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This work used soursop as a green
corrosion inhibitor to protect API 5L
Grade A from detrimental corrodent
under produced water. Despite the effec-
tiveness of inorganic inhibitors, recent
evidence on their toxicity test suggests
that implementing organic inhibitors is
substantial to replace synthetic corrosion
inhibitors. However, soursop utilization
as a green corrosion inhibitor is poorly
understood due to the lack of a compre-
hensive extraction mode and inhibitive
mechanism. Several tests were conduct-
ed, including weight loss, potentiody-
namic polarization, and electrochemical
impedance spectroscopy (EIS), to unveil
the nature of corrosion inhibition. Fourier
Transform Infra-Red Spectroscopy
revealed the dominant functional groups
to bind with the substrate. The potentio-
dynamic polarization results show that
the inhibitor is a mixed-type inhibitor
that influences the anodic and cathod-
ic reactions. The weight loss test show-
cases the highest inhibition efficiency of
52.62 % upon adding 2 ml inhibitors upon
eight observation days. The polarization
and EIS results provide that the inhibi-
tor reduces the corrosion rate with high-
er inhibition of 88.52 %. The mentioned
result is associated with the attachment
of non-polar and polar Annona murica-
ta Linn functional groups. The prima-
ry functional group involves C=0, C-C
and —O0.H., which actively bonded to the
metal’s surface. The aromatic group at
a wavenumber of 1,050 and 1,090 cm™!
shows ether's presence and behaves as an
adsorption center. In this work, combin-
ing three solvents, hexane, acetone, and
ethanol, elicits the complete extraction of
the predominant compound from soursop.
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1. Introduction

Corrosion remains a considerable challenge of the centu-
ry and possesses business and environmental effects without
significant intervention. Carbon steel remains the primary
selected material widely used as a structural material due
to its ductility and mechanical properties [1], especially in
pipelines in offshore surface facilities. In the marine system,
the likelihood of the material experiencing corrosion re-
mains a significant issue, including exposure of the material
to chloride ions and toxic CO, gas. Numerous field strategies
have been implemented, such as inspection and corrosion
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monitoring, to slower the propagating effect of corrosion
and deterioration of metals [2]. In practical activity, the
injection of corrosion inhibitors influences the chemistry of
transported fluid owing to their intervention in controlling
the possible contact between the bare metals and corrodents.
With this in mind, it is critical to ensure the protection of
metals at an acceptable level using chemicals to lower the
risk of metals exposure.

One of the primary issues in mitigating corrosion metal
is the influence of by-products generated in the oil and gas
process [3]. The report of [4] claims the produced water is
provided when the underground water reaches the surface




facility during oil and gas exploration. It is also noteworthy
to remember that the complexity of chemicals includes the
organic and inorganic components. Further studies show
that the ratio between water and oil is low at the beginning
of oil and gas exploration despite a gradual rise as the well
age grows [5]. A recent report showcases that the upstream
process provides the optimum wastewater in both onshore
and offshore well production. It denotes the condition of
trapped water within oil and gas from geologic reservoirs for
nearly a long time of observation [6].

The scarcity of corrosion prevention ultimately helps
remove the pipeline from corrosion due to produced water.
In comparison, it is critical to note that the possibility of
corrosion is high when water and oxygen connect to metals.
Another publication displays that the quantitative amount
of water reaches 75—-80 %, with the oil-to-water ratio within
the range of 3:1 [7]. Hence, a simple strategy can be per-
formed by disconnecting the line and treating the water to
ensure the timed delivery of hydrocarbon to meet the energy
demand. In these circumstances, green corrosion inhibitor
injection privilege is critical to protect metals at an afford-
able business value.

In the previous research, the green corrosion inhibitor
is an ideal chemical with a remarkable inhibitory effect
while keeping the aquatic toxicity level low [8-10]. Several
pieces of evidence elicit that a small dosage of inhibitors
can broadly impact the corrosion process by controlling the
corrosion process at the interface between metals and cor-
rodents. Commonly, the extraction process becomes a chal-
lenge to gain nature’s primary compounds. A few resources
of inhibitors are plant extracts [11], ionic liquids [12], and
medicines [13]. Amongst the resources, plant extract re-
mains a primary substance aligned with the campaign of
the green concept of corrosion inhibitor. Therefore, research
devoted to developing soursop as a green corrosion inhibitor
is relevant to unveil the excellent potential for corrosion
prevention.

