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a b s t r a c t 

In the present work, a new 1,4-disubstituted-1,2,3-triazole product, named 4-[1-(4-methoxy-phenyl)-1 H - 

[1,2,3]triazol-4-ylmethyl]-morpholine ( MPTM ) was successfully synthesized under click chemistry regime. 

The structure of the new compound that has a rigid triazole moiety and a flexible morpholine ligand has 

been characterized using 1 H NMR, 13 C NMR, HRMS, and FTIR spectroscopy. Its inhibition performance 

for mild steel in acidic medium 1 M HCl has been studied by utilizing a combination of experimen- 

tal, spectroscopic and computational methods. The electrochemical characterization was carried out by a 

gravimetric study, electrochemical impedance spectroscopy (EIS), and potentiodynamic polarization (PDP) 

measurements. The MPTM exhibits a high corrosion inhibition efficiency of 94% with 900 ppm at 298 K. 

Adsorption of MPTM on the mild steel surface followed the Langmuir isotherm. Data obtained from the 

surface analysis by scanning electron microscopy (SEM), energy dispersive X-ray (EDX), and FTIR spectro- 

scopies evidenced the dual chem- and physi-adsorption of the inhibitor 1,2,3-triazole derivative on the 

surface of the metal. A quantum chemistry study was performed by means of density functional theory 

(DFT) to rationalise the adsorption of MPTM and its corrosion inhibition action at the interface of mild 

steel-hydrochloric acid system, establishing a very good correlation between the molecular structure and 

its inhibition property. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

1,2,3-triazoles are N -heterocyclic compounds containing a five- 

ember ring with three nitrogen atoms. Their derivatives are used 

n a wide variety of applications ranging from biology and pharma- 

euticals to the development of large quantities employed as cor- 

osion inhibitors [1-3] leading to minimize the corrosion process in 

etals and alloys, which is a serious problem worldwide [4-6] . The 

se of these additives constitutes a significant progress because 

f their economical synthetic routes and their high inhibitory effi- 

iency [ 7 , 8 ]. Further research has confirmed that organic molecules 

ontaining electron-donors such as oxygen (O), nitrogen (N), sul- 

hur (S) atoms and conjugated groups, can act as powerful in- 

ibitors for the prevention of corrosion of metals by acids [9-11] . 

hese heteroatoms can form a coordinative bond by directing their 

lectron pairs towards the 3d orbitals of the iron atom [12-16] . 
∗ Corresponding authors. 

E-mail addresses: r.laamari@gmail.com (M.R. Laamari), stiriba@uv.es (S.-E. 
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enerally, the adsorption capacity of corrosion-inhibiting particles 

n the metal surface is based on the three following points: ( i ) the

uality and surface condition of the metal component, ( ii ) the type 

f corrosive environment, and ( iii ) the chemical composition of the 

orrosion inhibitors. 

We herein report the inhibition performance of the new flexible 

ultidentate 1,2,3-triazole compound, namely 4-[1-(4-methoxy- 

henyl)-1 H -[1,2,3]triazol-4-ylmethyl]-morpholine (here after noted 

PTM ), synthesized under click chemistry strategy by using the 

opper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction [17–

9] . Triazole compounds have attracted the attention of a lot of 

esearch due to their bioactivity, molecular recognition, and poten- 

ial applicability to surfactants [20-22] . MPTM has been fully char- 

cterized using NMR, High Resolution Mass Spectrometry (HRMS), 

nfra-Red (FTIR) and and UV–Vis spectroscopies, and elemental 

nalysis. Its inhibitory effect was investigated by using electro- 

hemical impedance spectroscopy (EIS) and potentiodynamic po- 

arization (PDP) tests. The presence of a protective layer on the 

urface of the mild steel (MS) was confirmed by scanning electron 

iscroscopy (SEM) analyses. Furthermore, in the order to account 

https://doi.org/10.1016/j.molstruc.2021.129895
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.129895&domain=pdf
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or the adsorption phenomenon of MPTM , the adsorption models 

f the title compound were tested during the corrosion prevention 

rocess by using Freundlich, Langmuir, and Temkin methodologies 

 23 , 24 ]. Theoretical studies were employed to rationalize the ad- 

orption mechanism of the MPTM compound over the mild steel 

urface. 

. Experimental section 

.1. Materials and Methods 

Morpholine, propargyl bromide, triethylamine, sodium azide 

nd 4-methoxyphenylamine were purchased from Sigma-Aldrich 

nd used as received. Anhydrous magnesium sulphate was used to 

ry the organic extracts, and all volatile substances were removed 

nder reduced pressure. The reaction mixtures were monitored by 

hin Liquid Chromatography (TLC), using commercial glass backed 

LC plates (Merck Kieselgel60 F254). Revelation was done under an 

ltraviolet lamp at 254 nm and the melting point was determined 

sing an Electrothermal 9100. 

The nuclear magnetic resonance spectra of the proton ( 1 H NMR, 

00 MHz) and carbon ( 13 C NMR, 75 MHz) were recorded in deuter- 

ted chloroform (CDCl 3 ) on a Bruker Advance DPX 300 device at 

oom temperature with TMS as an internal standard. HRMS were 

erformed on a Varian MAT 311 (EI) or a high-resolution MS/MS 

abSpec TOF Micromass (ESI). FTIR spectra were carried out on 

n FTIR Nicolet 5700 spectrometer (40 0 0-40 0 cm 

−1 ). The UV-Vis 

pectra were done with a UV-6300 PC Double Beam spectropho- 

ometer (200 to 800 nm). The SEM analyses of MS were performed 

mploying Field Emission Scanning Electron Microscopy (FESEM) 

VEGA3 TESCAN) previously and post-exposure to a hydrochloric 

edium (1 M) in the absence and presence of the optimal concen- 

ration of inhibitor for 24 h at 298 K. The accelerator beam energy 

pplied was 20 kV. 

