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ASTM A-335 P9 is widely employed within
the piping infrastructure of the crude distilla-
tion unit for the conveyance of heavy vacuum gas
0il (HVGO) crude residue before subsequent down-
stream processing, owing to its high mechanical
properties.

Due to elevated operating temperatures, the
presence of sulfur, the material remains vulnera-
ble to naphthenic acid corrosion, which can com-
promise its structural and operational integrity.
This study examines the material’s response to the
application of eco-engyme as a green corrosion
inhibitor (GCI) employing extensive several tests
under naphthenic acid distillate which collected
and processed from the heavy vacuum gas oil pip-
ing. optical emission spectroscopy (OES), ultra-
violet-visible spectroscopy (UV-Vis), and Fourier
rransform infra-red (FTIR) equipped with poten-
tiodynamic polarization and electrochemical
impedance spectroscopy (EIS) to dive into the cor-
rosion resistance of EE inhibitor under the naph-
thenic acid extracts. Moreover, the scanning elec-
tronic microscopy and energy X-Ray dispersive
(SEM-EDX) was utilized to reveal the surface mor-
phology and the elemental identity of the retained
inhibition mechanism. Based on the OES, the pres-
ence of Cr and Mo are highlighted with the compo-
sition of 9.135% and 0.894% which aligned with
the 9Cr-IMo material specification. The elec-
tronic transition of n-7* and n-7* transitions is
in good agreement with the presence of aromat-
ic -OH, C-H sp3, R-CHO, C=0, C-O and aromat-
ic absorption at 525 nm, which correlates with
peaks observed in FTIR spectra at 3200-3400,
2800-3000 cm. The high inhibition efficiency
beyond 77% is correlated to the adsorption of the
inhibitor that thermodynamically adheres to the
Langmuir adsorption isotherm and applicable of
model the HVGO system

Keywords: green corrosion inhibitor, biomass,
eco-enzgyme, Langmuir isotherm, adsorption,
refinery
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1. Introduction

The refinery industry is renowned as a vital sector of the
global energy supply, producing gasoline, diesel, jet fuel, liquid
petroleum gas (LPG), heavy oil, kerosene, and naphtha from
crude oil. In this sense, the conversion process comprises sepa-
ration, conversion, and blending or treatments to meet the stan-
dard specification, including quality, safety [1, 2], environmental
protection [3], and process control [4]. A typical refinery’s eco-
nomic system involves purchasing crude oil and selling products
to maximize profit margins, despite the risk of acquiring sourer
crude with higher sulfur content and total acid number (TAN)
at an affordable price [5]. This activity aims to balance the risk of
corrosion against production costs by implementing stricter and
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potent corrosion prevention measures on metallic materials,
including those in the heavy gas oil (HVGO) piping system.
The report shows that the risk of corrosion reaches 5% of
the national gross national product [6] and poses environ-
mental and business loss. Given the immense financial and
non-financial losses associated with hydrocarbon delivery, it
is imperative for refiners to ensure the safety and reliability
of metallic materials to prevent catastrophic failures, such as
oil spills and explosions [7]. Therefore, it is paramount to in-
tegrate corrosion mitigation and prevention to ensure reliable
operation, operational flexibility, and cost-efficiency.
Naphthenic acid corrosion (NAC) corresponds to the
high-temperature corrosion that occurs in distillation col-
umns, where acid evaporates at elevated temperatures before




condensing on the lower-temperature wall of the column
in the crude distillation unit [8]. The acid is classified as an
aliphatic organic carboxylic acid with various cyclopentane
or cyclohexane rings [9]. In short, the naphthenic acid has a
general chemical formula of C,H,,.yO, where n refers to the
number of carbon atoms and y is attributed to the number
of homologous series [10]. Naphthenic acid can be found
in crude oil at nearly 4 wt% and acts as a corrosion-induc-
ing contaminant; its severity primarily increases when the
operating temperature reaches 400°C. Thereby, it requires
intensive incentive to recover the material from NAC, mainly
carbon steel.

A chromium-molybdenum ferritic alloy classified as
ASTM A335 Grade P9 is among the most prevalent piping
materials used for conveying atmospheric and vacuum re-
sidual hydrocarbons from the crude distillation unit before
hydrocarbon processing and cracking. Hereafter, ASTM
A335 Grade P9 will be referred to as the P9 material. Due
to its well-balanced mechanical strength, thermal stability,
and oxidation resistance, the P9 material is deemed suitable
for piping in heavy vacuum gas oil (HVGO) services. In this
context, the combination of Chromium (maximum 10%) and
Molybdenum (maximum 1.1%) imparts superior strength,
creep resistance, and oxidation protection when employed in
HVGO lines.

Despite possessing the above mechanical and chemical
properties, the P9 pipe often experiences mechanical deg-
radation in the HVGO system. It is essential to note that
five factors drive the susceptibility of P9 material against
corrosion:

a) material composition;

b) sulfur content;

¢) temperature;

d) naphthenic acid content;

e) wall shear stress [8].

The researcher in [11] demonstrates that 5Cr-%2Mo steels ex-
hibit greater corrosion resistance against NAC than Q235 when
simulated at temperatures above 230°C. This was attributed to
the higher activation energy at 5Cr-1/2 Mo (63.2 kJ/mol), which
is more pronounced than that of Q235 (54 kJ/mol), indicating
that higher temperatures accelerate the NAC corrosion rate.
A notable work by [12] investigates the microstructure of
SA210 C and A335-P5 steel at elevated temperatures and
flushing angles, examining the material’s response to the NA
environment. The study reveals that the corrosion process
initiates at the grain boundary, progressing towards the inner
grain, where the ferrite corrodes.

Further supporting this fact, the paper of [12] reveals that
the addition of Molybdenum (Mo) allows higher resistance
of Mo-bearing against NAC, only when the amount of Mo
reaches 0.7 wt. %. The anti-corrosion effect corresponds to
the formation of a Mo surface film, which enhances the ma-
terial’s microstructure and microhardness. In addition, the
scholarly teams of [13] shows the polyoxyethylene (n) mono
oleate with various number of olate of 20, 40, and 80 as in-
hibitor in battling naphthenic acid corrosion on carbon steel.
They found the carbon steel passivation can only be achieved
due to formation and precipitation of oxide film where the
less number of olate increases the inhibition efficiency and to
adhere to Frumkin isotherm thermodynamic model.

Therefore, research on the development of inhibitors in
battling the NAC is relevant to dive into a better understand-
ing how to protect the downstream system of refinery unit
against high temperature corrosion.

2. Literature review and problem statement

The paper [14] discusses managing the poison in the
HVGO piping system by controlling catalyst use at the
downstream site. It demonstrates that deasphalting can
reduce asphaltene content in heavy crude oil and improve
refining efficiency through solvent extraction with non-polar
n-heptane, leading to better API gravity and pour point [15].
Despite extensive research, the influence of API gravity and
pour point on crude oil properties has been documented;
however, the performance of corrosion inhibitors in under-
standing inhibitor adsorption and their efficiency has not
been systematically evaluated studied.

