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Abstract
Three nonionic Gemini surfactants were synthesized based on succinic acid. The structures of the synthesized surfactants 
were characterized using FTIR and 1H NMR spectra. The physical properties such as surface tension ( � ), critical micelle 
concentration (CMC), surface pressure (effectiveness) ( �

CMC
 ), maximum surface excess concentration (Γmax), and minimum 

surface area occupied by one molecule (Amin) were calculated. The inhibitive power of the surfactants toward acid corrosion 
of carbon steel was obtained using weight loss and electrochemical techniques. The morphology of the carbon steel surface 
was examined by atomic force microscope. It was found that all the three surfactants act as good inhibitors for steel corro-
sion in the acidic medium. The inhibition efficiency increases with increasing surfactant concentration and exposure time. 
The inhibition action was attributed to the adsorption of the surfactant’s molecules on the steel surface. It was found that the 
adsorption process is spontaneous and obeys Langmuir adsorption isotherm. A mechanism was proposed for the inhibition 
action based on the obtained results.
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1  Introduction

During the cleaning of petroleum pipelines and tanks from 
scales by hydrochloric acid, serious corrosion could occur. 
Such a process leads to huge economic loss due to the loss of 
metal and maybe the contained materials as well. Therefore, 
the addition of corrosion inhibitors to the pickling acid solu-
tion is essential to avoid such loss.

Organic inhibitors are known to act through adsorption 
on the metal surface as an isolating film between the cor-
rosive medium and the metal [1–15]. The organic inhibitor 
is oriented toward the metal surface under the influence of 
electrostatic attraction. The process is favored further due to 

some extra features in the compound structure. Among these 
features, the charges carried by the compound, the electron 
density, the presence of unsaturated bonds, and lone pairs of 
electrons have significant importance [16].

Much work was done on tens of surfactant compounds as 
potential corrosion inhibitors [17–21]. Surfactants showed 
promising results as highly efficient corrosion inhibitors. 
This is because of their unique features in their structure 
as well as their natural affinity to adsorb at the interface. 
Recently, there is extensive work on the examination of 
Gemini surfactants as corrosion inhibitors. Gemini sur-
factants with their special structure consist of two chains 
separated by spacer and are expected to act as corrosion 
inhibitors better than the usual monomeric surfactants. Many 
pieces of the research reported a very good impact of such 
surfactants as inhibitors for many metals and alloys in dif-
ferent aggressive media. The high inhibition efficiency was 
attributed to the special molecular structure of this category 
of surfactants [22–26].

In the present work, three of Gemini surfactants were 
synthesized, characterized, and tested as inhibitors for car-
bon steel corrosion, used in the petroleum industry, in HCl 
solution. Weight loss measurements and electrochemical 
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polarization technique were used for the determination of 
the inhibitive action of the surfactants.

2 � Experimental

2.1 � Materials

Succinic acid was obtained from Across Chemical Company 
(UK). 1, 4 Butanediol, diethanolamine and propylene oxide 
were purchased from Sigma-Aldrich (Germany). Thionyl 
chloride and P-toluene sulfonic acid were obtained from 
Fluka Chemika (Germany). Potassium hydroxide and all 
solvents (benzene and xylene) were dried and supplied by 
(Al-Gomhuria Trade Pharmaceuticals and Chemical Com-
pany, Cairo, Egypt).

2.2 � Synthesis 
of 3‑{[6‑(2‑Carboxyethoxy)‑6‑oxohexanoyl]oxy}
propanoic Acid

The diester compound 3-{[6-(2-carboxyethoxy)-6-oxohex-
anoyl]oxy} propanoic acid was prepared by refluxing a mix-
ture of 1,4 butandiol (0.05 mol) with succinic (0.1 mol), 
respectively, in 50 ml of dry benzene for 6 h, in presence of 
0.1 wt% p-toluenesulfonic acid as a catalyst. After cooling 
reaction mixture, distilled water was added. The benzene 
layer containing the diester was separated. The ester solution 
was dried overnight and then vacuum distilled to obtain the 
crude product. Further purification was affected by fractional 
distillation under vacuum [27].

2.3 � Synthesis of 1,6‑Bis(3‑chloro‑3‑oxopropyl) 
hexanedioate

Thionyl chloride(0.1 mol) was added to the product of the 
first step by dropwise addition to the corresponding diester 
compound 1,6-bis(3-chloro-3-oxopropyl) hexanedioate 
(0.05 mol) for 3 h in water bath [28].

