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Abstract—Metallic equipment and structures that come in contact with a variety of petroleum products, solvents,
water, the atmosphere, and soil in the oil and gas industry are highly prone to a range of corrosion phenomena, which
escalate the risk of serious accidents. The use of green corrosion inhibitors in oil and gas can significantly reduce the
maintenance and service costs. This study focuses on the anti-corrosive behavior of natural exudate gums, such as Aza-
dirachta indica (G1), Moringa oleifera (G2), Prosopis juliflora (G3) and Prunus dulcis (G4). These gums were evaluated
as corrosion inhibitors on mild steel against the diesel/saline water biphasic system by the weight loss method and elec-
trochemical techniques. The inhibition efficiency was high at 93.86, 95.75, 92.42, and 90.02% at the highest tested con-
centration (5,000 ppm) for the gums G1, G2, G3, and G4, respectively. Among the investigated natural gums, the
lowest corrosion rate (29.36 mm yr ') and highest inhibition efficiency (95.75%) were achieved with Moringa oleifera
(G2) at 5,000 ppm. The activation energy of the corrosion inhibition process (4.00-38 kJmol™) was higher than that of
the uninhibited system (1.8 kfmol "), indicating that the inhibited systems possessed higher energy barriers and fol-
lowed the Langmuir adsorption process. Our corrosion test results validate that the Moringa oleifera gum can serve as

an effective eco-friendly corrosion inhibitor for mild steel in the biphasic system of diesel/saline water.
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INTRODUCTION

Corrosion involves the inevitable damage to metals and non-
metals because of their physical, chemical, or electrochemical inter-
actions with aggressive environments such as acidic/alkaline con-
ditions [1]. Rusting, a common type of corrosion, is caused by the
formation of metal oxides (e.g, Fe,0;) in metals and iron alloys
exposed to oxygen and moisture for a prolonged duration [2]. How-
ever, in anoxic conditions, the reduction of water regulates the cor-
rosion process, and generates hydrogen and hydroxide ions (2H,O+
2e ©H,(g)+20H"; Fey+20H <Fe(OH),,+2e ), which trans-
forms metals to metal oxides via the Schikorr reaction (3Fe(OH), <>
Fe;0,+H,+2H,0) [3]. Corrosion is a serious and challenging
issue worldwide, with negative impacts on economic growth, health,
safety, technological development, and cultural heritage (metallic
artifacts).

The establishment of oil and gas reserves under aggressive envi-
ronments causes the corrosion of drilling equipment involved in
large-scale, hydrocarbon extraction and fuel transport [4]. The pipe-
lines used in the oil and gas sector come in contact with several sub-
stances, including crude oils, natural gas, petroleum products, fuels,
solvents, water, the atmosphere, and soil and, therefore, are highly
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vulnerable to a variety of corrosion phenomena, which can result
in serious accidents [5]. The corrosion of metal components in
under storage systems and diesel pipelines is very common. Inter-
nal corrosion is usually caused in an environment that contains water
with sodium chloride (salt), carbon dioxide, and/or hydrogen sul-
fide [6]. Pipeline deterioration occurs in such an environment pre-
dominantly due to iron dissolution and subsequent strength reduc-
tion. Similarly, during the transport of diesel by sea lanes, ships use
ballast tanks for diesel storage. To maintain the stability of the ship,
a system must be designed such that the fuel in the reactor can
counterbalance the seawater. To achieve this, the consumed fuel in
the reactor must automatically be replenished to compensate for
the weight loss. However, saline wastewater remains at the bottom
of the tank during the fuel refilling process, causing fuel contami-
nation and corrosion of the tank surface in contact with the oil-
saline water mixture [7,8].

The estimated global cost of corrosion annually is 2.5 trillion
US dollars, which equals 3-4% of the global GDP. As per the National
Association of Corrosion Engineers (NACE), the US refineries spend
more than 3.7 billion dollars annually towards corrosion-related
repairs [9]. When appropriate mitigation methods are not followed
in petroleum industries, different forms of corrosion, such as uni-
form, galvanic, crevice, pitting and stress corrosion, are commonly
initiated. These can result in plant shutdown, loss of product in pipe-
lines, product contamination and/or reduced process efficiency,
while also incurring additional maintenance costs for the repair or
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replacement of corroded parts [10].

The most common corrosion inhibitors employed in the petro-
leum industry are nitrogenated-compounds, including amine salts,
ammonium salts, imidazoline and their derivatives [11-13]. How-
ever, these inhibitors are synthetic and expensive chemicals, which
are also very hazardous to the environment. Newer green approaches
involving biopolymers, such as chitosan, pectin and plant gums,
have been tested for carbon steel corrosion mitigation [14]. Natu-
ral gums are hydrophilic polysaccharides which consist of D-galac-
tose, D-arabinose, D-rhamnose, D-xylose, D-galacturonic acid, L-
rhamnose and L-fructose. These heterocyclic compounds possess
oxygen heteroatoms (O-glycosidic bonds), which aids their adsorp-
tion on the metal surface, thereby protecting it against corrosion
[15]. Abdallah [16] were the first to study the anticorrosive charac-
teristics of guar gum on carbon steel (CS), and they used 1 M H,SO,
containing sodium chloride as the corrodent. The maximum inhi-
bition efficiency (93%) was obtained at 1,500 ppm of the gum con-
centration, which also acted as a mixed inhibitor [16]. Later, guar
gum-grafted polyacrylamide (GG-g-PAM) was tested against mild
steel corrosion in 1 M HCI, and the highest inhibition efficiency
(CIE) up to 93% was observed after 5h of incubation [17]. Some
other natural exudate gums, such as Pachylobus edulis (PE) gum,
Raphia hookeri gum (RhG), Carob gum and Azadirachta indica
(AIG) gum, have been tested as corrosion inhibitors in highly acidic
condition [18-20].

