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Abstract
Due to the growing concern about corrosion problems caused by acidic attacks, the anticorrosive properties of synthetic 
corrosion inhibitor has been studied. The present work assessed the synthesis and inhibition performance of 3-((dicyclohexyl 
amino)methyl)–5–(4–((2-hydroxybenzylidene) amino phenyl)–1, 3, 4–oxadiazole–2(3H)–thione (DHOT) on the corrosion 
of mild steel in 1 M HCl solution through weight loss and electrochemical measurements. DHOT was characterized using 
FTIR and 1H NMR measurements. Surface analysis was carried out using SEM and AFM. Chemical theoretical studies of 
DHOT were performed using density functional theory (DFT) calculations. Electrochemical measurement results showed 
that corrosion inhibition increased as inhibitor concentration increased, achieving a significant inhibition efficiency of 98.86% 
at optimum conditions. Polarization curves indicated that molecules of DHOT acted as a mixed-type inhibitor, and their 
adsorption process obeyed the Langmuir isotherm. Examination of corroded steel surface by SEM and AFM confirmed the 
adsorption of DHOT on metal surface. Chemical quantum calculations were used to determine the electronic properties of 
the DHOT and to explain inhibitor/metal surface interactions.
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1 Introduction

Metal corrosion is one of the biggest problems facing the 
industry today. Despite its exceptional advantages, such 
as its superior mechanical capabilities and cost, low-car-
bon steel, one of the most common building materials, is 
very susceptible to corrosive ions [1–3]. Steel alloys have 
a tendency to react aggressively in acids, one of the most 
aggressive media. For this purpose, many methods includ-
ing anodic and cathodic protection, anti-corrosion coat-
ings, corrosion inhibitors, and others have been proposed 

[4–6]. Corrosion inhibitors stand out as a promising strategy 
among all of these techniques. The right corrosion inhibitor 
is chosen based on important factors, including adsorption 
capacity, environmental friendliness, and affordability [7, 8].

The use of organic compounds with aromatic ring, π 
bond, and hetero-atoms (such as, nitrogen, phosphorus, 
sulphur, and oxygen atoms) is recommended as corrosion 
inhibitors [9, 10]. Commonly, organic compounds can 
adsorbed upon the steel surface either by the electrostatic 
interactions or bond formation through pi orbital and lone 
pair, consequently decrease the deterioration process [11, 
12]. The adsorption of organic inhibitors is primarily 
influenced by a number of characteristics, including the 
electronic structure of the molecules, functional groups, 
steric factors, and electron density in orbits [13, 14]. Some 
organic corrosion inhibitors' harmful qualities and nega-
tive effects on the environment have tended to restrict their 
use. Consequently, recent studies have concentrated on the 
synthesis and employing brand-new, ecologically friendly 
inhibitors. The most environmentally friendly compounds 
are those with azole groups, such as thiadiazole, thiazole, 
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imidazole, and benzimidazole, which have corrosion-
inhibiting action [15–18].

Nitrogen-containing derivatives has gained considerable 
attention in many industrial and chemical applications 
[19]. These derivatives have recently been described 
as a new class of metal corrosion inhibitors in several 
investigations due to the availability of their π-electrons 
of the –C=N double bond, which can coordinate with 
metals to form a barrier between the metal and corrosive 
elements. Better inhibition performance is offered by 
inhibitors containing S, N, and O. Thio-derivatives of 
these compounds have been thoroughly researched for 
decades to prevent the corrosion of carbon steel in acidic 
conditions. To introduce these heteroatoms in organic 
structure, the design and synthesis of newly corrosion 
inhibitors can be achieved. Due to their strong efficiency 
at relatively low concentrations, synthesized organic 
inhibitors are among the best approaches. Typically, 
molecules containing at least one active heteroatom allow 
them to adhere to the surface of the metal [20, 21]. There 
has been a lot of study lately that has concentrated on 
the synthesis of Schiff-based derivatives as corrosion 
inhibitors. El Aatiaoui et al. [22] reported a yield of two 
new Schiff bases with an efficiency of more than 90%. 
Sayed and El-Lateef [23] conducted a thorough analysis 
of heterocyclic compounds under various corrosive 
circumstances. Donor–acceptor interactions are a key 
component of the inhibitor’s adsorption mechanism, and 
nitrogenous heterocyclic compounds frequently perform 
as mixed-type inhibitors. The maximum corrosion 
inhibition efficiency was 96.7% at 303 K and 500 ppm 
inhibitor concentration, according to Vranda Shenoy et al. 
evaluation of the inhibitory action of imidazopyridine 
derivatives on the corrosion of mild steel in HCl acid in 
their study published in 2014 [24].

The synthesis and characterization of N, S, and O 
containing organic derivatives family are of particular 
interest to biological, medicinal, and pharmaceutic 
potential. The application and comprehension of their 
inhibitive mechanism as a novel effective corrosion 
inhibitor was carried out in order to continue the 
search for another highly important activity of these 
hetero-compounds. Therefore, the present work aims 
to synthesis, characterization, and testing the corrosion 
inhibitory effect of 3-((dicyclohexyl amino) methyl)-
5-(4-((2-hydroxybenzylidene) amino phenyl)-1,3,4-
oxadiazole-2(3H)-thione (DHOT) against low-carbon 
steel corrosion in 1 M HCl. The newly corrosion inhibitor 
was characterized using FTIR and NMR. The weight 
loss tests were performed and optimized according to 
Doehlert experimental design as a function of temperature 
and DHOT concentration. Then, electrochemical, 

morphological and other important tests were conducted 
in optimal conditions.

