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Abstract: Researches for green inhibitors in corrosion protection has garnered significant attention
due to environmental and safety concerns associated with synthetic inhibitors. Previous studies
have explored various plant extracts, but there remains a need for more efficient and sustainable
options. This research investigated the effect of combination of Physalis angulata leaf and Cassia
angustifolia leaf extract as green inhibitor with a 50:50 ratio for API 5L steel. This experiment was
carried in 1M HCl solution by using different concentrations as variables which is 10 ml, 30 ml, and
50 ml inhibitor extracts. Evaluation of this experiment was performed using potentiodynamic po-
larization and EIS. The antioxidant compound was investigated using FTIR and was found to be
flavonoid. It was found that the capability of the inhibitor to inhibit the steel surface from the envi-
ronment increases with increasing concentration. The combined extracts exhibited remarkable cor-
rosion inhibition properties, achieving a maximum inhibition efficiency of 98.63% at a 50 ml con-
centration. This efficiency highlights the potential of these natural extracts as eco-friendly and effec-
tive alternatives to conventional inhibitors. Combination of Physalis angulata leaf and Cassia an-
gustifolia leaf extract is identified as mixed-type inhibitor with predominant cathodic effectiveness.
The adsorption of this inhibitor on the steel surface was predominantly through physisorption and
obeyed Langmuir adsorption isotherm.
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1. Introduction

API 5L carbon steel pipe is commonly used in o0il and gas industry. The pipe is used
to transport fluids between equipment in a plant or from one place to another for a suc-
cessful production in the industry. API 5L is a low carbon steel pipe that more susceptible
to corrosion in aggressive environments compared to other types of steel. Given its expo-

sure to various aggressive environments, it necessitates protection against corrosion.

One of the obstacles that is found in the aggresive environment is corrosion. Corro-
sion is a phenomenom where the material reacts with the environment causing the mate-
rial to degrade [1]. This phenomenom will caused a failure to the material, which can
make the material unable to function properly. Moreover, this phenomenom can make
the production process disrupted and increase the production cost. With the numerous
issues related to metal corrosion, research on corrosion inhibitors must continuously be

developed to find the most effective inhibitors with the highest efficiency. Additionally,
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corrosion inhibitors should be affordable and environmentally friendly so they can be ap-

plied across various industrial sectors.

Inhibitor is one of the effective way to prevent the corrosion to happen. Inhibitor is
known to have an effective result, which can decrease the corrosion rate up to 99% [2].
Researches into inhibitors are thus geared towards natural products, such as fruits and
plants, to obtain a non-toxic and environmentally friendly inhibitors with good inhibition
efficiencies [3]. Several studies about green inhibitors have been reported [3-12]. The leaf
extracts from non-inoculated and inoculated Aquilaria subintegra were evaluated,
demonstrating a high corrosion inhibition efficiency of up to 93% at 1500 ppm. This was
determined through weight loss studies, electrochemical impedance spectroscopy, and
potentiodynamic polarization measurements [3]. Morinda citrifolia (Noni) extract as a
green corrosion inhibitor is effective for protecting low carbon steel in a 3.5% sodium chlo-
ride solution, achieving an optimum inhibitor efficiency of 76.92% at a concentration of 3
ppm after 288 hours of immersion, with the formation of a monolayer film indicating its
mixed-type inhibitor behavior [4].

Physalis angulata leaf known to have an antioxidant activity. This leaf contains sev-
eral chemical compounds including cryptoxanthin, physalin, saponin, terpenoid, flavo-
noid, polyphenol, and steroid [13]. Cassia angustifolia leaf also known to have an antiox-
idant activity. This leaf contains chemical compounds including anthraquinone, xan-
thone, and flavonoid [14, 15]. The existence of flavonoid in both leaves is believed to give

an effective inhibitive effect to the material.

The experiment was done to study the corrosion inhibition of the combination of
Physalis angulata leaf and Cassia angustifolia leaf with a 50:50 ratio as green inhibitor for
API 5L steel. This experiment was evaluated using potentiodynamic polarization and EIS,
also performed in 1M HCl solution at 25°C. Different concentrations, which are 10, 30, and
50 ml, were used as the variable for this experiment. The compounds in the leaves were
identified using FTIR.

