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 A B S T R A C T 

New sulfanilamide derivative namely 4-((5,5-dimethyl-3-
oxocyclohexenyl)amino)benzenesulfonamide (DOBF) was synthesized 
and the chemical structure was elucidate using Nuclear Magnetic 
Resonance (NMR) and elemental analysis (CHN). The inhibition effects 
of a studied DOBF on the corrosion of mild steel in 1 M hydrochloric acid 
environment were investigated using electrochemical impedance 
spectroscopy (EIS), weight loss method and scanning electron 
microscopy (SEM). The synthesized inhibitor concentrations were 0.1 
mM to 0.5 mM and the temperatures ranging from 303-333 K. Results 
showed that the inhibition occurs through adsorption of the inhibitor 
molecules on the metal surface. Electrochemical and weight loss 
techniques revealed that the tested DOBF act as superior inhibitor for 
acidic corrosion of mild steel and the efficiency increase with increasing 
concentrations. EIS results revealed that DOBF demonstrate the highest 
inhibition efficiency of 93.70 %, at a concentration of 0.5 mM. The 
adsorption of the investigated inhibitor obeys Langmuir’s  adsorption 
isotherm.  Different thermodynamic parameters have been calculated 
and discussed. SEM confirmed the formation of a protective film on the 
surface. The investigated techniques are in good agreement to establish 
the using DOBF as corrosion inhibitor for mild steel in strong acid 
environment. It was found that the corrosion inhibition performance 
depends on the concentration of the DOBF and the solution temperature. 
Quantum chemical calculations have been done to correlate the 
electronic characteristics of the compounds with the corrosive inhibitive 
impact. The quantum calculations such as the HOMO, LUMO, energy gap 
(ΔE), atomic charges, dipole moment (μ), electron affinity (A), chemical 
hardness (η), softness (σ) electronegativity (𝝌), ionization potential (I), 
and fraction of electrons transferred (∆𝑁), were used to explain the 
mechanism of inhibition of  DOBF molecules on the mild steel surface. 
Experimental and theoretical results are in good agreement. 
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1. INTRODUCTION  
 
The most serious problem in the industries that 
used mild steel was corrosion. In industrial 
processes that used acidic solutions, every year 
corrosion problems cost billions, when metal is 
exposed to corrosive environment. Corrosive 
environment plays a significant role in industrial 
process such as; pickling, crude oil refining, 
scaling, cleaning, and petrochemicals [1]. 
Different industrial process used highly 
corrosive environment especially hydrochloric 
acid.  The corrosive conditions could impact the 
surface of alloys harmfully and decrease the 
duty life of the equipment's, and hence 
monitoring and controlling corrosion are 
permanently required [2,3]. The most actual 
method to impedance corrosion dissolution of 
mild steel was the use of corrosion inhibitors. 
Corrosion inhibitors advantages are lying on the 
data that they demonstrate superior 
performance and comparatively low cost due to 
their economically applicable and simple 
feasibility behavior [4,5]. Organic molecules 
containing benzene rings, pi-bonds in addition 
to hetero-atoms such as nitrogen, phosphorous, 
sulfur and oxygen are considered to be efficient 
inhibitors for mild steel corrosion impedance. 
These organic inhibitors have the abilities to 
block the corrosion through adsorption on mild 
steel surface by their electron donating groups. 
The molecules with corrosive inhibitive 
characteristics have the ability to react with mild 
steel surfaces via physi- and/or chemi-sorption 
mechanism depending on the nature chemical 
structure of inhibitor molecules and also the 
nature of mild steel surface [6,7]. Nitrogen, 
oxygen and sulfur having molecules 
demonstrated superior protection performance 
that are resulted because of their lower 
electronegativities and the ability to form 
coordination compounds via coordination bonds 
between high chelating inhibitors and the iron 
atoms of mild steel surface [8]. 
Benzenesulfonamides have displayed promising 
corrosion inhibition for mild steel 
characteristics in 1M HCl. On comparing the 
inhibitive efficiencies percentage of 
benzenesulfonamide with previously reported 
inhibition efficiencies of various organic 
compounds in different corrosive environment, 
it was found that these benzenesulfonamide of 
this investigation could serve as effective on 
corrosion inhibition [9]. In the present study, 

our significant aim was 3-fold: (i) to examine the 
influence of benzenesulfonamide containing 
aromatic ring, heteroatoms (Sulfur, Oxygen and 
Nitrogen), and α, β-unsaturated carbonyl group 
on the inhibition behaviors, (ii) to determine the 
adsorption sites, and (iii) to investigate the 
influence of concentration, time and 
temperature on the enhanced inhibitive 
performances of benzenesulfonamide. To 
address these issues, and Following up of the 
investigations for efficient corrosion inhibitors 
for mild steel in acidic solution [10-32], we 
designed and synthesized a novel inhibitor from 
benzenesulfonamide namely 4-((5,5-dimethyl-3-
oxocyclohexenyl) amino)benz-enesulfonamide 
(DOBF) on mild steel corrosion in HCl 
environment, as shown in  Fig. 1.  
 
