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Abstract

The inhibitive action of an examined expired Ambroxol (AB) drug on the corrosion of mild steel in 1 M hydrochloric acid
medium has been studied by both weight loss and electrochemical techniques. The weight loss techniques result was dis-
cussed. The inhibition efficiency increases with increasing the concentration of the AB inhibitor. Electrochemical studies
data support that examined expired AB drug is an efficient inhibitor for mild steel in 1 M hydrochloric acid medium. The
adsorption of the examined drug obeys Langmuir’s and Temkin adsorption isotherm. Polarization studies indicate that this
inhibitor acts as a mixed mode of inhibition. The various thermodynamic parameters were calculated and discussed. The
protective film formed on the surface was confirmed by FTIR, SEM and EDS. The quantum-chemical calculation also sup-
ports the inhibitive effect of the inhibitors. The data collected from the studied techniques are in good agreement to confirm
the ability of using expired Ambroxol (AB) drug as corrosion inhibitor for mild steel in 1 M hydrochloric acid medium.
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1 Introduction

Corrosion is the primary means by which metals deterio-
rate [1]. Corrosion introduces itself into many parts of our
lives. The great majority of us have personal feeling for the
importance of corrosion [2]. Far too many have cringed at
the emergence of rust holes in the body panels of relatively
new automobiles [3]. The outdoor rusting of steel, house-
hold, and garden appliances is a common fact of our life. All
have seen the strains on cooking utensils from hot foods or
experienced the metallic taste in acid foods stored too long
on open cans. That these effects are caused by corrosion
is well known [4, 5]. However, corrosion is just as com-
mon in other material classes such as ceramics, plastics, and
rubber. Since, practically all environments are corrosive to
some degree and are major contributing causes of material
failure and also are a large economic cost to the society [6].
Known to people as rust, corrosion is undesirable phenom-
enons which destroys the luster and beauty of the materials
and lessens their life [7-10]. There is no single figure for
loss to the nation due to corrosion. It can be a minimum of
3.5% of the nation’s GDP. Losses due to corrosion could
be around Rs. 2.0 lakh crores per annum in India. Corro-
sion costs manifest in the form of premature deterioration or
failure necessitating maintenance, repairs and replacement
of damaged parts [11].

Corrosion has a huge economic and environmental
impact on all facets of national infrastructure; from high-
ways, bridges, buildings, oil and gas, chemical processing,
water and waste water treatment, and virtually on all metallic
objects in use. Other than material loss, corrosion interferes
with human safety, disrupts industrial operations and poses
danger to environment. Awareness to corrosion and adapta-
tion of timely and appropriate control measures hold the key
in the abatement of corrosion failures [12, 13].

The consequences of corrosion are many and varied, the
effects of these on the safe, reliable and efficient operation
of equipment or structures are often more serious than the
simple loss of a mass of metal. Failures of various kinds and
the need for expensive replacements may occur even though
the amount of metal destroyed is quite small. Some of the
major harmful effects of corrosion are nuclear plant shut-
down due to failure e.g., nuclear reactor during decontami-
nation process, replacement of corroded equipment resulting
in heavy expenditure, high cost preventive maintenance such
as painting, loss of efficiency, loss of product from a cor-
roded container etc.,

Metals are opaque, lustrous elements that are good
conductors, malleable, and ductile. In Chemistry, met-
als may be defined as elements that readily form cations
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(positive ions) and form metallic bonds with other metal
atoms and ionic bonds with non-metals. Metals may also
be described as a lattice of positive ions surrounded by
a cloud of localized electrons. The metallurgist consid-
ers metals as elements that have overlapping conduction
bands and valence bands in their electronic structure
[14-18].

Metals are obtained from their ore by the expenditure
of large amounts of energy. Metals store heat as poten-
tial energy during the smelting and refining process and
release this energy during the corrosion process after
reacting with the environment. These metals can there-
fore be regarded as being in a metastable state and will
tend to lose their energy by reverting to compounds more
or less similar to their original states, for example, the
starting material for iron and steel making and the cor-
rosion product rust has the same chemical composition
(Fe,0;). The energy stored during melting and released
during corrosion supplies the driving potential for the
corrosion process to take place [19]. Since most metal-
lic compounds, and especially corrosion products, have
little mechanical strength, a severely corroded piece of
metal is quite useless for its original purpose. Metals
such as Mg, Al, Zn, and Fe which require larger amount
of energy for refining are more susceptible to corrosion
than metals which require lesser amount for refining such
as gold, silver, and platinum [20].

Hydrochloric acid is the medium generally being used
for pickling of mild steel in various industries. The using
corrosion inhibitors are one of the most effective and
economical methods to protect metal from corrosion in
acidic medium. Recently, many expired drugs have been
reported to be very effective corrosion inhibitors for the
protection of mild steel in acidic media to promote eco-
friendly environment [21]. In this study, the inhibitive
effect of expired Ambroxol drug on the corrosion of
mild steel was investigated using weight loss and electro-
chemical method. The literature report on the studies of
corrosion inhibition effect on Ambroxol on mild steel in
acidic media was reported in our earlier paper in sulfuric
acid medium [22]. Hence, attempts are made to utilize
the expired Ambroxol drug acts as anticorrosion agent
on mild steel in hydrochloric acid medium.

2 Materials and Methods

Solution of 1 M concentration of hydrochloric acid was pre-
pared from analar grade. The composition of mild steel has
been analyzed using vacuum emission spectrometer. The
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composition of mild steel has found to be 0.03% carbon,
0.25% manganese, 0.015% silicon, 0.003% phosphorus, and
the remaining iron. The commercially available cold rolled
mild steel sheets were machined into strips of rectangular size
5x%1x0.2 cm® containing a hole at one end of the coupons
for easy hooking. These specimens were polished with differ-
ent grades of emery paper, degreased with acetone, washed
with double-distilled water and properly dried and stored in
desiccator.