2  Methodology

2.1  Materials and Chemicals

All chemical material used in the reactions of the study was 
obtained from Sigma-Aldrich Chemicals Ethanol absolute 
(99.99%), 4-aminoethyl benzoate (99%), hydrazine hydrate 
(80%), potassium hydroxide (99%), carbon disulfide (99%), 
formaldehyde (37%) except glacial acetic acid from BDH 
(99%), dicyclo hexyl amine from MERCK-Schuchardt (95) 
and salicylaldehyde from CDH (99%).

Corrosion experiments were achieved on mild steel 
samples Mild steel compositions were as follows: Carbon 
0.08%, Manganese 0.2%, Silicon 0.03%, Phosphorous 0.01%, 
Aluminum 0.02%, Chromium 0.05%, and remainder is iron. 
The dimensions of rectangular steel were 3 cm × 1 cm × 0.1 cm. 
Before immersion in the corrosive solution, steel samples were 
cleaned with 800–1500 sand paper and rinsed in distilled water 
before each test. The entire experimental was given in detail 
in our previous papers [4–6] described, including the cleaning 
steps. The hydrochloric acid (37% wt) was diluted to make the 
corrosive 1 M HCl solution. To ensure an adequate level of 
repeatability, all measurements were taken twice.

2.2  FTIR, UV–Vis, and 1HNMR Measurements

KBr Disc FTIR spectra were taken using SPEACTUM-65 in 
the range of 4000–400  cm−1. In optimal conditions, the FTIR 
of the synthesized DHOT and the corrosion products from 
metal surfaces in the presence of DHOT were studied. The 
UV-spectrophotometer was used to take UV–Vis readings 
(Shimadzu, Japan, UV-1800). A UV spectrum for optimum 
temperature and concentration of DHOT in 1 M HCl was 
taken before and after the samples were immersed for 3 h. In 
addition, BRUKER instruments (USA) are used for 1HNMR 
spectroscopic studies of DHOT.

2.3  Synthesis of DHOT

A Heterocyclic compounds are cyclic compounds plus one 
carbon atom that contain other atoms like nitrogen, oxygen, 
and sulfur [25]. It can be in the aromatic or long-chain carbon 
configuration. The synthesis procedure of DHOT included 
the formation of four intermediate compounds (symbolized 
as z1–z3) until reaching the final product. DHOT was synthe-
sized according to a regular Mannich reaction [25]. A sche-
matic path was shown in Fig. 1.
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2.3.1  Synthesis of 4‑amino Benzoic Hydrazide  (z1)

4.9557 g of solid 4-amine ethyl benzoate (Sigma-Aldrich, 
USA) was dissolved in 25 ml of ethanol (Sigma-Aldrich, 
USA). Later, 20 ml of (80%) hydrazine hydrate was added 
gradually. After 8 h of refluxing, the mixture was allowed 
to cool to room temperature until the second day. A white 
crystals was observed and the formed sediment was filtered 
and recrystallized with ethanol [26]. 70.19%, 225–227 °C, 
white, ethanol, and  C7H9O  N3 were the yield, melting 
point, color, recovery solvent, molecular formula of  z1, 
respectively.

2.3.2  Synthesis of 5 (4‑amino phenyl) 1, 3, 4 
Oxadiazole‑2thiol  (z2)

The compound  z1 (1 g, 0.006 mol) was dissolved in 10 ml of 
ethanol and added to a solution containing (5%) of KOH. A 
5 ml of carbon disulfide was added to the mixture, and it was 
refluxed for 8 h. The residue was then dissolved in water and 
acidified by adding 10% HCl to the solution (pH = 3) [27]. 
80%, 226–228 °C, yellow, ethanol, and  C8H7N3 OS were 
the yield, melting point, color, recovery solvent, molecular 
formula of  z2, respectively.

Fig. 1  Schematic synthesis of 
DHOT
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2.3.3  Synthesis of Schiff Bases  (z3)

0.579  g, 0.003  mol of  z2 was dissolved in 15  mL of 
ethanol, then 0.003 mol of different aromatic aldehydes 
(Salicylaldehyde and 3,4-Dimethoxybenzaldehde) was 
added to the mixture with stirring (10 min). Then, 5 drops 
of Glacial acetic acid (GAA) was added after 5 min of 
refluxing. Later, the mixture were refluxed for 5–7 h. A 
precipitated solid was filtered out, dried, and purified 
using ethanol recrystallization [28]. 77%, 251–253  °C, 
orange, ethanol, and  C15H11N3O2S were the yield, melting 
point, color, recovery solvent, molecular formula of  z3, 
respectively.

