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Synthesis of Gemini cationic surfactants based on natural nicotinic acid and 
evaluation of their inhibition performance at C-steel/1 M HCl interface: 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Highly effective low-cost cationic sur-
factants are prepared. 

• CSII and CSIV chemical structures confirmed by FTIR. 

• MCs confirmed the higher Eads of CSIV 
over CSII. 

• CSII and CSIV are mixed type inhibitors. 
• CSII and CSIV are well-adsorbed at 

interfaces.  
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A B S T R A C T   

Herein, we prepare effective Gemini cationic surfactants (CSII, CSIV) and characterize them using FT-IR and 
1HNMR spectroscopy. The adsorptive properties of CSII and CSIV at HCl/air and C-steel/HCl interfaces were 
examined with surface tension and electrochemical parameters, respectively. The critical micelle concentration 
(CMC) of the CSII and CSIV indicated their adsorption affinity at the HCl/air interface. Where, aliphatic chains 
increase surface coverage percentage and aid in surfactant adsorption. The electrochemical parameters of C-steel 
in 1 M HCl were studied using electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization 
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(PDP) at different temperatures. The charge transfer resistance of the C-steel electrode was enhanced from 28.2 
Ω.cm2 to 770.79 and 831.45 Ω.cm2 after adding 5 × 10− 4 M of CSII and CSIV, respectively. Both CSII and CSIV act 
as mixed inhibitors with inhibition performance exceeding 97% due to their highly adsorption affinity. The 
chemical adsorption affinity of these compounds is suggested by the higher adsorption energy (ΔG*ads) values 
(>− 40 kJ mol− 1) according to the Langmuir isotherm model. The theoretical calculations including DFT, and 
Monte Carlo simulation (MCs) provide insight into the relationship between corrosion inhibition and molecular 
structure, where the calculated parameters agree with the experimental results.   

1. Introduction 

Steel is used in a variety of products, including construction, heat 
exchangers, boilers, railroads, and pipelines [1]. The reason for this is its 
low cost and its physical-mechanical characteristics [2]. However, in the 
oil gas industry corrosive hydrochloric acid (HCl) is commonly used to 
remove unwanted scales such as mill-scale from steel, rust, or any 
ferrous alloys as well as pickling acids for acidification jobs at higher 
temperatures [1,3]. In the last few years, scientists interested in finding 
an efficient method for the treatment and prevention of metal’s corro-
sion. Among these techniques is the use of corrosion inhibitors (CIs), 
which cover the metal surface through their active groups, and reducing 
the reaction between the metal and its surroundings [4–6]. CIs adsorb 
chemically on the steel surface via donating electrons to the incom-
pletely filled 3d orbital of iron and physically via electrostatic attraction 
forces between CIs’ charged centers and charged metal surface [7–9]. As 
compared to traditional CIs, surfactants based CIs are more affordable, 
easy to produce, high in inhibition efficiency, and low in toxicity [10, 
11]. Gemini cationic surfactants have a wide range of industrial appli-
cations including detergents, wetting agents, emulsifiers and also, 
corrosion inhibitors for various metals [10,12]. Gemini cationic sur-
factant is made up of two hydrophilic groups, and two hydrophobic 
groups that are linked together by a rigid and stretchy aromatic and/or 
an aliphatic spacer. These class of surfactants have attracted consider-
able interest from researchers because they are more efficient corrosion 
inhibitors even at a low concentration than monomeric cationic sur-
factants [13–17]. Abdallah et al. [18] investigated the effect of cationic 
Gemini surfactant (CGS) on C-steel in HCl. The results showed that CGS 
formed a stable adsorption layer with an inhibition potency touch of 
94%. N.M. El Basiony et al. [16] investigated the corrosion potency of 
the prepared cationic Gemini surfactant (GI-surfactant) in HCl for X-65 
steel. The inhibition efficiency increased with concentration until it 
reached 91.44%, then decreased with temperature reached 64.67%. 
Samy M. Shaban et al. [19] investigated the inhibition performance of 
three Gemini cationic surfactants (CMTC, LMTC, and PMTC) for C-steel 
in acidic solution at various temperatures. The PMTC exhibited the 
lowest CMC and the highest inhibition potency due to its longer alkyl 
fatty chain than the other tested compounds. The present study is unique 
in that, the synthesis of two Gemini cationic surfactants (Di & Tetra) 
enriched with high electron density from available and low-cost starting 
materials (nicotinic acid). Also, these compounds possess a high affinity 
to adsorb at the interface compared to the published compounds as well 
as the ability to resist C-steel in harsh industrial conditions such as 
higher temperatures and longer immersion time. Herein, we will 
investigate the ability of synthesized Di and Tetra cationic surfactants 
(CSII and CSIV) to suppress C-steel corrosion in 1 M HCl solutions based 
on EIS and PDP output results. The adsorption of these compounds have 
been studied using different isotherm models. For further confirmation, 
we also explored the surface morphology to ensure the inhibition 
mechanism. Finally, we investigated the affinity of the compounds 
tested as corrosion inhibitors based on density function theory (DFT) 
and MCs point of views. 

2. Experimental methods 

2.1. Materials sources 

El-Nasr company supplied the nicotinic acid, while Sigma-Aldrich 
supplied the methanol, sulfuric acid, ethanol, chloroform and 1-chloro-
dodecane. Merck supplied the Triethylentertamine. All the purchased 
chemicals were used without further purification. 

2.2. Synthesis of Gemini cationic surfactants 

According to Scheme 1, the Gemini cationic surfactants (CSII and 
CSIV) have been prepared and characterized during successive steps and 
discussed in detail in supporting information material. 

2.3. Surface-active properties of the synthesized surfactants 

Surface tension of CSII and CSIV in 1 M HCl at 20 ◦C ± 1 ◦C measured 
using Tensiometer-K6-Germany based on the platinum ring method. 
After each run, the Pt ring was cleaned with acetone and di-distilled 
water. Some surface parameters were calculated, including effective-
ness (πCMC), maximum surface excess (Гmax), and minimum surface area 
(Amin). 

2.4. Solutions 

CSII and CSIV concentration series were prepared by building their 
stock solutions (1 × 10− 2 M) in 1 M HCl via dilution at 20 ◦C ± 1 ◦C. 

