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The corrosion inhibition of mild steel in
0.5 M H,S0, solution by pharmaceu-
tical antibacterial drug named Ceph-
alexin has been investigated by using
weight loss, potentiodynamic polar-
ization, electrochemical frequency
modulation technique (EFM) and
electrochemical impedance spectros-
copy (EIS) measurements. The polarization data showed that this drug is mixed-type inhibitor.
The percentage inhibition efficiency was found to increase with increasing the concentration of
the drug and with decreasing temperature. The Langmuir’s isotherm was found to provide an
accurate description of adsorption behavior of this drug. Some thermodynamic parameters were
computed and discussed. The correlations between advanced quantum chemical concepts and
inhibition efficiency was found and discussed. The data obtained from different methods are in
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good agreement.

1. Introduction

Mild steel is the major structural material in
industry, the protection of steel against cor-
rosion has attracted much attention. As most
steels are generally stable in neutral and alkaline
media, acidic environments are the major con-
cern [1]. Acid solutions are generally used for the
removal of undesirable scale and rust in several
petroleum processes. Inhibitors are used in this
process to control metal dissolution. Most of
the well-known acid inhibitors are organic com-
pounds containing O, S, and /or N atoms [2-5].
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However,there are several studies on the corro-
sion inhibition of organic compounds in acidic
solutions [6-15]. The inhibitive action is con-
nected with several factors including the struc-
ture and the charge distribution on the mole-
cule, the number and the types of adsorption
sites, and the nature of interaction between the
molecule and the metal surface [16]. Corrosion
inhibition occurs via adsorption of the organic
molecule on the corroding metal surface fol-
lowing some known adsorption isotherms with
the polar groups acting as active centers in the
molecules. The resulting adsorption film acts as
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a barrier that isolates the metal from the corrod-
ing solution and inhibition efficiency depends on
the mechanical, structural and chemical charac-
teristics of the adsorption layer formed under
particular conditions [17, 18].

The aim of this work is to study the effect of
(7R)-3-Methyl-7-(a-D-phenylglycylamino)-
3-cephem-4-carboxylic acid monohydrate (Ceph-
alexin drug) as inhibitor for the corrosion of mild
steel in 0.5M H,SO, solutions using chemical and
electrochemical measurements. The use of EFM
technique. Yes this is the first time to use this
drug as corrosion inhibitor for mild steel in 0.5
M sulfuric acid. | think so. Because it contains
different hetero atoms, high molecular weight,
soluble in water and so on

2. Experimental methods
2.1. Materials and solutions

The mild steel coupons with dimensions
2 x 2 x 0.1 cm were cut from a sheet. The chem-
ical composition (weight %) of mild steel: 0.2 C,
0.35 Mn, 0.024 P, 0.003 Si and Fe rest. The acid
solutions were made from AR grade H,SO,. An
appropriate concentration of acid was prepared
using distilled water. Cephalexin in pure form was
purchased from Al-Gomhoria Company, Egypt.

NH,

H
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Fig. 1: Molecular structure of Cephalexin Molecular formula:
Cy6H17N30,S, Molecular weight: 347.39
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The various concentrations of the drug was pre-
pared using bidistilled water. Its chemical struc-
ture is shown in Figure 1.

2.2. Weight loss method

The mild steel coupons with dimensions
2 x 2 x 0.2 cm were abraded with different grades
of emery paper up to 1200 grit size, washed
with bi-distilled water and acetone. After weigh-
ing accurately, the specimens were immersed in
0.5 M H,SO, solution with and without addition
of different concentrations of drug. After 3 hours
the specimens were taken out, washed, dried,
and weighed accurately. The average weight loss
of the three parallel mild steel sheets could be
obtained at required temperature at 252C. The
inhibition efficiency (IE) and the degree of surface
coverage (0) of the investigated drug on the cor-
rosion of C-steel were calculated as follows [19]:

%IE = 0 x100 = [(W,— W)/ W,] x 100 (1)

where W, and W are the values of the average
weight loss in the absence and presence of the
inhibitor, respectively.