2.3.4  Synthesis of Mannich Bases (DHOT)

Dissolve 0.003 mol of Schiff bases  (z3) in 15 ml of absolute 
ethanol, then add formaldehyde (0.003  mol) and then 
amines (0.003 mol) for each type of amine used gradually 
to the reaction mixture with continuous stirring in an 
ice bath for a period of 1 h. That precipitate then left for 
24 h at refrigerator, after which a filtration process and 
recrystallization was performed using absolute ethanol. 
Used in the preparation (Dicyclohexyl amine) with Schiff 
bases  (z3) with an equal number of moles. 80%, 192–194 °C, 
orange, ethanol, and  C29H34N4O2S were the yield, melting 
point, color, recovery solvent, molecular formula of DHOT, 
respectively.

According to the synthesis procedure, the synthesis of 
intermediates and desired products (DHOT) showed good 
ove r a l l  y i e l d  w i t h  a  s i g n i f i c a n t  E - fa c t o r 
( E − factor =

massoftotalwastes

massofproduct
 ) of 2.35, 0.25, 0.29, and 0.25 for 

 z1,  z2,  z3, and DHOT, respectively. This value is 
recommended for environmental proposes [29].

2.4  Gravimetrical Measurements

Corrosion rates were measured using the conventional 
method of weight loss. To clean the samples, we followed the 
steps we described earlier [4–6]. Three hours of exposure in 
the corrosive solution (1 M HCl) at the specified temperature 
and inhibitor concentration. Later, the metal samples were 
cleaned and dried. Corrosion rate was evaluated in the 
absence and presence of DHOT. Corrosion rates of mild 
steel were determined over a range of conditions that were 
specified by experimental design.

2.5  Polarization, Open Circuit, and Impedance 
Measurements

In electrochemical measurements, a conventional three-
electrode (calomel was used as a reference electrode, 

platinum wire as a counter electrode, and mild steel as the 
working electrode) cell (250 ml) was used. The working 
electrode samples exposed a surface area of 1  cm2 to the 
corrosive solution at the specified conditions. The open 
circuit potential (OCP) value was evaluated after immersion 
of the working electrode in the corrosive solution (1 M 
HCl) for about 120  min. Polarization measurements 
were conducted in the absence and presence of DHOT 
under optimum conditions. With respect to OCP, the scan 
rate is 1.0 mV/s between the cathodic potential range of 
− 250 mV and the anodic potential range of + 250 mV. A 
signal amplitude of 10 mV was used for electrochemical 
impedance spectroscopy (EIS) with a frequency range of 
10 kHz to 0.01 Hz. Vertex-One equipment potentiostat 
(Netherland) was used for all electrochemical investigations.

2.6  Experimental Design

In order to establish the optimum conditions for a weight 
loss corrosion rate, a Doehlert experimental design with 
temperature and DHOT concentration was used. The 
Doehlert design emphasizes homogeneity in space filling 
and describes a spherical experimental domain. Despite 
not being rotatable or orthogonal, this matrix does not 
dramatically deviate from the necessary characteristics for 
application. Five Temperature levels (30, 40, 50, 60 and 
70 °C) and three DHOT concentrations (0, 75, and 150 ppm) 
were used. A conversion between real and code variables 
was carried using the following equations [30]:

where  Xj is the coded variable,  Zj is the real variable, 
 Zj(0) is the center value (50 °C and 75 ppm), and ΔZj is 
the step variation (20 °C and 75 ppm). The coded levels 
of temperature were calculated as – 1, − 0.866, − 0.5, 0, 
0.5, 0.866, and 1, while for DHOT concentration − 0.866, 
0, and 0.866. Second order polynomial model (Eq. 2) was 
suggested to represents corrosion rate as a function of 
temperature and inhibitor concentration.

Y is the corrosion rate and  h1,  h2, …,  h5 are the 
coefficients of the model.

3  Results and Discussion

3.1  FTIR and 1H NMR Studies

FTIR and 1HNMR were illustrated in Fig. 2. The FT.IR 
spectrum of a compound DHOT shows disappearance 

(1)Xj =
Zj − Zj(0)

ΔZj

(2)Y = h
0
+ h

1
X

1
+ h

2
X

2
+ h

3
X2

1
+ h

4
X2

2
+ h

5
X

1
X

2
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stretching of NH and appearance band at 3425  cm−1 return 
stretching of OH, and appearance band at 2935.67  cm−1 
reappearance stretching of CH aliphatic and appearance 
band a sharp at 1602.90  cm−1 return stretching of C=N and 
appearance band 1494.88  cm−1 reappearance stretching of 
C=C with appearance band (1280)  cm−1 return stretching 
of C–N [31]. The 1HNMR (δ ppm) spectrum of a DHOT 
δ = 9.78 ppm (s, 1H, OH) it corresponds to protons of the 

OH and δ = 8.72 ppm (s,1H, –CH = N) belongs to a proton 
azomethine, δ = 7.02–7.96 ppm (m, 8H, Ar) returns to the 
protons of the ring Aromaticity, δ = 3.85 ppm (s, 2H,  CH2) 
returns to the protons of the  CH2, δ = 1.10–2.02 ppm (m, 
22H, cyclohexyl) returns to the protons of the cyclohexyl 
[31].