2.5. Electrochemical measurement (EMs) 

The three-electrode system connected to the PGSTAT 128 n Galva-
nostat/ potentiostat instrument, consisted of the C-steel with chemical 
composition in wt%; (Cr: 0.015, P: 0.005, Mn: 0.751, Si: 0.058, C: 0.078, 
and Fe balanced) set as working electrode, Ag/AgCl (3 M KCl) as 
reference electrode, and platinum wire as auxiliary electrode. Before 
each run, the C-steel electrode was polished with emery papers of 
varying grades (600–2500). After immersing the C-steel electrode for 
30 min, EIS and PDP measurements were performed. This period is 
sufficient to determine the steady-state potential of the C-steel in the 
absence and presence of inhibitors and presented in Fig. Si 7 [26–29]. 
EIS measurements were measured within a frequency range from 
100 kHz to 0.05 Hz at 5 mv amplitude. PDP measured within a potential 
range of ± 400 mV around the open circuit potential (OCP) at a scan 
rate of 1 mV/s. The thermodynamic parameters of C-steel reaction in 
HCl with and without 5 × 10− 4 M from the tested compounds were 
determined using EMs at various temperatures. The mean values of the 
repeated experiments were recorded. The uncertainty values for the 
charge transfer resistance (Rct) and those of corrosion current density 
(Icorr) have been calculated and reported in Table Si 2. 

2.6. Surface analysis 

C-steel sheets (1 ×1 cm) were soaked in 1 M HCl treated and un-
treated with 5 × 10− 4 M CSIV as a representative optimum concentration 
of the best used corrosion inhibitors. Surface analysis study was carried 
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out after 6 h of immersion using QUANTA FEG 250 scanning electron 
microscope with accelerating voltage of 20 kV and magnification power 
4000 X [16,24]. Elemental analysis of the outer layer surface of the 
C-steel was examined using an energy-dispersive X-ray spectroscopy 
(EDX) unit attached to SEM. 

2.7. Theoretical quantum chemical study 

Frontier molecular orbitals (FMO) of CSII and CSIV in the gas phase 
were obtained using the VAMP module included in Material studio soft-
ware (Ms 6.0). VAMP geometry optimization process with convergence 
tolerance criteria of medium quality and 0.4 Kcal/mol/A Gradient using 
NDDO with PM3. The electronic optimization of VAMP is followed by the 
standard convergence scheme. SCF tolerance 1e− 5 with maximum cycle 
200 and medium quality. The FMO of CSII and CSIV, as well as their 
relevant energies, were discussed to shed the light on the ability of CSII 
and CSIV compounds to act as C-steel inactivators. Furthermore, the 
interaction between CSII and CSIV compounds and iron surface was 
simulated based on MCs method using adsorption locator module 
implemented in MS 6.0. MCs. The simulations were performed in a vac-
uum and simulated acidic environment (100 H2O + 5 H3O+ + 5Cl-) to 
simulate the corrosion conditions. To obtain the adsorption energy pa-
rameters, MCs were carried out by loading the optimized structures of CSII 
and CSIV separately over the most stable plan of iron Fe (110). The setting 
parameters of MCs were previously stated in our previous work [16]. 

3. Results and discussion 

3.1. Surface active parameters study 

Surface tension measurements were used to investigate the surface- 
active properties of the prepared CSII and CSIV surfactants. Adsorption 
of CSII and CSIV unimer at the 1 M HCl solution/air interface reduces HCl 
solution surface tension. Fig. 1 depicts the relationship between surface 
tension (γ) and the concentration of the studied surfactants (-log C). The 
surface tension of 1.0 M HCl solution gradually decreased as the con-
centration of CSII and CSIV increased till saturation point where there is 
no more detectable change in the surface tension. That saturation point, 
known as CMC at which the CSII and CSIV unimer aggregates con-
structing a micelle structure in bulk, where no significant changes have 
been observed for the surface tension. The calculated CMCs values in 
Table Si 1, correspond to the intersection between premicellar and post 
micellar lines [25,26], and revealed that the CSII cationic surfactant with 
two hydrophobic tails has a low value of CMC (6.25 × 10− 4 M) 
compared to the CSIV cationic surfactant (1.25 × 10− 3 M) which has four 
hydrocarbon tails reflecting the effect of the hydrophobic tail on the 
CMC values. Increasing the number of the surfactant hydrophobic tails 
render system more hydrophobic and thus increasing the system free 
energy because of destroying the water structure. Based on that the af-
finity of the CSIV surfactant to migrate and adsorb on the surface or 
aggregate and constructing micelle is higher [27,28]. So, the increasing 

Scheme1. Synthesis of CSII and CSIV cationic surfactants.  
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number of surfactant tails, the tendency toward the micelle formation 
increases, which means that the surfactant unimers aggregated together 
at lower concentration (Table Si 1), so affording lowering of the CMC 
values. 

The effectiveness (πCMC) can be defined as the difference between the 
surface tension value at CMC (γCMC) and that for the 1 M HCl (γo) as 
follow: 

πCMC = γo − γCMC (1) 

Table Si 1 shows the πCMC values for the CSII and CSIV. The results 
outlined that the CSIV containing 4 hydrophobic tails is the most effec-
tive in lowering the surface tension compared to the CSII surfactant. The 
πCMC of CSIV, and CSII surfactant at 25 ◦C, are 27.6, & 17.3, respectively 
[14,29]. The high πCMC value reflects construction a condensed layer of 
surfactant unimer at the interface, induced by CSIV surfactant compared 
to CSII [30], which is expected to be more efficient as corrosion inhibitor 
material. 

The Maximum surface excess (Γmax) can be defined as the effec-
tiveness of adsorption or accumulation of surfactants molecules at the 
air/1 M HCl solution interface which is calculated from the slope of the 
straight line of the post-micellar region (dγ/d InC) using Gibb’s 
adsorption isotherm equation: 

Γmax = ( −
dγ

dlnC
)

/

(2.303nRT) (2)  

where R denotes the gas constant, and T denotes absolute temperature 
(K). The number of ions dissociation is determined by the number of 
surfactant molecules adsorbed at the interface in the case of CSII (n = 3) 
and CSIV (n = 5). 

The values of Γmax in Table Si 1 showed that as the number of alkyl 
hydrophobic chains increased, the values of Γmax increased. When 
compared with the CSIV cationic surfactant (Γmax =0.0005357) [31,32] 
counterpart, the CSII cationic surfactant have lower maximum surface 
excess (Γmax =0.0002152). 

