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Abstract:Three azafuramidine derivatives (AZFD) as new inhibitors for the corrosion of 
carbon steel (CS) in acidic solution has been examined by mass loss (ML), atomic 
absorption spectroscopy (AAS) and electrochemical techniques. The results demonstrated 
that these new (AZFD) act as good inhibitors for the corrosion of CS in acidic media. The 
inhibition efficiency (% €) increased as the inhibitor concentrations increases. 
Potentiodynamic polarization (PP) study showed that (AZFD) may be classified as 
mixed-type inhibitors. The) adsorption of(AZFD)on metal surface showed a Langmuir 
isotherm route. The surface analysis of the CS was investigated using ATR-FTIR, 
UV/visible spectroscopy and AFM analysis. Surface analysis of CS revealed formation of 
a protective adsorbed surface layer composed of (AZFD). Quantum chemical calculations 
of the azafuramidine derivatives molecules were computed and discussed. 

Keywords:CS, AZFD, HCl, AFM, DFT  

 
1. INTRODUCTION 

CS is a common metal used to produce and transport crude oil in oil wells. This is attributed to its good 
mechanical properties. During during the transfer of crude oil through the pipelines, occurs direct contact 
between metal and migrating ions due to the breakdown of the oil aqueous emulsion, which leads to the 
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metal corrosion. Consequently, many researchers have tended to use organic compounds as corrosion 
inhibitors for CS in acidic media1-12.  

The corrosion rate of CS is decreased when these inhibitors added to the corrosive media. So, the 
adsorption of inhibitors molecules onto metal/solution interface is affected by (1) electrostatic interaction 
between charged CS surface and charged inhibitor molecules, (2) lone pair electrons of heteroatoms (O, N 
or S) interacting with vacant d-orbitals of Fe atoms in the CS, (3) π-electrons in aromatic rings interacting 
with vacant d-orbital of Fe atoms in the metal and when possible, (4) a combination of some of these 
three interactions. Recently, furan-containing molecules proved to be good corrosion inhibitors due to 
their structures features that enable them to bind effectively to CS surface13. In our present work, we will 
study three (AZFD) as new corrosion inhibitors for CS in acidic solution. These derivatives are nontoxic, 
safe and eco-friendly corrosion inhibitors, in addition to their significant antibacterial and ant proliferative 
activities14. The inhibition efficiency of (AZFD) for the CS corrosion in acidic media was investigated 
using (ML), (AAS), (PP), (EFM) and (EIS) techniques. The analysis of surface was used to characterize 
the CS surface without and with the inhibitors. Quantum chemical study was discussed using DFT 
method to support the experimental data. A good agreement was observed in the results of experimental 
and theoretical measurements. The order of investigated three (AZFD) according to inhibition efficiency 
showed that, MA-1164 > MA-1276 > MA-1117. 

2. MATERIAL AND METHODS 

2.1. Solutions and materials:The CS chemical composition used in all testing methods was (wt %): Mn 
(0.39), Si (0.19), C (0.12), P (0.41), S (0.05), Cu (0.024) and the rest is iron. The coupons required for 
ML, AAS, ATR-FTIR, and AFM measurements were cut into one size. Prior the tests, the surface of CS 
coupons were polished with different emery papers up to 1200 grade, cleaned up via multiple washing 
using bi-distilled water. Cleaned samples were stored at room in a vacuum desiccator until use.  

The inhibitor concentrations were (1-21µM). The synthetic route of the investigated (AZFD) is shown in 
Scheme 1, and the molecular structures is given in Table 1. The details for the synthesis and structural 
elucidation, including spectral data (FTIR, Mass, NMR) of these azafuramidines 2a-c have been recently 
reported [14]. 

 

 

Scheme 1: Synthetic route for azafuramidines 2a-c. 

Reagents and conditions: (i) Lithium bis-(trimethylsilyl)amide, ii) ethanol/hydrogen chloride 
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Table 1.Chemical structures of the investigated (AZFD) 
 

Inhibitor 
Code 

Molecular structures/Chemical names 
Mol. Formulas/(Mol.Wt.)

 

MA-1117 

 

 
 

6-(5-Phenylfuran-2-yl)nicotinamidine 

C16H13N3O-2.0HCl 
(336.21) 

MA-1164 

 

 
 

6-[5-(4-Methoxyphenyl)furan-2-yl]nicotinamidine 

C17H15N3O2-2.0HCl-
0.75H2O 
(379.75) 

MA-1276 

 

 
 

6-[5-(4-Fluorophenyl)furan-2-yl]nicotinamidine 

 
C16H12FN3O-2.0HCl-

0.5H2O 
(363.21) 

 

2.2. Mass loss (ML) technique: The dimensions of abraded CS samples 2 x 2 x 0.1 cm were weighed 
before immersion intest solution without and with different concentrations of (AZFD) at required 
temperature, using water bath. The CS coupons after every 30 minutes were taken out from the test 
solution, rinsed with bi-distilled water, then carefully dried and re-weighted. The total immersion time 
was 180 minutes. The ML (mg cm-2)was obtained as difference between the initial and final weight of CS 
specimen. 

2.3. Atomic absorption spectroscopy (AAS) measurements: The abraded CS specimens were immersed 
in test medium with and without various concentrations of (AZFD) for one day at 298 ± 1 K. The amount 
of metal ion dissolved in the acidic solution was determined using atomic absorption spectrometer (model 
Sens AA, GBC Scientific Equipment, USA). 

