained in the case of IDMPA,
Zn>" increased the rate of corrosion as implied by the increase
in corrosion current density. Such an increase in corrosion rate
in the presence of zinc ions alone was also reported in the lit-
erature [31]. From the polarization curves shown in Fig. 6, it is
clear that the combination of IDMPA (100 ppm) and Zn>"
(50 ppm) significantly decreased corrosion current density val-
ues when compared to the control and also individual compo-
nents. Thus, it is evident that this formulation acts as an
effective mixed-type inhibitor. There is a slight shift in corro-
sion potential to a more cathodic side, and the shift in cathodic
Tafel slope is greater than the shift in anodic Tafel slope. The
corrosion current density is significantly decreased from 22.87
to 2.28 pA/em?, corresponding to an inhibition efficiency of
90%. Thus, the synergistic mixture of 100 ppm of IDMPA
and 50 ppm of Zn>" is proved to be an effective corrosion
inhibitor for the mild steel. These results indicate that the bin-
ary inhibitor formulation retards both the anodic dissolution
of the mild 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
[32,33]. A significant observation related to the inhibition effi-
ciency values is to be noted. If the inhibition efficiency values
obtained from gravimetric (IE,), polarization (IE;), and EIS
(IE;) studies are compared, slight differences are observed. It
is suggested that the inhibition efficiency values obtained from
various methods may not be strictly comparable when the
immersion times used in these methods are not the same [34].

3.4. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectrum of KBr pellet of pure IDMPA is shown
in Fig. 7a. The characteristic band of phosphonic acid is
due to the associate P—O stretching vibration 1140-1380 cm ™'
and another band symmetric/asymmetric P—OH stretching

&
.
20kV-~

20kV  X2,000 - 10pm - 09.28.SEl

Figure 8 SEM images of (a) 60 ppm CI" (b) 60 ppm CI~ + 100 -
ppm IDMPA + 50 ppm Zn>*.

vibrations at 1188-970 cm™' has been reported [35]. The
absorption peaks at 1020-580 cm™!, indicate the corrosion
products of Ferric hydroxide (y-FeOOH) and magnetite
(Fe30y) respectively [36].
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The pure IDMPA shows P=O stretching vibration at
1228.4cm™! and P—OH stretching vibration at 950 cm™'.
The broad absorption peak at 1602 cm ™' shows N—H stretch-
ing vibration. Carter et al. [37] found that FT-IR Spectra
obtained with an organic phosphonate on a steel substrate
are consistent with the phosphonate reaction on steel to pro-
duce metal salt. This shows that the phosphonates are coordi-
nated with the metal to form a metal phosphonate complex.
The FT-IR spectrum of IDMPA with Zn?" is shown in
Fig. 7b. The P=O0 stretching vibration shifts from 1228.4 to
1106 cm ™!, the P—OH stretching has disappeared. The imine
(N—H) stretching shows the shift from 1602 to 1629.5 cm™".
The moderate and intense peak that appears at 3436 cm ™',
in case of a control can be assigned to the presence of the

OH group on the surface. Some other peaks appear at
1020.16 cm ™' and 449.33 cm™! that show the presence of (y
FeOOH) and Fe;0y, in the inhibited film. The peaks observed
around 1384.64 cm™' indicate the presence of zinc hydroxide
in the surface film [38]. From the FTIR spectral studies the
protective film formed on the metal surface may be due to
the formation of Zn?>'-IDMPA complex and [Fe (II)-
IDMPA] complex.

3.5. Scanning electron microscopy (SEM)

The surface image of the mild steel was examined in the pres-
ence and absence of inhibitor (IDMPA-Zn>"). The SEM
micrograph of the mild steel after exposure for 7 days in a
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Figure 9 EDX survey spectrum is present in the mild steel surface (a) absence of inhibitor; (b) presence of inhibitor.
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solution without inhibitor is shown in Fig. 8a. The image has
several pits and cracks. The pits that appear in the image show
that the metal was corroded severely and contains iron oxides
as corrosion product. Several white patches seen in the image
show the presence of some other form of corrosion products
also.

