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Amino phosphonate  compounds, namely, dimethyhethoxyphenyl) (phenylaminomethyl
phosphonate (DMMP) and dimethyl phenyl (phenylamino)methylphosphonate (DPMP) were
synthesized and stietl as inhibitors for N80 steel corrosion in 15% HCI solution using the
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques.
Polarization studies showed that both studied inhibitors were of mixed type in Adtaradsrption

of inhibitors on the N80 steel surface obey Langmuir adsorption isoth®camning electron
microscopy (SEM), energy dispersive-ry spectroscopy (EDX), and atomic force microscopy
(AFM) were performed for surface study of uninhibited and inhibi#80 steel samples. Density
functional theory (DFT) was employed for theoretical calculations.
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1. INTRODUCTION

Phosphonates are effectigieelating agentsThat is they bind tightly to diand trivalent metal
ions, which is useful invater softeningIn this way, they prevent formation of insoluble precipitates
(scale). They are stable under harsh conditions. For these reasons, an important industrial use
phosplonates is in cooling waters, desalination systems, and in oil fields to inhibit scale formation.
Phosphonates in cooling water systems also serve to control corrosion of iron arfthstgghonates
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are also used in various industrial processes such alinadien, pulp production & bleaching of paper
and textiles.Phosphonates are also increasingly used in medicine to treat disorders associated with
bone formation and calcium metabolism. Acid solutions widely used in various industrial processes
such as b well acidification, petrochemical processes, acid pickling, acid cleaning, and acid de
scaling, generally, leads to serious metallic corrasidaidification of petroleum oil well for
enhancing oil production is commonly carried out by forcing a selutiol5% to 28% hydrochloric
acid into the well through N80 steel tubing. During this process N80 tubing get adversely affected by
corrosion, therefore, to reduce the aggressive attack of the acid on tubing and casing materials (N8(
steel), inhibitors aradded to the acid solution during the acidifying proces$.[Drganic compounds
containing electronegative groups, triple bonds or conjugated double bonds are most efficient organic
inhibitors because of their nucleophilicity and the capability to dndt me t a | surf-ace
interaction [59]. The presence of heteroatoms such as nitrogen, sulphur, phosphorus, and oxygen,
together with aromatic rings in the structure enhances the adsorption capability of the molecules on the
metal surface and impve the corrosion inhibition efficiency of these compounds13p

In continuation of our research for developing corrosion inhibitors3][1 with high
effectiveness and efficiency, in the present investigation we have synthésiiad phosphonate
compainds, namely, dimetty¥l-methoxyphenyl) (phenylamino)methylphosphonate (DMMP) and
dimethyl phenyl (phenylamino)methylphosphonate (DPMP) and studied dbeision inhibition
properties on N80 steel in 15% HCI solution by using potentiodynamic polanz& impedance,
SEM, EDX, AFM and quantum chemical calculations.

2. EXPERIMENTAL PROCEDURES

2.1. Synthesis of inhibitor compounds

The inhibitors were synthesized by the method reported in literature [14] as shown in Scheme
1. Purity of DMMP and DPMPampounds was checked by thin layer chromatography (TLC) on silica

gel G using chloroform: methanol (8:2) solvent system.
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Scheme 1. Synthetic route and structure of dimeti@#methoxyphenyl)
(phenylamino)methylphosphonate (DMMP) and dimethyl phenyl

(phenylamino)methylphosphonate (DPMP).
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2.2. N80 steel sample

Corrosion studies were performed on N80 steel samples having composition (wt %): C, 0.31,
Mn, 0.92; Si, 0.19; S, 0.008; P, 0.010; Cr, 0.20 and Fe balance. N80 Steel samples having dimensior
1.0 cmi 1.0 cmi 0.1 cm with an exposed area of 1%omest covered with araldite resin) with 3 cm
long stem were used for polarization and AC impedance experiment.

2.3. Test solution

The test solutions (15% HCI solution) were prepared by dilution of analytiade 37% HCI
with distilled water. Tie volume of test solution used for electrochemical studies was 150 meL.
concentrations of the studied inhibitors ranged from 25 ppm to 200 ppm by weight in 15% HCI
solution.

