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 Abstract: Heterocyclic 1,4-di(1,3,5-dithiazinan-5-yl)benzene (D) and two heterocyclic-
cationic Gemini surfactant 5,5'-(1,4-phenylene)bis(5-decyl-1,3,5-dithiazinan-5-
ium)bromide (E) and 5,5'-(1,4-phenylene)bis(5-tetradecyl-1,3,5-dithiazinan-5-
ium)bromide (F) were prepared and identified by FTIR, 1H-NMR spectroscopies, and 
GC–MS. Then, they were tested as corrosion inhibitors against carbon steel corrosion in 
2.0 M aggressive HCl medium at 25 and 50 °C. They have different carbon chain tails, 
i.e., E (10 carbons), and F (14 carbons). These new heterocyclic and surfactant categories 
as corrosion inhibitors. The corrosion process has been studied electrochemically (Tafel 
Plot). The inhibition efficiency clarified that the decrease in IE(%) is in the order of F > E 
> D. The biological activity of compounds D and F was investigated using the 
aforementioned drilling procedure with a cork drill. At a dosage of 3000 mcg/mL, the 
biological action of compound D demonstrated effective resistance against the two types 
of negative bacteria. The cation has a diameter of 20 mm against E. coli and 19 mm 
against S. epidermis bacteria. At the same concentration, the chemical F is solely effective 
against E. coli with an inhibition diameter of 14 mm. 

Keywords: antibacterial; carbon steel alloy; cationic Gemini; cyclothiomethylation; 
Tafel plot 

 
■ INTRODUCTION 

The "green synthesis"  approach of useful chemicals 
with minimal material, power, effort, and time costs has 
attracted much attention in recent years. One of these 
techniques is multicomponent reactions (MCRs), which 
allow for one-pot multistep synthesis without the 
requirement for intermediate separation and purification, 
hence decreasing chemical waste. Thiomethylation 
(reagent atom efficiency of 100% by the C, N, and S 
atoms) is the most efficient reaction in a sequence of 
"green" MCRs, yielding water as the only side product in 
addition to the target products [1-2]. Because of their 
chemical composition, organic corrosion inhibitors 
performed particularly well against steel corrosion. Some 
functional groups, such as oxygen, nitrogen, sulfur, 
phosphorous, and double bonds, may act as electronic-

rich active sites for adsorption on the surface of corroded 
materials, thereby increasing steel protection [3-4]. 

The electronic-rich group can interact with the 
vacant d-orbital to form a protective layer, shielding the 
surface from the aggressive medium [5]. Surfactants 
have been shown to be promising corrosion inhibitors 
due to their unusual structure, which includes two 
opposing polarities: hydrophobic and hydrophilic 
portions at the same time. The hydrophilic heads, in 
particular, are electrically rich groups with a strong 
attraction to steel surfaces, whereas the hydrophobic 
surfactant tail acts as a protective coating [6-7]. 
Surfactants are used in various applications, including 
corrosion inhibitors, emulsifiers, drug technology, 
pharmaceutical formulation, nanotechnology, wetting 
agents, detergents, and catalyst technologies [8]. 
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Gemini surfactants are identified by two identical 
parts separated by a spacer, each with the hydrophilic and 
lipophilic moieties. Compared to standard monomeric 
surfactants, this unusual structure governs their surface 
performance in solution. Gemini is a more effective 
surfactant with a lower critical micelle concentration 
(CMC) [4,7,9]. As a result, there has been a greater 
emphasis on developing innovative Gemini surfactants. 
Some of the novel Gemini surfactants have been created 
including heterocyclic cationic Gemini surfactants [4,9]. 
Because the former Gemini species has two hydrophilic 
heads with various charges, it can be classified as cationic-
nonionic, anionic-nonionic, or anionic-cationic depending 
on its hydrophilic charges. Because of the changed 
charged ionic moiety, which lessens the repulsive force 
and allows for a closer distance, these unique categories 
result in a stronger adsorption tendency and a different 
aggregation structure than classic Gemini ones [10-11]. 

In this study, we prepared three inhibitors, named 
heterocyclic compounds and cationic heterocyclic 
Gemini surfactants with various carbon tails (D, E, and F). 
Electrochemical investigations were used to evaluate their 
corrosion resistance to steel corrosion. To our knowledge, 
these new heterocyclics and cationic heterocyclic Gemini 
surfactants were examined as corrosion inhibitors and 
antifungicidal agents for the first time. These new 
surfactants feature both positive and negative adsorption 
centers and several other electronic-rich function groups 
that may boost their adsorption capabilities. 
Electrochemical methods (Tafel plots) were used to study 
the steel surface, demonstrating the formation of a 
surfactant protective layer on the steel surface. 