2. Literature review and problem statement

The paper [14] shows that energy demand has risen over
more than ten years, including the mitigation of their facil-
ity. Shown that it is correlated to the prevention scheme of
pipelines, the mitigation would bring extra benefits to the
company. The reason for this may be linked to the prelimi-
nary assessment related to material integrity. It is critical to
involve the injection of inhibitors. The recent development
of inhibitors shows consideration for using green corrosion
inhibitors to protect carbon steel. It is shown that the ulti-
mate compounds, such as polyphenol from Annona muricata
Linn, effectively inhibit corrosion due to the antioxidant
activity [15]. However, the research may be an inherent fun-
damental impossibility without comparing the laboratory
results with the actual coupon measurement to assess the
effectiveness of inhibition. The reason for this can be their
contaminants related to phytochemical compounds.

The research to unveil the potential of natural plants has
been great attention to numerous studies. Table 1 summariz-
es the details of existing research in developing green corro-
sion inhibitors. Numerous studies have been given to unveil
and harness the preceding discussion of natural plant-as-
sociated corrosion-related metal protection. The paper [16]
argues that the adsorption characteristics of the inhibitor

can be modeled using the thermodynamics-kinetic model.
They use ethanol to extract the inhibitor from the bark roots
of Nauclea latifolia to protect mild steel from the H,SOy4
solution. Another concern is the achievement work [17] to
recognize that roots and seeds extract of Azadirachta indica
was utilized to characterize the corrosion protection under
the same solution. Weight loss and gasometric techniques
are sufficient to support the Freundlich adsorption isotherm
result to conserve corrosion damage. The paper [18] arrests
the degradation of metal protection by acquiring the extract
of Emblica officinalis leaves. The study simulates that cor-
rosion protection is prone to achieve its protection by eval-
uating corrosion rate using weight loss, potentiodynamic
polarization and impedance studies.

Similarly, the research [19] shows Combretum bracteo-
sum leaves the gravimetric method is suitable to protect
mild steel from a low pH solution of HySO,. According to
their results, the inhibitor was a mixed-type class to achieve
97.5 % efficiency and abides by the Langmuir, Temkin, and
Freundlich adsorption isotherm. The recent test [20] proves
that the latex and fruit of Calotropis procera and Calotropis
gigantean are moderately capable of depressing the corro-
sion rate of mild steel at 80 % efficiency. A recent study [21]
shows Citrus Aurantifolia (CAL) leaves significantly impact
mild steel under HCI 1M. They claim that the extract is clas-
sified as a mixed-type inhibitor. Moreover, the publication
claims that ethanol is a suitable solvent to extract primary
components of natural resources with the Diphenyl-1-picryl-
hydrazyl (DPPH) scavenging of 141.127 ug/ml. In the other
study, the paper [22] confirms the presence of flavonoids,
tannins, phytosterol, and alkaloids, which are essential to
enhance the antioxidant activity of the soursop extract. The
research claims that the capacity of the leaves and seeds of
the plants is nearly 86 % and 39 %.

In this work, the adsorption process provides the principal
possibility of using soursop extract as a green corrosion inhib-
itor. The green corrosion inhibitor usually comprises multiple
high electronegative atoms such as oxygen, nitrogen, phos-
phorous, and sulfur [23]. In the same study, arene exhibits
the resonance effect, enabling the donating electrons possible.
The publication [24] states that using Secang heartwood ef-
fectively depletes the API 5L grade B corrosion rate under a
3.5 % NaCl environment with moderate inhibition of 53.18 %.
The research [25] utilizes ascorbic acids despite being par-
tially dissociated to give proton, which may contribute to
corrosion. The research results show the sweet potato extract
is ideal for reducing corrosion under the FeCls environment.

An option to overcome the relevant difficulties to har-
ness the potential of soursop as a green corrosion inhibitor
is the extraction process and how they are compatible with
reducing corrosion under produced water. It is the approach
used in [26]; however, the research towards enhancing the
protection of carbon steel API 5L Grade B remains in siloes.
All this allows us to argue that a study devoted to unveiling
the interaction between functional groups of soursop and the
substrate is appropriate.

