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Abstract

The corrosion inhibition effect of citrus sinensis belonging to Rutaceae family has been analyzed on the low carbon steel
corrosion in 0.5 M H,SO, by using weight reduction estimations and electrochemical measurements. It is observed that the
extract of Citrus sinensis acts like a mixed type corrosion inhibitor and its inhibition effectiveness increases on increasing
the concentration. The best inhibition effect of the Citrus sinensis extract for low carbon steel in 0.5 M H,SO, was obtained
at 500 mg/L concentration. Further the Langmuir adsorption isotherm was used to check the adsorption behavior of the
extract on the metal surface. The surface morphology of the low carbon steel is also studied by using scanning electron

microscopy and atomic force microscopy.
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1 Introduction

Low carbon steel is used to make a broad assortment of
equipments and metallic structures because of its low
cost and easy availability. A remarkable economic loss
is caused during the cleaning of boilers, pickling of low
carbon steel in industry because strong acids containing
compounds are generally used as pickling agents or to
remove undesirable surface stores from the metal surface
[1]. Because of the aggressive behavior of the acid solu-
tions, inhibitors are used to reduce the acidic assault on
metallic materials. All through the past decades, some
modern inhibitors are incorporated and utilized suc-
cessfully to inhibit the corrosion of low carbon steel [2].
Anyway the most significant disadvantage related with
the vast majority of these inhibitors is that they are not
eco-friendly and are venomous and costly. Accordingly
the investigation of the most recent non-dangerous or low
poisonous corrosion inhibitors is imperative to overcome
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this downside. The examination in the field of eco-friendly
corrosion inhibitors has been carried out towards the
objective of exploitation of low cost, successful inhibi-
tors at low or zero natural effect. The synthetic inhibi-
tors may have some negative results for nature and they
may likewise be hurtful to human wellbeing [3]. Lately,
the investigation of modest, eco-friendly and biodegrad-
able corrosion inhibitors is getting more consideration.
To overcome this problem, the trend is going towards the
development of corrosion inhibitors by using the waste
materials of fruits, like their peels, or some weed and
medicinal plants which have already been tested for their
medicinal uses but their corrosion inhibition properties are
not investigated yet. They can be considered in the form
of the natural inhibitors and can be adsorbed on the metal
surface by forming a chemical bond with the metal (chemi-
cal adsorption), or physically adsorbed or sometimes it
may be a combination of both. The extract of these plant
materials or peels of fruits has several compounds with
the tendency to adsorb on the metal surface. This region
of research is of much significance on the grounds that,
notwithstanding being naturally well disposed and bio-
logically adequate, plant items are reasonable, promptly
accessible and inexhaustible wellsprings of materials.
Some previous researchers have reported the efficiency of
plant materials as corrosion inhibitors, such as: the extract
of Kola nitida shows 78% efficiency at 1200 mg/L inhibitor
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concentration [4], 81% inhibition efficiency is observed at
4000 mg/L concentration for Phyllanthus amarus extract
[5], Radish extract shows 79% efficiency at 10 m1/100 ml
[6], Eleusine aegyptiaca extract shows 87% efficiency at
1800 mg/L concentration [7], Henna extract shows 67%
efficiency at 1000 mg/L concentration [8], 88% efficiency
is observed at 1500 mg/L concentration for Artemisia pal-
lens extract [9], Mangrove extract shows 88% efficiency
at 3000 mg/L concentration [10], Salvia officinalis extract
shows 86% efficiency at 1000 mg/L concentration [11],
Pimenta dioica extract shows 86% efficiency at 500 ppm
[12], watermelon extract is observed to show 77% effi-
ciency at 200 ppm [13], Neolamarckia cadamba extract
shows 88% efficiency at 500 ppm [14], Spondias mombin
extract shows 86% efficiency at 500 ppm [15], Dendrocal-
mus sinicus extract shows 78% efficiency at 200 ppm [16].
Through these examinations understood that the corro-
sion inhibition effect of the plant extract is because of the
existence of natural species like tannins, alkaloids, sugars,
amino acids, and proteins. These natural compounds con-
tain polar capacities with N, O heteroatoms further as con-
jugated double bonds or aromatic rings in their molecular
structures which are the significant adsorption sites. The
objective of the present work is to investigate the corro-
sion inhibition properties and the adsorption behavior of
C. sinensis extract. It is an Indian plant usually known
as Orange. Although the medicinal activities of C. sinen-
sis have been investigated earlier, but they do not explore
this plant extract as a corrosion inhibitor. We have already
found that the extract of C. sinensis comprises of Ascorbic
acid, flavonoids and some other compounds as shown in
Fig. 1 [17]. Here the corrosion inhibition performance is
checked by using the weight reduction process and the
electrochemical measurements. The modification in the
surface morphology was then further studied with SEM
and AFM studies.