■ EXPERIMENTAL SECTION 

Materials 

All chemicals for the synthesis were commercially 
available with a purity of at least 97%: diaminobenzene 

(C6H8N2, Sigma Aldrich), acetone ((CH3)2CO, Scharlau), 
37% hydrochloric acid (HCl, B.D.H), 37% aqueous 
formaldehyde solution (CH2O, Merck), 1-
bromotetradecane (C14H29Br, Scharlau), 1-bromodecane 
(C10H21Br, Scharlau), ethanol (C2H5OH, B.D.H), sodium 
sulfide (Na2S, Scharlau), dichloromethane (CH2Cl2, 
B.D.H), potassium hydroxide (KOH, B.D.H), and 
diethyl ether (C4H10O, Scharlau). 

Instrumentation 

The reaction products were identified using 1H 
NMR spectra acquired on spectrometers (Bruker 
Avance 400 MHz), using internal standard TMS and 
DMSO-d6 as the solvent. IR spectra were recorded on a 
Shimadzu, 84005 FTIR spectrometer, 400–4000 cm−1, 
using KBr pellets. The melting point was determined by 
Thermo Scientific. GC-MS spectra were recorded on 
5977 A MSD, Agilent 7890B GC device 70 eV, carrier gas 
helium, temperature program: rise from 40 to 300 °С at 
a rate of 10°/min. Individuality and purity of synthesized 
compounds were controlled using TLC on Silufol UV-
254 plates; I2 was used as a developer. Electrochemical 
measurements by Tafel polarization were carried out 
using Bank Elektronik-Intelligent Controls Type MLab 
200. 

Procedure 

Steel composition and aggressive solution 
The aggressive media was chosen to be 2 M HCl. 

It's made by diluting a concentrated HCl solution with 
doubly distilled water. The composition of the 
investigated steel specimen is shown in Table 1. 

The examined steel was utilized in the 
electrochemical tests, with dimensions of 5 × 2 × 0.3 cm 
for length, width, and thickness, respectively. The SiC 
(grade 140, 320) was used to polish the carbon steel, 
which was then cleaned with distilled water, acetone, 
and completely dried in a desiccator [12]. 

Table 1. Components of the carbon steel alloy (C-95) 
Element Fe C Mn P S Si Cr Ni Cu Mo V 

Percentage (%) 97.784 0.330 1.400 0.003 0.002 0.190 0.240 0.019 0.021 0.007 0.004 
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Potentiodynamic polarization experiments 
This testing was performed using a three-electrode 

setup and an Auto lab. The polarization experiment was 
carried out by changing the inhibitor concentration 
(1 × 10−4, 5 × 10−4, 1 × 10−3, 5 × 10−3) at 25 and 50 °C. 

Synthesis of 1,4-di(1,3,5-dithiazinan-5-yl)benzene (D) 
The synthesis is carried out in two steps: First, 

formaldehyde (4.9 mL, 0.06 mol) and ethanol (50 mL) 
were added to a three-neck flask, followed by hydrogen 
sulfide (0.04 mol) bubbled with stirring for 30 min at 
room temperature [13-14]. The second step was 
dissolving diaminobenzene (1.08 g, 0.01 mol) in ethanol 
(50 mL) and dropwise addition to a water solution of 
formaldehyde (37%), saturating with H2S with the 
diaminobenzene:H2S:CH2O ratio of 1:4:6. The mixture 
was refluxed for 48 h at 75 °C. The precipitate was then 
filtered and recrystallized with hot dichloromethane to 
get the target product D: Yield (70.0%) as a yellow crystal, 
m.p. (215–220 °C), as shown in Scheme 1 [13-16]. 

Synthesis of 5,5'-(1,4-phenylene)bis(5-decyl-1,3,5-
dithiazinan-5-ium)bromide (E) 

Compound D (1.6 g, 0.005 mol) was dissolved in the 
beaker with dichloromethane (20 mL), and then followed 
by the addition of 1-bromodecane (2.14 mL, 0.01 mol). 
For 24 h, the mixture was agitated on a magnetic stirrer at 
room temperature. The precipitate was then filtered, 
washed twice with diethyl ether, and air-dried to get the 

target product E: Yield (80.0%) as a yellow crystal, m.p. 
(200–205 °C), as shown in Scheme 1 [13,17]. 