3. The aim and objectives of the study

The study aims to unravel the potential of soursop as a
practical green corrosion inhibitor based on laboratory re-
sults and can be injected into the production well of oil and
gas facilities.



To achieve this aim, the following objectives are accom-
plished:

— to investigate how the primary vibration of the soursop
corrosion inhibitor correlates to their dominant functional

groups;
— to study the inhibition performance of the soursop inhib-
itor related to how the component reduces the corrosion rate;
— to evaluate the adsorption isotherm of inhibition asso-
ciated with their thermodynamic nature.

4. Materials and methods

4. 1. Object and hypothesis of the study

The object of the study is carbon steel of API 5L Grade A.
The material was obtained from one of the oil and gas com-
panies serving as the main oil lines. The working electrode
was cut and cleansed using HCI 1M to obtain a smoother
metal surface. The metal was then stored to remove the air
contamination. It is presumed that the utilization of a sour-
sop inhibitor is effective to modify the vulnerability of API
5L Grade A to corrosion in plentiful NaCl of produced water.
Recent knowledge shows the phenolic derivates molecules
bonding of —OH has greater adsorption than that of sole
C-C and C-O bonds in carbon-based inhibitor molecules
owing to the ease of formation of dative covalent bonds. This
simplification can be adopted by controlling the reaction at
cathodic and anodic regions through the evaluation of the
optimum dose of inhibitor on the API 5L Grade A surface.
Adding a combination between —OH, C=C, and C=0 shares
a common role to increase electron donations and extend the
surface coverage protection inhibition area where corrodents
have the least access.

4. 2. Preparation of soursop extraction solution and
test solution

The extract of soursop was prepared by extraction process
by cleaning the leaf before the surface area reached £2 cm?.
Eventually, the leaf was dried at room temperature for seven
days. The powdered leaf was obtained using a hammer mill
and filtered with a 40-60 mesh. The powder was dried to
maintain a water content of 15 % before it dissolved in ethanol
and n-hexane. The ratio between the powder and the solution
was 3:1, allowing it to stand for 24 hours. The solution was
filtered to obtain the residue, which may redissolve using
n-hexane and ethanol. The evaporation process continues to
obtain the inhibitor extract using a rotary vacuum evaporator
at 40 °C. The test solution comprises produced water of 10 ml
where the concentration of the solution was prepared by add-
ing 1, 2, 3, and 4 ml of the soursop extract.

4. 3. Potentiodynamic and Electrochemical Imped-
ance Spectroscopy

The inhibitor measurement’s polarization and Electro-
chemical Impedance Spectroscopy were selected to unveil
the inhibitory performance. The working electrode was API
5L Grade A mounted to achieve a surface area of 1 cm? and
earn a steady state for 1 hour. Pt and Ag/AgCl served as
counter and reference electrodes (Metrohom, Switzerland).
The polarization was measured between — 2 V to — 1.5 V
compared to the reference electrode using the scanning rate
of 20 mV/s. The result is depicted in the form of a Tafel Plot.
The electrodes were immersed in the test solution according
to ASTM G 95 [27] as shown in (1):
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Based on (1), Rjy, and Ry correspond to inhibitor and
solvent resistance.

In addition, the EIS applies the frequency between
100 kHz-10 mHz with the Open circuit potential (OCP)
of 4 minutes. The obtained data were plotted using the
Nyquist plot to analyze the interface mechanism between
the substrate and test solution under ethanol and n-hexane
solutions.

4. 4. Weight loss measurements

In this work, the weight loss measurement based on the
ASTM G31-72 standard was carried out to unveil the corro-
sion process. The substrate was measured three times using
an analytical balance with an accuracy of 0.2 mg. Upon
immersing the metal under produced water, the weight loss
was determined based on 3, 5, and 8 days. The observation
was carried out in the absence and presence of inhibitors at
1, 2, and 4 ml. The mean value of the weight loss before and
after the immersion test was repeated thrice to ensure mea-
surement accuracy. Upon completion of the measurement,
the sample was cleansed using HCI 5 % in an ultrasonic bath.
The inhibition efficiency was calculated using (2) [28]:
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where the corrosion rate was calculated using (3) [28]:

AW
{Um = S><t} 3)

According to (2) and (3), 0, and v, are the corrosion
rate without and with inhibitor (mmpy). AW is the weight
difference, S is the exposure area, and ¢ is the immersion
time.