Fig. 2  FTIR and 1H NMR of 
DHOT



 Journal of Bio- and Tribo-Corrosion (2023) 9:54

1 3

54 Page 6 of 20

3.2  Weight Loss Studies

The method most usually employed to assess corrosion 
inhibition property is weight loss measurement. It is 
important for analyzing corrosion rate and corrosion 
inhibition efficiency due to its easy application and 
reliability. From weight loss data, corrosion rate can be 
evaluated according to Eq. 3 [32]:

ΔW denotes the weight difference (g), the symbol A 
denotes the surface area of mild steel sample  (m2), and the 
symbol t denotes the time of immersion (day). The matrix 
of Doehlert design and corrosion rate data were collected 
in Table 1.

The polynomial model of the second-order was generated 
in term of the real (Eq. 4) and coded (Eq. 5) variables. 
STATISTICA 10 software was used during regression 
process that based on of Quasi-Newton and Rosenbrock 
approximation, with the value of the correlation coefficient 
 (R2) equal to 0.98 and 0.97 for Eqs. 4 and 5, respectively.

where T is temperature (°C), CDHOT is the inhibi-
to r  concent ra t ion  of  3- ( (d icyc lohexylamino)
methyl)–5–(4–((2–hydroxybenzylidene)amino phenyl)–1, 
3, 4–oxadiazole–2(3H)–thione (ppm), and PC.R.(W.L) is the 
predicted weight loss corrosion rate in gmd (g/m2. day). 
Predicated corrosion rates were close to the experimental 
one with an average absolute error of 2.7%. Optimization 
of Eqs. 4 and 5, yields a minimum corrosion rate of 6.6802 

(3)CR =
ΔW

A.t

(4)PC.R.(W.L) = −664.080 + 30.694T − 1.072CDHOT − 0.094T2 + 0.046C2

DHOT
− 0.194TCDHOT

(5)Y = 85.59 + 134.975X
1
− 337.653X

2
− 37.685X2

1
+ 342.825X2

2
− 335.433X

1
X

2

gmd at 47.62 °C and 112.1 ppm (− 0.126 and 0.431 for 
coded values of temperature and inhibitor concentration, 
respectively). However, Fig. 3 shows the statistical results of 
the model. In Fig. 2A, a comparison between experimental 
and predicated corrosion rate was illustrated. The effect of 
model coefficients was observed in Fig. 2B. It is clear that 
the effect of inhibitor concentration (C and  C2) and interac-
tion of temperature and inhibitor concentration (T × C) was 
more pronounced than the effect of temperature (T and  T2). 
While in Fig. 2C and D, the three dimensions surface and 
contour were illustrated, which show the higher, medium, 
and lower regions of the corrosion rate as a function of tem-
perature and inhibitor concentration.

3.3  Reaction Kinetics and Adsorption Isotherms

As previously indicated, Eq. 4 can be a useful tool for pre-
dicting corrosion rate values as a function of temperatures 
(30, 40, 50, 60, and 70 °C) and DHOT concentrations (0, 25, 
50, 75, 100, 125, and 150 ppm). It has an absolute error of 
2.17% and a correlation coefficient of 0.98. According to Eq. 4, 
Fig. 4A illustrates how corrosion rate varies with temperature 

and inhibitor concentration. The results sound reasonable, the 
corrosion rate was increased with temperature and decreased 
with DHOT concentration increase. Furthermore, as shown 
in Fig. 4B, inhibition efficiency was increased with inhibitor 
concentration. However, the inhibition efficiency increased 
with temperature up to 50 °C, a maximum value of 94.08% 
at 150 ppm DHOT concentration and 50 °C, which may be 
attributed to the chemisorption on inhibitor on metal surface. 

Table 1  Experimental Doehlert 
design for mild steel corrosion 
in 1 M HCl in presence and 
absence DHOT

The percentage of average absolute error |
|�i

|
| = 2.17%

Trial X1 X2 T °C CDHOT ppm Exp. C.R
gmd

Predicted C.R
gmd

Exp. Error
|�i|[%]=||

|

P−E

E

|
|
|Coded Real

1 0 0 50 75 85.59 85.59 0.00

2 1 0 70 75 90.12 182.88 1.02
3 0.5 0.866 60 150 55.87 36.89 0.33
4 − 0.5 0.866 40 150 25.86 118.62 3.58
5 − 1 0 30 75 5.69 44.07 8.70
6 − 0.5 − 0.866 40 Blank 320.19 412.95 0.28
7 0.5 − 0.866 60 Blank 931.17 838.41 0.09
8 0 0 50 75 85.59 85.59 0.00
9 0 0 50 75 85.59 85.59 0.00
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Further increase of temperature to 60 and 70 °C yields a 
reduction of inhibitor efficiency. The reason may be due to 
the desorption of inhibitor molecules at elevated temperature 
levels. Reaction kinetics and adsorption isotherm represent an important step in the direction of understanding the inhibition 

mechanism.