.2. Synthesis of the 1,2,3-triazole compound 

.2.1. Synthesis of 1-azido-4-methoxybenzene 

4-Methoxyphenylamine (13 mmol) was suspended in 80 mL of 

ydrochloric acid (17%) at room temperature, and then ethanol was 

dded until a clear solution was obtained. The solution was cooled 

o 0 °C, and small portions (1.5 eq) of NaNO 2 were added. 1.5 eq

f NaN 3 was slowly added after stirring for 15 minutes at 0 °C. The 

ixture was kept under stirring for 2 hours at room temperature. 

he reaction mixture was extracted with diethyl ether (3 × 80 mL). 

he organic phase obtained was washed with a saturated solution 

f NaHCO 3 and NaCl (50 mL). After drying with anhydrous MgSO 4 , 

he organic solvent was removed under reduced pressure, and the 

esired 1-azido-4-methoxybenzene ( 1 ) was obtained as a brown 

iquid without any further purification. 1 H NMR (300 MHz, CDCl 3 ): 

(ppm) = 6.95 - 6.90 (m, 2H, CH), 6.88 - 6.83 (m, 2H, CH), 3.76

s, 3H, OMe) [ 25 , 26 ]. 

.2.2. Synthesis of 

-[1-(4-methoxy-phenyl)-1H-[1,2,3]triazol-4-ylmethyl]-morpholine 

 MPTM ) 

The reaction was carried out in two steps:( i ) the nucleophilic 

ubstitution reaction between morpholine and propargyl bromide, 

nd ( ii ) the CuAAC reaction between the obtained terminal alkyne 

nd azide. Initially, the nucleophilic substitution reaction was per- 

ormed as follows: a mixture of water (5 mL), Et 3 N (1.5 mmol), 

rganic amine (morpholine) (0.5 mmol) and propargyl bromide 

0.5 mmol) was stirred for 10 minutes at 80 °C. Then, Cu(OAc) 2 
5 mol%) and ascorbic acid (5 mol%) were added and the reaction 

ixture was stirred at 80 °C for 4h. After compilation, the reac- 

ion mixture was cooled to room temperature and Cu(OAc) was 
2 

2 
emoved by simple filtration. The product was extracted with ethyl 

cetate (3 × 10 mL). The combined organic extracts were washed 

ith saturated NaCl and dried with anhydrous MgSO 4 . After re- 

oval of the organic solvent under reduced pressure, the residue 

as purified by flash chromatography on silica gel using ethyl ac- 

tate as an eluent to afford the desired product ( Table 1 ). 

The product was obtained as a brown solid. Yield: 89%. 

p: 100-102 °C. FTIR (KBr) ν/cm 

−1 : 3423.10, 3142, 1520.45 

N-H stretch); 3023.66, 905.90 ( = CH stretch); 2929.75, 2801.51, 

448.47 (CH 3 stretch); 1610.60 (C = C stretch); 1116.50, 1034.69 (C-O 

tretch); 1314.16, 1216.25 (C-N stretch). 1 H-NMR (CDCl 3 , 300 MHz, 

(ppm)) 2.51 (dd, J = 5.0, 3.5 Hz, 4H), 3.66 (dd, J = 5, 3.4 Hz,

H), 3.68 (s, 3H, CH 3 ), 3.80 (s, 2H, CH 2 ), 6.95 (d, J = 9.1 Hz, 2H,

H 2 ), 7.56 (d, J = 9.1 Hz, 2H, CH 2 ), 7.79 (s, 1H, CH triazole ). 
13 C-

MR [CDCl 3 , 75 MHz, δ (ppm)], 53.4 (2 CH 2 ), 53.6 (CH 2 ), 55.6

CH 3 ), 66.8 (2 CH 2 ), 114.8 (2 HC ar ), 121 (HC triazole ), 122 (2 HC ar ),

30.5 (C q ), 144.6 (C q ), 159.9 (C q ). HRMS (FAB + ) m/z : Calcd for

 14 H 18 N 4 O 2 : 275.1503 Found: 275.1511. (Figs. S1 and S2 in Support- 

ng Information). 

.3. Corrosion Inhibition Study 

.3.1. Materials Preparation 

The MS sample having the following chemical composition (wt 

): O (0.03); Mn (0.048); N (0.012); S (0.012); C (0.016); P (0.001) 

nd the balance was Fe was used to carry out the corrosion in- 

ibition experiments. MS was cleaned with double distilled water, 

egreased with acetone, washed again with doubly distilled wa- 

er, soaked in acetone and alcohol, and dried at room temperature. 

ll potential measurements in the experimental studies refer to 

he saturated calomel electrode (SCE), and the counter electrode 

s a platinum plate with a surface area of 2 cm 

2 . The corrosive 

edium tested was prepared with an analytical quality of HCl (37% 

y weight), and deionized water. The concentration of MPTM used 

as changed from 300 to 900 ppm. 

.3.2. Gravimetric Measurements 

Gravimetric measurements were carried out in a double-walled 

lass cell fitted with a thermostat-cooled condenser. The steel sam- 

les employed (2 × 2 × 0.05 cm 

3 ) were carefully cleaned with 

ouble distilled water, degreased with acetone, washed again with 

oubly distilled water, soaked in acetone and alcohol, dried, and 

hen weighed by using an electronic scale. Subsequently, they have 

een drenched in 1 M HCl solution with and without different con- 

entrations of MPTM for 6 h at various temperatures (from 298 

o 328 K), separately. Experimental tests were conducted in each 

ase, and the average weight loss was considered to estimate the 

orrosion rate in mg cm 

−2 h 

−1 and the inhibition efficiency (IE w 

%) 

ccording to the following equation: 

E w 

( % ) = 

C R o − C R 
C R o 

× 100 (1) 

here C Ro and C R are the corrosion rates in the lack and presence 

f the inhibitor, respectively. 

