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Abstract
The inhibition properties of synthesized imine compounds N,N'- | Keywords:
bis(2,4-dihydroxyhydroxybenzaldehyde)-1,3-Propandiimine, N, N'- | Corrosion,
bis(2,4-dihydroxypropiophenone)-2,2-dimethylpropandiimine, N,N’- | Imine Compounds,
bis(2,4-dihydroxyacetophenone)-1,3-Propandiimine ~ has  been | !mpedance,
investigated for API-5L-X65 steel corrosion in hydrochloric acid by | Inhibitor, .
. . . . o Well Acidizing Fluid
scanning electron microscopy, potentiodynamic polarization and
impedance spectroscopy. Aqueous hydrochloric acid was applied to
simulate the oil and gas well acidizing fluid. Potentiodynamic
polarization studies indicated that compounds retard both the anodic
and cathodic reactions through adsorption and blocking the active
corrosion sites. The inhibition efficiency increased with inhibitor
concentration. Electrochemical impedance spectroscopy data were
studied by equivalent circuit and showed that with increasing
inhibitor concentration, the resistance of charge transfer enhanced
and the capacitance of double layer reduced. The measured data
proposed that the inhibition efficacy was increased for inhibitor in the
absence of alkyl addition. The geometrical steric hindrance offered
by the alkyl groups in the imine compounds plays an important role
in its corrosion inhibition properties. Scanning electron microscopy
was used to study the steel surface with and without inhibitors.

Introduction

Acid solutions are extensively applied in industry, including industrial acid cleaning, acid
pickling, acid descaling and oil well acidizing. Well stimulation or acidizing is a process to
improve oil and gas production that throughout this procedure, aggressive fluids are introduced
into contact with metal structure. Acid is forced over the well for reacting with rocks (dolomite,
calcite, and limestone) through chemical reactions and dissolving them, opening new flow
channels and enlarging bores [1,2]. The most frequently utilized acid in the acidizing process
is Hydrochloric acid (HCI) [3,4]. Compared to other acids, HCI is more cost-effective and reacts
quickly with the rocks, but it is extremely corrosive for metal structure. Therefore, the acid has
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to be combined with corrosion inhibitors in such a way that the surface of the material can be
preserved against corrosion. Consequently, corrosion inhibitors are one of the main groups of
chemicals materials used as additives for acidic recovery fluids in the oil industry. Numerous
corrosion inhibitors have been introduced to be useful in many acid solutions with diverse levels
[5-10].

Inhibition of organic materials is related to the interaction and adsorption between the metal
surface and molecules of inhibitor. The adsorption of inhibitor is affected by its interaction type
with the surface of the metal as well as factors like the nature of the metal, the surface charge,
the structure of inhibitor, aggressive medium type and its aggressiveness [8,9]. In general, the
organic materials containing N, O, P and S are reported to act as active inhibitors in corrosion
[10-14]. All inhibitors are selected considering two aspects, firstly economical and
environmental aspect and secondly, high inhibition efficacy. Both aspects clearly are mixed in
a similar compound like imine [14,17].

According to the literature, numerous imine base compounds have been introduced as
efficient inhibitors in corrosion for diverse materials in the acid medium [18-21]. Growing
application of imine compounds in the area of inhibition is because of their easy production
from comparatively low-cost primary-materials and low toxic or environmental-friendly
features [22]. The great inhibition efficiency of these compounds is because of the existence of
a—C=N- group in these molecules. The planarity (r) and lone pairs of electrons on N atoms are
the main structural properties determining that these molecules are adsorbed on the surface of
the metal.

American Petroleum Institute model API 5L Carbon steels are used in high amounts in
chemical processing, marine uses, construction, petroleum fabrication, and purification and
metal-processing apparatus [1,2]. The objective of this work is to study the effect of alkyl in
the structure of synthesized imine compounds synthesized imine compounds N, N'-bis (2, 4-
dihydroxyhydroxybenzaldehyde)-1, 3-Propandiimine (DHBP), N, N'-bis (2, 4-
dihydroxypropiophenone)-2,  2-dimethylpropandiimine (DHPP), N, N'-bis (2, 4-
dihydroxyacetophenone)-1, 3-Propandiimine (DHAP) on corrosion inhibition properties for
API 5L Carbon steels in acid solution. Potentiodynamic polarization, impedance spectroscopy,
and scanning electron microscopy were used to compare the inhibition ability of these N2O4
imine compounds.