Synthesis of 5,5'-(1,4-phenylene)bis(5-tetradecyl-
1,3,5-dithiazinan-5-ium) bromide (F) 

Compound D (1.6 g, 0.005 mol) was dissolved in 
the beaker with dichloromethane (20 mL), and 1-
bromotetradecane (2.9 mL, 0.01 mol) was added to it. 
For 24 h, the mixture was stirred at room temperature. 
The precipitate was then filtered, washed twice with 
diethyl ether, and air-dried to get the target product E: 
Yield (87.5%) as a yellow crystal, m.p. (220–225 °C), as 
shown in Scheme 1 [13,17]. 

■ RESULTS AND DISCUSSION 

Characterization of the Synthesized Compounds 

Infrared spectrum of the compound D 
We notice in Fig. S1 and Table 2 of the compound 

D the appearance of a band at 3051.39 cm−1 when it 
returns to the C–H vibration of the stretching of the 
aromatic bond of the benzene ring, and the appearance 
of two strong bands at 2970.38 and 2881.65 cm−1 and 
absorption bands with limits at 1419.16 and 
1356.60 cm−1 due to shear vibration of the C–H aliphatic 
bond. The appearance of a weak bundle at 514.99 cm−1 
to the C–S bond, a bundle at 1215.15 cm−1 return to the 
vibration of the stretching of the C–N wrist, and a 
bundle at 1660.71 cm−1 returns to stretching the C=C 
bond in the benzene ring. 

14
29

10
21

 
Scheme 1. Synthesis of heterocyclic and Gemini quaternary surfactants 
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Table 2. The most important bands in the infrared spectrum of the prepared compounds 
Compd. C–H Stretching 

aromatic (cm−1) 
C–H Stretching 
aliphatic (cm−1) 

C–H bending 
(cm−1) 

C–S 
(cm−1) 

C–N 
(cm−1) 

C=C 
(cm−1) 

N–H 
bending (cm−1) 

D 3051.39 2970.38 & 2881.65 1419.16 & 1356.60 514.99 (w.b) 1215.15 (m) 1660.71 (m) - 
E 3039.81 2922.60 & 2850.79 1452.40 & 1363.67 551.64 (w.b) 1217.08 (m) 1656.85 (m) - 
F 3246.20 2922.16 & 2852.72 1452.40 & 1365.60 513.07 (w.b) 1215.15 (m) 1656.85 (m) - 

 
Infrared spectrum of the compound E 

We observe in Fig. S3 and Table 2 of the compound 
E the appearance of a band at 3039.81 cm−1 for C–H 
vibration of the stretching of the aromatic bond of the 
benzene ring. The appearance of two strong bands at 
2922.6 and 2850.79 cm−1 and absorption bands with limits 
at 1452.40 and 1363.67 cm−1 due to shear vibration of the 
aliphatic C–H bond. The appearance of a weak bundle at 
551.64 cm−1 return to the C–S bond, a bundle at 
1217.08 cm−1 for the vibration of the C–N stretching of 
the wrist, and a bundle at 1656.85 cm−1 for the stretching 
of C=C bond in the benzene ring. 

Infrared spectrum of the compound F 
We found in Fig. S5 and Table 2 of the compound F 

the appearance of a band at 3246.20 cm−1 for the C–H 
vibration of the stretching of the aromatic bond of the 
benzene ring. The appearance of two strong bands at 
2922.16 and 2852.72 cm−1 and absorption bands at 
1452.40 and 1356.60 cm−1 due to shear vibration of the 

aliphatic C–H bond. The appearance of a weak bundle at 
513.07 cm−1 for the C–S bond, a bundle at 1215.15 cm−1 
for the vibration of the C–N stretching of the wrist, and 
a signal at 1656.85 cm−1 returns to stretching the C=C 
bond in the benzene ring. 

NMR spectrum of the compound D 
The 1H-NMR spectrum (Table 3 and Fig. S2) 

showed the appearance of a singlet signal at 3.55 ppm 
belonging to the protons of the carbon atom represented 
by the CH2 group attached to two sulfur atoms and the 
number of 4 protons, and a single signal at 3.88 ppm 
represented by the CH2 group attached to the sulfur and 
nitrogen atoms and the number of 8 protons, and a 
multiplet signal at 6.93–7.04 ppm refers to the protons 
of the aromatic ring and the number of 4 protons. 

