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Abstract: New Mannich bases, 3-morpholino-1-phenylpropan-1-one (MPO) and 3-morpholino-1-
phenyl-3-(pyridin-4-yl) propan-1-one (MPPO), were synthesized, characterized, and studied as
corrosion inhibitors for N80 steel in 1 M hydrochloric acid (HCI) solution using weight loss, poten-
tiodynamic polarization, electrochemical impedance spectroscopy, scanning electron microscopy,
X-ray photoelectron spectroscopy, and FT-IR spectroscopy. The inhibition efficiency increases with
increasing inhibitor concentrations, and the corrosion inhibition efficiency of the MPO and MPPO
could reach 90.3% and 91.4%, respectively, at a concentration of 300 ppm at 305 K. The effect of the
temperature on the corrosion inhibition behavior of inhibitors was discussed. Electrochemical tests
showed that the synthesized inhibitors are mixed. The EIS test results showed that the presence of
MPO and MPPO reduced the double-layer capacitance in the corrosion process, thereby reducing
the charge transfer resistance. The SEM and EDX results showed that the MPO and MPPO formed a
uniform adsorption film on the surface of the N80 steel. The adsorption mechanism of the inhibitors
was simulated with different adsorption models and the results showed that the inhibitors were the
chemisorbed type. The results of the FI-IR spectroscopy proved that the inhibitor interacted with
metal atoms on the steel surface.

Keywords: N80 steel; acid corrosion; Mannich bases; inhibitor; electrochemical tests

1. Introduction

Corrosion protection of steel and its alloys is crucial in numerous fields of industry.
Particularly in the petroleum industry, acidification is an effective technique to extend
productivity. However, acid corrosion of oil wells is a crucial engineering problem due to
the utilization of high concentrations of acid [1-3]. To reduce the corrosion hazards of metal
pipes and metal tanks, it is necessary to use corrosion inhibitors to inhibit the corrosion of
acidic solutions [4]. Corrosion inhibitors include inorganic inhibitors and organic inhibitors.
Inorganic inhibitors usually include chromates, dichromates, tetraborates, molybdates,
arsenates, nitrites, and phosphates [5]. These inorganic compounds such as chromates and
nitrites are restricted to some extent due to their high biological toxicity, environmental
pollution, and high cost. Therefore, organic corrosion inhibitors are one of the most
promising methods to mitigate corrosion. Most organic corrosion inhibitors chiefly contain
O, N, and S heteroatoms, aromatic rings, and multi-bonds, all of which can contribute
to the lone pairs of electrons, allowing for stronger adsorption of the inhibitor molecule
to the metal surface [6-8]. It can physically or chemically interact with the metal surface
and adsorb firmly on the metal surface, thus forming a protective film that can isolate the
corrosive medium [9].

Over the past few decades, several studies have been reported on the corrosion in-
hibition properties of organic corrosion inhibitors on mild steels under acidic conditions,
including Mannich base [10,11], schiffine [12,13], pyridine [14,15], imidazole [6], quino-
line [16,17], etc. Mannich base compounds have attracted abundant attention because of
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their aromatic rings, heteroatom structures, and good acid solubility. The existence of I1
electrons of aromatic rings and lone electron pairs of heteroatoms makes Mannich base
compounds adsorb on metal surfaces efficiently and decreases the metal corrosion rate.
Jeeva et al. [18] investigated the effect of nicotinamide and its Mannich derivatives on
mild steel in HCl solution. Recent studies have reported that morpholine Mannich base
and its derivatives have an excellent corrosion inhibition effect on low carbon steel in an
acid solution [19]. Lavanya et al. [20] studied the corrosion inhibition effect of morpholine
thiourea new Mannich base on mild steel in an HCI solution. Nanji et al. [21] reported
morpholine derivatives as corrosion inhibitors for mild steel in an HCI medium.

In this paper, Mannich base corrosion inhibitor 3-morpholino-1-phenylpropan-1-one
(MPO) and 3-morpholin-1-phenyl-3- (pyridin-4-yl) propane-1-one (MPPO) was synthesized
from morpholine, pyridine-4-formaldehyde, and acetophenone. The corrosion inhibitor has
multiple active adsorption centers for O, N heteroatoms and conjugated bonds containing
lone electron pairs, and the hydrophobic alkyl chains connecting different adsorption
structures can isolate the metal surface from the corrosion medium. The corrosion inhibition
performance of MPO and MPPO on N80 steel in 1M HCl solution was studied using the
weight-loss method, electrochemical analysis, and surface analysis.

2. Materials and Methods
2.1. Synthesis of Mannich Base

Morpholine, pyridine-4-formaldehyde, 37% formaldehyde solution, acetophenone,
37% hydrochloric acid, and ethanol: AR, Shanghai Aladdin Biochemical Technology Co.,
Ltd., (Shanghai, China). The synthetic route of Mannich bases is shown in Figure 1.
In general, morpholine (0.5 mol) was dissolved in 30 mL anhydrous ethanol solution,
adjusted to pH 2-3 with a concentrated HCI solution, then acetophenone (0.5 mol) was
added, and then slowly dropped into the aldehyde (0.5 mol) (formaldehyde and pyridine-
4-formaldehyde). The mixture was stirred at 85 °C for 10 h and then cooled to room
temperature. After standing overnight, the sediment is filtered. The crude product was
washed three times with cold ethanol and then recrystallized with anhydrous ethanol
to obtain a pure compound [22,23]. The melting points and yields of the products were
determined, and the structures of the products were characterized by FI-IR and NMR.