.3.3. Electrochemical Methods 

The electrochemical measurements were carried out using the 

oltalab 10 system (PGZ 100 radiometer) controlled by the corro- 

ion analysis software Volta master 4. Firstly, the open circuit po- 

ential (OCP) was determined by the immersion of the electrodes 

n 1 M HCl for an hour, with and without the addition of inhibitor. 

he impedance tests were executed in the interval of 100 kHz to 

.1 Hz, with an amplitude of 10 mV, using the AC signal at E ocp .

he electrochemical impedance parameters were obtained using 

C-Lab software Bio-Logic Science Instruments, Seyssinet-Pariset, 

rance. Next, the potentiodynamic polarization curves were carried 
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Table 1 

Structure and data of MPTM 

Name Structure MW (g/mol) Formula Mp( °C) 

MPTM 4-[1-(4-Methoxy-phenyl)-1 H -[1,2,3]triazol-4- 

ylmethyl]-morpholine 

274.1503 C 14 H 18 N 4 O 2 100-102 
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Table 2 

Corrosion parameters obtained from the weight loss measurements 

for steel in 1 M HCl containing various concentrations of MPTM at 

298 K. 

C i nh (ppm) CR (mg cm 

−2 h −1 ) θ IE w (%) 

Blank 1( M ) 0.3857 - - 

MPTM 300 0.0605 0.8431 84.31 

500 0.0422 0.8905 89.05 

700 0.0306 0.9206 92.06 

900 0.0231 0.9401 94.01 
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ut in a potential range of -800 to -300 mV/SCE. The inhibitor ef- 

ectiveness was calculated for the EIS and PDP tests according to 

quations (2) and (3) , respectively [ 27 ]: 

E% = 

R pi − R p 

R pi 

× 100 (2) 

E% = 

I − I i 
I 

× 100 (3) 

here R pi and R p ( R p = R ct + R f ) stand for the values of the polar-

zation resistance in the presence and absence of inhibitor I and I i 
epresent the density of the corrosion current in the absence and 

he presence of inhibitor, respectively. 

.4. Surface analysis 

.4.1. UV-Visible Spectroscopy 

Spectrophotometric UV-Vis absorption measurements were per- 

ormed in a solution containing an optimal concentration (900 

pm) of MPTM inhibitor before and after immersion of the MS 

ample for 3 days at 298 K. All spectra were recorded using a UV- 

300 PC Double Beam Spectrophotometer (200-800 nm) operating 

t 1 nm resolution with a scanning rate of 100 nm min 

−1 at room

emperature. 

.4.2. FTIR Spectroscopy 

MS surfaces are immersed for 24 h in the acidic medium (1 M 

Cl) before and after the addition of the inhibitor (900 ppm). The 

TIR spectrum of the protected film was recorded using the Nicolet 

700 spectrometer to detect the presence of the MPTM inhibitor. 

.4.3. SEM Surface 

Cleaned MS samples by the previously announced method were 

mmersed in 1 M HCl in the absence and presence of an optimal 

oncentration (900 ppm) of MPTM after 24 h at room temperature. 

hen, their elementary information was analyzed by SEM using the 

EGA3 TESCAN model equipped with an energy dispersive X-ray 

nalysis (EDX). 

.5. Quantum Chemical (QC) Calculations 

The optimized geometry of the MPTM molecule was performed 

sing Density functional theory (DFT) calculations at B3LYP/6- 

1G(d,p) level on the Gaussian 09 software package [ 28 ]. The vi- 

rational analysis was carried out to confirm that the optimized 

eometry of MPTM is the minimum point on the potential en- 

rgy surface. Both the highest occupied molecular orbital (HOMO) 

nd lowest unoccupied one (LUMO) and the MEP of the studied 

olecule are computed at the same theoretical level. Further, the 

ukui functions are calculated based on the two expressions given 

ereunder [ 29 ]: 

f −
k 

= [ q k ( N ) − q k ( N − 1 ) ] f or electrophilic attacks (4) 

f + = [ q k ( N + 1 ) − q k ( N ) ] f ornucleophilicattacks (5) 

k o

3 
here q ( N ), q ( N + 1) and q ( N - 1) are the charges at atom k

n the neutral, anionic, and cationic species, respectively. The dual 

escriptor was performed using Multiwfn [ 30 ] in order to illus- 

rate the most electrophilic and nucleophilic sites in the MPTM 

olecule, and defined as: 

 f k ( r ) = f + 
k 

− f −
k 

(6) 

here �f k > 0 and �f k < 0 stand for the electron acceptor and

lectron donate sites, respectively. 

. Results and Discussion 

.1. Synthesis of 1,2,3-triazole compound (MPTM) 

The synthetic reaction used for the preparation of the 

ew 1,2,3-triazole compound, namely 4-[1-(4-methoxyphenyl)- 

 H -[1,2,3]triazol-4-ylmethyl]-morpholine MPTM is illustrated in 

cheme 1 . MPTM was obtained under copper catalyzed alkyne- 

zide cycloaddition reaction, in a regioselective manner as 1,4- 

isubstituted 1,2,3-triazole by three-components cycloaddition re- 

ction of morpholine, propargyl bromide with azido-4-methoxy- 

enzene ( 1 ) using Cu(OAc) 2 as catalyst and Et 3 N as a base in water

s solvent ( Scheme 1 ). The desired triazole product MPTM was iso- 

ated as a brown solid with a yield of 89%. The prepared triazole 

as characterized by FTIR, NMR, HRMS and elemental analyses 

onfirming the molecular structure of MPTM . It deserves mention- 

ng that the new 1,2,3-triazole bearing morpholine moiety MPTM 

as a triazole unit, ᴨ -electrons aromatic group and morpholine 

endent moiety, which may lead to an organic compound with po- 

ential corrosion inhibiting features. 

.2. Gravimetric Measurements 

The data obtained from weight loss measurements for MS in 1 

 HCl solution without and with several concentrations of MPTM 

re presented in Table 2 , Figs. 1 and 2 . As one can see in Table 2 ,

he corrosion inhibition efficiency of the inhibitor improves with 

he concentration. This reveals that MPTM effectively acts as a 

orrosion inhibitor, with an inhibition efficiency of 94.01% at 900 

pm. Fig. 1 shows the plot of the inhibition efficiency vs . the 

oncentration of the inhibitor at the different tem peratures. Ex- 

mination of the plots reveals that the corrosion inhibition effi- 

iency IE w 

(%) increases with the increase in the concentration of 

PTM from 300 to 900 ppm, and it decreases with an increase 

f the temperature. Significant corrosion inhibition efficiency was 
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Scheme 1. Synthetic scheme of MPTM . 

Fig. 1. Variation of the inhibition efficiency with diverse concentrations of MPTM 

in 1 M HCl solution at various temperatures. 

Fig. 2. Impact of the MPTM concentration on the corrosion rate at different tem- 

peratures. 
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Fig. 3. PDP curves for MS in the lack and presence of various concentrations of 

MPTM at 298 K. 