The minimum surface area (Amin) can be defined as the average area 
of the interface occupied by one molecule in nm2. Values of Amin 
calculated according to Eq. (3) were listed in Table Si 1. 

Amin = 1014/NAΓmax (3)  

where NA represents Avogadro’s number [14,17]. The values of Amin 
revealed that increasing the hydrophobic chain number in the cationic 
surfactant shifted Amin to lower values, reaching (Amin =619.5 nm) in 
presence of CSIV cationic surfactant and (Amin =319.28 nm) in the 

presence of CSII cationic surfactant. 
The Γmax provides information about the CSIV and CSII unimer con-

centration at the solution interface, while the Amin describes their 
packing density and orientation at interface. Increasing the number of 
hydrocarbon tail, the Γmax increased, while Amin decreased (Table Si 1). 
This reflects that the CSIV surfactant oriented more vertically compared 
to CSII, therefore the accumulation of the CSIV at the interface is higher 
compared to CSII. 

The change in free energy of micellization (ΔG
◦

mic) and adsorption 
(ΔG

◦

ads) for the synthesized CSII and CSIV surfactants was calculated and 
listed in Table Si 1 according to the following equations: 

ΔG
◦

mic = 2.303RTlogCMC (4)  

ΔG
◦

ads = ΔG
◦

mic − (0.06023 × πCMC/Γmax) (5) 

From the Table Si 1, the negative values of ΔG
◦

micand ΔG
◦

adsindicate 
that the micellization and adsorption processes occurred spontaneously. 
The values of ΔG◦

micand ΔG◦

ads increased with increasing number of hy-
drophobic chains. So, CSIV >CSII in both micellization and adsorption 
features. Furthermore, the values of ΔG◦

ads were more than those of 
ΔG◦

micindicating that the opportunity of the prepared CSII and CSIV to 
migrate to the air/solution interface is greater than aggregation in mi-
celles after surface saturation (Table 1). Interestingly, the ΔG

◦

ads of the 
CSIV surfactant inhibitors is more negative (− 33.56 kJ mol− 1) than the 
CSII (− 32.98 kJ mol− 1), indicating its higher adsorption affinity at so-
lution interface, thus higher corrosion inhibition efficiency is expected 
[14,35]. 

3.2. Electrochemical measurements (EIS and PDP) 

3.2.1. EIS 
Nyquist, Bode, and phase angle plots represent the impedance 

response of C-steel in 1 M HCl with and without various concentrations 
of CSII and CSIV cationic surfactants represented in Fig. 2 for CSIV and 
those of CSII in Fig. Si 8. According to Fig. 2 the Nyquist curves were not 
perfectly circular, and the slope of the linear part of the Bode plot (log Vs 
log/z/) deviated from − 1. Furthermore, the maximum value of phase 
angle at the intermediate frequency region deviated from − 90. All of 
these observations were attributed to frequency dispersion phenomena 
caused by the roughness and heterogeneity of C-steel surface [20,36]. 
The diameter of Nyquist curves increases as the concentrations of in-
hibitors increase, giving consequently a decrease in the corrosion rate 
due to their adsorption process at C-steel/HCl interface [14,34,35]. 

It was observed that the shape of Nyquist curves does not change the 
overall whole inhibitor’s concentrations compared to that of the blank. 
This indicates that the C-steel dissolution reaction mechanism is 
controlled mainly by charge transfer resistance [17,39,40]. Modulus 
impedance value /Z/ at low-frequency region and phase angle value at 
intermediate frequency region in Bode-phase angle plot was increased 
with CSII and CSIV addition. This indicates to the corrosion rate of C-steel 
reduced via CSII and CSIV adsorption [37–39]. 

Table 1 shows the numerical fitting parameters obtained using 
various equivalent circuits. The EIS spectra of C-steel in pure 1 M HCl 
and those in treated HCl with CSII and CSIV at molar concentration 
ranges (1 × 10− 6 - 1 × 10− 4) can be fitted with a simple Randles 
equivalent circuit, whereas the EIS spectra of C-steel in 5 × 10− 4 M was 
better fitted to with a modified equivalent circuit, as shown in Fig. Si 9. 
This phenomenon may be related to the fact the C-steel reaction is 
controlled by mass transport at pure and after injection of concentration 
range (1 × 10− 4: 1 × 10− 6) M of CSII and CSIV, whereas at concentration 
5 × 10− 4 M of the tested inhibitors the C-steel dissolution mechanism 
changed due to the formation of stable adsorbed film [28,31,42]. The 
elements of the equivalent circuit used to fit the obtained experimental 
data are RS "solution resistance", CPE "constant phase element" defined 

Fig. 1. Surface tension vs. CSII & CSIV cationic surfactant concentrations in 1 M 
HCl at room temperature. 
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by Yo, coefficient n, and Rct "polarization resistance (Rct1 + Rf) to give 
more accurate fitting parameters as the Cdl affected by surface imper-
fection" [21,26,41]. The inhibited solution has lower (n) values than the 
free acid solution (0 > n > 1), indicating that presence of the inhibitor 
increases surface heterogeneity due to accumulation or /and adsorption 
at the C-steel/1 M HCl solution interfaces [41,42]. 

Table 1 shows that RS values increase due to cationic species of CSII 
and CSIV adsorption on the C-steel [43,44]. The surface coverage (θ) and 
the inhibition efficiency (IE%) listed in Table 1 were calculated based on 
Rct values according to equations: 

θ = (Rct.inh − Rct.blank)/Rct.inh) (6)  

IE% = θ × 100 (7) 

Cdl and relaxation time (τ) [46] values listed in Table 1 were 
calculated according to equations: 

Cdl = (YoR1− n
ct )

1/n (8)  

τ = Cdl × Rct (9) 

The data in Table 1 show that Rct value of C-steel increases with the 
addition of cationic surfactant molecules, even at low concentration 
(1 × 10− 6 M) to 297.29 Ω.cm2 and 170.27 Ω.cm2 for CSIV and CSII 
cationic surfactants, respectively compared to the blank 28.2 Ω.cm2. 
Then, as concentrations increased, their values increased till touch 

770.79 Ω.cm2 and 831.45 Ω.cm2 at 5 × 10− 4 M of CSII and CSIV cationic 
surfactants, respectively. This behavior can be explained by the 
adsorption of CSII and CSIV on the C-steel surface forming a protective 
film layer. This finally reduces the contact between the C-steel surface 
and corrosive HCl solution and thus decreasing the C-steel corrosion rate 
[36,48,49]. Cdl values, on the other hand, decreased as concentration 
increased. This behavior is explained by the formation of a protective 
film due to the inhibitor’s adsorption via active centers such as: hetero 
atoms in amide groups (O––C-NH), pz orbitals of pyridine rings, and 
charged quaternary amines. According to Helmholtz model in Eq. (10), 
Cdl values due to the gradually replacement of adsorbed water mole-
cules/Cl- ions by the molecules of the tested compounds. This leads to 
decrease the subjected surface area of the electrode (A) and increase the 
thickness of adsorbed film (T) [49–51]. 