2.3. Electrochemical measurements

A three electrode cell assembly at room temper-
ature [20, 21] was used for all electrochemical
measurements. The working electrode was mild
steel of above composition of 1 cm? area and
the rest being covered by using commercially
available lacquer. A rectangular Pt foil of 1 cm?
was used as counter electrode and saturated
calomel electrode (SCE) as reference electrode.
The working electrode was abraded with differ-
ent grades of emery papers up to 1200 grit size,
washed with bi-distilled water and degreased
with acetone. All electrochemical measurements
were carried out using Gamry Potentiostat/Gal-
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vanostat (model PCl 300/4) Gamry-Instruments
Inc., USA with EIS300 software for EIS, DC105
software for polarization and EFM140 software
for EFM measurements. Data was analyzed by
Echem Analyst 5.21. All the experiments were
carried out after the stabilization of the system
for 30 min.i.e. open circuit potential (OCP).

2.3.1. The potentiodynamic polarization tests

The potentials were recorded by changing the
electrode potential from -1.0 to 0.0 V versus SCE
with scan rate of 1 mV/s. All experiments were
carried out in freshly prepared solutions at con-
stant temperature (25-552C) using a thermostat.
%IE and [22] the degree of surface coverage (6)
were defined as:

% IE =0x100 = [(icorr_ icorr(inhj) / icorr] x 100 (2)

where icorbiank) @Nd icorrinn are the uninhibited
and inhibited corrosion current density values,
respectively, determined by extrapolation of
Tafel lines.

2.3.2. The electrochemical impedance
spectroscopy (EIS) tests

The spectra of EIS were recorded at open circuit
potential (OCP) after immersing the electrode for
30 min. in the test solution. The signal was 5 mV
peak to peak and the frequency range studied
was between 100 kHz and 0.2 Hz. The inhibition
efficiency (%IE) and the surface coverage (0) of
the used drug were calculated by applying the fol-
lowing relation [22]:

% IE =06 x 100 = [1-(R2 / R.)] x 100 (3)
Where, R°, and R are the charge transfer resis-

tance in the absence and presence of inhibitor,
respectively.
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2.3.3 The electrochemical frequency
modulation (EFM) tests

EFM is a new technique which provides a new
tool for electrochemical corrosion monitoring.
With the electrochemical modulation technique
(EFM), a potential perturbation by two sine waves
of different frequencies is applied to the system.
As a corrosion process is non- linear in nature,
responses are generated at more frequencies
than the frequencies of the applied signal. The
current responses can be measured at zero, har-
monic, and intermodulation frequencies. Anal-
ysis of these current responses can result in the
corrosion current density and Tafel parameters.
The inhibition efficiency (%IE,) and the surface
coverage (0) of the used drug were calculated by
applying the following relation:

[Egem % = © x 100 = [(icor, — iccnrr(inh)) / icorr] X 100 (4)

Where iggribian) @nd iorminty are the corrosion currents
in the absence and presence of inhibitor ,respectively.

3. Results and Discussion

Figure 2 shows the weight loss-time curves of
mild steel in 0.5 M H,SO, at 25 °C in the absence
and presence of different concentrations of used
drug. As shown from these Figures, by increasing
the concentration of this drug, the weight loss of
mild steel samples is decreased. This means that
the presence of this additive retards the corro-
sion of mild steel in 0.5M H,SO, or, this additive
acts as inhibitor [23]. The linear variation of weight
loss with time in uninhibited and inhibited 0.5M
H,SO, indicates the absence of insoluble surface
films during corrosion. In the absence of any sur-
face films, the inhibitor is first adsorbed onto the
metal surface and thereafter affects the corrosion
behaviour either by merely blocking the reaction
sites (anodic and cathodic) or by altering the mech-
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anism of the anodic and cathodic partial processes.
The inhibition efficiency (%IE) of inhibitor was cal-
culated and also corrosion rate (CR) [Table 1].