(0
o/ﬁ RCHO, EtOH, HCI @
10 h, stirring, 85 °C

morpholine acetophenone (a-b)

R= H , /\N

Figure 1. Scheme for synthesizing morpholinyl Mannich bases: (a) MPO and (b) MPPO.

3-morpholino-1-phenylpropan-1-one (MPO): White solid (85%, yield); mp 143-146 °C;
IR (KBr, cm~1): 2981, 2859, 2459, 1687, 1597, 1454, 1223, 1128, 1089 750, 692. 'H NMR
(600 MHz, CDCI3): 8(ppm) 2.39(s, 4H), 3.47(m, 4H), 3.76(m, 2H), 3.93(m, 2H), 7.42(m, 2H),
7.55(m, 1H), 7.93(m, 2H). 13C NMR (600 MHz; CDCl3): 8(ppm) 32.36, 51.96, 52.21, 63.63,
128.15, 128.93, 134.48, 135.21, 199.43.

3-morpholino-1-phenyl-3-(pyridin-4-yl) propan-1-one (MPPO): White solid (89%, yield); mp
147-150 °C; IR (KBr, ecm™1): 2963, 2811, 1695, 1593, 1455, 1273, 1120, 1026, 762, 680. 'H
NMR (600 MHz, CDCI3): §(ppm) 2.35(s, 4H), 3.51-3.53(m, 4H), 3.63(m), 7.12-7.13(m, 1H),
7.42-7.44(m, 2H), 7.58(m, 1H), 7.85(m, 2H), 8.04(m, 2H), 8.65-8.67(m, 2H). 13C NMR (600 MHz,
CDCls): 8(ppm) 46.43, 49.56, 67.02, 68.12, 127.79, 128.84, 129.76, 131.61, 134.09, 134.47, 197.33.
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2.2. Material Preparation

The N80 steel specimens (50.00 mm x 10.00 mm x 3.00 mm: length, width, height)
are purchased from Baosteel Co., Ltd., (Shanghai, China), with the chemical composition
(wt.%) of C 0.42, Si 0.23, Mn 1.68, P 0.012, S 0.011, Cr 0.02, Ni 0.01, Mo 0.18, Cu 0.03, and Fe
the rest. The surface of N80 steel specimens was ground with 800# to 1200# (# represents
mesh) sanding paper, then washed with ethanol and distilled water, dried, and used for
experimental testing.

2.3. Weight Loss Measurements

The N8O steel specimens were immersed in 1 M HCl solutions containing different
concentrations of inhibitors at different temperatures for 2 h. The mass loss before and after
immersion was determined using an analytical balance (HZT-B2000, Fuzhou Huazhi Scien-
tific Instruments Co., Fuzhou, China). The temperature of the solution in the experiment
was controlled by a thermostat. Each set of experiments was repeated three times in all
identical cases and the results were averaged. The corrosion rate (Cr) of the steel plates
was obtained from the following equation:

Wy — Wj)

|
Cr= AXT 1)

where A is the surface area of the steel specimen (cm?) and T is the immersion time (h). The
inhibition efficiency and coverage are calculated by the following formula:

IE(%) = WOW;OW‘ x 100 )
- Wo—W;
0= Wo ®)

where Wy and W; are the values of the weight loss without and with the addition of the
inhibitor, respectively [24,25].

2.4. Electrochemical Measurements

The electrochemical experiments were carried out on a CS310 electrochemical worksta-
tion from Wuhan COST Instruments Co., Ltd., (Wuhan, China). At a constant temperature
of 305 K, 1 M HCI was used as the electrolyte, N80 steel specimen as the working electrode
(WE), platinum gauze electrode as the auxiliary electrode, and saturated calomel electrode
(SCE) as the reference electrode (RE) [26]. The N8O steel specimens after grinding were
immersed in 100 mL 1M HCl solution containing different concentrations of inhibitors for
1 h to obtain a stable state. Then the values of open circuit potential (OCP) were tested and
recorded, and EIS and Tafel polarization experiments were performed. Tafel curves were
obtained by changing the electrode potential automatically from —250 to +250 mV versus
OCP at a scan rate of 10 mV s~ !.The electrochemical impedance test was carried out in the
frequency range of 0.1~10,000 Hz by applying 0.01 V sinusoidal AC voltage [27].