2.4 � Synthesis of 1,6‑Bis({2‑[bis(2‑hydroxyethyl)
carbamoyl]ethyl}) hexanedioate

The diester dichloro compound 1,6-bis(3-chloro-3-oxopro-
pyl) hexanedioate reacted with diethanolamine in 50 ml 
xylene at the reaction molar ratio 0.5:1.0 by dropwise addi-
tion of triethylamine (TEA) as a catalyst under refluxing 
for 5 h at 120 °C. The product was extracted by petroleum 
ether [29].

2.5 � Synthesis of Nonionic Gemini Surfactants

0.5 Wt% KOH solution containing 0.01 mol of the pre-
pared (diester diamino compound) formed in the third 
step was stirred and heated to 70 °C while passing a slow 
stream to nitrogen through the system to flush out oxygen. 
The nitrogen stream was stopped, and propylene oxide was 
added dropwise with continuous stirring and heating under 
an efficient reflux system to retain the propylene oxide. 
The reaction was conducted for different intervals of time 
ranging from 1 to 10 h. The system was then loaded up 
with nitrogen and cooled. The reactor vessel was weighed. 
The measure of responded propylene oxide and the normal 
level of propoxylation were resolved from the augmenta-
tion in the mass of the response blend [30, 31] with molar 
ratio 5, 10, and 15, respectively, to obtain the synthesized 
nonionic Gemini surfactants as shown in Fig. 1.

2.6 � Measurements

2.6.1 � Surface Tension

Surface tension measurements were obtained using a 
De-NoüyTensiometer (Kruss-K6 type; Germany) with a 
platinum ring device. Freshly prepared aqueous solutions 
of the synthesized surfactants in deionized water within 
the concentration range of 0.01–0.00001 M were tested at 
25 °C. The ring was washed twice after each reading, first 
by ethanol and then by distilled water. The apparent sur-
face tension was measured 5 times for each sample within 
a 2-min interval between each reading [32].

2.6.2 � Critical Micelle Concentration (CMC) Measurements

The CMC concentration relates to where the surfactant 
first shows the most reduced surface tension and after 
which it remains almost steady. The CMC esteems were 
obtained through a customary plot of the surface tension 
versus the logarithm of the convergence of surfactant at 
room temperature (25 °C). The relation between surface 
tension and concentration of the three tested surfactants is 
in the Supplementary Material (Fig. S1).

2.6.3 � Corrosion Rate Measurements

2.6.3.1  Weight Loss Measurements  The concentration of 
the HCl utilized as a forceful medium was balanced by titra-
tion against a standard solution of sodium carbonate. Each 
test has been led three times and the average weight reduc-
tion of them was recorded. The inhibition efficiency (η) and 
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the fraction of surface covered by the additive (θ) were cal-
culated using the following equations, respectively:

where Wf and Wi are weight loss in free and inhibited solu-
tions, respectively.

2.6.3.2  Electrochemical Polarization  The electrochemi-
cal investigations were ran utilizing a three-electrode cell, 
with a platinum counter terminal and saturated calomel 
electrode (SCE) as a reference electrode. The carbon steel 
working electrode was a rode impeded in a glass tube with 
Araldite leaving an exposed bottom side with an area of 
0.1 cm2. The uncovered surface was rubbed with vari-
ous grades of emery papers, flushed with refined water 
and acetone, then dried between two filter papers, before 

(1)� =

(

Wf −Wi

Wf

)

× 100,

(2)� =

(

Wf −Wi

Wf

)

,

embedding in the test arrangement. The electrode was 
lifted in the test solution until it reaches a steady-state 
potential value before starting the measurements. Cor-
rosion parameters were measured using Metrohm poten-
tiostat supported with Nova software for calculations. 
The potentiodynamic polarization measurements were 
obtained using a scan rate of 1.0 mV s−1 at 25 ± 1 °C. The 
inhibition efficiency (�) obtained from electrochemical 
polarization was calculated using the following equation:

where If and Ii are corrosion current density for the free and 
inhibited solutions, respectively.

2.6.3.3  Surface Examination  The morphology of the car-
bon steel surface was examined by atomic force micros-
copy (AFM; Pico SPM-Picoscan 2100, Molecular Imag-
ing, Arizona, AZ, USA). Carbon steel coupons were 
analyzed after three hours of exposure time to 1.0 M HCl 

(3)� =

(

If − Ii

If

)

× 100,

Fig. 1   Synthesis procedure of 
nonionic Gemini surfactants
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solutions in the absence and presence of 10−3 M of sur-
factants (I–III).