2.4. Electrochemical technique:The measurements of electrochemical technique were performed using 
Potentiostat-Galvanostat-ZRA analyzer (Gamry-PCI4G750, Warminster, PA, USA). The experimental 
data were analyzed and fitted using E-chem Analyst 5.5 software. The electrochemical cell used in this 
study, includes CS as a working electrode (WE) with an area (1.0 cm2) immersed in test solution , sheet of 
platinum as a counter electrode (CE), and a saturated calomel electrode (SCE)  as a reference electrode 
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(RE). Before recording the electrochemical measurements, the WE was immersed in corrosive  medium 
and allowed to corrode freely for 30 min at room temperature of 298± 1 K, to attain steady state, during 
which its open circuit potential (OCP) was measured as a function of time. PP was measured in the 
potential range from (+250 to -250 mV) from the OCP at the scan rate (0.5 mV s-1).EFM technique was 
performed using the frequencies (2.0 and 5.0 Hz). The base frequency was 0.1 Hz and 10 mV potential 
disturbance signals. On the other hand, EIS technique was carried out using the frequency range from 
(100 kHz to 10 mHz) with 10 mV peak to peak voltage excitation and 5.0 mV a signal amplitude 
perturbation at OCP. EIS data were fit to suitable equivalent circuits (ECs) using the E-chem Analyst 
software. 

2.5. Atomic force microscopy (AFM) analysis:The coupons of CS were treated in the same manner of 
ML method, and immersed in test solution without and with concentration (21µM) of azafuramidine 
derivatives for 24 hrs at 298 ± 1 K. After this period, the coupons were taken out, carefully rinsed using 
bi-distilled water, and dried. Then, the surface analysis of CS was investigated using AFM (Nano surf 
Flex) system. 

2.6. ATR-FTIR and UV/visible spectral analysis:ATR-FTIR measurement gives a qualitative guide to 
the adsorption of inhibitor on the CS surface. The surface of CS coupons immersed in the test solution 
without and with the inhibitors was analyzed directly by single reflection mode using (Thermo Fisher 
Nicolet iS10, USA).UV/visible spectra of 21µM of investigated inhibitors and the test solution containing 
inhibitors after immersion of CS coupons for 24 h measured on (T80+ UV/VIS spectrometer, UK). 

2.7. Quantum chemical studies:In this work, quantum chemical studies were performed using (Gaussian 
program package, version 9.0, Pittsburgh,PA, USA) by DFT method.  The calculated quantum chemical 
parameters were visualized using (Gauss View 3.0) in the liquid state, because the corrosion process 
occurs in the solution medium.  

RESULTS AND DISCUSSION 

3.1. ML tests 

3.1.1. influence of inhibitor concentrations : ML measurements were preformed to show the influence of 
inhibitor concentrations on the rate of corrosion (CR) of CS in 1.0 M HCl medium, (CR)and inhibition 
efficiency (% €ML) were obtained using the following relations15: 

CR=                                                                                                                                      (1)
  

%€ML= 1 x100                               (2) 

Where WI and WF are the initial and final weight of CS sample (mg), A is the CS surface area (cm2), t is 
the immersion time of CS in test solution (hours), and CR

*and CRare the CS corrosion rate (mg/cm2h) 
without and with of inhibitor concentration, respectively. 

The effect of various concentrations of (AZFD) on the CR and % €ML of CS corrosion in test solution at 
298 ± 1 K are shown in Figure 1. It's obvious that, the existence of inhibitor in the corrosive solution 
leads to a decrease in CR and on the other hand, increase % €ML. And therefore, the adsorption of inhibitor 
molecules on the surface of CS, leads to the formation of a protective adsorbed layer on the surface, 
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which retard the anodic and cathodic reaction sites in the test solution of corrosion. From ML data in 
Table 2, it is found that, the order of the investigated azafuramidines according to % €ML was in the 
sequence as follow: MA-1164 > MA-1276 > MA-1117. 

 
Table 2.Influence of various concentrations of (AZFD) on the CR and % €ML of CS in 1.0 M HCl solution 

at different temperatures ((immersion time 120 minutes) 
 