4. 5. Fourier-Transform Infrared Spectroscopy

In this study, the chemical structure of the soursop
inhibitor was captured using FT-IR (Thermo Scientific Ni-
colet iS-10), Thermo Fisher Scientific, Waltham, MA. The
working electrode was immersed in a test solution at 4 ml
inhibitor for nearly 192 hours.

3. Results of using soursop as a green corrosion inhibitor

5. 1. Materials and their corrosion resistance results

5. 1. 1. Materials characterization

Table 1 shows the results of determining the chemical
composition of the working electrode.

Table 1
Chemical composition of the working electrode
Fe (%) | C(%) | Si(%) | S(%) | P(%) | Cr(%) | Pb (%)
~99.59 | 0.148 0.198 0.004 0.012 0.010 | <0.025
Ni (%) | Mo (%) | Ti(%) | Cu(%) | Nb (%) | V(%) |Mn (%)
<0.005 | 0.008 | <0.002 | 0.007 | <0.002 | <0.002 | 0.425

According to Table 1, the sample entails a carbon content
of 0.148 % and is classified as low-carbon steel [29]. The



presence of Cr, Ni, Cu, Si, and Mo increases the corrosion
resistance of the working electrode [30]. Despite their lower
composition, it is vulnerable to corrosion.

5. 1. 2. Results of Potentiodynamic Polarization
Fig. 1 shows the results of polarization of the soursop
inhibitor when extracted using ethanol and n-hexane.
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Fig. 1. Tafel Polarization of soursop dissolving in:
a — ethanol; b — n-hexane

It is known that the polar solvent is critical to transfer
all possible compounds into the solution, effectively influ-
encing the inhibition process. It can be noted that the plot
is essential to distinguish between the anodic and cathodic
reactions before and after the addition of inhibitors. Ac-
cording to Fig. 1, a, the values of E,,,, (potential corrosion)
and i, (corrosion current density) decrease as a more con-
centrated inhibitor is added. Moreover, the current density
reduction co-occurs at the anode and cathode when the API
5L Grade A substrate is added to the inhibitor in the ethanol
solution.

Moreover, the Tafel plots of soursop dissolving in n-hex-
ane shows minimum addition of inhibitor lowers the corro-
sion potential at 1 ml while the excessive solution is inef-
fective in reducing the effect of corrosion (Fig. 1, b). In the
presence of various soursop concentrations, the corrosion
current density shifted to a more negative region compared
to the unprotecting substrate of about 0.1 pA at 4 ml of in-
hibitors. The inhibitor is classified as a mixed-type inhibitor
affecting both solvents’ cathodic and anodic areas.

Tables 2,3 agree well with Fig. 1, which explains the
nature of soursop inhibition.

Table 2

Results of soursop inhibitor under ethanol solvent

Solution Inhibi.tor con- Ecorr Corr Rate UL
centration (mL) | (mv vs Ag/AgCl)| (mm/yr)
0 —788.95 0.1321 -
Pro- 1 -697.66 0.0682 | 48.15
duced 2 —643.69 0.0433 67.09
water 3 -806.42 0.1030 | 21.85
4 -586.53 0.0155 | 88.25

It can be noted that at a higher concentration of 4 ml,

the inhibitor is practical to put the extra barrier between the
bare metal and produced water (88.25 %). The remarkable
efficiency agrees well with the depression of corrosion rate
at 0.0155 mmpy and more negative E,,,at —586.53 mV com-
pared to Ag/AgCl (Table 2). Moreover, Table 2 shows that
the value of E,,,, at 3 ml of inhibitor gives the potential at
—806.42 mV, which was higher than the remaining volume
of inhibitor. In this case, the value of corrosion potential
favors the cathodic region despite the remaining solution
proceeding to the anodic site. Table 3 shows the effect of the
inhibitor when extracted using n-hexane.