The surface of the mild steel after the immersion of 7 days
in aqueous solution containing 60 ppm Cl~, 50 ppm Zn>",
100 ppm IDMPA is shown in Fig. 8b. It can be seen that the
adsorbed film is formed and consequently retards the dissolu-
tion of metal. It is important to know that when IDMPA was
present in the solution, the surface morphology of the mild
steel is quite different from the previous one and the IDMPA
forms some kind of complex with iron on the substrate. It may
be concluded the SEM micrograph reveals that the surface film
formed by the inhibitor system exhibits good inhibitive proper-
ties for the mild steel in aqueous environment.

3.6. Energy dispersive analysis of X-rays (EDX)

The protective film formed on the mild steel surface was ana-
lyzed using an energy dispersive analysis of X-ray technique
(EDX) as shown in Fig. 9. EDX survey spectra were used to
determine the composition of elements present in the mild steel
surface before and after exposure to inhibitor solution. The
spectrum in the case of the mild steel immersed in aqueous
solution containing 60 ppm CI~ without inhibitor as shown
in Fig. 9a. The EDX analysis of the mild steel surface in chlo-
ride solution alone showed that the surface film contains
mainly Fe with small percentages of C, Na, O and Cl. This
shows that corrosion of iron takes place through the formation
of iron oxide or iron chlorides.

On the other hand, the elements found in the adsorbed film
obtained by EDS in the presence of the corrosion inhibitor
(Fig. 9b) were C, Na, N, P, Fe, Zn, and O besides the iron sub-
strate in addition to a very low content of chlorine. The
appearance of low content of chlorine in the EDX confirms
that inhibitor molecule precludes the corrosion of iron through
its strong adsorption on the mild steel surface blocking its
weak flaws and preventing the formation of ferrous and ferric
chloride compounds. Therefore, the EDX and SEM examina-
tions of the mild steel surface support the results obtained
from the chemical and electrochemical methods that the inhib-
itor is a good inhibitor for the mild steel in aqueous solution.
Similar reports have been observed in the literature [39].

3.7. Quantum chemical calculations

Quantum chemical calculations were performed to explain the
relationship between the molecular structure and the inhibitive
action of the inhibitors under study [40]. Quantum chemical
parameters including the energy of the highest occupied/lowest
unoccupied molecular orbital (Eyomo/ELumo), the energy gap
(AE) between HOMO and LUMO, and the molecular dipole
() are listed in Table 4. The charge distribution in a molecule

Table 4 Calculated quantum chemical properties of IDMPA.

can provide a critical insight into its physical and chemical
properties. The map of the studied inhibitor is displayed in
Fig. 10(a) and (b) shows the electrostatic potential that indi-
cates the size and shape as well as charge distribution of the
compound. Some quantum chemical parameters are related
to the interactions between the inhibitor and the metal surface.
Enowmo is often associated with the capacity of a molecule to
donate electrons. An increase in the value of Ejomo can facil-
itate adsorption and thereby the inhibition efficiency, indicat-
ing disposition of the molecule to donate orbital electrons to
an appropriate acceptor with empty molecular orbitals [41].
Therefore, Ejymo indicates the ability of the molecule to
accept electrons. The lower the value of Epymo, the more
the probability that the molecule will accept electrons.
Consequently, low absolute values of the energy band gap
(Enomo — Erumo) will render good inhibition efficiencies,
because the energy to remove an electron from the highest
occupied orbital will be low [42].