2.4.Methods

2.4.1.Polarization and eletrochemical impedance spectroscopy method

Electrochemical measurementgsere conducted in a conventionalthreeelectrode cell
consisting of N80 steel sample &f cnf exposed area as working electrode, a platinum counter
electrode and a saturated calomekc&gode (SCE) as reference electrodsing CH electrochemical
workstation(Model No: CHI 760D manufactured by CH Instruments, Austin, U3 303 K.Before
polarization and impedance measurements, the working electrode was immersed in the test solutior
until a steadystate of the openircuit potentialwas obtained. &entiodynamic polarization curves
were obtained at the scan rate of 1.0 fhifsthe potential range from +300 800 mV vs SCE with
respect to open circuit potential. Corrosion curresnsity (cor) Was obtained by Tafel extrapolation
method.

Electrochemical impedance measurements were carried out using AC signals of amplitude 10
mV peak to peak at the open circuit potential in the frequency rangel00 kHz to 10 mHz. All
impedance dataeve fitted to appropriate circuits using ZSimpWin.3.21 software.

2.4.2. Scanning electron microscopic and energy dispersive spectroscopy analysis

The SEMand EDX images of polished, uninhibited and inhibited N80 steel samaes
carried out using the strument, Model: 400N, Make: Hitachi, Japan.

2.4.3.Atomic Force Microscopy

The AFM images of polished, uninhibited and inhibited N80 steel sanwpées carried out
using a Nanosurf Easyscan2 instrument, ModekNAOT, Russia; Solver Prd7.
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2.4.4. Qantum chemical study

Quantum chemical calculations were performed using density functional theory (DFT) with the
Beckds three parameter e X ¢ hiarang Parr fnanlocalt correlatian a
functional (B3LYP) with 631G (d, p) basis set plemented in Gaussian 03 program package
[15,16]. Theoretical parameters such as the energies of the highest occupied and lowest unoccupiec
molecular orbital Eyomo andEumo) ., € n e rEyanddipaepmonteqig) were determined.

3. RESULTS AND DISCUSSION

3.1. Polarisation studies
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Figure 1. Potentiodynamic polarization curves for N80 steel in 15% HCI solution iprésence and
absence of inhibitor at 303¢@) DMMP (b) DPMP.
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The effect of inhibitors concentration on the anodic and cathodic polarization behavior of N80
steel in 15% HCI solution has been studied by polarization measurements and the recorded Tafel plot:
for different inhibitors (DMMPand DPMP) atstudied concentrations are shown in Figure 1 (a, b) at
303 K The corrosion parameters such as corrosion potefijal)( anodic Tafel slopebf), cathodic
Tafel slope ) and corrosion current densitif) obtained from these curves are given in Table 1.

The percentage inhibition efficien€g%) was calculated using the equations given below:
0

h(%) = eor~Leor 2100 1)

where, %o and icor are the values of corrosion current density in absence and presence of
inhibitors, respectively

It is illustrated from the Figure 1 (a, b), that both anodic metal dissolutimaroéind cathodic
hydrogen evolution reaction were inhibited after the addition of inhibitors to 15% HCI solution. The
inhibition of these reactions was more pronounced on increasing inhibitors concentration. The lower
corrosion current densityc{k) values in the presence of inhibitor without causing significant changes
in corrosion potential suggests that, the inhibitors are mixed type inhibitor (i.e., inhibits both anodic
and cathodic reactions) and is adsorbed on the surface, thereby blockingdbkmoagactiofl7-19].
The anodic Tafel slopebf and the cathodic Tafel slopé; of DMMP and DPMP changed with
inhibitor concentration, indicating that these inhibitors controlled both anodic as well as cathodic
reactions. The minor shift iB.or towards positive potential for both the inhibitanglicated that these
inhibitors act as mixed inhibitor with more tendencies towards anodic nature.