Table 3
Results of soursop inhibitor under n-hexane solvent
Solution concelnnt}rl:lft)ilgzr(mL) Ez(ér/r/i;n(;)vs ((:I(I’lr;}{;t; %EL
0 -788.95 0.13165 —
1 —727.09 0.05460 | 58.52
Prv‘ijyccred 2 76227 | 0.07910 | 39.90
3 -761.79 0.07643 | 41.93
4 -758.93 0.07732 | 41.26

Table 3 illustrates that the value of E,,, is generally
similar with different corrosion rates while the increasing
concentration of inhibitor fails to elevate their inhibition
efficiency. Despite the depression of inhibition efficien-
cy (41.2 %), the inhibitor relatively depresses the electro-
chemical process with approximately 50 % smaller corrosion
rate (Table 3) compared to those without an inhibitor. In
essence, the difference in corrosion potential between the
uninhibited and inhibited solution for ethanol solvent was
greater than + 85 mV and associated with the mixed-type
inhibitor. It can be concluded that this behavior is inherent
in the inhibitor when immersed in ethanol only while the
same solution showcases a different property under n-hexane
solution. It may be correlated to the lower inhibition efficien-
cy of 58.52 % and continuously decreases upon the addition
of the larger volume of inhibitor.

3. 1. 3. Results of Electrochemical Impedance Spec-
troscopy

The anti-corrosion performance of the soursop inhibitor,
when the substrate is immersed in the test solution, was per-
formed to research the electrochemical process on the sur-
face of API 5L Grade A. Fig. 2 shows the test results related
to corrosion protection of the natural inhibitor.

According to Fig. 2, the Nyquist curves show the pres-
ence of the incomplete half-loop with a one-time constant.
The loop diameter of the Nyquist plot without inhibitor is
larger than that of the 3 ml solution, while the shape of all
plots remains similar. Moreover, the depression of the semi-




circular arc shape also increases as the inhibitor Table 6
concentration shows the mechanistic inhibition is Results of immersion test for 120 hours
identical. In this case, the 3 ml solution of inhibitor .
orients in a vertical orientation and creates insta- | Cone | Time | Initial Final V&;aght Cot” éﬁvcragtc EL (%)
. S ; . 0ss rate orr rate %
bility of the inhibitor to attach to the substrate | (mL) |(hour)|weight (g)| weight (g) (mg) | (mpy) | (mpy)
6000 T T T T g 10 120 13.251 13.245 0.0064 1.84 1865 -
5000 o | Jo 120 13.239 13.232 0.0066 | 1.89 -
i LER < ] K1 120 13.388 13.384 0.0036 1.03 104 45.454
40001 T i Lt | 120 | 13025 | 13022 | 00037 | 1.05 ' 44.485
= 3000 - = E M 2 120 13.038 13.034 0.0039 1.12 112 40.909
— 2000 Eas = N2 | 120 | 11573 | 11569 | 00030 | 112 | 7 [ 40909
* fooo IR 1 mi 04 | 120 | 11335 | 11331 | 00046 | 132 | | 30303
o / —om P4 | 120 | 11730 | 11725 | 00043 | 1.23 34.848
— 3ml
-1000 aml
1 1 1 Ll with rectangular shape under produced water (unprotected
0 2000 4000 6000 and protected) with 72, 120, and 192 days immersion time.
Z(Q)

Table 7
Fig. 2. Results of the soursop inhibitor Results of immersion test for 192 hours
Electrochemical Impedance Spectroscopy
. Initial | Final | Weight| Corr | Average
Conc | Time . . EI
weight | weight | loss rate |Corrrate| /o
surface [29]. (mL) | (hour) (%)
I addition. Table 4 sh b Its of the soluti €] (® | (mg) | (mpy) | (mpy)
Ina 1t1}(;n, 1 eds OWCfaseSt e resu ts; t esgufon Qo | 192 [122685 12260 [ 00078 | 1422 [ [ -
szl‘;;are‘fia( az){t:nj;%‘ét;ans er resistance (R.), and dou- RO | 192 | 122460 | 12236 ] 0.0095 | 1.732 | * -
ver cap - st | 192 | 13348 | 13342] 00057 | toso | o |40.00
Table 4 T1 192 12.473 | 12.468 | 0.0049 | 0.893 ' 48.42
Results of Electrochemical Impedance Spectroscopy U2 | 192 | 13.068 | 12.029]0.0048 | 0.875 0.8475 4947
V2 192 12.033 | 12.208 | 0.0045 | 0.820 52.63
Conc (mL) | Ry (Qcm™®) | Ry(@em?) | Cy(pFem?) W4 | 192 | 11653 |12201]0.0049 | 0893 | o |48.42
0 38.3 39.8 552 Y 4 192 12.206 | 11.614 | 0.0055 | 1.003 ’ 42.10
1 18.1 3.03 599
2 24.9 1.19 360 In this work, the coupon was duplicated to compare
3 191 297 377 the inhibition efficiency and corrosion rate under the same
4 161 2.69 31 conditions. The code of A-Y was attached to the inhibitor