3

3

g

c

M

i

s  

T  

i

T

i

b

s

t

F

t

i

t

b

f

a

s  

F

a

n

d

t

c

p

s

i

bserved even at low concentrations of MPTM ( Table 2 ). This in- 

icates its capacity as an effective inhibitor. Fig. 2 represents the 

lot of the corrosion rate (CR) of MS against the concentrations at 

ifferent tem peratures. The CR increases with the increasing of the 

emperature whereas it decreases with an increase of the MPTM 

oncentration. That can be interpreted in terms of a metal disso- 

ution process being enhanced while the rate of desorption of the 

nhibitor molecule is larger at higher temperatures [ 31 , 32 ]. 
4 
.3. Effect of the inhibitor concentration 

.3.1. PDP Study 

Potentiodynamic polarization tests have undertaken to distin- 

uish the effect of MPTM on the anodic dissolution of MS and 

athodic hydrogen ion reduction. Fig. 3 shows the PDP curves for 

S in 1 M HCl solution before and after the addition of the var- 

ous concentrations of MPTM at 298 K. The corrosion parameters 

uch as corrosion potential ( E corr ), cathodic Tafel slope ( βc ), anodic

afel slope ( βa ), and corrosion current density ( i corr ), as well as

nhibitory efficacy (% IE ) obtained from these curves, are listed in 

able 3 . Each increase in the MPTM inhibitor concentration results 

nto smaller current densities for both the anodic and the cathodic 

ranches of the PDP curves. However, Tafel’s cathodic and anodic 

lopes and the corrosion potential are practically unchanged. Fur- 

hermore, an inspection of the polarization curves illustrated by 

ig. 3 indicates that the cathodic and anodic curves have shifted 

owards the side of lower current density with an increase in the 

nhibitor concentration. Furthermore, the parallel curves of the ca- 

hodic Tafel suggest that the adsorbed inhibitory molecule only 

locks the active sites of hydrogen evolution on the metallic sur- 

ace, thereby making the process of hydrogen evolution unchanged 

nd that the reduction of hydrogen ions on the surface of the mild 

teel is mainly achieved by a charge transfer mechanism [ 33 , 34 ].

or the anode domain, the addition of MPTM inhibitor results into 

 decrease in the current densities in the high-potential range. Also 

oted that for potentials above -400 mV, the inhibitor begins to 

esorb, a feature which is commonly described as a desorption po- 

ential [35–37] . In this case, the desorption rate of the 1,2,3-triazole 

ompound is higher than its adsorption [ 38 , 39 ]. Additionally, the 

resence of MPTM in the corrosive environment did not cause any 

ignificant change in the values of E corr , implying that the MPTM 

nhibitor acts as a mixed type inhibitor [ 40 ]. 
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Table 3 

Polarization parameters and the corresponding inhibition efficiency of corrosion of the MS in 1M HCl 

containing different concentrations of MPTM at 298 K 

C i nh (ppm) E corr (mV/SCE) i corr (mA cm 

−2 ) βa (mV dec −1 ) βc (mVdec −1 ) IE% 

Blank 1M -531.1 0.3856 93.2 -92.6 - 

MPTM 300 -547.8 0.0607 43.4 -39.7 84.25 

500 -548.2 0.0422 45.6 -47.2 89.07 

700 -550.7 0.0306 42.5 -41.3 92.06 

900 -545.2 0.0230 47.3 -46.6 94.03 

Fig. 4. Nyquist plot for the dissolution of MS in 1 M HCl with and without different 

concentrations of MPTM at 298 K. 

Fig. 5. Bode plots for mild steel in 1 M HCl without and with different concentra- 

tions of the MPTM inhibitor at 298 K. 
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Fig. 6. Equivalent circuits used to adjust the impedance spectra obtained for steel 

before and after the addition of an MPTM inhibitor. 
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.3.2. Electrochemical Impedance Spectroscopy (EIS) 

The corrosion inhibition property of MPTM on MS was also 

xamined by another important electrochemical technique. EIS is 

 non-destructive technique for judging corrosion inhibition per- 

ormance based on the interaction between the metal and the 

olecules of inhibitors in an aggressive medium [ 40 ]. Figs. 4 and 

 illustrate the Nyquist and Bode plots, respectively, obtained from 

IS for mild steel immersed in 1 M HCl solution without and under 

ifferent concentrations of the MPTM inhibitor at 298 K. 

The semi-circular form observed in Fig. 4 indicates that the cor- 

osion mechanism remains the same with or without MPTM addi- 

ion [ 21 , 40 ]. However, the diameter of the capacitive loop increases
5 
ith a further increase in the MPTM concentration. Nyquist semi- 

ircles undergo frequency dispersion, which is the result of the 

on-homogeneity or roughness of the metal surface [ 41 ]. This phe- 

omenon could be related to the adsorption of the inhibitor on 

he steel surface. The same behavior can be observed in the Bode 

iagram Fig. 5 ). The semi-circular shape did not change after the 

ddition of the MPTM inhibitor, which means that the corrosion 

eaction is under charge transfer control and that the corrosion 

echanism has not changed [ 42 ]. The equivalent circuits used to 

t the impedance parameters in the absence and in presence of 

ifferent concentrations of MPTM inhibitor are trated in ( Figs. 6 a 

nd 6 b), respectively. According to both equivalent circuits, R s and 

 ct represent the solution resistance and charge-transfer resistance, 

espectively. The resistance of the film formed on the metal surface 

s represented by R f , Q f and Q dl stand for the constant phase angle

lements constants (CPE), C f is the reflecting capacitance and C dl 

ccounts for the double-layer capacitance. The impedance function 

f the CPE and the values of C dl , and C f are calculated by using the

qs. (7) , ( (8) , and (9) , respectively: [43–45] 

 CPE = Y −1 
0 ( jω ) 

−n (7) 

 dl = Y o ( ω max ) 
n −1 (8) 

 f = F 2 . S/ 4 RT (9) 

n Eq. (7) , Y, ɷ and j represent the CPE constant, the angular fre-

uency and the imaginary number whereas the n coefficient is the 

hase shift (-1 ≤ n ≤ 1) which demonstrates that CPE could be 

sed as a capacitor ( n = 1), resistance ( n = 0), and inductance ( n = -

). In Eq. (8) , ɷ max = 2 ᴨ f max , f max being the frequency at which the
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Table 4 

EIS parameters for the corrosion of MS in the absence and presence of the MPTM inhibitor at various concentrations in 1 M HCl at 298 K. 