3.2.EIS studies

EIS measurements were performed to determine the impedance parameters of the N80
steel/hydrochloric acid interface in the absence and peesef various concentrations of inhibitors.
Adsorption of a protective inhibitor on the metal surface causes a significant increase in impedance of
the corrosion system, thus causing an increase in the resistance to charge transfer process. Therefor
the performance of an inhibitor can be determined by impedance measurements of the corrosion
system. The degree of the corrosion protection can be determined by comparing the impedance
obtained in the presence and absence of inhibitors in the corrosivenamemo The Nyquist plots for
N80 steel obtained at N80 steel / 15% HCI solution interface with and without the different
concentrations of DMMPand DPMP at 303 K are shown in Figure 2 (a, bhe existence of a
depressed semicircle with its center belowakis (2) in Nyquist plots (Fig.2 a, b) for both inhibitors
suggesting th@mon-homogeneity and roughness of the N80 steel surface [20]. The EIS spectra of all
tests were analyzed using the equivalent circuit shown in Figure 3, which is a parallel comlohat
the charge transfer resistand&.( and the constant phase element (CPE), both in series with the
solution resistanceRf). This type of electrochemical equivalent circuit was reported previously to
model the iron/acid interface [21]. Constant ghakement (CPE) is introduced instead of pure double
layer capacitance to give more accurate fit as the double layer at interface does not behave as ide:
capacitor.
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The electrochemical parameters such as solution resistance, charge transfer resgsi@Rée an
constants (¥ and n) obtained from the fitting the experimental data of Nyquist plots in the equivalent
circuit shown in Fig. 3 are presented in Table 1.
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Figure 2.Nyquist plot for N80 steel in 15% HCI solution in theesence and absence diilitor at
303K (a) DMMP (b) DPMP.

The inhibition efficiency ¢ %) was calculated from charge transfer resistance values obtained
from impedance measurements using the following relation

h(%) = Rigm = R 300 (2

t (inh)

where Ry inny and Ry are charge transfer resistance in presence and absence of inhibitor
respectively.
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The value of double layer capacitanCq( were calculated from charge transfer resistance and
CPE @mrameters (Y¥and n) using the expression [22].

Ca= (YoR<M™  (3)

where Yy is CPE constant and n is CPE exponent. Tdlaevof n represents the deviation from
the ideal behavior and it lies between 0 and 1.

i

Figure 3. Equivalent circuit applied for fitting of the impedance spectra.

The data shown in Table 1 reveal that the valuB.pincreases with addition of inhiloits as
compared to the blank solution, the increas®drvalue is attributed to the formation of a protective
film at the metal/solution interface. Tig, value decreases on increasing the concentration of both the
inhibitors, indicating the decreaselotal dielectric constant and/or to an increase in the thickness of

the electrical double layer, suggesting that the inhibitor molecules are adsorbed at the metal/solution
interface.
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Figure 4. Bode plots for N80 steel in 15% HCI solution in thesexice and presence of different
concentrations of inhibitor@) DMMP (b) DPMP.

Table 1 Electrochemical parameters and percentage inhibition efficiedcy @6ptained from
polarization studies for N80 steel in 15% HCI solution in the presence and absence of inhibitor
at 303 K.

R R
(q i@ ¢ém
0.93 20
DMMP
25 -432 105 178 112.4 802 0.74 106 172 0.868 93.3 81.1
50 428 112 169 755 86.7  0.88 188 114 0.885 69.4 89.3
75 430 96 156 511 91.0  0.62 263 85 0.892 536 92.4
150 422 107 163 39.2 931 0.73 418 50 0.904 331 952
200 418 88 158 250 956 054 700 24 0942 187 97.2
DPMP
25 424 98 167 1249 780 058 87 196 0862 102.1  77.0
50 438 117 183 84.0 852  0.87 154 143 0.871 812 87.0
75 432 108 148 653 885 0091 202 107 0.883 64.4 90.1
150 427 86 172 431 92.4 0.78 386 66 0.892 423 94.8
200 423 102 162 346 939  0.82 596 35 0933 265 96.6

The single peak obtained in Bode plots (Fig.4 a, b) for both inhibitors iedidaat the
electrochemical impedance measurements were fit well in one time constant equivalent model with
constant phase element (CPE). Moreover, there is only one phase maximum in Bode plot (Fig.4 a, b)
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for both inhibitors, indicates only one relaxatiprocess, which would be the charge transfer process,
taking place at the metatlectrolyte interface. Figure 4 (a, b) show that the impedance value in the
presence of both inhibitors is larger than in absence of inhibitors and the value of impedaasescr

on increasing the concentration of both studied inhibitors. These mean that the corrosion rate is
reduced in presence of the inhibitors and continued to decreasing on increasing the concentration o
inhibitors.

