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The corrosion inhibition characteristics of synthesized cationic gemini surfactants of the series, 14-n-
14 (n=4,6) namely, 1,4-bis(N-tetradecyl-N,N dimethyl ammonium) butane dibromide (14-4-14) and
1,6-bis(N-tetradecyl-N,N dimethyl ammonium) hexane dibromide (14-6-14), on the mild steel in 1 M
HCI solution as a function of inhibitor concentration (2.5 x 10 - 2.5 x 107 M) and the solution
temperature (30-60 °C) was studied. The synthesized surfactants were characterized by Nuclear
Magnetic Resonance (NMR) spectroscopy. The inhibition efficiency (IE) of the inhibitors was
investigated by weight loss measurements, solvent analysis of iron ions, potentiodynamic polarization
measurements and electrochemical impedance spectroscopy (EIS). The surface analysis of the
corroded steel samples in absence and presence of surfactants was also evaluated by Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM). The %IE of the inhibitors increased with
increase in surfactant concentration and temperature; the %IE being in the range 70-98%. The
adsorption of gemini surfactants on the steel surface obey Langmuir adsorption isotherm from the fit of
the experimental data of all concentration and temperature studied. The associated activation energy of
corrosion (E,) and other thermodynamic parameters such as enthalpy of adsorption (AH), entropy of
adsorption (AS), adsorption equilibrium constant (K,gs) and standard free energy of adsorption (AGags)
were calculated to elaborate the mechanism of corrosion inhibition.

Keywords: Cationic Gemini surfactant, Corrosion inhibitor, potentiodynamic polarization, ac
impedance, SEM, AFM.

1. INTRODUCTION

The corrosion of mild steel in acidic solutions has been a subject of both academic and
industrial concern and has received considerable attention during the last few decades. Among the
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acids, hydrochloric acid is widely used for removal of rust and scales in several industrial operations.
However, hydrochloric acid is a strong corrosive agent and its corrosivity needs to be controlled by
using appropriate corrosion inhibitor. There are various organic compounds which tend to reduce the
corrosivity of acid solution [1-5]. Most of the effective organic inhibitors used contain heteroatom
(e.g., O, N, and S) and multiple bonds in their molecules through which they are adsorbed on the metal
surface [6-12]. The adsorption may occur via (i) electrostatic attraction between the charged inhibitor
molecules and the charged metal, (ii) interaction between the electron pairs in the inhibitor molecule
and the metal, (iii) « electron interaction with the metal and (iv)a combination of all [13,14].

Surfactants, because of their remarkable ability to influence the properties of surfaces and
interfaces, have been effectively exploited as corrosion inhibitor in acidic medium [15-25]. Surfactants
are amphiphilic molecules containing one hydrophilic (head) and other hydrophobic (tail) parts; this
favors the adsorption process at metallic surfaces. The hydrophilic part of the surfactant may be
positive, negative, neutral or zwitterionic and the hydrophobic part consists of one or more
hydrocarbon chains, usually with 6-22 carbon atoms. The adsorption process depends upon the
structure and concentration of surfactant molecules in the contacting medium [26]. The adsorbed
molecules form a monolayer or bilayer, hemimicelles or admicelles and prevent the acids to attack the
surface, and thus reduce the corrosion.

Gemini or dimeric surfactants (GS) are a new class of surfactant developed in recent years
which have attracted great attention in corrosion inhibition [27-30]. A gemini surfactant consists of
two conventional surfactant molecules chemically bonded together by a spacer. The two terminal
hydrocarbon tails can be short or long; the two polar head groups can be cationic, anionic or nonionic;
the spacer can be short or long, flexible or rigid. The GS need to be symmetrically disposed about the
center of the spacer, can self assemble at much lower concentrations and are superior in the surface
activity as compared to conventional surfactants. These surfactants have very low critical micelle
concentration (CMC) and have high solubilising capacity than the corresponding conventional
surfactants. The adsorption mechanism of GS on steel surface is quite different and more complicated
from that of conventional single chained surfactants. Like conventional surfactants, in case of GS also
multilayer may form at surfactant concentration above CMC. However, before multilayer may form
three different situations may be visualized [31]. In first situation two hydrophilic ionic groups of GS
may be adsorbed on the metal surface. In second situation one hydrophilic ionic group is adsorbed on
the surface whereas the second hydrophilic ionic group is free in the solution phase. Thirdly, both the
situation may coexist. At lower concentration of the GS the main adsorption mechanism is governed
by the first situation. At high concentration adsorption mechanism is governed by the second situation
but the third situation appears to be more reasonable because of the interaction between the molecules
of GS. The present work is aimed to study the corrosion inhibition behavior of two novel GS namely,
1,4-bis(N-tetradecyl-N,N dimethyl ammonium) butane dibromide (14-4-14) and 1,6-bis(N-tetradecyl-
N,N dimethyl ammonium) hexane dibromide (14-6-14), on mild steel in 1M HCI in the temperature
range of 30-60 °C.
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2. EXPERIMENTAL PROCEDURE