 
2. EXPERIMENTAL SECTION 
 
2.1 Chemistry 
 
Sigma/Aldrich in Selangor, Malaysia was the 
supplier for all the solvents and starting 
materials that were utilized in this study. 
Spectroscopical analysis for the synthesized 
compound were don by Nuclear magnetic 
resonance (NMR) devise and were done through 
an AVANCE III 600 MHz spectrometer (Bruker, 
Billerica, Massachusetts, United States of 
America), with the internal standard namely 
dimethyl sulfoxide and the sigma values were 
explained in  ppm. 
 
2.2 Synthesis of DOBF as corrosion inhibitor 
 
A mixture of 5,5-dimethyl-cyclohexane-1,3-dione 
(7.0 g, 5.0 mmol) and sulfanilamide (4.3 g, 2.5 
mmol) in 100 mL of ethyl alcohol was stirring and 
heated at reflux for four hours., The product was 
cooled and then poured onto ice, isolated and 
recrystallized from ethyl alcohol. Yield 76%; 
melting point 237 oC; 1H-NMR (CDCl3, ppm): 1.00 
(6H, s, CH3), 2.08 (2H, d, NH2), 2.22 (2H, d, CH2), 
2.42 (2H, d, CH2),5.64 (1H, s, C=C-H), 6.91 d, 
7.35d, 7.49dd and 7.89 d for aromatic ring. CHN 
analysis for C14H18N2O3S, Cal./Found: C, 
57.12/56.93, H, 6.16/5.94 and N, 9.52/9.64. 
 
2.3 Gravimetric Experiments 
 
Metal Samples Company (USA, Pa, Saint) were the 
supplied of mild steel (MS) specimens that used 
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for this study. The composition (wt%) mild steel 
specimens were: 99.210Fe; 0.210C; 0.380 Si; 
0.090P; 0.05S; 0.050Mn and 0.010Al. ASTM 
standard steps G1-03 were used to washed and 
cleaned the mild steel specimens [33]. Non-
stirred 1.0 M hydrochloric acid solution with the 
different concentration of DOBF. 
 
2.4 Weight Loss Technique 
 
The weight loss measurements have been 
repeating three times and were proceeding in 
aerated at the range 303-333 K in 1.0 M HCl 
(non-stirred) with the concentrations of DOBF 0 
mM, 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM and 0.5 
mM. The utilized MS specimens which have 
rectangular shapes of the dimensions 
2.5×2x0.025 cm were suspended hydrochloric 
acid solution 0.2 L, in presence of the 
concentrations (0.0, 0.1, 0.2, 0.3, 0.4 and 0.5 mM) 
of the DOBF. After immersion for 1, 5, 10, 24, 48 
and 72 h, the specimens were take-out, washed 
and dried. The cleaned MS specimens, are 
weighed accurately. The inhibition efficiency and 
corrosion rate CR were calculated using eq. 1 
and 2 [34, 35]:  

𝐼𝐸% = [1 −
𝑤2

𝑤1
]  𝑥 100                                 (1) 

where IE% is 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦, W1 is the 
weight without DOBF and W2 with DOBF: 

𝐶𝑅𝑚𝑚/𝑦 = 87.6𝑊/𝑎𝑡𝜌                     (2) 

where w is the weight loss, a is the area of 
coupon, and t is the immirision time. 
 
2.5 Electrochemical Impedance Spectroscopy 

Measurements 
 
EIS measurements have been repeating three 
times and were proceeding in aerated at the 
range 303-333 K in 1.0 M HCl (non-stirred) with 
the concentrations of DOBF 0 mM, 0.1 mM, 0.2 
mM, 0.3 mM, 0.4 mM and 0.5 mM. The tests were 
performed using the Gamry Instrument 
Potentiostat/Galvanostat/ZRA (REF 600) model. 
Working, counter, reference (mild steel coupn, a 
graphite bar) and a saturated calomel electrode 
(SCE), were the cell three electrodes. The DC105 
and EIS300 software packages developed by 
(Gamry) were used to performed the EIS 
measurements, which start 30 min after 
immersed the coupon in the HCl solution to allow 
for the stabilization of the steady-state potential. 

2.6 Surface characterization 
 
Scanning electron microscopic (SEM) test was 
used to analysis the coupon surface without and 
with addition of the synthesized corrosion 
inhibitor. The mild steel coupon was firstly 
immersed in corrosive solution for 5 h at 303 K 
and secondly with addition of 0.5 mM of 
synthesized corrosion inhibitor. The mild steel 
samples were isolate, washed and dry to 
analysis the surface.  
 