3 � Results and Discussion

3.1 � FTIR Spectra

The structures of 3-{[6-(2-carboxyethoxy)-6-oxohexanoyl]
oxy}propanoic acid show absorption bands at 3355 cm−1 
assigned to the (OH) group, 2956 and 2914 cm−1 ascribed 
to CH aliphatic, 1730 cm−1 assigned to C=O of the ester 
group, 1471 cm−1 C–H bond of CH2 group, and 1158 cm−1 
ascribed to stretching of C–O group (see Supplementary 
Material Fig. S2).

The structures of 1,6-bis(3-chloro-3-oxopropyl) hex-
anedioate show absorption bands at 2955 and 2926 cm−1 

ascribed to CH aliphatic, 1733 cm−1 assigned to C=O of 
the ester group, 1435 cm−1 C–H bond of CH2 group, and 
1164 cm−1 ascribed to stretching of C–O group (see Sup-
plementary Material Fig. S3).

The structures of 1,6-bis({2-[bis(2-hydroxyethyl)car-
bamoyl]ethyl}) hexanedioate show absorption bands at 
3258 cm−1 assigned to (OH) group, 2925 cm−1 ascribed 
to CH aliphatic, 1730  cm−1 assigned to C=O of the 
ester group, 1567 cm−1 assigned to stretching of C=O, 
1446  cm−1 C–H bond of CH2 group, and 1186  cm−1 
ascribed to stretching of C–O group (see Supplementary 
Material Fig. S4).

The structures of the synthesized nonionic Gemini sur-
factants were elucidated using FTIR spectra. The FTIR spec-
trum of synthesized surfactants (I) (Fig. 2a) show absorp-
tion bands at 3348 cm−1 assigned to (OH) group, 2969 cm−1 
ascribed to CH aliphatic, 1733 cm−1 assigned to C=O of 

Fig. 2   a FTIR spectra of (I) 
and b 1H NMR of (I) nonionic 
Gemini surfactants
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the ester group, 1454 cm−1 C–H bond of CH2 group, and 
1080 cm−1 ascribed to C–O–C of ether group.

The FTIR spectrum of synthesized surfactants (II) show 
absorption bands at 3376 cm−1 assigned to (OH) group, 
2915 cm−1 ascribed to CH aliphatic, 1722 cm−1 assigned to 
C=O of the ester group, 1474 cm−1 C–H bond of CH2 group, 
and 1088 cm−1 ascribed to C–O–C of ether group (see Sup-
plementary Material Fig. S5).

The FTIR spectrum of the synthesized surfactants (III) 
show absorption bands at 3346 cm−1 assigned to (OH) 
group, 2927 cm−1 ascribed to CH aliphatic, 1729 cm−1 
assigned to C=O of the ester group, 1456 cm−1 C–H bond 
of CH2 group, and 1088 cm−1 ascribed to C–O–C of ether 
group( see Supplementary Material Fig. S6).

3.2 � 1H NMR Spectra

The 1H NMR (DMSO-d6) spectrum of the synthesized non-
ionic Gemini surfactants (I) (Fig. 2b) show different peaks 
at δ = 0.853 ppm (t, 12H of –CH3); δ = 1.024 ppm [m, 8H 
of 2(CH2)2]; δ = 1.244 ppm (m, 8H of N–CH2); δ = 2.5 ppm 
(t, 8H of CH2–O–C=O); δ = 3.191–3.578 ppm (m, 12H of 
repeated propylene oxide units); and δ = 7.210 ppm (broad 
S, 4H of OH).

The 1H NMR (DMSO-d6) spectrum of the synthesized 
nonionic Gemini surfactants (II) show different peaks at 
δ = 0.969 ppm (t, 12H of –CH3); δ = 1.025 ppm [m, 8H 
of 2(CH2)2]; δ = 2.503 ppm (t, 8H of CH2–O–C = O); δ 
= 3.145–3.525 ppm (m, 12H of repeated propylene oxide 
units); and δ = 7.205 ppm (broad S, 4H of OH) (see Sup-
plementary Material Fig. S7).