Another study [16], highlights the compatibility issues
between gas hydrate and corrosion inhibitors caused by their
chemical structures. They propose using an oleic acid-based
anti-agglomerate inhibitor to prevent plugging. However,
there is a limitation in understanding the functionality and
compatibility of using green corrosion inhibitor outside of hy-
drate-forming conditions. In this case, a more environmen-
tally friendly inhibitor is selected to close the gap research.

Additionally, [17] explores the use of biomass as an environ-
mentally friendly corrosion inhibitor, reviewing various studies
and emphasizing enhanced physical and chemical adsorption
to form a stronger protective film. Nevertheless, it remains
essential to develop a more comprehensive report that explores
the utilization of peel-off fruits and vegetables and their prepa-
ration as base materials for inhibitor solutions. In this context,
it pertains to environmentally friendly inhibitors derived from
natural resources, while maintaining the costs and funding for
inhibitor production at a relatively affordable level.

In contrast, the study in [18] demonstrates how to prepare
a green corrosion inhibitor based on extraction method using
White tea and details their preparation method. The research-
er shows that extracting the inhibitor with acetone reduces
corrosion in 1M HCI solution. Their findings indicate that the
White tea inhibitor is highly effective, achieving nearly 95%
inhibition efficiency. Although the influence of catechin in
white tea has been studied for reducing corrosion at low pH,
a comprehensive investigation of phenolic and aromatic com-
pounds and their role in preventing pitting corrosion has not
been thoroughly conducted, particularly when using a fermen-
tation-based inhibitor solution. This area is often overlooked in
recent research and remains insufficiently explored.

Additionally, the study in [19] highlights advances in
scientific techniques for investigating the use of Syzygium
Cumini leaf extract under similar conditions. They employ
various spectroscopy methods, including Fourier-infrared
spectroscopy (FTIR), potentiodynamic polarization (PDP),
and electrochemical impedance spectroscopy (EIS), to assess
the inhibitor’s adsorption behavior. This results in a 93% in-
hibition efficiency through the adsorption of C=C and C=0
functional groups in API 5L Gr B. The researcher revealed
recent findings indicating that the adsorption process is
governed and becomes more feasible as the values of AG,4s
and AH4, are 18.41 kJ/mol and 58.93 kJ/mol, respectively, to
demonstrate the physical adsorption of the inhibitor on the
surface of API 5L steel.

In this instance, there is a lack of testing and comparison
of the performance of fermentation-based corrosion inhibitors
within heavy-vacuum gas oil systems, including their inhibition
mechanisms. Notably, the interaction between active functional
groups and metals, such as ASTM A-335 P9, remains inade-
quately understood. This deficiency exists because most green



corrosion inhibitors tend to fail when simulated at elevated

temperatures.

However, unresolved questions remain regarding the
preparation of the corrosion inhibitor, particularly con-
cerning the compatibility between the environment and
the inhibitor at high temperatures, especially within the
HVGO piping system. This issue stems from the scarcity of
inhibitors compatible with poor-quality, high-hydrocarbon
streams, leading to mixing problems and instability that
make related research efforts unfeasible. One potential
solution to these challenges is the discovery of several bio-
mass-based inhibitors that are suitable for high-tempera-
ture conditions and are chemically stable when adsorbed
onto the surface of metals, including chrome-molybdenum
materials like ASTM A-335P9. All this enables to assert
that it is appropriate to undertake a study dedicated to the
utilization of eco-enzymes derived from biomass or peel
waste of fruits and vegetables, introduced as a promising
candidate for corrosion prevention in heavy hydrocarbon
streams, owing to their distinctive dual hydrophobic and
hydrophilic properties, such as polyphenols and conjugated
unsaturated C=C bonds.

3. The aim and objectives of the study

The aim of the study is to unveil the inherent potential
of EE as a green corrosion inhibitor in the HVGO system
under NA distillate environment.

To achieve this aim, the following objectives were
accomplished:

- to analyze the chemical composition of materials
used to assess their corrosion resistance;

- to identify the main functional groups responsible
for inhibitor adsorption including the study of electronic
transitions;

- to evaluate anti-corrosion activity through poten-
tiodynamic polarization and electrochemical impedance
spectroscopy;

- to determine the type of adsorption isotherm that ex-
plains the inhibitor’s mechanism in preventing corrosion;

- to assess the changes in surface morphology caused
by adsorption prior to and following the inhibitor’s ad-

sorption on the P9 steel surface. Fig.

4. Materials and methods

4.1. Object and hypothesis of the study

In this work, the object of the study is ASTM A-335 P9
alloy where the same material was utilized as a common
material for HVGO pipe. The prime selection of material due
to a good balance between metallurgical and mechanical
properties and resistance to sulfidation corrosion. In this
case, the work models the P9 material’s response to the risk
of naphthenic acid corrosion by employing spectroscopic
and corrosion tests, including a surface modification char-
acterization test. This study utilized UV-Vis and FTIR spec-
troscopy to analyze electronic transitions and identify active
functional groups. Furthermore, corrosion was investigated
through potentiodynamic polarization and electrochemical
impedance spectroscopy. Surface morphology was examined
using SEM, and EDX was used to compare the surface condi-
tion of P9 metal before and after the addition of the inhibitor.

It is essential to acknowledge that eco-enzyme is proposed
as a natural chemical agent to reduce the corrosion rate of P9
material and to facilitate the application of existing knowledge
in assessing the inhibition mechanism at elevated tempera-
tures. The presence of phenolic and aromatic compounds, as
well as highly electronegative atoms such as oxygen, includ-
ing electron delocalization, contributes to an increased level
of inhibition by replacing water molecules in the vicinity of
alloy P9. Furthermore, this study predicts that chemisorption
surpasses physiosorption, owing to the abundance of phenolic
and electron-donating oxygen atoms capable of establishing
dative covalent bonds and hydrogen bonds. Access to this
information enables effective adsorption strategies, thereby le-
veraging knowledge on how eco-enzymes protect P9 material
from deterioration caused by corrosion.

4. 2. Preparation of the eco-enzyme inhibitor

The inhibitor was prepared by mixing twenty grams of
various fruit and vegetable waste (kitchen waste) with mo-
lasses (brown sugar) and distilled water, in a ratio of 3:1:10,
as modeled and pioneered by the work of [20], with slight im-
provement, such as providing the common polyphenol in vege-
tables and fruits. In this case, the molasses promotes microbial
growth via various hydrolytic enzymes and is dissolved in the
solvent (demineralized water), as depicted in Fig. 1.

 Fruitand
vegetable

1. The simplified step of the eco-enzyme preparation stage [20]

The final pH of EE was measured to determine whether
an essential weak acid was present [21]. The fermentation
process was allowed to run for 3 months to produce a final
solution of 1000 dm? of the EE inhibitor.