2.7 Quantum chemical calculations 
 
The three-dimensional structure of DOBF as a 
reason which was responsible for the 
percentage of inhibition efficiency and 
significance of corroded technique upon the 
coupon surface. The study was carried out and 
compared with the methodological results [36-
39]. Theoretical parameters such as HOMO, 
LUMO, energy gap (ΔE), atomic charges, dipole 
moment (μ), electron affinity (A), hardness (η), 
softness (σ) electronegativity (𝝌), ionization 
potential (I), and fraction of electrons 
transferred (∆𝑁) were determined by Density 
Functional Theory (DFT) calculations in addition 
to Mulliken atomic charge. 
 
 
3. RESULTS AND DISCUSSION 
 
The reaction sequence synthesis of the novel 
inhibitor namely 4-((5,5-dimethyl-3-oxo-
cyclohexenyl)amino)benzenesulfonamide which 
derived from sulfanilamide and 5,5-dimethyl-
cyclohexane-1,3-dione is summarized in Scheme 
1. DOBF was synthesized by reflux of amounts of 
sulfanilamide with 5,5-dimethyl-cyclohexane-
1,3-dione. The 1H-NMR spectrum showed a 
singlet at δ 1.00 ppm due to the two groups of 
three CH3 protons. Also, a doublet at 2.08 due to 
the tow NH2 protons. A doublet at δ 2.22 ppm 
due to the two CH2 protons and a doublet due to 
the tow CH2 protons at δ 2.24 ppm. A singlet at δ 
5.64 ppm single proton for vinyl group. 
 

 
Fig. 1. Synthesis of the corrosion inhibitor DOBF. 
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3.1. Concentration effect 
 
Weight loss of mild steel at  different time period, 
in absence of various concentrations of DOBF in 
one molar of hydrochloric acid environment at 
303K have been investigatsd. The values of 
inhibition efficiencies (IEs %) and corrosion rates 
(CRs) are demonstrated in Figs. 2 and 3. It is  
obvious that the  diminishing CR is correlated 
with increase in the DOBF concentration that 
elucidates that additional DOBF molecules are 
adsorbed on the surface of mild steel, thereby 
providing biger surface coverage.  
 

 
Fig. 2. Influence of DOBF concentration and time on 
corrosion rate of mild steel at 303 K. 

 

 
Fig. 3. Influence of DOBF concentration and time on 
IE% of mild steel at 303 K. 

 
Figure 2 demonstrate the difference of CRs 
against exposure. The curves acquired suggest 
progressive decrease in CR with increase in 
inhibitor concentration. It could be spotted that 
for all studied concentrations of the DOBF 
utilized the corrosion rate of the mild steel 
decreased with time throughout the 
methodological interval. 

3.2. Temperature effect 
 
Temperature influence on inhibition reaction of 
corrosive environment mild steel surface is quite  
complicated, due to  considerable effects might  
happen on the mild steel surface, like immediate 
etching, laceration, desorption of inhibitor and 
inhibitor molecules decomposition.  
 
Temperature has a considerable impact on the 
corrosion rate of mild steel. Corrosion in an 
corrosive environment, the CR increases with 
increassing temperature due to the spread of 
hydrogen protons in the acidic environment over 
potential reductions. At all eventsassumed that in 
the acid corrosion the inhibitor molecules adsorb 
on the mild steel surface, producing in a 
structural  variation of the double-layer and 
diminutive rate of the reaction. In industries 
some processes such as acid cleaning and pickling 
and the best temperature is of individual  
significance as temperature vary the interaction 
between the surface of mild steel and the 
corrosive environment without and with 
inhibitor. Inhibitor molecules that are of 
adsorptive kind the temperature difference affect 
the mild steel dissolution in addition to the 
degree of mild steel surface coverage by 
molecules of tested inhibitor at a  steady value of 
thier  highest investigated concentration.  
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Fig. 4. Effect of temperature on inhibition efficiency 
of various DOBF concentrations. 
 
To analysis the stability of the DOBF inhibitor 
molecules at higher temperature, measurments 
have been done at various temperature of 303, 
313, 323 and 333K in one molar HCl 
environment. The obtained  inhibition efficiencis 
result are in the Fig. 4.   A significant decrease in 
metal corrosion was observed with the increasing 
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concentration of DOBF as tested corrosion 
inhibitor at tested temperatures. 
 
The superior efficiency was found to be 93.8 % at 
303K for 0.5 mM concentration of the DOBF 
inhibitor. This increase in inhibition efficiency 
with decrease in temperature  propose the 
chemical adsorption of the DOBF inhibitor 
molecules on the corrosion surface.  
 
