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 Abstract: Current study designed to explore the anti-corrosion effect of 2-hydroxy-5-
{(E)-[4-(pyridin-2ylsulfamoyl)phenyl]diazenyl} benzoic acid (sulfasalazine, SSZ) on 
carbon steel. 1 M of HCl solution used as an aggressive medium. The corrosion process 
was significantly inhibited by SSZ using simple, direct and accurate method (hydrogen 
evolution) to measure corrosion inhibition process. The results showed that the corrosion 
inhibition efficiency increased with increasing the inhibitor SSZ concentration. Three 
different concentrations of the inhibitor SSZ (0.1 × 10−3, 0.5 × 10−3, and 1.0 × 10−3 M) 
were used in the corrosion experiment. Results showed a maximum inhibition efficiency 
(89.74%) achieved at the concentration of 1 × 10−3 M and the temperature of 308 K. The 
calculations of the hydrogen evolution method showed that the investigated SSZ acted as 
a mixed-type inhibitor. Adsorption of SSZ on the carbon steel surface obeys the Langmuir 
adsorption isotherm. The quantitative chemical parameters were calculated using density 
functional theory (DFT). In addition, full geometry optimizations were performed using 
DFT with B3LYP. The correlation between the theoretical and experimental results is 
discussed. The theoretical and experimental studies showed that SSZ is a good inhibitor 
as the maximum anti-corrosion activity was achieved at the highest concentration of the 
SSZ (1 × 10−3 M), and the lowest temperature used in the experiment. 

Keywords: corrosion inhibitor; carbon steel; density function theory; hydrogen evolved; 
sulfasalazine 

 
■ INTRODUCTION 

The corrosion of metals and alloys, along with the 
subsequent deterioration of their characteristics, poses a 
significant challenge in industry [1]. This issue is 
particularly concerning due to its contribution to 
environmental pollution [2]. In the case of the carbon 
steel industry, the use of acids for pickling, descaling, and 
cleaning exacerbates this problem [3]. As a result, 
scientists have been actively looking for ways to safeguard 
these materials and minimize their environmental impact 
[4]. In general, an inhibitor is a chemical used to prevent 
corrosion by changing the chemistry of the corrosive 
solution. In recent years, organic compounds such as azo, 

Schiff base, and phenol have been frequently used as 
corrosion inhibitors [5-6]. Applying corrosion 
inhibitors has proven to be the most efficient and cost-
effective approach for metallic protection [7-8]. These 
compounds form a protective layer on the surface of the 
metal due to their active centers, such as atoms of 
nitrogen (N), sulfur (S), and oxygen (O), as well as 
double or triple bonds [9]. These components interact 
with the metal surface, ultimately resulting in the 
creation of a protective layer [10-12]. Compounds 
containing π-bonds, such as azo and Schiff base [3] 
typically display strong inhibitive properties as a result 
of interactions between their π-orbitals and the metal 
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surface [13]. Azo compounds, which possess π-bonds and 
electron pairs as active centers in their structure 
(specifically through the N=N linkage), have emerged as 
highly effective and promising candidates for corrosion 
inhibitors [14-15]. 

Recently, density function theory (DFT) in quantum 
chemical calculations has been applied to elucidate and 
establish a connection between experimental results [16-
17]. This approach aims to provide a comprehensive 
understanding of the inhibitory effects of sulfasalazine 
(SSZ). The reactivity of a chemical species is strongly 
influenced by the frontier orbital, which comprises the 
highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO). The 
frontier orbital of a chemical species is considered very 
important in defining its reactivity [18-20]. In addition, 
conducting theoretical research allows for the 
identification of organic compounds that possess the 
structural features required for chemical reactions [21-
23]. 

The primary objective of this study was to develop a 
corrosion inhibitor using an azo dye and assess its 
effectiveness in inhibiting steel corrosion in a 1.0 M HCl 
solution by measuring hydrogen release. Additionally, 
this study aimed to examine how the structural 
characteristics of the inhibitor impact its inhibition 
efficiency and to investigate the mechanism by which the 
inhibitor adsorbs onto the metal surface. Furthermore, 
this study explored the correlation between the 
experimental findings and the quantum chemical 
parameters of the developed corrosion inhibitor. 

■ EXPERIMENTAL SECTION 

Materials 

All the reagents were purchased from Sigma, 
including SSZ (Fig. 1), analytical grade (37%) HCl and 
carbon steel (CS) used as supplied commercially. The 
composition of CS is listed in Table 1. 

Instrumentation 

The current study has several advantages such as 
cost effectiveness and the simple instruments required for 
hydrogen evolve collection. The following instruments 

are required during the experiment; Lab Water 
Purification System (Thermo Fisher Scientific) and the 
Stuart SMP30 for melting point measurement. 