2.1 Analytical Methods
2.1.1 Weight Loss Method

The pre-treated specimen’s initial weights were noted accu-
rately and were fully immersed in 100 ml of the experimen-
tal solution (in triplicate) of 1 M hydrochloric acid with and
without different concentrations [1.0-11.0% (v/v)] of the AB
inhibitor with the help of glass hooks at different time intervals
(0.5,2,4,6, 8, and 24 h) and temperature (303, 313, 333, and
343 K). After the exposed period, the specimen was removed,
dried, and weighed. From the weight loss, the inhibition effi-
ciency (IE), surface coverage (), and corrosion rate (mpy)
were calculated using the formula given in our earlier papers
[23-28].

2.1.2 Electrochemical Method

The electrochemical measurements were carried out in a con-
ventional three-electrode cell assembly consisting platinum
electrode as an auxiliary electrode, saturated calomel electrode
as reference electrode and mild steel as working electrode.
A time interval of 30 min was given for each experiment to
attain the steady-state open-circuit potential. The three-elec-
trode set-up was immersed in hydrochloric acid solutions in
the absence and presence of AB inhibitor at room temperature.
For the measurements of impendence, the cell used was same
as that used for potentiodynamic polarization. An AC poten-
tial of 10 mV was super imposed on the study of open-circuit
potential. Nyquist plots were obtained from the results of
these experiments. The charge transfer resistance (R,,) values
were obtained from the plots of Z' versus Z" and the double-
layer capacitance C,, values were obtained from the following
Eq. (1),

1

Co=—7—"7
d 2 II fmaxR,, M

where, Cg is the double-layer capacitance; R is the charge
transfer resistance; fmax is the frequency at Z" value
maximum.

Besides, the above method, the inhibition efficiencies were
obtained from R, and R, values as follows:

s , Ry() — Ry

Inhibition efficiency(%IE) = ——— x 100 )

R,(0)

where R ;) and R, are the charge transfer resistance in the
presence and absence of AB inhibitor.

2.1.3 Surface Examination Studies

The surface morphology of corrosion product on mild steel
sample in 1 M hydrochloric acid in the absence and presence
of 9.0% (v/v) of examined expired Ambroxol (AB) at 4 h
was studied. After the immersion period, sample was dried
and analyzed by a scanning electron microscope with SEM
Hitachi model S-4500 field emission. SEM with a Quartz
X-One EDX system at magnification from 500 to 3000 oper-
ated at an accelerating voltage of 20 kV.

2.1.4 Theoretical Calculations

The Quantum-chemical calculations were done using semi-
empirical method—Parameterized Model 3 (PM 3). This
method is suitable for analyzing closely resembling mol-
ecules that are subject of our correlation studies. The out-
put of MOPAC program reports values such as ionization
potential, Eigen values, dipole moment etc. The quantum-
chemical parameters were generated to evaluate the theoreti-
cal inhibition efficiency of the inhibitor molecule.

3 Results and Discussion
3.1 By Weight Loss Method

3.1.1 Effect of Immersion Time on Corrosion Rate (CR)
and Inhibition Efficiency (IE)

The variation of inhibition efficiency showed in Table 1 and
corrosion rate mentioned in Table 2 with change in concen-
tration of the inhibitors are presented. It is obvious from
the data that there is decrease in the corrosion rate with
increase in the examined AB inhibitor from 1.0 to 11.0% v/v
concentration for all immersion periods. The decrease in
corrosion rate and increase in inhibitor efficiency is usu-
ally attributed to the adsorption of inhibitor constituents on
the surface of mild steel which makes a barrier for mass
and charge transfers and protects further attack by the acid
[29-33]. The maximum inhibition efficiency was noticed at
a concentration 9.0% of the inhibitor are 94.03% for exam-
ined AB inhibitor in 1 M hydrochloric acid medium. The
inhibitor efficiency increases with an increase in immersion
time, since more adsorption takes place on the metal surface

@ Springer
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Table 1 Inhibition efficiency

X A Conc. Inhibition efficiency (%)

f)f mild steel o.f AB 1nh.1b1t0r (VIV%)

in 1 M HCl acid in various 1/2h 2h 4h 6h 8h 24 h

concentration (+0.1) and

immersion periods 1.0 34.97 40.46 45.22 39.53 34.98 24.84
2.0 39.61 49.92 50.80 45.29 40.84 30.40
3.0 43.82 55.14 57.30 51.57 48.21 3943
4.0 48.03 61.01 64.40 57.33 53.50 49.39
5.0 53.65 65.25 72.58 60.99 57.45 53.91
6.0 56.46 71.45 77.48 68.59 60.10 59.41
7.0 59.27 76.84 82.88 74.08 63.56 61.03
8.0 62.08 80.10 88.74 80.15 68.24 65.76
9.0 64.89 84.34 94.03 88.05 81.27 76.26
10.0 57.87 78.14 88.37 82.60 73.53 66.42
11.0 46.63 69.98 80.30 75.45 61.32 44.41

Tablg 2. C,R O,f mild steel Of Conc. Corrosion rate (mpy)

AB 1nh1b1t0r inlM HC] acid VIV %)

in various concentration (+0.1) 12h 2h 4h 6h 8h 24 h

and immersion periods
Blank 158.71 341.60 784.33 709.57 342.15 80.20
1.0 103.20 203.40 429.64 429.08 222.48 60.28
2.0 95.85 171.08 385.90 388.22 202.42 55.82
3.0 89.16 153.24 33491 343.64 177.21 48.57
4.0 82.47 133.18 279.18 302.77 159.10 40.59
5.0 73.56 118.69 215.10 276.77 145.58 36.96
6.0 69.10 97.52 176.65 222.90 136.53 32.55
7.0 64.64 79.13 142.10 183.89 124.69 31.25
8.0 60.18 67.98 96.13 133.74 108.66 27.49
9.0 52.73 53.50 57.09 70.59 64.08 19.04
10.0 66.87 74.67 87.71 102.16 90.55 26.93
11.0 84.70 102.53 93.92 145.81 132.35 44.58

100.00

90.00 |

80.00 —o—1/2 Hrs
< 70.00 | .3 Hrs
; 60.00 | a4 Hs

50.00 | w6 Hrs

40.00 | -

30.00 | 24 Hrs

20.00 ; ; : : :

0 0.2 0.4 0.6 0.8 1 1.2

Conc.of the inhibitor(v'v %)

Fig.1 Influence of immersion time on inhibition efficiency of AB
inhibitor in 1 M HCl

which is mentioned in Table 1. From the Table 2, we can
clearly see about the corrosion rate of the AB inhibitor in
1 M hydrochloric acid medium. Optimum inhibition effi-
ciency is reached at 4 h (Fig. 1).