Inhibitor C (ppm) R s ( � cm 

2 ) R f ( � cm 

2 ) R ct ( � cm 

2 ) R p ( � cm 

2 ) 

Q dl Q f 
IE (%) 

n 1 C dl (μF cm 

−2 ) n 2 C f ((μFcm 

−2 ) 

MPTM Blank 1.764 - 27.19 27.19 0.801 113.9 - - - 

300 1.484 0.183 170.41 170.6 0.705 87.56 0.993 33.51 84.06 

500 1.266 2.055 245.84 247.9 0.701 82.01 0.936 29.01 89.03 

700 1.591 3.984 340.21 344.2 0.772 73.62 0.999 24.63 92.10 

900 1.631 6.762 446.94 453.7 0.813 66.31 0.803 20.71 94.00 

Table 5 

Electrochemical parameters and the corresponding corrosion inhibition efficiency 

of MS without and with different concentrations of the MPTM inhibitor at various 

temperatures. 

Temperature (K) C (ppm) E c orr vs. SCE (mV) i c orr (mA cm 

−2 ) IE (%) 

298 Blank -531.1 0.3856 - 

300 -547.8 0.0607 84.25 

500 -548.2 0.0422 89.07 

700 -550.7 0.0306 92.06 

900 -545.2 0.0230 94.03 

308 Blank -535.8 1.0345 - 

300 -532.7 0.1852 82.09 

500 -540.3 0.1327 87.17 

700 -530.9 0.0973 90.59 

900 -538.7 0.0715 93.10 

318 Blank -545.9 2.1351 - 

300 -524 0.4270 80.00 

500 -523 0.3169 85.16 

700 -518.5 0.2774 87.01 

900 -524.6 0.2121 90.01 

328 Blank -542.2 9.4741 - 

300 -517.4 2.2208 76.55 

500 -518.2 1.6605 82.47 

700 -512.1 1.4965 84.20 

900 -512.4 1.3235 86.03 
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maginary component of the impedance is maximum. Finally, S and 

 in Eq. (9) are the surface area of the elecrode exposed to the cor-

osive solution and the Faraday’s constant, respectively. 

Table 4 shows the fitted equivalent circuit parameters for mild 

teel in 1 M HCl with and without the MPTM inhibitor at differ- 

nt concentrations at 298K. With the addition of inhibitors, both 

 ct and R f values increase as the concentration of MPTM increases 

rom 300 to 900 ppm. This phenomenon manifests the formation 

f inhibitors-adsorption films on the metal surface, leaving fewer 

lectroactive sites available for corrosion [46–50] . This provides a 

etter anti-corrosion efficiency, reaching a maximum value of 94% 

t 900 ppm. Furthermore, the values of C dl and C f decrease with 

he rising of the additive concentration. This can be explained by 

he decrease of the exposed area of the electrode face by the cover- 

ge of the MPTM additive on the surface of the working electrode 

 51 ]. 

.3.3. Effect of temperature on inhibition efficiency IE (%) 

Additional experiments were carried out to check the effect 

f the temperature on the IE using potentiodynamic polarization 

tudy (PDP), at various temperatures 298-328 K. According to Fig. 7 

nd Table 5 , it can be seen that I corr increases with increasing the

emperature and it is more marked for the uninhibited solution. 

n the other hand, for each concentration, we observed a slight 

ariation in the inhibition efficiency with the rise of the tempera- 

ure, which means that the higher temperature does not affect the 

dsorption of MPTM on the surface of the metal. The slightly de- 

reased efficiency of the MPTM inhibitor at higher temperatures 

s due to the shifting of the adsorption-desorption equilibrium to- 

ards the desorption [ 52 ]. 
6 
.4. Adsorption isotherm 

To get a better understanding of the inhibition mechanism of 

rganic molecules on the surface of the metal and to obtain in- 

ormation on the structural properties, it is necessary to test the 

dsorption model of MPTM during the corrosion inhibition pro- 

ess. In this work, several adsorption isotherms formulae such as 

angmuir, Freundlich and Temkin were tested to simulate the link 

etween the inhibitor concentration and the surface coverage such 

s: 

C inh 

θ
= 

1 

K ads 

+ C inh ( Langmuir isotherm ) (10) 

og θ = n log C inh + log K ads ( Freundlich isotherm ) (11) 

n C inh = aθ − ln K ads ( Temkin isotherm ) (12) 

here C inh is the concentration of the inhibitor (which corresponds 

o the surface coverage obtained from gravimetric measurements), 

 ads represents the equilibrium constant and the a coefficient is 

he molecular constant ( Fig. 8 ). 

Based on the regression coefficient ( R 2 ) and the values listed in 

able 6 ,it can be concluded that the studied compound is adsorbed 

nto the surface of the MS according to Langmuir isothermal stan- 

ard. On the other side, the comparatively high K ads values sug- 

est that the compound under examination may be strongly ad- 

orbed on the surface of the metal [ 53 ]. The standard free energy

f MPTM can be determined at different tem peratures by the fol- 

owing equation: [ 54 ]. 

G 

◦ads = − RT Ln ( 55 . 5 K ads ) (13) 

here R (in J mol −1 K 

−1 ) is the universal gas constant, T (in K) is

he temperature and 55.5 is the molar concentration of water in 

ol L −1 . 

As mentioned in the literature, values of free energy around 

r less than −20 kJ mol −1 characterize a physical adsorption pro- 

ess, while the values around or above −40 kJ mol −1 , reveal that 

he adsorption is mainly classified as a chemisorption [55] . In our 

ase, the calculated values of the standard free energy of adsorp- 

ion cover the range between -61.80 to -31.50 kJ mol −1 , suggesting 

hat the adsorption of MPTM takes place under both physisorption 

nd chemisorption interactions. Furthermore, the negative values 

f �G °ads points to the spontaneity of the adsorption process onto 

he mild steel surface [ 56 , 57 ]. 

.5. Thermodynamic analysis 

.5.1. Corrosion kinetic parameters 

To get further details on the corrosion behavior, various corro- 

ion kinetic parameters could be determined using the Arrhenius 

quation: 

og CR = Log A −
(

E a 

2 . 303 RT 

)
(14) 

og 

(
CR 

T 

)
= 

[(
Log 

(
R 

Nh 

))
+ 

(
�S ◦

2 . 303 R 

)]
− �H 

◦

2 . 303 RT 
(15) 
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Fig. 7. T afel plots of MS electrode in 1 M HCl containing different concentrations of MPTM at different temperatures. 