Temp, K 298 303 308 313 318 

Conc., µM CR x 10-3 

mgcm-2min-1 

% €ML CR x 10-3 

mgcm-2min-1 

% €ML CR x 10-3 

mgcm-2min-1 

% €ML CR x 10-3 

mgcm-2min-1 

% €ML CR x 10-3 

mgcm-2min-1 

%€ML 

Blank 15.55 ---- 20.0 ---- 24.73 ---- 38.68 ---- 50.0 ---- 

MA-1164 

1 5.58 64.1 5.78 71.1 6.68 72.9 8.56 78.0 10.4 79.1 

5 3.58 71.0 4.20 79.0 4.73 80.8 6.58 83.0 7.0 86.0 

9 3.48 77.5 3.62 81.9 4.15 83.2 4.98 87.1 5.2 89.6 

13 2.84 81.7 3.02 84.8 3.39 86.3 3.59 90.7 4.0 92.8 

17 2.49 84. 2.89 85.5 3.11 87.4 3.18 91.7 3.2 93.6 

21 2.29 85.2 2.60 86.9 2.69 89.1 2.79 92.8 2.99 94.0 

MA-1276 

1 5.65 63.4 6.60 66.9 7.67 68.9 9.09 76.5 10.9 78.2 

5 3.98 74.3 4.78 76.1 4.96 79.9 6.18 84.0 7.27 85.4 

9 3.69 76.2 4.34 78.2 4.73 80.8 5.28 86.3 6.18 87.6 

13 3.31 78.7 3.85 80.7 4.27 82.7 4.36 88.7 5.11 89.8 

17 3.29 78.8 3.62 81.9 4.03 83.6 4.18 89.2 4.88 90.2 

21 3.09 80.1 3.11 84.4 3.55 85.6 3.79 90.2 4.18 91.6 

MA-1117 

1 5.96 61.6 7.15 64.2 8.78 64.5 10.4 73.1 12.6 74.8 

5 4.88 68.5 5.79 71.0 6.23 74.8 8.17 78.8 8.87 82.2 

9 4.58 70.5 5.50 72.4 5.70 76.9 6.28 83.7 7.67 84.6 

13 4.07 73.8 4.54 77.2 4.60 81.4 5.68 85.3 7.10 85.8 

17 3.58 76.9 4.20 79.0 4.27 82.7 5.08 86.8 5.98 88.0 

21 3.19 79.4 3.91 80.4 4.15 83.2 4.68 87.9 5.18 89.6 
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Fig. 1: Influence of various concentrations of (AZFD)on the CR (a) and % €ML (b) of CS corrosion in 1.0 

M HCl solution at (298 - 318k) 



Perform

447

 

3.1.2. In
CS in te
CR and 
energy (

Where λ
temperat

Arrheniu
concentr
straight 
the Arrh

Where ‘
entropy 

Plots lo
concentr
and the i

It is fou
solution 
hydroge
increase
sites, ad
corrosiv

Addition
process.
an assoc
uninhibi
surface o

 

 

mance …         

7 J. Chem. Bio
DOI:10.24

nfluence of t
st medium w
% €ML obtai

(Ea
*) as descr

λ is Arrheniu
ture (K).  

us plots (log
rations of (A
lines (Figur

henius relatio

N’ is numbe
of activation

og (CR/T) ag
rations of (A
intercepts of

und that, Ea
*

without inh
en are associa
e the CS surf
dd to that in
ve solution16. 

nally, a posit
 On the othe
ciative step 
ited test solu
of the metal 

                     

o. Phy. Sci. Sec. A
4214/jcbps.A

temperature
with and with
inedare summ
ribed through

us pre-expon

g CR against
AZFD) are gi
re 2a), and li
on as follow: 

er of Avogad
n, respectivel

gainst (1/T) 
AZFD) are gi
f straight line

* and ∆H* v
hibitors (blan
ated with hig
face coverag
ncrease in th

tive value of
er hand, A ne
rather dissoc
tion than inh
by the inhibi

                      

A, May 2018 – Ju
.8.3.44168.] 

e and activat
hout differen
marized in T
h the followi

nential factor

t 1/T) for d
iven in Figu
isted in Tabl

dro, ‘h’ is con
ly.  

for dissolu
iven in Figu
es of Figure 

values in cas
nk). So, the 
gher energy 
e by the inhi

he thickness 

f ∆H* indicat
egative valu
ciative. It is

hibited soluti
itor molecule

                      

uly   - 2018, Vol. 8

tion parame
nt concentrati
Table 2.The
ing Arrheniu

r, R is mola

dissolution o
ure 2a. The E
le 3. The CR

nstant of Pla

ution of CS
ure 2b.  The 

2b, and reco

se of test so
rate determi
barrier in th
ibitor molecu
of the adso

ted that the c
es of ΔS* rev

s clear that, 
ion. This is d
es17. 

                      

8, No. 3; 441-468

eters:The tem
ions of (AZF
e CR is relate
us relation:  

r gas consta

f CS in test
Ea

* values w
is related to 

anck, ∆H* and

 in test sol
values of ∆H

orded in Tab

olution conta
ning steps o

he existence o
ules, which i
orbed layer, 

corrosion of 
vealed that th
the values o

due to the rep

                      

8;  

mperature eff
FD)was studi
ed to the tem

ant and T is 

t solution w
ere calculate
the tempera

d ∆S* are the 

lution in wi
H* and ∆S* o
le 3. 

aining inhibi
of metal diss
of (AZFD) m
inhibit the an
which prote

CS in acidic
he formation
of ∆S* are m
placement of 

  M. N. EL-H

fect on CR a
ied at 298–30
mperature an

absolute the

with and with
ed from the s
ature by alter

changes of e

ithout and w
obtained from

itors are hig
solution and 
molecules. T
nodic and ca
ect the CS s

c solution is 
n of activated
more negativ
f H2O molecu

Haddad et al.

and % €ML of
03K, and the
nd activation

ermodynamic

hout various
slopes of the
rnate form of

enthalpy and

with various
m the slopes

gher than the
evolution of

This is due to
athodicactive
surface from

endothermic
d complex is

ve in case of
ules from the

 

f 
e 
n 

 

c 

s 
e 
f 

 

d 

s 
s 

e 
f 
o 
e 

m 

c 
s 
f 
e 



Performance …                                                                                                                       M. N. EL-Haddad et al. 