4. 3. The preparation of the test solution

In this work, a blank solution was an aqueous electrolyte
of crude oil collected at the HVGO residue outlet, which was
heated to nearly 400°C before being collected for laboratory
functional group identification (Fig. 2).

The blank solution was prepared by adding a mild electro-
lyte to promote the corrosion process, producing naphthenic
acid (NA) distillate, despite its role in increasing ionic conduc-
tivity. In this case, a 1 M solution of K,SO, (Sigma-Aldrich)
with a conductivity of 100 mS/cm was prepared, and all mea-
surements were performed at room temperature to influence
the acid partitioning between the oil and water phases. The
addition of K,SO, aims to control the amount of water and
alter the acid extraction behavior, as reported in [21].



Fig. 2. The test solution

4. 3. Chemical composition test

The P9 material serves as the working electrode and is the
object of the study before undergoing chemical composition
analysis by optical emission spectroscopy (OES), performed
with Bruker equipment. Chemical composition analysis was
intended to determine the elemental composition of P9 alloy
before releasing the quantities of the inspected elements,
such as Fe, Cr, Ni, and Mo, that correspond to its corrosion
resistance against naphthenic acid corrosion.

The sample was prepared with dimensionsof1 X 1 X 1 cm
and immersed in a solution of HNO;z; and HCI. Additionally,
OES was used to determine the elemental composition per-
centages of the material, which relate to its corrosion resis-
tance against NA corrosion. The samples were exposed to a
plasma power of 1.25 kW, with a gas flow of about 10 L/min
of Argon and a nebulizer gas flow of 0.75 L/min.

4.5. Functional group characterization and elec-
tronic transition

This study employed Fourier transform infrared (FTIR)
spectroscopy, utilizing a PerkinElmer instrument, to iden-
tify the functional groups in the inhibitor and test solution.
P9 steel samples were immersed in an 80 ppm EE inhibitor
solution (NA extracts) for three days before being removed
and dried under nitrogen gas. Additionally, the UH5300
Spectrophotometer UV-Vis spectroscopy with serial number
3048-010 was utilized to analyze the electronic transitions of
the active compound in EE and to evaluate their adsorption
onto P9 steel, both prior to and following simulated NAC
with scan speed 200 nm/min using 6 auto cell mode.

Both the pure EE solution and the NAC solution, pre-
pared at an optimal concentration with wavelengths ranging
from 200 to 800 nm, were examined. The presence of pheno-
lic, carbonyl, and symmetric C=C bonds, contingent upon
the chemical composition, was presumed to augment the
corrosion inhibition properties of P9 steel at 60°C.

4. 6. Electrochemical tests

The primary objective of the electrochemical testing is
to elucidate the material’s response to the inhibitor within
an NA simulated environment across various concentra-
tions and temperatures. The electrochemical analyses were
conducted using a Metrohm Autolab with a PGSTAT 302N
workstation, employing a conventional three-electrode setup.
In this work, the operating principle comprises of working
electrode, reference electrode, and auxiliary electrode. The
typical instrument employs the voltage and current at 20V
and 1 A.

The working electrode comprised P9 steel with an ex-
posed surface area of 1 cm2 and was cleaned using Grit paper
from # 60-1000. A saturated Ag/AgCl electrode served as
the reference, while a platinum electrode functioned as the
auxiliary. The procedure was embarked beginning with a
sixty-minute open-circuit potential (OCP) test before con-
ducting the electrochemical impedance spectroscopy (EIS) at
the OCP spans the frequency at 0.01-105 Hz and the scan rate
of 1 mV/s. Furthermore, the Tafel analysis was conducted us-
ing a potential range of -30 to 30 mV at a scan rate of 1 mV/s.
The corrosion rate, Tafel slopes (fa and f3c), corrosion current
density (icorr), and corrosion potential (Ecorr) for both inhib-
ited and non-inhibited systems were determined using Nova
software. Moreover, the inhibition efficiency was calculated
using Equation ladheres to the ASTM G5 and was presented
in equation (1) [22]

R-R
n% =Sme1oo%, 0

s

where Ry and Ry, - the charge-transfer resistance and EE
film inhibitor resistance (Q cm?).

It is prime to note that the performance of the inhibitor was
calculated by the capacitance of the double layer as depicted in
equation (2) [23]

c, =Y, x{exp[l/n]xexp[l;n]x[m]} 2
s inh

In the equation (2) Y,, n, Ry, and R;,, represent system
passivity, deviation index, solution resistance, and inhibitor
resistance, respectively.

4. 7. Surface morphology studies

In this study, the cleaned P9 electrode was immersed in
both inhibited and non-inhibited systems at their maximum
concentration, then examined using a Scanning Electron
Microscope (SEM) LEO Supra 50VP. The instrument utilizes
a focused beam with high electron energy they generate a
signal and form a surface topography image. The specimen
was mounted with conductive silver adhesive tape before
imaging, which was conducted with an electron gun set at
an accelerating voltage of 15-20 kV and a current of 8 mA.
The imaging process lasted fifteen minutes at a maximum
magnification of 10,000x before the images were transferred
to a computer.

5. Results of eco-enzyme as green corrosion inhibitor

5.1. Chemical composition test

Table 1 shows the results of the chemical composition
test linked to the corrosion resistance of the EE inhibitor
against NAC.

Table 1
The optical emission result
C Si Cr Mo Co N Fe
0.080 | 0.481 | 9.135 | 0.894 0.01 0.01 88.76

The superior corrosion resistance of P9 results from the
remarkable amounts of Cr (9.135%) and Mo (0.894%). In this
case, the 9Cr-1Mo steel remains susceptible to NAC due to an



unstable Cr-oxide layer. On the contrary, the detection of Mo
shows resistance to NAC despite the addition of Mo, which
stabilizes corrosion resistance against NAC.

5.2. Functional group identification and electronic
transition

Fig. 3 illustrates the response of P9 steel to various
absorption functional groups, which correspond to the for-
mation of protective films and their associated complex
compounds when the metal is exposed to a naphthenic acid
environment.
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Fig. 3. The functional group identification test of eco-enzyme
result both unhibited and inhibited P9 steel

The high anticorrosion activity is linked to their phenolic
content. In this work, the wavelength spectrum of EE shows
prominent peaks at 3200-3500 cm’!, indicating the O-H stretch
from phenol or alcohol groups. It is important to note that the
O-H bond involves strong electron sharing, and stable reso-
nance structures may exist before hydrogen bonding (Fe-O)
forms [24].

The aromatic phenolic compound enables 7-d inter-
actions, resulting in effective adsorption and facilitating
chemisorption, thereby enhancing film stability. Conse-
quently, it is appropriate to permit the injection of EE inhibi-
tor into HVGO lines.