Adsorption process of DOBF molecules, the 
adsorption heat is at all events negative, so this  
specified an exothermic reaction. This is why the 
inhibition efficiencies decreases at a highest 
tested temperature. 
 
3.3. Electrochemical impedance 

spectroscopy measurements 
 
Figure 5 shows the characteristics of the DOBF 
at the concentrations range 0.1 mM to 0.5 mM in 
corrosive environment at the examined 
temperature 303 K, as using EIS. On the other 
hand, Fig. 6 Shows equivalent circuit model, 
containing Rs (solution resistance), Rp 
(polarization resistance) and CPE (fixed phase 
element), as illustrates in equation (3): 

ZCPE = Yo
−1(jw)−n                            (3)            

where n match to the phase shift, which was 
connecting with the in-homogeneity of the 
double layer.  
 

 
Fig. 5. The Nyquist plot for MS coupon in a 1 M HCl at 
303 K, with various  DOBF concentrations. 

 
Fig. 6. Equivalent circuit used to fit the impedance 
spectra of a Nyquist plot for MS in a 1 M HCl. 

For n = 0, CPE shows a resistance, for n = 1, a 
capacitance (C) and for n =-1 an inductance. The 
“double layer capacitance” values (Cdl) are 
calculated by eq. 4: 

𝐶𝑑𝑙 = 𝑌𝑜(𝑤𝑚
" )

𝑛−1
                        (4)           

where ω” is the angular frequency of impedance 
spectrum. 
 

The impedance parameters are demonstrating 
in Table 1 and the inhibitive efficiencies (h) were 
measured via equation 5: 

𝜂(%) =
𝑅𝑝−𝑅𝑝

𝑜

𝑅𝑝
× 100                                  (5) 

where Rp and Rp
o  are the DOBF (Ω cm2) with and 

without of various DOBF concentrations 
respectively.  
 
Table 1. The EIS parameters for MS in HCl with and 
without of various DOBF concentrations. 

Conc. (mM) Rct (ohm cm2) IE (%) 

0.0 51.35 0.00 
0.1 314.93 51.73 
0.2 422.93 66.01 
0.3 491.12 73.85 
0.4 644.03 82.99 
0.5 789.84 93.7 

 

From Fig. 6, it is clear that the Nyquist Figure 
illustrates a depressed capacitive loop, but with 
addition of DOBF concentration, the capacitive 
loop radius will increase, that means that the 
charge transfer between the solution and coupon 
surface is dramatically hindered through the 
increase of the concentration of DOBF [40,41]. It is 
clear from Table 1 that the addition of DOBF as 
corrosion inhibitor, the 𝑅𝑝

𝑜  increases, which imply 

that the DOBF molecules have clear inhibition 
effects after adsorption on the coupon surface, 
when increase of DOBF concentration the electric 
double layer capacitance value were decreases, 
that is due to the DOBF molecules replacing the 
molecules of H2O adsorbed on the coupon surface. 
 

3.4. Morphology effect 
 

The investigated surface morphology of mild steel 
in absent and presence DOBF molecules as 
corrosion inhibitor in 1 M HCl environment have 
been investigated by scanning electron 
microscopy technique. The SEM micrograph for 
the surface of MS of inhibitor in HCl is corroded 
and rough due to corrosion attack as 
demonstrates in Fig. 7a. On the other hand, the 
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inhibitor molecules presence with concentration 
of 0.5 mM demonstrates uniform passive 
protective film cover the mild steel surface due to 
the inhibitor molecules adsorbed on the mild 
steel surface from the environment as 
demonstrates in Fig. 7b. The scanning electron 
microscopy for the MS surface in presence of 
tested inhibitor award perfect protective film 
because of the potent and steady adsorption, that 
demonstrate the superior inhibitive action. This 
study suggests that the mild steel surface 
damages in corrosive environment. The presence 
of inhibitor molecules will protect the MS surface 
through the attack of corrosion because of the 
found protective barrier on mild steel surface.  

 
Fig. 7. The SEM micrographs for mild steel HCl with 
0.5 mM of the corrosion inhibitor at 303 K for 5 h as 
immersion time. (a) absence the inhibitor; (b) in 
presence the inhibitor. 

 
3.5. Adsorption isotherm effect 
 
Adsorption isotherms: Usually it is aprovable that 
the naural and organic compounds have the 
ability to prevent the corrosion through 
adsorption at the surface alloy/solution interface 
and that the potential of adsorption depend on 
the structure of the studied inhibitor molecules, 
type of corrosive environment, nature of alloy 
surface, temperature of solution and 
electrochemical potential at the alloy/solution 
interface. The nature of inhibitor interact on the 
damage surface through corrosion inhibition of 
mild steel is concluded in terms of adsorption 
characteristics of studied inhibitor molecules. 
Surface coverage (θ) values are quite significant 
when searchnig the adsorption properties and it 
is calculated by using equation 6. 

