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performed used optical profilometer.

INTRODUCTION

Metals have a natural tendency to find all the possible
routes to go back to their stable combined state. This results in
the gradual destruction of the metals which is referred as corro-
sion. Chemical cleaning of the industrial equipment employs
acids such as hydrochloric acid, sulphuric acid, nitric acid and
phosphoric acid so as to remove the scales, rust or inorganic
contaminants. However, hydrogen from the acid reacts with
the metal surface making it brittle and causes cracks. The use
of corrosion inhibitors in corrosive environments to mitigate
corrosion was found to be an effective method in terms of avail-
ability, cost effectiveness and ease of application [1]. The organic
and inorganic inhibitors are known for their effective perfor-
mance as inhibitors for mild steel due to the presence of the
hetero atoms and ability to be adsorbed onto the surface of the
metal preventing its corrosion. Yet the high cost, toxicity, non-
biodegradability and the great threat they pose to the environ-
ment led to the search for environmentally friendly inhibitors.
Naturally occurring plant materials which have the constituents
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Lime, a vibrant fruit of citrus family is known for its antioxidant as well as anti-microbial properties. The constituents of lime juice |
include organic acids, polyphenols, soluble sugars, vitamins, minerals and amino acids. These details prompted to experiment lime juice |
as corrosion inhibitor for mild steel in 1 M HCI. The weight loss studies showed that the corrosion inhibition efficiency increased with
increase in concentration of the lime juice as well as increase of temperature. The inhibition efficiency reached a maximum of 96% for an |
immersion period of 24 h. The best fit for the adsorption process obeyed Langmuir isotherm. The negative value of AG,s showed the |
spontaneity of the corrosion inhibition process. The corrosion inhibition efficiency of the acidified lime juice was further validated by |
electrochemical studies namely AC impedance studies and potentiodynamic polarization studies. The surface morphology study was |
|
|
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and properties similar to that of the synthetic materials are
exploited in the mitigation of corrosion. Several studies have
showed the use of fruit juices as effective corrosion inhibitor
[2-11]. Lime juice is rich source of flavonoids [12], polyphenols
[13,14], minerals [15], organic acids [16], sugars [17] and fatty
acids [18]. Studies also revealed the phytochemical antioxidant
and antimicrobial properties of lime juice [19]. The objective
of the present study was to evaluate lime juice as an effective
corrosion inhibitor of mild steel in 1 M HCI using weight loss
study and electrochemical studies.

EXPERIMENTAL

Fully ripened lime purchased from the local market was
washed with tap water, dried and then compressed using lemon
hand juicer. About 22 mL juice was obtained from 35 g of lime.
The juice was filtered to get a homogeneous solution and the
fresh juice was used for all the experiments. After testing a range
of concentrations, 8 to 18% concentrations (v/v) of lime juice
with 1 M HCl was chosen for testing the inhibitor activity. The
mild steel specimen of dimension 1 cm x 5 cm was mechan-
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ically polished followed by the use of emery sheets. Then washed
with distilled water, degreased with acetone, dried and stored
in the desiccator until further use. For weight loss studies, accu-
rately weighed mild steel specimens are placed in 100 mL
beakers containing 1 M HCl without and with varying % compo-
sition of lime juice extract. After an immersion periods of 1,
3, 6, 12 and 24 h, the weight loss of the mild steel specimens
were accurately measured. The experiment was repeated at
different temperatures viz. 303-343 K through a step up of 10
°Craise in temperature. Using the weight loss values, the inhib-
ition efficiency % and surface coverage at different immersion
periods were calculated using eqns. 1 and 2.
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where W, and W; represent the weight loss in g for the blank
and the inhibitor solution, respectively. The electrochemical
studies were done using CH Electrochemical workstation CHI-
608E model constituting three electrode cell system with
platinum as counter electrode, calomel as reference electrode
and mild steel specimen of 1 cm x 1 cm dimension as working
electrode. Both AC impedance and Tafel polarization studies
were performed. The surface morphology was studied using
optical profilometer.