2.1. Material preparation

Mild steel samples having composition 0.034% C, 0.176% Mn, 0.0103% P, 0.059% Pb,
0.014% Al, 0.034% V and balance Fe were used for corrosion inhibition studies. The mild steel
coupons of size (2.0x2.0x0.04cm) were machined with a series of emery papers, followed by rinsing in
acetone and double distilled water (DDW) and then dried in air. Prior to any experiment, the
substrates were treated as described and freshly used with no further storage. The solution of 1M HCI
was prepared by using AR grade HCI (Qualigens) and DDW.

2.2. Synthesis and characterisation of gemini surfactants

The GS studied were synthesized in laboratory following an identical synthetic route described
earlier [32,33]. The synthesized products were characterized by NMR. *H NMR spectra of the
compounds were obtained in CDCl;3 using a BRUKER DRX-300 NMR spectrometer operated at
300.13 MHz. The name and molecular structures of the synthesized compounds are given in Table 1.

2.3. Weight loss measurements

The weight loss experiments were carried out in a thermostated water bath for duration of 6h as
per ASTM designation G1-90. The freshly prepared specimens were suspended in 250 ml beakers
containing 200 ml of test solutions maintained at 30-60 °C. The samples were immersed in triplicate
and average corrosion rate was calculated. The uncertainty for three replicate measurements was less
than 5%. The corrosion rate was calculated using equation:

534W

Corrosion rate (CR) (m ==
(CR) (mpy) AT
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Table 1. Name and molecular structure of gemini surfactants

S. No. Molecular structure / Name and abbreviation

G B

CH;—(CHo13— N—CHy—CHy—CHy—CHo—N—(CHy)5—CHs  2Br

CH3 CH3
1,4-bis(N-tetradecyl-N,N dimethyl ammonium) butane dibromide (14-4-14)
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2. CH, h

CHy—(CHy)jg— N—CHy—CH,—CHy—CHy—CHy— CHy—N—(CHphi3—Cly 2Br
CH, CH;
1,6-bis(N-tetradecyl —N,N dimethyl ammonium) hexane dibromide (14-6-14)

where, W is weight loss in mg; p is the density of specimen in g/cm®; A is the area of specimen
in square inch and t is exposure time in hrs. The %IE of the surfactants was evaluated using the
following equation:

@iE) = SRO=CRT 100 @)
CRo

where, CR, is the corrosion rate of mild steel in absence of inhibitor and CR; is the corrosion
rate of mild steel in presence of inhibitor.

2.4. Solution analysis of metal ions

The corrosion rate and IE of mild steel in absence and presence of inhibitors was also
investigated from the determination of total iron ions (Fe?*/Fe®") entered into the test solution in the
course of corrosion during immersion. The analysis was performed spectrophotometrically [34, 35]
using a calibration curve prepared from standard solutions. 1, 10-orthophenanthroline was used for
producing the colored complex with Fe?* ions. Hydroxylamine (HCI salt) was added as reducing agent
before color is developed to provide a measure of total Fe ions present into the solution. The pH of the
solution was adjusted to a value between 6 and 9 by adding sodium acetate buffer. The samples were
immersed in triplicate and the average corrosion rate was calculated. The uncertainty for three replicate
measurements was less than 5%. A double beam spectrophotometer (Model: Elico-SL-169 UV-
Visible Spectrophotometer) was used for analysis of iron ions in the solutions. The corrosion rate was
calculated using the following relationship:

Corrosion rate = i[gm‘lh‘l] (3)
Sxt

where, ‘m’ is the mass of corroded metal (calculated from the total iron content determined in
the test solution); ‘s’ is the area of the test metal in m? and ¢’ is the exposure time in hrs. The %IE of
the inhibitors was calculated using the Eq. (2).
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2.5. Potentiodynamic polarization measurements

The potentiodynamic polarization measurements were carried out on Micro Autolab type 111
potentiostat/Galvanostat (Model: u3AVT 70762, Netherlands) with Ag/AgCl electrode (saturated KCI)
as reference and Pt wire as counter electrode. The experiments were performed by sweeping the
potential between -0.25 and 0.25 V from open circuit potential at a scan rate of 0.0005 V/s. The
specimen was allowed to stabilize in the electrolyte for 30 min prior to the experiment. All the
experiments were done at room temperature (30+1°C).