HO OH

Ascorbic acid

Fig. 1 Chemical constituent of C. sinensis
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2 Experimental
2.1 Specimen Preparation

The composition of the low carbon steel used in this work is
shown in Table 1. The low carbon steel samples were given a
dimensions of 1 cm? by mechanical cutting. Then the surface
of all the low carbon steel coupons was cleaned with silicon
carbide papers of different grades (100, 200, 500, and 1000)
before the corrosion test.

2.2 Corrosive Medium and the Plant Extract

In the present examination, tests were carried out in 0.5 M
H,SO, solution, which was prepared in double-distilled
water using AR grade sulfuric acid provided by Sigma
chemicals. In weight loss studies, the volume of 0.5 M
H,SO, was kept 100 ml and for electrochemical estimations,
250 ml of 0.5 M H,SO, was utilized. The peels of the C.
sinensis are shown in Fig. 2.

The peels of the C. sinensis were washed, dried, and con-
verted into powdered form by grinding the plant material.
Then 50 g of the powdered sample was refluxed with 250 ml
ethanol at 75 °C for about 24 h. The solution was then fil-
tered and dried on a water bath, which finally gave 4.5 g
darker strong store. The C. sinensis extract was then diluted
with sulfuric acid to prepare test solutions of different

Table 1 Composition of the low carbon steel

S. No. Metal Amount (%)
1. Tron 97.60

2. Carbon 0.083

3. Phosphorous 0.12

4. Chromium 0.45

5. Nickle 0.27

6. Copper 0.43

v g

Fig.2 Peels of C. sinensis
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concentrations (100, 200, 300, 400, 500 mg/L). The maxi-
mum solubility of the C. sinensis extract in 0.5 M H,SO,
was observed up to 500 mg/L.

2.3 Weight Reduction Measurements

Here, the volume of the corrosive solution used for weight
reduction experiments was kept 100 ml. So here, we
immersed the low carbon steels of 1 cm? dimensions in the
corrosive medium for 24 h. The low carbon steel coupons
were weighted accurately before and after immersing them
from the corrosive medium. Triplicate tests were performed
for every sample of low carbon steel. The following equa-
tions were used to determine the weight loss data.

CR = %X87600 (1
Wo —W;
0= )
" @)
Wo — W;
n% = ” x 100 3)
0

where, W — weight loss (mg).

A —area of low carbon steel coupon (cm?).

T — immersion time.

D — density of low carbon steel (g cm™).

w, and w;— the weight reduction in the absence and pres-
ence of the inhibitor.

2.4 Adsorption Isotherm

Reliable facts were observed regarding the relation between
plant material and the low carbon steel on studying the
adsorption isotherms. A decrease in corrosion rate on uti-
lization of inhibitors is either by obstructing the cathodic
reaction rate or by preventing the anodic metal dissolution
or both by adsorbing on the metal surface in the corrosive
medium [18-20]. Seiverts et al. showed a relationship
between inhibitor concentration and inhibition efficiency
[21]. It uses most ordinarily the Langmuir adsorption iso-
therm [22]. The surface coverage (O) for various concen-
trations of inhibitors in 0.5 M H,SO, solution was tried
graphically to fit a reasonable adsorption isotherm. Lang-
muir adsorption isotherm can be written in the form [23]

k. ¢ @)

where, C is the concentration of inhibitor and K, is the
adsorption constant.