The 1H NMR (DMSO-d6) spectrum of the synthesized 
nonionic Gemini surfactants (III) show different peaks at 
δ = 0.098 ppm (t, 12H of –CH3); δ = 1.049 ppm [m, 8H of 
2(CH2)2]; δ = 1.232 ppm (m, 8H of N–CH2); δ = 2.501 ppm 
(t, 8H of CH2–O–C = O); δ = 3.206–3.353 ppm (m, 12H of 
repeated propylene oxide units); and δ = 7.490 ppm (broad 
S, 4H of OH) (see Supplementary Material Fig. S8).

3.3 � Surface Active Properties

The surface tension (γ) values and critical micelle concen-
tration (CMC) obtained for different concentrations of the 
aqueous solution of the synthesized nonionic Gemini sur-
factants at 25 °C are listed in Table 1. The value of surface 

pressure (effectiveness) (πCMC), maximum surface excess 
concentration (Γmax), and minimum surface area (Amin) were 
calculated using Eqs. (4)–(6) [33–37].

where ( �0 ) is the surface tension of pure water and ( �CMC ) is 
the surface tension of the surfactant solution at the critical 
micelle concentration.

where �� is surface pressure in mN/m, C is surfactant con-
centration, and (��∕� lnC)

T
 is the slope of a plot of surface 

tension versus concentration curves below CMC at a con-
stant temperature.

where N is the Avogadro’s number 6.023 × 1023.
�CMC , �max and Amin values of the nonionic Gemini sur-

factants are listed in Table 1. From the data listed in Table 1, 
it is obvious that the CMC values decrease with increasing 
the molecular weight and number of propylene oxide units. 
Therefore, the number of molecules required for micelle 
formation decreases as a result of increasing size and due to 
the coiling of the surfactant’s molecule. The increasing of 
surface tension at the critical micelle concentration (CMC) 
leads to a decrease in surfactant effectiveness. A substance 
that lowers the surface energy is, thus, present in excess at 
or near the surface, i.e., when the surface tension decreases 
with increasing activity of a surfactant. It was found that 
the Amin value of nonionic Gemini surfactants increases in 
the order: I < II < III. This sequence is consistent with the 
number of propylene oxide units present in the compound. 
Thus, as the length of the surfactant chain increases, due 
to the increase in propylene oxide units, the Amin increases. 
This result suggests a horizontal orientation of the surfactant 
molecules on the interface.

3.4 � Corrosion Measurements

3.4.1 � Weight Loss Measurements

The corrosion rate and inhibition efficiency values for the 
corrosion of carbon steel in 0.1 M HCl solutions free and 

(4)�CMC = �0 − �CMC,

(5)�max =
−1

RT

(

��

� lnC

)

,

(6)Amin = 1016∕�maxN,

Table 1   Surface properties 
of the synthesized nonionic 
Gemini surfactants

Amin (nm2/
molecule)

�max × 10−10 
(mol/m2)

CMC (mol/L) �CMC (mN/m) �CMC (mN/m) � (mN/m) 0.1 
wt% 25 °C

Compounds

15.8 10.49 0.0100 41 31 29.5 I
17.2 9.648 0.1570 40 32 31.0 II
18.5 8.94 0.1653 39 33 32.5 III
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containing different concentrations of the three synthe-
sized surfactants at different exposure times are presented 
in Table 2. Inspection of the table reveals that all the three 
surfactant compounds act as good inhibitors for the acid 
corrosion of carbon steel.

The relationship between the inhibition efficiency and 
surfactant (I) concentration, at different exposure times, 
is shown in Fig. 3. Similar curves were obtained for com-
pounds (II and III) and presented in the Supplementary 
Materials (Figs. S9, S10). The curves of Fig. 3 show that the 
inhibition efficiency increases with increasing the surfactant 
concentration. It is of interest to note from the figures that 
the inhibition efficiency increases markedly upon increas-
ing concentration up to a specific concentration of 10−4 M. 
Increasing surfactant concentration beyond this value has 