Experimental
Materials

American Petroleum Institute model API-5L-X65 specimens were prepared commercially. The
samples with a dimension of 1 cm x 1 cm x 4.3 mm were mounted in polyester resin with an
exposed area of 1 cm? and applied in electrochemical approaches. They were polished
mechanically by means of diverse grade emery papers up to 2000, rinsed with distilled water,
and then degreased using acetone prior immersion into the corrosive medium. Corrosion studies
were carried out in 1 M HCI solution in different temperatures of 20, 40, 60 and 80 °C.
Hydrochloric acid solution 1 M was provided by diluting 37% HCI (Merck).

The imine compounds (Fig. 1) were provided in high yield (96%) by condensing 2, 4-
Dihydroxybenzaldehyde (2 mmol) with 1, 3-diaminopropane (1 mmol) for DHBP, and 2, 4-
diHydroxyacetophenone (2 mmol) with 1, 3-diaminopropane (1 mmol) for DHAP and 2, 4-
Dihydroxypropiophenone (2 mmol) with 2, 2-dimethylpropylenediamine (1 mmol) for DHPP
in an agitated ethanolic solution and heated to reflux for 4 h based on the explained process
[23]. The resultant sediment was filtered off and rinsed with warm ethanol and diethyl ether.
The structure of prepared compounds was identified using IR and *HNMR spectroscopy and
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elemental analysis. Two concentrations of 3 x 10~* and 2 x 10~ M were selected for different
inhibitors in hydrochloric acid solution.
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Fig. 1. The chemical structure of the imine compounds: a) DHBP, b) DHAP, and ¢) DHPP

Instrumentation

Electrochemical  studies were performed using PGSTAT302N Auto Lab
potentiostat/galvanostat electrochemical measurement instrument. Corrosion tests were
performed by a three-electrode cell of the potentiostat. Polarization experiments were
performed by applying cathodic and anodic potentials on steel working electrode in the
potential range -0.7 to -0.25 V at a scan rate of 1 mV s™. An SCE was applied as the reference
electrode and Pt foil was utilized as a counter electrode. The calomel reference electrode was
prepared from AZAR Electrode. Impedance tests were performed in the frequencies between
100 kHz and 0.01 Hz at open circuit potential at 20 + 2 °C. The AC sinusoidal potential
amplitude 10 mV was applied on the DC open circuit potential of the working electrode. The
applied AC potential is low and therefore electrochemical impedance is almost a nondestructive
method for electrode surface. The EIS data were fitted to the suggested equivalent circuit and
impedance parameters were calculated.

In order to analyze the surface, the samples were dipped in the corrosive medium in the
absence and presence of inhibitor with the concentration of 1x102 M for 6 h. Then, the samples
were washed with distilled water, degreased with acetone and dry in air. The morphology of
steel surface was assessed using scanning electron microscopy model VEGA\TESCAN in
1000x magnification.
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Results and Discussions

Electrochemical Results

Figs. 2 and 3 demonstrate potentiodynamic polarization curves in the corrosive medium in the
existence of 3x10* and 2 x10° M of DHBP, DHAP, and DHPP. Table 1 indicates the corrosion
factors like corrosion potential (Ecorr vs. SCE), cathodic and anodic Tafel slopes (PBa, Bc), the
degree of surface coverage (0), corrosion current density (Icorr), and inhibition efficiency
(IE%= 0x100) achieved through Tafel extrapolation. The surface coverage for diverse levels of
inhibitor is computed through the subsequent equations [24,25]:

| -7 1

. (2)
I

where, lcorr and Zcorr represent the corrosion current densities without and with corrosion

inhibitor measured via intersecting the extrapolated Tafel lines at the corrosion potential of
steel, respectively.
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Fig. 2. The chemical structure of the imine compounds: a) DHBP, b) DHAP, and ¢c) DHPP
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Table 1. Potentiodynamic polarization parameters for the corrosion of carbon steel in 1 M HCI
solution in the absence and presence of different concentrations of inhibitors at 20 °C