448 J. Chem. Bio. Phy. Sci. Sec. A, May 2018 – July   - 2018, Vol. 8, No. 3; 441-468;  
DOI:10.24214/jcbps.A.8.3.44168.] 

 

3.10 3.15 3.20 3.25 3.30 3.35

-2.4

-2.2

-2.0

-1.8

-1.6

-1.4
     (a)

MA-1164

1.0 M HCL 
1M
5M
9M
13M
17M
21M

 

L
o

g
 C

R
,m

g
 c

m
-2

 m
in

-1

1000/T, (K-1)

3.10 3.15 3.20 3.25 3.30 3.35

-5.0

-4.8

-4.6

-4.4

-4.2

-4.0

 
L

o
g

 C
R

/T
, m

g
 c

m
-2

m
in

-1
K

-1

    (b)
MA-1164

1.0 M HCL 
1M
5M
9M
13M
17M
21M

 

1000/T, (K-1)

 

3.10 3.15 3.20 3.25 3.30 3.35

-2.6

-2.4

-2.2

-2.0

-1.8

-1.6

-1.4

-1.2     (a)
MA-1276

 
L

o
g

 C
R

,m
g

 c
m

-2
 m

in
-1

1.0 M HCL 
1M
5M
9M
13M
17M
21M

 

1000/T, (K-1)

3.10 3.15 3.20 3.25 3.30 3.35

-5.2

-5.0

-4.8

-4.6

-4.4

-4.2

-4.0

-3.8

-3.6

 

 
    (b)
MA-1276

1000/T, (K-1)

1.0 M HCL 
1M
5M
9M
13M
17M
21M

 

L
o

g
 C

R
/T

, m
g

 c
m

-2
m

in
-1

K
-1

 
 

3.10 3.15 3.20 3.25 3.30 3.35

-2.6

-2.4

-2.2

-2.0

-1.8

-1.6

-1.4    (a)
MA-1117

 
1000/T, (K-1)

1.0 M HCL 
1M
5M
9M
13M
17M
21M

 

L
o

g
 C

R
,m

g
 c

m
-2

 m
in

-1

3.10 3.15 3.20 3.25 3.30 3.35

-5.0

-4.8

-4.6

-4.4

-4.2

-4.0

    (b)
MA-1117

1.0 M HCL 
1M
5M
9M
13M
17M
21M

 

L
o

g
 C

R
/T

, m
g

 c
m

-2
m

in
-1

K
-1

1000/T, (K-1)

 
 

Fig.2: Arrhenius plots (log CR against 1/T) (a), and plot (log CR/T against 1/T) (b) for dissolution of CS 
in 1.0 M HCl solution without and with different concentrations (AZFD) 
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Table 3: Kinetic parameters obtained from ML measurements for CS dissolution in 1.0 M HCl solutions 
in absence and presence of different concentrations of (AZFD) 

 

Conc., µM E*
a,  

kJ mol-1 
ΔH*,  
kJ mol-1 

-ΔS*,  
J mol-1K-1 

Blank 12.51 14.10 245.87 
MA-1164    
1 23.02 32.54 186.33 
5 24.10 38.98 163.79 
9 25.03 41.39 154.65 
13 27.73 43.25 147.14 
17 31.62 45.53 129.84 
21 48.09 55.05 105.29 
MA-1276    
1 22.95 29.40 197.27 
5 23.44 35.91 174.39 
9 24.46 38.22 165.70 
13 26.95 41.83 152.71 
17 30.66 42.19 148.57 
21 44.75 47.29 132.66 
MA-1117    
1 19.33 23.30 216.49 
5 20.12 33.40 180.29 
9 22.76 36.94 167.54 
13 23.12 38.67 160.95 
17 28.86 41.31 150.83 
21 35.93 45.53 129.84 

 

3.1.3. Adsorption isotherm and thermodynamic parameters:The adsorption of (AZFD) molecules can 
either occur chemically or physically on the corroded CS surface. The degrees of surface coverage (θ) for 
various concentrations of (AZFD) in test solution were obtained from the ML measurements, and were 
fitted with different adsorption isotherm models. Straight lines (Figure 3) were obtained on plotting Cinh/θ 
versus concentrations of inhibitors (Cinh) at different temperatures (298-303K), revealing that the inhibitor 
adsorption on the metal surface follows Langmuir adsorption isotherm, which has the following relation: 

 
Where ‘Kads’ is the equilibrium constant of adsorption process, which is related to the free energy of 

adsorption (G0
ads), according to following relation18: 

 
                                                                                                             (6) 

 
Where ‘106’ is concentration of H2O molecules in the test solution (mgL-1).  

On the other hand, G0
ads is related to the enthalpy (∆H°

ads) and the entropy (∆S°
ads) of adsorption and the 

according to Gibbs–Helmholtz relation as follow 19: 

G0
ads = ∆H°

ads - T∆S°
ads                                                                                                                                                                      (7) 
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Fig. 3: Langmuir adsorption isotherm plot of C/θ versus C for CS corrosion in 1.0 M HCl solution 

containing various concentrations of (AZFD) at different temperatures 
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Plots of G0
adsversus T for CS corrosion in presence of different (AZFD)give straight lines as shown in 