3.1.1. Role of anion in corrosion-inhibition
of mild steel in H,SO, solutions and its
synergistic effect

The effect of potassium iodide (KI) on the corrosion
of mild steel in 0.5 M H,S0, solution in the absence
and presence of different concentrations of Ceph-
alexin was studied by weight loss method. Figure 3
shows the weight loss-time curves for C-steel in

—&—blank

—®—100ppm
—A—200ppm
|-v—3000pm
—4—200ppm
—»—500p00m
== 600ppm

Weight loss,mg cm”

Time,min

Fig. 2: Weight loss-time curves for mild steel dissolution in
0.5M H,S0, in the absence and presence of different concen-
trations of investigated drug at 252C

Tab. 1: Inhibition efficiency (%IE) and corrosion rate (C.R.) of
mild steel in 0.5 M H,SO, at different concentrations of the
drug as determined by weight loss method after 90 min.
immersion at 252C

0.5 M H,SO, solution in the absence and presence
of different concentrations of the drug beside the
presence of 0.01M KI. The inhibition efficiency
(%IE),Corrosion rate(CR)and the SO values in the
presence of 0.01M of Kl is shown in Table 2. The
synergism parameter (SB)was calculated using the
relationship given by Aranmki and Hackerman [24].

So=(1-61.)/(1-6'1)) (5)
where, 6,,, = (6; + 6,) — (6, 6,), 6, = surface cover-

age by anion, 6,= surface coverage by cation, 08',,=
measured surface coverage by anion and cation.

Weight loss,mg cm”

Fig. 3: Weight loss-time curves for mild steel dissolution in
0.5M H2504 and 0.01M Kl in absence and presence of differ-
ent concentrations of the drug at 252C

Tab. 2: Inhibition efficiency (%IE), corrosion rate(CR) and syn-
ergistic parameter (Sg) of drug at different concentrations of
drug for mild steel in 0.5M H,SO, and 0.01M Kl as determined
from weight loss method after 90 min. immersion at 252C

[Inhibitor] inhibition CRx103 (inhibitor]  "hiition R
efficiency efficiency

ppm o mg cm2min’t ppm o mg cm?mintx 103

100 52.3 28.0 100 63.5 22.0 1.362
200 56.1 26.0 200 66.5 20.0 1.364
300 58.6 25.0 300 70.4 17.0 1.121
400 62.8 22.0 400 75.3 15.0 1.078
500 64.5 21.0 500 80.8 11.0 1.078
600 68.5 19.0 600 85.5 9.0 1.267
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This equation actually compares the corrosion
rate of either anion or cation and of the inhibi-
tor mixture (anion + cation). If anions and cations
have no effect on each other and adsorbed at
metal surface independently, the Sg value should
be equal to 1. Furthermore, synergistic effects are
observed if Sg > 1 and activation of corrosion is
observed if Sg < 1.It can be seen from Table 2 that
the addition of Kl inhibits the corrosion of mild
steel to a large extent. This can be interpreted
according to Schmitt and Bedbur [24], which pro-
posed two types of joint adsorption namely com-
petitive and cooperative. In competitive adsorp-
tion the anions and cations are adsorbed at dif-
ferent sites on the electrode surface, and in coop-
erative adsorption, the anions are chemisorbed
on the surface and the cations are adsorbed on
a layer of the anions, apart from the adsorption
on the surface directly. These two types are illus-
trated in Figure 4 [25].

Since Sg > 1 synergistic effect takes place i.e. com-
petitive adsorption occurs

3.2.1. Potentiodynamic polarization
measurements

Figure 5 shows the potentiodynamic polarization
curves for mild steel without and with differ-
ent concentrations of Cephalexin at 252C. The
obtained electrochemical parameters; cathodic
(B.) and anodic (B,) Tafel slopes, corrosion poten-
tial (E.oq), corrosion current density (ico), and
polarization resistance (R,) were obtained and
listed in Table 3. Table 3 and Figure 5:

1. Clearly shows that both anodic and
cathodic reactions are inhibited, in addi-
tion, E,, does not change obviously,the
value at 100 ppm is 468 these indicate
that investigated drug acts as a mixed-
type inhibitor [26-27],
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2. i decreases by increasing the concentra-
tion of the drug and

3. Thecurves of B, and B are parallel, this indi-
cates that the mechanism of the corrosion
reaction of C-steel does not change.