2.6. Electrochemical impedance (EIS) measurements

Electrochemical impedance (EIS) measurements were carried out wusing Ivium
potentiostat/galvanostat (Model: IviumStat). All electrochemical experiments were performed in a
conventional three electrode cell at 30°C, with platinum as counter electrode, Ag/AgCl as reference
electrode, and mild steel as working electrode, with exposed surface of 1 cm? was placed into the
aggressive solution. EIS measurements were implemented at open circuit potential within frequency
range of 10 Hz to 10* Hz with 10mV perturbation.

2.7. Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) studies

The surface morphology of mild steel specimens immersed in uninhibited and inhibited acid
solution was evaluated using SEM (Model: JEOL JSM- 6510LV), and AFM (model: Innova SPM,
Vecco). After completion of immersion, the test specimens were thoroughly washed with DDW and
dried and then subjected to SEM and AFM studies.

3. RESULTS AND DISCUSSION

3.1. Characterization of gemini surfactants

The synthesized GS were characterized using NMR technique. The *H NMR spectra of
synthesized compounds are shown in Fig. 1. The pertinent details of NMR of the synthesized GS are as
follows:

14-4-14: H'NMR (CDCls) 8(ppm) 0.859-0.903 (t, 6H), 1.257-1.354 (m, 40H), 1.760 (m, 4H),
2.106 (m, 4H), 3.070 (s, 12H), 3.312-3.442 (t, 4H), 3.468 (s, 4H), 3.864 (s, 4H).

14-6-14: H'NMR (CDCls) 8(ppm) 0.862-0.881 (t, 6H), 1.256-1.353 (m, 44H), 1.562 (m, 4H),
1.722 (m, 4H), 1.975 (s, 4H), 2.956 (s, 12H), 3.484-3.500 (t, 4H), 3.532-3.678 (t, 4H).
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Figure 1. NMR Spectra of the synthesized gemini surfactants and their molecular structure (A) 14-4-

14, (B) 14-6-14.
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3.2. Weight loss measurements

The corrosion inhibition of mild steel in 1 M HCI at 30-60 °C in absence and presence of
different concentrations of GS was studied using weight loss technique and the data obtained after 6 h
of immersion have been recorded in Table 2.

Table 2. Corrosion parameters for mild steel in 1 M HCI in absence and presence of the GS from
weight loss measurements at different temperatures

50°C 60°C
Blank 639.47 938.27 2879.16 6372.85 - - - -
14-4-14
2.5%x107 209.42 328.40 663.68 828.47 67.25 65.00 72.00 86.70
5x107 140.68 187.65 402.95 446.10 78.00 80.00 83.12 93.25
2.5%x10° 83.13 75.06 101.92 191.19 86.56 92.44 95.73 96.72
5x10° 44,76 56.30 94.81 191.19 92.61 94.24 96.08 97.43
2.5x107° 25.60  41.60 71.11 127.46 9578 9560 97.22  98.41
14-6-14
2.5%x107 198.24 281.48 639.98 1465.76  69.00 69.90 73.00 77.00
5x10°7 159.87 262.72 521.46 1210.84  75.00 72.00 78.00 81.00
2.5%x10° 147.08 253.33 260.73 446.10 77.29 73.73 88.96 92.79
5x10° 108.71 121.98 165.92 318.64 82.58 87.29 92.95 94.86
2.5x107 57.56  84.44 13060  191.19 9049 91.00 9450  97.40
14-4-14
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Figure 2. Plot of % IE as a function of surfactants concentrations at 30-60 °C (A) 14-4-14 and (B) 14-
6-16.

The corrosion rate is reduced in presence of both the GS as compared to the free acid solution.
Also the corrosion rate increased with increase in temperature at all concentrations studied. The plot of
% IE as a function of surfactants concentrations at 30-60 °C reveals that at given temperature the IE
increases with increase in surfactant concentrations (Fig.2). The effect of temperature on IE is quite
pronounced; the IE increases with increase in temperature.