Concentration lcorr ~Ecorr Pa - fe Rp

Inhibitor IE %
(M) (MA.cm2) (V) (Vdec) (V.decd)  (Q.cm?) °
Blank 0 323 -0.501 0.105 -0.102 69.42
DHBP 3x10* 93 -0.504 0.115 -0.093 239.23 71
2x103 17 -0.495 0.145 -0.119 1595.94 94
DHAP 3x10* 104 -0.506 0.108 -0.085 197.23 67
2x103 25 -0.505 0.108 -0.115 962.77 92
DHPP 3x10* 141 -0.492 0.132 -0.106 180.72 56
2x10°8 , 48 - -0.492 0139  -0.111 54714 84

As would be predicted, the inhibition of both the cathodic H* reduction reaction and anodic
Fe oxidation reaction occurs by adding imine compounds to the corrosive medium. This
outcome is revealing the adsorption of inhibitor on the active sites on the surface of metal [26].
In addition, inhibition of cathodic and anodic currents enhances by enhancing the amount of
inhibitor.

The cathodic current—potential curves having an increase up to parallel lines for all inhibitors
indicates that these imine compounds have the same behavior and does not change the reduction
mechanism [27]. The corrosion potentials display small change towards the negative direction
indicate that inhibitors can be categorized as mixed type inhibition effect, as the movement of
electrode potential in any direction is less than 85 mV [27]. The polarization resistance (Rp)
was computed by the Stern—Geary relation [28].

_ B 1
R, = 2.303(8, + . I )

corr

By enhancing the amount of imine compounds, the polarization resistance rises in the
existence of these compounds, signifying that the inhibitor is adsorbed on the surface of the
metal and as a result, the active sites are competently blocked and corrosion is inhibited [29].
DHAP and DHPP have higher molecular weight but lower corrosion current is resulted for
DHBP. Consequently, DHBP is more beneficial rather than DHAP and DHPP. The inhibition
efficacy is nearly 94% at the level of 2x10-3 M for DHBP. It is proposed that the geometrical
steric hindrance offered by the alkyl groups in the imine compounds such as DHAP and DHPP
plays an important role in decreasing its corrosion inhibition properties [30-32]. This steric
hindrance makes a sheer physical blockage to the attack of the nucleophile groups to the surface
of the metal and decreases inhibition efficiency.

Figs. 4 and 5 present impedance curves of API-5L-X65 in the corrosive medium in the
absence and the existence of 1x10™ and 2 x10° M of DHBP, DHAP, and DHPP. The plots
display a depressing arc resulted from the time constant corresponding to the resistance of
charge transfer and capacitance of electrical double layer. The impedance corresponding to the
inhibited steel raises by enhancing inhibitors concentrations for all imine compounds and
therefore the inhibition efficacy enhances. Fig. 6 shows the electrical equivalent circuit suitable
with the impedance curves plotted in the absence and existence of studied inhibitors. The
simplest method needs the theoretical transfer function Z (w) using a parallel hybrid of a
capacitance C and a resistance Rct:

1
S +iwC ®)

ct

Z(w) = Rs+
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where m=2x f refers to the frequency in rad/s, and f represents frequency in Hz. In most cases,
to achieve acceptable impedance fitting, it is needed to substitute the capacitance element (C)
with a constant phase element CPE (Q) in the electrical circuit. In these situations, the
description for depressed semicircles and the existence of CPE element in the equivalent circuit
for solid surfaces is the micro and nano-roughness, resulting in the inhomogeneous dispersion
for the resistance of solution and thus in the capacitance of double layer.

Rs, constant phase element Qa and Rct can be related to solution resistance, the capacitance
of double layer, Qu=R™Cq and resistance of charge transfer, respectively. Fitting of the
impedance curves to the electrical circuit is performed and the impedance parameters are
achieved to verify the electrical circuit. Table 2 indicates the impedance elements for steel
corrosion in acidic medium. As observed, the charge transfer resistance is higher in the
existence of DHBP due to the lower steric hindrance. The data show that enhancing the
resistance of charge transfer is related to a reduction in the capacitance of the double layer.
Therefore, the organic inhibitor adsorption on the surface of the metal is performed through
decreasing Cai. The reduced values of Cq may be because of replacing water molecules
adsorbed on the metal surface by organic materials which have low dielectric constant and
indicates that imine inhibitors play a role through adsorbing at the solution-metal interface.
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Fig. 4. Nyquist plots for steel in 1M HCI (1) in the presence of 1x10“* M of DHPP (2), DHAP (3), and
DHBP (4)
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Fig. 5. Nyquist plots for steel in 1M HCI (1) in the presence of 2x10° M of DHPP (2), DHAP (3), and
DHBP (4)
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Fig. 6. Equivalent circuits compatible with the experimental impedance data for corrosion of steel
electrode in various inhibitor concentrations