Cdl =
(ε◦ε

T

)
A (10)  

where ε◦ is the permittivity of air and ε is the local dielectric constant 
[14,45]. Table 1 shows that in presence of 5 × 10− 4 M of CSII and CSIV 
cationic surfactant, the relaxation time (τ) value increased to 0.01006 s 
and 0.012667 s, respectively compared to the free acid solution 
0.00127 s. This indicated that the adsorption process takes much longer 
time, indicating that slow adsorption occurs. This confirmed the appli-
cation of modified equivalent circuit to fit the data correctly also indi-
cated the formation of stable barrier film shielded the C-steel surface 

Table 1 
EIS parameters for C-steel 1 M HCl in absence and presence of different concentrations of CSII and CSIV surfactants at room temperature.  

Inh. Conc, 
M 

Rs, 
(Ω cm2) 

Rct, 
(Ω cm2) 

CPE Cdl, 
(F/cm2) 
x10− 6 

Rf 

(Ω cm2) 
CPE (f) Cdl (f) 

(F/cm2) 
x10− 6 

τ, s Ɵ IE% χ2 

x10− 3 
YO, sn 
Ω− 1 

cm− 2 

× 10− 5 

n Yf, 
(sn Ω− 1 

cm− 2) 
x10− 6 

n 

Blank 0.00  3.499  28.2  4.26  0.8694  15.515 – – – –  0.00127 – –  1.777 
CSII 1 × 10− 6  4.572  170.27  2.01  0.8355  6.573 – – – –  0.002 0.834 83.43  1.520 

5 × 10− 6  3.031  291.19  1.71  0.8464  6.532 – – – –  0.00318 0.903 90.31  1.434 
1 × 10− 5  5.462  388.15  1.601  0.8416  6.154 – – – –  0.00253 0.927 92.73  1.204 
5 × 10− 5  3.589  508.14  1.530  0.8349  5.858 – – – –  0.004 0.944 94.45  1.134 
1 × 10− 4  6.874  649.13  1.209  0.8017  3.645  – – –  0.00799 0.956 95.65  0.599 
5 × 10− 4  8.453  753.9  1.119  0.8028  3.463 17.07 4.55 0.786 1.848  0.01006 0.963 96.34  0.043 

CSIV 1 × 10− 6  3.753  297.29  1.98  0.8215  6.489 – – – –  0.00504 0.905 90.51  1.779 
5 × 10− 6  3.184  397.59  1.67  0.8294  5.989 – – – –  0.00635 0.929 92.90  1.216 
1 × 10− 5  3.333  446.93  1.52  0.8319  5.545 – – – –  0.0065 0.936 93.69  1.394 
5 × 10− 5  3.941  563.54  1.51  0.8192  5.231 – – – –  0.00799 0.949 94.99  1.411 
1 × 10− 4  2.460  682.01  1.198  0.8159  4.049  – – –  0.02008 0.958 95.86  0.929 
5 × 10− 4  7.914  806.04  1.101  0.8012  3.409 25.41 2.58 0.816 1.813  0.01267 0.966 96.60  0.149  

Fig. 2. (a)Nyquist, (b)Bode and phase degree diagrams for C-steel steel in 1 M HCl in absence and presence of different concentration of CSIV cationic surfactants at 
room temperature. 
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away from the deterioration action of HCl [16,52]. It is worthy noted 
that, higher number of hydrophobic chains of CSIV enhances its 
adsorption power at the C-steel interface than that of CSII. 

3.2.2. PDP 
Fig. 3 depicts representative potentiodynamic polarization curves of 

C-steel in 1 M HCl solution with and without various concentrations of 
synthesized CSII and CSIV surfactants. Table 2 shows the electrochemical 
kinetic parameters extracted based on the extrapolation method of Tafel 
lines, such as corrosion potential (Ecorr), cathodic (βc), and anodic (βa) 
Tafel slopes, and corrosion current density (Icorr). Surface coverage (θ) 
and the inhibition efficiency (IE %) were calculated by equations: 

θ = (Icorr.blank − Icorr.inh)/Icorr.blank (11)  

IE% = θ × 100 (12)  

where, Icorr.blank and Icorr.inh are the corrosion current densities for C- 
steel in the absence and presence of the CSII and CSIV surfactants [53, 
54]. 

The Icorr in presence of cationic surfactants decrease with increasing 
their concentrations until reach 32.9 µA.cm− 2and 25.9 µA.cm− 2 at high 
concentration (5 × 10− 4 M) of CSII and CSIV cationic surfactants, 
respectively, indicating that the synthesized surfactants retard the iron 
dissolution rate due to their adsorption affinity [12,55]. The presence of 
CSII and CSIV causes a slight change in (βc) and (βa) values. Also, slight 
variations were noticed in Ecorr values (˂85 mV), suggesting that these 
compounds acted as mixed-type inhibitors by blocking the cathodic and 
anodic sites forming a protective film on C-steel surface through the 
active centers and +ve charges contained in its structures without 
changing the corrosion mechanism [18,56]. The i-v response curves of 
C-steel in absence and presence of the tested CSII and CSIV surfactants 
had nearly the same shape. This confirmed the C-steel reaction mecha-
nism remains unchanged [16,57]. According to Fig. 3, the addition of 
different concentrations of the prepared CSII and CSIV cationic surfac-
tants stifled the rate of hydrogen evolution (cathodic process) and 
dissolution reactions (anodic process) of C-steel via increasing the 
overpotential of C-steel corrosion reactions [58–60]. The parallel in 
cathodic Tafel lines indicates that hydrogen evolution was 
activated-controlled. The HER mechanism of C-steel unaffected by the 
addition of the inhibitors and its rate was slowed by adsorbed inhibitors 
molecules [14,56]. 