2.5. Surface Analyses

The N80 steel specimens of size were immersed in 1 M HCl solution without and with
a corrosion inhibitor concentration of 300 ppm of MPO and MPPO for 2 h. The immersed
steel specimens were washed with ethanol and distilled water, dried and sheared to a size
of 1 cm? for SEM and EDX characterization. Observations were performed on Evo 18 XVP
instrument, Zeiss, Carl Zeiss AG, Oberkochen, Germany, at an accelerating voltage of 20 kV
and a magnification of 2K times. To study the interaction between the corrosion inhibitor
and the surface of the N80 steel, the solid products on the steel surface of the weight loss
experiment were scraped off for FT-IR spectroscopic study (VERTEX 70, Bruker, Germany).
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3. Results
3.1. Weight Loss Measurements
3.1.1. Concentration Effect of MPO/MPPO on Corrosion Inhibition

The weight loss data for the N80 steel specimens in the absence and presence of
different concentrations of inhibitors in 1 M HCl over a temperature range of 305-335 K
are listed in Table 1. According to the data, the corrosion rate of the synthesized inhibitor
decreases rapidly with increasing concentration. It is observed that all inhibitors showed
very high efficiency at the optimum concentration of 300 ppm, and there is no remarkable
increase in the inhibition efficiency for a higher concentration of inhibitors. The Cgr values
of the MPO and MPPO were only 0.19 mg cm~2h~! and 0.16 mg cm~2h~!, respectively, at
a concentration of 300 ppm at 305 K. However, in the sample without an inhibitor, the Cg
value was 1.86 mg cm—2h~1. In addition, the coverage and corrosion inhibition efficiency
of the MPO and MPPO gradually increased with the increase in inhibitor concentration,
and the highest the inhibition efficiency could reach was 89.8% and 91.4%, respectively.
This indicates that as the inhibitor concentration increases, more of the inhibitor adsorbs on
the N8O steel surface, thus isolating the steel surface from the corrosive medium.

Table 1. Corrosion parameters obtained by weight loss measurements of N80 steel in 1.0 M HCl
containing various concentrations of MPO and MPPO at different temperatures.

Temperature

Concentration

X) (ppm) MPO MPPO
Cr IE 0 Cr IE 0
(mg cm—2h-1) (%) (mg cm—2h-1) (%)
305 0 1.86 - - 1.86 - -
50 0.88 52.7 0.527 0.81 56.5 0.565
100 0.69 62.9 0.629 0.64 65.6 0.656
150 0.55 70.4 0.704 0.53 71.5 0.715
200 0.48 74.2 0.742 0.47 74.7 0.747
250 0.32 82.8 0.828 0.31 83.3 0.833
300 0.19 89.8 0.898 0.16 91.4 0.914
350 0.17 90.7 0.907 0.14 92.5 0.925
315 0 2.31 - - 231 - -
50 1.21 47.6 0.476 1.19 48.5 0.485
100 1.01 56.3 0.563 0.97 58.1 0.581
150 0.87 62.3 0.623 0.85 63.2 0.632
200 0.69 70.1 0.701 0.72 68.8 0.688
250 0.51 77.9 0.779 0.48 79.2 0.792
300 0.43 81.4 0.814 0.40 82.7 0.827
350 0.41 82.3 0.823 0.38 83.5 0.835
325 0 3.24 - - 3.24 - -
50 1.69 47.8 0.478 1.64 494 0.494
100 1.33 59.0 0.59 1.31 59.6 0.596
150 1.26 61.1 0.611 1.23 62.0 0.620
200 1.01 68.8 0.688 0.97 70.1 0.701
250 0.89 72.5 0.725 0.79 75.6 0.756
300 0.77 76.2 0.762 0.73 77.5 0.775
350 0.75 76.9 0.769 0.70 78.4 0.784
335 0 3.76 - - 3.76 - -
50 1.96 479 0.457 1.93 48.7 0.487
100 1.83 51.3 0.513 1.78 52.7 0.527
150 1.65 56.1 0.561 1.59 57.7 0.577
200 143 62.0 0.620 1.36 63.8 0.638
250 1.28 66.2 0.662 1.22 67.6 0.676
300 1.08 713 0.713 1.03 72.6 0.726
350 1.06 71.8 0.718 1.01 73.1 0.731

3.1.2. Temperature Effect of MPO/MPPO on Corrosion Inhibition

To investigate the effect of temperature on the corrosion process of N80 steel in 1M
HCI solution, the weight loss experiments were carried out at a temperature range of
305 K-335 K in the absence and presence of different concentrations of inhibitors during
2 h immersion. The effect of temperature on corrosion rate is shown in Table 1. It is clear
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that the corrosion rate increases with the increasing solution temperature for both the
presence and absence of inhibitors. The increase in temperature may lead to the desorption
of the inhibitor on the N80 steel surface. However, it can be seen from Table 1 that as
the temperature increases, the greater the increase in corrosion rate without the inhibitor
compared to the presence of the inhibitor. In the absence of inhibitors, the corrosion
rate is only 1.86 mg cm—2h~! at 305 K, whereas at 335, K is 3.76 mg cm~?h~!, showing
a dramatic increase in corrosion rate with the increasing solution temperature. In the
presence of inhibitors, the corrosion rate increases slowly with the temperature of the
solution, from 0.19 mg cm2h~ 1 at 305K to 1.08 mg cm2h~ 1 at 335 K for the MPO, and
from 0.16 mg cm~?h~! to 1.03 mg cm~2h~! for the MPPO at 300 ppm. The prosperous
corrosion inhibition performance results from the inhibitors forming a protective film on
the steel surface.