Most gums have -COOH functional groups; they can easily form
complexes with metal ions and on the metal surfaces. Hence, the
corrosion inhibition efficiency of these natural gums depends mainly
on the functional groups of the inhibitor molecule, steric factors,
aromaticity, electron density at the donor atoms and the electronic
structure [21]. Different gums have been reported as efficient anti-
corrosive agents for mild steel in acidic environments; however,
these gums have not yet been tested as corrosion inhibitors in oil/
water biphasic systems. A shortage of information on thermody-
namic parameters and adsorption characteristics associated with
such corrosion inhibitors limited its applications in industry. Con-
sidering the great demand for green corrosion inhibitors, this
work can provide solutions to some of the relevant problems, such
as uncontrolled hydration rate, pH-dependent solubility, thermal
instability and algal and microbial contamination, which are asso-
ciated with use of natural gums as corrosion inhibitors in the oil/
gas industry.

Hence, this study investigates the natural exudate gums from
Azadirachta indica (G1), Moringa oleifera (G2), Prosopis juliflora (G3)
and Prunus dulcis (G4) on the corrosion behavior of mild steel
exposed to a biphasic diesel/saline water system based on weight
loss, electrochemical impedance, and potentiodynamic polariza-
tion tests. Further, the adsorption behavior and thermodynamic
characteristics of mild steel corrosion, including activation energy
(E), enthalpy (H), entropy (S) and free energy changes (G), were
also evaluated in the biphasic diesel/saline water system.

MATERIALS AND METHODS

1. Material
Natural plant gums from Azadirachta indica (G1), Moringa oleif-
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era (G2), Prosopis juliflora (G3) and Prunus dulcis (G4) were used
as green inhibitorsin this study. These gum samples were obtained
from various locations in Kallakkurichi district, Tamil Nadu, India
by making incisions on the bark of the respective trees and tap-
ping the resin. After collection, the samples were completely dehy-
drated by direct sun-drying for over two weeks and ground using
a mortar and pestle to obtain fine powders. The gum powders
were stirred in distilled water for 3h, and the partially solubilized
samples were strained through a fine mesh to separate the macro-
scopic residue. The soluble polysaccharides in the filtered mixture
were precipitated with excess ethanol (ethanol/water ratio - 8:2).
Then, the precipitates were dried, finely powdered and stored in a
desiccator. For the experiments, the powdered gums were added
to distilled water to obtain the desired concentrations from 100 ppm
to 5,000 ppm.

The composition of mild steel coupons employed in the corro-
sion test was 0.15% C, 0.25% Si, 0.03% S, 0.015% Al 0.25% Cu
and the rest Fe. The coupons used for the weight loss analysis were
cut into 14.5x1.8 cm” strips. For electrochemical studies, coupons
with an exposed area of 11.56 cm” were used as the working elec-
trodes. Before each test, the sample surface was mechanically abraded
using emery papers of various grades up to 1,500 and cleaned with
ethanol and subsequently with distilled water before drying. A bipha-
sic corrosive medium (50 mL Diesel+150 mL of 2% NaCl solution)
was used in all experiments.

2. Gravimetric Measurements

The corrosion rate was estimated by dipping the mild steel cou-
pons in the unstirred corrosive medium without or with the dif-
ferent natural gums at varying concentrations for 24h at room
temperature. After immersion for 24 h, the coupons were retrieved,
rinsed with acetone and water and then dried. The weight loss due
to corrosion was computed after immersion. The corrosion rate
(CR) was determined as below [22]:

AW
PAT

Corrosion rate (ﬂ> =87,600x (1)
year

where AW, g T and A are the average loss of material (g), density

(g/cm3), immersion time (24 h), and surface area of the sample

(11.56 cm?®), respectively. The corrosion inhibition efficiency (IE %)

was evaluated as follows:

(CRGO — CRGI)

El%=
? CRg

x 100 ()

where CR¢; and CRg, are the corrosion rates on the material
with and without the addition of the green inhibitor, respectively
[23]. The surface coverage (&) of the inhibitors on the coupon sur-
face was calculated as [24]

_ Inhibition Efficiency
- 100

12

®

3. Electrochemical Measurements

The electrochemical analyses involved using a Vertex 1A elec-
trochemical workstation (Ivium Technologies, Netherlands). In the
electrochemical cell, a platinum foil, a saturated calomel electrode,
and the tested mild steel specimen were utilized as the auxiliary,
reference, and working electrodes, respectively.
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3-1. Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectra were recorded in the 10
kHz to 10 mHz frequency range at an amplitude of 10 mV. The
obtained impedance data were analyzed using ZSimpWin soft-
ware. The inhibition efficiency (IE%) was obtained using the charge
transfer resistance (R;) values given by the Nyquist plots as follows:

Inhibition efficiency= (Rﬂm) x 100 4)
H(GI)

where R and R represent the charge transfer resistance
in the presence and absence of the inhibitor, respectively [25].
3-2. Potentiodynamic Polarization

The potentiodynamic polarization experiments were carried out
in the potential range of —1,000 mV to +1,000 mV versus the open-
circuit potential at a 1 mV/s scan rate with specimens immersed
for 24 h in the test solution for at room temperature. Subsequently;
the Tafel plots were drawn to explore the Tafel parameters, namely
corrosion rate and corrosion current. The I, was used in the fol-
lowing equation to calculate the inhibition efficiency.

Inhibition efficiency= (M) %100 (5)
Lorr(co)

where I, and L, denote the current values in the absence
and presence of an inhibitor, respectively.
4. Surface Analysis
4-1. Fourier Transform Infrared (FTIR) Spectroscopy

The Fourier transform infrared (FTIR) spectra of the inhibitors
and the mild steel surfaces exposed to the inhibitors for 24 h were
recorded in the 4,000-500 cm ™' wavenumber range using a Bruker
instrument with a resolution of 4 cm™'. After 24 h, the immersed
coupons were taken out, cleaned with water and dried at room
temperature. The green inhibitor adsorbed on the surface of the
coupons was pelletized with KBr for FTIR spectroscopy.
4-2. Microscopic Studies

The surfaces of the mild steel coupons exposed to the inhibitors
were investigated by a scanning electron microscope (Hitachi TM-
1000) equipped with an EDAX at an accelerating voltage of 15kV
to identify the major morphological changes, which can help in
the cursory evaluation of the types of corrosion phenomena (e.g,
uniform, pitting, etc.) occurring at different conditions [26].
5. Adsorption Studies

To determine the interaction at the interface of the natural cor-
rosion inhibitors and the mild steel surface, various adsorption iso-
therm models, such as Langmuir (L-A), Temkin (T-A), Freundlich
(F-A), Frumkin, El Awad (F-E-A), and Flory-Huggins adsorption
(F-H-A) models, were fitted [27]. The surface coverage (6) was esti-
mated from the inhibition efficiency obtained from the gravimet-
ric measurements.