Procedure 

Analytical grade (37%) HCl was diluted with 
bidistilled water to obtain an aggressive solution of 1 M 
HCl. Three different concentrations (0.1 × 10−3, 
0.5 × 10−3, and 1.0 × 10−3 M) of the inhibitor SSZ were 
prepared and used directly in the corrosion experiment. 

■ RESULTS AND DISCUSSION 

Hydrogen Evolved Method 

Following the previously reported hydrogen 
evolved method [20] described in Fig. 2, This method has 
several advantages such as equipment availability and 
cost effectiveness [21]. A mild steel coupon weighing 8.0 g 

Table 1. Chemical analysis (%weight) of the CS 
Element C P Mn Si Fe 

Weight (%) 0.300 0.050 1.200 0.006 Rest 

OH

N
N

O

OH

S
H
N O

ON

 
Fig 1. The chemical structure of sulfasalazine 

 
Fig 2. A schematic representation of the method used to 
calculate the volume of hydrogen evolved 
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was immersed in a 100 cm3 solution of 1 M HCl to initiate 
the corrosion reaction. Throughout a period of 100 min, 
the volume of evolved H2 gas was measured and recorded 
every 60 s. The same experiment was then repeated in the 
presence of 5.0 mM sulfasalazine (corrosion inhibitor) in 
a 1 M HCl solution. The hydrogen evolution rate (RH) was 
determined using Eq. (1) as specified [22]; 

3 1 1 0
H

1 0

V V
R  (cm .min )

t t
− −

=
−

 (1) 

where V1 and V0 are the volumes of hydrogen gas evolved 
(cm3) at time t1 and t0 (min), respectively. The inhibition 
efficiency (IHE (%)) was calculated using Eq. (2); 

H1
HE

H0

R
I  (%) 1 100%

R
 

= − × 
 

 (2) 

where RH1 and RH0 are the hydrogen evolution rates in the 
presence and absence of inhibitor, respectively [23]. 

According to the results obtained through the 
hydrogen evolution method, it can be concluded as a 
positive relation between the inhibitor concentrations 
and the inhibition efficiency. The experiments were 
conducted with varying concentrations of SSZ (0.1 × 10−3, 
0.5 × 10−3, and 1.0 × 10−3 M) at varied temperatures (308, 
318, and 328 K) (Fig. 3(a-c)). The measured 
characteristics, including surface coverage (θ) and 

inhibitory efficiency (%IE), are displayed in Table 2. 
Increasing the concentration increased the inhibition 
efficiency at each temperature, and the maximum 
recorded inhibition efficiency was 89.74% in the 
presence of 1 × 10−3 M SSZ at 308 K. However, there is a 
negative relation between the temperature and 
inhibition efficiency. As noticed increasing temperature 
above, 308 K has decreased the inhibition efficiency. 

Table 2. Shows the polarization characteristics for the 
corrosion of carbon steel in 1 M HCl at various 
concentrations of SSZ and temperatures 

θ IE% Inhibitor 
concentration (M) 

Temperature 
(K) 

0.0000 0.00 Blank 308 
0.0000 0.00 318 
0.0000 0.00 328 
0.8379 83.79 0.1 × 10−3 308 
0.6609 66.09 318 
0.5749 57.49 328 
0.8513 85.13 0.5 × 10−3 308 
0.7000 70.00 318 
0.6465 64.65 328 
0.8974 89.74 1.0 × 10−3 308 
0.7980 79.80 318 
0.7546 75.46 328 

 
Fig 3. Hydrogen gas evolved (cm3) with time (min) for the corrosion of carbon steel in 1 M HCl at (a) 308, (b) 318, and 
(c) 328 K in the presence and absence of SSZ 
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Adsorption Isotherm 

Various mathematical models were evaluated to 
identify the most accurate representation of the 
adsorption isotherms. Eq. (3) describes the Langmuir 
adsorption isotherm that the corrosion inhibition system 
under inquiry complies with [24]. 

ads

C 1 C
K

= +
θ

 (3) 

The experiment involved plotting the ratio of the 
inhibitor concentration (C) to θ against the inhibitor 
concentration. The resulting graph displayed a straight 
line (Fig. 4) with a slope close to 0.9997 and a regression 
coefficient of approximately 0.9923. These findings 
indicate that the adsorption of inhibitors follows a 
uniform monolayer Langmuir model, suggesting no 
interaction with adjacent sites. The high correlation 
observed in accordance with the Langmuir adsorption 
isotherm further strengthens the validity of this approach 
[25-26]. 

Table 3 provides the values for the adsorptive 
equilibrium constant (Kads), which highlights that higher 
values correspond to robust adsorption of the produced 
inhibitor onto the CS surface in 1 M HCl at elevated 

temperatures. This strong adsorption can be attributed 
to the creation of coordinated bonds between the 
synthesized inhibitor and the d-orbital of iron located on 
the CS surface. 