3.3.Scanning electron microscopy

The surface morphology of the N80 steel sampled%% HCI solutionin the absence and
presence of 2D ppm of DMMP andDPMP are shown irFigure 5 (a, b ¢, d). Figure 5 (a) is SEM of
N80 steel sample before immersion in 15% HCI solutibime badly damaged sade (Fig. 5 b)
obtained when the metal was kept immersed5% HCI solutionfor 6 h without inhibitor indicates
significant corrosion. However, in presence of inhibitors (Figs. 5 ¢, d) the surface has remarkably
improved with respect to its smoothnessigating considerable reduction of corrosion rate. This
improvement in surface morphology is due to the formation of a good protective film of inhibitor on
N80 steel surface which is responsible for inhibition of corrosion.

3.4. Energy dispersive-iay sp&troscopy

EMT = 500 kV Signal A = SE2
H WD * 53 mm Mag= 2600 KX
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eSS |

Figure 5. SEM image of N80 steel (a) before immersion (polished) (b) After immersion without
inhibitor (c) in presence of inhibitor DMMP (d) in presence of inhibitor DPMP.
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Figure 6. EDX spectra of N80 steel specimens (a) polished (b) Afterersion without inhibitor (c)
with 200 ppm DMMP (d) with 200 ppm DPMP.

The results of EDX spectra are shown in Figure 6 (a, b, c, d). Figures 6 (a) and (b) represent the
EDX spectra of abraded and uninhibited N80 steel specimen and Figures 6 @) @epicts inhibited
N80 steel specimens. The abraded N80 steel specimen shows characteristic peaks of elements (C, M
Cr, Fe) constituting N80 steel sample. The EDX spectra of uninhibited N80 steel (Fig. 6 b) shows a
peak corresponding to Cl in additiom the abraded sample peaks. The EDS spectra of inhibited N80
steel contains the peaks corresponding to all the elements present in the inhibitor molecules indicating
the adsorption of inhibitor molecules at the surface of N80 steel. In addition to E¥pfEnhibited
spectra shows that the Fe peaks are considerably suppressed as compared to abraded and uninhibi
N80 steel sample. The suppression of Fe lines might be due to overlying inhibitor film. This indicated
that N80 steel surface was coveredwytotective film of inhibitor molecules.

3.5.Atomic force microscopy

Surface morphology of the polished N80 steel sample and N80 steel sample in 15% HCI
solution in absence and presence of inhibitors were investigated by atomic force microscopy (AFM).
The results are shown Figure 7 (&d). The average roughness of polished N80 steel saffige7 a)
and N80 steel sample in 15% HCI solution without inhibEbg. 7 b)were found as 25 and 650 nm. It
is clearly shown inFigure 7 (b) that N80 steel sanhp is badly damaged due to the acid attack on
surface. However, in presence of optimum concentration (250 ppm) of DAMBPMP asshown in
Figure 7 (c, 9§l the average roughness were reduced to 95 and 130 nm, respectively. The decrease ir
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roughness in psence of inhibitors is due to adsorption of inhibitors at the surface of N80 steel. The
lower value of roughness for DMMP than DPMP reveals that DMMP protects the N80 steel surface
more efficiently than DPMP in 15% HCI solution.

Figure 7. AFM microgrgph of N80 steel surface (a) polished N80 steel (b) blank 15 % HCI solution
(c) 15 % HCI solution with 200 ppm DPMP (d) 15 % HCI solution with 200 ppm DMMP.

3.6.Theoretical studies

The optimized structurdsyomo and E ymo of both the inhibitorare show in Figure 8 (a, b).
The quantum chemical parameters such as the energy of the highest occupied molecular orbita
(Enomo), the energy of the lowest unoccupied molecular orbialvo) energagnddpolp ( @
moment ) were determined using DFRccording to the frontier molecular orbital (FMO) theory of
chemical reactivity, the formation of a transition state is due to interaction between HOMO and
LUMO of reacting species. It was reported previously by some researchessithatl | er K al ue
and higher values of dipole momer#) (are responsible for higher inhibition efficiency [23] of
inhibitors. According to HSAB theory hard acids prefer toadinate to hard bases and soft acid to
soft bases. Fe is considered as soft andiwill coordinate to molecule having maximum softness and
small energy gag E* ELumo- Enomo). For DMMP the values ofEyomo, Elumo , E ande were
found asi 5.203,-0.0838, 5.119 and 1.861 respectively, whereas for DPMP the valuds o,
ELumo , gE ande were found a$ 5.266,-0.0925, 5.173 and 1.432 respectively. The higher value of