@ Springer

3.1.2 Effect of Temperature on CR and IE of AB Inhibitor

on Mild Steel in 1 M HCI

The effect of temperature on inhibition reaction of
inhibited acid metal surface is highly complex, because
many changes may occur on the metal surface, such as
rapid etching, rupture, desorption of the inhibitor, and
the decomposition and/or rearrangement of the inhibitor
[34-38]. Temperature has a great effect on the rate of
metal electrochemical corrosion. In case of corrosion in
an acid medium, the corrosion rate increases with tem-
perature increase because the hydrogen evolution over
potential decreases [39]. It is generally assumed that in
the acid corrosion the inhibitors adsorb on the metal sur-
face, resulting in a structural change of the double-layer
and reduced rate of the electrochemical partial reaction
[40]. In industrial processes like pickling and acid clean-
ing, the choice of optimum temperature is of particu-
lar importance as temperature modifies the interaction
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Table 3 Effect of temperature

- . Conc. 303K 313K 323K 333K 343 K
(£ 1 K) on the corrosion of mild (VIV)
steel in the presence of various CR IE CR IE CR IE CR IE CR IE
concentrations (+0.1) of AB (mpy) (%) (mpy) (%) (mpy) (%) (mpy) (%) (mpy) (%)
inhibitor in 1 M HCl
Blank 158.71 - 1241.56 - 1419.88 - 1778.75 - 4368.85 -
1.0 103.20 34.97 728.89 41.29 769.01 45.84 800.21 55.01 2429.62 44.39
2.0 95.85 39.61 601.83 51.53 653.10 54.00 737.80 58.52 2050.69 53.06
3.0 89.16 43.82 512.67 58.71 550.56 61.22 633.04 6541 1805.50 58.67
4.0 82.47 48.03 42351 65.89 450.26 68.29 53496 7292 1560.31 64.29
5.0 73.56  53.65 323.21  73.97 336.58 76.30 40345 7832 1359.69 68.88
6.0 69.10 56.46 27194  78.10 287.54  79.75 338.81 81.95 1092.21 75.00
7.0 64.64 59.27 207.30  83.30 22290 84.30 245.19 86.22 913.89 79.08
8.0 60.18 62.08 182.78 85.28 198.38  86.03 211.76  89.10 713.28 83.67
9.0 55.73 64.89 144.89  88.33 149.34  89.48 153.80 93.35 601.83 86.22
10.0 66.87 57.87 200.61 83.84 211.76  85.09 24296 87.34 1003.05 77.04
11.0 84.70 46.63 267.48 78.46 278.63  80.38 300.92 82.08 1292.82 70.41
100.00 4.0000 —e— blank
90.00 - i —-—1.0%
w000 3.5000 2.0%
g 2 3.0000 —x—3.0%
70.00 ——303K| E ——4.0%
s | ——5.0%
; 60.00 313K g 2:5000 —m—6.0%
50.00 - —323K = 2.0000 - —7.0%
8.0%
40.00 - 333K 1.5000 1 ——9.0%
30.00 —e—343K| 10.0%
1.0000 : : T T T 11.0%
20.00 ‘ ‘ 2.800 2.900 3.000 3.100 3.200 3.300 3.400
0 0.5 1 15

Conc.of the inhibitor(v/v %)

Fig.2 Effect of temperature on IE of AB in 1 M HCl

between the mild steel surface and the acid media in the
absence and presence of inhibitor.

In the presence of inhibitor which is of adsorptive type
the temperature variation affects the metal dissolution as
well as the degree of metal surface coverage by inhibitor
at a constant value of its bulk concentration. To test the
stability of the AB inhibitor at higher temperature, experi-
ments were performed at different temperature in the range
of 303-343 K in 1 M hydrochloric acid medium [41]. The
obtained corrosion rate (CR) and inhibition efficiency (IE%)
result are listed in the Table 3. A remarkable decrease in
mild steel corrosion was noticed with the addition of increas-
ing amounts of AB inhibitor used at each temperature. The
maximum efficiency was found to be 93.35% at 333 K for
9.0 v/v% concentration of the inhibitor. This increase in effi-
ciency with increase in temperature (Fig. 2) suggests the
chemical adsorptions of the inhibitor over the corroding
surface.

UTx10” K"

Fig.3 Arrhenius plot for the dissolution of mild steel in 1 M HCl
with and without AB inhibitor at various temperatures

3.1.3 Thermodynamic Parameters of Adsorption of the AB
Inhibitor in 1 M HCI

Thermodynamic parameters play an important role in under-
standing the inhibitive mechanism. The increase of tempera-
ture increases the rate of all electrochemical processes and
influences adsorption equilibrium and kinetics as well. Tem-
perature investigations allow the determination of activa-
tion energy in the absence and in the presence of inhibitor.
The obtained results can elucidate the mechanism of corro-
sion inhibition [42]. The adsorption mechanism is offered
by considering the apparent activation energies (E,) for
the mild steel dissolution in hydrochloric acid solutions in
the absence and presence of different concentrations of the
tested inhibitors. The energy of activation (E,), for mild steel
dissolution in the blank hydrochloric acid as well as hydro-
chloric acid with different concentrations of the AB inhibitor
at temperatures range of 303-343 K. Energy of activation
(E,) has been calculated from the Arrhenius equation. The

