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Promoting the viability of soybean biodiesel by
mitigating its oxidative effects on austenitic
stainless steel using a natural additive of spent
coffee grounds

Maha El Hawary, ©2 Othon S. Campos,® Younes Kerroum, ©?2
Abdelkbir Bellaouchou, 2 Hatem M. A. Amin® *¢ and Maria Boudalia 2

This work demonstrates the recycling potential of a hydroalcoholic extract of spent coffee waste (HECG) as
an environmentally friendly additive to soybean cooking oil (SWCO) biodiesel, alleviating its corrosive
impacts on a Cr-rich stainless-steel alloy. The extract is efficiently produced using the Soxhlet extraction
method, and its chemical profile is analyzed using GC-MS and FTIR. Furthermore, the anticorrosive
properties of HECG are thoroughly evaluated using gravimetry, potentiodynamic polarization, and
electrochemical impedance spectroscopy (EIS). The HECG additive shows excellent inhibitory efficacy
(94%) on 307 L stainless steel. The polarization results underline the mixed inhibitory character of HECG.
The metal surface is primarily protected against biodiesel-induced corrosion through adsorption of
additive molecules onto it. Additionally, SEM-EDX and XRD techniques are used to evaluate the
microstructure, crystal structure, and composition of the surface and formed products after immersion
in this biodiesel. The results showcase the additional protection of the 307 L sample via creating
a passive oxide film (CrO,3, FeO,3, FeOOH) on the metal surface, thus boosting its corrosion resistance.
Importantly, DFT and Fukui function simulations identify the electrophilic and nucleophilic sites at the B-
turmerone molecule, the major component of the extract, and reveal intrinsic retro donations in both

rsc.li/rsc-advances

1. Introduction

The growth of generating biofuels from waste cooking oil
constitutes a significant technical advancement, thus providing
a sustainable alternative to conventional petroleum-based
fuels.' As a reflection of its significance, 43 billion Liters of bi-
odiesel were produced worldwide in 2021 and its production is
expected to rise in the coming decade.” Biofuels are typically
produced from renewable biomass such as soybean, cotton-
seed, animal fat, and residual oil and are used in trans-
portation, thus offering an environmentally friendly and cleaner
alternative to traditional fuel.* Among others, waste cooking oil
is considered the most viable source for biodiesel production
because of its economic benefit. It is usually discarded as waste
in vast amounts from restaurants, industries, households, and
others. Biodiesel, in particular, stands out for its
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ways — additive to metal and/or metal to additive.

biodegradability, low toxicity, flexible production from various
biosources, and reduced emissions of pollutants.*® It also has
advantages over petroleum diesel including better engine
performance, low volatility, higher flash point, and easier
transportation and storage.® However, biodiesel has more
corrosive effects than petroleum diesel on various metal
surfaces.” Results showed that the corrosion rate depends on
the metal, with stainless steel the most resistant metallic
material compared to copper and aluminum. According to
Nernst's hypothesis, metals have a natural tendency to corrode
in solution. Regardless, corrosion levels are affected by external
variables such as moisture content, acidity, temperature,
impurities, dissolved oxygen, microbial activity, contact with
other materials, and flow conditions, including the presence of
biodiesel.®* Metal corrosion is a crucial issue in vehicles as many
parts of the engine are made of metals such as copper,
aluminum, stainless steel, and their alloys. These metallic parts
are susceptible to corrosion at various rates, leading to
considerable damage. Such corrosion has an impact on engine
performance, durability, and safety, thus emphasizing the
importance of appropriate corrosion control measures, partic-
ularly in biodiesel-powered engines.®
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The challenge worsens in biodiesel engines because of the
fuel's strong affinity to water, which causes hydrolysis and the
formation of corrosive byproducts such as fatty acids and glyc-
erol. Moreover, incomplete transesterification and residues
such as water, free glycerol, methanol, and fatty acids can
contribute to corrosion.'® Furthermore, biodiesel's lubricating
characteristics and trace metals might hasten metal deteriora-
tion.™ Hence, highlighting the importance and necessity of
effective corrosion control strategies is crucial to safeguarding
engine components and maintaining peak performance.*