Fig. 3  Statistical analysis of experimental and predicated corrosion 
rate. A Experimental corrosion rate versus predicted corrosion rate 
for DHOT. B Horizontal multiple bar column diagram for DHOT 
inhibitor. C Surface plot temperature and DHOT concentration versus 
corrosion rate. D Contour plot temperature and DHOT concentration 
versus corrosion rate

Fig. 3  (continued)

Fig. 4  Variation of corrosion rate with temperature and inhibitor con-
centration
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Activation and thermodynamics parameters for the 
adsorption of DHOT on the steel in are presented in Table 1. 
These parameters were estimated using the following 
equations [33]:

In Arrhenius equation (Eq. 6) A is frequency factor and 
 Ea is the activation energy, while in transition state equation 
(Eq. 7), ΔHa (enthalpy of activation), ΔSa (entropy of acti-
vation), constant of Plank's is h, and Avogadro's number is 
N. These equations were linearized and illustrated in Fig. 5. 
The slopes and intercepts were used to determine the data 
of Table 2. As is readily observed, enthalpy and activation 
energy both fluctuate similarly. The difference between the 

(6)CR = Aexp

(

−
Ea

RT

)

(7)CR =
(
RT

Nh

)

exp

(
ΔSa

R

)

exp

(

−
ΔHa

RT

)

activation energy and enthalpy in the acidic solution with 
and without the inhibitor seems unreasonable. This might 
be due to the fact that inhibitor molecules cover more metal 
surfaces at higher temperatures, or it might be because the 
formation of the chemisorbed layer occurs more quickly than 
its dissolution [34]. The positive enthalpy values reflect the 
endothermic nature of the steel dissolution process. The val-
ues of A (frequency factor) in the presence of DHOT were 
lower than the blank acidic solution, which is beneficial for 
the steel corrosion process. The activated complex suggests 
an association step rather than a dissociation phase during 
the transition from reactant to activated complex due to the 
large negative value of ΔSa in the DHOT-acid solution [35].

For more information on the mode and type of adsorption 
of DHOT on the steel surface, the experimental data with 
Langmuir adsorption isotherms (Eq. 8) was tested. Indeed, 
the installation of isotherms that better describe the 
adsorption behavior of corrosion inhibition process [36].

(8)
C

�

=
1

K
+ C

Fig. 5  Activation representation of corrosion rate of mild-carbon 
steel in DHOT-1 M HCl A Arrhenius plots B transition state plots

Table 2  Mild-steel corrosion kinetic parameters at different concen-
trations of DHOT

CDHOT (ppm) A (gmd) �
���

(J/mol) Δ�
���

(J/mol) Δ�
���

(J/mol. K)

Blank 1.6 ×  103 37.290 22.657 − 196.44
25 3.8 ×  102 33.592 25.705 − 204.68
50 2.9 ×  102 31.753 22.137 − 207.37
75 1.9×  102 25.865 18.860 − 209.81
100 1.3 ×  102 21.325 15.031 − 212.55
125 9.9 ×  101 18.386 12.354 − 214.92
150 7.3 ×  101 14.837 10.393 − 216.73

Fig. 6  Langmuir adsorption isotherm on mild steel surface in 1  M 
HCl solution at different DHOT concentrations
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C is the inhibitor concentration, K is adsorption constant, 
and θ is the surface coverage. Equation 8 was plotted in 
Fig. 6. The results were collected in Table 3. The high lin-
earity and fitting of the data confirmed the obeying of the 
Langmuir adsorption isotherm. This also obvious from the 
slope and correlation coefficients that both close to unity 
(Table 2).

K values can be used to gauge the strength of the 
adsorption forces between inhibitory molecules and the 
metal surface [37]. Using Eq. 9, the K is related to the 
standard free energy of adsorption (ΔGads) [38]:

55.55 is the concentration of water in the solution 
in molarity (M), R is the universal gas constant, and T 
is the temperature (K). An average value of ΔGads was 
− 30.1824 kJ/mol. The negative values indicate the stability 
and spontaneous adsorption process. Furthermore, a chemi-
cal adsorption was suggested since the ΔGads values were 
found to be higher than − 20 kJ/mol [28]. Van’t Hoff equa-
tion (Eq. 10) and Eq. 11 were used to estimate the values of 
adsorption enthalpy (ΔHads) and adsorption entropy (ΔSads) 
[39]. Both equation are illustrated in Fig. 7.

Table 3 shows that these findings appear to conflict with 
commonly held beliefs about adsorption phenomena. It is 
widely assumed that adsorption is exothermic. The negative 
sign for adsorption heat and a decrease in adsorption entropy 
were recommended [40]. Organic molecules adsorption 
in aqueous media results in water molecule desorption. 
Adsorption of organic molecules at the metal-solution 
interface is a replacement process, with each DHOT 
molecule repelling a water molecule. Adsorption of DHOT 
molecules and desorption of water molecules resulted in a 
total of ΔSads. As a result, a rise in solvent entropy can be 
linked to an increase in entropy [41].

(9)K = −
1

55.5
exp

(

−
ΔGads

RT

)

(10)lnK = −
ΔHads

RT
+ const

(11)ΔGads = ΔHads − TΔSads

3.4  Electrochemical Investigations

To confirm the outcomes of gravimetrical analyses, an elec-
trochemical measurements were conducted. An open circuit 
potential (OCP) and potentiodynamic polarization (PDP) 
were evaluated at optimum conditions as shown in Fig. 8. 
In Fig. 8A, the OCP of inhibitor moved in positive direc-
tion as compared with the absence of DHOT that signifying 
the deviation toward the noble region. However, the OCP 

Table 3  Thermodynamic 
parameters for the DHOT 
adsorption

T
(K)

Slope Kads

(l/mol)
ΔG

ads

(kJ/mol)
R2 ΔS

ads

(kJ/mol. K)
ΔH

ads

(kJ/mol)
R2

303 1.062 909.1 − 27.2794 0.9966 0.155 19.8855 0.976
313 1.029 1111 − 28.7016 0.9932
323 1.002 1250 − 29.9352 0.9935
333 1.010 1428 − 31.2305 0.9949
343 1.053 2500 − 33.7654 0.9951
Average value 1.031 1439.6 − 30.1824 0.9947

Fig. 7  A Adsorption constant against temperature B standard adsorp-
tion free energy against temperature for DHOT adsorption on low-
carbon steel
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shifting was within the range of ± 85 mV, which suggests 
the mixed-type DHOT behavior [42].