The inhibition of mild steel corrosion by GS can be explained in terms of their adsorption on
the steel surface. Both the GS used during the investigation showed excellent %IE well below their
CMC; the values of CMC for surfactants 14-4-14 and 14-6-14 at 30 °C being 1.2 x10™ and 1.4 x10™*M,
respectively. The excellent IE of the compounds is due to high degree of surface coverage resulting
from their adsorption on the steel surface. The strong adsorption in case of double chained GS can be
explained on the basis of electrostatic interaction between the two ammonium groups and the cathodic
sites on the steel surface. Below CMC as the surfactants concentration increases, the molecules tend to
aggregate at the interface and the interfacial aggregation reduces the surface tension, thereby resulting
in reduced corrosion rate. The comparison of the corrosion performance of both surfactants showed
that 14-4-14 has slightly higher values of IE than 14-6-14. This may be due to the fact that though both
the surfactants have same geometric length of the hydrophobic chain (C14) but have different spacer
length (4 and 6, respectively). A higher IE of 14-4-14 might be due to its smaller spacer size. A smaller
spacer size means shorter distance between the two head groups in unit gemini molecule, thereby
enhancing the charge density of head groups and favoring the adsorption of surfactant [36] .
Considering the effect of temperature on inhibition behavior of GS, the IE also increases with increase
in temperature. This pointed to the capability of surfactants to inhibit corrosion of steel at low and
relatively high temperatures. The GS on steel surface are chemically adsorbed on to the mild steel
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surface which is more favored at higher temperature due to lesser kinetic energy barrier. The effect of
immersion time on the IE of the GS was also studied at 30 °C and the results are presented in Fig. 3.
The IE does not appear to be significantly affected with increase in immersion period; this shows the
persistency of the adsorbed surfactants film over a longer test period. The IE of the surfactants as
obtained by solvent analysis of iron ions at 30 °C (Table 3) is consistent with the results of weight loss

measurements.
. /
85 -

% IE

—h—14-4-14
75 A —8—14-6-14
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65 . |
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Figure 3. Variation of %IE with time.

3.3. Adsorption Isotherms

Adsorption isotherms are very important in determining the mechanism of organo-
electrochemical reactions. In present study, Langmuir adsorption isotherm was found to be suitable for
the experimental findings. The isotherm is described by equation:

=%+C 4)

C
0
where, 6 is the degree of surface coverage, K is the equilibrium constant of the adsorption
process and C is the surfactant concentration. The plots of C/6 versus C for mild steel corrosion in 1M
HCI for surfactants 14-4-14 and 14-6-14 at temperature 30 °C is shown in Fig.4. The values of
adsorption parameters deduced from the Langmuir adsorption isotherm (linear regression parameters)
such as linear regression coefficient, slope and adsorptive equilibrium constants are presented in Table
4. A linear correlation of slope close to unity suggests that adsorption of surfactants on mild steel
interface obeys Langmuir adsorption isotherm. The high values of K indicate that the GS are strongly
adsorbed on the steel surface. The values of K for surfactant 14-4-14 is more than the surfactant 14-6-
14, this implies more efficient adsorption of 14-4-14 and hence better IE. The surfactant 14-4-14 is
more effective as an inhibitor for steel corrosion than that the surfactant 14-6-14.
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Figure 4. Langmuir adsorption isotherms for 14-4-14 and 14-6-14.

Table 3. Parameters from Langmuir adsorption isotherm, value of linear regression, slope,
and K at different temperatures

Surfactants R?
30°C 40°C 50°C 60°
14-4-14 0.999 1.003 96 76 129.33 196
14-6-14 0.999 1.094 36 40.44 76 129.33

3.4. Effect of temperature

In order to elucidate the inhibitive properties of the GS and the temperature dependence on the
corrosion rates, the apparent activation energy (E.) for the corrosion process in the absence and
presence of surfactants were evaluated from Arrhenius equation given by relationship:

E
log CR =logA - —2— 5
J : 2.303RT ©)

where, CR is the corrosion rate, A is the Arrhenius constant, E, is the apparent activation
energy, R is the molar gas constant and T is the absolute temperature. The logarithm of corrosion rate
(log CR) versus reciprocal of absolute temperature (1/T) for 1M HCI for blank, 14-4-14 and 14-6-14,
is presented in Fig. 5. The values of E, obtained from the slope of the linear plot are presented in Table
5. The other kinetic parameters such as enthalpy of adsorption, AH and entropy of adsorption, AS for
the corrosion of mild steel in 1 M HCI in presence of GS was obtained by the equation:
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Figure 5. Log CR vs 1/T plots in absence and presence of surfactants.