2. Materials and Experiment Methods
2.1 Extraction

The leaves were already in a powder form. A 0.375g from each leaf powder were dis-
solved in a 150ml 1M HCI solution. The 150ml extract was then divided into 10ml, 30ml,
and 50ml inhibtior concentrations.
2.2 Sample Preparation

API 5L steel was used in this experiment. This sample has a nominal composition
(wt%) of 98.7% Fe, 0.203% C, 0.524% Mn, 0.0242% P, and 0.0111% S.

The sample was cut with a band saw to 25 mm x 20 mm x 5 mm, which is cut into
two samples. The samples were then drilled with a 3 mm drill bit to hook it with a string

to hang the sample in the solution.
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The sample was cut to 10 mm x 10 mm x 5 mm, which is cut into four samples. The
four samples were then grinded and connected to a copper wire with a solder. The four

samples were then mounted with resin and hardener.
23 FTIR

1M HCI solution was used in this expertiment. The solution was prepared by dilut-

ing 37% concentrated HCl in distilled water.
2.4 Solution Preparation

Pelkin-Elmer instrument was used in this experiment with a 4000-450 cm-1 wave-
length. The FTIR was performed twice, to the leaf powder and to a sample soaked in a
100ml 1M HCl solution with a 50ml inhibitor concentration. This experiment was done to
find out the active compound in the leaves and to find out the absorbed active compound
in the steel surface. The active compound found in the steel surface known to be the active

compound that gives an inhibition effect to the steel.
2.5 Extraction

Nova Autolab PGSTAT302N instrument was used in this experiment with a 0.01 V/s
scanning rate and 120s open circuit potential (OCP). The result of this experiment was a
polarization curve which was obtained with a Tafel extrapolation. The current density
(Lorr) and corrosion potential (Ecorr) were obtained from the curve. The IE % was calculated

using the equation (1):

IEO/() — Iyninhibited— linhibited x 100 (1)

Iyninhibited

2.6 Sample Preparation

Gamry Instrument was used in this experiment. A semicircle curve was obtained in
this experiment. The curve was then fitted to obtain an electrical circuit where charge-
transfer resistance (Rct), electrolyte resistance (Rs), and double-layer capacitance (Cdl)

were obtained from this electrical circuit. The IE % was calculated using the equation (2):

IE % = Ret(inhibited)— Ret(uninhibited) x 100 (2)
Ret(inhibited)

3. Results and Discussion

3.1. Fourier Transform Infra Red (FTIR) Spectroscopy
3.1.1. Leaf Extract

The antioxidant compound in Physalis angulata leaf, spesifically flavonoid, were
confirmed by FT-IR spectroscopy as shown in Fig. 1. Flavonoid has an O-H hydroxyl com-
pound group as the basic structure. The peak at 3330.78cm-1 is due to the existence of O-
H hydroxyl group. The same result was obtained in Cassia angustifolia leaf as shown in
Fig. 2, where flavonoid was found. The peak at 3279.66cm-1 is due to the existence of O-
H hydroxyl group. In both leaves, C-H, C=C, and C=O compound were also found [16].
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This combination is predicted to have a synergitic effect to each other and is predicted to

give a good inhibition effect to the steel.
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Figure 1. FTIR spectrum of Physalis angulata leaf
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Figure 2. FTIR spectrum of Cassia angustifolia leaf

3.1.2. Absorbed Extract in Steel Surface

The absorbed antioxidant compound in steel surface were also investigated using FT-

IR spectroscopy. The result is shown in Fig. 3. The peak at 3350.78cm-1 is due to the exist-

ence of O-H hydroxyl compound group. C=C and C=O compound were also found in the

abdsorbed extract [16]. This indicates that the extract was successfully absorbed in the

steel surface. Flavonoid is confirmed to be the active compound in the extract with the

existene of O-H hydroxyl compound group in the extract and in the absorbed extract in

the steel surface.
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Figure 3. FTIR spectrum of the absorbed extract in the steel surface