Furthermore, the presence of C-H sp® bonds is evident in
the wavelength range of 2800-3000 cm™! to provide a physical
barrier and reduce water and corrosive contact with metal [25].
In this case, the hydrophobic character facilitates the water-re-
pellent system when the inhibitor is injected into HVGO lines.

The detection of R-CHO at around 2600-2700 cm™ indi-
cates the availability of highly electronegative oxygen atoms
capable of donating electron pairs to Fe?* ions in the P9
material [26]. In this context, the polarized carbonyl groups
participate in the formation of surface complexes, wherein
the presence of electropositive hydrogen enhances their reac-
tivity, facilitating inhibitor adsorption and increasing surface
binding. Moreover, the inhibited system shows the C=0 peak
at 1600-1700 cm™ which is associated with the formation
of a stable chelate ring with metal ions, possibly increasing
inhibitor adsorption strength. This allows the w-bond in the
carbonyl group to donate electrons into the vacant d-orbitals
of the iron atom, thereby strengthening the protective layer
against corrosion.

Additionally, the C-O single bond at 1400-1500 cm
shows additional electron-donating behavior indicating that
the inhibitor adheres to the P9 surface by stabilizing the oxy-
gen dipole and metal interaction [27]. This occurs due to the
formation of a coordination bond, which remains weaker in
comparison to the C=0 bond of Fe.

Furthermore, it is crucial to demonstrate that the contri-
bution of an aromatic ring, such as benzene, at approximate-
ly 700 cm* indicates the w-electron cloud interaction with Fe
d-orbitals and enhances z-7 interactions. This correlates with
the potential formation of strong physisorption or chemisorp-
tion, thereby confirming the presence of phenolic groups. In
this context, the aromatic ring increases the proximity of the
inhibitor molecule to the metal surface, facilitating a stronger
planar adsorption within their monolayer structure.

Moreover, Fig. 4 shows various functional group of pure EE
inhibitor at their various wavelength and electronic transitions.
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Fig. 4. The ultraviolet identification result of actual inhibitor

Fig. 4 illustrates the characteristics of the inhibitor within
both the inhibited and uninhibited systems when immersed
in an eco-enzyme solution at a concentration of 80 ppm after
several days of immersion. It is evident that the inhibited system
exhibits lower absorbance, as well as shifts and suppression of
characteristic peaks, indicative of a robust interaction between
the EE inhibitor and the P9 surface or their corresponding ions.
Notably, the fluctuations in UV absorption within the range of
200-250 nm correspond to the 7t-7* transition of aromatic rings
(benzene), aligning with the FTIR result at 700 cm~ (Fig. 4).
Additionally, these fluctuations involve the conjugated 7 system
of C=C and C=0, where 7 electrons participate in the adsorp-
tion process. Furthermore, the n-n* transition is attributed to
the lone pair electrons of oxygen atoms, evidenced by a peak
within the 250-300 nm range. The faint tail observed around
300-350 nm suggests the presence of conjugated carbonyl
groups, demonstrating both ©-7* and n-m* transitions, thereby
indicating the amphipathic nature — comprising both hydro-
phobic and hydrophilic characteristics - of the EE inhibitor [28].
Moreover, the conjugated -CH=CH- group, extending approxi-
mately from 300 to 400 nm, supports the hypothesis that the EE
inhibitor possesses an enhanced capacity for metal-to-ligand
charge transfer [29]. The d-d transition is observable at the peak,
approximately between 350-400 nm, in the uninhibited system,
despite its diminished appearance in the inhibited system. The
disappearance of this peak aligns with the reduced absorbance



observed in the inhibited system. Ultimately, the broad visible
tail extending beyond 400 nm indicates extended conjugation of
the d-d orbital, which is consistent with the presence of a conju-
gated polyene functional group.

5. 3. Electrochemical test results

Fig. 5 shows the open circuit potential (OCP) of a blank
test solution at various temperatures, highlighting the shift in
natural electrochemical potential after adding the inhibitor.

Fig. 5, a illustrates that the sole OCP of the uninhibit-
ed (blank) solution at various temperatures shifts towards a
positive value from -0.34 V to -0.26 V over the period from 0
to 1800 seconds. The fluctuation graphs confirm the instabil-
ity of the protective layer of P9 steel, which may correspond
to localized corrosion. It is also evident that the protective
chromium oxide layer begins
to deteriorate at temperatures
exceeding 40°C, as indicated
by a noticeable decrease in

inhibitor concentrations remains parallel to that of the blank
solution. Similarly, the anodic branch shows significant shape
changes, particularly at 80 ppm.

Furthermore, the principal parameters derived from the
graph include the corrosion potential (E,,), corrosion cur-
rent density (i.,r), anodic slope (f,), and cathodic slope ().
In this context, the calculation of inhibition efficiency is pre-
sented in equation (3) [29]

CRblﬂnk —CR

n(%)= % 100%. ®3)

inh

In this case, the CRpjqux and CR;,y, correspond to the cor-
rosion rate of the blank and the inhibitor solution (mmpy)
and their calculation is given in Table 2.

Table 2

The potentiodynamic polarization parameters for P9 material under NA distillate with and
without the existence of EE inhibitor

potential from approximately |solution Temperature Ba Be icorr Ecorr Corrosion | Inhibition
-0.26 V to -0.28 V. In contrast, | (ppm) (K) (mV/decade) | (mV/decade) |(uA/cm?)|(V vs. SCE)| Rate (mmpy) | efficiency (%)
the plateau observed at 25°Cin | Blank 298 0.0167 0.0149 7.4542 | -0.3395 0.0086 0
the inhibited system suggests [ plank 313 0.0143 0.0191 1.9289 | -0.25744 0.0224 0
the formation of a continuous ["gjny 333 0.0181 00146 | 54512 | -0.26554 |  0.0063 0
prottﬁcnvefﬁlm ?{:gEEt mlhlgltor 20 298 0.0151 0.0161 2.6649 | -0.36262 0.0039 54.62
on the surlace ol ¥ steel. How- 20 313 0.0157 0.0155 32787 | -0.3823 0.0040 81.97
ever, as temperature increas-
. ; 20 333 0.0197 0.0163 7.3787 | -0.29441 0.0047 25.32

es, the stability of the passive
layer decreases, despite poten- 40 298 0.0196 0.0177 3.4776 | -0.377 0.0032 62.47
tial shifts towards a more pos- 40 313 0.0210 0.0207 43366 | -0.30551 0.0085 61.76
itive potential at approximate- 40 333 0.0208 0.0260 5.7938 | —0.24848 0.0008 86.21
ly —0.20 V at 40°C and 60°C. 80 298 0.0134 0.0160 2.6758 | -0.36261 0.0031 64.21

It is also noteworthy that the 80 313 0.0169 0.0171 5.7098 | —-0.32844 0.0066 70.42
rapid shifts indicate accelerated 80 333 0.0255 0.0125 2.7988 | -0.20003 0.00054 92.04

adsorption of the EE inhibitor

on the P9 steel. Fig. 6, a shows the potentiodynamic polarization
measurements for both uninhibited and inhibited samples of EE
in the NA extract solution.