The value of double-layer capacitance decreases as the
concentration increases (552 to 31 uF-cm~2) to demonstrate
the adsorption of the inhibitor [30]. With this in mind, it
can be noted that more inhibitors solidified to form a thick
inhibitor layer as more soursop is added.

5. 1. 4. Results of weight loss measurement

Tables 5—7 compare the results of gravimetric weight loss
measurement carried out on the API 5L Grade A coupons

Results of immersion test for 72 hours

concentration. Overall, the corrosion rate of the protected
substrate decreases as the concentration increases while
the inhibition efficiency increases as a function of time.
The highest inhibition efficiency was achieved with a 2 ml
solution when the metal was immersed for 192 hours at
52.63 % (Table 7). In comparison, the test solution of 4 ml
inhibitor after 72 hours of inhibition shows the lowest per-
formance at 0.460 % (Table 5). Despite the above results,
adding the soursop inhibitor of 1, 2, and 4 ml in the pro-
duced water with the inhibitor shows a lower yellow col-
or intensity than without inhibitor solution
protection.
Table 5 3. 2. Results of functional group identi-
fication

Fig. 3 depicts the spectrum information relat-

Conc | Time I.nitial Final Weight | Corr rate | Average Corr EI (% .
(mL) |(hour)| weight (g) | weight (g) | loss (mg) | (mpy) | rate (mpy) (%)| edtothe FTIR spectra Qf the soursop inhibitor.
A0 | 72 12,164 12142 | 00217 | 10735 - The_effect of soursop in pure extract shows the
B0 | 72 12.828 12.811 0.0172 8841 9.788 - absorption of several fu.nctlonal groups. The hy;
Ct| 72 | 11988 | 11967 | 0.0207 | 10641 0.8s | droxyl CO.H.) absorption appears at 3.361 cm
10.120 while the stretching of C=0 aromatic appear-
D1 72 11.927 11.909 1 0.0178 | 9.600 105 | ance is obvious at relatively strong absorption
E2 | 72 12.050 12037 | 00127 | 6283 8.4845 414741 3t 2.919 cm! and is confirmed similar to [31]
F2 | 72 13.068 13.046 | 0.0216 | 10.686 0.460 | (Fig. 3, a). The bond C=C stretch asymmetric is
G4 | 72 12.360 12.342 | 0.0181 8.954 8311 16.589 | accountable for the peak absorption of 1.604 cm™.
H4 | 72 11.653 11.637 0.0155 7.668 ] 28.571 | The peak at 1,441 corresponds to —O.H. bending

due to alcohol and phenolic compounds [32].
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Fig. 3. Results of functional group identification spectrum:
a — pure inhibitor extract; b— APl 5L grade A immersed in inhibitor

and adsorbate parameter. Table 5 com-
pares the adsorption isotherm parameters
based on the above equation.

It is possible to vary the plotting C/0
(y-axis) vs 0 (x-axis), log C/6 vs 6, and log
0/(1-8)C vs 0 to provide the model of each
adsorption isotherm model. The obtained
value of R? concerning identifying the
most typical isotherm adsorption model
is given based on Table 5. Doubling the
inhibitor’s volume increases the surface
coverage area of protection from 0.401 to
0.495, indicating that the inhibitor ad-
sorbed on the surface of metals (Table 5).
Nevertheless, the inhibition gradually de-
creased at 4 ml of inhibitor, causing lower
protection on the bare metal. According to
the above calculation, various adsorption
isotherm plot is produced and presented in
Fig. 4-6 after 8 days of immersion.

According to Fig. 4 and (4)—(6), the
obtained value of R? is 0.9713, 0.0053,
and 0.0525 for the Langmuir, Temkin, and
Frumkin adsorption isotherm models. The
nearness of R? to 1 shows that the soursop
inhibitor most likely adheres to the Lang-
muir isotherm model.