Table 2   Corrosion parameters 
of C-steel in free and inhibited 
0.1 M HCl solutions as 
obtained from the weight loss 
measurement

t (h) Free
r

10−5 M 5 × 10−5 M 10−4 M 5 × 10−4 M 10−3 M

R � r � r � r � r �

I
 12 0.514 0.497 3 0.455 11 0.413 19 0.399 22 0.366 29
 24 0.614 0.496 19 0.451 27 0.400 35 0.397 35 0.372 39
 36 0.723 0.494 31 0.432 40 0.399 45 0.391 46 0.359 50
 48 0.822 0.473 42 0.411 50 0.395 52 0.3882 53 0.357 56
 60 0.955 0.470 51 0.409 57 0.394 59 0.381 60 0.349 62
 72 1.062 0.468 56 0.414 61 0.391 63 0.376 64 0.343 68
 94 1.188 0.466 61 0.409 65 0.385 67 0.371 69 0.333 72
 106 1.3015 0.456 65 0.397 69 0.382 71 0.368 72 0.315 76
 118 1.447 0.450 69 0.395 73 0.379 74 0.362 75 0.291 80
 130 1.6078 0.4562 712 0.4140 74 0.3787 76 0.3566 77 0.277 82

II
 12 0.514 0.395 23 0.312 39 0.259 49 0.255 50 0.245 52
 24 0.614 0.395 36 0.310 49 0.259 58 0.253 59 0.243 60
 36 0.723 0.394 45 0.310 57 0.257 64 0.253 65 0.242 66
 48 0.822 0.394 52 0.308 62 0.257 69 0.252 69 0.242 70
 60 0.955 0.393 59 0.308 68 0.256 73 0.251 74 0.241 75
 72 1.062 0.393 63 0.307 71 0.256 76 0.251 76 0.239 77
 94 1.188 0.393 67 0.308 74 0.255 78 0.250 79 0.237 80
 106 1.301 0.392 70 0.308 76 0.255 80 0.248 81 0.235 82
 118 1.447 0.392 73 0.307 79 0.254 82 0.248 83 0.233 84
 130 1.607 0.391 752 0.307 80 0.254 84 0.247 840 0.216 86

III
 12 0.514 0.436 15 0.359 30 0.233 55 0.182 64 0.147 71
 24 0.614 0.413 33 0.357 42 0.221 64 0.176 71 0.139 77
 36 0.723 0.400 45 0.352 51 0.221 69 0.171 76 0.138 81
 48 0.822 0.384 53 0.341 58 0.210 74 0.165 80 0.137 83
 60 0.955 0.378 60 0.335 65 0.198 79 0.152 84 0.136 86
 72 1.062 0.361 66 0.310 71 0.193 82 0.150 86 0.135 87
 94 1.188 0.333 72 0.277 77 0.182 85 0.143 88 0.135 89
 106 1.301 0.298 77 0.243 81 0.176 86 0.140 89 0.134 90
 118 1.447 0.269 81 0.223 84 0.160 89 0.135 91 0.133 91
 130 1.607 0.245 85 0.214 87 0.154 90 0.132 92 0.132 92
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Fig. 3   Relationship between inhibition efficiency and compound (I) 
concentrations at different exposure times
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a much smaller effect on the inhibition efficiency. The sur-
factants act as corrosion inhibitors through adsorption of 
their molecules on the steel surface forming a film that iso-
lates the steel from the corrosive medium. In the present 
work, the surfactants approach their maximum inhibition 
capacity with such a very small concentration. This means 
that a small number of the surfactant molecules are enough 
to cover mostly of the metal surface. Thus, it is expected 
that the surfactant molecules adsorb on the metal surface, 
so as they cover the largest possible surface of the steel. 
This situation could be possible only if the molecules are 
adsorbed horizontally.

Figure 4 represents the relation between inhibition effi-
ciency and exposure time for surfactant (I). Similar figures 
were also obtained for the other two surfactants and pre-
sented in the Supplementary Materials (Figs. S11, S12). 
It could be seen in the figure that the inhibition efficiency 
increases with increasing exposure time. This result suggests 
that the surfactant molecules need a period to orient them-
selves correctly to the proper surface sites for adsorption. 
Therefore, the number of adsorbed molecules increases with 
time, and consequently the inhibition efficiency increases.

The increment manner of inhibition efficiency is some-
what higher during the sixty hours of exposure, especially 
at low concentration. After this exposure period, there is 
a small drop in the increasing rate of inhibition efficiency. 
This result could be attributed to the high number of surface 
sites available for adsorption at the beginning of the expo-
sure. However, as time goes on, the number of the occupied 
sites increases due to adsorption, and thus, the sites free for 
adsorption decrease. This situation diminishes the accelera-
tion of inhibition efficiency.