Table 6 

Calculated values of K ads and �G °ads from different adsorption isotherm models of MPTM in 1 M HCl at different 

temperatures. 

Inhibitor Isotherm T (K) R 2 K ads (M 

−1 ) - �G °ads (kJ mol −1 ) Size and interaction parameters 

MPTM Langmuir 298 0.9998 1.40 61.80 - 

308 0.9996 1.46 53.10 - 

318 0.9992 1.54 41.70 - 

318 0.9998 1.61 31.50 - 

Timken 298 0.9999 1.03 10.01 a = 0.10019 

308 0.9802 1.03 10.34 a = 0.08829 

318 0.9545 1.02 10.68 a = 0.08508 

318 0.9980 1.03 11.03 a = 0.08957 

Freundlich 298 0.9960 0.47 8.10 n = 0.10068 

308 0.9996 0.42 8.10 n = 0.11469 

318 0.9797 0.44 8.46 n = 0.10418 

318 0.9471 0.42 8.61 n = 0.10488 

w

n

e

M  

n

a  

T  

e  

Table 7 

Activation parameters for mild steel in 1 M HCl in the lack and in the presence of 

different concentrations of MPTM . 

C inh (ppm) E a (kJ mol −1 ) �H a ° (kJ mol −1 ) - �S a ° (kJ mol −1 K −1 ) 

Blank 1 M 87.147 84.5502 51.20 

MPTM 300 93.783 89.9166 53.34 

500 95.921 90.5999 53.00 

700 101.632 97.6084 73.60 

900 107.107 105.2687 95.80 
here CR, N, R, h and A are the corrosion rate, the Avogadro’s 

umber, universal gas constant, the Planck’s constant and the pre- 

xponential factor, respectively. 

Arrhenius plots for the corrosion rate of MS with and without 

PTM are given in Figs. 9 a and 9 b, respectively. The corrosion ki-

etic parameters, such as the activation energy ( E a ), the entropy of 

ctivation ( �S a 
°), and enthalpy of activation ( �H a 

°) are shown in

able 7 . A plot of log CR vs. 1/ T ,gives a straight line having a slope

qual to −E a / RT ( Fig. 9 a). Another plot of log ( CR/T ) against 1/ T , also
7 
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Fig. 8. Thermodynamic Langmuir (a), Freundlich (b) and Temkin (c) adsorption isotherms for MS with different concentrations of MPTM at various temperatures after one 

hour of immersion in 1 M HCl. 
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ives a straight line with a slope and an intercept which are equal 

o –�H 

°/2.303 R and ln( R/Nh ) + �S °/2.303R, respectively ( Fig. 9 b).

able 6 shows that the values of the activation energies increase 

ith increasing the concentration of the inhibitor, a feature which 

onfirms that the addition of MTPM could effectively suppress the 

issolution of MS [ 56 ]. Furthermore, the calculated value of �H °
s positive, suggesting an endothermic adsorption process, which 

ccounts for the inhibitor’s effectiveness at higher temperatures 

 57 ]. Moreover, the value of �S ° is more positive in the inhibited

nvironment than that in the blank solution, a feature that can 

e attributed to the adsorption of MPTM and desorption of wa- 

er molecules simultaneously during the coverage of inhibitor on 

he metallic surface [ 42 ]. 

.5.2. Thermodynamic adsorption parameters 

The Van’t Hoff equation [Eq (13)] allowed us to determine 

he different thermodynamic adsorption parameters: the adsorp- 

ion enthalpy ( �H °ads ) and adsorption entropy ( �S °ads ) using the 

alues of the slope ( �H °ads / R ) and the intercept (-ln(1/55.5) +
S °ads / R ) respectively ( Table 8 ), obtained from the plot of ln K ads 

s a function of 1/ T ( Fig. 10 ). 

n K ads = ln 

1 + 

�S ◦
ads + 

�H 

◦
ads (16) 
55 . 5 R RT 

8 
The positive values of �H °ads show the endothermic adsorp- 

ion nature of MPTM on the metallic surface [ 58 , 59 ]. Furthermore,

he positive values of �S °ads are explained by a disorder of the in- 

ibitor molecules adsorbed on the MS surface [ 60 , 61 ]. 

.6. UV-Visible spectroscopic study 

It has already been reported [ 62 , 63 ] that the corrosion inhi-

ition may result from the formation of a complex involving the 

etal and the inhibitor molecule. To validate the possibility of the 

ormation of a MPTM-Fe complex, the UV-Vis absorption spectra of 

 1 M HCl solution containing 900 ppm of MPTM before and after 

8 hours of immersion of MS samples were performed ( Fig. 11 ). 

V-Vis spectra show two characteristic absorption peaks at 205 

m and three peaks at 254-256 and 332 nm. The absorption band 

eak at 205 nm is associated to the ᴨ - ᴨ ∗ transitions of the C = C

onds of the aromatic ring [64] , while the less intense peaks at 

54 and 332 nm correspond to the transition of the n- ᴨ ∗ of the

 = N groups of the triazole. The results show that after immer- 

ion of the steel samples in acidic solutions, the bands at 205 and 

56 nm decrease in intensity while the band corresponding to n- 

 

∗ transition at 332 nm slightly increase. This result point out to 

he formation of a complex between the Fe 2 + ion and the MPTM 

nhibitor in acidic medium [65] . 
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Table 8 

Adsorption parameters for MS in 1 M HCl in the presence of various concentrations of 

MPTM at various temperatures. 

T (K) lnK ads (M 

−1 ) - �G °ads (kJ mol −1 ) �H °ads (kJ mol −1 ) �S °ads (J mol −1 K −1 ) 

298 -4.265 61.80 3.66 × 10 −3 10.22 

308 -4.223 53.10 

318 -4.174 41.70 

328 -4.131 31.50 

Fig. 9. Thermodynamic curves for MS with various concentrations of MPTM after 

one hour of immersion in 1 M HCl at 298 K: (a) Arrhenius and (b) transition state 

plots. 

3
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Fig. 10. Plot of ln K ads vs. 10 0 0/ T for the MPTM inhibitor. 