NMR spectrum of the compound E 
The 1H-NMR spectrum (Table 3 and Fig. S4) 

showed the appearance of a triplet signal at 0.83–
0.86 ppm  belonging  to  the  protons  of  the carbon CH3  

Table 3. The most important signals appearing in the NMR spectrum of compounds D, E, and F 
Signals Chemical shift (ppm) Chemical structures Compound 

(s, 4H, S-CH2-S); 
(s, 8H, N-CH2-S); 
(m, 4H, Ph-H) 

3.55 
3.88 

6.93–7.04 
 

D 

(t, 6H, (CH2)8CH3); 
(m, 32H, (CH2)8CH3); 
(t, 4H, N-CH2); 
(s, 4H, S-CH2-S); 
(s, 8H, N-CH2-S); 
(m, 4H, Ph-H) 

0.83–0.86 
1.23–1.27 
2.96–2.98 

3.55 
4.06 

6.90–7.06  

E 

(t, 6H, (CH2)12CH3); 
(m, 48H, (CH2)12CH3); 
(t, 4H, N-CH2); 
(s, 4H, S-CH2-S); 
(s, 8H, N-CH2-S); 
(m, 4H, Ph-H) 

0.85–0.87 
1.19–1.29 
2.93–2.96 

3.54 
3.95 

7.01–7.10  

F 
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represented by a group linked to the long chain (CH2)8 
and the number of 6 protons. A multiplet signal at 1.23–
1.27 ppm belonging to the protons of the carbon atom 
represented by the (CH2)8 group associated with the CH3 
group and the number of 32 protons. A triplet signal at 
2.96–2.98 ppm referring to the protons of the carbon 
atom represented by the CH2 group associated with the 
nitrogen atom and the number of 4 protons. A singlet 
signal at 3.55 ppm refers to the carbon atom represented 
by the CH2 group attached to two sulfur atoms and the 
number of 4 protons and a singlet signal at 4.06 ppm 
represented by the CH2 group attached to the sulfur and 
nitrogen atoms and the number of 8 protons. A multiplet 
signal at 6.90–7.06 ppm refers to the protons of the 
aromatic ring and the number of 4 protons. 

NMR spectrum of the compound F 
The 1H-NMR spectrum (Table 3 and Fig. S6) was 

characterized by the appearance of a triplet signal at 0.85–
0.87 ppm belonging to the protons of the CH3 carbon 
represented by a group linked to the long chain (CH3)12 
and the number of 6 protons, and a multiplet signal at 
1.19–1.29 ppm belonging to the protons of the carbon 
atom represented by the (CH2)12 group associated with the 
CH3 group and the number of 48 protons. A triplet signal 
at 2.93–2.96 ppm referring to the protons of the carbon 
atom represented by the CH2 group associated with the 
nitrogen atom and the number of 4 protons. A singlet 
signal at 3.54 ppm refers to the carbon atom represented 
by the CH2 group attached to two sulfur atoms and the 
number of 4 protons. A singlet signal at 3.95 ppm 
represented by the CH2 group attached to the sulfur and 
nitrogen atoms and the number of 8 protons. A multiplet 
signal at 7.01–7.10 ppm refers to the protons of the 
aromatic ring and the number of 4 protons. 

Mass spectrum of the prepared compounds  
During our current study, the mass spectrum of the 

prepared compounds D, E, and F was recorded in order 
to prove their molecular formula (Tables 4–6 and Fig. 1–
3) the aforementioned spectra showed a group of peaks of 
different molecular weights, with variation in their relative 
abundance as it gave a peak of fragmentation at m/z = 781.1, 
758.6, and 316.1 with their relative abundance ranged (13.5, 

9.32, and 2.26%) which is due to the parent molecular 
ion of the compounds D, E, and F, respectively. 