Figure 4. ΔS°ads and ΔH°ads can be obtained from the slope and the intercept of the straight lines (Figure 
4), respectively. The thermodynamic adsorption parameters for (AZFD) on the surface of CS are 
summarized in Table 4. It is found that, the values of Kads are increasing with temperature, suggesting 
that a strong interaction between (AZFD) molecules and the CS surface in acidic medium. In addition, 
large values of (Kads) calculated for the investigated (AZFD) revealed that the adsorption process is more 

efficient thus improving the corrosion inhibition efficiency. The values of G0
ads are negative and more 

than - 40 kJ/mol suggested that, the adsorption mode of (AZFD) on the surface of metal is a spontaneous 
process and chemisorption adsorption. The positive sign of ΔH°ads value points out the adsorption of 
(AZFD) on the metal surface is endothermic because of chemisorption process 20. On the contrary, 
∆S°

adspositive values reflect the increase in the entropy of solvent as disorder occurs at the CS/solution 
interface when the (AZFD) molecules adsorbed on the CS surface. This is due to the displacement of H2O 
molecules by (AZFD) molecules on the CS surface in the corrosive medium 13.  

 
 

Table 4: Thermodynamic parameters obtained from ML measurements for CS dissolution in 1.0 M HCl 
solutions containing various concentrations of (AZFD) at different temperatures 

 

Inhibitor Temp., 
K 

Kadsx10-4,  
M-1 

-ΔG˚ads, 
kJ mol-1 

ΔH˚ads , 
kJ mol-1 

ΔS˚ads, 
J mol-1k-1 

MA-1164 

298 93.01 44.01 

16.89 203.53 

303 96.73 44.84 
308 104.62 45.78 
311 117.73 46.83 
318 143.08 48.10 

    

MA-1276 

298 56.37 42.76 

32.77 252.99 
303 65.82 43.87 
308 74.02 44.90 
311 97.13 46.33 
318 130.73 47.86 

    

37.97 267.53 
MA-1117 

298 38.27 41.80 
303 49.50 43.15 
308 56.02 44.18 
311 78.27 45.77 
318 101.31 47.18 
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Fig. 4: Plots of G0
adsversus T for CS corrosion in presence of different (AZFD) 

3.2. AAS measurements:AAS is a quantitative analysis method was used to determine the amount of 
dissolved Fe in the corrosive medium with and without various concentrations of (AZFD) at required 
temperature. The % €AAS was calculated according to the following relation: 
 

% €AAS = 1  X 100                                                                                                               (8) 

Where A* and A are the amount of dissolved iron in test medium without and with inhibitor, respectively. 
Amount of dissolved iron in test solution measured using AAS is summarized in Table 5. It is found that 
the amount of dissolved Fe in case of the inhibited solution is lower than the uninhibited solution (blank). 
There was a delay in the dissolution of metal in corrosive medium because of formation of adsorbed layer 
of (AZFD) on the CS surface 21. It is found that, the order of % €AAS for investigated (AZFD) according to 
the amount of dissolved Fe in the corrosive medium showed that MA-1164 > MA-1276 > MA-1117. 

 
Table 5.Amount of iron dissolved in 1.0 M HCl solution without and with different concentrations of 

(AZFD) at 298K (immersion time 24h) 

 

Conc., µM Amount of iron, µg/L % €AAS 
Blank 13.51 ----- 
MA-1164   
1 3.63 73.1 
5 3.20 76.3 
9 2.67 80.2 
13 2.07 84.7 
17 1.59 88.2 
21 1.22 91.0 
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MA-1276   
1 4.50 66.7 
5 3.86 71.4 
9 3.13 76.8 
13 2.51 81.4 
17 2.01 85.1 
21 1.62 88.0 
MA-1117   
1 5.21 61.4 
5 4.49 66.8 
9 3.86 71.4 
13 3.23 76.1 
17 2.65 80.4 
21 2.09 84.5 
 

3.3. Electrochemical techniques  

3.3.1. PP test: PP plots (log icorrversus Ecorr) for CS corrosion in test medium without and with various 
concentrations of (AZFD) are represented in Figure 5.  The corrosion parameters (icorr, Ecorr, βa and βc) 
calculated fromPP method are recorded in Table 6. The % €pp obtained from pp method was calculated 
using the relation as follow [22]: 

 

Where icorr and ii is corrosion current density without and with inhibitor concentration, respectively. 

As shown from Figure 5, the cathodic and anodic reactions of CS were affected after addition of 
(AZFD)to test solution. So, the additions of (AZFD)decrease the corrosion of CS and delay the hydrogen 
evolution reaction. From Table 6, the values of icorr reduce with increase in inhibitor concentration, and 
hence, % €pp values increase. It is found that, there is a slight shift in corrosion potential, with no definite 
trend in the shift of Ecorr values with increase in inhibitor concentrations compared to that of blank 
solution. 