Fig. 11. UV–Vis spectra of 1 M HCl solution with 900 ppm of MPTM before and 

after immersion of the steel sample for 48 h at 298 K. Inset: Possible complex for- 

mation between MPTM and the metallic iron on the metallic surface. 
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.7. FTIR spectroscopy 

FTIR spectroscopic measurements were performed to identify 

he presence of active groups in the inhibitor molecules ( MPTM ), 

nsuring the presence of inhibitor film formed on the surface of 

he MS. Fig. 12 shows the FTIR spectra for the pure and adsorbed 

PTM on the surface of the MS in 1 M HCl ( A-MPTM ). This figure

hows that there are many peaks in the specific spectral ranges 

f the two samples. Depending on the pure MPTM trace, the vi- 

rations of the different bonds such as C-H (sp 

3 ), C = C, C-N, C-O,

nd = C-H appear at 2930-2802 and 1449, 1610, 1260, 1117 and 

035, and 822 cm 

−1 , respectively. A comparison of the FT-IR spec- 

ra before and after the adsorption of MPTM on MS show the pres- 

nce of a strong intensity peak at 3425 cm 

−1 which is related to 
9 
he presence of the OH group from the water molecule. These ob- 

ervations indicate the formation of a Fe-MPTM complex on the 

urface of the metal, which explains the coordination of the 1,2,3- 

riazole compound with the iron ions in agreement with the result 

f UV-Vis test [ 66 ]. As a result, the two FTIRspectra indicate that 

he MPTM molecule adsorbed on the surface of the MS forms a 

rotective layer [ 67 ]. 

.8. Surface Study 

To investigate the surface morphology of MS after and before 

he adsorption of MPTM , the SEM and Energy-dispersive X-ray 

pectroscopy (EDX) analyses were carried out for steel samples in 



M. Hrimla, L. Bahsis, A. Boutouil et al. Journal of Molecular Structure 1231 (2021) 129895 

Fig. 12. FTIR spectra of the pure MPTM and the its adsorbed phase on the MS surface in 1 M HCl ( A-MPTM ). 
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Table 9 

Fukui indices calculated for the MTPM molecule at the 

B3LYP/6-31G (b,p) level 

Atom Number f k 
+ f k 

− D f k 

C 1 0.1097 0.0084 0.1012 

C 2 0.0413 0.0153 0.0260 

N 4 0.0841 0.0417 0.0423 

N 5 0.1036 0.0424 0.0612 

N 6 0.0095 0.0078 0.0017 

C 7 -0.0089 -0.0236 0.0147 

C 10 -0.0049 -0.0213 0.0164 

C 11 -0.0010 -0.0219 0.0208 

C 12 -0.0036 -0.0105 0.0069 

C 15 -0.0009 -0.0074 0.0065 

N 22 -0.0060 0.1966 -0.2026 

O 23 0.0064 0.0323 -0.0258 

C 24 0.0599 0.0588 0.0010 

C 25 0.0321 0.0049 0.0272 

C 26 0.0802 0.0177 0.0625 

C 27 0.0370 0.0427 -0.0056 

C 29 0.0072 0.0338 -0.0265 

C 31 0.1199 0.0477 0.0721 

O 34 0.0276 0.0725 -0.0448 

C 35 -0.0124 -0.0137 0.0013 

o
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t
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t
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t
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M

cidic solution ( Fig. 13 ). Fig. 13 a shows that the surface of the MS

ample is very smooth and it does not exhibit any sign of cor- 

osion. However, it appears that the sample of steel without in- 

ibitor (see Fig. 13 b) is strongly attacked and one can see more 

orrosion products and cracks on the surface of the working elec- 

rode. In contrast, the significant improvement in the MS surface 

 Fig. 13 c) reflects the high adsorption ability of MPTM on the MS 

urface, suggesting the formation of a protective inhibitor film. The 

DX analysis given in Fig. 16 shows that the abraded MS sample 

 Fig. 13 a) reveals the typical peaks of the elements constituting the 

S sample. Characteristic peaks of the O and Cl elements contain- 

ng a corroded surface film of the sample are clearly observed in 

ig. 13 b. In the same way, the appearance of new nitrogen, carbon, 

nd oxygen peaks in the adsorbed film confirms that the MPTM 

olecule has been strongly adsorbed on the surface of the MS, as 

hown in Fig. 13 c. 

.9. Quantum chemical calculations 

Corrosion tests show that the examined compound can effec- 

ively protect MS from the corrosion process in acidic medium. Ac- 

ordingly, quantum chemical calculations and Fukui functions are 

sed to study the interaction between MPTM and the iron surfaces 

nd to explain the experimental findings. The optimized structure 

f MPTM was computed using DFT calculations at the B3LYP/6-31G 

d, p) level ( Fig. 14 a). It can be observed in Fig. 14 b that the HOMO

rbital is more centrated on the morpholine ring rather than on 

he triazole or phenyl rings, indicating that the morpholine ring 

s the more important segment that can donate an electron to 

he metal atoms. However, the LUMO orbital is dominantly con- 

entrated on the triazole and phenyl rings ( Fig. 14 c), suggesting 

hat these motifs have stronger electron-accepting ability. More- 

ver, molecular electrostatic potential (MEP) maps provide addi- 

ional insights on the responsible sites for the adsorption process 

 Fig. 14 d). This map shows the region of a molecule in which the

lectron density is more located than in the other ones; the blue 

reas represent the region of the most positive MEP whereas the 

ed parts correspond to the zones of the most negative MEP. The 

esults reflect that the oxygen atoms and the nitrogen atom of tri- 

zole ring have high negative charge density, indicating the sites 

ith high ability to interact with the metal surface. 
10 
Fukui indices are a powerful way to identify the most nucle- 

philic and electrophilic sites in a molecule. The condensed Fukui 

unctions for the nucleophilic ( f k 
+ ) and the electrophilic attacks 

 f k 
−) for MPTM are calculated and they are summarized in Table 9 .

he atoms with a higher f k 
+ are more probable to donate an elec- 

ron to the metal surface, whereas those with a higher f k 
−are more 

robable to accept an electron from the iron surface [ 68 , 69 ]. The

nalysis of the Fukui indices shows that MPTM has several ac- 

ive donor-acceptors, which can promote the adsorption of this 

olecule on the surface of the metal. Overall, these results indicate 

hat the C(31), N(5) and C(1) sites have high values of f k 
+ , while

he high values of f k 
− functions are positioned on the N(22), O(34) 

nd C(24) atoms ( Table 9 ). The dual descriptors derivate from Fukui 

unctions are shown in Fig. 15 , indicating electron acceptor sites 

in purple) and electron donor sites (in blue). These findings are 

n good agreement with the distribution of the HOMO and LUMO 

rbitals, and they prove the important sites for the adsorption of 

PTM molecule on the MS surface. 
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Fig. 13. SEM images and EDX spectra of MS (a) alone, (b) corroded after 24 h of immersion time in a 1 M HCl solution and (c) after immersion with 900 ppm MPTM at 

298 K. 

Fig. 14. Optimized structures of MPTM (a), HOMO (b), LUMO (c) and MEP (d) by using DFT calculations at the B3LYP/6-31G(d, p) level. 