According to the anodic polarization response of the C-steel shown in 
Fig. 3, the anodic inhibition effect of the CSII and CSIV depends on the 
potential applied. These compounds have an inhibition effect only at 

potentials than − 0.2 V, and no further effect has been detected above 
this potential. This potential is known as the desorption potential [16]. 
At higher anodic potential more than the desorption potential (− 0.2 v 
Vs OCP) the desorption rate of CSII and CSIV was greater than their 
adsorption one [61,62]. The relation between values of Icorr and con-
centrations of the tested cationic surfactants was represented as straight 
lines as in Fig. Si 10 (a). following the equation: 

Icorr = x − ylogC (13)  

where x and y are constants. This indicates that, the rate of C-steel 
corrosion decreases as a result of the adsorption of cationic surfactant 
molecules on C-steel surface [16,63]. According to the stern-Geary Eq. 
(4), the values of polarization resistance (Rp) of the C-steel are function 
of Icorr according to the following equation: 

Rp =
B

ICorr
(14)  

where, B is constant [= (βaβc)/2.303(βa+ βc)] [47-49]. The adsorption 
of cationic molecules increases the polarization resistance of iron 
obstructing the active centers and thereby reducing the rate of corrosion. 
Linear relationship between 1/Rp as a measure of corrosion rate and log 
concentration is represented as in Fig. Si 10 (b) according to the 
equation: 

R− 1
P = a1 − b1logC (15)  

where a1 and b1 are constants [16]. The Rp values increase as inhibitor 
concentrations increase, increasing the number of adsorbed molecules. 
This suggests that these compounds are effective inhibitors [16,50]. 
Also, the Rp values are a function of the number of hydrophobic chains in 
CSII and CSIV. As the concentration increased more molecules of CSII and 
CSIV accumulated over the C-steel and retrained the corrosion process to 
a high extent. At concentration 5 × 10− 4 M of the tested CSII and CSIV 
compounds, the polarization resistance Rp was 739.39 Ω.cm2 and 
865.35 Ω.cm2 respectively, this shows that CSIV of higher molecular 
weight (more number of alkyl chains) covers the higher surface area of 
C-steel subjected to the aggressive solution so it showed higher inhibi-
tion efficiency than CSII similar to PDP output data [64]. So, the EMs are 
in a good agreement with each other. 

It is worth noting that Rp values obtained from the PDP technique 
were close to the Rct values of the EIS and this boosted the confidence in 
the experimental data. According to the surface parameters of the CSII 
and CSIV surfactant inhibitors discussed previously expected the per-
formance of both materials as corrosion inhibitors. The effectiveness 

Fig. 3. Potentiodynamic polarization curves for C-steel steel in 1 M HCl in absence and presence of different concentration of CSII and CSIV cationic surfactants at 
room temperature. 
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(πCMC) depicted in Table Si 1 outlined that the CSIV containing 4 hy-
drophobic tails is the most effective in lowering the surface tension 
compared to the CSII surfactant. The high πCMC value reflects con-
struction a condensed layer of surfactant unimers at the interface, 
induced by CSIV surfactant compared to CSII [65], which is expected to 
have higher inhibition efficiency compared to CSII inhibitor which is 
confirmed from the electrochemical measurements depicted in Tables 1 
and 2, where CSIV surfactant showed higher corrosion inhibition effi-
ciency than CSII. Additionally, the ΔG

◦

ads of the CSIV surfactant inhibitors 
is more negative than that of the CSII, indicating its higher adsorption 
affinity at solution interface, thus higher corrosion inhibition efficiency 
is expected [14,35], which is matched with the inhibition efficiency 
depicted in Tables 1 and 2, where CSIV surfactant showed higher 
corrosion inhibition efficiency than CSII. 

The as-obtained inhibition efficiencies for the CSII and CSIV were 
much higher than many previously reported inhibitors in the same 
electrolyte (1 M HCl) see Table 3 [11,26,66,67]. 

3.3. Adsorption isotherm 

The inhibition performance of the synthesized surfactants can be 
explained by their competitive adsorption on the metal surface, based on 
the quasi-substitution process between surfactant molecules and the 
already adsorbed water molecules at metal/solution interface according 
to the equation: 

CSsol + zH2Oads ↔ CSads + zH2Osol (16) 

Values of θ of CSII and CSIV cationic surfactants obtained from EIS 
and PDP data are used to explain the nature of the adsorption process 
that occurred at C-steel/HCl interface. In this study, several adsorption 
isotherm models used such as Frumkin, Temkin, Flory, Alawady, 
Freundlich are shown in Figs. Si 11 and 12, while the Langmuir isotherm 

is shown in Fig. 4 [14,68]. The output parameters of the applied iso-
therms are recorded in Table Si 3, while those of Langmuir isotherm are 
listed in Table 4. Based on the values of R2, Langmuir isotherm is 
considered as the best model to describe the adsorption mechanism 
(Table 4). 

C/θ =

(
1

Kads

)

+C (17)  

where, C and Kads are the inhibitor concentration(M) and the equilib-
rium constant of the adsorption process, respectively [69]. The intercept 
of Fig. 4 gives Kads values. Higher Kads values explained the strength of 
the inhibitor-Fe bond formed via donor-acceptor interaction between 
active centers of CSII and CSIV structures and the uncompleted 3d-orbital 
of iron forming a strong chemical bond [70]. The fundamental charac-
teristic of Langmuir isotherm RL (dimensionless separation factor) was 
calculated using the equation: 

RL = 1/(1+KadsC) (18) 

Values of RL listed in Table Si 4 were less than unit (RL<1) which 
mean high and favorable adsorption affinity of CSII and CSIV over C-steel 
[18]. The change in the standard free energy of adsorption (ΔG*ads) 
calculated from the following equation were listed in Table 4: 

ΔG*
ads = − RTln(55.5Kads) (19)  

where the value 55.5 is molar concentration water [29]. The calculated 
values of ΔG*

ads,− 44.90 and − 45.19 kJ mol− 1 for CSII and CSIV 
respectively, indicate the chemical adsorption formed via hetero atoms 
(N & O) and pyridine ring. And also, their negative sign indicate the 
adsorption process occurs spontaneously [29,70]. 