_Inhibition Efficiency

0 100

©)

The equations of the various models used in this study are given
below:

(a) Langmuir Model

CR 1
i K, +CR 7)

(b) Temkin Model
9:—2.303logKﬂds_—2.303longh ®
2a 2a
(¢) Freundlich Model
logf=logK,;+nlogCR )
(d) Frumkim
log[CR(iﬂzzamz 303logK (10)
1-8 . ads
(e) El-Awady’s thermodynamic/kinetic adsorption isotherm
(%
log(ITe) =ylogCR+1ogK (1)
(f) Flory-Huggins adsorption isotherm
log(&) =blog(1- 6)+logK (12)

where K- adsorption constant and CR- corrosion rate in mm yr ™.
RESULTS AND DISCUSSION

1. Weight Loss Measurement

The corrosion rates on the mild steel surface caused by the cor-
rosive diesel/saline water biphasic medium containing various con-
centrations of the natural gums were investigated based on weight
loss after 24 h of immersion at room temperature to evaluate the
corrosion inhibition efficiency of the gums. The corrosion rate
(mmyr "), corrosion inhibition efficiency (%) and surface cover-
age (6) were calculated as per the formulas mentioned in section
2.2 (Table 1).The corrosion rate on the metal declined as the gum
concentration was increased from 100 to 5,000 ppm for all the
analyzed gums. This happens since the gum molecules adsorbed
on the metal surface act as an electron transfer barrier, thereby
facilitating corrosion inhibition. This suggests that the inhibition
efficiency is concentration dependent. It was also found that the
inhibitor concentration greatly influences the extent of protection
offered by them against corrosion of the metal. The inhibition effi-
ciencies were high, reaching 93.86, 95.75, 92.42, and 90.02% at the
highest concentration (5,000 ppm) of the gums Gl1, G2, G3, and
G4, respectively. The extent of protection offered by the gums against
corrosion is proportional to the metallic surface area masked by
the adsorbed gum molecules. In our experiments, the surface cov-
erage of the inhibitor increased with the inhibitor concentration.
Among the selected natural gums, the lowest corrosion rate (29.36
mmyr ) and the highest inhibition efficiency (95.75%) were achieved
with G2 at 5,000 ppm.

Notably, the corrosion rate dramatically decreased by 8.62, 11.58,
3.67 and 3.77-fold in the presence of gums G1, G2, G3, and G4,
even at low concentrations of 5,000 ppm compared with the unin-
hibited corrosive medium (339.88 mmyr ™). The surface coverage
parameter (6) denotes the fraction of the mild steel surface area
covered by adsorbed gum molecules. The surface coverage values
were determined using Eq. (3), and the values of surface coverage
are given in Table 1. This suggests the strong adsorption of inhibi-
tors on the metallic surface through gum components, such as arab-
inogalactan, sucrose, oligosaccharides, polysaccharides and gluco-
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Table 1. Corrosion parameters obtained from weight loss of Mild steel in 150 ml (2% of NaCl solution)+50 ml of diesel biphasic medium in
the absence and the presence of various concentrations of Gums

Azadirachta indica (G1)

Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
Efficiency at 25 °C (%) 73.92 76.53 81.56 83.19 85.22 86.93 89.56  91.68 9334 93.86
CR at 25 °C (mmpy) 339.88 19186 18623 13755 11061 9573 87.28 6556 5551 4264 3942
Surface coverage @at 25°C 0.74 0.76 0.81 0.83 0.85 0.87 0.89 0.92 0.93 0.93
Moringa oleifera (G2)
Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
Efficiency at 25 °C (%) 71.82 73.99 76.49 77.54 80.92 83.28 86.73 89.68 9334 9575
CR at 25 °C (mmpy) 33988 18583 177.78 156.06 148.02 12791 113.83 90.90 82.86  45.05  29.36
Surface coverage @at 25 °C 0.72 0.74 0.76 0.77 0.81 0.83 0.87 0.9 0.93 0.96
Prosopis juliflora (G3)
Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
Efficiency at 25 °C (%) 61.59 66.09 68.79 71.24 76.94 78.78 80.75  84.86 8694 9242
CR at 25 °C (mmpy) 339.88 279.14 263.05 22605 22444 15043 139.17 12670 9895 8728 4947
Surface coverage @at 25°C 0.62 0.66 0.69 0.71 0.77 0.79 0.81 0.85 0.87 0.92
Prunus dulcis (G4)
Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
Efficiency at 25 °C (%) 63.50 65.35 67.17 73.95 75.04 79.31 82.64 8565 8770  90.02
CR at 25 °C (mmpy) 339.88 24817 24053 21921 17336 163.70 13957 11584 9452 81.65 80.85
Surface coverage Oat 25°C 0.63 0.65 0.67 0.74 0.75 0.79 0.83 0.86 0.88 0.90
(€)) ) wl ]

© (d)

Fig. 1. Chemical structure of (a) Azadirachta indica (G1), (b) Moringa oleifera (G2), (c) Prosopis juliflora (G3) and (d) Prunus dulcis (G4).
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Fig. 2. Nyquist plots recorded at open circuit potentials for Mild steel in 150 ml (2% of NaCl solution)+50 ml of diesel biphasic medium in
the absence and presence of different concentrations of (a) Azadirachta indica (G1), (b) Moringa oleifera (G2), (c) Prosopis juliflora
(G3) and (d) Prunus dulcis (G4). (¢) Equivalent circuit used for Electrochemical studies at 25 °C after 24 h of immersion.

proteins, which contain heteroatoms like oxygen and nitrogen. The
adsorption of the inhibitory molecules on the metal surface also
depends on the number of electron-donating functional groups,
such as -OH, -COOH and -NH groups, available for bond forma-
tion, leading to the mitigation of corrosion shown in Fig. 1.
2. Electrochemical Impedance Spectroscopy Studies