The effect of DHOT on cathodic and anodic reactions was 
investigated using PDP after 3 h immersion in HCl without 
and with DHOT at optimum conditions (Fig. 8B). Corrosion 
current density (icorr), corrosion potential (Ecorr), resistance 
polarization  (Rp), and slope of anodic and cathodic branches 
(βa and βc), are listed in Table 4. In addition, the corrosion 
inhibition efficiency was calculated using Eq. 10 [43].

(12)% IE
PDP

=
i
o

corr
− i

corr

io
corr

× 100

In this equation, io
corr

 and icorr are the corrosion current 
density in the absence and presence of optimum concentra-
tion of DHOT, respectively. According to Fig. 8B, it can be 
realized that in the presence of DHOT, the current density 
has decreased in both anodic and cathodic branches com-
pared to the blank.

Again, the value of  Ecorr shift was lower than ± 85 mV 
in presence of DHOT, it was found that the shift was 
47.07 mV towards anodic branch, so DHOT acted as a 
mixed-type inhibitor with more effect on anodic process. 
Inhibitor efficiency was 98.86% at optimum conditions. The 
reduction of the corrosion current density in the presence 
of DHOT indicates the formation of protective layer on the 
metal surface.

Further electrochemical studies are conducted. The cor-
rosion behavior of mild steel in 1 M HCl in the absence and 
in the presence of DHOT was studied by the electrochemi-
cal impedance spectroscopy (EIS) technique at optimum 
conditions. Equivalent circuit, Nyquist diagrams, and Bode 
diagrams are shown in Fig. 9. Furthermore, inhibition effi-
ciency according to EIS calculations can be calculated using 
Eq. 13 [43].

RctandR
o
ct

 are the charge transfer resistance in the absence 
and presence, respectively. All characteristic and kinetics 
parameters associated to the impedance investigations such 
as, solution resistance  (Rs), charge transfer resistance  (Rct), 
double-layer capacitance  (Cdl), and (%IEEIS) are given in 
Table 5. The Nyquist graph illustrates that the diameter 
of the capacitive loop increases with the addition of the 
inhibitor, affirming the initiation of a protective barrier on 
the metal surface [44]. The increased of modulus and phase 
angle values of inhibited Bode plots indicate that surfaces 
become smoother due to adsorption of DHOT molecules on 
the steel surface.

Mathematically,  Cdl can be given by Eq. 14 [45].

In above equation, ε0 designates to the permittivity, ε 
specifies dielectric constant of protective layer, d is thickness 
of protective layer, and A is the electrode surface area. It is 

(13)% IE
EIS

=
R
ct
− R

o

ct

R
ct

× 100

(14)Cdl =
�o�A

d

Fig. 8  Electrochemical illustrations for corrosion of mild-carbon steel 
in 1 M HCl solution with and without DHOT at optimum conditions 
A Open Circuit Potential (OCP) B Tafel polarization

Table 4  Polarization parameters 
for mild steel in 1 M HCl at 
optimum conditions

Condition βa
(mV)

βc
(mV)

Icorr
(µA/cm2)

Rp
(Ω.cm2)

Ecorr 
(mV)
SCE

OCP 
(mV)
SCE

IEPDP

Blank 83 − 111 2337.66 8.82 − 356.06 − 358.13 98.86%
DHOT 89 − 120 26.72 830.41 − 308.99 − 308.17
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Fig. 9  Equivalent circuit, 
Nyquist diagrams, and Bode 
diagrams of mild steel in 1 M 
HCl in the absence and presence 
of optimum DHOT concentra-
tion
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clear that the addition of optimum concentration of DHOT 
provided lower  Cdl value. This perhaps attributed to the 
water molecules replacement by DHOT inhibitor molecules 
at the metal surface. Moreover,  Cdl values decrease with 
addition of DHOT. It indicates that the inhibitor molecules 
functioned by adsorption on the metal surface because of a 
decrease in the local dielectric constant and/or an increase 
in the thickness of the electrical double layer [46].

3.5  Surface Morphology Investigations

The surface morphology of low-carbon steel after 3  h 
immersion in 1 M HCl was investigated in the absence 

and presence of DHOT at optimum conditions. As shown 
in SEM images (Fig. 10A, B, and C, upper images), the 
steel surface before immersion (Fig. 10A) looks smooth and 
undamaged. The damaged was illustrated after immersion in 
the corrosive acidic solution (Fig. 10B). However, adding the 
optimum concentration of DHOT to the acidic solution pre-
vented the formation of corrosion products and a relatively 
uniform and smooth surface can be seen (Fig. 10B). Similar 
behavior was observed via Optical Microscope Tomography 
(OMT) images (Fig. 10A, B, and C, lower images).