A relationship between the corrosion rate (Cr) and absolute temperature (T) can be
expressed by the Arrhenius equation [28,29].

Cg = Ae Tt )

where A is the pre-exponential factor, E, is the apparent activation energy, R is the universal
gas constant, and T is the absolute temperature.

The relationship between the logarithm of the corrosion rate and 1/T obtained from
Table 1 is shown in Figure 2. The values of activation energy obtained from the slope
(—Ea/2.303R) of the straight lines are given in Table 2.
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Figure 2. Arrhenius (a) MPO, (b) MPPO and Eyring (c) MPO, (d) MPPO plots for corrosion of N80
steel in 1 M HCl containing various concentrations of inhibitors.

*

The enthalpy of activation (—AHY,,,) and entropy of activation (AS},,,) for the N80

corr
steel dissolution process are obtained from the Eyring transition state equation [28,30].

_ RT ASéﬁorr _AH::Korr
= Nah exp R exp RT 5)

Cr
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where h is the Planck’s constant and Ny is the Avogadro number. A plot of In(Cr/T)
and 1/T gave a straight line as shown in Figure 2 with a slope (—AH,,/2.303R) and

intercept [In(R/Nah)+AS;../2.303R]. The values of enthalpy and entropy of activation
were calculated by these plots and are given in Table 2.

Table 2. Activation parameters for the corrosion of N80 steel in 1M HCI at various concentrations of
morpholinyl Mannich base inhibitor.

Inhibitor C°“f;;1t;")‘t‘°“ 0 n‘fgl_l) (mg < I:‘_Zh_l) AHpp(J mol™l)  — A8l (J mol 1K)
Blank 0 20.84 6.83 x 103 18.18 180.43
MPO 50 23.33 8.88 x 103 20.67 178.25

100 27.22 3.20 x 104 24.56 167.59
150 31.23 1.27 x 10° 28.58 156.14
200 31.05 9.86 x 10° 28.40 158.23
250 40.10 2.34 x 10° 37.44 131.89
300 49.47 6.19 x 107 46.81 104.66
MPPO 50 25.46 1.92 x 104 22.75 171.00
100 29.23 6.58 x 10% 26.52 161.75
150 31.86 1.56 x 105 29.16 154.54
200 30.23 7.13 x 10° 27.52 161.08
250 39.79 1.97 x 106 37.09 133.48
300 53.99 3.13 x 108 51.28 91.33

The values of E, increase with the increasing concentration of inhibitors, indicating
the inhibitors act as a barrier in metal corrosion reactions. The groups with inhibitors
have a higher activation energy value compared to the group without inhibitors. This is
due to the occurrence of inhibitors in the adsorption process on the metal surface, leading
to the formation of a physical protective layer on the metal surface, which blocks the
corrosion charge transfer. The positive value of AHZ . indicates that the corrosion of the
N8O steel in 1 M HCl is an endothermic process, and it presents higher in the presence of
inhibitors than in the absence of inhibitors. It is also shown that the values of E, and AH,,
enlarge with the increasing concentration of inhibitors, indicating that the Mannich base
inhibitors amplify the energy barrier to the dissolution of N8O steel in the HCI solution,
leading to a suppressive role for N80 steel in the corrosion reaction. Identically, the value of
entropy of activation in the presence of inhibitors is negative and larger, showing that the
activated complex in the rate-determining step is associative and the activated complex has
a more orderly structure [30]. Simultaneously, the values of AS} .. enhance with inhibitor
concentration suggesting that MPO and MPPO play an excellent role in hindering the
corrosion process.

3.2. Electrochemical Corrosion Measurements

Figure 3 shows the steady-state OCP curves of N80 steel specimens in 1 M HCl
solutions containing different concentrations of inhibitors. Figure 4 shows the cathodic
and anodic polarization curves of N80 steel after 1 h immersion in 1 M HCI without and
with various concentrations of MPO and MPPO at 305 K, respectively. The polarization
curves of both cathode and anode shift to the lower current densities with the addition
of MPO and MPPO, indicating that the inhibitor molecules suppressed the corrosion of
steel in 1.0 M HCl. Table 3 shows the numerical values of electrochemical corrosion kinetic
parameters such as corrosion current density (Icorr), corrosion potential (Ecorr), cathodic
and anodic Tafel slops (3a, Bc), and the inhibition efficiency (IE).
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Figure 3. The variation of OCP with time for N80 steel in 1 M HCl solution containing different
concentrations of (a) MPO, (b) MPPO at 305 K.
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Figure 4. Polarization curves for N80 steel measured in uninhibited 1.0 M HCl and with different
concentrations of inhibitor: (a) MPO and (b) MPPO.