The EIS spectra of mild steel in the biphasic diesel/saline water
corrosive medium without and with the inhibitors are presented
in Fig. 2(a)-(d) to predict the R,,. The impedance spectra were fur-
ther examined by fitting them using a Randles equivalent circuit
in the ZSimpWin software, as shown in Fig. 2(e), and the chi-
square values were found to be around 10~. The components in
the equivalent circuit model are solution resistance (R), charge
transfer resistance (R,;) and a constant phase element (CPE; Q,). A
single and depressed semicircle loop was observed in the Nyquist
plots Fig. 2(a)-(d) for mild steel corroded by the biphasic medium
irrespective of the presence of the natural inhibitors. This is a typi-
cal characteristic of a corrosion process controlled by the charge
transfer mechanism on a metal surface. It was observed that the
diameters of the capacitive loops of the studied inhibitors at a low
concentration (100 ppm) in the Nyquist plot were larger (R,=117.3,
106, 69.03, and 73.36 ohm cm” for G1, G2, G3 and G4, respec-
tively) than that of the uninhibited system (R,=34.11 ohm cm?).

The influence of inhibitor concentration on the corrosion inhi-
bition efficiency is shown in Fig. 2(a)-(d). Larger semicircles were
observed for the media with high gum concentrations at 5,000
ppm for G1 (R,=281.1 ohm cm’); G2 (R,=650 ohm cm’); G3 (R ,=
294.7 ohm cm?); G4 (R,=170.8 ohm cm?) than those at the lower
concentration of 100 ppm. The maximum inhibition efficiency

(94.7%) was observed for G2 at 5,000 ppm concentration, while
G1 showed 86.6% inhibition efficiency at 3,000 ppm. A further
increase in G1 concentration to 5,000 ppm led to a maximum effi-
ciency of only 87%. Even in the other cases, increasing the con-
centration of the selected gums greater than the respective optimal
level did not alter the inhibition efficiency even by 1%. The high
charge transfer resistance values are indicative of a slower corro-
sion process. In detail, these values suggest that the protective film
thickness was enhanced due to the adsorption of more gum mole-
cules at higher concentrations, causing larger surface areas to be
masked by the gum molecules in the corrosive medium. At 5,000
ppm of gum G2, the value of charge transfer resistance was 650 ohm
cm’, and the inhibition efficiency approached 94.7%. This was also
demonstrated by the weight loss method, thus verifying the strong
adsorption of the Moringa oleifera gum (G2) on the metal surface.

The EIS data were analyzed using a simple Randles equivalent
circuit. A constant phase element was used in place of the capaci-
tance in this work, and an interfacial capacitance was adopted to
represent the non-ideal capacitive behavior of the inhibitor film
and corrosion product formed on the metal surface. The imped-
ance of CPE (Z,) is given below.

Zo=Y, jo) " (13)

where Y, is the CPE constant, n is the CPE exponent, j is an
imaginary number, and w is the angular frequency. In general, the
coefficient n falls in the range —1<n<1. The CPE would function
as an inductor when n=-1, a resistor when n=0, a Warburg im-
pedance when n=0.5, and a capacitor when n=1. A small value of
n also refers to a rough surface. Table 2 shows that n<1 for all
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Table 2. Electrochemical parameters and corresponding inhibition efficiency for corrosion of the of Mild steel in 150ml (2% of NaCl
solution)+50 ml of diesel in the biphasic medium in the absence and the presence of various concentrations of Gums

Azadirachta indica (G1)

Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
R, (Q cm?) 1.19 1.76 1.77 1.72 0.99 1.79 1.85 1.84 1.66 1.87 1.68
R, (Q cm?) 34.11 117.3 1198 1669 1813 2033 2123 2362 2560 2695 2811
n 0.70 0.70 0.70 0.73 0.70 0.70 0.74 0.73 0.70 0.73 0.70
Qx107%s" (cm’/ Q) 6.67 4.40 3.94 3.92 1.38 1.19 1.09 0.68 0.61 0.61 0.41

Cy (mF/cm®) 94.9 89.0 76.7 68.9 204 17.3 14.7 8.14 7.47 7.36 4.39
Inhibition efficiency (%) 7092 7153 7956 8118 8322 8393 8556 86.67 8734  87.46
Degree of surface coverage (6) 0.71 0.71 0.79 0.81 0.83 0.84 0.85 0.87 0.87 0.87

Moringa oleifera (G2)

Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
R, (Q cm?) 1.19 132 1.40 2.63 1.39 1.59 1.39 2.89 1.64 1.96 1.84
R, (Q cm’) 34.11 106 110 124 134 136 138 239 277 320 650

n 0.7 0.8 0.75 0.70 0.70 0.73 0.70 0.70 0.70 0.70 0.70
Qx107*s" (cm®’/ Q) 6.67 4.96 347 2.06 1.49 1.35 1.09 0.25 0.18 0.15 0.09
Cy (mF/cm®) 94.9 7506 5416  30.79 20.0 16.88  13.03 2.0 1.31 1.11 0.70
Inhibition efficiency (%) 6782 6899 7249 7454 7492 7528 8573 8768 8934 9475
Degree of surface coverage (6) 0.68 0.69 0.72 0.74 0.75 0.75 0.86 0.88 0.89 0.95

Prosopis juliflora (G3)

Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
R, (Q cm?) 1.19 151 1.40 0.83 1.28 1.45 1.79 1.70 2.02 153 1.46
R, (Q cm’) 34.11 69.03 87.66 9419 107.4 1174 130.1 135.1 1357 2829 2947
n 0.7 0.7 0.7 0.7 0.7 0.7 0.75 0.7 0.7 0.7 0.7

Qx107*s" (cm®/ Q) 6.67 424 2.62 2.01 1.89 1.29 1.29 0.82 0.78 0.60 0.30
C, (mF/cm?) 94.9 67.09 3733 2644  25.65 15.38 15.29 8.64 7.99 7.6 2.87
Inhibition efficiency (%) 50.59 61.09 6378 6824 7094 7378 7475 7486 8794 8842
Degree of surface coverage (6) 0.5 0.61 0.64 0.68 0.71 0.74 0.75 0.75 0.88 0.88