3.2.1.1. Adsorption isotherms
One of the most convenient ways of express-

ing adsorption quantitatively is by deriving the
adsorption isotherm that characterizes the metal/

(=> jeo'eS
(A
€SS (A
CAD
= T
cd1.1.01 ci1.1.01 <&i1.2.02
R —
S S P —
— = -
=

Competitive adsorption Cooperative adsorption

Fig. 4: Schematic diagrams and equivalent circuits of com-
petitive and cooperative adsorption of anion and cation
(Please enlarge the Fig in order to modify the diagram)

Lo Acm

log i,

1.0 0.8 06 0.4 0.2 00
potential, mV vs.SCE

Fig. 5: Potentiodynamic polarization curves for the dissolution
of mild steel in 0.5 M H,SO, in the absence and presence of
different concentrations of investigated drug at 252 C
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2] [ rresme this drug from 0.5 M H,SO, solution on C-steel
surface obeys Langmuir adsorption isotherm
according to equation (6):

e/(l'e) = KadsC (6)

Where, K, is equilibrium constant of adsorption
i i i . i . i i . process, © is the surface coverage, C is concentra-
c tion of the drug.

Fig. 6: Langmuir adsorption isotherm plotted as 6(1- 6) vs. C X L
of the investigated drug for corrosion of mild steel in 0.5M It is well know that the equilibrium constant for

H,S0, solution at 252 C adsorption process, K,4 is related to the standard
free energy of adsorption (AG2,4) by the follow-
ing equation [29]:

inhibitor/ environment system [28]. The surface

coverage (0) values were tested graphically to K,y =1/ 55.5 exp (-AG2,4, / RT) (7)

allow fitting of a suitable adsorption isotherm.

The plot of 6/(1-8) versus C (Figure 6) yielded a  Inspection of the data of Table 4, the large values

straight line, this proving that the adsorption of  of AG2,, and its negative sign, indicates that the

Tab. 3: The effect of concentrations of investigated drug on the free corrosion potential (E,), corrosion current density (i),
Tafel slopes (B,, B,),corrosion rate(C.R.), inhibition efficiency (%IE) and degree of surface coverage (6) of mild steel in 0.5M
H,S0, at 252C

-Ecorr MV icorr- MA B.mV B, mV

vs.SCE cm? dec? dec?
0.0 487 896.1 214 165 0.33931 10.402 - ----
100 468 265.7 180 142 130.1 3.077 0.704 70.4
200 466 253.3 178 140 1.344 2.940 0.717 71.7
300 466 240.1 175 134 1.373 2.788 0.732 73.2
400 469 2189 177 138 1.542 2.541 0.756 75.6
500 462 209.1 174 132 1.561 2.427 0.767 76.7
600 466 196.1 175 137 1.700 2.276 0.781 78.1

Tab. 4: dsorption equilibrium constant of (K,q), free energy of adsorption (AG2,4), enthalpy of adsorption (AH?,4) of and
entropy of adsorption (AS,4,) of drug on C-steel surface in 0.5 M H,S0O, at different temperatures

temperature -AG2, , k) mol? -AH?2 ads k) mol* -AS2, 4 ) mol-1K?
25 854.48 26.7 11.0
35 1014.77 28.0 15.0
234
45 623.01 27.6 133
55 379.50 27.2 11.5
March 2016 Eugen G. Leuze Verlag | www.jept.de
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adsorption of the drug on C-steel surface is pro-
ceeding spontaneously and accompanied by highly
efficient adsorption. The enthalpy of adsorption can
be calculated from the Van't Hoff equation [30]:

(AG2,4 / T) = (AH2 .4 /T) + constant (8)

The variation of (AG2,4 / T) with 1/T gives a
straight line with a slope which is equal to
AH? ¢ Figure 7. It can be seen from the Figure
that (AG2,4 / T) decreases with 1/T in a linear
fashion. The enthalpy and entropy for the adsorp-
tion of steel were also deduced from the thermo-
dynamic basic equation [31]:

AGgads =AH® ads 'TASads (9)

where AH?,, and AS2, are the enthalpy and
entropy changes of adsorption process, respec-
tively. A plot of AG2,4 versus T was linear (Figure 10)
with the slope equal to - AS?,, and intercept of
AH2, 4. The enthalpy of adsorption AH2,4 and the
entropy of adsorption AS%ads obtained are nega-
tive. The negative sign of AH2, indicates that the
adsorption of Cephalexin molecules is an exother-
mic process. In an exothermic process, physisorp-
tion is distinguished from chemisorption by consid-
ering the absolute value of AH?,4,. For physisorption
process, the enthalpy of adsorption is lower than 40
kJ mol’* while that for chemisorption approaches
100 kJ mol* [32]. In the present study, the absolute
value of enthalpy of adsorption obtained is typical
of physisorption. Values of AH? ads obtained by the
two methods are in good agreement. The entropy
of adsorption obtained from Equation (9) was neg-
ative because the inhibitor molecules freely moving
in the bulk solution were adsorbed in an orderly
fashion onto the mild steel, resulting in a decrease
in entropy [30]. Moreover, from thermodynamic
principles, since the adsorption was an exothermic
process, it must be accompanied by a decrease in
entropy [33].
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3.2.1.2. Effect of temperature

To investigate the mechanism of inhibition and
to determine the activation energy of corrosion
process, potentiodynamic curves of C-steel in
0.5M H,SO, were studied at various temperatures
(25-552C) in the absence and presence of differ-
ent concentrations of investigated drug. This drug
retards the corrosion process at lower tempera-
tures [34] whereas the inhibition is considerably
decreased at elevated temperatures. The increas-
ing of the corrosion rate with increasing temper-
ature is suggestive of physical adsorption of the
investigated drug on the C-steel surface. The
obtained electrochemical parameters; cathodic
(B.) and anodic (B,) Tafel slopes, corrosion poten-
tial (E.or), corrosion current density (ico.), and

000300 000305  0.00310  0.00315 000320 0.00325  0.00330  0.00335  0.00340

r

Fig. 7: Relationship between AG®,4,/T and 1/T for the drug

o blank
= 100ppm
110 200ppm
100+ 3008pm
400ppm

> sooppm

10 VA

20 '3

L e e e e M S S e B e e
20 0 20 40 60 ED 100 120 130 160 180 200 220 240 260 280 300
Zreal, Ohm em

Fig. 8: The Nyquist plot for mild steel in 0.5 M H,SO, solution

in the absence and presence of different concentrations of
investigated inhibitor at 252C
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polarization resistance (R,) at different concentra-
tions were obtained and listed in Table 5. Table 5
shows that i, increases by increasing temper-
ature and hence % IE decreases by increasing
the temperature. Figure 5 represents the Arrhe-
nius plots of natural logarithm of corrosion rate
versus 1/T, for C- steel in 0.5M H,SO, solution, in
the absent and presence of different concentra-
tions of Cephalexin. The values of slopes of these
straight lines permit the calculation of the activa-
tion energy, E”,, according to:

k=Aexp (-E,"/ RT) (10)

Where k is the corrosion rate, A is the pre-expo-
nential factor, E," is the apparent activation
energy, R is the universal gas constant and T is the
absolute temperature.

The values of E,” are given in Table 6. The results
of Table 6 revealed that, the values of E," were
increased by increasing the concentration of the
investigated inhibitor indicating that the dissolu-
tion of C-steel under these conditions is activation
controlled and also indicates the energy barrier
of the corrosion reaction increases in the pres-
ence of these additives. Other authors [35-37]

Tab. 5: The effect of concentrations of investigated compound on the free corrosion potential (E,), corrosion current density
(icorr), Tafel slopes (B, B.), corrosion rate (CR), inhibition efficiency (%IE) and degree of surface coverage (6) of mild steel alloy in
0.5M H,SO, at different temperatures

[Inh] “Ecor icor B
ppm mVvsSCE  pAcm?  my dect!
0.0 474 1172 236
100 467 520.0 206
200 461 479.9 201
35 300 465 417.8 198
400 464 397.1 192
500 465 3334 191
600 467 324.0 194
0.0 489 2543 284
100 489 2499 249
200 491 2067 238
45 300 491 1879 256
400 484 1554 221
500 482 1480 223
600 482 1323 225
0.0 473 3807 249
100 477 3548 269
200 484 3356 253
55 300 478 2816 242
400 481 2623 234
500 478 2567 244
600 482 2369 225