11 
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Table 10 

Comparison of MPTM inhibitor with previously reported inhibitors containing the 1,2,3-triazole unit in 1 M HCl. 

Entry Name Structure C (M) IE(%) a Ref 

1 4-[1-(4-Methoxy-phenyl)-1 H -[1,2,3]triazol- 

4-ylmethyl]-morpholine 

( MPTM ) 

1 94 This 

work 

2 [3-(4-Phenyl-[1.2.3]triazol-1-yl)-propyl]- 

phosphonic acid diethyl ester 

( P 1 ) 

1 90.7 [ 21 ] 

3 {3-[4-(4-Dimethylamino-phenyl)- 

[1.2.3]triazol-1-yl]-propyl}-phosphonic acid 

diethyl ester ( P 2 ) 

1 93.6 [ 21 ] 

4 2-{[1-(4-Fluorobenzyl)-1 H -1,2,3-triazol-4- 

yl]methylthio}-1 H -benzimidazole 

( P 3 ) 

1 96 [ 71 ] 

5 1-[(1-Benzyl-1 H -1,2,3-triazol-4-yl)methyl]- 

2-[(1-benzyl-1 H -1,2,3-triazol-4- 

yl)methylthio]-1 H -benzimidazole 

( P 4 ) 

1 98 [ 71 ] 

6 1- p -Tolyl-1 H -1,2,3-triazol-4-yl) methanol 

( P 5 ) 

1 83.1 [ 72 ] 

( continued on next page ) 

12 



M. Hrimla, L. Bahsis, A. Boutouil et al. Journal of Molecular Structure 1231 (2021) 129895 

Table 10 ( continued ) 

Entry Name Structure C (M) IE(%) a Ref 

7 1-(4-Iodobenzyl)-4-phenoxymethyl-1 H - 

1,2,3-triazole 

( P 6 ) 

1 96.1 [ 73 ] 

a Inhibition efficiency measured at 298 K. 

Fig. 15. Dual descriptor Fukui functions for the MTPM molecule at the B3LYP/6-31G (b,p) level. 

3

i

t

i

M

b

t  

h

d

3

t

i

i

t

h

t

d

i

o

n

C

Fig. 16. Proposed adsorption mechanism of MPTM on the surface of MS in 1 M 

HCl. 
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.10. Comparison of MPTM with other inhibitors 

1,2,3-triazole derivatives have been studied for their capacity to 

nhibit corrosion behavior in aggressive media [ 70 ]. Table 10 trates 

he use of 1,4-disubstituted 1,2,3-triazole derivatives as corrosion 

nhibitors for MS under the same conditions. As shown in Table 10 , 

PTM was found to be similar to the P 1 and P 2 molecules, but 

etter than the P 5 one, while the presence of more strongly elec- 

ronegative atoms (F and I) at P 3 and P 6 or a greater number of

eteroatoms ( P 4 ) in inhibitors structures makes them good candi- 

ates as new efficient triazolic corrosion inhibitors. 

.11. Corrosion inhibition mechanism 

Based on the electrochemical part, the surface examination and 

he DFT calculations, a mechanism for the adsorption of the MPTM 

nhibitor on the surface of mild steel is proposed that is shown 

n Fig. 16 . According to our thermodynamic results, the adsorp- 

ion behavior of the MPTM inhibitor on the MS surface in the 

ydrochloric medium includes both physical and chemical adsorp- 

ions ( Fig. 16 ). In the corrosive solution, MS undergoes a fast oxi- 

ation, which makes the metal surface positively charged, attract- 

ng negatively charged counterions such as chloride anions. On the 

ther hand, the triazole group of the MPTM molecule is proto- 

ated, a feature that promotes electrostatic interactions with the 

l − anions adsorbed on the surface of the MS (physisorption). In 
13 
arallel, the chemisorption takes place by the donation of a single 

lectron pair of the heteroatoms (O, N) and π-delocalized electrons 

rom the benzene ring to the vacant 3d -orbitals of Fe [ 74 ]. The

igh reactivity of MPTM , due to the presence of the O-morpholine 

roup, allows additional chemisorption. In addition, the π dona- 

ion of the phenyl ring electrons to the vacant 3d Fe orbitals and 

imultaneously its vacant anti-bonding π orbital offers to accept 

lectrons from the filled metal orbitals causing the back-bonding 

henomenon, which provides the additional potential of the MPTM 

nhibitor to interact with the mild steel [ 75 ]. 
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. Conclusion 

A new 1,2,3-triazole compound bearing morpholine moi- 

ty namely, 4-[1-(4-methoxyphenyl)-1 H -[1,2,3]triazol-4-ylmethyl]- 

orpholine ( MPTM ), was synthesized under click chemistry 

egime in an excellent yield. The obtained 1,2,3-triazole deriva- 

ive was characterized using different techniques such as 1 H NMR, 
3 C NMR, HRMS, and FTIR spectroscopy. This synthetic triazole 

howed promising results as an excellent corrosion inhibitor at 

pm traces (94% was achieved at 900 ppm concentration), and 

heir adsorption on the steel surface occurred through both physi- 

nd chemisorption mechanisms following the Langmuir adsorption 

sotherm. SEM, EDX and FT-IR analysis were used to confirm the 

ormation of a protective film of the MPTM on the steel surface. 

oreover, our theoretical study provided better insights to iden- 

ify the responsible sites for the adsorption of MPTM on the MS 

urface and all the outcomes support the experimental findings. 
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