Prunus dulcis (G4)

Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
R, (Q cm?) 1.19 3.99 2.65 0.94 0.88 0.88 1.57 1.46 1.50 0.84 0.82
R, (Q cm’) 34.11 7336  86.03 90.18 1032 1035 1328 140 159.8 168 170.8
n 0.70 0.70 0.70 0.70 0.70 0.70 0.71 0.75 0.70 0.70 0.72
Qx107*s" (cm®/ Q) 6.67 3.38 3.20 2.61 2.28 2.27 1.09 0.98 0.82 0.72 0.50
C, (mF/cm?) 94.9 49.79 4941 3775 3285 3275 12.63 10.8 9.25 7.92 477
Inhibition efficiency (%) 53.5 6035 6217 6695 67.04 7431 7563  78.65 79.7 80.03
Degree of surface coverage (6) 0.53 0.6 0.62 0.67 0.67 0.74 0.76 0.79 0.8 0.8

selected inhibitors represents the non-ideal capacitance behaviour
of mild steel due to electrode surface heterogeneity. Table 2 shows
that n<1 for all selected inhibitors represents the non-ideal capaci-
tance behavior of mild steel due to electrode surface heterogeneity.

The double-layer capacitance (C;) was evaluated using the equa-
tion,

Ca=nQuxRY™ (14)

For a non-ideally polarized electrode in which charge transfer
primarily controls the corrosion. In this work, the double-layer
capacitance was low (Table 2) in the inhibited corrosive medium
compared to that in the uninhibited solution (94 mFcm ). For the
best inhibitor (G2), the 67.82% inhibition efficiency at a low con-
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centration of 100 ppm increased to 94.75% at the highest concen-
tration of 5,000 ppm; however, the double-layer capacitance de-
creased by a hundred-fold. The double-layer capacitance values of
all the inhibited media were lower (G1 - 4.39 mFem ™% G2 - 0.704
mFem™ G3 - 2.87 mFem ™ G4 - 4.77 mFem™) than that of the
uninhibited solution (94 mFcm ) for their respective highest inhi-
bition efficiencies (G1 - 87.46%; G2 - 94.75%; G3 - 88.42%; G4 -
80.03%), strongly suggesting the presence of a protective film on
the metal surface. It can be inferred that the increase in double
layer thickness caused by inhibitor adsorption decreased the capaci-
tance [28,29]. From Table 2, it can be seen that the Moringa oleif-
era gum at a concentration of 5,000 ppm had the lowest double-
layer capacitance (0.704 mFcm ™) of all inhibitors, providing strong
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Fig. 3. Polarisation curves for Mild steel in 150 ml (2% of NaCl solution)+50 ml of diesel biphasic medium in the absence and presence of
different concentrations of (a) Azadirachta indica (G1), (b) Moringa oleifera (G2), (c) Prosopis juliflora (G3) and (d) Prunus dulcis

(G4). at 25 °C after 24 h of immersion.

evidence for a dense and thick adsorbed film on the surface.
3. Potentiodynamic Polarization Studies

The polarization curves of mild steel in the biphasic diesel/
saline water corrosive medium without and with the natural gums
(inhibitors) at room temperature are presented in Fig. 3(a)-(d). All
the selected inhibitors displayed a shift towards the anodic domain
of the polarization curves, leading to lower current density values
compared with the blank (without inhibitor). This suggests that
the selected natural gums could inhibit the steel dissolution reac-
tions. The electrode potential (E) and the logarithm of current (log
i) of an electrode demonstrate a linear relationship when polar-
ized to sufficiently large potentials, both in anodic and cathodic
directions. The range in which the electrode exhibits such a rela-
tionship is called the Tafel region. The anodic and cathodic curves
were extrapolated to find the polarization parameters, including
corrosion current density (L), corrosion potential (E,,,), and the
anodic and cathodic Tafel slopes (4, and £). The electrochemical
corrosion parameters derived using the Tafel method is listed in
Table 3. To ascertain the corrosion-protective effect of the gums,
their corrosion inhibition efficiency (%) was determined using Eq.
(5) and the corrosion current densities evaluated by the Tafel extrap-
olation method, as shown in Table 3.

The polarization results match the gravimetric measurements
reported in this work, signifying the improvement of inhibition effi-
ciency with increasing gum concentration. Table 3 demonstrates
that the corrosion currents obtained for mild steel in media con-

taining the inhibitors at 5,000 ppm (0.007 mAcm™* for G1, 0.003
mAcm ™ for G2, 0.012 mAcm ™ for G3 and 0.004 mAcm ™ for G4)
were lower than that of the blank (0.221 mAcm ™). The maximum
efficiency of 98.70% was observed for G2 at 5,000 ppm. Based on
the weight loss method, we also found that gum G2 was the best.
The trend of corrosion inhibition efficiency was the same, but some
differences were observed in the corrosion rate probably because
the weight loss method provides average corrosion rates, while the
polarization method yields the instantaneous corrosion rates (Table
1 and Table 3).

As seen in Table 3, the lowest corrosion rates (0.93 mmyr ', 0.28
mmyr ', 0.46 mmyr ' and 0.79 mmyr ', respectively) and the high-
est inhibition efficiency (64.14, 89.36, 82.19, and 69.58%, respec-
tively) of G1, G2, G3 and G4 were achieved at 100 ppm. Further,
increasing the gum concentration from 100 to 5,000 ppm caused
the corrosion rate to decrease in all tested cases owing to the bet-
ter protection offered by the gums at higher concentration. Among
the investigated gums, G2 acts as the best corrosion inhibitor in
the diesel/saline water biphasic medium because it strongly adsorbs
to the mild steel surface and blocks the sites, thereby decreasing
the diffusion rate of corrosive reactants to the metal surface and
thereby shielding the metal from corrosion. It is known that if the
E,,. value changes by more than +85mV vs SCE in comparison
with the corrosion potential of the blank, the selected inhibitor can
be considered cathodic- or anodic-type.