3.4.2 � Potentiodynamic Polarization Technique

Cathodic and anodic curves of C-steel polarization in 
1.0 M HCl solutions devoid of and containing different 

concentrations of compound (I) are traced and represented 
in Fig. 5. Similar figures for the other two compounds are 
provided in the Supplementary Materials (Figs. S13, S14). 
It could be seen in all obtained figures that the curves behave 
in the same manner. Thus, the curves shift to lesser cur-
rent densities and toward fewer negative potentials upon 
increasing the additive concentration. This result reflects 
the inhibitive power of the tested surfactant toward C-steel 
acid corrosion. The corrosion parameters extracted from the 
polarization curves are listed in Table 3. It is clear from the 
data of Table 3 that the corrosion potential increases with 
increasing surfactant concentration. However, the extent of 
corrosion potential variation is not enough to consider the 
additives as anodic inhibitors. Therefore, this result indicates 
that the surfactants act as mixed-type inhibitors. In agree-
ment with this suggestion comes the dependence of Tafel 
constants on the surfactant concentration. It is obvious that 
the values of both anodic and cathodic Tafel constants do not 
change markedly in the presence of surfactant.

3.5 � Adsorption Behavior

There is a general agreement that the first step in the cor-
rosion inhibition process is the adsorption of inhibitor mol-
ecules on the metal surface. Such a process leads to the for-
mation of isolating film that prevents the mass and charge 
transfer between the metal and its environment. The nature 
of the adsorption process could be fairly described by its 
adsorption isotherm. Many adsorption isotherms were tested 
for the data obtained from weight loss experiments. It was 
found that Langmuir adsorption isotherm is the most fitted 
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Fig. 4   Relationship between inhibition efficiency of different com-
pound I concentrations and exposure time

Fig. 5   polarization curves of C-steel in free and inhibited 1.0 M HCl 
solutions
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with the obtained data. Langmuir adsorption isotherm is 
defined by the equation:

where C is the inhibitor concentration, θ is the fraction of 
the surface covered by the adsorbed molecules, and Kads is 
the equilibrium constant of the adsorption process. The equi-
librium constant of the adsorption process is related to the 
standard free energy of adsorption by the equation:

The value of 55.5 stands for the molar concentration of 
water.

Figure 6 represents the plots of C against C/θ for the 
three tested surfactants. Straight lines with unit slopes 

(7)
C

�
=

1

Kads

+ C,

(8)lnK = ln
1

55.5
−

ΔGo

ads

RT
.

were obtained confirming the fellowship to the Langmuir 
isotherm. Therefore, according to this isotherm, the free 
energy of adsorption is independent of the covered area of 
the surface. Moreover, there must be no interaction between 
the adsorbed molecules. The obtained values of the standard 
free energy of adsorption are tabulated in the Table 4. The 
negative sign indicates the spontaneity of the adsorption 
process. It is of interest to note that the values of ΔGo

ads
 are 

around 40 kJ/mol. Such a case suggests a chemical adsorp-
tion mechanism. On the other hand, the value increases in 
the order I < II < III. This sequence reflects the affinity of the 
surfactant molecules to adsorb on the steel surface.

3.6 � Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is an investigation tool 
which gives details about the surface topography. The use 
of such a technique is useful for corrosion researches since 
it provides much information about the roughness of the 
examined surface. Both two and three diminution’s images 
of the carbon steel surface after exposure to 1.0 M HCl free 
and inhibited with 10−3 M of the three tested surfactants are 
represented in Fig. 7. The full-sized images could be found 
in the Supplementary Materials (Figs. S15, S16, S17, S18, 
S19, S20, S21, S22). Inspection of the images in the fig-
ure reveals that the roughness of the carbon steel surface is 

Table 3   Polarization parameters 
of C-steel corrosion in 
1.0 M HCl solutions free 
and containing different 
concentrations of compounds 
(I–III)

Concentration 
(M) × 105

 − Ecorr (mV) Βa (mV/decade)  − βc (mV/
decade)

Icorr (µA/cm2) �

Free 448 90 85 306.36
I
 5 439 105 62 37.60 87.90
 10 432 106 76 34.58 88.71
 50 425 121 65 32.40 89.42

II
 1 422 94 64 47.00 84.66
 5 412 109 66 32.96 89.24
 10 401 114 70 25.42 91.70
 50 401 138 72 21.14 93.10

III
 1 434 81 78 40.91 86.65
 5 436 91 95 26.23 91.44
 10 435 101 95 21.56 92.96
 50 432 107 92 20.47 93.32

Fig. 6   Langmuir isotherm for the tested compounds

Table 4   Values of free energy 
of adsorption

Surfactant −ΔGo

ads
(kJ/mol)

I 39.89
II 41.60
III 43.88
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Fig. 7   2D and 3D atomic force 
images of the carbon steel sur-
face in free and inhibited 1.0 M 
HCl solutions
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highly reduced due to the presence of the tested surfactants. 
The roughness decreases depending on the type of additives 
in the order of I > II > III.