θ = IE%/100                            (6)   

    
3.6. Langmuir effect 
 
Langmuir adsorption Isotherm have been 
investigated for its fit to the methodlogical work 
as in equation 7:  

θ =  
𝐊eq.× Cconc.

1+𝐊C
                         (7) 

Equation 4 may be modified to equation 8:  
𝐂𝐢𝐧𝐡

𝛉
=  

𝟏

𝐊𝐚𝐝𝐬
+ 𝐂𝐢𝐧𝐡                      (8) 

A plot of C / θ versus C was a straight line it 
follows Langmuir adsorption Isotherm. Figure 8,  
imply that DOBF as studied inhibitor was under 
Langmuir adsorption isotherm. The high K value 
revals that the DOBF as studied inhibitor is 
strongly adsorbed on the surface of mild steel in 
corrosive environment. 
  

 
Fig. 8. Adsorption isotherm for mild steel in 1.0 M 
HCl with different concentrations of the DOBF as 
corrosion inhibitor. 

3.7. Activation Process 
 
The DOBF molecules were de-sorption of from 
the coupon surface at rising temperature (from 
303 to 333 K), so the inhibition efficiency 
decreases. The relation of corrosion rate (CR), 
activation energy (Ea), temperature (T) and gas 
constant named Arrhenius equation (equation 9). 

𝐶𝑅 = 𝐴 𝑒𝑥𝑝(
−𝐸𝑎

𝑅𝑇
 )                                     (9) 

 
Fig. 9. Arrhenius plot for coupon corrosion without 
and with addition of various concentrations of DOBF.  

 

0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

lo
g

 C
R

1/T

 0.0 mM

 0.1 mM

 0.2 mM

 0.3 mM

 0.4 mM

 0.5 mM



A.A. Al-Amiery et al., Tribology in Industry Vol. 42, No. 1 (2020) 89-101 

 

 95 

The gravimetric analysis gave a straight line of 
the plot of log of CR vs 1/T as in Fig. 9 for 
investigated coupon in corrosive solution with 
various DOBF concentrations. 
 
The −Ea/2.303R represent the slope of plot for 
Figure 8 and the activation energy Ea value was 
listed in Table 2. 
 
Table 2. Activation Parameters of investigated 
coupons in acidic solution in without and with 
addition of various concentrations of DOBF at 
different Temperature. 

Conc. 
(mM) 

Ea 
(kJ/mol) 

∆𝑯𝒄𝒐𝒓𝒓
∗  

(kJ/mol) 
-∆𝑺𝒄𝒐𝒓𝒓

∗  
(J/Mol.K) 

0.0 16.74 13.95 188.84 
0.1 24.11 19.02 174.14 
0.2 25.30 21.27 170.43 
0.3 26.52 23.85 161.92 
0.4 29.82 28.51 158.51 
0.5 31.89 30.92 145.94 

 
The values activation energies of the studied 
coupons in acidic media in presence of DOBF are 
more than the value of activation energy in 
absence of the value. Table 2 displayed the rised 
of Ea with increase of DOBF concentration, and 
the CR decrease. The enthalpy (ΔHcorr*) and 
entropy (ΔScorr*) have been calculated according 
to equation 10. 

𝐶𝑅 =
𝑅𝑇

𝑁𝐴ℎ
 𝑒𝑥𝑝 (

∆𝑆𝑐𝑜𝑟𝑟
∗

𝑅
)  𝑒𝑥𝑝 (

∆𝐻𝑐𝑜𝑟𝑟
∗

𝑅𝑇
)        10 

where Planck’s constant the Avogadro number 
were represented by h and NA respectively. 
 

 
Fig. 10. Arrhenius plot for corrosion of tested coupon 
in acidic media with various conc. of DOBF.  

 
Figure 10 displayed the plot of log(CR/T) vs 1/T 
obtained for examined coupons in acidic media 
without and with addition of different 

concentrations of DOBF gave straight line and 
the slope and intercept were − ΔHcorr * /2.303R 
and [log(R/NAh) +ΔScorr * /2.303R] 
respectively. ΔHcorr * and ΔScorr * were 
obtained from Figure 8 and were displayed in 
Table 2.  
 
The value  of ΔScorr* have been increased with 
raising  of  DOBF concentration that suppose 
randomly reaction. The value  of ΔHcorr

* that have 
positive value indicate the endothermic nature 
of the mild steel dissolution process proposing 
slow dissolution rate of surface coupon with 
increasing of DOBF concentration. Also, the 
values Ea and ΔH have increased with the 
increasing  DOBF concentration suggest that the 
protective film increases.  