B.
mV dec?
187 38.68 13.60 --- ----
163 75.93 6.036 0.556 55.6
160 181.8 5571 0.591 59.1
156 90.82 4.850 0.644 64.4
150 92.15 4.610 0.661 66.1
149 108.8 3.870 0.716 71.6
152 114.5 3.760 0.724 72.4
227 21.52 29.52 - -
202 19.39 29.00 0.017 1.7
192 22.33 23.99 0.187 18.7
207 26.48 21.81 0.261 26.1
159 25.81 18.03 0.389 389
170 28.32 17.18 0.418 41.8
181 73.97 15.35 0.480 48.0
162 11.18 44.19 - -
204 14.20 41.18 0.068 6.8
183 13.75 38.95 0.118 11.8
170 15.41 32.69 0.260 26.0
147 14.93 30.45 0.311 31.1
174 17.18 29.80 0.326 32.6
147 16.31 27.49 0.378 37.8
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obtained similar results. The higher values of E,
are good evidence for the strong adsorption of
Cephalexin on C-steel surface.

An alternative formulation of Arrhenius equation
is the transition state equation [38], Figure 6 rep-
resents the transition state:

log k/T =log (R/ Nh) + AS"/ 2.303R +
(-AH*/2.303R) 1/T (11)
By plotting log k/T against 1/ T we obtain AH" from
the slope and AS" from the intercept where slope =
-AH"/ 2.303R, Intercept = log (R/ Nh) + AS"/ 2.303R

Where h is Plank's constant, N is Avogadro's
number, AH" is the activation enthalpy and AS” is
the activation entropy. The values of (AH") are pos-
itive and higher in the presence of the drug than
in its absence. This implies that the energy barrier
of the corrosion reaction in the presence of the
investigated compound increases and indicates the
endothermic behavior of the corrosion process.
On the other hand AS” values are lower and have
negative values in presence of the additives, this
means that addition of these compounds cause a
decrease in the disordering in going from reactants
to the activated complexes [39,40].

Tab. 6: Thermodynamic activation parameters for the dissolu-
tion of mild steel in 0.5M H,SO, in the absence and presence
of different concentration of investigated drug

3.2.2. Electrochemical Impedance
Spectroscopy (EIS) measurements

The corrosion of mild steel in 0.5 M H,SO, in
the presence of the investigated compound was
investigated by EIS method at 25 °C after 20 min

+ blank
100ppm|
4 200ppm|
300ppm
<« 400ppm|
500p0m)

B o 3 4 H

log hezq, Hz
Fig. 9: The bode plot for mild steel in 0.5 M H,SO, solution in
the absence and presence of different concentrations of the
investigated drug

CPE
—n_ |

Ret

Fig. 10: Equivalent circuit model used to fit the impedance
spectra

Tab. 7: Electrochemical kinetic parameters obtained by EIS
technique for the corrosion of mild steel in 0.5 M H,SO, at
different concentrations of investigated drug at 252C

Conc. AE, AH* -0S° Conc. Cy Ret 5 o
ppm kimol* kJmol* JmolK! ppm uFem?  Qcm? .

0.0 38.01 3541 106.59 0 62.57 107.4 — -
100 76.12 7353 10.66 100 5606 1689 0364 364
200 74.90 7230 298 200 51.78 174.4 0.384 384
300 72.27 69.67 3.40

400 71.63 69.03 6.28 300 47.09 201.9 0.468 46.8
500 1317 7057 197 400 4146 2388 0550 550
600 72.10 69.50 6.00 500 33.86 281.6 0.619 61.9
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immersion. Nyquist plot in the absence and pres-
ence of the investigated compound is presented
in Figure 8 and also the Bode plot is presented in
Figure 9. It is apparent that Nyquist plots show
a single capacitive loop, both in uninhibited and
inhibited solutions. The impedance data of mil
steel in 0.5 M H,SO, are analyzed in terms of
an equivalent circuit model (Figure 10) which
includes the solution resistance R, and the double
layer capacitance Cy which is placed in parallel to
the charge transfer resistance R.[41] due to the
charge transfer resistance. For the Nyquist plots,
it is obvious that low frequency data are on the
right side of the plot and higher frequency data
are on the left. This is true for EIS data where
impedance usually falls as frequency rises (this is
not true for all circuits). The capacity of double
layer (Cq) can be calculated from the following
equation:

Ca = [1/21 fipi Rell (12)
Where f., is maximum frequency used. The
parameters obtained from impedance mea-
surements are given in Table 7. It can see from
Table 7 that the values of charge transfer resis-
tance R, increase with inhibitor concentration
[42]. In the case of impedance studies, % IE
increases with inhibitor concentration in the

presence of investigated inhibitor. The imped-
ance study confirms the inhibiting character of
these compounds obtained from potentiody-
namic polarization and weight loss methods.
It is also noted that the (Cy) values tend to
decrease when the concentration of these com-
pounds increases. This decrease in (Cy), which
can result from a decrease in local dielectric
constant and/or an increase in the thickness of
the electrical double layer, suggests that these
compounds molecules function by adsorption
at the metal/solution interface [43]. The inhib-
iting effect of these compounds can be attrib-
uted to their parallel adsorption at the metal
solution interface. The parallel adsorption is
owing to the presence of one or more active
center for adsorption.

3.2.3. Electrochemical frequency modulation
(EFM) measurement

Electrochemical frequency modulation (EFM) is
a non-destructive corrosion measurement tech-
nique that can directly give values of corrosion
current without prior knowledge of Tafel con-
stants. In this technique current responses due
to a potential perturbation by one or more sine
waves are measured at more frequencies than
the frequency of the applied signal, for exam-

Tab. 8: Electrochemical kinetic parameters obtained by EFM technique for mild steel in 0.5 M H,SO, solutions with different
concentration of investigated drug

(1) I Ba B o

ppm pAcm?  mVdec! mVdec?!

0.0 190.8 83 112 2.030 2.919 85.08

100 1241 77 119 1.986 2.998 55.33 0.350 35.0

200 116.4 78 109 2.013 2.888 51.91 0.390 39.0

300 101.0 81 106 1.975 2.297 45.06 0.471 47.1

400 84.47 81 102 1.991 2.201 37.67 0.557 55.7

500 71.44 84 97 2.038 2.710 31.86 0.626 62.6
March 2016 Eugen G. Leuze Verlag | www.jept.de
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ple at zero harmonic and intermodulation fre-
quencies [44]. The great strength of the EFM is
the causality factors, which serve as an internal
check on the validity of the EFM measurement
[45]. The results of EFM experiments are a spec-
trum of current response as a function of fre-
quency. Figures 11, 12 represent the intermod-
ulation spectrum in absence and in presence of
600 ppm of drugas an example. The larger peaks
were used to calculate the corrosion current

density (icorr), the Tafel slopes (B. and B,) and
the causality factors (CF-2 and CF-3). These elec-
trochemical parameters were simultaneously
determined and listed in Table 8. As can be seen
from this Table, the corrosion current densities
increase in the presence of different concen-
trations of the drug than in the presence of 0.5
M H,SO, solution alone in case of C-steel. The
causality factors also indicate that the measured
data are of good quality.

blank

10004 &

fo00us g

100004 5

Currert (A)

100004 5

100.0pA ' ' ' ' '
0.000 Hz 5000Hz

1000 Hz 1500 Hz

Frequency (Kz)

=+ WIShOMFFT

Fig. 11: Intermodulation spectrum for mild steel in 0.5 M H,SO, solutions without investigated compound at 25 2C.
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100004
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Fig. 12: Intermodulation spectrum for mild steel in 0.5 M H,SO, solutions with 600 ppm of investigated compound at 25 2C
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3.3. Quantum chemical studies

Quantum-chemical calculations have been
widely used to study the reaction mechanism
and to interpret the experimental results as
well as to resolve chemical ambiguities. They
have also proved to be a very important tool
for studying corrosion inhibition mechanism.
The energy of the highest occupied molecu-
lar orbitals (Eyomo) indicates the ability of the
molecule to donate electrons to an appropri-
ated acceptor with empty molecular orbit-
als and the energy of the lowest unoccupied
molecular orbitals (E yyo) indicates its ability
to accept electrons. Figure 13 represents the
optimized molecular structures, HOMO, LUMO
of the investigated drug. The lower the value

Tab. 9: The calculated quantum chemical parameters for
Cephalexin compound using PM3.