Table 4. Calculated values of kinetic/thermodynamic parameters for mild steel in 1 M HCI
in the absence and presence of GS from weight loss measurements.

Surfactants

Ea AH S Q -AGags (kJ/mol)
(kd/mol)  (kJ/mol) (kI/mol*K™) (kI/mol) |EKIIERE R

BLANK 82.97 62.61 12.83 - - - - -
14-4-14 48.46 43.08 -77.18 21.25 4482 3524 37.79 40.11
14-6-14 35.33 31.02 -109.92 37.34 32.23 33.60 36.36 38.96

where, N is the Avogadro’s number, h is the Planck’s constant, R is the molar gas constant and
T is the absolute temperature. Fig.6 shows the plots of log (CR/T) versus 1/T for blank and GS. Linear

plot was obtained and from the slope(—ijand intercept[log(ij{ AS j] of the linear
2.303RT Nh 2.303R

plot, the values of AH and AS, respectively, were obtained. The calculated values of AH and AS are
presented in Table 5. Considering the kinetic/ thermodynamic parameter for mild steel in 1M HCI in
absence and presence of surfactants, the values of E, and 4H in presence of surfactants are lower than
in absence of surfactants. This is due to decrease of the energy barrier of the corrosion reaction
occurring at the steel surface. A change in the value of E; in presence of surfactants may be due to the
modification of the mechanism of the corrosion process in presence of adsorbed inhibitor molecules. In
general, higher values of E, in presence of additives support physical adsorption mechanism whereas
an unchanged or lower value of E, for inhibited systems compared to the blank is indicative of
chemisorption mechanism. The inhibitor causing an increase in the values of E, compared to blank
retard the corrosion at ordinary temperature, but the inhibition is diminished at elevated temperature.
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In the present investigation the value of E, in presence of additives is lower compared to the blank and
hence supports chemisorption mechanism.

1,5 -
1
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s R?=0,9844
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Q
- RZ=(0 9984 —tr—14-4-14
-0,5 - ’
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'1_,5 T T T T 1
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1/T x 102 K1

Figure 6. Log CR/T vs 1/T plots in the absence and presence of surfactants.
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Figure 7. Log (6/1-0) vs 1/T plots in presence of surfactants.

The enthalpy of adsorption also decreases in presence of the GS compared to the free acid
solution, this further support the mechanism of chemisorption. The values of AS are negative which
indicates an increase in the system order in the presence of surfactants [37]. Fig.7 shows the plot of log

0 versus 1/T for the surfactants. From the slope —Q of the linear plot, heat of adsorption,
1-6 2.303R

Qads Was obtained. The calculated values of Q,qgs are positive (Table 5) indicating that the adsorption of
GS on mild steel surface is endothermic. The free energy of adsorption, AGgs is related to Kygs values
with the following equation [38]:
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1 AG
Kogs = ———exp| — 22ads 7
** " 5555 Xp( RT j 0

The calculated values of AGygs at 30-60°C for each GS are presented in Table 5. The negative
values of AG,gs indicate the spontaneous adsorption of the GS on the mild steel surface. It is an
established fact that values of AG,q4s around -20 kJ mol™ or less indicates physiosorption. The values of
AG,gs around - 40 kJ mol™ or more are considered as chemisorptions. However, the values of AGggs
between -20 and -40 kJ mol™ gives a disputed Judgment about the type of adsorption [39, 40]. In the
present investigation the values of AG,gs are between -30 and -44.82 kJ mol™ suggesting a mixed type
of adsorption involving both physiosorption and chemisoprtion. However, the variation in the values of
%IE with temperature and lower values of E; and 4H in presence of additives compared to blank
suggest major contribution of chemisorption in the adsorption process.