Table 3. Electrochemical parameters obtained from polarization curves for N80 steel containing
different concentrations of MPO and MPPO.

oy Concentration Leorr —Ecorr Ba —Bc 1E
Inhibitor (ppm) (uA cm~2) (mV) mVv) (mV) 0 (%)
Blank 0 777.90 420 101 139 - -
MPO 50 172.27 410 83 126 0.7785 77.85
100 145.73 394 70 125 0.8127 81.27
150 90.58 420 73 127 0.8836 88.36
200 84.86 424 69 122 0.8909 89.09
250 75.88 409 79 129 0.9025 90.25
300 75.78 405 69 122 0.9026 90.26
MPPO 50 159.79 420 102 115 0.7946 79.46
100 154.37 390 72 137 0.8016 80.16
150 132.98 394 91 162 0.8291 82.91
200 120.52 382 72 168 0.8451 84.51
250 98.12 398 73 125 0.8739 87.39
300 74.19 401 68 119 0.9146 90.46

The inhibition efficiency (IE, %) from potentiodynamic polarization was calculated
using the following equation [31]:

I,—T
IE% = == x 100 (6)
0

where Iy and I are the corrosion current density without and with the inhibitor, respectively.

It is obvious from Table 3 that the numerical values of Loy noticeably decrease with
the addition of MPO and MPPO in 1.0 M HCI. Moreover, the values of I.r gradually
decrease with the concentration of inhibitors due to more inhibitor molecules absorbing on
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the steel surface. Furthermore, there is no significant change in the corrosion potential with
the addition of MPO compared to the sample without the corrosion inhibitor, while the
corrosion potential shifted in a more negative direction with the addition of MPPO., Besides
this, the maximum Eq,; in the presence of inhibitors shifts less than +85 mV from that of
the uninhibited solution. These illustrate that MPO and MPPO are mixed inhibitors and
retard the anodic dissolution and subsequent reduction of the H; evolution reaction [32].
In brief, the two inhibitors studied showed a high inhibition efficiency, which increased
with the increasing inhibitor concentration, mainly due to the adsorption of the inhibitor
on the steel surface and thus the formation of a protective film.

3.3. Electrochemical Impedance Spectroscopy (EIS)

The effect of MPO and MPPO corrosion inhibitors on the corrosion behavior of N80
steel specimens in 1M HCI solution was investigated by EIS test after 1 h immersion at
305 K. Figure 5 shows Nyquist and Bode plots without and with various concentrations of
MPO and MPPO. It is shown in Figure 5 that the Nyquist plots in the presence of MPO and
MPPO are characterized by a large semicircle with the center located below the real axis.
The addition of MPO and MPPO does not affect the shape of the semicircular arc, which
indicates that the presence of an inhibitor does not change the corrosion mechanism of N80
steel in 1M HCl. Whereas, the diameter of these semicircles significantly increases with the
increasing concentration of inhibitors, which means that more corrosion inhibitor molecules
adhere to the metal surface. The corresponding Bode plots were shown in Figure 5¢,d, and
generally, the logarithm of resistance in the low-frequency region represents the ability to
block charge transfer. The logarithm of resistances of the MPO and MPPO prominently
increases with the concentrations of both inhibitors.

-300 3.0
(a) = Blank (C) = Blank
* S0ppm * 50ppm
-2504 100ppm L vermvorennag 100ppm
v 150ppm B¢ 150ppm
200ppm 200ppm
o < 250ppm o0 < 250ppm
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£ -150 E, sl %
S s \
bt N
N -100+ PR g 1.04
. s, e ——
& \
04
T T T T T T T T 0.0 T T T
0 50 100 150 200 250 300 350 400 -1 0 1 2 4
Z' (ohm em?) log Frequency(Hz)
-300 3.0
(b) = Blank @ = Blank
* S0ppm * S0ppm
-2504 100ppm 2.5 100ppm
v 150ppm v 150ppm
200ppm 200ppm
o~ ~200 < 250ppm S 2.0 < 250ppm
E 300ppm 5 300ppm
-150 £
.E ) 1.5
b N
N T [
N 100 P . = 1.0
-50 3 \
e ), 054
0 »/ \ ‘\
T T 0.0

T T T T T T T T T T
0 50 100 150 200 250 300 350 400 -1 0 1 2 3 4

Z' (ohm cm?) log Frequency(Hz)

Figure 5. Nyquist (a) MPO, (b) MPPO and Bode (c) MPO, (d) MPPO plots of EIS measurements of
N80 steel in 1 M HCl1 without and with different concentrations of inhibitors (characteristic symbol
and real line represent experimental results and fitting results, respectively).