 This due to the inhibitors has mixed effectiveness by impeding the anodic and cathodic reaction centers 
on CS surface (i.e. (AZFD)act as mixed-type inhibitors) 23. The cathodic and anodic Tafel slopes (βc and 
βa) change when the inhibitor added to the test solution. This points out that the anodic and cathodic 
reaction sites are delayed with change in their mechanisms. The order of investigated compounds 
according to % €PP is an agreement with the % €ML values calculated from ML and AAS techniques, 
whereas: MA-1164 > MA-1276 > MA-1117. 
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Fig. 5: PP plots (log icorr versus Ecorr) for CS electrode in uninhibited and inhibited solutions with various 

concentrations of (AZFD) at 298 K 
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Table 6:PP kinetic parameters for CS dissolution in 1.0 M HCl without and with different concentrations 

of (AZFD) at 298 K 

 
% €PP CR 

(mpy) 
βc, 
(mV dec-1) 

βa, 
(mV dec-1) 

-Ecorr, 
(mVvs SCE) 

icorr, 
(µAcm- 2) 

Conc., 
(µM) 

------ 198 180 100 547 433 Blank 
MA-1164 

62.80 73.66 118.3 69.9 490 161 1 
66.50 66.33 134.2 90.1 492 145 5 
79.00 41.58 131.6 72.9 485 110 9 
80.60 38.41 108.5 64.5 486 83.9 13 
81.50 36.6 119.9 61.9 479 80.3 17 
84.46 30.5 115.5 72.5 486 67.3 21 

MA-1276 
45.00 108.9 128.3 89.7 499 238 1 
47.80 103.5 140.1 70.5 488 226 5 
72.30 54.85 130.4 70.8 477 117 9 
75.10 49.3 130.5 67.8 485 108 13 
80.40 38.8 165.7 69.9 464 84.7 17 
82.24 35.2 134.4 73.2 479 76.9 21 

MA-1117 
41.10 116.6 128.5 61.5 469 255 1 
44.60 109.7 111 63.9 499 240 5 
71.40 56.63 137.9 66.6 482 124 9 
73.40 52.67 127.2 66.1 484 115 13 
76.40 46.7 134.5 60.5 478 102 17 
80.30 39.6 143.4 65.0 479 85.3 21 

 
3.3.2. EFM measurements: EFM intermodulation spectra of CS dissolution in test solution with and 
without (AZFD)at 298 K are displayed in Figure 6. The inhibition efficiency (% €EFM) obtained from 
EFM technique was calculated using the relation as follow:   

The corrosion parameters obtained from EFM method are shown in Table 7. It is found that, icorr decrease 
withincreasing (AZFD) concentrations, and therefore, % €EFM values increase. The causality factors (CF-2 
and CF-3) are found close to the standard values (2.0 and 3.0), and therefore, the data obtained from this 
technique are valid 22. The % €EFM obtained from EFM technique is the same sequence of ML, AAS and 
PP methods whereas: MA-1164 > MA-1276 > MA-1117. 
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Fig. 6:The intermodulation spectra of CS dissolution in 1.0 M HCl solution without and with 21 µM of 

(AZFD) at 298 K 
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Table 7: EFM and EIS kinetic parameters for CS dissolution in 1.0 M HCl without and with different 
concentrations of (AZFD) at 298 K 

 

EIS EFM  
% €EIS Cdl, 

µ( Fcm-2) 
Rct, 
(Ωcm 2) 

% €EFM CF-3 CF-2 CR 
(mpy) 

βc, 
(mV dec-1) 

βa, 
(mV dec-1) 

icorr, 
(µAcm- 2) 

Conc., 
µM 

----- 781 36.4 ----- 2.85 1.90 234.6 143 91 413.5 Blank 
  MA-1164 
68.3 91.2115.1 66.0 3.15 1.81 79.76 114 96 140.4 1 
75.4 89.8 148.4 66.6 2.88 2.13 78.36 110 93 138.2 5 
77.6 79.7 163.1 67.9 2.70 1.86 75.31 119 98 132.8 9 
81.0 75.8 192.7 77.0 3.16 1.78 53.96 99 96 95.16 13 
82.0 72.5 203.3 77.9 3.36 2.20 51.85 103 81 91.21 17 
85.0 70.5 244.4 80.5 3.36 1.80 45.75 106 92 80.51 21 
  MA-1276 
64.7 424103.4 63.6 2.57 1.44 85.39 93 86 150.5 1 
75.0 112 146.2 64.3 3.34 1.63 83.75 87 66 147.8 5 
77.2 110 160.0 66.7 3.48 1.75 78.12 104 80 137.5 9 
77.9 92.4 165.0 69.9 3.47 1.87 70.61 144 88 124.1 13 
79.3 78.1 176.1 70.4 3.05 1.57 69.44 100 86 122.4 17 
82.5 74.7 208.9 79.2 3.43 1.81 48.80 101 84 86.14 21 
  MA-1117 
48.0 640 70.2 45.2 3.35 1.69 128.5684 75 226.5 1 
67.0 486 110.6 59.2 2.79 1.78 95.72 113 99 168.8 5 
73.0 334 135.5 63.8 3.29 1.62 84.93 110 92 149.7 9 
75.9 155 151.5 67.4 3.11 1.83 76.48 101 80 135 13 
77.2 80 160.5 68.9 3.37 1.86 72.96 97 74 128.7 17 
80.1 78.6 183.3 78.7 3.26 1.92 49.97 98 68 88.06 21 

 