Potentiodynamic Polarization Studies 

Tables 7 and 8 illustrate the polarization of carbon 
steel alloy corrosion in the absence and presence of 
various dosages (1 × 10−4, 5 × 10−4, 1 × 10−3, 5 × 10−3) M 
of D, E, and F inhibitors at 25 and 50 °C. Fig. 4–8 
illustrate the polarization curves. According to the data, 
the uninhibited sample had the maximum corrosion 
current density. However, when the inhibitor 
concentration rises, so does the corrosion current 
density, Icorr (μA cm−2). Corrosion rate CR (mpy) values 
exhibit the same tendency as current density, with values 
decreasing as inhibitor concentration increases. The 
 
Table 4. The important fragments and relative 
abundance of the compound D 

Fragments m/z % Relative abundance 
[M]+ 316.1 13.5 
[C11H11N2S3]+ 267.2 2.7 
[C10H12N2S2]+ 224.1 6.5 
[C8H4NS2]+ 178.1 3.5 
[C8H4NS]+ 146.1 9.2 
[C8H8N2]+ 132.1 14.1 
[C8H8N]+ 118.1 7.7 

Table 5. The important fragments and relative 
abundance of the compound E 

Fragments m/z % Relative abundance 
[M]+ 758.6 9.3 
[C32H58N2S4Br]+ 679.0 13.9 
[C11H13N2S4]+ 301.2 1.3 
[C10 H17N2S2]+ 229.0 20.8 
[C8H3NS2]+ 177.1 13.9 

Table 6. The important fragments and relative 
abundance of the compound F 

Fragments m/z % Relative abundance 
[M]+ 871.1 2.6 
[C40H78N2S4]+ 711.1 5.3 
[C26H67N2S4]+ 535.5 1.7 
[C22H79N2S4]+ 341.2 8.9 
[C10H23N2S3]+ 267.2 10.9 
[C7H25NS2]+ 137.1 14.3 
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Fig 1. Mass spectrum of the synthesized heterocyclic compound D 

 
Fig 2. Mass spectrum of the synthesized heterocyclic - Gemini surfactant E 

 
Fig 3. Mass spectrum of the synthesized heterocyclic-Gemini surfactant F 

Table 7. Tafel polarization parameters in the absence and presence of various concentrations of inhibitors for carbon 
steel C95 in 2 M HCl at 298 K 

Inhibitor Conc. of 
inhibitor (M) 

−Ecorr  
(mV) 

CR  
(mpy) 

Icorr  
(μA cm−2) 

βc  
(mV dec−1) 

βa  
(mV dec−1) 

IE% Θ 

D 0 462.80 14.81 32.56 −198.20 193.00 - - 
 1×10−4 470.50 5.99 13.18 −223.60 197.20 59.50 0.59 
 5×10−4 415.40 4.51 9.90 −187.30 206.40 69.50 0.69 
 1×10−3 468.60 3.89 8.55 −196.60 150.20 73.70 0.73 
 5×10−3 377.50 1.42 3.13 −145.70 78.10 90.30 0.90 

E 0 462.80 14.81 32.56 −198.20 193.00 - - 
 1×10−4 446.10 5.99 13.17 −141.90 192.00 59.50 0.59 
 5×10−4 460.80 4.82 9.41 −222.10 158.20 71.20 0.71 
 1×10−3 375.30 2.97 6.53 −197.40 204.60 79.90 0.79 
 5×10−3 529.90 1.32 2.90 −203.90 293.10 91.00 0.91 

F 0 462.80 14.81 32.56 −198.20 193.00 - - 
 1×10−4 441.20 5.93 13.05 −208.60 163.20 59.90 0.59 
 5×10−4 390.30 2.93 6.45 −201.90 121.60 80.10 0.80 
 1×10−3 370.60 1.04 5.55 −142.40 68.60 83.00 0.83 
 5×10−3 433.70 1.03 2.28 −162.00 119.80 92.90 0.92 
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Table 8. Tafel polarization parameters in the absence and presence of various concentrations of inhibitors for carbon 
steel C95 in 2 M HCl at 323 K 

Inhibitor 
Conc. of 

inhibitor (M) 
−Ecorr  
(mV) 

CR  
(mpy) 

Icorr  
(μA cm−2) 

βc  
(mV dec−1) 

βa  
(mV dec−1) IE% Θ 

D 0 445.80 25.68 56.44 −171.70 148.30 - - 
 1×10−4 519.20 14.56 32.00 −227.50 338.70 43.30 0.43 
 5×10−4 452.30 9.85 21.67 −200.50 163.50 61.60 0.61 
 1×10−3 468.50 8.24 18.12 −160.60 144.20 67.80 0.67 
 5×10−3 476.10 6.38 14.04 −288.20 240.80 75.10 0.75 