@ Springer
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Table 4 Thermodynamic data

for mild steel in 1 M HCl in Cone. L (80 Average  (AF) -~ (B5)
X (VIV%)  kJ/mol (kJ/mol) (kJ/mol) (kJ/mol)

the presence and absence of

acid solution of AB at 303 K to 303K 313K 323K 333K 343K

343 K(« 1K)
Blank 60.98 - - - - - - 16.4 -
1.0 55.85 13.33 15.51 16.50 18.03 16.85 16.04 14.80 0.0955
2.0 55.11 12.79 14.78 15.51 16.50 15.89 15.09 10.54 0.0794
3.0 54.16 12.20 14.48 15.22 16.07 15.40 14.67 11.12 0.0799
4.0 53.09 12.01 14.53 15.28 15.97 15.26 14.61 11.07 0.0795
5.0 52.42 11.71 14.95 15.76 16.41 15.21 14.81 12.54 0.0847
6.0 49.68 12.04 15.07 15.81 16.52 15.55 15.00 12.39 0.0848
7.0 47.13 11.94 15.54 16.23 17.16 15.76 15.33 14.62 0.0927
8.0 43.94 11.90 15.58 16.24 17.25 16.24 15.44 17.99 0.1035
9.0 41.42 11.91 15.97 16.79 17.91 16.46 15.81 19.91 0.1106
10.0 48.25 10.89 14.71 15.44 16.20 14.45 14.34 13.41 0.0859
11.0 47.94 9.51 13.54 14.29 15.24 13.23 13.16 16.31 0.0913

Arrhenius plots (Fig. 3) for the AB inhibitor in 1 M hydro-

chloric acid medium is shown. It is observed that the appar- . 097

ent activation energy (E,) value decreases in the presence g o074 303K

of the inhibitor [43]. Activation energy (E,) value for blank % o

is 60.98.kJ/.m.01 an.d 41..42 kJ/mol for 9.0% concentra'tion qf g 0.5+ x/“/,/'/'fx/x"/F e 323K

the AB inhibitor listed in the Table 4. The decrease in acti- E . e 333K

vation energy in the presence of the inhibitor and increase )

in inhibition efficiency with temperature are suggestive of o1 . .

chemisorption of inhibitor on the metal surface. The nega- -1.2 -0.8 -0.4 0

tive value of free energy of adsorption (AG,,,) indicates the
spontaneous adsorption of the inhibitor [44]. The positive
values of entropy and negative values of enthalpy of adsorp-
tion indicates that the strong interaction of the inhibitor with
the metal surface. An endothermic reaction suggesting that
a high temperature favors the complexation process and it
is in good agreement with the increase in stability with the
temperature. This also supports the assumption of chemical
adsorption [45]. Also the above mentioned factors support
the assumption of chemical adsorption.

3.1.4 Adsorption Isotherm

Inhibition of metal dissolution in acidic media involves
adsorption of organic molecules at the metal—electrolytes
interface. Corrosion inhibition is generally believed to be
due to the formation and maintenance of a protective film on
the metal surface. Adsorptions isotherm are very important
in determining the mechanism of organo-electrochemical
reactions, the most frequently used are those of Langmuir,
Frumkin, Parsons, Temkin, Flory—Huggins, and Bock-
ris—Swinkels. The data were tested graphically by fitting to
various isotherms. Temkin adsorption isotherm (Fig. 4) was
applied to explain the nature of the adsorption of the inhibi-
tor. This explains the relationship between log ©/(1 — ©) and
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log C

Fig.4 Temkin adsorption isotherm plot for the dissolution of mild
steel in 1 M HCI with and without AB inhibitor at various tempera-
tures

1.2
1 B
y
0.8 3
o 067 —%—303K
;; 0.4 —=—313K
2 0.2 A X |—4—323K
0 ——333K
0.2
0.4
0.6 . :
1.2 038 04 0

log C

Fig. 5 Langmuir adsorption isotherm plot for the dissolution of mild
steel in 1 M HCI with and without AB inhibitor at various tempera-
tures

concentration of the three inhibitors at various temperatures.
A starlight line is obtained on plotting log /(1 — ©) versus
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log C suggesting that adsorption of the compound on the
surface of mild steel follows Langmuir’s adsorption isotherm
(Fig. 5). These results depicted that all the slopes are close to
unity, which indicates that the adsorption of all the inhibitor
follows Langmuir adsorption isotherm [46]. This isotherm
is applicable for the chemisorptions of species to form a
monolayer on the surface.

3.2 Electrochemical Methods

3.2.1 Potentiodynamic Polarization (Tafel) Studiesin 1M
HCl

Electrochemical measurements were carried out to study
the nature of inhibitor, mode of action, and mechanism of
reaction. The effect of the acid dissolution of the inhibi-
tors on the electrochemical behavior of mild steel in 1 M
hydrochloric acid solutions in the absence and presence of
inhibitor was studied and the electrochemical parameters
such as corrosion potential (E,,), corrosion current density
(I,orp)» anodic and cathodic Tafel slopes (b, and b,), resist-
ance polarization (R,), and percentage inhibition efficiency
based on Tafel fit and linear polarization fit are listed in the
Table 5.

The results revealed the strong inhibiting effect of the
AB inhibitor. E_ . values are centered and the addition of
inhibitors in 1 M hydrochloric acid solution did not show
much significant change in E_, in all the three expired drugs
suggesting that the acid dissolution control the corrosion by
controlling both anodic and cathodic reactions. This indi-
cates that the inhibition of corrosion of mild steel in 1 M
hydrochloric acid for the acid dissolution is under mixed
control [47]. The E_,,, values are also shifted to the more
negative side with an increase in the inhibitor concentra-
tion. These shifts can be attributed to the decrease in the
rate of metal dissolution process. I, values of the inhibited
acids are lower than that of the uninhibited acid, which indi-
cates that increase in corrosion inhibition property is due to
increase in blocked fraction by adsorption of inhibitor mol-
ecules on the electrode surface. Thus as the concentration
increases, there is a regular decrease in /., showing that
AB inhibitor in 1 M hydrochloric acid acts as a very good

inhibitor for mild steel. Lower I .., values without causing

any significant changes in the corrosion potential. E_ . sug-
gests that the AB inhibitor is a mixed-type inhibitor [48].

Even though b, and b, values change with an increase in
inhibitor concentrations, a higher b, values indicates that
the cathodic reaction is retarded to a higher extent than the
anodic reaction. It can also be stated as due to formation of
oxides on the metal surface in the presence of the inhibitor
which is confirmed by the presence of metal oxygen bond
observed on the surface of mild steel through FTIR tech-
nique. This observation suggests that the inhibitor consists
of various organic compounds like phenols, amino acids,
all of which might act by specific mechanism and the over-
all effect may be a mixed mode of inhibition [49]. Inhibi-
tion efficiency has been calculated by both Tafel method
and linear polarization method. The IE values were found
to increase with increase in the concentration of the acid
dissolution.