In contrast, a change in the values of both £, and £ in the pres-

Korean J. Chem. Eng.(Vol. 40, No. 9)



2194

R. Palanisamy et al.

Table 3. Potentiodynamic polarization parameters of the of Mild steel in 150ml (2% of NaCl solution)+50 ml of diesel in the biphasic
medium in the absence and the presence of various concentrations of Gums

Azadirachta indica (G1)

Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
-E,, mV 235.2 158.8 112.2 94.6 93.3 87.4 79.6 76.9 64.2 52.6 30.1
iy MA 2.56 0.92 0.86 0.50 0.27 0.27 0.25 0.20 0.08 0.08 0.08
i/A mA/cm’ 0.22 0.08 0.07 0.04 0.02 0.02 0.02 0.02 0.01 0.01 0.01
B, Videc 0.46 0.23 0.18 0.16 0.12 0.11 0.08 0.08 0.04 0.03 0.13
. V/dec 0.21 5.73 4.69 3.53 1.83 1.68 0.36 0.14 0.09 0.04 0.02
CR mm/year 2.61 0.93 0.88 0.51 0.27 0.27 0.25 0.20 0.08 0.08 0.08
Efficiency % ~ ----- 64.14 66.38 80.37 89.44 89.59 90.3 92.14 96.79 96.79 96.83
Moringa oleifera (G2)
Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
-E,, mV 2352 2159 2094 204.9 188.5 184.8 180.3 144.9 142.7 142.3 142.3
i MA 2.56 0.27 0.22 0.18 0.16 0.15 0.14 0.12 0.11 0.08 0.03
i/A mA/cm’ 0.22 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.002
A, Videc 0.46 0.23 0.23 0.22 0.20 0.18 0.15 0.14 0.13 0.13 0.01
B Videc 0.21 0.10 0.09 0.08 0.08 0.06 0.05 0.04 0.04 0.04 0.04
CR mm/year 2.61 0.28 0.20 0.19 0.17 0.15 0.14 0.13 0.11 0.08 0.03
Efficiency % - 89.36 92.5 92.82 93.55 94.25 94.52 95.12 95.73 96.75 98.7
Prosopis juliflora (G3)
Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
-E,, mV 2352 217.0 204.2 2024 193.9 187.6 1844 1719 168.1 159.3 150.9
iy MA 2.6 0.46 0.38 0.35 0.30 0.29 0.29 0.23 0.15 0.15 0.14
i/A mA/cm’ 0.22 0.04 0.03 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.01
A, Videc 0.46 0.30 0.27 0.26 0.23 0.22 0.22 0.20 0.20 0.19 0.17
. Videc 0.21 0.08 0.07 0.06 0.06 0.05 0.05 0.05 0.05 0.03 0.03
CR mm/year 2.61 0.46 0.35 0.39 0.30 0.30 0.29 0.23 0.15 0.15 0.15
Efficiency % - 82.19 86.38 85.12 88.38 88.52 88.76 91.11 94.08 94.13 94.38
Prunus dulcis (G4)
Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
-E,, mV 2352 1429 1314 103.2 101.5 101.1 98.9 94.4 97.6 86.4 16.7
ieor MA 2.6 0.78 0.57 0.45 0.39 0.14 0.11 0.11 0.10 0.06 0.05
i/A mA/cm® 0.22 0.07 0.05 0.04 0.03 0.01 0.01 0.01 0.01 0.004 0.004
B, Videc 0.46 0.20 0.18 0.17 0.14 0.14 0.13 0.11 0.09 0.09 0.07
B Videc 0.21 2.05 1.06 1.02 0.07 0.05 0.04 0.04 0.04 0.03 0.01
CR mm/year 2.61 0.79 0.58 0.46 0.40 0.15 0.11 0.11 0.10 0.06 0.05
Efficiency %  --—--- 69.58 77.62 82.22 84.65 94.33 95.6 95.8 96.15 97.78 97.95

ence of inhibitors indicates that the inhibitor controls both metal
dissolution and the kinetics of hydrogen evolution. As seen in Fig.
3, the corrosion potential demonstrated a gradual shift towards
anodic potential with respect to the blank with increasing inhibi-
tor concentration, revealing that the rate of the cathodic reaction
had minimal effect on the rate of corrosion. From Fig. 3(a)-(d) it
is evident that adding the gums at varying concentrations to the
biphasic diesel/saline water system changed the shape of the cathodic
and anodic curves, probably due to the differences in their adsorp-
tion capacity, which is dependent on the molecular structure of
the respective gums.
4. FTIR and SEM Characterization

Fig. 4 shows the FTIR spectra of the natural gums used as cor-
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rosion inhibitors in this study. The intense peaks at 2,800-3,000
and 3,000-3,600 cm™ originate, respectively, from the C-H and O-H
stretching vibrations. Adsorption peaks at 2,975 and 2,966 cm™
correspond to the C-H bond vibrations for all the gums except
MO. The vibrational mode located at 2,975-2,966 cm™' vanished
completely in the MO spectrum; however, the MO gum polysac-
charide showed a major band in the 3,277-3,000 cm™" range corre-
sponding to O-H stretching in the alcohol groups when compared
to all selected gums. This suggests that some of the hydroxyl groups
in the natural plant gums bonded with the metal surface by forming
H-bonds. The absorption bands at around 800-1,200 cm™" repre-
sent the stretching vibrations of the C-C, C-O, and C-O-C bonds,
as well as the C-O-H bonds and C-H bending modes [30-32].
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Fig. 4. FTIR spectra of Azadirachta indica (G1), Moringa oleifera
(G2), Prosopis juliflora (G3) and Prunus dulcis (G4).

Polygalacturonic acids exhibit absorption maxima in this region;
absorption at 1,038-1,044 cm™' unveils the presence of galactose-

containing polysaccharides in the selected gums. The carboxylic
acid (COOH) groups are denoted by the typical in-plane O-H
bending mode peak at 1,664 cm™", which shows the highest inten-
sity in the MO gum spectrum compared with all the other gums.
This indicates that the presence of numerous functional groups,
including hydroxyl (-OH), carboxylic (COOH) and heteroatoms
(O), in the molecular structure of the selected gums, inhibits the
anodic/cathodic reactions either by electrostatic adsorption on the
metal surface or coordinate-type linkages with the partially filled
Fe orbital [15].