Fig. 6, a, displays the Tafel Polarization trend for different
inhibitor concentrations measured at 60°C. In this case, the
Tafel curves illustrate the corrosion-inhibitory properties of the
EE inhibitor in the NA distillate. The cathode branch for all
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It is also important to note that as concentration increases,
the cathodic branch of the overall concentration remains in
parallel. In contrast, the anodic and cathodic branches exhibit
significant changes, particularly for the 80 ppm EE solu-
tion (Fig. 6, @). The shift in logi toward more negative values
aligns well with the results in Table 2, indicating that double
protection decreases corrosive activity and slows P9 degradation.
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Fig. 6. The corrosion test results: @ — Tafel plot; &6 — Nyquist plot; ¢ — Bode plot; d — Bode modulus plot at 60°C

Fig. 6, b illustrates the Electrochemical Impedance Spec-
troscopy (EIS) test, which provides insight into the inter-
action between the metals and the EE inhibitor, including
an analysis of the corrosion inhibitor’s performance. It is
important to note that the Nyquist plot shows an increase in
the semicircle diameter for the EE inhibitor at 60°C, from the
blank solution to 80 ppm. The center of the semicircle lies on
the real axis, indicating that a charge-transfer process has
occurred [30]. It is also clear that as the concentration of the
EE inhibitor increases, its inhibitory capacity increases.

Table 3 presents the data for R, Ry, CPE (Yy and n),
and inhibition efficiency across various concentrations and
temperatures, attributed to charge transfer resistance, inhib-
itor resistance, and the constant phase element (CPE). It is
evident that the drop in R, from 29.8 Q to 19.6 Q indicates
faster electron transfer, which induces the corrosion process.
On the other hand, the rise of R;,;, corresponds to the rapid
formation of an inhibitor film (passive layer) from 1680 Q
to 7430 Q. In this work, the CPE value agrees with the passiv-
ation of metal, and (4) shows the Y; calculation [31]

Loy =—————. @

Table 3
Electrochemical impedance parameters of P9 steel under NA
extracts

Conc | Temp | Rs Riup YOCPE g%llc?ézg;
(ppm) | (K) [(Ohm)| (Ohm) (x10°6 Q1 cm2Sm) n (%)
Blank | 298 | 58.4 | 1250 0.0282 0.947 0
Blank | 314 | 30.7 | 1400 8.47 0.778 0
Blank | 333 | 29.8 | 1680 18.7 0.927 0

20 298 | 29.8 | 2350 0.54 1 46.80

20 314 | 439 | 2540 6.1 0.767 44.88

20 333 | 26.5 | 2570 6.18 0.88 34.63

40 298 | 60.2 | 2870 2.93 0.811 56.44

40 314 | 43.2 | 3700 5.59 0.744 62.16

40 333 | 204 | 3850 4.65 0.763 56.36

80 298 | 76.5 | 7310 7.78 0.721 82.90

80 314 | 31.4 | 6610 5.58 0.774 78.81

80 333 | 39.6 | 7430 3.82 0.702 77.38

In the equation (4) j, w, and n are imaginary root, angular
frequency, and deviation index.



Furthermore, it is essential to derive the value of n
from Table 3. Based on [32], the range value of n spans from
-1 to 1. When n = -1, the CPE acts as a conductor; at n = 0, it

t0 0.042 L mol ™. The calculation of AGgys of the inhibited
system is given in equation (5)

represents Warburg Impedance; and at n = 1, the CPE shows AG,, = —RTln(lxlOGKa ds). (5)

pure capacitive behavior. In this study, the decrease Table 4

in n from 0.927 to 0.702 suggests greater heterogene-

ity in the adsorption of the inhibitor on the P9 surface The thermodynamic parameter of the EE inhibitor

as the temperature increases to 60°C, thereby facili- Conc | Temp Surface Kods AHgg, ASus AGas

tating the formation of a thicker film on the P9 steel. | (ppm) | (K) |coverage (6) | (L mol™))| (kJ/mol) | (kJ/mol) (kJ/mol)
The decline in the value of Yp at 60°C is ob- | 50 [ 208 | 04680 | 00440 | 152940 [ 1402176 | -26.4901

served from 18.7 to 3.82 Qlem” S indicates |50 17314 | 04488 | 00407 | 165779 | 139.5724 | 28.504

the displacement of water molecules through the 7=, ™™535 03463 | 00275 | 17.0912 | 135.9983 | -28.1963

form%tlon of EE ln,hlbltors' Fig. 6,’ b shows the 40 298 0.5644 0.0324 12.7980 | 129.2920 -25.7318

Nyquist graph of various concentrations measured

at 60°C. It is clear that the increase in Nyquist 40 314 0.6216 0.0410 13.8707 | 131.2637 -28.5274

semicircle diameter corresponds to the passivation 40 333 0.5636 0.0333 | 14.3001 | 129.2641 | -28.7443

state and increases the resistivity of P9 material 80 298 0.8290 00536 | 23.9163 | 170.7895 ~26.979

against acidic NA distillate. In this case, the short- 80 314 0.7882 0.0527 | 25.9227 | 170.6595 | -29.2004

er irregular semi arc in the blank solution shows a 80 333 0.7738 0.0427 | 26.7252 | 168.9155 | -29.5236

distinct effect on electron transfer. In contrast, the
diameter increases with increasing concentration (20, 40,
and 80 ppm), where the impedance is nearly 1400 Q cm?.
However, the impedance at 40 ppm is more noticeable than
that at 80 ppm and extends its radius (Fig. 6, b).

A similar observation is noted for the Bode plot and
the Bode modules at various concentrations, and their be-
havior is perfectly fit to the electrical equivalent diagram
depicted in Fig. 7.

Fig. 7. The electrical equivalent diagram

In addition, the Bode and Nyquist plots indicate that
physical corrosion control is achieved at 60°C. As con-
centration increases, both impedance (log |Z|) and phase
angle change. Specifically, the impedance at low frequen-
cies for the blank solution to 80 ppm demonstrates an
increasing trend from 3.5 to 3.8 Q-cm?. Despite the rise in
impedance, the overall impedance of the inhibited system
decreases from 1.6 to 1.4 Q-cm?. The presence of a twin-
wide shoulder on the Bode phase (Fig. 6, d) aligns well
with the capacitive loop observed in the Nyquist plot.

At low frequencies, the phase angle of the EE inhibitor at
80 ppm approaches 90°, indicating predominantly capacitive
behavior, whereas the more negative phase angles, ranging
from 60° to -85° indicate stronger capacitive behavior. Ad-
ditionally, phase angles between -10° and -30° indicate the
inhibitor’s resistive nature.

5. 4. Adsorption isotherm of inhibition

Table 4 presents the thermodynamic parameters of the
EE inhibitor, which are essential for understanding the na-
ture of inhibitor adsorption across different concentrations
and temperatures.