Two main strategies can be used to mitigate the corrosion in
biodiesel, namely the use of corrosion resistance alloys or the
addition of corrosion inhibitors. Although corrosion-resistant
materials can significantly reduce the negative effects of corro-
sive species, their high cost and special manufacturing
requirements make inexpensive metallic materials in combi-
nation with effective corrosion inhibitors the preferred choice
in many industrial applications. In this context, the corrosion
cost index serves as a dependable measure of the effectiveness
of prevention and protection methods in mitigating the
expenses associated with corrosion-induced deterioration.*
Several means are employed for corrosion protection: either
protection using coatings (organic or inorganic) or inhibitors.**
These approaches increase the metal's corrosion resistance by
establishing a shield between the substrate and the environ-
ment." The application of corrosion inhibitors has proven to be
one of the most effective strategies for mitigating corrosion
across a wide range of materials."® However, most organic and
inorganic inhibitors involve hazardous materials and exhaus-
tive synthetic routes.'”'® Alternatively, eco-friendly inhibitors
are currently attracting great interest in corrosion protection
due to their safety, biodegradability, environmental accept-
ability, and renewable nature.”**' Biomaterials are rich in
phytochemicals that can effectively adsorb onto the metal
surface, forming a protective layer against the attack of bi-
odiesel components.

Almost all organic molecules in extracts tend to adhere to
metal surfaces. When the corrosion inhibitor's effect is specifi-
cally targeted, the most desirable properties are those related to
the metal's electrostatic attraction to the inhibitor's charged
molecules, the double-, triple-, or single-electron interaction
of N, S, P, or O with the metal's vacant d-orbitals, or a combina-
tion of some of the aforementioned mechanisms.*?* Therefore,
the emphasis on resources for environmentally friendly natural
products and low-cost compounds as metal corrosion inhibitors
has grown in recent decades.”® For example, rice bran oil,
a byproduct of rice processing, contains bioactive compounds
such as oryzanol and tocopherols, which minimize corrosion by
creating a thin protective layer and thus decreasing the avail-
ability of aggressive ions.>* Although extracts from biowaste are
largely investigated as green inhibitors for metallic surfaces in
acidic and saline environments, research on their effectiveness in
biodiesel is limited. Only a few examples are reported on the use
of natural extracts as anticorrosion additives in biofuels.***® For
example, cardanol extract from cashew nutshell liquid demon-
strated an increased inhibition efficiency (93.2%) for aluminum
alloy in soybean biodiesel.”>?*® Recently, Thymus vulgaris extract
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showed a significant decrease in aluminum corrosion in 20%
biodiesel-80% diesel blend.”” Terminalia catappa leaf extract has
also effectively reduced the corrosion of carbon steel and zinc,
however its corrosion inhibition efficiency was limited (78% at
room temperature and 8% at 60 °C for zinc).>*® Nevertheless,
these biowaste-derived inhibitors not only effectively combat
corrosion but also promote sustainability by utilizing waste
materials, highlighting their potential in biodiesel applications.
Thus, investigating more efficient inhibitors in biodiesels is of
scientific and economic interest.

Additionally, there is enormous potential in waste food val-
orisation as a sustainable option for synthetic inhibitors due to
the ability to generate economic benefits from waste materials.
One type of residual food that several researchers have
attempted to recover is waste coffee grounds since they are rich
in dietary fibre, protein, essential amino acids, and sugar.?®
Spent coffee bean extracts showed remarkable inhibitory
effectiveness for Cu in a 3% NaCl solution and for carbon steel
in acidic media.***° Moreover, recycling organic waste such as
coffee grounds would contribute to the transition from a linear
economy to a circular bioeconomy, which would bring ecolog-
ical and economic benefits.

While the valorization of spent coffee grounds (SCG) offers
clear environmental and economic benefits, its large-scale
deployment is influenced by cost-related factors including
drying energy (as SCG typical exits the brewing with 55-70%
moisture), thermal duty and solvent make-up and recovery.
Nevertheless, the simplicity of the Soxhlet extraction procedure
would facilitate its upscaling. Furthermore, the economic
benefits may need to be balanced not only by the extraction cost
but also by co-product revenues, as well as government incen-
tives for renewable resources, to play a significant role in
determining profitability. Finally, the presence of natural anti-
oxidants in SCG oil supports the compatibility of this oil-soluble
additive with the standard additive dosing infrastructure for
biodiesel, limiting additional capital requirements. Neverthe-
less, the overall feasibility depends mainly on minimizing
drying and distillation loads and securing reliable SCG logistics
on a scale. To our knowledge, its use as an additive in biodiesel
for stainless steel protection has not been reported yet.