3.3.3. EIS measurements: EIS spectra of CS dissolution in test solution without and with various 
concentrations of (AZFD)are represented in Figure 7. A single depressed capacitive semicircle in 
inhibited and uninhibited solution is shown in the Nyquist graphs (Figure 7a), having one capacitive time 
constant in the Bode phase graphs (Figure 7b). These depressed semicircles are attributed heterogeneities 
of the metal surface, roughness, mass transport and adsorption-desorption mode of the (AZFD) molecules 
at CS/solution interface. The shape of the semicircle in Figure 7a not changed in uninhibited and 
inhibited solutions. These indicate that, the addition of inhibitors for the test medium does not change the 
corrosion reaction mechanism. But, the diameter of capacitive loop in the existence of inhibitor is wider 
than that in the blank medium and increases with increase in (AZFD) concentrations. This suggested that 
the investigated derivatives protect the surface of CSfrom attack of acid and the (% €EIS) is improved at 
higher concentration of inhibitor.EIS spectra fitted using the electrical equivalent circuit is given in the 
Figure 8, and then the kinetic parameters were recorded in Table 7. The (% €EIS) are obtained using the 
following relation24: 
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where R*

ct, and Rct is the charge transfer resistance for CS in test solution without and with inhibitor.  
As shown in Table 7, the increase in inhibitor concentrations causes the increase in Rct values and 
decrease in Cdl values. This is attributed to the adsorption of (AZFD) molecules on the CS/solution 
interface instead of H2O molecules forming a protective adsorbed film on the CS surface, which lead to 
increase the electric double layer or reduce the dielectric constant. And therefore, reduces the electron 
transfer and metal corrosion action25. The results calculated from EIS method were in agreement with 
pervious ML, AAS, PP and EFMmethods. 
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Fig. 7:EIS spectra of CS dissolution in 1.0 M HCl solution in the absence and presence of different 

concentration of (AZFD) at 298 K.  (Nyquist plots (a) and Bode plots (b)) 

 

 

Fig.8: Equivalent circuit used to fit the impedance spectra 

 

3.4. CS surface characterization 

3.4.1. AFM analysis: AFM technique is proceeded to investigate the surface morphology of CS in test 
solution without and with (AZFD). Figure 9(a–e) show AFM images for the fresh, blank and inhibited 
specimen of CS, respectively. The surface roughness obtained for fresh CS coupon is 52 nm (Figure 
9a). The surface roughness of CS coupon is increased to 590 nm after immersed in test solution 
(Figure 9b). On the contrary, the inhibited solution in the presence of MA-1164, MA-1276 and MA-
1117(Figure 9c-e) show reduced in the roughness values to 115, 119 and 125 nm, respectively. This is 
due to the adsorbed layer of (AZFD) molecules formed on the surface of metal which impedes the 
dissolution of CS in the aggressive medium. Hence, reliable morphology and smooth was achieved in 
inhibited CS surface26. 
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(a) (b) 

 
 

 

(c) (d) (e) 

 
 

Fig. 9.  AFM 3D images for CS surface (a) before, (b) after immersion for 24 h in 1.0 M HCl solution 
and (c) 1.0 M HCl solution contains 21µM of MA-1164(d) MA-1276 (e) MA-1117 
 

3.4.2. ATR-FTIR and UV/ visible spectral analysis: ATR-FTIRspectroscopy is a powerful technique that 
identifies functional groups present in various compounds 19. ATR-FTIRspectra of the (AZFD)and the 
protective layer formed on CS surface exposed to test solution containing (AZFD)are represented in 
Figure 10. AS shown from Figure 10 for p-methoxy phenylazafuramidine inhibitor (MA-1164), the 
peaks found at 3235 and 3447 cm-1 are characteristic for stretching vibrations of N-H bond for NH2 and 
NH, while peaks at 1602, 1628, 1664 cm-1 are characteristic for stretching vibrations of C=C, C=N 
stretching vibrations, and bending vibrations of N-H bond for NH2 and NH groups. On the other hand, the 
IR spectra of the protective layer formed on CS surface showed broad band with shift in the wavenumber 
to 1640 cm-1. The peaks of N-H bond for NH2 and NH groups become broad peaks. This confirms the 
adsorption mode of the azafuramidine inhibitors on CS surface occurs via binding interaction through 
these groups, and hence forms a shielding layer against the penetration of water molecules and the 
corrosive ions to surface of CS19. Similar patterns have been recorded for MA-1276 and MA-1117. 
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UV/visible spectra of (AZFD)solution and the test solution containing (AZFD)solution after 24 h of 
immersion of CS coupons are shown in Figure 11. From UV/visible spectra, all the inhibitors showed a 
band at 386 nm, due to n- π* transition11. On the other hand, the spectra of test solution containing 
inhibitor  molecules after 24 h of immersion of CS samples showed two bands at 316 and 361 nm which 
attributed to n- π* transition of coordinated and free donor groups of inhibitor, respectively. The 
possibility of the formation of complex between the dissolved metal ions and the (AZFD) molecules, due 
to the difference obtained in the absorption spectral after the immersion of CSSample in the corrosive test 
solution27,28. 

 

 

 

 

 
Fig. 10:ATR-FTIRspectra for (AZFD) (a) and the CS surface after immersion in 1.0 M HCl solution 

containing 21µM of (AZFD) (b) 
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Fig. 11:UV/visible spectra of (AZFD)solution (a) and the test solution containing (AZFD) 
solution after 24 h of immersion of CS coupons (b) 
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3.5. Quantum chemical calculations:  The inhibition behavior of the investigated (AZFD)for CS 
corrosion in acidic solution could be discussed by quantum chemical studies using DFT method.  The 
optimized geometry, frontier molecular orbital of HOMO, LUMO and the distribution of Mulliken charge 
of (AZFD) are plotted in Figure 12, respectively. It is seen that, the distributions of electron density were 
localized on HOMO and LUMO of inhibitors confirms the electron donating and accepting centers are 
possible in (AZFD) molecules. The detailed data of quantum chemical parameters for (AZFD) are 
calculated and listed in Table 8. 