The pair of K,g4s (equilibrium constants for adsorption
and desorption of the inhibitor) and AG,4s govern the sta-
bility of the passive film. In this instance, it is evident that
the value of K,4; increases from 20 to 80 ppm, from 0.0264

In this case, R and T denote the gas constant, 8.314 J/K,
and the absolute temperature in Kelvin, respectively. Ac-
cording to Table 4, the calculated AGg4s at 80 ppm and 60°C
is —29.5236 kJ/mol, indicating the chemisorption adsorption
characteristic of the EE inhibitor [33]. Furthermore, the en-
thalpy change of adsorption can be determined through the
application of equation (6) [34]

AH
InK,, =—— etk )

It is possible to note that the AH,4 measured at the same
condition is 4+26.72521 kJ/mol. In this work, the calculated
value of AH,y,is consistent with the calculated value of AGg;
through the chemical means due to their values falling within
the range of 15-26 kJ/mol based on the publication of [35].
Eventually, the calculated entropy adsorption has been direct-
ly linked to the organization of the inhibitor when the EE in-
hibitor adsorbs onto the P9 steel and is depicted in equation (7)

_A4H , - AG

AS ads . (7)

ads AT

It is generally acknowledged that the increase in entropy
value from 135.9983 kJ/mol to 168.9155 kJ/mol indicates the
thermal stability and the irreversible process involved in the
formation of the passive layer EE inhibitor at 60°C.

Moreover, it is critical to determine the type of EE inhib-
itor adsorption by analyzing the isotherm using equation (8)

C,
Cm_ 1 ,c

ads

inh* (8)

In the aforementioned equation, € represents the surface
coverage area of the inhibitor protection. It is important to
note that as the concentration and temperature increase, the
inhibition effectiveness exceeds 100% (rising from 0.346304
to 0.77389), indicating that the inhibitor effectively forms a pro-
tective layer at higher temperatures. In this case, the plotting
Cinn/@versus 1/K,q,yieldsan R?value that correspondsto the type
of inhibitor adsorption model describing how the eco-enzyme
inhibitor interacts with P9 steel at constant temperature. Based
on the R? calculation, the adsorption isotherm follows the Lang-
muir isotherm for an inhibitor concentration of 80 ppm at 60°C.



Table 5
The calculated &2 of EE inhibitor
Concentration (ppm) RrR?
20 0.9183
40 0.84975
80 0.8537

Table 5 indicates that the proxim-
ity of R? to 1 corroborates the appli-
cability of the Langmuir adsorption
model in elucidating the formation of
a single passive layer on the surface of
P9 steel [36].

5. 5. Surface morphology studies

Fig. 8 compares and contrasts the
surface morphologies of the P9 mate-
rial when immersed in an inhibitor
and a non-inhibitor system to reveal
the corrosion protection of the EE
inhibitor.

BES- 20kV. WD10mm  SS68 x1,000__10pm =

Fig. 8. The scanning electron
microscope result of: @ — uninhibited;
b — inhibited system

It is important to note that the
rough surface of P9 prior to inhibitor
injection features irregular pits and
rounded areas, with clear corrosion
products, especially in several re-
gions, due to exposure of P9 steel to
the NA distillate solution (Fig. 8, a).
In this context, the surface mor-
phology is characterized by a low

K,q4s value, indicating that the P9 material exhibits a high
degree of micro-roughness. This is indicative of potential

film instability.
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Fig. 9. The energy dispersive X-ray-results of: @ — uninhibited; b — inhibited System

On the contrary, upon addition of the inhibitor, the sur-
face of P9 steel has increased in its surface roughness, where

the number of pits decreases moderately due to the adsorp-



tion of the inhibitor. In this case, the higher value of 6 and
K5 at 0.77389 L mol™ and 0.042783.

It is evident that the high mass fractions of oxygen and
sulfur, at 50 wt.% and 3.90 wt.% respectively, are accompa-
nied by a comparatively lower Fe content of 12.02 wt.%. In
this case, the presence of S confirms the formation of FeS
formation on the surface of P9 that has inhibiting effect to-
wards NAC.

As expected, the reduction of sulfur content in the inhib-
ited system to 1.93 wt.% confirms the presence of naphthenic
acids, which corresponds to the removal of iron sulfide scales
on the P9 steels. Accordingly, the decrease in oxygen content
from 50.08 wt.% to 11.58 wt.% indicates a significant reduc-
tion in the corroded layer and the formation of a single thick
layer, consistent with the Langmuir adsorption isotherm
model. This justifies the high R;,; value and the inhibition
efficiency. Furthermore, the decrease in Chromium content
from 13.36 wt.% to 7.52 wt.% corresponds to the formation of
Chromium oxide under the elevated-temperature conditions
of P9 steel during the corrosion assessment.

6. Discussion of eco-enzyme as a green corrosion
inhibitor

This study explores and models the novel corrosion
protection of P9 material to defend against naphthenic acid
corrosion, using an eco-friendly enzyme-based green corro-
sion inhibitor. The currently used commercial inhibitor has
been identified as toxic to hydrotreating and hydrocracking
units in fluid catalytic cracking, mainly due to its phospho-
rus, nitrogen, and sulfur content. Phosphorus can hinder
hydrogenation, while nitrogen and sulfur may cause issues
like acid blockage, reducing catalyst lifespan in downstream
units. Additionally, the existing catalyst remains environ-
mentally toxic.

In this study, EE was employed as a corrosion inhibitor by
adjusting the process temperature and concentrations, with
P9 material tested under the NA extract. The material con-
formity test results demonstrate that the material complies
with the P9 specifications. As shown in Table 1, the material
exhibits compatibility and corrosion resistance, attributable
to the formation of a stable Cr oxide layer. This observation
aligns with the report of [28], which characterizes corrosion
resistance as facilitated by normalization and tempering pro-
cesses that develop a ferritic-martensitic microstructure at
elevated temperatures. In this sense, the stability of the oxide
layer is a key factor in enabling corrosion resistance. Further-
more, this investigation is essential to address the inadequacy
of P9 material in forming a stable protective chromium oxide
layer, particularly due to the presence of naphthenic acids. In
this context, the dissolution of iron by naphthenic acid results
in material loss, as the P9 material cannot achieve self-passiv-
ation in naphthenic acid environments. This process involves
the formation of weak oxide films and necessitates the use of
artificial passivation inhibitors to safeguard the surface.