3.8. Suggested Mechanism 
 
The mechanism of adsorption of organic 
compounds as corrosion inhibitors at mild 
steel coupon/environment interface fellow 
steps. 1st step, inhibitor molecules adsorp on a 
coupon surface through replace with of H2O 
molecules [42]. 

𝐼𝑛ℎ(𝑠𝑜𝑙𝑛) + 𝑥𝐻2𝑂(𝑎𝑑𝑠) → 𝐼𝑛ℎ(𝑎𝑑𝑠) + 𝐻2𝑂(𝑠𝑜𝑙𝑛) 

𝑀 → 𝑀+2+2𝑒− 

𝑀+2 + 𝐼𝑛ℎ(𝑎𝑑𝑠) → [𝑀 − 𝐼𝑛ℎ](𝑎𝑑𝑠)
+2  

where Inh(soln) and Inh(ads) are the inhibitors 
that were adsorb on the coupon surface, x is 
water moles displaced with inhibitor molecules.  
 
Inhibitor molecules can bond with M+2 on 
coupon surface as a result of iron dissolution or 
oxidation process, producing iron-inhibitor 
complex [43]: 
 
The relative solubility of the metal-inhibitor 
complex can prevent or induce metal decay. It 
is generally accepted that without addition of 
corrosion inhibitors, the corrosive environment 
is always in contact with the coupon surface 
and porous film leading to corrosion as a result 
of the dissolution of the minerals, while in the 
presence of an inhibitor solution, active or open 
sites in the porous film are almost blocked by 
adsorption of the inhibitor leading to the 
presence of a barrier or a negative layer that 
suppresses additional corrosion. The 
phenomenon of adsorption is the major 
characteristics that demonstrate the 
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mechanism of inhibition. The adsorption 
influenced by the surface charge of the mild 
steel, interaction type between DOBF as 
inhibitor and mild steel surface in addition to 
the molecular structure of DOBF. The DOBF 
molecule has donor atoms (electronegative) 
nitrogen and oxygen in addition to pi-electrons 
of the benzene and pyrone rings. These donor 
sits cause efficient adsorption of inhibitor 
molecules onto the surface of tested coupons. 
In the mineral and halogenic acid environment, 
N atom become protonated because of 
hydration, chloride ions with a smaller degree 
adsorb at the electrode/environment interface, 
produce more negatively charge in the vicinity 
of the electrode/ environment interface, and 
prefer an excess adsorption of the positive 
charge protonated DOBF molecules (tested 
corrosion inhibitor) Inhibitor was adsorbed on 
the surface of mild steel and produce a film  
which has the ability to protect the surface of 
mild steel or the inhibitor molecules react 
chemically with the mild steel surface and form 
coordination bonds. The adsorption mechanism 
of natural and organic inhibitor molecules can  
perform through the following,  electrostatical 
reaction between charged inhibitor molecules 
and mild steel surface and/or the interaction of 
π-electrons and/or electron pairs with the mild 
steel surface. Inhibitor molecules protect the 
mild steel surface by blocking anodic and/or 
cathodic reactions and forming insoluble metal 
complex. The inhibitive efficiencies of tested 
corrosion inhibitor versus the corrosion of 
surface of mild steel in corrosive environment 
can be demonstrated according to the 
adsorption sites number, size of molecule, 
charge density, type of interaction with the 
mild steel surface and potency to form of 
coordination complex. The electron pairs of 
sulfur, oxygen and nitrogen atoms in addition 
pi-bonds form chemical bonds with the mild 
steel surface as demonstrated in Fig. 11. 
 

 
Fig. 11. The suggested mechanism of action of the 
DOBF as corrosion inhibitor. 

3.9. Quantum chemical calculations of 
neutral inhibitor molecules 

 
The quantum chemical parameters have been 
investigated by DFT method. The calculated 
parameters namely HOMO, LUMO (Fig. 12) 
and dipole moment (μ) have been studied and 
listed in Table 3. EHOMO is the electron 
donating ability of the molecules. Thus, the 
highest value of EHOMO refer to a major affinity 
for the donation of electrons to unoccupied 
molecular orbital that was d-orbital of iron 
atoms. Corrosion inhibition efficiency of the 
DOBF, EHOMO, ELUMO and dipole moment (μ) is 
shown in Table 3.  
 

 
(a) Optimized structure 

 
(b) HOMO 

 
(c) LUMO 

Fig. 12. Electronic properties of DOBF (a) 
optimization, (b) HOMO orbital, and (c) LUMO orbital. 