Surface coverage (0) =

RESULTS AND DISCUSSION

Weight loss studies: Weight loss studies showed that the
inhibition efficiency of the corrosion inhibitor namely the lime
juice increased with the increase in concentration as well as
increase in immersion periods as shown in Fig. 1. The inhibition
efficiency reached 96% for an immersion period of 24 h. An
increase in inhibition efficiency with increase in concentration
may be attributed to the increase in the concentration of the
active constituents being adsorbed on the surface of the metal
[20]. The temperature studies revealed that the corrosion inhi-
bition efficiency increases with increase in temperature and
reaches a maximum of 94.59% at 343 K for 18% inhibitor
concentration and an immersion period of 30 min as shown in
Fig. 2. The corrosion rate was calculated using eqn. 3.

3.45x10° x Aw

Corrosion rate (mpy)=———
i (mpy) (Axdx) 3)

TABLE-1
VARIATION OF CORROSION RATE WITH
DIFFERENT CONCENTRATIONS OF LIME
JUICE AT DIFFERENT TEMPERATURES

Conc. Corrosion rate (mpy)
(vIv) 303 K 313K 323K 333K 343K
Blank 613.1646 1716.861 2505215 4362228 11650.13
8% 262.7848 630.6835 875.9494 1331.443 2803.038
10% 210.2278 508.0506 718.2785 1208.81 2102.278
12% 157.6709 402.9367 508.0506 875.9494 1576.709
14% 122.6329 297.8228 385.4177 630.6835 1313.924
16% 70.07595 175.1899 245.2658 367.8987 893.4684
18% 52.55696 122.6329 175.1899 262.7848 630.6835
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Fig. 1. Variation of IE% with lime juice concentrations in 1M HCI for
mild steel at different immersion periods at 303 K
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Fig. 2. Variation of IE% with concentrations of lime juice in 1M HCI for
mild steel at different temperatures

where AW is the weight loss before and after immersion of the
mild steel specimen in the blank and the inhibitor solutions, A
is the area of the specimen, t is the immersion period and d is
the density of the mild steel. It is clearly seen from Table-1 that
the corrosion rate decreases with the increase in concentration
of the inhibitor solutions.

The Arrhenius plot (Fig. 3) and transition state plot (Fig.
4) were drawn based on eqns. 4 and 5. These plots were useful
to calculate the corrosion kinetic parameters and the values
are displayed in Table-2.

CR = Aexp(_%J )
o

where CR is the corrosion rate, E, is the apparent activation
energy, A is the pre exponential factor and R is the molar gas

RT
CR =—ex ex (5)
Nh P P
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Fig. 3. Arrhenius plot for mild steel in the absence and presence of lime

juice in 1M HCI
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AH" values reflect the endothermic nature of the corrosion
process. The large and the negative value of entropy of activation
suggests a greater orderliness due to the formation of activated
complex [22].

The inhibitory action of the inhibitor in acid solution is
mainly due to the adsorption on the surface of the metal. Also,
an inhibitor molecule may occupy more than one active site
on the surface or else more than one inhibitor molecule may
adsorb on an active site leading to a multilayer adsorption [23].
The adsorption studies showed that the adsorption process
obeyed Langmuir, Temkin and Freundlich isotherms as was
established by the R? value. However, the best fit was found
for Langmuir isotherm. The deviation of the slope from unity
implies the possible interactions between the adsorbed molecules
causing repulsions or attractions or may be due to the changes
in heat of adsorption with increase in surface coverage [24].
Therefore, the results were once again fitted in the modified
form of Langmuir isotherm given by eqn. 6:

Q)

where y refers to the number of inhibitor molecules adsorbed
on an active site. The value of 1/y calculated was found to be
less than 1 indicating a multilayer adsorption [23,25]. An
increase in K,q values with temperature reveals the increased
stability of the adsorbed inhibitor on the metal surface (Table-
3). This is further evident from the increase in the inhibition
efficiency with increase in temperature [26].