Moreover, the UV-Vis results are consistent with the
FTIR results, where the dominant functional groups are
aromatic -OH, C=0, conjugated C=0, -CH=CH-, and C-O,
which promote the adsorption of the EE inhibitor to the me-
tallic surface. As outlined in Fig. 4, the presence of a UV-ab-
sorption peak at 200-250 nm corresponds with the presence
of aromatic rings, C=C, and C=0 (conjugated m-system). In

the inhibited system, the & electron is donated to the d-orbital
of Fe to form a complex compound while minimizing the free
electronic transition. The 7-* shows the presence of aromat-
ic rings and C=C double bond in EE inhibitors, where the
molecules are responsible for providing delocalized electrons
to donate to iron ions. In this case, the Fe atom from the P9
material becomes the electron acceptor. Furthermore, the
conjugated C=0 and electron-rich functional groups stabi-
lize the adsorption process due to active donation of electrons
to the vacant d-orbital of Fe before they form the Fe-inhibitor
complexes. In addition, indicating that the inhibitor adheres
to the P9 surface by stabilizing the oxygen dipole and metal
interaction. This result is comparable to the finding of [37],
where the dipole-dipole moment contributes to the more sub-
stantial electron donation to the metal ion.

Moreover, the n-n* transition indicates the potential for
the lone pair electrons of oxygen to participate in coordinate
bonding with Fe?*, thereby demonstrating the interaction
between the inhibitor and the metal. The reduced absorbance
observed in the inhibited system at 300-350 nm suggests that
the inhibitor partitions between the oil and water layers. Fur-
thermore, the metal-to-ligand charge transfer reflects structur-
al changes in the EE inhibitor. At the same time, the extension
peak at 350-400 nm is believed to confirm the chemisorption
process of EE via a donor-acceptor mechanism.

It is essential to note that FTIR results confirm the compo-
sition of the organic compound, which may interact with the
P9 surface both physically and chemically. This interaction
increases the coverage of the affected surface due to corrosion,
forming a thin protective layer that shields the P9 surface
from aggressive ions in a naphthenic acid environment. The
disappearance of specific peaks from the uninhibited to the
inhibited system provides evidence that the EE solution effec-
tively protects P9 steel. The presence of aromatic and phenolic
structures, as well as electron-rich groups such as -OH, RCHO,
and C=0, and electronegative oxygen atoms within EE mole-
cules, is attributed to its effective inhibition performance [38].

Based on Fig. 5, the appearance of 200-400 nm specifical-
ly shows the conjugated system due to the presence of polyphe-
nols and confirms the EE FTIR result. Also, it is clear that the
aromatic band around 700 cm™ is in good agreement with the
m-1t* transition, while the n-7t* transition reveals the presence
of C=0 and hydroxyl (O-H). A few changes in the spectrum
have been observed in the inhibited system, indicating adsorp-
tion of the EE inhibitor, compared to the non-inhibited system,
where the spectrum shows higher absorbance [39]. Additional-
ly, the presence of various functional groups affects the quanti-
tative corrosion measurement through the implementation of
corrosion tests (potentiodynamic and EIS).

Based on the Tafel plot, a consistent trend is observed
in both the anodic and cathodic branches across various
concentrations at 60°C. It is apparent that the anodic and
cathodic Tafel curves shift concurrently, indicating a re-
duction in the corrosion rate and suggesting the presence
of a mixed-type inhibitor. This is further corroborated by
the observed shift in the corrosion potential (E,,,) by ap-
proximately +0.085 V before and after the addition of the
inhibitor EE to the system (Table 2) [40]. Additionally, the
anodic branches in the inhibitor-containing system shift to
lower current densities at approximately 2.7988 A (Table 2),
implying that the inhibitor diminishes the oxidation process
of P9 and reduces the conversion of Fe to Fe** ions. Notably,
the linear regions at 40 and 80 ppm clearly demonstrate that



the inhibitor effectively controls electron transfer. The pas-
sivation regions are identified at the same concentrations at
relatively elevated potentials near -0.3 V, indicating that the
corrosion current density remains comparatively low despite
more negative E,,,, values. This suggests that P9 steel exhibits
a broader passivation region and a stable passive film [41].
According to Fig. 6, a, the Tafel graphs show at least three
regions: the linear, plateau, and no-inhibition zones. In this
context, the uninhibited solution resides within the no-cor-
rosion-inhibitor zone due to the low potential and minimal
anodic current density. As the concentration increases, the
curves at 20 and 40 ppm reveal a corrosion-inhibitor region
where the relationship between corrosion current density
and potential is linear. Furthermore, it is noteworthy that ris-
ing the concentration from 40 ppm to 80 ppm at 333 K results
in a decrease in the corrosion current density (ico.), While the
potential remains relatively stable at approximately -0.248 V
and -0.2003 V. This indicates that the inhibitor remains
effective and enhances film adsorption on the surface of P9.

The Nyquist plot indicates a single semicircle capacitive
loop for the uninhibited system, signifying charge transfer.
For solutions with 20-80 ppm EE, the loop diameter increas-
es compared to the blank, confirming an increase in P9 steel
impedance. This correlates with the active functional groups
of EE, such as aromatic alcohols, C=C, C=0, and -OH, which
adsorb onto the alloy surface, reducing metal dissolution and
hindering electrochemical reactions (Fig. 4). Additionally, a
long linear tail at 2000-1600 Q in the low-frequency region
suggests a diffusion-controlled process, indicating mass
transport buildup [42].

The approximately 45° angle demonstrates that higher
inhibitor concentration slows corrosion, reflecting the pres-
ence of a mixed-type inhibitor. Furthermore, the distortion
of the capacitive arc at 20, 40, and 80 ppm correlates with the
surface roughness of corrosion products and heterogeneity
at the interface between the electrode and the electrolyte. In
this context, the electrical circuit depicted in Fig. 7 displays the
presence of Ry (solution resistance), Ry, (inhibitor resistance),
and CPE (Constant Phase Element), representing the non-ideal
electrochemical characteristics where the double-layer capac-
itance is replaced by the CPE. The components of the CPE,
n and Y, are attributable to surface roughness and system
passivity. The increase in R;,;, and the decrease of n to
0.702 demonstrate higher inhibition efficiency, quantified at
77.38% at 333K with 80 ppm of EE inhibitor, while simulta-
neously enhancing the surface heterogeneity of the P9 steel
and causing the system to behave as a non-ideal capacitor,
thereby storing less electrical charge. It is also evident that
there exists a negative proportionality between R;,; and Y,
across all concentrations, indicative of a reduction in the lo-
cal dielectric constant and an increase in the thickness of the
passive double-layer film due to EE inhibitor adsorption. This
process displaces water molecules, which are replaced by
inhibitor molecules, resulting in a thicker protective passive
film as the inhibitor concentration increases [43].

Additionally, the Bode plot demonstrates a positive cor-
relation between the absolute impedance and inhibitor con-
centration, signifying enhanced protection afforded by the
EE inhibitor. The Bode plot confirms this, showing increased
impedance in the range of 1.4 to 3.8 Q-cm? in the inhibited
system compared to the blank, with a decreasing trend from
3.3 to 1.5 Q-cm?. This interaction implies active functional
groups occupy the P9 surface, particularly in the anodic
and cathodic regions, before intensive passivation occurs.