2.5 Corrosion Inhibition Studies
by Potentiodynamic Polarization

The polarization estimations were completed at 298 K utiliz-
ing a three-electrode system. The volume of the corrosive
medium for polarization studies was kept 250 ml. The mild
steel coupons were immersed in Araldite resin in such a way
that it leaves an area (1 cm?) and hence it is the working
electrode. Initially, the working electrode was kept undis-
turbed in the corrosive medium for 60 min to settle the OCP.
Polarization plots were obtained at a scan rate of 1 mV/s
between potentials of — 250 mV and 4250 mV. A platinum
electrode was used as a counter electrode and a saturated
calomel electrode as the reference electrode [12, 24-27].
The polarization parameters were calculated using the fol-
lowing equations- [28].

IOcorr -1 icorr
n(%) = —/———= x 100 )

Ocorr

where, [, and I, represent the corrosion current density

in the absence and presence of the inhibitor, respectively.

2.6 Corrosion Inhibition Studies by Electrochemical
Impedance Spectroscopy (EIS)

The same electrochemical cell and electrochemical work-
station, as specified for polarization estimations, was used
to carry out electrochemical impedance spectroscopy esti-
mations in the frequency range from 100 kHz to 0.01 Hz
using amplitude of 5 mV at OCP. Just like to that of the
polarization measurements, the working electrode was kept
undisturbed in the corrosive medium for about 60 min. The
impedance information was obtained by using the Nyquist
and Bode plots [29]. The EIS parameters were calculated
from the following equation-

R, —RO
& 4100 (©6)
R

ct

n(%) =

where, R, — charge transfer resistance at individual concen-
tration of inhibitor.

R°,— charge transfer resistance at zero concentration of
inhibitor.

2.7 FTIR Spectroscopy

The Fourier transform infrared spectroscopic analysis is a
standout amongst the most essential methods for elucida-
tion of the phenomenon of adsorbed inhibitor molecules.
The infrared spectral information has been considered by
many specialists as an immediate evidence of the pres-
ence of inhibitors on the metal surface [30-32]. In the
present study, we performed Fourier transform infrared
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spectroscopic analysis to show the existence of functional
groups containing heteroatoms. The C. sinensis extract
blended with KBr was transferred into a pallet for FTIR
characterization. The FTIR spectra of the C. sinensis extract
were recorded in the range 500-4000 cm™! by using a FTIR
84008 spectrophotometer.

2.8 UV-Visible Spectroscopy

With the help of the Shimadzu UV-1800 absorption spectro-
photometer, the UV spectra of the corrosive solution (before
and after the corrosion test) were taken. Both these spectra
were contrasted to explain the inhibition mechanism.

2.9 Surface Studies

The surface morphology of the exposed metal surface has
been explained widely by many specialists to comprehend
the idea of surface products got in the absence and pres-
ence of inhibitors [33-36]. Here, the changes in the surface
morphology of low carbon steel were observed by taking
the SEM and AFM images of low carbon steel in three dif-
ferent environments. First of all the SEM and AFM images
were taken for the non-corroded steel coupon (finely cleaned
low carbon steel), then for the corroded coupon (steel cou-
pon dipped in the corrosive medium), and finally for the
inhibited steel coupon (steel coupon dipped in the corro-
sive medium with inhibitor). The SEM and AFM images of
the low carbon steel were taken by using LEO435BP and
NT-MDT-INTEGRA, respectively. These SEM and AFM

images were then compared with each other to explain the
possible adsorption of inhibitor on the metal surface.

2,10 Quantum Chemical Study

The quantum chemical estimations were done using
Hyperchem 8.0 programming with the DFT method. Here
we determined the energy of the highest occupied molecular
orbital (Eyopmo) and the lowest unoccupied molecular orbital
(Er ymo)-The reactivity of a chemical species is very much
characterized as far as frontier orbitals; the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbitals (LUMO) [37, 38]. The energy difference
between the HOMO and LUMO can be determined by using
the following equation-

AE = E;yyvo — Enomo @)