Parameter Cephalexin
-Eqomos €V 9.70
-Eyumor €V 0.72
AE= Eyymo - Evomor €V 8.98
Dipole Moment, debye 5.83
Molecular Area, A2 347.43

Lumo

Homo
Fig. 13: The optimized molecular structures, HOMO, LUMO

March 2016

of E ymo, the more ability of the molecule is to
accept electrons [46]. While, the higher is the
value of E,gmo Of the inhibitor, the easer is its
offering electrons to the unoccupied d-orbital
of C-steel surface and the greater is its inhibi-
tion efficiency. The calculations listed in Table
9 showed that the highest energy Eyomo is
assigned for the compound Cephalexin, which
is expected to have corrosion inhibition. There-
fore, it has the greatest tendency to adsorb on
the metal surface and accordingly has the high-
est inhibition efficiency. This expectation isin a
good agreement with the experimental. (E,ypo—
Enomo) €nergy gap, AE, which is an important
stability index, is applied to develop theoretical
models for explaining the structure and con-
formation barriers in many molecular systems.
The smaller is the value of AE, the more is the
probable inhibition efficiency that the com-
pound has [47-49]. It was shown from Table 9
that Cephalexin molecule has the smaller AE.
Accordingly, it could be expected that Ceph-
alexin molecule has more inclination to adsorb
on the metal surface. The dipole moment p was
used to discuss and rationalize the structure
[50]. The higher is the value of u, the more is
the probable inhibition efficiency.

Optimized
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4. Mechanism of Corrosion Inhibition

An elucidation of inhibition mechanism requires
elaborated knowledge of the fundamental inter-
action amongst the protective compound and
the metal surface. Many of the organic corro-
sion inhibitors have at least one polar unit with
atoms of N'S, O and in some cases phosphorous.
It has been reported that the inhibition efficiency
decreases in the order to O < N < S < P. The polar
unit is considered as the reaction center for the
chemisorption process. Moreover; the size, ori-
entation, shape and electric charge on the mol-
ecule determine the degree of adsorption and
therefore; the effectiveness of the inhibitor. An
increase in inhibition efficiency with an increase
in concentration of Cephalexin showed that the
inhibition action is due to adsorption on the
steel surface, following the types of adsorption
that may take place at metal/solution interface:
(a) Electrostatic attraction between the charged
molecules and charged metal (b) Interaction of
unshared electron pairs in the molecule with the
metal (c) Interaction of p-electrons with the metal
and (d) Combination of (a) and (c) [51].In acidic
solution, Cephalexin is present in its protonated
form and it is well known that the steel surface
bears a positive charge [52.53], so it is difficult
for the protonated molecules to approach the
positively charged mild steel surface due to the

Eugen G. Leuze Verlag | www.jept.de

electrostatic repulsion. Since SO,-- ions could
bring excess negative charges in the vicinity of
the interface and favor more adsorption of the
positively charged Cephalexin molecules, the pro-
tonated Cephalexin adsorb through electrostatic
interactions between the positively charged mol-
ecules and the negatively charged metal surface.
Thus, there is a synergism between adsorbed
SO,-- ions and protonated Cephalexin. Thus, we
can conclude that inhibition of mild steel corro-
sion in 0.5 M H,SO, is mainly due to electrostatic
interaction. The decrease in inhibition efficiency
with an increase in temperature supports electro-
static interaction.

5. Conclusions

Cephalexin acts as a good inhibitor for the corro-
sion of mild steel in 0.5 M H,SO,. The inhibition
efficiency of Cephalexin decreased with temper-
ature, which leads to an increase in activation
energy of corrosion process. The adsorption of
Cephalexin follows Langmuir's adsorption iso-
therm. The adsorption process is spontaneous
and exothermic, accompanied by an increase of
entropy. Potentiodynamic polarization curves
reveals that Cephalexin is a mixed-type but
predominantly cathodic inhibitor. The results
obtained from different experimental studies are
in good agreement.
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