3.4. Activation thermodynamic parameters 

PDP curves of C-steel in absence and presence 5 × 10− 4 M of CSII and 
CSIV are shown in Fig. Si 13 and their relevant parameters are listed in 
Table Si 5. It is noticed that the dissolution rate of the C-steel and the 
corrosion current density increase as temperature increase. According to 
Table Si 5, rising temperature has no discernible effect on the CSII and 
CSIV inhibition efficiencies, implying that these compounds have a 
chemical adsorption behavior [35]. 

Thermodynamic activation parameters Ea "activation energy", 
ΔH* "activation enthalpy" and ΔS* " activation entropy" using Arrhenius 
and Transition state equations: 

lnr = lnA − (
Ea

RT
) (20)  

ln(r/T) = [ln(
R

NAh
)+ (

ΔS*

R
)] − (ΔH*

/

RT) (21) 

Table 2 
Tafel parameters for C-steel in absence and presence of different concentrations of CSII and CSIV surfactants at room temperature.  

Inh. Conc, 
M 

Ecorr, (V) 
Vs. Ag/AgCl 

Icorr (µA/cm2) βa (mV/dec) βc (mV/dec) r 
(mm/year) 

Rp 

(Ω.cm2) 
θ IE% 

Blank 0.00 -0.4492 867 ± 15  115.65  153.46  10.071  33.03 – – 
CSII 1 × 10− 6 -0.4509 106 ± 2  81.54  141.56  1.2299  211.94 0.8778 87.78 

5 × 10− 6 -0.4486 70.4 ± 1.1  80.45  140.88  0.81775  315.84 0.9188 91.88 
1 × 10− 5 -0.4626 64.2 ± 1  90.5  145.56  0.7455  377.43 0.9259 92.59 
5 × 10− 5 -0.4419 53.3 ± 0.4  100.95  152.3  0.56167  494.58 0.9384 93.84 
1 × 10− 4 -0.4419 41.2 ± 0.2  98.75  154.5  0.4789  634.93 0.9524 95.24 
5 × 10− 4 -0.4243 32.9 ± 0.1  86.649  158.5  0.38249  739.39 0.9620 96.20 

CSIV 1 × 10− 6 -0.4369 76.5  89.54  149.8  0.88857  318.10 0.9117 91.17 
5 × 10− 6 -0.4467 65.1  90.54  152.24  0.75598  378.69 0.9249 92.49 
1 × 10− 5 -0.4286 52.5  92.41  153.24  0.61058  476.78 0.9393 93.93 
5 × 10− 5 -0.4407 47.8  101.54  149.87  0.55505  549.85 0.9448 94.48 
1 × 10− 4 -0.4249 38.1  97.65  143.54  0.4892  662.32 0.9560 95.60 
5 × 10− 4 -0.4524 25.9  81.54  140.65  0.30595  865.35 0.9701 97.01  

Table 3 
comparison between corrosion inhibition of CSII and CSIV cationic surfactants 
and other investigated cationic surfactants for C-steel in 1 M HCl.  

Compound Concentration IE% Ref. 

PDP EIS 

12-E2–12 1 × 10− 2  66.36  68.3 [11] 
14-E2–14 1 × 10− 2  77.77  71 
I(4 N) 1 × 10− 3  92  91.99 [26] 
II(4 N) 1 × 10− 3  95  94.93 
IV(4 N) 1 × 10− 3  96  95.84 
IL2 5 × 10− 3  89.18  90.55 [66] 
IL 5 × 10− 3  90.82  92.41 
IL6 5 × 10− 3  93  94.09 
DHNMMB 2.5 × 10− 3  94.16  93.93 [67] 
DHNBMBDMB 2.5 × 10− 3  95.06  95.4 
CSII 5 × 10− 4  96.202  96.3 Present study 
CSIV 5 × 10− 4  97.01  96.6  
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where, r, A represented corrosion rate of reaction and Arrhenius con-
stant respectively and, R is the gas constant. h and NA are Plank constant 
and Avogadro’s number [71]. Values of Ea estimated from the slope of  
Fig. 5 are listed in Table 5. In presence of CSII and CSIV , the Ea values are 
seemed to be unchanged as seen in Table 5. This confirms that the 
adsorption of CSII and CSIV on the C-steel surface is almost of the 
chemical adsorption type. The Ea of CSIV is lower than that of CSII con-
firming that CSIV adsorbed chemically on C-steel surface [72]. 

Fig. 5 showed plotting of Ln(r/T) vs. (1/T) as a straight line with 
slope (=-ΔH*/R) and an intercept (=[Ln(R/NAh)+ (ΔS*/R)) [73-75]. 
From Table 6, the +ve sign of ΔH* shows the endothermic nature of the 
corrosion process C-steel. This indicated the difficulty of the C-steel 
corrosion process in presence of CSII and CSIV compared to free acid 
solution [62,63]. The -ve sign of ΔS* indicates that the rate-determining 
step was the activation of the complex rather than the dissociation. This 
meant that there was more order, which led to an increase in inhibition 
efficiency (from reactant to activated complex)[62,63]. 

3.5. Film stability under harsh conditions 

Aside from a strict requirement for highly efficient corrosion inhib-
itor activity, the film durability under corrosion operation is also critical. 
To investigate the durability of adsorbed film of CSII and CSIV layer 
formed over a C-steel surface at 5 × 10− 4 M the inhibition efficiency 
values measured at different temperatures and immersion times using 
the EIS test method. 

3.5.1. Temperature effect 
Non-tangible change in inhibition efficiency over the tested tem-

perature range (20 ◦C:60 ◦C). Data recorded in Table Si 6 showed the 
change in the inhibition efficiency percentage has not exceeded one 
percent. This indicated the formation of a chemical bond between the 
3d-orbital of iron and the adsorption centers of CSII and CSIV compounds 
[22,31]. It was noticed that the solution resistance (RS) decreased with 
elevation temperature. This revealed that increasing electrolyte con-
ductivity was caused by the desorption of some cationic CSII and CSIV 

Fig. 4. Langmuir adsorption isotherm of CSII and CSIV at C-steel/HCl. 
interface using EIS and PDP techniques at room temperature. 

Table 4 
Langmuir isotherm model parameters of C-steel in absence and presence of CSII and CSIV surfactants.   