3 Results and Discussion
3.1 Weight Reduction Analysis

The corrosion inhibition efficiency (n %), corrosion rate
(CR) and surface coverage (O) at various concentra-
tions (100-500 mg/L) of C. sinensis extract as obtained
by weight loss method have been reported in Table 2.
From Table 2, it is clear that on increasing the inhibi-
tor concentration, the corrosion rate decreases and the

Table 2 Corrosion rate and

IR ; o Tempera- Concentration of Weight loss (mg  Efficiency (7 %) Surface cov-  Corrosion rate

inhibition efficiency at different o (k) jnhibitor (mg/L)  em~2h7Y) erage () (CR) (mm/Y)

concentrations of C. sinensis

extract 298 0 0.0563 0 0 26.11
100 0.0101 82.06 0.8206 4.68
200 0.0078 86.14 0.8614 3.61
300 0.0059 89.52 0.8952 2.73
400 0.0037 93.07 0.9307 1.80
500 0.0019 96.62 0.9662 0.88

308 0 0.0894 0 0 41.46
100 0.0201 77.51 0.7751 9.32
200 0.0156 82.55 0.8255 7.23
300 0.0120 86.57 0.8657 5.56
400 0.0090 89.93 0.8993 4.17
500 0.0064 92.84 0.9284 2.96
318 0 0.1356 0 0 62.88

100 0.0352 74.04 0.7404 16.32
200 0.0281 79.27 0.7927 13.03
300 0.0221 83.70 0.8370 10.24
400 0.0196 85.54 0.8554 9.09
500 0.0147 89.15 0.8915 6.81
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Fig.3 Langmuir adsorption isotherm for C. sinensis on low carbon
steel in 0.5 M H,SO,

Table 3 Adsorption parameters for mild steel in 0.5 M H,SO, at opti-
mum concentration of C. sinensis inhibitor

Temperature (K) K4 (ng‘l) Slope R?

298 57.17 0.98 0.9972
308 25.93 1.02 0.9981
318 16.43 1.06 0.9981

inhibition efficiency increases. This is because when
inhibitor adsorbs on the metal surface, then it forms a
protective layer on the metal surface, which reduces the
corrosion reaction [39]. Here we analyzed the inhibition
effectiveness of the C. sinensis extract in the temperature
range of 298-318 K. It is observed that on increasing
the temperature, the inhibition efficiency decreases. It
happens because the pre adsorbed inhibitor molecules
starts detaching from the metal surface on increasing the
temperature.

3.2 Adsorption Isotherm

The plots of C/O vs. C for the C. sinensis extract as showed
by the Langmuir adsorption isotherm equation are shown in
Fig. 3. The estimation of K, ;, was computed from the inter-
cept of Fig. 3 and is detailed in Table 3. Table 3 shows that
the slope value is 1 at all the studied temperatures, which
shows that the inhibitor is being adsorbed on the surface of
the metal efficiently. Also, a decrease in the values of the
adsorption equilibrium constant is observed with increas-
ing temperature, which suggests the desorption of adsorbed
inhibitor molecules at increasing temperature.

3.3 Potentiodynamic Polarization Studies

In the first phase of electrochemical measurements we have
conducted the polarization measurements for which we
have recorded the values of some of the important corrosion
parameters like corrosion potential (E_ ), corrosion current
density (/.,,.), anodic and cathodic Tafel slopes (§, and f3,)
and inhibition efficiency ( %). These parameters have been
reported in Table 4 and the polarization curves are shown in
Fig. 4. The corrosion current densities were determined by
extrapolation of straight parts of anodic and cathodic bends
to the point of convergence of the relating corrosion poten-
tial. The Tafel bends indicates decrease in the current densi-
ties of the anodic and cathodic branches in the presence of C.
sinensis extract. The discovered improvement is additionally
the aftereffects of covering of adsorbed inhibitor molecules
on the low carbon steel surface and diminishing disintegra-
tion of steel surface zone. The Tafel plot also indicates that
the C. sinensis extract is able to affect both the reactions of
anodic metal dissolution and cathodic hydrogen evolution,
when it is added to the corrosive medium. It is reported
previously that if the changes in the values of E_ . for the
individual concentration of inhibitor corresponding to the
zero concentration of inhibitor lies between 85 mV, then the
inhibitor is considered as a combine type (i.e., both anodic
and cathodic) corrosion inhibitor. Therefore, in the present
work, this change in E_ . values is only 69 mV. So, accord-
ingly, the inhibitor here can be considered to act like a mix
type inhibitor [40]. It can also be explained on behalf of the