The maximum linear inhibition efficiency at an optimum
concentration of 9.0% v/v of AB in 1 M hydrochloric acid
was found to be 60.52%. The polarization curves for mild
steel in 1 M hydrochloric acid solution in the absence and
presence of AB inhibitor is shown (Fig. 6). From the fig-
ures, it can be interpreted that the addition of the inhibitor

Log CurrentA

-0.60 -0.55 -0.50 -045 -0.40
Potential V

Fig.6 Potentiodynamic polarization curves for mild steel in 1 M HCI
without and with various concentration of inhibitor AB at 303 K

Table 5 Potentiodynamic

polarization parameters for C\?/I{(,:é« _E\C/m ICO'/K /Cm? oo b, V/d be V/d Rgpz 2 Ry
mild steel in 1 M HCl in the (VV%  (mV) MA/CmY (g (%) ~ (mV/deo)  (mVidee)  (Qem) g (%)
absence and presence of the AB )\ 502.9 0.412 - 83 125 6703 -
inhibitor (+0.1)
2.0 491.4 0.239 41.99 72 142 110.2 39.17
5.0 490.5 0.214 48.06 68 141 135.7 50.60
9.0 489.5 0.167 59.47 65 143 169.8 60.52

@ Springer
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to corrosive media changes the anodic and cathodic Tafel
slopes [50]. The changes in slopes showed the influence of
the inhibitor both the cathodic and anodic reaction. How-
ever, the influence is more pronounced in the cathodic
polarization plots compared to that in the anodic polarization
plots. Compared with the blank solution, a marked shift of
about one order of magnitude decrease in the cathodic cur-
rent is seen at higher concentration of the inhibitor. Polariza-
tion plots reveal that the presence of the inhibitor shifts the
anodic curves towards the more positive potential direction
and the cathodic curves towards the negative direction. The
shapes of Tafel plots also indicate that the electrodic reac-
tions are kinetically controlled [51].

3.3 Electrochemical Impedance Spectroscopy (EIS)
3.3.1 Impedance Studies of Mild Steel in 1 M HCI

The EIS method is very useful in characterizing electrode
behavior. The EIS technique is based on the response of an
equivalent Randles circuit (Fig. 7) for an electrode-solution
interface [52]. The equivalent circuit consists of double-layer
capacitance (Cy) in parallel with charge transfer resistance
(R.) which is in series with solution resistance (R;). Values
of these components and inhibition efficiencies are derived
from EIS measurements.

The corrosion behavior of mild steel in 1 M hydrochloric
acid solution in presence of AB was investigated by EIS
method at room temperature. The various parameters such
as charge transfer resistance (R), double-layer capacitance
(C4) and the corresponding inhibition efficiency were calcu-
lated and given in the Table 6. The charge transfer resistance
(R, is calculated from difference in impedance at lower and
higher frequencies.

The increase in R values with an increase in inhibi-
tor concentration is the result of an increase in the surface
coverage by the inhibitor molecules. The increased surface
coverage led to an increase in inhibitor efficiency. From the
data it is clear that Cy; values decrease with the increase in
inhibitor concentrations due to the adsorption of the chemi-
cal constituents of the acid dissolution of the expired drugs

S AAA VAVAYE &
RE Rs Rt WE
CFE

Fig. 7 Equivalent Randles circuit used to fit the EIS data of mild steel
in various acid media without and with various concentrations of
inhibitors
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Table 6 Electrochemical impedance parameters for mild steel in the
absence and presence of AB (+0.1) in 1 M HC1

Conc. R Cy IE
(VIV%) (Qcm?) uF/cm? (%)
Blank 25.67 628 -

2.0 46.61 531 44.93
5.0 51.71 508 50.36
9.0 67.47 464 61.95

replacing water at the metal-solution interface that led to the
decrease in local dielectric constant and/or an increase in the
thickness of the electrical double-layer and also decrease the
roughness of the mild steel surface [53].

The Nyquist plots for various concentrations of the inhibi-
tor are given. The impedance diagram for AB in 1 M hydro-
chloric shows (Fig. 8) that the diameters of the Nyquist plot
which is semicircular in appearance. There was a gradual
increase in the diameter of each semicircle of the Nyquist
plot due to increase in the number of inhibitive molecules
in the dissolution when the concentration was raised from
2.0, 5.0 and 9.0% v/v. This suggested that the formed inhibi-
tive film was strengthened by addition of inhibitor. The
increase in diameters clearly reflected that the Rct values
also increased from 46.61 to 67.47 ohm cm? for AB inhibitor
as moving from 2.0% o the highest concentration of 9.0%
v/v. This may be due to formation and gradual improve-
ment of the barrier layer of the inhibitive molecules (IE)
and as a result the acid corrosion rate of mild steel gradu-
ally decreased [54]. Thus, it may be inferred that the inhibi-
tor could be adsorbed in specific places on the mild steel

80 2% -
5% -
1 9% -

opbo+

-Z" ohm

Z' ohm

Fig.8 Nyquist plots of mild steel in 1 M HCI without and with vari-
ous concentration of AB at 303 K
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surface. According to this mechanism the inhibitor could
be adsorbed at active points thus causing the corrosion rate
to drop. The difference in corrosion rate is attributed to the
frequency dispersion, due to roughness and in-homogeneity
of the solid surface.

3.4 Surface Examination Studies

The results pertaining to the comparison of corrosion inhibi-
tion efficiency of some expired drugs such as Ambroxol in
1 M hydrochloric acid medium on mild steel are supported
by the Scanning electron microscopy (SEM) micrographs,
Energy dispersive X-ray (EDX) and Fourier transform
infrared (FTIR) spectroscopy. The surface morphological

X100  100pm 0000 1228 SEI
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Fig. 9 a SEM photograph of polished mild steel surface. b SEM pho-
tograph of mild steel immersed in 1 M HCI. ¢ SEM photograph of
mild steel immersed in 1 M HCI containing 9.0% of AB inhibitor. d

characteristics of the uninhibited mild steel in 1 M hydro-
chloric acid medium and the inhibited mild steel using AB
in 1 M hydrochloric acid medium was analyzed under SEM
Hitachi model S-4500 field emission SEM with a Quartz
X-One EDX system at magnification from 500 to 3000 oper-
ated at an accelerating voltage of 20 kV.