E 0 445.80 25.68 56.44 −171.70 148.30 - - 
 1×10−4 377.80 10.90 24.08 −210.30 250.90 57.30 0.57 
 5×10−4 501.40 9.41 20.70 −238.30 197.50 63.30 0.63 
 1×10−3 372.00 7.80 17.15 −251.80 195.80 69.60 0.69 
 5×10−3 354.40 2.04 9.49 −159.80 158.00 83.10 0.83 

F 0 445.80 25.68 56.44 −171.70 148.30 - - 
 1×10−4 373.80 10.72 23.58 −199.30 123.40 58.20 0.58 
 5×10−4 404.30 5.14 11.31 −225.00 137.10 79.90 0.79 
 1×10−3 376.30 2.68 9.91 −228.80 124.10 82.40 0.82 
 5×10−3 424.80 1.92 8.28 −177.60 114.80 84.30 0.84 

 
Fig 4. The potentiodynamic polarization curve for C95 alloy in (2 M HCl solution + various concentrations of 
compound D) at 298 K 

 
Fig 5. The potentiodynamic polarization curve for C95 alloy in (2 M HCl solution + various concentrations of 
compound D) at 323 K 
 
obtained inhibitor efficiency followed a similar trend, as 
previously stated. All of this suggests that as the 
concentration of the inhibitor increases, so does its 
efficacy [17-23]. Adsorption of sulfur atoms in inhibitors 

(D, E, and F) on the steel surface, and surfactants that 
represent the CR, is referred to as dropping the CR (E 
and F). The adsorption process improves as the inhibitor 
concentrations rise [24]. 
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Fig 6. The potentiodynamic polarization curve for C95 alloy in (2 M HCl solution + various concentrations of 
compound E) at 298 K 

 
Fig 7. The potentiodynamic polarization curve for C 95 alloy in (2 M HCl solution + various concentrations of 
compound E) at 323 K 

 
Fig 8. The potentiodynamic polarization curve for C 95 alloy in (2 M HCl solution + various concentrations of 
compound F) at 298 K 
 

The adsorption of D, E, and F on the steel surface 
creates a protective barrier that keeps the steel surface 
from being corroded. Steel protection is improved by 
increasing the concentration of surfactant-inhibitors 
[17,24]. The findings also show that the inhibitory 
passivity gradually increased, caused by the inhibitor's 
passive film clinging to the electrode surface. Because 
there is variance in both cathodic (βc), and anodic (βa) 
responses when compared to blank, both cathodic and 

anodic reactions are inhibited with the administration of 
inhibitors [25-27]. When the displacement of corrosion 
potential (Ecorr) from the corrosion potential of the blank 
exceeds 85 mV, the inhibitor is either cathodic or 
anodic. If the displacement in (Ecorr) is less than 85 mV, 
the corrosion inhibitor is of the mixed type [28-29]. The 
displacements in (Ecorr) in the current study are 85.3, 
67.1, and 29.1 mV for D, E, and F, respectively, as 
calculated by Eq. (1). 
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corr corr corr%IE I° I I° 100    (1) 
where: I°corr and Icorr is corrosion current density in the 
absence and presence of inhibitors, respectively. As a 
result, the inhibitors tested (E and F) are mixer kinds, with 
(D) being somewhat more cathodic or anodic as shown in 
Fig. 4–8 [23,27]. 
The following Eq. (2) and (3) [17,27,29] can be used to 
assess inhibitory efficiency. 

corr corr

corr

I° I
%IE

I
 

  
 

 (2) 

corr corr

corr

I° I
I


   (3) 

The corrosion rate (CR mpy) of a carbon steel alloy 
(C95) in an acidic solution in the absence and presence of 
varied concentrations of heterocyclic organic compounds 
as inhibitors and within the temperatures (298, 323 K) 
was estimated using the following Eq. (4) [17,27,29]. 

corrI
CR K EW  


 (4) 