Tab|e~4 Polar.ization parameters Inhibitor concen-  E_ . (V vs. SCE) Lo (Acm™) B, (Videc) B (Videc) Efficiency (7 %)
for mild steel in O.§ M H,SO, ration (mg/L)
without and with different
concentrations of C. sinensis 0 —0.465 0.0008909 141.66 164.25 0
extract 100 —0.454 0.0001687 48.56 127.05 81.06
200 —0471 0.0001161 49.01 117.45 86.96
300 —0.460 0.0001069 48.19 117.08 88.01
400 —0.456 0.00008020 45.94 114.61 90.09
500 —~0.534 0.00005816 49.97 106.21 93.47

@ Springer



41 Page6of11

Journal of Bio- and Tribo-Corrosion (2020) 6:41

log(i/A cm?)

12 1.0 08 06 04 -0.2 0.0 0.2
E(V vs.SCE)

Fig.4 Polarization curves for low carbon steel in 0.5 M H,SO, at dif-
ferent concentrations of C. sinensis extract

values of anodic and cathodic Tafel slopes i.e., , and .. On
moving from 0 to 100 mg/L, it is clear that the change in the
value of B, is less than the change in , So at this point the
inhibitor is acting like an anodic inhibitor. Further on mov-
ing from 100 to 200 mg/L, the change in value of B, is less
than B_. So here the inhibitor is considered to be a cathodic
inhibitor. Overall, we observed that on some concentrations,
the inhibitor is acting like an anodic inhibitor and for oth-
ers, it is acting like a cathodic inhibitor. This is the reason
because of which we consider the present inhibitor as a mix
type corrosion inhibitor that can protect metal from cor-
rosion either by reducing the anodic reaction or cathodic
reaction. In this work, the inhibitor shows maximum cor-
rosion inhibition efficiency at 500 mg/L with an inhibition
efficiency of 93.47%.

3.4 Electrochemical Impedance Spectroscopy (EIS)
Studies

For electrochemical analysis, the working electrode was
kept undisturbed for 60 min in the corrosive medium so that
the OCP would be set. The Nyquist and Bode plots for low
carbon steel are shown in Fig. 5, and the corresponding EIS
parameters are reported in Table 5. The circuit shown in
Fig. 6 is a parallel combination of charge transfer resistance
(R, and the constant phase element (CPE). It helps to ana-
lyze the EIS spectra. The Nyquist plot shows that, as we are
moving to the higher concentration of inhibitor, the diameter
of the semi-circle increases with each concentration which is
in the agreement of advancing the inhibition effect of inhibi-
tor. This incrementation in R is because of the development
of a defensive film at the metal interface. The changes in
R, and CPE values are because of the substitution of water
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Fig.5 Nyquist a and Bode b plots for MS in 0.5 M H,SO, without
and with various concentrations of Citrus sinensis extract at 298 K
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Table 5 EIS .parametcrs for low Acid solution Concentration of R, (Q cm?) CPE (uF cm™?) Efficiency (n %)
carbon steel in 0.5 M H,SO, inhibitor (mg/L)
at different concentrations of
Citrus sinensis extract 0.5 M H,S0, 0 25.164 1.3%1073 0

100 172.17 9.7x107° 85.38

200 201.56 9.4x107° 87.51

300 235.42 7.4x107° 89.31

400 260.55 6.7x107 90.34

500 477.84 3.6x107° 94.73

Rs

W

M-

R

Fig. 6 Equivalent circuit of constant phase element (CPE)

molecules by adsorption of inhibitor on low carbon steel sur-
face, lessening the degree of metal disintegration. The only
one peak for individual concentration of inhibitor in Bode

plots shows that the OCP was well set with time. Again the
magnitude of impedance at 100 mg/L to 500 mg/L increases
as compared to the blank solution which shows the inhibi-
tion effect of the inhibitor.