3.2. Potentiodynamic Polarization

The polarization study for the API 5L carbon steel in various concentrations of the
combination of the leaves extract is shown in Figs. 4-5. The result of the parameters calcu-
lated from the study are shown in Table 1. The corrosion rates and the corrosion current
densities were measured from extrapolation of cathodic and anodic Tafel lines with re-
spect to the corrosion potential (Ecorr). The corrosion rate decreases as the inhibitor con-
centration increases. Without the addition of the inhibitor, the corrosion rate was found
to be 58.53 mm/year and decreases to 10.078, 1.6828, and 0.93657 mm/year for each 10, 30,
and 50ml inhibitor concentration. The decrease in corrosion potential is caused by the ad-
sorption of the extract in the steel surface and causing the passivity of the surface in the
HCI solution increased [3,17]. The decrease in corrosion rate is proportional to the de-
crease in corrosion current density and the increase in corrosion potential. Without the
addition of the inhibitor, the current density was found to be 503700puA and decreases to
867.330, 144.820, and 80.6000uA for each 10, 30, and 50ml inhibitor concentration. At the
same time, the corrosion potential increases from -443.26 to -445.54, -469.69, and -488.43
mV for each 0, 10, 30, and 50ml inhibitor concentration. The decrease in the corrosion cur-
rent density shows that the corrosion reaction was successfully suppressed by the extract
[17].

An inhibitor can be classified as a cathodic or anodic inhibitor if the Ecorr of the in-
hibitor displaces more than 85 mV with respect to the blank. From the Table 1, the Ecorr
of all the inhibitor concentrations did not displace more than 85 mV with respect to the
blank. This indicates that the extract could not be classified as cathodic or anodic inhibi-

tors, instead this extract is classified as a mixed-type inhibitor [18,19].
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Fig. 6 shows the the polarization curve of API5L steel without and with the inhibitor.
The curve shifted to a more negative values with the increasing of inhibitor concentration.
This shows that this inhibitor is a mixed-type inhibitor but work predominantly by inhib-
iting the cathodic reaction. This is also confirmed by the value of the cathodic current
densities (bc) of the extract had a lower bc compared to blank. This suggests that the ad-
dition of the inhibitor does not alter the hydrogen evolution mechanism, instead the hy-

drogen evolution was controlled [20].

From Table 1, the efficiency of the inhibitor is known to be increased. From Figs. 4-6
and Table 1, it is known that the concentration that gives the best result was 50ml inhibitor

concentration.

Table 1. Potentiodynamic polarization result for API 5L steel in 1M HCl solution

Inhibitor Corrosion
ba bC ECOI‘T ICOI"I‘ IE
Concentration Rate
(mV/dec) (mV/dec) (mV) (HA) (%)
(ml) (mm/yr)
0 810,350 866,260 -443.26 503700 58,53 -
10 100,670 85,962 -445.54 867,330 10,078 85,25
30 103,530 73,9690 -469,69 144,820 1,6828 97,54
50 85,6200 97,1110 -488,43 80,6000 0,93657 98,63
80
70 \ 68329
60
50
40
30
20
10
_ [ 16828
0 T 093657
0 10 30 50

Figure 4. Plot of corrosion rate versus inhibitor concentration of API 5L steel in 1M HCl solution
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Figure 6. The polarization curve of API 5L steel without and with inhibitor in 1M HCI solution

3.3. Electrochemical Impedance Spectroscopy (EIS)
The corrosion behaviour of API 5L steel in 1M HCl without and with the inhibitor

was investigated by the EIS method. The result was a semicircle curve named Nyquist
diagrams which is shown in Fig. 7. The impedance parameters deduced from the analysis
of Nyquist diagrams and value of IE are given in Table 2. The impedance parameters that
are obtained were charge-transfer resistance values (Rct) and double layer capacitance
values (Cdl). The value of the Rct increases with the increase of the addition of the inhib-
itor concentration, whereas the value of the Cdl decreases. Without the addition of the
inhibitor, the Rct was found to be 24.74Q) and increases to 74.83Q), 168Q), and 190.4Q) for
each 10, 30, and 50ml inhibitor concentration. While for the Cdl, without the addition of
the inhibitor, the value was found to be 178.8x10-6 F and decreases to 62.98x10-6 F,
41.21x10-6, and 36.72x10-6 F. The increase of the Rct values indicates that the protective
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layer, called double layer, was formed in the interface between the specimen and solution
[21]. The increase of the Rct values also indicates that the corrosion reaction rate decreased
because of the decrease of the active corrosion zone [22]. Meanwhile, the decrease of the
Cdl values indicates that the thickness of the double layer increases. Double layer was
formed because of the adsorption of inhibitor molecule on the interface between the spec-
imen and solution. The changes of the Rct and Cdl values are also because of the exchange

of the water molecules with the inhibitor molecules [21].