3.5. Solution analysis of metal ion

The corrosion rate of mild steel in 1 M HCI in absence and presence of G.S at 30°C was also
measured by determining the total iron ions entered into the test solution during the course of
immersion and the result is shown in Table 5. The %IE obtained by solvent analysis is consistent with
%IE determined by weight loss measurements

Table 5. Calculated values of corrosion rate and IE for mild steel in 1M HCI in absence and presence
of GS at 30°C from weight loss measurement from solvent analysis of iron ions into test
solution

(M) (gm™h™) (% IE)
Blank 1.76 -
14-4-14

2.5%10° 0.27 84.66
5%x10° 0.19 89.20
2.5%107 0.08 95.63
14-6-14

2.5x107° 0.65 63.07
5x10° 0.31 82.39
2.5x10” 0.15 91.48

3.6. Potentiodynamic polarization measurements

The potentiodynamic polarization curves for the corrosion of mild steel in 1M HCI solution in
absence and presence of different concentration of surfactants are shown in Fig.8.
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Figure 8. Potentiodynamic polarization curves for mild steel in 1 M HCI in absence and presence of
different concentration of surfactants (a) Blank (b)14-4-14 (2.5x10®° M), (c) 14-4-14 (2.5x107
M), (d) 14-6-14 (2.5x107° M), (e) 14-6-14 (2.5x107" M).

The values of electrochemical parameters as deduced from these curves e.g., corrosion
potential (Ecorr) cOrrosion current density (icorr), cathodic Tafel slope (B¢), anodic Tafel slope (Ba) and
% IE are shown in Table 6. The IE was calculated by using the following equation:

;0

%IE = oo 70 ®)

corr

where, i°orr and icorr are the corrosion current density in absence and presence of inhibitors,
respectively. The study of electrochemical data reveals that the value of ic decreases in presence of
additives, the decrease in igr IS more pronounced at higher concentration of surfactants. The values of
Ecorr in presence of surfactants shift to more positive values compared to the blank, suggesting the
dominant role of anodic suppression in the process [41]. The positive displacement in Ecor IS more
than 85mV suggesting that compounds acts as anodic type inhibitor [42,43]. There is a change in the
values of both fa and ¢ indicating that the corrosion of mild steel in presence of surfactants is under
both anodic and cathodic control. The values obtained from weight loss and electrochemical methods
remain slightly different, this may be due to the fact that IE calculated from weight loss method is an
average value, while the IE obtained from electrochemical method in an instantaneous value rather
than an average value. The electrochemical results on the whole, are in good agreement with the
weight loss results.
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Table 6. Electrochemical parameters for corrosion of mild steel in 1 M HCI in the absence and
presence of GS concentration at 30°C

Surfactant Ecor  leorx107 Be

concentration V) (Alcm?) (\V/dec)

BLANK -0.439 3.03 5.005 0.286 9.914 -
14-4-14

2.5x10” 0.045 0.032 0.086 0.236 0.103 98.9
2.5x10” 0.085 0.83 0.098 0.359 2.7 72.61
14-6-14

2.5x10” 0.051 0.26 0.094 0.305 0.84 91.4
2.5x10” 0.053  0.65 0.109 0.359 2.12 78.5

3.7. EIS measurements

EIS diagrams for mild steel in 1M HCI obtained in absence and presences of GS are shown in
Fig.9 and Fig.10. The phase angle at high frequencies provides a general idea of the anti corrosion
performance of the inhibitors. The more negative the phase angle the more capacitive the
electrochemical behavior [44]. Considering the appearance of phase angle vs. frequency diagrams
Fig.9, the increase in surfactants concentration from 2.5x107-2.5x10° M results in more negative
values of phase angle at high frequencies. This is indicative of superior inhibitive behavior of
surfactants at high concentration. Further, the increase in surfactants concentration caused an increase
in the absolute impedance at low frequencies in Bode plots. This is indicative of the enhanced
adsorption of surfactants molecules on the mild steel surface. Figure 10 shows the typical fitting results
of EIS diagram with the provided equivalent circuit where R represents solution resistance, R charge
transfer resistance, C the double layer capacitance and W, the Warburg resistance. The best fit
parameters are shown in Table 7. The IE was obtained from the following equation.