Fig. 5 shows the SEM analysis of the mild steel surfaces after
immersion in the biphasic diesel/water corrosive medium contain-
ing 5,000 ppm inhibitor (G2) for 24 h. The surface of mild steel
was smooth when immersed in the corrosive medium with inhib-
itors; however, surface pits were clearly seen on mild steel placed
in the uninhibited medium (Fig. 5(d)-(f)). Pitting corrosion may
be occurring on the metal surface. Meanwhile, the EDX spectrum
of the steel samples in the corrosive media shows a high atomic
percentage of oxygen, confirming the formation of corrosion prod-
ucts, while in the presence of G2, the spectra show lower intensity
peaks for oxygen atoms (Fig. 5(g)-(i)), indicating that the natural
gum (G2) formed a surface-protective layer to combat corrosion.
The white patches on the metal surfaces exposed to the inhibitor

=
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L}
- t ! T T
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2 3 4 5 6 7 8 9 10
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Fig. 5. SEM and EDX analysis of Mild steel surface of (a), (b), (c) Mild steel (Bare) surface’s (d), (e), (f) corrosion without inhibition, (g), (h),

(i) corrosion with inhibition of gum for 24 hr.
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Table 4. R® values for the various adsorption isotherms considered for Mild Steel in 150 ml (2% of NaCl solution)+50 ml of diesel in the
biphasic medium in the absence and the presence of various concentrations of Gums

Langmuir Temkin Freundlich Frumkin El-Awadys Flory Huggins
Temperature °C 25 45 25 45 25 45 25 45 25 45 25 45
Azadirachta indica (G-1) 0.99 0.99 0.95 0.96 0.94 0.96 0.96 0.97 0.97 0.95 0.97 0.94
Moringa oleifera (G-2) 0.99 0.99 0.97 0.96 0.97 0.96 0.98 0.98 0.86 0.90 0.83 0.86
Prosopis juliflora (G-3) 0.99 0.99 0.96 0.94 0.96 0.96 0.98 0.97 0.92 0.90 0.88 0.86
Prunus dulcis (G-4) 0.99 0.99 0.97 0.93 0.96 0.90 0.98 0.95 0.97 0.95 0.95 0.94

solutions indicate that the gum molecules were adsorbed and masked
the surface from the aqueous layer.
5. Adsorption Isotherms and Thermodynamic Considerations
The surface coverage values were matched to various adsorp-
tion isotherm models to study the interaction between the natural
corrosion inhibitors and the metal surface. The reduction in metal
dissolution rate caused by the surface-adsorbed inhibitors occurs
via active site blockage depending on the chemical structure of the
inhibitor, electrolyte type, charge state and metal type/properties.
Of the adsorption models tested, the best fit was obtained for the
Langmuir isotherm (R*=0.99) for all four gums (Table 4) at differ-
ent temperatures. The slope value in the Langmuir isotherm was
close to unity at 25°C, indicating that there was no interaction
between the gum molecules on the active sites, and also at 45 °C.
The correlation coefficients (R?) were in the following ranges for
the Temkin (0.93-0.96), Freundlich (0.90-0.96), Frumkin (0.95-0.98),
E-A (0.90-0.95) and F-H (0.86-0.94) isotherm even at 45 °C, con-
firming that the adsorption process obeyed the Langmuir model.
K, is the adsorption equilibrium constant obtained from the Lang-

Table 5. Thermodynamic parameters of Langmuir isotherm for the
Mild steel in 150 ml (2% of NaCl solution)+50 ml of diesel
in the absence and the presence of different concentrations

gums
K,z mol ™’ AG KJ mol ™
R’ 25°C  45°C  25°C  45°C
Azadirachta indica (G1) 17.02  11.67 —1444 -1442
Moringa oleifera (G2) 9.46 723 -1299 -13.15
Prosopis juliflora (G3) 770 625 1248 —12.76
Prunus dulcis (G4) 8.62 840 -1276 —13.55

muir model and it is given in Table 5.
The adsorption equilibrium constant K, relative to the stan-

dard free energy AG,,, (kJ/mol) was calculated as
AGy=—RT In (2x10 K,) (15)

where R is the universal constant of ideal gases, T is absolute tem-
perature, and 20 refers to the saline water concentration in ppm.

Table 6. Activation parameters of the dissolution of Mild steel in 150 ml (2% of NaCl solution)+50 ml of diesel in the absence and presence

of different concentrations of Gums

Azadirachta indica (G1)

Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
Activation Energy (E,) (KJ/mol) 1.90 10.08 7.21 11.77 14.96 17.60 1839 2720 2404  33.01 26.70
Entropy AS (J/mol/K) -181.72 -1441 -161.81 -151.79 -148.71 -146.01 -147.94 -13523 -15295 -144.1 -17481
Enthalpy AH (KJ/mol) =173 12.27 7.10 11.02 12.45 13.54 13.13 17.33 12.25 15.13 10.14
Moringa oleifera (G2)
Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
Activation Energy (E,) (KJ/mol ) 1.90 13.94 11.65 14.25 13.17 14.63 13.83 17.57 11.67 31.17 3043
Entropy AS (J/mol/K) —181.72 —122.15 -139.08 -13253 -1414 -142.56 -151.8 -148.71 -170.28 -145.63 -164.88
Enthalpy AH (KJ/mol) -1.73 18.93 14.04 16.41 13.92 13.96 11.47 12.83 6.56 14.63 9.20
Prosopis juliflora (G3)
Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
Activation Energy (E,) (KJ/mol ) 1.90 5.50 4.01 8.03 7.79 1591 15.83 1535 2145 2229 37.68
Entropy AS (J/mol/K) —-181.72 —157.57 -170.66 -148.71 -150.64 -12599 -131.77 -139.86 —129.08 -134.08 -121.75
Enthalpy AH (KJ/mol) -1.73 6.59 3.00 10.24 9.70 18.46 16.96 14.79 18.53 1726  21.66
Prunus dulcis (G4)
Concentration (ppm) Blank 100 200 300 400 500 1,000 2,000 3,000 4,000 5,000
Activation Energy (E,) (KJ/mol ) 1.90 9.69 5.12 7.24 7.09 6.75 10.24 13.72 16.03 19.74 16.43
Entropy AS (J/mol/K) —181.72 —131.38 -165.66 —15526 -164.88 -168.35 —-157.96 -15141 -152.18 -146.79 -157.57
Enthalpy AH (KJ/mol) -1.73 14.98 492 8.42 6.43 5.59 9.14 11.55 11.73 13.58 10.39
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Table 7. Comparison between the inhibition efficiency of some other reported gum inhibitor on steel in acidic medium with the present work