Thermodynamic Parameters 

Kads can be computed from the intercept of Eq. (3) 
(Table 3). Eq. (4) can be utilized to compute the free 
energy of adsorption based on Kads. 

( )ads adsG RTln 55.5 KΔ ° = −  (4) 
The given statement suggests that the calculated 

value of ΔG° falls within the range of −36.748 to 
−38.377 kJ mol−1. In this equation, R represents the gas 
constant, T represents the absolute temperature of the 
experiment, and 55.5 represents the concentration of 
water in solution in mol dm−3. A negative free energy 
implies that the process of adsorption of the inhibitor 
onto the metal surface is spontaneous. If the magnitude 
of ΔG° is approximately −20 kJ mol−1 or less negative, 
the interaction between the inhibitor and the charged 
metal surface is primarily electrostatic or physical in 
nature. Chemisorption refers to a type of bond 
formation that occurs when the energy is approximately  

 
Fig 4. Carbon steel Langmuir adsorption plots in 1 M HCl at different temperatures with varying amounts of SSZ 

Table 3. Thermodynamic parameters for the adsorption of SSZ on CS in 1 M HCl at different temperatures from the 
Langmuir adsorption isotherm 

T (K) slope R2 log Kads ΔG°ads (kJ mol−1) ΔH°ads (kJ mol−1) ΔS°ads (kJ mol−1) 
308 0.9054 0.9997 4.764 −38.377 

−64.640 
−0.0853 

318 0.8160 0.9941 4.247 −36.463 −0.0886 
328 0.7801 0.9923 4.102 −36.748 −0.0850 
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−40 kJ mol−1 or more negative. In the current study, the 
obtained energy values ranged from −20 to −40 kJ mol−1. 
This suggests that the interaction observed in all three 
cases is a combination of physisorption (weaker, 
nonchemical interaction) and chemisorption. As a result, 
the interaction can be described as complex. The heat of 
adsorption (ΔHads) can be calculated using the vant' Hoff 
equation (Eq. (5)) [27]. 

( )ads adslog K H 2.303 RT cons tant= −Δ +  (5) 
By plotting log Kads versus 1/T, a straight line with a 

slope of −ΔHads/2.303 R was obtained (Fig. 5). According 
to Table 3, all the thermodynamic parameters are 
provided. The positive value of the adsorption entropy 
suggested that the solvent's entropy was more dominant 
than that of the solute in the inhibitor. In a study by 
Bentiss et al. [28], if the ΔH° is greater than 0, the 
adsorption process is considered chemisorption. 
Conversely, if ΔH° is less than 0, it could be either 
physisorption or chemisorption. Additionally, for an 
exothermic process, the magnitude of ΔH° can help 
differentiate between physisorption and chemisorption 
[26]. During physisorption, the enthalpy of adsorption 
typically falls below 40 kJ mol−1, whereas during 
chemisorption, it exceeds 100 kJ mol−1 [27]. The results 
obtained indicate that the investigated compound 
exhibits a small, negative enthalpy of adsorption 
(−64.640 kJ mol−1), indicating physisorption. Eq. (6) is 
used to calculate the adsorption entropy [29]. 

ads ads adsG H T SΔ ° = Δ ° − Δ °  (6) 

Quantum Chemical Calculations 

The computations were conducted using the 
Gaussian 09 software package. Full geometry 
optimizations were performed using density function 
theory (DFT) with B3LYP and the 6–31G (d) basis set 
[30]. Quantum chemical calculations have conclusively 
demonstrated their marked effectiveness as a tool for 
studying the mechanism of corrosion inhibition [31–
34]. One of the main uses of quantum chemical 
calculation methods is to explain trends in experimental 
results, particularly when it is rare to obtain such 
information directly from experimental data [35]. The 
observed molecular attributes are many and noteworthy, 
as Table 4 demonstrates. These characteristics include 
the dipole moment, ionization potential, hardness, 
softness, electron affinity, electronegativity, and the 
energy levels of LUMO (ELUMO) and HOMO (EHOMO). 
Furthermore, the optimum geometrical configurations 
of SSZ are shown in Table 5. It's interesting to note that 
both sides of the molecule under study have a large 
distribution of the lowest LUMO and HOMO. 