Furthermore, the constructed equivalent circuit model is shown in Figure 6. In the
equivalent circuit model, Ry is solution resistance, Ry is film resistance, Rcr is the charge
transfer resistance, Rp, is the sum of R and Ret, CPEf is the constant phase element of film
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and CPEq is the constant phase element of the double-layer [32]. The impedance of CPE
(Zcpg) can be given as follows [33]:

Zcpe = Yo ' (jw) ™" )

where Y) is the amplitude of CPE, and n is the phase shift. The n value represents the
deviation of the inhibitor from the ideal performance, and the value ranges between 0 and
1. X is the angular frequency represented by rad s~! and j is an imaginary number. The
effective capacitance values were calculated as follows [34]:

n—1
11 1\~
Ca =Y+ > 8
dl 0,dl (Rs Rer ( )
1 1-n
Ce =Yg X R™ €)
Rs CPEf
VAN >>
Rf CPHII
3N
77
Rct

Figure 6. Equivalent circuit model used to fit the impedance data.

The electrochemical parameters are given in Table 4. The values of Y4 and Cg
decrease with the addition of the MPO and the MPPO, which is attributed to the increase
in the thickness of the protective film on the electrode surface. Furthermore, the values of
charge transfer resistance (Rct) significantly increase with the presence of MPO and MPPO.
The inhibition efficiency value was calculated using the following equation.

0

0 Rp — RP
IE( /O) - Tp X 100 (10)

where Rp and Rg are the polarization resistance values in the presence and absence of the
three inhibitors, respectively [35,36]. The EIS data show that the MPO and MPPO show
good performance in corrosion inhibition, with an inhibition efficiency of up to 91.31%
and 91.48% at 300 ppm, respectively, and the MPPO has a higher inhibition efficiency than
the MPO.

Table 4. Electrochemical parameters obtained from EIS data for N80 steel in 1M HCI solution
containing different concentrations of MPO and MPPO.

Yot

o1e Rs RCT Y, C R 1 C R 0,
Inhibitor ) (@amd)  @emd)  (Fon'?) nal Fam?)  (@cmd) oy n¢ Feam? @cmt) E

Blank 0 2.167 283 273 x 1074 0.944 1.76 x 1074 5.293 8.84 x 1077 0.950 462 x 1077 33.59 -
MPO 50 1.680 83.6 274 x 1074 0.916 1.35 x 1074 4.746 263 x 1076 0.869 481 %1077 88307 61.97
100 2.249 136.8 9.49 x 107° 0.88 2.99 x 107° 5.303 6.50 x 1077 0.971 447 x 1077 142.143 76.37
150 1.869 145.53 1.27 x 1074 0.915 5.87 x 107° 4.582 1.04 x 107° 0.952 559 x 1077 150.112 77.63
200 2218 180.7 1.36 x 1074 0.921 6.73 x 107° 4.951 8.60 x 1077 0.955 479 x 1077 185.651 81.91
250 2.586 278.1 1.68 x 107+ 0.794 2.25 x 107 4.360 3.06 x 1077 1.035 482 x 1077  282.490 88.11
300 1.770 340.2 6.73 x 107° 0.894 230 x 107° 4813 1.71 x 106 0.912 552 x 1077  345.053 90.27
MPPO 50 0.586 112.0 1.30 x 10~* 0.861 2.79 x 107° 1.165 1.70 x 107 1.302 6.07 x 107 113.195 70.33
100 0.609 140.0 1.17 x 1074 0.869 2.76 x 1072 2111 578 x 1077 1.176 445x10°¢ 142,111 76.37
150 0.610 156.1 1.29 x 1074 0.849 240 x 1073 1.080 210 x 1077 1.305 751 x107¢  157.170 78.63
200 0.926 230.5 1.61 x 1074 0.822 238 x 1075 3.086 3.63 x 1077 1.182 299 x10°¢  233.576 85.62
250 1.945 303.3 1.68 x 1074 0.799 224 x107° 2.493 9.48 x 1078 1.249 198 x 107¢  305.784 89.02
300 1.922 349.2 1.25 x 1074 0.890 443 x107° 2.829 371 x 1077 1.136 1.93 x 107¢  352.049 90.46
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Compared with other Mannich base corrosion inhibitors in the literature, such as the
bis-Mannich base studied by Zhang et al. [32] and the imidazoline-based Mannich base
synthesized and studied by Zhu et al. [37] for corrosion inhibition of N80 steel in HCl
solution, the morpholine-based Mannich base corrosion inhibitor synthesized in this paper
still has a high inhibition efficiency in a high concentration of acid.

3.4. Adsorption Isotherm

Generally, the corrosion of metals immersed in an acid solution is principally due to the
presence of water molecules and acid medium on the metal surface. The robust absorption
of organic inhibitor molecules on the metal surface through the polar amine group and
benzene ring replaces the H,O molecules at the corroding metal/solution interface. This
process can be described by the following reaction scheme [38]:

Orgsoln + XHZOads A Orgads + XHZOsom

where the x is the number of water molecules displaced by one molecule of organic inhibitor.
Basic information on the interaction between inhibitors molecules and metal surfaces can
be obtained by adsorption isotherms. Data from weight loss experiments were used to fit
the isotherms of Langmuir and Dubinin—-Radushkevich. The linear regression fitting to
the Langmuir adsorption isotherm is illustrated by plotting C;,;, /6 versus Ci,y, (Figure 7)
according to the following equation [39]:

Cinh _ 1

9 Kads + th ( )

where the Cyy, is the concentration of inhibitor, K, 45 is the adsorption equilibrium constant,
and 0 is the degree of surface coverage. The linear regression coefficient (R%) obtained
from the data of regression fitting is close to 1.0, indicating that the Langmuir isotherm is
suitable for modeling the adsorption of MPO and MPPO on metal surfaces.