S.No  Inhibitor source Metal Medium Concentration  Efficiency % Reference

1 Gum Arabic Mild Steel 1M HCl LogL™ 95.00 [35]

2 Azadirachta indica Mild Steel 1M HCI 60 ppm 92.11 [36]

3 Guar gum Carbon Steel 1M H,SO, 1,500 ppm 94.75 [16]

4 Pachylobus edulis-gum Mild Steel 2 M H,SO, 05gL" 65.53 [18]

5 Gum Tragacanth Powder ~ Mild Steel 1 N Sulphuric Acid 40 ppm 86.89 [37]

6  XG-g-PAM Mild Steel ~ 15% HCI 04gL’” 94.79 [38]

7 Guar gum Aluminjum 1M HCI 04gL"! 82.83 [39]

8  Azadirachta indica (G1) Mild Steel 2% of NaCl solution with diesel 5,000 ppm 87.46 Present study

9 Moringa oleifera (G2) Mild Steel 2% of NaCl solution with diesel 5,000 ppm 94.75 Present study
10 Prosopis juliflora (G3) Mild Steel 2% of NaCl solution with diesel 5,000 ppm 88.42 Present study
11 Prunus dulcis (G4) Mild Steel 2% of NaCl solution with diesel 5,000 ppm 80.03 Present study

At 25 °C, the AG,, values were —14.44, —12.99, —12.48, and
—12.76 KJmol " for G1, G2, G3 and G4 and at 45°, the AG,, value
were —14.42, —13.15, —12.76 and —13.55 k] mol " respectively. These
negative values denote the spontaneous physical adsorption of the
inhibitors on mild steel (Table 5).

It is known that free energy equal to or greater than —20 k] mol™"
indicates a physical adsorption process facilitated by electrostatic
interactions between the corrosion inhibitor and the metallic sur-
face. Meanwhile, free energy values around or lower than —40kJ
mol ™' denote a chemisorption process involving the sharing or
relocationof charge from the corrosion inhibitor to the metal sur-
face, resulting in a coordinate metal bond. Table 5 displays that the
calculated AG,y fell in the —12 to —14 k] mol ™' range, suggesting
physical adsorption of selected gum molecules on the metal sur-
face. Temperature is critical to the efficiency of natural corrosion
inhibitors. The activation energy was determined as

CR, E, (1 1
logp = 2.30311(T_1 - T_) (16)
Where CR, and CR, refer to the mild steel corrosion rates at

temperatures T, (298 K) and T, (318 K), respectively, E, is the acti-

vation energy, and R is the gas constant.

As shown in Table 6, the activation energy was higher for the
corrosion inhibition processes than that the uninhibited system
(1.89kJ mol ") due to the thin film formed on the mild steel sur-
face, which leads to a higher energy barrier in the inhibited sys-
tems. Further, the activation energy increased as the inhibitor con-
centration increased since the thickness of the film layer increased,
escalating the barrier to diffusion of reactants and energy transfer.

The enthalpy change (AH) and entropy change (AS) values cal-
culated at different gum concentrations and temperature are given
in Table 6.

logSR - AL (1) +|:log%l (522 } 17)

T ~ 2.303R\T 2.303

where h is PlancKs constant, N is Avogadros number; AH is the
—-AH
2.303R

enthalpy change evaluated from the slope of the plot of

logCTR against (%) and the entropy changes; AS is the entropy

change evaluated from the intercept [logN;Rh + (2 ;AOSS R)} of the

same plot.

The AH values were positive (Table 6) and low enthalpy of ad-
sorption was observed in the range of 2-21k] mol ' for all the
gums (less than 40 k] mol '), indicating that gum adsorption of the
gum on the metal followed a physical adsorption process. How-
ever, the entropy change values were negative for all the selected
gums. This indicates that disorderliness decreases when the reac-
tants transform into the activated complex. Moreover, the nega-
tive AS values suggest that the formation of the passivation layer is
the rate-controlling step. This result is consistent with the work by
Sudhish and Eno [33]. Table 7 compares the ability of the natural
gums to inhibit the corrosion on steel exposed to acidic condi-
tions. This study demonstrates that the adsorption of the tested
natural gums on mild steel exposed to the biphasic diesel/saline
water system is feasible and occurs spontaneously via a physical
process according to the Langmuir isotherm.

CONCLUSIONS

In summary; the anti-corrosive effect of natural gums from Aza-
dirachta indica (G1), Moringa oleifera (G2), Prosopis juliflora (G3)
and Prunus dulcis (G4) on mild steel exposed to the biphasic die-
sel/saline water system was studied. The corrosion rates dramati-
cally decreased by 8.62, 11.58, 6.87 and 4.20 folds, respectively, in
the presence of 5,000 ppm Gl1, G2, G3, and G4 gums compared
with rate observed in the uninhibited corrosive medium (339.88
mmyr ). The EIS and Tafel electrochemical plots revealed increas-
ing inhibition efficiency with gum concentration, suggesting that
the degree of protection offered by the inhibitor is concentration
dependent. The double-layer capacitances in all the inhibited media
(G1 - 439 mFem ™, G2 - 0.704mFem ™, G3 - 2.87 mFem ™, and
G4 - 4.77 mFem ) were less than that of the uninhibited solution
(949 mFcm ™) for their respective highest inhibition efficiencies
(G1 - 87.46%; G2 - 94.75%; G3 - 88.42%; G4 - 80.03%), strongly
evidencing the presence of a protective layer on the mild steel sur-
face. Further research on the surface interactions, shelf-life and pH
stability of the natural gums in the biphasic medium at different
temperatures is necessary for the application of these natural cor-
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rosion inhibitors at the industrial scale.
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