Moreover, the wavenumber of 1,058 cm™ suggests the rise of Table 5
ether stretching. Adsorption isotherm calculation

On the contrary, the absorption of several functional Corr rate
groups significantly impacts the inhibition mechanism of the | C (ml) (mmpy) EL(%)| 6 | C/6 | LogC/0|log0/(1-0) C
inhibitor. The remaining appearance peak at 3.329 cm™! and . 039 w01 logoil 25 | —0397 0176
1.626 cm™' suggests an excessive amount of —O.H. and C=C. - - . : - -
It is predicted to be inherent in the molecules of soursop. ! 0.893 | 4842 |0.484]2.083| —0.315 ~0.028

At the same time, the disappearance of the rest function- 2 0.875 | 4947 |0.495)|4.048 | —0.606 -0.311
al groups suspected has wholly attached to the surface of 2 0.82 52.63 0.526| 3.8 | —0.581 —-0.255
API 5L Grade A and forms a new passive layer of protection 4 0893 | 4842 0.48418264| —0.917 ~0.593
against corrodents. 4 | 1003 | 4211 [0.421)9.501| 0977 | 0741

3. 3. Adsorption Isotherm Studies

The mechanism of inhibitor attachment on 10 4
the substrate can be studied using the adsorption .
isotherm model to unveil the surface interaction. 9
In this work, the Langmuir, Temkin, and Frumkin .
models show variation in isotherm adsorption to 8 1
determine the extension of inhibitor corrosion on
the surface of the substrate. In this case, the suit- 74

ability of the fitting model is assessed to deter-

mine the equilibrium adsorption constant, K, % 67
using (4)—(6) [33]: ;.
{c: ! w}, @ 4]
0 K, ¢ |angmuir plot
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Fig. 4. Langmuir adsorption isotherm model plot



6. Discussion of the results of the study of Annona
muricata Linn as a green corrosion inhibitor

The anticorrosion inhibition of the soursop solution
and the electrochemical inhibition processes of the API 5L
Grade B steel electrode in produced water in the presence
and absence of inhibitors at various concentrations were
studied by potentiodynamic and EIS. Of varied concen-
trations, the optimum inhibition was achieved by adding
ethanol at 4 ml to show that ethanol has polar and polar
interaction to provide maximum extraction. The corrosion
potential shifting from a negative to a positive region of
—788.95 mV to —586.53 mV offers the feature of an anodic
inhibitor. In contrast, the addition of 3 ml of inhibitor
shows a mixed-type inhibitor, which interrupts the evolu-
tion of hydrogen gas and dissolution of bare metal under
produced water [34]. High extraction mode shows that
ethanol best extracts all the functional groups exhibit-
ed in the soursop inhibitor. Notably, the compounds are
prominent and preferentially leached out since they are
suspected of interacting due to polar-polar bonding [35].
At the same time, a small amount of inhibitor could not
inhibit the oxidation process due to a lower change in
corrosion rate despite the higher volume injected in the
test solution. Adsorption is the key to inhibition, lowering
the corrosion current density to a negative value. In addi-
tion, the corrosion inhibitor in ethanol solution shows the
irregular Tafel plot change due to the soursop adsorption
on the active site of the bare metals.

The results of Nyquist plots show that the capacitance
of the arc has similar shapes except for the 2 ml solu-
tion (Fig. 2). As such, it can be concluded that the inhibitor
exhibits the likeliness to inhibit the reaction at the cathode
and anode by a similar mechanism [36]. Particularly, the
inhibitor has been adsorbing on the metal while the diam-
eter of capacitance increases remarkably with the increase
of soursop concentration. The increase in diameter implies
that the inhibitor has a greater inhibition capacity despite
the oblate shape at 4 ml inhibitor. In this case, the presence
of inhibitor shows a frequency dispersion corresponding to
the heterogeneous and rougher surface [37]. The Nyquist
plot’s result aligns with the EIS result, which shows that the
value of Cy decreases (Table 4). Based on Table 4, the rise in
charge transfer resistance, R, and the concurrent decrease
of Cy correlate with the displacement of more water mole-
cules in the produced water and an increase in the protection
of the metal from corrodents.