AFM analysis was conducted (Fig. 11) to demonstrate 
the effect of DHOT on the roughness and microstructure of 
the low-carbon steel surface. The average roughness (Ra) 
of the mild-steel samples before immersion, blank acidic 
solution, and inhibited acidic solutions were 55.07, 162.4, 
and 137.7 nm, respectively. The decline in the roughness 
in the presence of inhibitor may be attributed to metal 
corrosion reduction.

XRD was recorded to investigate the composition of the 
steel before immersion in acidic solution, after immersion 
in an acidic solution without DHOT, and in the presence 
of DHOT at optimum conditions. As shown in Fig. 12 the 

Table 5  EIS parameters for mild steel in 1 M HCl at optimum condi-
tions

Condition Rs
(Ω.cm2)

Rct
(Ω.cm2)

Cdl
(F)

IEEIS

Blank 5.721 05.84 1.06 ×  10–4 91.01%
DHOT 7.429 64.91 6.81 ×  10–5

Fig. 10  The SEM and OMT (magnification power 100 ×) images for mild steel A polished sample before corrosion test B sample immersed in 
1 M HCl in absence and presence C of DHOT at optimum conditions
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Fig. 11  AFM surface images, with corresponding roughness parameters, after 3 h corrosion of mild steel in 1 M HCl solution at optimum condi-
tions A polished sample before corrosion test B without inhibitor, and C in the presence of DHOT



 Journal of Bio- and Tribo-Corrosion (2023) 9:54

1 3

54 Page 14 of 20

peaks at 2θ around 36 ºare attributed to  Fe2O3/FeCl3 which 
are due to the presence of corrosion product on the blank 
steel surface. Also, peaks at 2θ = 45º, and 65º are related 
to Fe [47]. Comparing the XRD patterns shows that the 
corrosion product peaks disappeared after adding DHOT. 
Furthermore, the intensification of the peak at 45º and the 
appearance of a peak at 65º (peaks related to Fe metal) can 
confirm the assumption of the interaction between DHOT 
and steel surface, which corroborate the production of 
fewer corrosion products.

3.6  FTIR Investigations

FTIR spectra mild steel surface corrosion products immersed 
in acidic solution in the absence and presence of DHOT 
were recorded at optimum conditions. In the presence of 
inhibitor, which can be seen in Fig. 13, the appearance of 
peaks between 1500 and 2000 are related to C=C stretch-
ing of the aromatic ring and C=O stretching are observed at 
1605  cm−1 and 1715  cm−1, respectively [48, 49]. The peaks 
between 1200 and 1500  cm−1 are correlated to –H bending. 
The peaks between 400  cm−1 and 1000  cm−1 can be due to 
the aliphatic and aromatic C–H bending. In the absence of 
the DHOT, some similar peaks were observed in the corro-
sion products. This outcome reveals the adsorption of DHOT 
molecules. Additionally, shifting the peaks in the region of 
1700–1750  cm−1 and from 1600 to 1630  cm−1 can of C=O 
stretching and C=C stretching, respectively, may be attributed 
to the development of a complex between DHOT and iron 
ions [47, 50]. In brief, results showed that functional groups, 
aromatic rings, nitrogen-containing, and oxygen-containing 
groups in the DHOT structure could cause the interaction 
between inhibitor molecules and the metal surface.

Fig. 12  XRD surface images after 3 h corrosion of mild steel in 1 M 
HCl solution at optimum conditions for polished sample before corro-
sion test, without inhibitor, and in the presence of DHOT

Fig. 13  FT-IR spectrum of sample corrosion products for blank, with 
DHOT in 1 M HCl at optimum conditions

Fig. 14  UV–Vis spectra of 1  M HCl solution containing optimum 
concentration of DHOT before and after immersion
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3.7  UV–Vis Investigations

The probability of complex formation between the DHOT 
molecule and iron ions was considered using the UV–Vis 
investigation. Figure 14 shows the UV–Vis spectrum before 
and after mild steel immersion in the acidic solution contain-
ing DHOT at optimum conditions. The UV–Vis spectrum of 
the solution before immersion, included several peaks. The 
maximum peak was centered at 340 nm, which may be attrib-
uted to O–H bonds. Others peaks in the range of 200–300 nm 
can be attributed to π–π* transitions of C=C bonds in aro-
matic rings and C=O bonds [51, 52]. After 3 h of mild steel 
immersion in the corrosive solution containing the DHOT, 
the intensity of the absorption peaks related to π–π* and n–π* 
transitions were decreased. In addition, the UV–Vis spectrum 
was shifted to a lower wavelength value. These observations 
may correspond to the adsorption of DHOT molecules on 
the metal surface and the formation of an organic–inorganic 
complex by the interaction between pair electrons of DHOT 
molecule and vacant orbital of  Fe2+/Fe3+ [51, 52].