Table 2. EIS result for API 5L steel in 1M HCl solution

Inhibitor Concentration Rs Rct Cdl/ CPE 1IE
(ml) Q) (V) (10°F) (%)
0 718,4x 1073 24,74 178,8 -
10 613,9x 1073 74,83 62,98 66,94
30 1,029 168 41,21 85,27
50 735,1 x 1073 190,4 36,72 87
100.0 ohm
:::' ' R . ." o -+ ZCURVE (0 miDTA)
‘K'“ . '\". SEhls LI
f" . < zumve o
0.000 ohm

0.000 ohm 100.0 ohm 200.0 ohm 300.0 ohm

Zreal (ohm)

Figure 7. Nyquist diagrams of API 5L steel without and with inhibitor in 1M HCl solution

3.4. Adsorption Isotherm Model

The mode of adsorption of the inhibitor on the API 5L steel was tested with several
adsorption inhibitors. Langmuir, Frumkin, Temkin, Flory-Huggins, and
thermodynamic/kinetic model of El-Awade isotherm were the most frequently used
isotherm. The interaction between molecule and metal surface must be higher than that

of the water molecule and the metal surface to make sure that the inhibitor molecules were
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absorbed on the metal surface [23]. The experimental data were tested using various
isotherms and among various adsorption isotherms tested, Langmuir adsorption was

found to be the best fit. The Langmuir adsorption isotherm can be expressed by Equation

3).

0 = + Cinn 3)
d

where Cinh is the corrosion inhibitor concentration in the solution and Kads is the
equilibrium constant of the adsorption process [24]. Meanwhile, the free energy of

adsorption, AG’ 4, can be calculated by Equation (4) [25].

o

1 AG’ ggs
Kads = Eexp (_ RTd ) (4)

The plot of the Langmuir adsorption, Cinh/@ vs. Cinh, displayed a straight line with
an intercept of 1/Kads for the tested inhibitor. The plot is shown in Fig. 8. The Langmuir
adsorption isotherm for the studied inhibitor derived the thermodynamic parameters.

The interaction of the adsorption is described into two types of interaction which are
called physisorption and chemisorption [26]. The type of the interaction can be known
through the value of the AG’ 4 or Gibbs free energy. The interaction type would be
physisorption if the value of the Gibbs free energy is around -20 k] mol-1 or less negative,
while the interaction type would be chemisorption if the value of the Gibbs free energy is
around -40 k] mol-1 or more negative [24]. The Gibbs free energy was calculated and the
result was -16.3398693 k] mol-1 for API 5L steel in 1M HCl solution. These values indicate
that the type of interaction of the adsorption is physisorption. Meanwhile, the negative
sign on the values of the Gibbs free energy indicates that the adsorption reaction is

spontaneous [27].

o 1 a7 y=09741x+0.0612
~ R2=0.9998
o o~

Figure 8. Langmuir’s adsorption isotherm plots for the adsorption of the inhibitor on

API 5L steel in1M HCl solution
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4. Conclusions

In this study, combination of Physalis angulata leaf and Cassia angustifolia leaf

extract as green inhibitor with a 50:50 ratio experiments has been conducted to solve the

corrosion problem for API 5L low carbon steel. The analysis evaluate using

potentiodynamic polarization, EIS and FTIR led to the following conclusions:

1.

The strong active compound that gives the inhibition effect of the combination of
Physalis angulata leaf and Cassia angustifolia leaf extract to the surface of API5L steel
was found to be flavonoid.

The combination of Physalis angulata leaf and Cassia angustifolia leaf extract with a
50:50 ratio as green inhibitor was found to be a mixed-type inhibitor.

The combination of Physalis angulata leaf and Cassia angustifolia leaf extract with a
50:50 ratio as green inhibitor gave a synergetic effect to each other, as the efficiency of
the inhibitor increases with the increase of inhibitor concentration from 10, 30, and 50
ml

The best inhibitor concetration between 10, 30, and 50 ml was found to be 50 ml.

The adsorption inhibitor model was found to be Langmuir adsorption isotherm and
the type of the interaction of the inhibitor with the specimen was found to be

physisorption.
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