Table 5 presents the roughness data of the carbon steel 
samples after exposure to solutions of 1.0 M HCl containing 
1 × 10−3 M of each of the three tested surfactants for 1 day at 
25 °C. Table contains the roughness average (Sa), the peak 
height (Sp), and the valley depth (Sv). The data in Table 5 
show that all the measured values decrease going from free 
acid solution to the inhibited one according to the sequence 
free > I > II > III. It is obvious that the carbon steel surface 
becomes smoother upon the addition of any of the three 
tested surfactants. This effect is attributed to the adsorp-
tion of the surfactant molecules on the carbon steel surface. 
Thus, the effectiveness of the surfactants increases in the 
same order of inhibition efficiency obtained by the above 
technique: III > II > I. This sequence is the same as that 
obtained from weight loss and electrochemical techniques.

3.7 � Inhibition Mechanism

Figure 8 shows the dependence of inhibition efficiency 
of 10−3 M concentrations of compounds I, II, and III on 
exposure time. Some features could be recognized in the 
curves of Fig. 8. Firstly, the inhibition efficiency increases 
in the order: I > II > III. Secondly, the dependence of inhi-
bition efficiency on exposure time increases in the reverse 
order: III > II > I. These observations could be interpreted 
in view of the number of ethylene oxide units contained in 
the molecular structures of the surfactants. The higher the 
number of ethylene oxide units, the higher the surface area 
covered by the adsorbed molecules, and thus the higher is 
the inhibition efficiency. On the other hand, the higher the 
number of ethylene oxide units, the shorter the time needed 
to reach the maximum possible inhibition efficiency and 
hence the less-dependent inhibition efficiency on time.

On the other hand, electrochemical experiments sug-
gested a mixed-type inhibitor mechanism. Thus, the com-
pound molecules adsorb at both anodic and cathodic sites 
on the steel surface. The adsorbed molecules construct a film 
that suppress both the anodic and cathodic half-reactions by 
preventing the transfer of mass and charge between the steel 
and the corrosive environment.

Gemini surfactants have unique molecular structure which 
differs from that of the ordinary surfactant molecule with just 

hydrophilic head and a hydrophobic tail. It could be seen in 
the present surfactants that the oxygen atoms as well as nitro-
gen atoms with their lone pairs of electrons spread almost 
everywhere in their molecular structure. Since the adsorp-
tion process is achieved through these lone pair electrons, the 
surfactant molecules are adsorbed more likely in a horizontal 
manner. In such adsorption mode, the adsorbed molecule cov-
ers a surface area of the steel much higher than that expected 
if it adsorbs vertically. This postulated mode of adsorption 
is confirmed by the calculated values of Amin presented in 
Table 1. According to this argument, just small concentrations 
are needed to reach the maximum attainable capacity of inhibi-
tion, as obtained from the corrosion measurement techniques.

4 � Conclusions

•	 The three tested Gemini surfactants act as good corrosion 
inhibitor for acid corrosion of carbon steel.

•	 The inhibition efficiency increases with increasing sur-
factant concentration, the number of propylene oxide 
units, and exposure time.

•	 The surfactants were found to be mixed-type inhibitors. 
They inhibit the steel corrosion via horizontal adsorption 
of their molecules on both anodic and cathodic sites at 
the steel surface.

•	 The adsorption process is spontaneous and follows Lang-
muir isotherm.

Table 5   AFM roughness data of 
investigated compounds (A–B) 
at 300 ppm for 1 day at 25 °C

Free acid I II III

Area (pm2) 100.8 100.8 100.8 100.8
Sa (nm) 978.76 317.25 272.8 238.85
Sp (nm) 2710.1 1114.8 1030.7 779.81
Sv  − 5.0681 µm  − 2177.1 nm  − 1261.6 nm  − 891.71 nm

Fig. 8   Relationship between inhibition efficiency and exposure time 
in 0.1 M HCl solutions containing 10−3 M of compounds I, II, and III
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