The calculated quantum chemical parameters (Table 4)
reveal that IDMPA has high HOMO and low LUMO, with
a large energy gap. The calculated quantum chemical data
include the energy of the highest occupied molecular orbital
(EFuomo = —0.1756 eV), energy of the lowest unoccupied
molecular orbital (ELymo = —0.082¢V), dipole moment
(u = 7.0066 D) and the energy gap, AE (ELumo — Fnomo =
-0.0954 eV). The high value of Eyomo is likely to indicate a
tendency of the molecule to donate electrons to the appropri-
ate acceptor molecule with low energy and empty molecular
orbital, whereas the value of Eyymo indicates the ability of
the molecule to accept electrons. Therefore, the value of AE
provides a measure for the stability of the formed complex
on the metal surface. In principle, a decrease in the energy
gap leads to easier polarization of the molecule and greater
adsorption on the surface [43]. Thus, a small AE in IDMPA
facilitates adsorption, and enhances the efficiency of inhibi-
tion. The high inhibition efficiency of a molecule can be
attributed to the high value of dipole moment and low value
of AE. The results of the high dipole moment and the low
energy gap indicate that electron transfer from IDMPA to
the surface takes place during adsorption to the metal
surface.

3.8. Mechanism of corrosion protection
A plausible mechanism of corrosion inhibition is proposed:

Mild steel undergoes initial corrosion to form Fe?" ions at
the anodic sites:

Fe — Fe?™ 4 2¢~ (7)

Fe?*t further undergoes oxidation in the presence of oxygen
available in the aqueous solution:

Fet 9 pedt +e (®)

The corresponding reduction reaction at cathodic sites in neu-
tral and alkaline media is

Compound Enowmo (€V) Erumo (eV)

Dipole u (Debye)

Solvation energy (kcal/mol) AE (eV)

IDMPA —0.1756 —0.0802

7.0066

—447.58 —0.0954
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Figure 10  (a) Electrostatic potential map of the inhibitor; (b) Atomic charge distribution of IDMPA molecule.
0, +2H,0 +4e~ — 40H" 9) Thus, IDMPA and Zn>* play a very important role in the

Fe?* ions produced at anodic areas and OH" ions produced at
cathodic area combine to form Fe(OH),. Apart from Fe(OH),,
there is formation of other oxides and hydroxides like FeOOH,
v-Fe,03, etc., on the metal surface before the formation of the
protective film.

When IDMPA and Zn?" ions are added to the aqueous
solution, IDMPA reacts with Zn®>" to form a complex
[Zn(IT)-IDMPA]. This complex diffuses to the metal surface
and reacts with Fe’>*/Fe® " ions available at the anodic sites
to form [Fe(IT)/Fe(I11)/Zn(I1)-IDMPA] complex which covers
the anodic sites and controls the corresponding reaction at
anodic sites:

[Zn(IT)-IDMPA 4 Fe** /Fe*"
— [Fe(II) /Fe(111) /Zn(11)-IDMPA] (10)
Free Zn>" ions available in the bulk of the solution diffuse
to the metal surface and react with OH™ ions produced at the
cathodic sites to form a precipitate of Zn(OH),. This precipi-

tate gets deposited on the cathodic sites and controls the catho-
dic reaction

Zn*" +20H™ — Zn(OH,) (11)

synergistic effect in controlling corrosion through the forma-
tion of a protective film on the metal surface.

4. Conclusions

Based on the above results, the following conclusion can be
drawn:

1. All the measurements showed that the IDMPA-Zn>"
system has excellent inhibition properties for the corro-
sion of the mild steel in aqueous medium. The gravimet-
ric measurements showed that the inhibition efficiency
increases with increasing the concentration of IDMPA.

2. Potentiodynamic polarization measurements showed
that the IDMPA acts as a mixed-type inhibitor predom-
inantly cathodic nature. EIS measurements also indicate
that the inhibitor concentration increases, with an
increase in the charge transfer resistance and showed
that the inhibitive property depends on adsorption of
the molecules on the metal surface.

3. The binary inhibitor system Zn>"-IDMPA affords
good inhibition efficiency of 99%.

4. The inhibitor formulation Zn?>*-IDMPA is more
effective in nearly neutral aqueous medium.
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5. The inferences drawn from the results of EIS, potentio-
dynamic polarization and gravimetric studies are in
good agreement.

6. The quantum chemical study shows that the nitrogen
and oxygen atoms in the inhibitor molecule are the main
active sites that result in adsorption of IDMPA on the
mild steel surface.

7. It is concluded that the above formulations can be used
in cooling water towers upon optimizing the concentra-
tions and other conditions.
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