The metal surface is effectively bonded with the 
inhibitor through interactions between the lone pair of 
electrons on the heteroatoms and the vacant orbitals on 
the iron atom. The chemical species absorption and 
reactivity are significantly affected by the HOMO and 
LUMO frontier orbitals. The tendency of a molecule to 
donate electrons to acceptor molecules with low-energy 
empty molecular orbitals increases as the value of EHOMO 

 
Fig 5. The correlation between the logarithm of the adsorption equilibrium constant (log Kads) and the reciprocal 
temperature (1/T) for CS immersed in a 1 M HCl solution with varying concentrations of inhibitors 
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Table 4. List of quantum chemical parameters for SSZ 
Quantum chemical parameters GA 

Total Energy (kJ mol−1) −4428842000 
Dipole moment (Debye’s) 3.698600000 
EHOMO (eV) −4.915231308 
ELUMO (eV) −2.833543908 
ΔEgap = ELUMO − EHOMO (eV) 2.081687400 
Ionization potential, I = −EHOMO 4.915231308 
Electron affinity, A = −ELUMO 2.833543908 
Electronegativity, χ = −½(EHOMO + ELUMO) 3.874387608 
Hardness, η = ΔEgap/2 1.040843700 
Softness, σ = 1 η⁄  0.960759046 
Chemical potential, μ = −½(I + A) −3.874387608 
Number of transferred electrons, ΔN = [χFe – χinh]/[2(ηFe + ηinh)] 1.501480190 
Solvation energy (SE), kJ mol−1 −104.3907999 
%IE = 123.418 − 9.334 (D.M) − 0.131 (SE) 75.22000000 

Table 5. Optimized geometrical configuration structures of the SSZ 
Quantum chemical structure GA 

Optimized geometry 

 

HOMO 

 

LUMO 

 

ESP 

 

Electrostatic potential map 
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increases, resulting in greater inhibition efficiency. 
Similarly, when the value of ELUMO is lower, the molecule 
is more likely to accept electrons, making it an efficient 
inhibitor [36-37]. The molecule under examination SSZ 
possesses an energy level of −4.92 eV, indicating its ability 
to readily donate electrons. As a result, the inhibitor 
demonstrated a lower value of ΔEgap, indicating its efficacy. 
As a result, the inhibitor has a lower ΔEgap value. According 
to the boundary of molecular orbitals theory of chemical 
reactions, the formation of the transition state is 
attributed to the interaction between the HOMO and the 
LUMO of the species involved [38]. Consequently, the 
inhibitor can effectively interact with the CS surface. It is 
widely recognized that a higher dipole moment will 
enhance the inhibition of corrosion [39-40]. The higher 
efficiency of the inhibitors is due to the tendency of Fe, a 
soft acid, to preferentially react with soft bases such as 
SSZ, which have low hardness and high softness. This 
observation is strongly supported by the excellent 
agreement between the results obtained from quantum 
chemical calculations and the experimental findings. 

As was previously indicated, descriptions of the 
electrical and physical-chemical parameters that affect the 
efficiency of inhibition have been given. These properties 
are essential for understanding how effective molecules 
are at inhibiting corrosion. It is crucial to remember that 
there isn't a clear-cut connection between these traits and 
the effectiveness of corrosion inhibition. Because the wide 
range of chemical parameters affects molecule efficiency, 
it is difficult to create a direct link that validates the 
intricate nature of interactions involved in the inhibitory 
processes. However, Eq. (7) can still be used to get the 
theoretical inhibitory efficiency [31,39,41]. 

TheorIE 123.418 9.334 D.M 0.131 (SE)= − × − ×  (7) 
where SE is the solvation energy that the Firefly Program 
computes [41] and D.M. is dipole moment. 

Inhibition Mechanism 

Based on the computational results of the SSZ 
inhibitors, it is likely that the adsorption mechanism of 
SSZ on mild steel involves various types of interactions. 
One possible interaction is through chemisorption, where 
the vacant d-orbital of iron (Fe) interacts with the atoms 
of oxygen (O), sulfur (S), and nitrogen (N) in SSZ, forming 

 
Fig 6. Proposed inhibition mechanism of (SSZ) 

a strong bond [42-43]. This interaction helps protect 
mild steel from corrosion by sharing lone-pair electrons. 
Additionally, a retro-donation interaction occurs 
between the ionized Fe atoms on the steel surface and 
the π-electrons of the aromatic ring in SSZ [44-45]. This 
interaction further contributes to the inhibition of 
corrosion. The adsorbed SSZ also covers a large surface 
area, forming a protective film over the steel surface, 
which enhances the inhibition performance Fig. 6. 

■ CONCLUSION 

SSZ effectively inhibited CS corrosion (89.74%) in 
1 M HCl solution as an aggressive medium and 
1.0 × 10−3 M of SSZ at 308 K by using the hydrogen 
evolution method. Experimental and theoretical 
calculations showed that the anti-corrosion efficiency 
correlated directly with increasing the inhibitor SSZ 
concentration. Also, these calculations showed the 
investigated SSZ acted as a mixed-type inhibitor. The 
determination of various thermodynamic parameters and 
investigation of the adsorption isotherm demonstrate 
that the adsorption follows the Langmuir model and is 
classified as physisorption. The quantitative chemical 
parameters and full geometry optimizations were 
calculated using DFT. The quantum chemical methods 
show very good agreement with the experimental results. 
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