Moreover, the weight loss result shows the reduction
of corrosion in various media at different immersion times.
According to Tables 5-7, the immersion of three days shows
the highest efficiency with the optimum of 2 ml of inhibitor.
The result opposes polarization, which may have a linear rise
as concentration increases. It is suspected that the produced
water is contaminated with H,S. The weak acid darkens
the coupon and inhibits the adsorption of the inhibitor on
the surface of API 5L Grade A. A shorter immersion time is
also predicted to give better protection since the remaining
compound is fully adsorbed at the active sites [38].

On the contrary, the result of five days of immersion time
shows a rise in concentration provides the optimum corro-
sion rate. In addition, the inhibition efficiency remains lower
at 52.63 % at 2 ml of inhibitor after eight days of immersion.
This implies that the inhibitor molecule’s adsorption was
partially attached to the surface of the coupon.

In this case, the lack of protection may correlate to the
shortage of functional groups such as C=0, -O.H., C-O-C,
and delocalization of C=C (Fig. 3). The intense peak of the
above compound increases the hydrogen bonding between
the extract of soursop and produced water. Notably, the
primary representation of the phenolic compound in soursop
provides an electron-donating process from the inhibitor to
the metal, which indicates the adsorption process [39]. The
C=C double bond contributes to the inhibitor’s likelihood
to provide a pair of electrons to form a dative covalent bond.

The adsorption of an inhibitor can be modeled using
Frumkin, Langmuir, and Temkin models. According to Fig. 4,
the R? value of 0.9731 implies the soursop molecule could be
fitted to the Langmuir isotherm adsorption model. In this
model, it is presumed that the inhibition occurs at the inter-
face between the substrate and solution involving chemical
and physical bonding [40]. Comparing another fitting plot of
linear regression shows that R? is more negligible by 0.0053
and 0.0525, and the slope is 0.4108 and 1.2873 for Temkin and
Frumkin. Hence, the Langmuir model shows that the exposed
surface area has been completed and attached with numerous
compounds, which appeared in Fig. 3 [41].

It is noteworthy to discuss the potential effect of using
soursop as a green corrosion inhibitor. It is believed that the
protective effect of soursop film inhibitor is effective against
produced water-induced corrosion through chemical and
physical mechanisms. From the perspective of the corrosion
test, the addition of a soursop inhibitor effectively reduces
the cathodic and anodic reactions. Therefore, the surface
of API 5L Grade A is denser than that of bare metal. The
extensive protective dense layer slows down the adhesion of
chloride and their corresponding corrodent on the surface
of the substrate, thus achieving the physical effect of an-
ti-corrosion. In this circumstance, it is possible to direct the
forthcoming research to unveil the effect of the sole chemical
content of soursop and how to delve into their mechanism.
While using molecular dynamic simulation is critical, the
implementation of machine learning offers an extensive con-
tribution by utilizing numerical data from polarization tests.

Despite the results of the characterization and inhibi-
tion, it is noteworthy to note the limitation of the work is
the lack of study of surface morphology. This drawback is
inherent in the uncertain coating process of the abundance
of active sites. It is also essential to include the calculation
of the surface roughness of the inhibition to understand the
model entirely. Nevertheless, the successive study should
also assess the effect of temperature on the adsorption model.

7. Conclusions

1. The primary functional group of inhibitors shows
the presence of C=0 (2.919cm™), C=C (1.604cm™),
-OH (3.361 cm™), and phenolic compounds (1441 cm™),
which indicates the strengthening of the bonding qualitative-
ly. Hence, the adsorption is enhanced and available for pro-
tecting the metal from the corrodent due to chemical bonding.

2. Ethanol and n-hexane are critical substances to ex-
tracting the soursop’s active content. The corrosion test
reveals the moderately high inhibition efficiency at 88.25 %
correlated to the charge transfer process and a decrease in
the double-layer capacitance at 31 pF.cm™ in most inhibitor
concentrations. At the same time, the charge transfer resis-
tance increases except for the 2 ml inhibitor. The optimum



condition of the inhibitor to restore the protection of metals
based on weight loss is three days with a lower corrosion rate
at 7.668 mpy with an indication of quantitative indicator
towards the result of the research.

3. The adsorption of inhibitor employs the Langmuir
model that shows the formation of the heterogeneous passive
layer to cover the substrate due to the nearness of the R? val-
ue to 1. This study indicates that the inhibitor effectively re-
covers pit corrosion due to the qualitatively dissolving metal.
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