Table 8:Quantum chemical parameters for (AZFD) obtained by DFT method 
 

 MA-1164 MA-1276 MA-1117 
EHOMO  /(eV) -5.411 -5.302 -5.214 
ELUMO  /(eV) -4.122 -3.968 -3.768 
∆E(ELUMO-EHOMO)  /(eV) 1.289 1.334 1.446 
χinh /(eV/mol) 4.766 4.635 4.491 
ηinh /(eV/mol) 0.640 0.670 0.720 
 ΔN 1.740 1.770 1.740 
 
Mulliken charge analysis  

 
  

N(4) -0.418 -0.179 -0.165 
N(19) -0.772 -0.191 -0.908 
N(20) -0.505 -0.616 -0.631 
O(8) -0.346 -0.732 -------- 
O(21) -0.124 ------- -------- 
F(21) -------- -0.230 -------- 
 

According to the frontier molecular orbital theory (FMO), the inhibition efficiency of investigated 
inhibitors for CS corrosion in acidic solution is related to the energy of lowest unoccupied molecular 
orbital(ELUMO), the energy of highest occupied molecular orbital (EHOMO) and the energy gap ΔE (ΔE = 
ELUMO - EHOMO)29. From the Table 8, it can be noted that, the higher EHOMO values indicate that (AZFD) 
molecules can easily give electrons to the empty d-orbital of iron. But, the lower ELUMO values show a 
higher electron accepting ability from the CS metal. The smaller values of ΔE show the stability of 
formed complex on the CS surface which determines the soft–soft interaction between the soft metal acid 
and the soft base inhibitor in the investigated system30. Therefore, the reactivity order of (AZFD) for 
corrosion inhibition of CS according to ΔEis MA-1164 >MA- 1276 > MA-1117.The value of ΔN clarifies 
the number of electrons transferred from the (AZFD) molecules to the surface of metal. When ΔN is 
lower than 3.6, this means that the (% €)of (AZFD) molecules increases with the increase of electron 
donating ability at the CS surface. ΔN is calculated as the following relation: 

ΔN = 
  

 
                                                                                                                          (12) 

Where χinh and ηinh are the absolute electronegativity and the absolute hardness the (AZFD) molecules, 
respectively and they are calculated as follow taking into consideration that the theoretical values of χFe 
and ηFe for Fe are (7.0 and 0.0 eV/mol), respectively: 
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χ = -  (ELUMO + EHUMO)                                                                                                              (13) 

η = -  (ELUMO - EHUMO)                                                                                                               (14) 

As shown in Table 8, it can be noted that, ∆N values for three (AZFD) are < 3.6; this indicates that the 
inhibition effect resulted from the electrons donation to the vacant d- orbital of metal31. The Mulliken 
charge distributions of atoms for the investigated azafuramidines derivatives obtained by DFT 
calculations are shown Figure 12. It is deduced that the more negative charge on heteroatoms, the more 
easily electrons donation and electrostatic attraction between the (AZFD) molecules and the CS surface. It 
is clear that from Figure 12, the most of the negative charge exist on the N(4), N(19), N(20), O(8), O(21), 
F(21) atoms for (AZFD). Therefore, these heteroatoms act as the active sites for the adsorption of (AZFD) 
molecules on the metal surface. From the quantum chemical analysis, it is found that, an agreement with 
the previously mentioned experimental data obtained by ML, ASS, PP, EFM, EIS measurements. 

 
Fig.12:The optimized structure, HOMO, LUMO orbitals and Mulliken charge for (AZFD)obtained by 

DFT method 
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3.6. Mechanism of corrosion inhibition: The inhibition mechanism of CS corrosion in acidic media 
using the investigated azafuramidines molecules can be discussed on the basis of molecular adsorption. 
These inhibitors inhibit the corrosion of CS by controlling the cathodic and anodic reactions sites. 
According to, the adsorption isotherm, the inhibitors molecules were adsorbed chemically on the surface 
of CS. The (AZFD) molecules could be easily protonated in acidic solution, because of high electron 
density on it, and adsorbed on the cathodic centers of the CS and reduce the hydrogen evolution. On the 
other hand, the adsorption on anodic sites occurs via π-electrons of aromatic rings and unshared electron 
pairs on (O, N) heteroatoms exist in the investigated (AZFD) which reduce the anodic dissolution of CS 
32. 

CONCLUSION  

(AZFD) act as good inhibitors for CS in acidic medium and inhibition efficiency increased with the 
increase of inhibitor concentrations. The adsorption of (AZFD) on CS surface obeys Langmuir adsorption 
isotherm. The corrosion current density reduced as the concentration of (AZFD) increased indicated that 
inhibitor acted as (mixed-type) inhibitor. The Cdl values decreased when increasing the concentrations of 
inhibitor concentrations. This is attributed to the adsorption of (AZFD) molecules at the CS/ solution 
interface. The surface investigation using AFM showed a reduction of CS corrosion by formation of 
adsorbed layer onto the surface. ATR-FTIR and UV/visible spectra, confirmed the bond formation of the 
(AZFD) with CS. Quantum chemical calculations supported the experimental data and pointed out that 
the order of inhibition efficiency, for (AZFD), is the following: MA-1164 > MA-1276 > MA-1117. 
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