The surfactant-inhibitor results (Tables 7 and 8, Fig. 
6-9) show how inhibition effectiveness affects the 
hydrophobic structure. Increasing the hydrophobic 
nature of the surfactant tail elongation increases the steel 
inhibition efficacy. Surfactant F is more effective than 
surfactant E because it has a tail with 14 carbon atoms, 
whereas E has just a tail with 10 carbon atoms [30-31]. For 
example, at a concentration of 5 × 10−3 M, the IE% of 
inhibitors E and F at 25 °C is 66.6 and 68.1%, respectively 
(Table 7). As previously noted, increasing the carbon tail 
length increases surface adsorption affinity [31-32]. As a 
result, the surfactant tail modulates surfactant inhibitor 
adsorption on the surface, increasing surface coverage and  
 

inhibition effectiveness [33-35]. 
The temperature has a major impact on the 

performance of the inhibitors investigated. Temperature 
increases of the corrosive solution containing the 
synthesized D, E, and F inhibitors enhanced the steel's 
corresponding CR, as indicated in Tables 7 and 8. The 
findings demonstrate a constant increase in CR as the 
temperature of the solution rises, confirming the 
presence of the investigated D, E, and F inhibitors 
[32,35]. The growing CR with temperature trend reflects 
the affinity of the generated inhibitors for chemical 
adsorption on the steel surface. The chemical structure 
of the E and F Gemini surfactant-inhibitors changed as 
the solution temperature increased, resulting in larger 
electronic densities of the active centers and, as a result, 
higher adsorption on the corroded surface [36-37]. The 
negatively charged center of the inhibitors generated 
interacts electrostatically with the negatively charged 
center formed on the surface of steel after it has been 
dipped in a vigorous acidic solution [12,38]. 

Inhibition Mechanism 

The adsorption of these compounds to the metal 
solution interface could explain why D, E, and F have an 
inhibitory effect on the corrosion of carbon steel in 2 M 
HCI solution. The nature of the metal, the chemical 
structure of the inhibitors, the inhibitor concentration, the 
inhibitor active sites, the electronic cloud, the composition 
of the electrolyte, and the temperature influence the 
amount of inhibitor adsorption [39]. Adsorption on the 
metal surface was proposed to occur via the active center 
present on inhibitor molecules and to be charge density 
dependent, as shown in Schemes 2–4 [4,40]. 

 
Fig 9. The potentiodynamic polarization curve for C 95 alloy in (2 M HCl solution + various concentrations of 
compound F) at 323 K 
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According to the inhibition efficiency, the decline in 
%IE occurs in the following order: F > E > D. Compound 
F (designed as 14-pH-14) has a stronger adsorption 
propensity on interfaces than the shorter chain surfactant 
E (designed as 10-pH-10) and thus has a slightly better 
inhibitory impact on corrosion than compound E [30,39]. 
The surfactant tail essentially increases adsorption at 
interfaces, promoting their activity as corrosion 
inhibitors. As a result, the surfactant tail increases the 
adsorption proclivity on the steel surface, delaying the 
attack of the corrosive solution. The positively charged 
quaternary ammonium nitrogen interacts 
electrostatically with the bridging negatively charged (Cl−) 
ions on the positively charged metal surface to form a 
protective layer that isolates the surface from contact with 
an aggressive medium, thereby slowing steel corrosion, as 
shown in Schemes 2–4 [17,40]. 

Furthermore, our synthesized aromatic heterocyclic 
inhibitors had several electronic rich functional groups 
such as N, S, C–N, and C=C that might interact with the 
iron's unoccupied d-orbital and improve their adsorption 
effectiveness on the tested carbon steel [13,41]. In this 
scenario, the inhibitory effect is caused by the interaction 
of the π-electron and the existence of an electron donor 
for four sulfur atoms, which forms a connection with the 
metal atom's unoccupied d-orbital at the interface. 

In general, two adsorption mechanisms on the metal 
surface in acid media are examined [13]. In the first 
model, neutral molecules may be adsorbed on the surface 
of carbon steel via the chemisorption mechanism, which 
involves the displacement of water molecules from the 
surface of carbon steel and the sharing of electrons 
between heteroatoms and iron [39,42]. Based on donor-
acceptor interactions between their π-electrons and 
unoccupied d-orbitals of surface iron, inhibitor molecules 
may likewise be adsorbed on the carbon steel surface [13]. 

In the second model, it is well known that 
electrostatic repulsion makes it difficult for protonated 
molecules to approach the positively charged carbon steel 
surface. Because Cl− has a lower degree of hydration, it 
may bring excess negative charges near the interface, 
allowing for more adsorption of positively charged 
inhibitor molecules. Protonated inhibitors adsorb via 

electrostatic interactions between positively charged 
molecules and the negatively charged metal surface. As 
a result, adsorbed Cl− ions and protonated inhibitors 
work together [4,43]. 