3.4.1 Scanning Electron Microscopy (SEM) Analysis

SEM photographs of the polished mild steel specimen and
mild steel specimens after immersion in 1 M hydrochlo-
ric acid medium without (Fig. 9a) and with (Fig. 9b) the
inhibitor containing optimum concentration of (9.0% v/v)
inhibitor are presented. In the SEM photograph of polished

Fe Spectrum 1

Fe

5 10 15 20
ull Scale 2232 cts Cursor: 0.000 ket

d

-

EDX spectrum of mild steel in 1 M HCI. e EDX spectrum of mild
steel in the presence of AB inhibitor in 1 M HCI
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mild steel (Fig. 9), no pits or cracks were observed except
polishing lines. Inspection of figures revealed that (Fig. 9a)
the specimens immersed were rough and extremely damaged
in the presence of 1 M hydrochloric acid medium. The depth
of surface corroded due to exposure of mild steel to acid is
well visible with shallow pits, pores and cracks [55]. The
SEM photographs of mild steel exposed to acids containing
AB inhibitor (Fig. 9b) show that there is less damage on
the mild steel surface which clearly confirms the inhibition
action due to the formation of protective film by the chemi-
cal components present in the inhibitor on the mild steel sur-
face resulting in a decrease in the contact between the metal
and the aggressive medium and effectively exhibit excellent
inhibition effect. It was also noticed that the corrosion prod-
ucts formed are found to deposit as separate layers in cluster.

3.4.2 Energy Dispersive X-ray Spectroscopy (EDX) Studies

EDX spectra employed to investigate the composition of
the corrosion scales in the case of mild steel immersed for
4 hin 1 M hydrochloric acid without and with the inhibitor
containing 9.0% v/v concentration. The percentage atomic
content of Fe for mild steel immersed in 1 M hydrochlo-
ric acid is 59% (Fig. 9¢). And those for mild steel dipped
in an optimum concentration of the inhibitor AB is 79.85
(Fig. 9d). From the figures, the spectra of inhibited samples
show that the Fe peaks are considerably suppressed, when
compared with uninhibited mild steel samples [56]. This
suppression of Fe lines is due to the inhibitory film formed
on the metal surface. EDX analysis is good agreement with
the results of electrochemical studies, which suggest that the
surface film inhibits the metal dissolution.

3.4.3 Fourier Transforms Infrared Spectroscopy (FTIR)
Studies

The FTIR spectra may be taken for inhibitor in an auto-
matic recording FTIR spectrophotometer. The region in

the FTIR spectrum shows spectral bands or peaks due to
the vibrations of individual bonds or functional groups.
The fact that many functional groups can be identified by
their characteristic vibration frequencies makes the spec-
trum, the simplest and often the most reliable method of
assigning a compound to its class. In spite of this, FTIR
spectroscopy is most frequently used in chemical stud-
ies as a ‘fingerprint’ device, for comparing natural sam-
ples. The complexity of the spectrum lends itself particu-
larly well to this purpose and such comparisons are very
important in the complete identification of many types
of chemical constituent. The spectroscopy can also use-
fully contribute to structural elucidation, when new com-
pounds are encountered. FTIR spectra were taken for raw
inhibitor in hydrochloric acid dissolution. The results of
FTIR peak values and functional groups are represented
in Table 7. The FTIR spectrum AB inhibitor profile is
illustrated (Fig. 10 a, b, ¢). The FTIR spectrum confirmed
the presence of alcohols, amides, alkenes, and para substi-
tuted acid aromatic compounds, carboxylic acids, ethers,
esters, amines, halogens, and aromatics in different inhibi-
tor. FTIR spectroscopy is a powerful tool that can be used
to determine the type of functional groups and bonding
for organic inhibitors adsorbed on the metal surface. FTIR
spectra of adsorption layer formed on the mild steel sur-
face after immersion of 1 M hydrochloric acid (Fig. 10c)
and with AB inhibitor (Fig. 10b) shows the presence of
OH, NH, C=0 group of amide and aromatic rings. The
inhibition active dissolution of the metal is due to the
adsorption of inhibitor molecules on the metal surface
forming protective film. The inhibitor molecules can be
adsorbed onto the metal surface through electron transfer
from the adsorbed species to the vacant electron orbital of
low energy in the metal to form co-ordinate type complex
with the metal through the functional groups and = elec-
trons of aromatic ring [57].

Table 7 Calculated quantum-

. N S. No. Quantum parameters Burtin of AB inhibitor
chemical parameters of the
inhibitors AB Ambroxol hydrochlo- Salbutamol sulfate
ride

1 Exomo (€V) —-8.25 —8.94
2 E; umo (€V) -0.39 0.26
3 AE (eV) 7.86 9.19
4 Dipole moment (u) —4.32 —4.34
5 Absolute hardness () (eV) 3.93 4.60
6 Softness (o) (eV™") 0.253 0.218
7 Absolute electronegativity (y) (eV) 4.32 4.34
8 Tonization potential (/) 8.25 8.94
9 Electron affinity (A) 0.39 -0.26
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Fig. 10 FTIR spectrum of AB
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Fig. 11 Schematic representa- * 000 40
tion of adsorption of inhibitor °
molecules on metal surface *

3.5 Mechanism of Inhibition

The mechanism of the inhibition process of the corrosion
inhibitors under consideration is mainly due to the adsorp-
tion. The phenomenon of adsorption is influenced by the
nature and surface charge of the metal and by chemical
structure of inhibitors. The surface charge of the metal is
due to the electrical field which emerges at the interface on
immersion in the electrolyte. Weight loss, potentiodynamic
polarization, and EIS measurement clearly depict that cor-
rosion of mild steel in 1 M hydrochloric acid was retarded
in the presence of the inhibitor. The results clearly showed
that the inhibition mechanism (Fig. 11) involves blocking
of mild steel surface by inhibitor molecules by adsorption.