 
As is observed that the inhibition efficiency 
increases with an increase in EHOMO values along 
with a decrease in ELUMO values. The increasing 
values of EHOMO imply a superior tendency to 

 

https://www.sciencedirect.com/topics/engineering/chemical-parameter
https://www.sciencedirect.com/science/article/pii/S1018364719300163#f0045
https://www.sciencedirect.com/topics/engineering/dipole-moment
https://www.sciencedirect.com/science/article/pii/S1018364719300163#t0015
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3709763/table/t4-ijms-14-11915/?report=objectonly
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donate electrons to the molecule with empty 
orbitals.  The dipole moment (μ) of the DOBF is -
4.8047, suggest that DOBF molecules behave as 
strong inhibitor for the surface of mild steel. 
Density Functional Theory (DFT) has been found 
to be successful in providing insights into the 
chemical reactivity and selectivity in terms of 
global parameters such electron affinity (A), 
ionization potential (I), chemical softness (s), 
electronegativity (𝝌) and fraction of electrons 
transferred (∆𝑁) as quantum chemical 
parameters [16]. 
 
Table 3. Calculated quantum properties for the most 
stable conformation of DOBF. 

Function Values 

EHOMO -0.37 Hartree 

ELUMO -0.12 Hartree 

EHOMO – ELUMO -0.257 Hartree 

𝑓𝑚𝑎𝑥
−  0.152 

𝑓𝑚𝑎𝑥
+  0.098 

Dipole Moment (µ) -4.8 debye 

I= -EHOMO (hartree) 0.3770 Hartree 

A= - ELUMO (hartree) 0.1196 Hartree 

𝜂 = −0.5(𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂) 0.1332 

𝜎 = 1/𝜂 7.5075 

𝜒 = −0.5(𝐸𝐻𝑂𝑀𝑂 + 𝐸𝐿𝑈𝑀𝑂) 0.2483 

∆𝑁 = −
∅ − 𝜒𝑖𝑛ℎ

2(𝜂𝐹𝑒 + 𝜂𝑖𝑛ℎ)
 0.2953 

 
Chemical hardness and softness are significant 
factors to measure the stability and reactivity of 
a molecule. It is obvious that the hardness 
generally indicates the resistance towards the 
deformation or polarization of the electron cloud 
of molecules under small perturbation of 
chemical reaction. A hard molecule has energy 
gaps with high values and a soft molecule have 
energy gaps with low values [34]. Inhibitor with 
low hardness value is expected to have the 
superior inhibition efficiency that is in 
comfortable with our study [35]. High 
electronegativity and low variation of 
electronegativity expected low reaction is which 
in turn indicates low inhibitory efficiency. The 
calculated fraction of electrons transferred, ∆N 
for DOBF. The values of ∆N demonstrate 
inhibition impact resulting from electrons 
donation that approbate with Lukovits et al. 'S 
study. If ∆N <3.6, the obligation efficiency 
increased with the increasing electron-donating 
ability at the metal surface. 

3.10. Mullikan atomic charge 
 

Earlier theoretical study on corrosion of Bentiss 
2000, demonstrate that the presence of nitrogen, 
oxygen and sulfur as heteroatoms in the 
molecular structure of the inhibitor have the 
ability to bonded chemically with metal via 
coordination bonds and form coordination 
complex through the un shared of electron pairs 
of heteroatoms and un outbid d-orbital of the 
metal [36]. Similar case is displayed in DOBF. 
The negative charge on nitrogen atom (N20) is 
higher in DOFB than the other atoms and it is -
0.954. The other two oxygen atoms (O18 and 
O19) were-0.9404 and -0.9414 respectively. A 
calculated theoretical data on Mullikan charges 
is demonstrate in Table 4.  
 

Table 4. Mullikan charges of DOBF. 

Atom Charge Atom Charge 

C(1) -0.2193 C(11) -0.2062 

C(2) 0.1554 C(12) -0.0429 

C(3) -0.2171 C(13) -0.1378 

C(4) 0.0170 O(14) -0.3048 

C(5) -0.8754 C(15) -0.2090 

C(6) 0.0250 C(16) -0.2106 

N(7) -0.2816 S(17) 2.8745 

C(8) 0.1164 O(18) -0.9404 

C(9) -0.3310 O(19) -0.9414 

C(10) 0.2767 N(20) -0.9546 

 

3.11. Quantum chemical calculations of 
protonated inhibitor molecules 

 

Heteroatoms such as nitrogen, oxygen and sulfur 
having more negative values of Mullikan charge 
is likely to undergo protonation easily. For the 
tested inhibitor DOBF it is not easy to loss 
proton. From the chemical structure of DOBF it 
is obvious that this compound is strong organic 
acid due to resonance, electron with drawing of 
SO2 group and α,β-unsaturated carbonyl 
compound. Even herein we demonstrate the 
protonated form of the tested inhibitor DOBFH+. 
The optimized and electronic structures (HOMO 
and LUMO) are demonstrate in Fig. 13. Table 5 
reveals that, the EHOMO and ELUMO value of 
DOBFH+ is less negativity compared to that of 
neutral DOBF. The EHOMO was shifted to less 
negative charge. It suggests that after 
protonation, the electron donating capability of 
DOBFH+ decreased.  
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(a) Optimized structure 

 
(b) HOMO 

 
(c) LUMO 

Fig. 13. Electronic properties of protonated inhibitor 
molecules (a) optimization, (b) HOMO orbital, and (c) 
LUMO orbital. 