0
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TABLE-3
ADSORPTION PARAMETERS FOR THE CORROSION PROCESS
FOR MILD STEEL AT DIFFERENT TEMPERATURES

AG,,

1/T (K)
Fig. 4. Transition state equation plot for mild steel in the absence and
presence of lime juice in 1M HCl

TABLE-2

Temp. (K) Ko (KJ mol") Slope R’
303 0.057 -2.89 0.55 0.99
313 0.086 -4.07 0.65 0.99
323 0.099 -4.57 0.68 1.00
333 0.117 -5.17 0.72 0.98
343 0.231 -7.28 0.85 1.00

CORROSION KINETIC PARAMETERS IN THE ABSENCE AND
PRESENCE OF THE LIME JUICE IN 1M HCI FOR MILD STEEL

Conc. E®& A(kem? AH' (K AS'J  E-AH=
V) mol™) st mol’)  mol'K") RT

Blank 58.90 9.26x10" 56 -5.64 2.68
8% 47.39 4.20%x10" 44.7 -50.49 2.68
10% 47.39 3.42x10" 447 -52.19 2.68
12% 46.59 1.89x10" 439 -57.14 2.68
14% 47.47 2.01x10% 44.8 -56.63 2.68
16% 50.38 3.63x10% 47.7 -51.71 2.68
18% 49.48 1.86x10" 46.8 -57.26 2.68

constant, T is the temperature in K. From Table-2, it is clear
that E, values for the inhibited solution is lower than that of the
uninhibited solution. This implies the formation of a chemi-
sorbed layer of the inhibitor that helps in decreasing the metal
dissolution process [21]. An increase in inhibition efficiency
with the increase in temperature further support the chemisor-
ption process. The positive values of enthalpy of activation

Electrochemical studies: The kinetics of the corrosion
process and the effectiveness of the inhibition can be established
with the help of electrochemical methods. Nyquist plot, Bodes
and phase angle plots obtained for mild steel in absence and
in presence of the inhibitor of varying concentrations at 303 K
are shown in Figs. 5 and 6. The diameter of semi-circle extra-
polated in the Nyquist plot gives the charge transfer resistance
equivalent to the polarization resistance R,. The increase in
diameter with the inhibitor concentration may be attributed to
the increased resistance against the metal dissolution by the
adsorbed inhibitor molecules at the metal solution interface
[27]. These adsorbed molecules block the transfer of electrons
from the metal surface to the solution. The presence of single
semi-circle loop in Nyquist plot and single maxima in Bodes
plot indicates both the corrosion process and the inhibition is
controlled by charge transfer phenomenon [28]. The phase angle
plot reveals lesser than -90° phase angle at all inhibitor concen-
tration that can be corroborated to non-ideal capacitor [29].
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Fig. 6. Bodes and phase angle plots for mild steel in the absence and
presence of lime juice in 1M HCl

The experimental data was fitted with an equivalent circuit
displayed in Fig. 7. The electrochemical impedance parameters
namely solution resistance (R;), constant phase element (CPE)
values, polarization resistance (R;) and the corrosion inhibition
efficiency calculated from R, are listed in Table-4. From Fig.
5, it is clear that all the semi-circles are depressed at the center
towards the real axis due to the frequency dispersion, surface

CPE

A'A'A

R

Fig. 7. Equivalence circuit

ct

roughness and inhomogeneity of the metal surface. Therefore,
CPE is introduced instead of an ideal capacitor and the effective
double layer values Cy is obtained from the following eqn. 7:
Cy=(Y,R ™" (7

A Tafel plot obtained for mild steel in 1 M HCI in the
absence and presence of the inhibitor at varying concentrations
is shown in Fig. 8. The polarization parameters namely Ecor,
Lo, anodic slope B, and cathodic slope B, linear polarization
resistance LPR values and the IE% calculated from L. and
LPR values are listed in Table-5. The I values are found to
decrease with the increase in the concentration of the inhibitor
and that reflects the formation of protective film on the metal

log current (A/cmz)

6 18%

1 1
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2
Potential (V)

Fig. 8. Polarization curves obtained for mild steel in the absence and
presence of lime juice in 1M HCI solution

TABLE-4
IMPEDANCE PARAMETERS FOR MILD STEEL IN THE ABSENCE AND THE PRESENCE OF THE INHIBITOR IN 1 M HCI AT 303 K
] 72 ) CPE* 10 Gro 2 2
Conc. (v/v) Chi-Sq x 10 R, (/cm®) (8" Q" em?) Freq. power ‘n R, (€/cm) Cy (Fem™) 1E (%)
Blank 2.310 0.8990 1.714 0.8695 25.36 75.8 -