 
Scheme 2. Adsorption of the synthesized inhibitor D on 
the steel surface is predicted 

 
Scheme 3. Adsorption of the synthesized inhibitor E on 
the steel surface is predicted 

 
Scheme 4. Adsorption of the synthesized inhibitor F on 
the steel surface is predicted 



Indones. J. Chem., 2023, 23 (6), 1500 - 1513    

 

Raneen Salim Al-Hilfi et al. 
 

1510 

Biological Assay 

The tendency of their remedies to disintegrate the 
outer cell wall, resulting in the exudation of cell fluids and 
the death of pathogenic bacteria, makes heterocyclic 
compounds physiologically efficient in suppressing many 
different types of pathogenic bacteria [44]. The existence 
of unique active groups within the composition of cyclic 
compounds, such as groups C–S, C–N, and NH2 may 
result in the formation of complexes with elements in the 
cell body, such as copper, iron, and divalent cobalt ions, 
which leads to cell death owing to their loss, these are the 
items [44]. 

Because of the existence of a form of corrosion 
induced by bacteria in the ground (in reservoir water and 
oil) that convert some sulfur-containing oil molecules to 
H2S, SO2, and SO3, which degrades metals by converting 
them to sulfurous acid in the presence of water, which is 
one of the reasons. Because heterocyclic compounds 
include nitrogen and sulfur atoms that differentiate them 
for associating with various elements, much and ongoing 
research have been undertaken in the field of suppressing 
various forms of bacteria, i.e., negative for cream dye (S. 
epidermis) and positive for cream dye (E. coli) [44-45]. 

The aforementioned drilling procedure was used in 
conjunction with a cork drill, and the damping diameters 
were measured in millimeters using a ruler. The results 
demonstrated the biological action of solutions of various 
chemicals generated from it with the bacteria under 
research at a concentration of 1000 ppm. The compound 
D demonstrated effective resistance to both types of 
negative bacteria. At a concentration of 3000 mcg mL−1, 
the cation has a diameter of 20 mm against E. coli bacteria 
and 19 mm against S. epidermis bacteria. At the same 
concentration, the compound F is solely effective against 
gram-negative bacteria (E. coli), with an inhibition 
diameter of 14 mm, as shown in Fig. 10 and 11 [46]. 

It was discovered that the complexes had a stronger 
inhibitory efficiency than the ligands based on the results 
provided in Table 9 arising from the action of the 
produced compounds against the specified species of 
bacteria. The effects of metal on normal biological 
processes [46]. 

 
Fig 10. Effect of the prepared compound on growth S. 
epidermis 

 
Fig 11. Effect of the prepared compound on growth S. 
epidermis 

Table 9. The inhibition zones resulting from the 
biological activity of compounds D and F 

No Compounds 
Concentration 

(mg mL−1) 
Inhibition zone (mm) 
S. epidermis E. coli 

1 D 3000 19 20 
2 F 3000 0 14 

■ CONCLUSION 

In summary, the test medium used is a very strong 
acid of 2 M HCl and thus corrosive to the carbon steel 
alloy. The heterocyclic and heterocyclic cationic Gemini 
surfactants inhibitors were found effective by providing 
a protective film barrier, emanating from the heteroatom’s 
adsorption and the positive quaternary ammonium 
nitrogen molecules adsorption on the metal surface thus 
preventing the metal surface test solution interactive 
corrosion reactions. At all of the concentrations used, the 
inhibitors D, E, and F gave relatively good and effective 
protection against corrosion HCl, which was confirmed 
by electrochemical results. However, the highest 
concentration of the inhibitor gave the best corrosion 
inhibition performance at 25 °C. The inhibition 
efficiency revealed that the decline in %IE occurs in the  
 



Indones. J. Chem., 2023, 23 (6), 1500 - 1513    

 

Raneen Salim Al-Hilfi et al. 
 

1511 

following order: F > E > D. The results indicated the 
biological impact of several chemical solutions made from 
it with the bacteria under study at 1000 ppm. Compound 
D was efficient against both types of negative bacteria with 
a diameter of 20 mm against E. coli bacteria and 19 mm S. 
epidermis bacteria at a dosage of 3000 mcg mL−1. With an 
inhibition diameter of 14 mm, compound F is only 
effective against E. coli at the same dose. 
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