(a) o004 - (C)
= 305K;R’=0.98733
0.0012 4 ®  315K;R*-0.98795
A 325K:R*-0.99485
335K:R™=0.99002

-0.2 4

0.0010 4 0.3 4

0.0008 - 04+

H z
£ 0.5
= 0.0006 4
(3} 0.6+
0.0004
0.7
0.0002 - 084
0.0002 0.0004 0.0006 0.0008 0.0010 320E+08  4.00E+08  480E+08  SGOE+08  6.40E+08
C(mol lit") 8
(b) 0.0010 (d)
® 30SK:R'=0.98322 014 " = 305 KiR™0.96499
N “i":f":"“’”"s o 305 KiR=0.97040
0.0008 32:.R;0.0930ﬁ 0.2 A 305 K:R*=0.97515
¥ _335K:R =0.98993 v 308 KiR*=0.94879
~ 03
= 0.0006
: 2 041
H =
Py 0.5
C 0.0004
0.6+
‘ 0.7
000024 ¥
- v - 0.8 - - - T
0.0002 0.0004 0.0006 0.0008 4.00E+08  4.80E+08  S.G0E+08  6.40E+08
C(mol lit") 8

Figure 7. Langmuir isotherm (a) MPO, (b) MPPO and Dubinin-Radushkevich isotherm (c) MPO,
(d) MPPO plots for N80 steel in 1 M HCl solution containing different concentrations of MPO and
MPPO at different temperature.



Materials 2022, 15, 4218

110f15

The values of K,45 were calculated by the intercept of Langmuir isotherm plots and
are listed in Table 5. The values of Gibb’s standard free energy of adsorption (AGY,.) can
be calculated from the following equation:

AGY,. = —RTIn55.5K 445 (12)

ads

where R is the universal gas constant, T is the absolute temperature, and 55.5 is the molar
concentration of water in the solution expressed in M (mol L™!). The values of Angs
are listed in Table 5. From the data, the K, 45 values of the MPO and MPPO are relatively
large, indicating that the inhibitor molecules are robustly absorbed on the steel surface and
therefore improve the inhibition efficiency [28]. Moreover, the K, 45 values decrease with
the increasing solution temperature due to the desorption of the inhibitor molecules on the
metal surface. Additionally, the AGY, values range between —32.7 and —36.1 k] mol !,
which are lower than —20 kJ mol~!. This suggests that the absorption of the MPO and
MPPO molecules on the steel involves both physisorption and chemisorption, but the latter
is predominant [40,41].

Table 5. Thermodynamic parameters for adsorption of inhibitors in 1.0 M HCI on N80 steel surface
at different temperatures.

Inhibitor Temperature (K) Langmuir Isotherm Dubinin-Radushkevich Isotherm
K _ a E
R? (Lmol 1)  ~AGags (Jmol™h R? moJ-2)  (kJ mol-1)
MPO 305 0.987 7352 32.76 0.985 2.71 x 10° 13.58
315 0.988 7042 33.72 0.978 2.70 x 10° 13.62
325 0.995 6756 34.68 0.983 2.12 x 10° 15.37
335 0.990 5494 35.17 0.97 1.93 x 10° 16.1
MPPO 305 0.983 11764 33.95 0.965 2.30 x 10° 14.73
315 0.984 9090 34.39 0.97 2.53 x 10° 14.07
325 0.993 8264 35.22 0.975 2.03 x 10° 15.7
335 0.990 7751 36.13 0.949 1.69 x 10° 17.21

Further, the experimental results were simulated using the Dubinin—-Radushkevich
isotherm model as the following equation [38,42]:

In0® = In Opax — ad> (13)

where the Omax is the maximum surface coverage, a is constant, and § is the Polanyi
potential, which can be given as:

5 = RT1n<1 41 > (14)
Cinh

The constant a represents the average adsorption energy (E,q4s), that is, the transfer
energy of 1 mol of adsorbate from infinity (acidic solution containing inhibitor molecules)
to the adsorbent surface (steel surface).

1
Eads = E

From the studies of Noor and Solomon, if the values of E,4s are less than 8.0 k] mol~!,
the adsorption process belongs to physical adsorption, otherwise, it is chemical adsorp-
tion [42,43]. The values of E,q4s (Table 5) obtained from the data confirm the chemical
absorption of the MPO and MPPO molecules onto the N80 steel surface.