0 p—
%|E=(R°T—0R<>T)x1oo (9)
CT
C
| |
Rg I
T+ Ry

where, R%;and R are the charged transfer resistance in absence and presence of surfactants,
respectively. It is apparent that in presence of surfactants the value of R increases whereas the value
of C decreases. Further, the increase in surfactants concentration brings about an increase in the
diameter of the semicircular capacitive loop. The increase in R values in presence of surfactants is
attributed to the formation of a protective film on the mild steel/HCI solution interface [45, 46]
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Table 7. EIS parameters for corrosion of mild steel in 1M HCI in the absence and presence

of gemini surfactants concentration at 30°C

2.5x107° 22.2 131.6 1.81 - 93.58
2.5x107 3.99 24.22 1.76 3.9x10° 65.11
14-6-14

2.5x107° 9.42 62.3 0.43 5.34 86.44
2.5x107 5.7 1.86 2.46 5.99x107  54.59

whereas, a decrease in C values is due to increase in the thickness of electrical double layer
[47]. The further suggests that the investigated surfactants function by adsorption at the mild steel/ HCI
solution interface leading to the formation of a protective film [48]. The IE as obtained by EIS
measurements, in general, is consistent with the IE obtained by potentiodynamic polarization
measurements.
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Figure 9. Bode diagrams of mild steel in 1 M HCI in absence and presence of different concentration
of inhibitors (a) Blank (b)14-4-14 (2.5x10®° M), (c) 14-4-14 (2.5x107 M), (d) 14-6-14 (2.5x10"
> M), (e) 14-6-14 (2.5x107 M).
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Figure 10. Comparision of experimental impedance measured for mild steel immersed in (a) Blank
(b)14-4-14 (2.5x10° M), (c) 14-4-14 (2.5x107 M), (d) 14-6-14 (2.5x10° M), () 14-6-14
(2.5x107 M).

3.8. SEM and AFM studies

SEM and AFM studies were carried out so as to determine if the mild steel corrosion inhibition
is due to the formation of a protective film by adsorption of inhibitor. The SEM photomicrographs of
the blank mild steel surface and steel surface exposed to uninhibited and inhibited acid solution are
shown in Fig.11. The surface morphology of the blank mild steel sample shows a polished surface
which is free from any noticeable defects such as cracks and pits. The marks on the surface are the
streaks made during polishing with emery papers (Fig.11 a). In uninhibited acid solution (Fig. 11 b) a
damaged and heterogeneous surface is observed. The surface heterogeneity is considerably decreased
in the presence of surfactant additives (Fig.11 ¢ and d). The decrease in the surface heterogeneity
would have been caused by the deposition of the surfactants molecules on the mild steel surface which
protected the surface from the attack of corrosive medium.
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Figure 11. SEM pictographs of mild steel sample (a) Polished, (b) dipped in 1 M HCI, (c)dipped 14-6-
14 (2.5x107° M),(d) dipped in 14-4-14 (2.5x10™ M).

The SEM results are further proved by AFM photographs of blank mild steel surface and steel
surface exposed to uninhibited and inhibited acid solution (Fig.12). The AFM photographs were taken
at room temperature in the range of 0-3um and 0-2pm, respectively. The average roughness of blank
mild steel surface (Fig.12 a) is 0.081 um which was found to be 0.333 pum in presence of uninhibited 1
M HCI solution (Fig.12 b). The cracks on the steel surface due to acid attack are clearly evident in the
photograph. However, in presence of optimum concentration of 14-4-14 and 14-6-14 the average
roughness was reduced to 0.165um and 0.13um, respectively (Fig. 12 ¢ and 12 d). A smoother layer
with clearly different morphology is as a result of the formation of a protective layer by the adsorbed
inhibitor. The inhibitor layer is not very compact and as such does not provide absolute coverage, with
some metal sites still exposed to acid attack.
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Figure 12 AFM photographs of mild steel sample (a) Polished ,(b) dipped in 1 M HCI, (c) dipped in
14-6-14 (2.5x10™ M), (d) dipped in 14-4-14 (2.5x10™ M).

4. CONCLUSION

The cationic gemini surfactants showed good performance as corrosion inhibitor for mild steel
in 1M HCI. The weight loss data suggest corrosion inhibition by adsorption mechanism and fits well to
the Langmuir adsorption isotherm at various concentrations and temperatures studied. The
phenomenon of chemical adsorption was followed from the trend of inhibition efficiency with
temperature and values of E,, AH and AGs The results of potentiodynamic polarization
measurements are consistent with the results EIS measurements. Gemini surfactants act as anodic type
inhibitors. The SEM and AFM surface analysis showed smoother surface for steel in inhibited acid
solution. The inhibition behavior is slightly affected by the spacer length of the surfactants, the
surfactant 14-4-14 being more effective as an inhibitor for steel corrosion.
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