8% 1.830 1.0690 1.629 0.8019 109.9 60.3 76.9
10% 2.869 0.8120 1.594 0.8000 125.1 59.9 79.7
12% 1.371 1.0040 1.368 0.8296 129.0 59.7 80.3
14% 1.640 1.0830 1.326 0.8232 135.9 55.9 81.3
16% 1.840 0.9659 1.297 0.8183 146.3 53.8 82.7
18% 1.740 1.0790 1.163 0.8152 142.8 45.9 82.2
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TABLE-5
POLARIZATION PARAMETERS FOR MILD STEEL IN THE ABSENCE AND PRESENCE OF LIME JUICE IN 1M HCl
Conc. (v/v) E.,. (mV/SCE) Lor (MA/cm?) B. (mV/dec) B. (mV/dec) 1E (%) LPR (Q cm?) 1E (%)
Blank -519 1.925 x 107 0.1487 0.118 - 14.9 -
8% -487 2.993 x 10™* 0.1616 0.086 84.5 81.5 81.3
10% -494 2.852x 10™* 0.1629 0.088 85.2 87.0 82.8
12% -489 2.692 x 10™* 0.1617 0.089 86.0 92.8 83.9
14% -491 2.709 x 10™* 0.1626 0.088 85.9 91.7 83.8
16% -485 2785 x 10™* 0.1637 0.091 85.5 91.2 83.7
18% -491 2.509 x 10™* 0.1776 0.088 86.9 102.4 85.5

Fig. 9. Optical profilometric 3D images of (a) plain metal (b) metal immersed in blank (c) metal immersed in inhibitor solution

surface. This can be attributed to the blocking of active sites
of the metal surface by the inhibitor molecules reducing the
corrosion [28]. If the change in the E., values is greater than
85 mV, the inhibitor can be classified as anodic or cathodic
[21,30]. In this experiment, a displacement of Ecois less than
34 mV and hence this inhibitor can be referred as mixed type
inhibitor (i.e.) can inhibit both anodic dissolution and hydrogen
evolution. However, Fig. 8 implies that the inhibitor influences
anodic half reaction more than that of cathodic reaction [31].

Optical profilometric studies were performed by the imm-
ersion of the mild steel metal in the absence and presence of
lime juince in 1 M HCI for an immersion period of 6 h. Fig. 9
display the 3D images obtained for (i) plain metal; (ii) metal
immersed in blank; and (iii) metal immersed in 1M HCI contain-
ing the optimum concentration of the inhibitor. Table-6 list
the values of the surface roughness of the metal samples, which
clearly depicts the lowering of the surface roughness of metal
samples due to the presence of the inhibitor. This can be related
to the decreased corrosion rate in presence of the inhibitor [32].

TABLE-6
OPTICAL PROFILOMETRIC PARAMETERS OBTAINED FOR
a) PLAIN METAL b) METAL IMMERSED IN BLANK SOLUTION
c) METAL IMMERSED IN INHIBITOR SOLUTION

Metal samples Average Root mean
roughness (S,) square (Sq)
Plain metal 1.062 1.359
Metal immersed in blank 1.541 2.514
Metal immersed in inhibitor 1.154 1.765
Conclusion

The weight loss and the electrochemical studies on the
corrosion inhibition behaviour of the acidified lime juice was
evaluated for mild steel in I M HCl solution. The results showed
that lime juice can be used as an efficient corrosion inhibitor
for mild steel in acidic medium. Thermodynamic activation

parameters and the corrosion kinetic parameters showed that
the inhibition was through a comprehensive adsorption process
involving initially a multilayer physisorption followed by
chemical adsorption of the inhibitor molecules on the metal
surface. Electrochemical studies proved that acidified lime juice
is a mixed inhibitor inhibiting both anodic dissolution as well
as hydrogen evolution at the cathode. However, from the values
of the cathodic and anodic Tafel slopes, it is clear that anodic
dissolution is inhibited to a greater extent than that of hydrogen
evolution. A decrease in the surface roughness of metal surface
when immersed in inhibitor solution can be correlated to the
corrosion inhibition efficiency of lime juice.
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