3.5 FTIR Analysis

The presence of the heteroatoms in natural products may
help the adsorption of the inhibitor molecules on steel sur-
face to inhibit the corrosion of low carbon steel [41, 42]. In
the present work, the FTIR spectroscopy was utilized to con-
firm existence of heteroatoms containing functional groups
in the extract. The FTIR spectra of the C. sinensis extract
are shown in Fig. 7. The FTIR spectra of the C. sinensis

Fig.7 FTIR spectrum of C.
sinensis extract
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Table 6 FTIR data of C. sinensis extract

S. No. Wavenumber (cm™) Functional group
3343.11 O-H stretching
. 1504.40 C-O stretching
3. 1091.14 Aromatic ring

extract show the existence of the functional groups, which
is reported in the Table 6. The outcomes from FTIR analysis
show that the C. sinensis extract has anti-corrosive activities
due to the presence of heteroatoms.

3.6 UV-Visible Spectroscopy

The UV spectra of the C. sinensis extract before and
after the corrosion test were taken and they are shown in
Fig. 8. From the UV spectra, the absorbance of the cor-
rosive medium before the corrosion test is higher than the
absorbance of corrosive medium after the corrosion test. It
simply shows that, when the low carbon steel sample was
immersed into the acidic solution of C. sinensis extract,
some molecules from the solution have been adsorbed on
the metal surface [5]. The value of the absorption maxi-
mum (4,,,,) or a change in the value of absorbance rec-
ommended the formation of a complex between the steel
surface and inhibitor molecules.

Fig.8 UV Spectra of C. sinen- 350000

3.7 Surface Studies

The SEM and AFM images of non-corroded, corroded,
and the inhibited low carbon steel coupons are shown in
Fig. 9. These SEM and AFM images were compared. The
surface of non-corroded mild steel seems to be absolutely
fine, but we observed severely harmed surface for the cor-
roded mild steel. It happened because the low carbon steel
was immersed in the corrosive medium and the surface
gets corroded and for the inhibited steel coupon; the sur-
face is comparatively improved because of the adsorption
of the inhibitor.

The AFM studies provide the value of surface rough-
ness. The surface roughness of non-corroded, corroded and
the inhibited low carbon steel are 2.099 nm, 138.807 nm,
and 34.15 nm, respectively. The increase in surface rough-
ness of low carbon steel is because of the contact of metal
with the corrosive medium while the surface roughness
decreases for inhibited steel coupon showing the adsorp-
tion of inhibitor. This decrease is surface roughness is
because of the formation of a protective layer on the metal
surface because of the adsorption of C. sinensis extract on
the surface of the low carbon steel.

sis extract before and after the
corrosion test
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1. 75000

0 00000
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Fig.9 SEM and AFM images of non-corroded, corroded and inhibited low carbon steel
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Optimized geometry

HOMO

Fig. 10 Optimization geometry of Ascorbic acid with HOMO and LUMO density

3.8 Quantum Chemical Calculation

Using the Hyperchem 8.0 software, the HOMO and
LUMO orbitals of the Ascorbic acid were drawn and the
energy of these orbitals was determined. These orbitals are
shown in Fig. 10 and the energy difference, the energy of
HOMO and LUMO are reported in Table 7. The smaller be
the energy gap between the HOMO and LUMO, stronger
will be the adsorption of the inhibitor.

4 Conclusion

After conducting several experiments based on weight
reduction, electrochemical analysis, and the surface mor-
phology, it is observed that-

e The results of weight reduction experiments and elec-
trochemical analysis are in good agreement i.e., both
are in favor of the advancement of inhibition capacity
of the inhibitor on moving to the higher concentrations.

e Both the SEM and AFM studies strongly favor the
development of a protective layer on low carbon steel
on applying the C. sinensis extract.

Table 7 Quantum Chemical Parameters for the chemical constituent
of C. sinensis

S. No/ Parameter Ascorbic acid
1/ Ehomo (ev) —9.5898
2/ E; umo (ev) —0.4296
3/ AE (ev) -9.1602

@ Springer

e The present inhibitor can be considered as a combine
type inhibitor for low carbon steel.
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