(15)
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3.5. Surface Analysis
3.5.1. SEM and EDX Analysis

The SEM micromorphology and corresponding EDS analysis of N80 steel after 2 h
immersion in 1 M HCl solution in the absence and presence of inhibitors are shown in
Figure 8. As shown in Figure 8 A, the steel surface was acutely eroded and highly damaged,
and corrosion products and pit were widely distributed on it. The relevant EDS spectra and
data showed comparatively high contents of oxygen and chlorine, indicating the uninhib-
ited steel surface in the presence of many acid corrosion products. In contrast, the surfaces
in the presence of inhibitors show smoother and lighter corrosion damage and the surfaces
of the MPPO (Figure 8C) are smoother and more complete. Furthermore, the corresponding
EDS spectra and data showed the contents of acid corrosion products were lower than the
uninhibited group. Besides this, the EDS spectra showed a characteristic peak of nitrogen
around the 0.3 kev, which verified that the inhibitors are successfully adsorbed on the
surface of the N80 steel, forming a uniform and dense protective film. According to the
results of the surface analysis, the inhibition effect of the MPPO is significantly higher
than that of the MPO. This is due to the MPPO molecules having more heteroatoms and
aromatic rings that contain more lone electron pairs. Therefore, the MPPO can be effectively
adsorbed on the steel surface to form a protective film.

C 0.09%
0 24
cl

Figure 8. SEM micrographs and their corresponding EDS analysis of N80 steel after 2 h immersion in
1 M HCl solution: (A) without inhibitors; (B) presence of 300 ppm of MPO; (C) presence of 300 ppm
of MPPO.
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3.5.2. FI-IR Analysis

After immersion in a 1 M hydrochloric acid solution of corrosion inhibitor at a con-
centration of 300 ppm for 2 h, the corrosion inhibitor film adsorbed on the surface of N80
steel was scraped off, collected, and then studied by infrared spectroscopy. The FI-IR
spectra of the MPO, MPPO and the scraped samples of MPO-Fe and MPPO-Fe are shown
in Figure 9. The comparison of the IR characteristic absorption frequencies of the scraped
and pure samples is shown in Table 6. The C=O characteristic band frequencies of the
MPO and MPPO shift to lower frequencies, 1687 to 1668 and 1695 to 1664, respectively,
indicating a strong interaction of carbonyl oxygen with the vacant d-orbitals of the metal
surface. The C=C peaks on the benzene ring as well as the C=N peaks on the pyridine ring
have lower frequencies, 1597 to 1577 and 1593 to 1570, indicating that the benzene and
pyridine rings interact with the metal surface. The stretching frequencies of C-O-C and
C-N-C in the morpholine structure are shifted to lower frequencies, indicating that the O
and N atoms in the morpholine molecule are also involved in the adsorption process. In
addition, the appearance of characteristic frequencies of Fe-O and Fe-N in the specified
regions indicates the existence of a coordination bond between the inhibitor molecule and
the vacant d-orbitals of the metal atoms. The stretching bands of C=0O, C=C, C=N, C-O-C,
and C-N-C of the MPO and MPPO attached to the N80 surface were displaced, indicating
that both corrosion inhibitors were successfully adsorbed on the N80 steel surface.

MPO

MPPO

MPPO—Fe

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Transmittance(%)

Waver number(cm™)

Figure 9. FT-IR adsorption spectrum of free inhibitors (MPO and MPPO) and scrapped samples
(MPO-Fe and MPPO-Fe).

Table 6. FT-IR absorption frequencies for the free inhibitors and the adsorbed inhibitors on the N80
steel surface.

Inhibitor Sample Inhibitor Sample Tentative Assignment
MPO MPO-Fe MPPO MPPO-Fe
1687 1668 1695 1664 v(C=0)
1597 1577 1593 1570 v(C=C)&Vv(C=N) pyridine ring
1089 1083 1026 1018 v(C-O-C) morpholine ring
1128 1121 1120 1110 v(C-N-C)
750 756 680 692 C=0 deformation
- 569 - 559 v(Fe-O)
- 457 - 484 v(Fe-N)

4. Conclusions

The adsorption and corrosion behavior of two morpholine Mannich inhibitors on
N8O steel in 1.0 M HCI solution were systematically studied. The inhibition efficiency
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increased with the increase in inhibitor concentrations, with the corrosion inhibition effi-
ciency reaching 90.3% and 91.4%, respectively, at a concentration of 300 ppm at 305 K. The
values of E, and AH}, increased with the increase in inhibitor concentration, indicating
that the energy barrier of the corrosion reaction increased with the existence of the inhibitor.
Electrochemical measurement results show that the two inhibitors are mixed inhibitors,
which play a role in inhibiting anodic dissolution and cathodic hydrogen evolution reaction.
SEM, EDX, and FT-IR spectra results showed that the corrosion inhibitor adsorbed on
the surface of N80 steel and formed a dense protective film. The adsorption of MPO and
MPPO on the N80 steel surface conformed to the Langmuir adsorption isotherm and the
Dubinin—-Radushkevich adsorption isotherm and confirmed that the adsorption type of
these inhibitors was chemical adsorption. The theoretical calculation results are in good
agreement with the experimental results, and the inhibition efficiency follows the order of
MPO < MPPO.

Author Contributions: Resources, Y.Z., Y.C., Z.C.; Writing—original draft, Y.C.; Writing—review &
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