The Bode modulus results, approaching 70°, suggest strong
capacitive behavior due to the formation of a dense, uniform
protective inhibitor film [44].

This observation also correlates with the increase in Ry,
inhibition efficiency, and the depression of R;. The imped-
ance modulus and phase angle values exhibit an upward
trend with increasing concentration and temperature. This
phenomenon is consistent with the variation of the capaci-
tance loop diameter as the temperature rises. The Bode phase
angle in the inhibited system broadens as concentration
increases, indicating surface heterogeneity and an acceler-
ation of charge transfer during diffusion. Additionally, this
supports the results of Y and n as illustrated in Table 3. How-
ever, it is critical to examine the inhibitor’s thermal stability
and its stability at elevated temperatures, as demonstrated by
thermodynamic calculations (Table 4).

Thermodynamic analysis indicates that the inhibitors
act primarily as chemisorption inhibitors, evidenced by the
low AGg4s and AS,4s values and increased surface coverage.
It is also worth noting that the negative AG,4s value indicates
the adsorption process occurs spontaneously. Moreover, the
values of AG,4s and AH,g, are consistent with a chemisorp-
tion mechanism, where the interaction between surface P9
and the inhibitor is more potent. The immense AH,q4; value
of +26.7252 kJ/mol shows that energy is absorbed during
inhibitor adsorption, which is required to break the surface
bonds between the P9 metal and water, as well as between
the P9 metal and the oxide layer in the uninhibited system
before adsorbate dissociation and electron transfer [45]. The
higher AH,q4s value further confirms that adsorption is more
favorable at elevated temperatures and supports the modeling
of the inhibition mechanism under naphthenic acid corro-
sion. Additionally, the adsorption equilibrium constant K4
reaches a maximum of 0.0427, confirming strong adsorption
of the eco-enzyme at the surface, thereby reducing bonding
between iron ions and the naphthenic acid residue. In addi-
tion, a single thicker protective layer forms, reducing pitting
corrosion on P9 steel.

Fig. 8, a characterizes the feature of naphthenic acid
corrosion, where the presence of localized corrosion and
pitting corrosion is uniform and severe, particularly in the
darker areas. In this context, pitting corrosion results in a
rougher surface and more profound attack from the oil phase,
becoming notably localized and isolated in the form of char-
acter-shaped pits (Fig. 8, a). Furthermore, the anodic dissolu-
tion caused by the reaction between P9 alloy and naphthenic
acid extract indicates localized attack at the anodic region of
the water phase; however, this effect gradually diminishes
in the oil phase. It is hypothesized that the increased weak
acid concentration at the oil-water interface facilitates diffu-
sion within the crude oil phase. Concurrently, the elevated
oxygen content, as evidenced by the EDX analysis indicating
approximately 50.08% wt., correlates with the high solubility
of oxygen in oil and subsequently promotes galvanic process-
es between the crude oil and aqueous phases (Fig. 9, a) [46].
Accordingly, the most plausible explanation for the localized
corrosion is the higher concentration of naphthenic acid
extract in the upper aqueous layer, which is proximate to the
oil phase.

Conversely, the hydrophobic character of the inhibitor,
attributable to the presence of aromatic compounds, induces
water repulsion and ion exclusion, resulting in a smoother
surface with reduced oil dissipation and enhanced film sta-
bility capable of covering surface pits on P9 steel (Fig. 8, b).



Additionally, the results demonstrate a more continuous and
compact coating, which reduces oil diffusion onto the P9
surface, thereby suggesting that the formation of a protective
inhibitor layer decreases the sulfur content from 3.09 wt.% to
1.08 wt.% in the inhibited system. Simultaneously, increas-
ing the iron content to 69.41 wt.% and the oxygen content
to 11.58 wt.% within the same system indicates a reduced
risk of naphthenic acid corrosion. The inhibitor effectively
minimizes FeS scale formation, as evidenced by SEM-EDX
results showing that sulfur content decreases with inhibitor
addition (Fig. 9, b) [47].

It is also essential to recognize the practical significance
of the findings concerning the scale-up of the eco-enzyme
inhibitor to the HVGO pipeline within the crude distillation
unit. The high inhibition efficiency observed, nearly 78%,
along with the extensive surface coverage, indicates that
the inhibitor effectively safeguards the P9 material from the
risk of naphthenic acid corrosion. This scope pertains to the
simulation of a non-commercial inhibitor, despite the limited
injection schedule available. The injection parameters should
be determined based on corrosion monitoring results from
the identified line, where the corrosion rate is moderate to
high. Consequently, in practical applications, injection can be
scheduled using various inhibitor concentrations to reduce
corrosion rate. Nonetheless, corrosion monitoring along the
piping line should also be maintained to ensure the proper
dosage and film persistence within the inhibitor simulation
injection.

Despite the notable outcomes, this study possesses cer-
tain limitations. It encompasses the contribution of phenolic
hydroxyl and other functional groups identified through
the functional group test as components of the EE inhibitor,
although additional active compounds may be present. Fur-
thermore, the investigation does not elucidate the precise
mechanism by which molasses influences enzyme pro-
duction as a preservative or its function as a pH regulator.
Additionally, the crude oil employed contains an overall
sulfur content of 0.19%. It is also important to acknowledge
that measurements were confined to a temperature of 60°C,
which may only marginally simulate the NAC within a labo-
ratory environment. This disadvantage lead to opportunity to
conduct the mass-spectrophotometer and hydrogen-nuclear
magnetic resonance test to unveil the actual molecular mass
and actual structure of the EE inhibitor corresponding to
the inhibition mechanism. It leads to the develop the exper-
imental method to characterize the actual functional group
that dwells in the inhibitor which resemble the corrosion
inhibition process.

of inhibitor. Moreover, the electronic transition n-m* and
z-7t* at 350 nm correlates to amphiphilic (hydrophilicity and
hydrophobicity of the inhibitor) benzene and carbonyl, while
the absorption at 300-400 nm corresponds to the metal-to-li-
gand charge transfer.

3. The inhibitor shows remarkable inhibition efficiency
beyond 77% that attributed with the increase of inhibitor
resistance, depression of charge transfer resistance, despite
their surface heterogeneity increases measured of 80 ppm
inhibitor solution at 333K.

4. The thermodynamic results indicate that the changes in
enthalpy, entropy, and Gibbs free energy are +26.7252 kJ/mol,
+168.91 kJ/mol, and -29.5236 kJ/mol, respectively. These val-
ues are consistent with chemisorption adsorption. Further-
more, the R? value approaching 1 exemplifies the formation
of a monolayer inhibitor film and conforms to the Langmuir
isotherm adsorption model.

5.The formation of a single passive layer enhances the
surface smoothness of P9 steel by reducing the percentages of S
and O, while increasing the Fe content, as shown in SEM-EDX
results. This is used to model how the EE inhibitor mitigates
the risk of NA at elevated temperatures, which reduces the
pitting corrosion.
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