The inhibition efficiency values of the investigated inhib-
itors were found to vary in the different acid media. The
differences in inhibition efficiency may be referred to the
molecular structure effect, and the rigidity of pi-delocalized
system of the inhibitor that may cause the increasing or
decreasing of the electron density on center of adsorption,
and leading to an easier electron transfer from the functional
groups to the metal, producing greater co-ordinate bond-
ing. Besides the physical adsorption, the inhibitor may be
adsorbed on the metal surface via the chemical adsorption
mechanism, involving the co-ordinate bonds that may be
formed between the lone electrons of N atom and the empty
p-orbital of Fe atoms which enhanced the combination inten-
sion between the inhibitor molecule and electrode surface.
The adsorption of the inhibitor molecules on the mild steel
surface can be explained on the basis of the four methods.
They are

(1) Electrostatic attraction between charged molecules
and the charged metals.
(i) Interaction of unshared electron pairs in the molecule
with the metal.
(iii) Interaction of & electron with the metal
(iv) A combination of all the above.

The inhibition mechanism can be explained by the forma-
tion of Fe-(Inh) ads intermediates:

@ Springer
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a Inhibitor molecule

Metal surface

Fe + Inh.

— Fe— (Inh),4, — Fe"" +ne~! +1Inh

This Fe-(Inh),, is the intermediate of inhibitor adsorption.
The adsorption layer acts as a hindrance to the aggressive
solution and enhances the protection of the metal surface.
Initially there is insufficient Fe-(Inh), 4, to cover the metal
surface, because the inhibitor concentration is low or
because the adsorption rate is slow, the metal dissolution
takes place at sites on mild steel surface where Fe-(Inh),; is
not available. To further elucidate the mechanism of inhibi-
tor adsorption, it is necessary to establish the adsorption
modes of the inhibiting species. The predominant adsorption
mode depends upon factors such as the extract composition,
type of acid anion as well as chemical changes to the acid
dissolution of the inhibitors. The isolated inhibitors undergo
protonation easily in hydrochloric acid medium. The proto-
nated species can get adsorbed on cathodic sites of the mild
steel surface and reduce hydrogen gas evolution.

Inh + nH" - [Inh]™*

Besides the physical adsorption, inhibitor may be adsorbed
on the metal surface via the chemisorption mechanism,
involving the co-ordinate bonds that may be formed between
the lone pair of the un-protonated N atoms and the empty
orbital of Fe atom which enhanced the condensation inten-
sion between the inhibitor molecule and electrode surface.
Inhibition efficiency also depends on the number of adsorp-
tion sites, their charge density, molecular size, and heat of
hydrogenation, mode of interaction with metal surface, and
formation of metallic complex. Physical adsorption requires
the presence of electrically charged metal surface, charged
species in the solution, presence of metal with vacant low-
energy electron orbital and inhibitor molecules with lone
pair of electrons. Structural and electronic parameters like
type of functional group, steric and electronic effects are
also responsible for the inhibition efficiency of any inhibitor.
Since the compound has to block the active corrosion sites
present on the metal surface, the adsorption occurs by free
electrons of the inhibitor linking with the metals. The inhibi-
tors normally have organic compounds containing:
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1. Heteroatoms (N, S, P, O) with lone pair of electrons

2. Molecules with n-electrons which are most effective but
harmful to the environment

3. Cyano groups with triple bonds and

4. Heterocyclic compounds like phenolic compounds, etc.

Most of these organic compounds possess heteroatoms
such as O- and N- which strengthen their adsorptive prop-
erty over metal surface and hence the anti-corrosive behavior.
It was reported that N-containing compounds are relatively
ineffective in prevention of corrosion of iron and steel in sul-
furic acid solutions unless certain anions, especially halide
and pseudo-halide ions, are present. This long known syner-
gistic effect is widely used in inhibitor formulation as a rule
of thumb; N- containing compounds exert their best efficien-
cies in hydrochloric solutions. Thus it can be suggested that
the high inhibition efficiency of AB may be due to the active
organic constituents containing —O and —N. The inhibiting
influence of these molecules can be attributed to their adsorp-
tion through the NH, C=0, OH, COOH groups and also may
be due to the presence of more & electrons in the rings.

It can be suggested that they may act together for their
better protective performance towards acid corrosion of mild
steel. These organic molecules get chemisorbed on the metal
surface forming a protective film. The adsorbed organic mol-
ecules may interact with each other as well as with the elec-
trode surface [58]. In present case the inhibitors consisted of
-O and- N containing groups which orient themselves over
the metal surface (Fig. 12) so as to cover it horizontally via
weak bonding.

The inhibitors inhibit the dissolution reaction by adsorp-
tion at the metal surface in two different ways. First, the
inhibitor may compete with C1~ or SO,>~ of ions for sites at
the water covered anodic surface. The protonated inhibitor
then loses its associated protons in entering the double-layer
and chemisorbs by donating electrons to the metal. In addi-
tion, the protonated inhibitor electrostatically adsorbs onto
the anion covered surface, through its cation form [59]. Since
chemisorption plays a main role, competitive adsorption of

the green inhibitor which involves the donation of electron
pair to the metal surface appears too predominant.

Moreover, the expired drugs show good inhibition effi-
ciency in sulfuric acid medium than in hydrochloric acid
media. This may be due to the availability of more sites on
the metal surface in sulfuric acid medium because of lesser
adsorption of the sulfate ions on the steel surface [60]. This
results in high IE even at relatively low concentration of the
extract. This also explains the observation that increases in
concentration of the inhibitor above 9.0% v/v does not show
significant change in the inhibition efficiency.

3.6 Quantum-Chemical Calculations

Quantum-chemical methods have a strong impact towards
the design and development of corrosion inhibitors. Density
functional theory has been used to precisely calculate infor-
mation regarding molecular geometries and electron distri-
butions. Due to its accuracy and smaller time requirement
for the computational methods; it’s widely used to analyze
the inhibition efficiency and inhibitors surface interactions
[61]. The chemical reactivity of an organic inhibitor with
metal surfaces has been widely reported to depend on a set
of quantum-chemical parameters such as the energy of the
higher occupied molecular orbital (Eyqp0), the energy of the
lowest unoccupied molecular orbital (E; ;y0). €nergy gap
(AE=Eyomo — ELumo)- the dipole moment (u), and atomic
charges of reactive atoms.