PDP EIS 

Inh. Slope R2 LogKads, 
(L.mol− 1) 

ΔG◦

ads 
(kJmol− 1) 

slope R2 LogKads, 
(L.mol− 1) 

ΔG◦

ads (kJmol− 1) 

CSII  1.0386  0.9999  6.19874 -44.553  1.03709  1  6.262 -44.908 
CSIV  1.0299  0.9999  6.16138 -44.343  1.03334  1  6.31286 -45.193  

Fig. 5. Arrhenius and transition state relation against 1/T, for C-steel in 1 M HCl in absence and presence of 5 × 10− 4 M of CSII and CSIV cationic surfactants.  
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species. 

3.5.2. Effect of immersion time 
The inhibition efficiency values in presence of CSII and CSIV were 

measured over a long exposure time presented in Table Si 7. With 
increasing immersion time, the IE% values increase slightly. This is 
because the stability of the protective layer formed as a result of CSII and 
CSIV molecules’ adsorption and/or accumulation on the C-steel surface 
which leads to slow the aggressive action of HCl [33,76]. However, from 
Fig. Si 14 it is noticed that the values of Rct in HCl solution decreased 
with time, indicating that dissolution of carbon steel (corrosion process) 
increased with the immersion time. In the presence of CSII and CSIV, all 
Rct values were significantly high, indicating that an adsorbed inhibitor 
film protects the C-steel surface from the aggressive action of acidic HCl 
solutions. The decrease in Rct of inhibited solutions with different 
exposure times could be explained by the desorption of a small amount 
of adsorbed CSII and CSIV molecules from the surface, as well as some 
defects on the film layer caused by the acidic HCl’s aggressive action 
[23,35]. The inhibition performance of CSII and CSIV under highly 
aggressive conditions caused by temperature and longer exposure time 
endows CSII and CSIV have the tendency for use as acidic corrosion in-
hibitors in industrial process. 

3.6. Theoretical quantum chemical study 

The relation between IE% and the molecular structure of CSII and 
CSIV compounds has been discussed theoretically using DFT. The opti-
mized structure, highest occupied molecular orbital (HOMO), lowest 
unoccupied molecular orbital (LUMO), and electron density (ED) of CSII 
and CSIV, which determine the adsorption active centers in the molec-
ular structure, are shown in Fig. 6. The optimized structure represents 
the most stable structure of CSII and CSIV. The ability of CSII and CSIV to 
donate and receive electrons to or/and from C-steel atomic d-orbitals 
represented by the energies of HOMO and LUMO [3,77]. It can be 
noticed from Fig. 6 that the electron clouds are only distributed, 
respectively over the quaternary nitrogen atoms and pyridine moieties 
for HOMO and LUMO of the tested compounds. This means that these 
areas participated effectively in the charge-sharing process (electron 
donation/acceptance). These regions represent the donor-acceptor 
interaction centers responsible for interaction with carbon steel. 
Furthermore, the distributed electron density of CSII and CSIV over their 
entire molecular structures endows them with the ability to form dense 
adsorbed layers on the C-steel surface. The remaining molecular com-
ponents (alkyl chains) of the molecular structures only served to 

increase the affinity CSII and CSIV to be compacted or adsorbed on the 
C-steel surface; they did not form bonds with the surface. The presence 
of hydrophobic chains in the solution increases the adsorption affinity of 
CSII and CSIV [64]. 

The energies of HOMO (EH) and LUMO (EL) are used to deduce the 
relative quantum indices according to the following equations: 

ΔEgap = EL − EH (22)  

η =
ΔEgap

2
(23)  

Eb→d =
− η
4

(24)  

χ =
− (EH + EL)

2
(25)  

ΔN =
(φFe − χcompd.)

[2(
(
ηFe + ηcompd.

)] (26)  

where, ΔEgap, η, χ, ΔN, Eb→d and φ are energy gap, global hardness, 
electronegativity, the fraction of transferred electron, the energy of back 
donation, and work function of Fe (1 1 0) plan is 4.82 eV [16,77]. The 
affinity of CSII and CSIV compounds to donate electrons to the uncom-
pleted 3-d iron orbitals and accept electrons from the full-field 3-d iron 
orbitals is a function of the energy of HOMO and LUMO, respectively. 
The data of Table 6 showed that the CSII and CSIV compounds have a 
higher affinity to donate and accept electrons to /or from 3-d iron 
orbital. This indicated the corrosion inactivator potential of the C-steel. 
Furthermore, CSIV has a higher chance to be adsorbed over C-steel as it 
had higher EH and lower EL compared with CSII [64]. Furthermore, the 
energy gab ΔEgap parameter indicates the ease of the charge sharing 
process. The lower the ΔEgap value, the greater the chance of 
charge-sharing and the greater the potential for the corrosion inhibition 
[78]. As a result, CSIV has a greater adsorption affinity than CSII due to its 
lower value of ΔEgap. In addition, the positive values of the fraction of 
the electron transfer (ΔN) parameter means that electrons are trans-
ferred from HOMO of CSII and CSIV compounds to C-steel. ΔN reported 
values show that the inhibition order of the tested compounds was CSII 
˃CSIV. Finally, the back-donation process, which involves the electron 
acceptance affinity of CSII and CSIV compounds from the C-steel surface, 
improves their adsorption probability [79]. The calculated DFT pa-
rameters matched with the experimental data (EIS and PDP). The DFT 
calculations should be supplemented with molecular simulation to 
provide a complete picture of the inhibitory mechanism and to gain a 
better understanding of the adsorption process of the understudied 
cationic surfactant compounds (CSII and CSIV). To simulate the corrosion 
reaction conditions, MC simulation was performed in vacuum and sol-
vent phases. Fig. 7 depicts the most stable adsorption configuration of 
CSII and CSIV compounds with low energy over the Fe (110) plain in gas 
and simulated acidic solution phases. The side and top views of CSII and 
CSIV configurations give valuable information that supports the DFT 
output data and can be discussed point by point briefly as follow:  

• Side views in gas and solvent phases showed the parallel orientation 
of CSII and CSIV to Fe (110) plan 

Table 5 
Activation thermodynamic parameters of C-steel in absence and presence of CSII and CSIV surfactants.  

Inh. Arrhenius Transition state 

Slope Intercept R2 Ea 

(kJ mol− 1) 
Slope Intercept ΔH* 

(kJ mol− 1) 
-ΔS* 
(J mol− 1) 

Blank -3873.99  15.617  0.9757  32.208 -3561.81  8.872  29.612  123.752 
CSII -4617.25  14.747  0.995  38.387 -4305.06  8.002  35.792  130.987 
CSIV -4080.94  12.726  0.9994  33.928 -3768.76  5.981  31.333  147.788  

Table 6 
Quantum chemical parameters of the investigated CSII and CSIV compounds.  