 
All these factors cause the change in HOMO and 
LUMO distribution as compared to the neutral 
form. The obtained results as in Table 5, the ΔE 
(-0.1137 Hartree) was found for DOBFH+ as 
corrosion inhibitor and this is low amount. 

Dipole moment (μ) of the DOBFH+ is significant 
parameter to determine the inhibition efficiency 
of the DOBFH+ for mild steel in acidic 
environment. The inhibition efficiency for mild 
steel by the inhibitor +molecules increase with 
the increasing dipole moment value. Corrosion 
inhibition efficiency of the DOBFH+, EHOMO, 
ELUMO and dipole moment (μ) is shown in 
Table 5. As is observed that the inhibition 
efficiency increases with an increase in EHOMO 
values along with a decrease in ELUMO values. The 
decreasing value of EHOMO imply a DOBFH+ has 
low tendency to donate electrons to the 
molecule with empty orbitals.  The dipole 
moment (μ) of the DOBFH+ is -1.05, suggest that 
DOBFH+ behave as inhibitor with low inhibition 
efficiency for the surface of mild steel. Density 
Functional Theory (DFT) has been found to be 
successful in providing insights into the 
chemical reactivity and selectivity in terms of 
global parameters such electron affinity (A), 
ionzation potential (I), chemical softness (s) and 
electronegativity (𝝌) as quantum chemical 
parameters. These parameters were calculated 
for DOBFH+ and illustrate in Table 5. 
 
Table 5. Calculated quantum properties for the most 
stable conformation of DOBFH+. 

Function Values 
EHOMO -0.132Hartree 
ELUMO -0.0183 Hartree 

EHOMO – ELUMO 0.1137 Hartree 
Dipole Moment (µ) -1.05debye 

I= -EHOMO (hartree) 0.132Hartree 
A= - ELUMO (hartree) 0.05685Hartree 

𝜂 = −0.5(𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂) -0.053 

𝜎 = 1/𝜂 17.59 

𝜒 = −0.5(𝐸𝐻𝑂𝑀𝑂 + 𝐸𝐿𝑈𝑀𝑂) -0.07515 

 
3.12. Mullikan atomic charge of protonated 

inhibitor molecules (DOBFH+) 
 
The negative charge on nitrogen atom (O19) 
higher in DOBFH+ than the other atoms and it 
is -0.8607. The other oxygen and Nitrogen 
atoms  (O18 and N20) were -0.8598 and -
0.4971 respectively. A calculated theoretical 
data on Mullikan charges is demonstrate in 
Table 6. It is obvious that the differences 
between DOBF and DOBFH+ is the negative 
charge of Nitrogen atom (N20). For DOBF it is 
higher than DOBFH+ about -0.457. This value 
confirm that the inhibition efficiency for DOBF 
is twice compare with DOBFH+.  
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Table 6. Mullikan charges of DOBFH+. 

Atom Charge Atom Charge 

C(1) -0.2376 C(11) -0.2072 

C(2) 0.2382 C(12) -0.0402 

C(3) -0.2325 C(13) -0.1350 

C(4) 0.0604 C(14) -0.2521 

C(5) -1.1119 O(15) -0.2129 

C(6) 0.0572 C(16) -0.2144 

N(7) -0.2174 C(17) 2.8556 

C(8) 0.0457 O(18) -0.8598 

C(9) -0.2350 O(19) -0.8607 

C(10) 0.2630 N(20) -0.4971 

 
 
4. CONCLUSION  
 
Results of the this study revaled that the new 
sulfanilamide namely 4-((5,5-dimethyl-3-
oxocyclohexenyl) amino)benzenesulfonamide 
(DOBF) worked as an excellent corrosion 
inhibitor for surface of mild steel in hydrochloric 
acid solution in a concentration-dependent 
technique. IE of DOBF as corrosion inhibitor with 
superior inhibition efficiency of  93.8% at the 
concentration of  0.5 mM, and decreases with a 
increasing temperature, that proposed of 
physisorption. Inhibitor molecules were 
adsorbed on surface MS obeying the Langmuir 
isotherm. DOBF molecules are proved as superior 
inhibitor with good inhibitive characteristics due 
to presence of nitrogen, sulphur and oxygen 
atoms. SEM measurements confirming the 
forming of a protective layer by inhibitor 
molecules on the coupon surface. The anti-
corrosion study of DOBF molecules, obviously 
implied its role in the protection of coupon 
surface in corrosive environment. 
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