According to the frontier molecular orbital theory,
the formation of a transition state is due to an interaction
between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
of the reactants. It is found that, high Eygyo values of
the molecules leads to higher electron donating ability to
appropriate acceptor molecules with low-energy empty
molecular orbital. A low E; ;o values suggests that the
molecule accepts electrons easily from donor molecules.
The difference (AE=E;yymo — Enomo) 15 the energy
required to move an electron from HOMO to LUMO. The

Fig. 12 A sketch representing
the possible orientation of the
active organic constituents of
inhibitors during the adsorption
phenomenon over mild steel
surface
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energy gap (AE) between the HOMO and LUMO provides
information about the overall reactivity of a molecule. As
AE decreases, the reactivity of the molecule increases
leading to increase in the inhibition efficiency of the mol-
ecule [62]. Low values of the AE gap will render good
inhibition efficiencies since the energy to remove an elec-
tron from the last occupied orbital will be minimized. A
molecule with a low energy gap is more polarizable and
is generally associated with the high chemical activity and
low kinetic stability and is termed soft molecule [63].
Low value of the dipole moment (u) will favors
the accumulation of inhibitor molecules on the

Fig. 13 a Optimized structure
of the Ambroxol hydrochloride
in the inhibitor AB. b Opti-
mized structure of the Salbuta-
mol sulfate in the inhibitor AB

a HOMO

metallic surface. From the values of Mulliken charge we
can observe the presence of excess of negative charge on
nitrogen, oxygen, and sulfur atoms which can be adsorbed
on the metal surface using these active centers leading
to the corrosion inhibition action. High ionization energy
indicates high stability and chemical inertness and small
ionization energy indicates high reactivity of the atoms
and molecules. The low ionization energy (eV) indicates
the high inhibition efficiency. A hard molecule has a large
energy gap and a soft molecule has a small energy gap
[64].

b LUMO

Fig. 14 a and b HOMO and LUMO of Ambroxol hydrochloride in the inhibitor AB
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Table 8 FTIR absorption

A S. No. Am Am in HCI Possible functional group
spec.tra values of the inhibitor (cm™") (cm™")
AB in HCI
1 3445 3460 Presence of -OH group
2 2308 and 2266 - Presence of C=N group
3 1738 1635 Presence of C=0 group of amide
4 1600-1365 - Presence of a C=C (in ring)
5 1217 and 1102 1197 Presence of para substituted aromatic out of
plane bending
6 1053 1049 Presence of strong absorption of C-O group
7 673 798 Presence of the C-X group

a HOMO

Fig. 15 a and b shows HOMO and LUMO of Salbutamol sulfate in the inhibitor AB

Table 9 Inhibition efficiency of AB inhibitor for mild steel in 1 M
HCI from weight loss, polarization, and impedance techniques

Conc. Inhibition efficiency (%)
(VIN%) B .
Weight loss Polarization method Imped-
method e ance
corr RP method
2.0 39.61 41.99 39.17 4493
5.0 53.65 48.06 50.60 50.36
9.0 64.89 59.47 60.52 61.95

Normally, the inhibitor with the least value of global
hardness [Chemical hardness (#)] (hence the highest value
of global softness) is expected to have the highest inhibition
efficiency. For the simplest transfer of electron, adsorption
could occur at the part of the molecule where softness(S),
which is a local property, has a highest value [65].

3.6.1 Quantum Studies for the Inhibitor AB

The AB inhibitor contains two chemical constituents
namely, Ambroxol hydrochloride and Salbutamol sulfate,

its optimized geometry (Fig. 13a, b), HOMO and LUMO
(Figs. 14a, b, 15a, b) are shown. The related quantum-chemi-
cal parameters are given in the Table 8. In analysis, the trend
for the AFE values follows the order Ambroxol hydrochlo-
ride > Salbutamol sulfate, which suggests that AB inhibi-
tor’s constituents Ambroxol hydrochloride has the highest
reactivity in comparison to the salbutamol sulfate.

4 Evaluation of Inhibition Efficiency
of the Inhibitor Obtained from Different
Techniques

The inhibition efficiency obtained by the weight loss
measurements, polarization, and electrochemical imped-
ance techniques are given in the Table 9. The inhibition
efficiency of the AB drug studied by various techniques is
almost similar. Hence the expired drug AB can be effec-
tively used as an inhibitor for static and dynamic condi-
tions. Corrosion is a natural process which reduces the
binding energy in metals. The end result of corrosion
involves a metal atom being oxidized, whereby it loses
one or more electrons. The corrosion manifests itself

@ Springer
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as a break-up of bulk metal to metal powder. Corrosion
degrades the useful properties of materials. Based on
the above investigations, the following conclusions were
drawn. The weight loss measurements were carried out for
mild steel in 1 M hydrochloric acid medium in the absence
and presence of various concentrations of the AB inhibi-
tor at different immersion period and different tempera-
ture range (303-343 K). The weight loss, electrochemi-
cal methods, SEM, EDX, FTIR, and quantum-chemical
calculations were employed in the present investigation.

Conclusion

The expired Ambroxol drug acts as good and efficient
corrosion inhibitor for the corrosion of mild steel in 1 M
HCI medium by weight loss method and electrochemical
methods

The inhibition efficiencies (IE) of inhibitor is found to
increase with increase of concentration and exposure
time.

The inhibitor is found to obey Temkin and Langmuir
adsorption isotherm.

Polarization studies indicate that the inhibitor act as a
mixed-type inhibitor.

The FTIR results indicate the presence of a uniform film
over the metal surface, which effectively protects from
the corrosion.

The SEM and EDX morphology of the adsorbed thin film
on the mild steel surface has shown high performance of
inhibitive effect of the inhibitors. SEM reveals the for-
mation of a smooth uniform surface on mild steel in the
presence of the inhibitor which indicates the formation
of a good protective layer on the metal surface.
Quantum-chemical calculation also supports the inhibi-
tive effect of the inhibitor.

Data obtained from the conventional weight loss method
and electrochemical measurements have shown that the
compound has excellent inhibiting properties for mild
steel in acid solution and was also found to follow the
similar trend.
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