Quantum parameters CSII CSIV 

EH (eV) -9.165 -8.672 
EL (eV) -1.369 -2.348 
ΔE(eV) 7.796 6.324 
X (eV.mol-1) 5.267 5.51 
η (eV. mol-1) 3.898 3.162 
Eb→d(eV. mol-1) -0.9745 -0.7905 
ΔN 0.222293 0.23561  
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• Top views also, showed the CSII and CSIV compounds occupy and 
cover a large area of Fe (110) surface. 

Orientation of CSII and CSIV on Fe (110) plan confirmed the sug-
gested electron-rich moieties (nitrogen and pyridine rings) subjected 
directly to C-steel. This improved the inhibition performance of CSII and 
CSIV compounds by facilitating electron transfer during the charge 
sharing process [78]. In addition, the hydrocarbon chain length was 
oriented parallel to Fe (110) to increase the coverage surface area and 
improve the inhibition affinity of CSII and CSIV compounds [80,81]. 
Chain length in CSIV subjected also, toward the solvent side made the 
adsorption film formed over C-steel more compacted and denser. Table 7 
shows the output adsorption energy parameters (Eads) for CSII and CSIV, 

which confirmed their adsorption affinity. The adsorption of CSII and 
CSIV on C-steel is more stable and powerful the larger the negative value 
of Eads [79,82]. 

As was already established, CSIV has stronger adsorption competition 
with molecules of H2O, H3O+, and Cl- ions. This conclusion is in line 
with the EIS data that was previously addressed and shown the pro-
pensity of CSIV compounds to take the place of these hostile ions in the C- 
steel interface. 

3.7. Surface analysis (SEM and EDX) and inhibition mechanism 

SEM and EDX are used in addition to electrochemical measurements 
to investigate the corrosive effect of 1 M HCl and the inhibitory effect of 

Fig. 6. Optimized structures, HOMO, LUMO, and electron density distribution of CSII and CSIV cationic surfactants in gas and phase.  
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Fig. 7. Side and top views of the adsorption mode of CSII and CSIV cationic surfactants in gas and liquid phases on Fe (1 1 0).  

Table 7 
The outputs energies calculated using MCs for CSII and CSIV in gas and simulated liquid phases on Fe (1 1 0).  

Inh. ET 

(kJ/mol) 
Eads 

(kJ/mol) 
Erig. 

(kJ/mol) 
Edef. 

(kJ/mol) 
(dEads /dNi) 
(kJ/mol) 

CS-surfactant H2O H3O+ Cl- 

Gas CSII -517.1094 -1222.46 -395.39 -827.07     
CSIV -628.648 -140489.60 -462.85 -140026.70     

liquid CSII -4096.18 -10740.35 -4093.72 -6646.63 -1141.10 -19.7427 -164.732 -131.293 
CSIV -4349.92 -150140.00 -4356.95 -145783.10 -140692.80 -19.973 -171.860 -120.321  

A. Elaraby et al.                                                                                                                                                                                                                                 



Colloids and Surfaces A: Physicochemical and Engineering Aspects 659 (2023) 130687

12

CSIV at optimum concentrations. Fig. 8 shows surface images for C-steel 
with and without inhibitors immersed in 1 M HCl for 6 h. In the absence 
of CSIV compound, SEM images reveal damage and dissolution of the C- 
steel surface with many corrosion products (Fe-chloride and oxides) [50, 
83]. This damage effect seemed under control in the presence of 
5 × 10− 4 M of highly effective compound (CSIV) and the surface of 
C-steel became more smoother compared with that subjected to the free 
acid solution. This confirms the adsorption of CSIV molecules on the 
C-steel surface and formation of a protective surface coverage film as a 
barrier between C-steel and corrosive HCl. This observation was 
consistent with previously published work [16]. 

The elemental chemical composition of C-steel after 6 h immersion 
in 1 M HCl appeared in Fig. 8. The chemical composition of the corro-
sion product formed over the C-steel surface was iron oxides and chlo-
rides as the weight percentage of Cl- and oxides was 0.19% and 
10.679%, respectively. After adding the 5 × 10− 4 M of highly effective 
compound (CSIV) it is noticed that, the weight percentage of the oxides 

decreased to 1.63% and the chloride is nearly disappeared. In addition 
to that, the wt% of carbon enhanced to 8.53% and the appearance of N- 
peak with wt% 1.38%. This confirms the formation of adsorption layer 
from the smooth iron oxides and CSIV compound with high carbon 
backbone and nitrogen atom over C-steel surface. It is noted that the Fe- 
peak intensity improved after the addition of CSIV. This confirms that the 
C-steel surface becomes free of corrosion products and more susceptible 
to the EDX beam [24,84]. These observations were cross-checked 
against previously published papers [84,85]. Fig. 9 showed the simu-
lated adsorption mechanism of CSIV cationic surfactant over C-steel. 

4. Conclusion 

In this study, the chemical structures of the two synthesised Gemini 
surfactant compounds, CSII and CSIV, were confirmed by various spec-
troscopic methods. The experimental and theoretical findings show that 
the studied compounds (CSII and CSIV) exhibit good inhibition 

Fig. 8. SEM and EDX for C-steel after 6 h immersion in pure1 M HCl and 5 × 10− 4 M of CSIV compound.  

Fig. 9. Adsorption mechanism of CSIV cationic surfactant over C-steel.  
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performance for C-steel in 1.0 M HCl solution. The polarization studies 
suggest that CSII and CSIV behave as mixed-type corrosion inhibitors 
according to Tafel data. The electrochemical impedance results show 
that the Rct value of CSII and CSIV increased from 28.2 Ω.cm2 to 
770.97 Ω.cm2 and 831.45 Ω.cm2, respectively. This suggests that the C- 
steel corrosion is essentially under charge transfer control, where the 
formation of adsorbed protective layer, inhibits the steel corrosion. Also, 
CSII and CSIV were found to adsorb chemically at C-steel according to 
Langmuir adsorption isotherm. The SEM coupled with the EDX confirm 
the formation of protective layer over C-steel. DFT calculations and 
Monte Carlo (MC) simulations give a better overview of the reactivity of 
both compounds towards C-steel and show good correlation with the 
experimental results. 
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