Table 2. Impedance data for carbon steel in 1 M HCI solution without and with different
concentrations of inhibitors at 20 °C

.- Concentration Rs Ret Qui Cal
Inhibitor M) @Qcmd)  (Q.cm?) (F.c?) (F.cn?) n
blank 16 99.1 0.583 0.214 0.74
DHBP 3x10 19 285 0.0014 0.0012 0.87
2107 21 781 0.0010 0.0009 0.1
DHAP 3x10 19 264 0.0014 0.0012 0.89
2x10°% 21 621 0.0009 0.0008 0.93
DHPP 3x10° > 195 0.0016 0.0013 0.87
2x10% 21 502 0.0011 0.001 0.9

The obtained inhibition efficiencies in this work can be compared with similar literature for
corrosion inhibition of metals by imine compounds. Corrosion inhibition of carbon steel
pipelines during acidizing treatment of oil wells was studied by different imine compounds
containing benzene rings [33]. Different electrochemical and surface methods including
electrochemical impedance spectroscopy, potentiodynamic polarization, and SEM were applied
for this purpose. The results showed that the inhibitors are efficient mixed-type corrosion
inhibitors and the inhibition efficiencies were about 90-95% in HCI solution. The high
inhibition efficiencies of these inhibitors were due to the nitrogen atom and benzene ring in
molecules and spherical structure. Tezcan et al. (2018) [34] investigated the synthesized imine
compound containing thiophene as an effective corrosion inhibitor for mild steel in HCI
solution. They analyzed the inhibition efficiency of inhibitors using electrochemical analysis.
These sulfur containing imine compounds showed a high inhibition efficiency of 96% for mild
steel corrosion in acidic solution. This high inhibition efficiency was related to the effect of
both the imine functional group and a sulfur atom in the molecule. Elemike et al. [35]
synthesized and studied the adsorption and inhibition properties of two chlorobenzylidene and
nitrobenzylidene imine compounds for steel corrosion in acidic solution. Electrochemical
impedance spectroscopy and Tafel diagrams were employed in order to analyze the inhibition
and corrosion rate. Low inhibition efficiencies around 75-81% were calculated for these
benzylidene inhibitors. El-Lateef et al. [36] investigated synthesized cationic diimine base
surfactants as a corrosion inhibitor for steel in sulfuric acid solution. SEM and electrochemical
techniques were used in corrosion inhibition study of steel for industrial applications, especially
in refineries, petrochemical, and petroleum. Diimine group in the molecule and cationic
surfactant influenced adsorption and inhibition behaviors such that a very high inhibition
efficiency up to 99% was obtained.

Surface Analysis

The SEM micrograph in Fig. 7 shows a corroded steel specimen surface after immersing in 1M
HCI for 6 h with or without. The SEM reveals the existence of corrosion damage and several
surface pits for steel in HCI solution however such damages are diminished in the existence of
inhibitors. Therefore, the surface is more uniform in the existence of inhibitors. This is
completely in accordance with the outcomes achieved from potentiodynamic polarization and
impedance measurements.
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Fig. 7. The surface of steel electrode by SEM microscope of carbon steel exposed to 1 M HCI solution

(a), in the presence of 2x10°* M of DHPP (b), DHAP (c), and DHBP (d)

Conclusions

Three imine compounds were prepared and studied as a corrosion inhibitor for steel in 1M HCI
solution with diverse levels using several methods. The following points can be emphasized:

1.

2.

The prepared imine plays a role as an effective inhibitor for the acidic corrosion of
carbon steel.

The inhibition efficacies enhanced with enhancing inhibitor level and higher inhibition
efficiency was obtained for inhibitor without alkyl part.

The corrosion inhibition corresponding to the synthesized inhibitors is mainly due to
their adsorption on the surface of carbon steel.

Tafel measurements indicated that inhibitors acted as hybrid kind corrosion inhibitor
through inhibition of both cathodic reactions and anodic metal dissolution.

Nyquist data show that with rising inhibitor level, the resistance of charge transfer
enhanced, however the capacitance of double-layer capacitance.

The SEM images were indicated that the corrosion of electrode in 1 M HCI solution
lead to high surface damages and adding inhibitor to corrosive medium reduced the
corrosion API-5L-X65.
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