3.8  Quantum Chemical and Theoretical 
Investigations

Computational methods are understood to have potential appli-
cations. In the subject of corrosion, it is peculiarly employed 
in the design and research of organic corrosion inhibitors [53, 
54]. The ArgusLab 4.0.1 software (Thompson and Planaria 
Software LLC) was used to do quantum chemistry simulations 
to look into the charge distribution of the DHOT molecule. 
The optimization of molecule surface and energies was esti-
mated using the PM3-SCF method with a maximum number 
of 200 iterations and  10–10 kcal/mol of energy convergence. 
Mulliken distributions, mapped-density surface, HOMO, and 
LUMO were calculated. It was presented in Figs. 15 and 16, 
respectively. It has been determined that the easier an atom 

is drawn to a metal surface, the more negative the adsorbed 
center's atomic partial charges are. It is clear that the nega-
tive charges are concentrated on S, O, N, and some C atoms. 
Table 6 shows quantum chemical parameters that calculated. 
These are mainly the highest occupied  (EHOMO), lowest unoc-
cupied  (ELUMO), energy gap  (Egap), heat of formation (ΔHf), 
fraction of electron transfer (ΔN), and dipole moment (µ). The 
tendency of the inhibitor to give electrons to the metal’s vacant 
d orbital increases with the inhibitor’s HOMO energy, leading 
to a higher corrosion inhibition efficiency. Furthermore, as the 
gap between HOMO–LUMO energies reduces and inhibitor 
efficiency improves, the lower the LUMO energy, the easier 
the acceptance of electrons from the metal surface.

The number of transferred electrons (ΔN) was also 
calculated as in the following equation [55]:

Electronegativity of DHOT and steel were denoted as 
 XDHOT and  XFe (equal 7 eV/mol in case of Fe), respectively. 
ηFe (equal zero eV/mol in case of Fe) and ηDHOT stand for the 
hardness of steel and DHOT, respectively. Electronegativity 
and hardness were related to electron affinity (A) and 
ionization potential (I) according to Eq. 16 and 17 [56, 57].

ΔN demonstrated an inhibition effect caused by electron 
donation. According to Lukovits’s investigation [58, 59], 
if ΔN is lower than 3.6, the inhibition efficiency increased 
as the metal surface’s electron-donating ability increased. 
In current work, hence the fraction of electron transfer was 

(15)ΔN =
XFe − XDHOT

2
(

�Fe + �DHOT

)

(16)x =
I + A

2
=

−
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Fig. 15  Mulliken atomic 
charges distribution of DHOT 
molecule
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0.371 (DHOT is electron donor and mild steel is the accep-
tor). DHOT is linked to the surface, forming a corrosion-
inhibiting adsorption layer.

Fig. 16  Optimized DHOT structure, mapped-density surface, HOMO, and LUMO distribution

Table 6  Quantum chemical parameters of DHOT

EHOMO (eV) ELUMO (eV) E gap (eV) ΔN ΔHf (kcal/
mol)

µ (dybe)

− 7.919 − 0.778 7.141 0.371 151.81 5.647

Fig. 17  Mechanism of inhibi-
tion DHOT on mild steel 
surface



Journal of Bio- and Tribo-Corrosion (2023) 9:54 

1 3

Page 17 of 20 54

3.9  Mechanism of Inhibition

The bonding characteristic between inhibitor molecules 
and metal atoms determines the adsorption behavior of 
inhibitor molecules [60]. The proposed schematic for the 
adsorption of DHOT on the surface of mild steel is shown 
in Fig. 17. The configuration was developed using theo-
retical and experimental considerations. The mild steel 
surface is positively charged in hydrochloric acid [61, 
62]. Moreover, organic molecules can protonate in acidic 
conditions, which can facilitate electrostatic physical 
interactions with a charged metal surface with chloride 
ions acting as intermediaries to their cationic versions 
[63]. In other words, the deposited chloride ions have an 
electrostatic effect on the positively charged inhibitory 
compounds. The first connection between the inhibitor 
and the metal surface is now physical adsorption. Sec-
ond, following the release of  H2 in the cathodic process, 
the protonated inhibitor molecules revert to their neutral 
state and are chemisorbed onto the metal surface via donor 
interactions between the free electron pairs of N, S, and 
O heteroatoms and the vacant d orbital of the iron atoms 
[64]. Back-donation interactions are created as a result of 
the excessive accumulation of negative charge caused by 
this type of electron transfer on the metal surface.

4  Conclusion

According to experimental and theoretical studies, 
the synthesized DHOT has a substantial inhibitory 
efficiency in a 1  M HCl solution. DHOT's corrosion 
inhibition efficacy increased with concentration, showing 
inhibitor adsorption on the mild-steel surface. The Tafel 
polarization data support the inhibitor’s mixed-type nature. 
Thermodynamic and adsorption investigations revealed 
that DHOT adsorbed on metal surfaces. The adsorption 
was according to the Langmuir adsorption isotherm. 
SEM, AFM, and optical measurements confirmed the 
gravimetrical and electrochemical calculations. Their 
images indicated the creation of an inhibitor protective 
layer on the metal surface. The DHOT experimental 
results agreed with the theoretical calculations derived by 
quantum chemistry. In brief, the synthesis of corrosion 
inhibitor provides advantages such as high inhibition 
efficiency, low inhibitor concentration, short working 
period, and strong bonding between the molecules of 
the inhibitor and the surface of mild steel. It can be a 
promising corrosion control method for developing new 
protective materials.
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