In the present work, the potential of the hydroalcoholic
extract of spent coffee grounds (HECG) was evaluated as an
additive to soybean oil biodiesel to control the oxidation of
stainless steel (307 L S-steel). This approach aims to boost the
viability of soybean biodiesel. The inhibition properties were
investigated using both gravimetric and electrochemical
(potentiodynamic polarization and EIS) methods. Furthermore,
the study was extended to explore how effectively this additive
prevents the damage of 307 L S-steel at various temperatures,
allowing determination of thermodynamic parameters. Addi-
tionally, the nature of the interfacial processes, passivation
products, and the inhibition mechanism were elucidated based
on microscopic (SEM-EDX) and spectroscopic (FTIR, UV-Vis)
data. Moreover, the crystalline structure of the samples with
and without the HECG additive was thoroughly studied using
XRD. Importantly, the nature of the interactions between the
additive inhibitor and the steel surface as well as the underlying

© 2025 The Author(s). Published by the Royal Society of Chemistry
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protection mechanism were unraveled by DFT simulations and
Fukui functions, which well supported the electrochemical and
spectroscopic results. Our approach demonstrates the potential
of recycling waste coffee grounds as an additive to increasing
the sustainability of soybean biodiesel.

2. Experimental

2.1. Materials

The corrosion tests were performed on the austenitic stainless
steel 307 L (307 L S-steel) containing 19% Cr, 9% Ni, 2.72% Mo,
balance Fe by weight. The stainless-steel coupons (1 cm?
exposed surface area) were polished using abrasive papers with
grit sizes of 120, 400, 800, 1000, and 1200, in an ascending
order. After polishing, the electrodes were rinsed with distilled
water and cleaned with acetone before drying in air.

2.2. Biodiesel synthesis and physicochemical
characterization

The soybean waste cooking oil (SWCO) and methanol (99%)
used in the studied biodiesel were processed with the help of
a heterogeneous acid catalyst. Details on the biodiesel synthesis
and its conditions are reported in our previous work® and
summarized in the SI file.

The physicochemical characteristics of the biodiesel were
determined following the European (EN-14214) and American
(ASTM D-6751-11b) standards, including viscosity, density, acid
number, flash point, ester content, cold filtration test, sulfur
content, and lubricity.?>?

2.3. Preparation and characterization of coffee grounds
extract as an additive

2.3.1. Sample collection and coffee grounds extraction.
Fig. 1 shows the detailed steps of the extraction procedure of
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coffee grounds extract. Details of the procedure are given in the
SI. The leftover coffee grounds were first dried to remove
moisture. Afterwards, a hydroalcoholic extract was prepared
using the Soxhlet extraction method. The extraction efficiency
was calculated as follows:

Yy = w100 (1)

Msample
where, Yis the yield in percentage, m.y is the mass of the extract
after evaporation of the solvent in grams and mgampie represents
the dry mass of the sample before extraction. The extraction
yield was estimated to be about 12%.

2.3.2. Characterization methods of HECG extract. GC-MS
analysis was conducted to identify the chemical composition of
the spent coffee grounds extract using a PerkinElmer Auto System
XL GC (Waltham, MA, USA). The sample was also characterized
using a single reflection Pro One attenuated total reflectance
(ATR)-FT/IR-Jasco 4600 spectrometers with a monolithic diamond
crystal. Details of these analyses are presented in the SI.

2.4. Corrosion assessment methods

2.4.1. Gravimetric method (weight loss). For the present
study, specimens were prepared in closed glass bottles holding
50 mL of the electrolyte with different concentrations of HECG
extract. The experiments were conducted with varied inhibitor
concentrations. After immersion for 1128 h, the samples were
removed and thoroughly rinsed with distilled water and acetone
before being dried and reweighed. The tests were performed
following ASTM G 31-72.%* The corrosion rate Cy is determined
according to the following eqn (2):

W

CR= ——
R AXtxp

(2)

with W representing the weight loss in g, A is the surface area
exposed in em?, p is the metal density (g cm™>), and ¢ is the time
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Fig. 1 Schematic of the extraction procedure of coffee grounds hydroalcoholic extract.
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the samples spent immersed in the tested solution, usually
expressed in hours. Based on the corrosion rates Cy (in the
blank) and Cg.inn (in the presence of inhibitor), the inhibition
efficiency (nw.%) was calculated as follows:

CGr — G -ini
L% = —— R 100 3)
Cr
2.4.2. Electrochemical measurements. Electrochemical

measurements were conducted using a three-electrode config-
uration. The potentiodynamic polarization curves were recor-
ded and the Tafel tangents of anodic and cathodic lines were
used to obtain i., (in the absence of HECG) and jinh (in the
presence of HECG), from which the PDP inhibition efficiency

(%) was calculated using eqn (4):

. nh
feorr Lo o 1 (4)

lcorr

Nppp/o =

Furthermore, the electrochemical impedance spectroscopy
(EIS) was recorded and the polarization resistance in the
absence (Rp) and presence (R,) of the inhibitor were calculated
from the charge transfer resistance R . and the film resistance R¢
created by the corrosion products and passive film using eqn
(5)- These EIS data were then used to determine the effective-
ness of the examined molecule's inhibition using eqn (6).

Ry =Ry + Ry (5)
Rp — R,
% = ———Fx
NE1s /0 Rp

100 (6)

2.5. Surface and spectroscopic characterization of the
electrode surface

To evaluate the impact of the chemical composition of corro-
sion products formed on 307 L S-steel surface in biodiesel, UV-
Vis-NIR spectra were recorded in the range from 190 to
1000 nm using a Jasco Model V670 spectrophotometer. The
surface morphology and the composition of corrosion prod-
ucts were investigated using SEM (JEOL JFC-2300HR SEM) that
was equipped with an EDX unit. XRD diffractograms of the
specimen surface were captured using a Shimadzu diffrac-
tometer with Cu Ko radiation (Cu = 1.5406 A) and a 30 kv/10
mA step.

2.6. DFT calculations

DFT calculations were performed on B-turmerone as the major
constituent of the coffee extract based on the chemical
composition. First, the B-turmerone molecule was drawn in
Avogadro version 1.2** and the xyz file was optimized using the
GFN2-XTB package.*® Afterward, the xyz files were submitted to
a DFT computation using the ORCA 5.0.4 package®” in a Linux-
based environment with optimized hardware. The calculation
setup ran over Minnesota 06-2X* functional along People's 6-
311 + g (d, p) orbital basis set,* and RIJ-COSX coulombic inte-
gration method for calculation optimization. The orbital files
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were taken from conventional output files using “orca_plot”
software for exporting into cube files to be opened in Chemcraft
version 1.8.* All DFT calculations for optimization of the
inhibitor molecule were in a global minimum since the theo-
retical IR spectra of those compounds showed no negative
frequencies. The following important molecular descriptors
were calculated using the energy data from calculated output
files, using the following eqn **

IE = 7EHOMO (7)
EA = _ELUMO [8)
. (EI+3xAE)’
“" = 16(EI — AE) ©)
_ (3x EIl+AE)
“ = T16(EI - AE) (10)
El — AE
= (11)
AE + EI
=5 (12)
Aw=w"— o~ (13)

where, IE and EA are the ionization energy and electron affinity
of geometrized B-turmerone molecules, respectively. " and w~
stand for electro-reception and electro-donation, respectively,
and Aw is the liquid electrophilicity. Lastly, n and x are the
chemical hardness and electronegativity, respectively. An
important parameter that helps to identify the capability of an
inhibitor to interact with the metal surface is the electron
transfer number between the inhibitor molecule and electrode
surface (AN). This parameter was calculated from molecular
descriptors of the frontier molecular orbitals (FMO) based on
Pearson's HSAB theory*>™* as follows:

AN = ® — Xinh
20inn

(14)
where, ¢ is the work function of the metal from an electrode,
Xinh 1S the inhibitor molecule's electronegativity and #;,p, is the
inhibitor's chemical hardness. Considering that the steel elec-
trode contains polycrystalline iron, the work function was
4.70 eV.*® Furthermore, Fukui function analysis was conducted
using the calculated wavefunctions of the prior optimization
files, and the output files were submitted to the following
operations in Chemcraft *”

P = PNl — PN (15)
P =pN— PN-1 (16)
. 1

p = E(PN“ — pn-1) (17)

where p*, p*, and p are the nucleophilic, electrophilic, and
radical wavefunctions over the B-turmerone molecule, respec-
tively, and pn+; and py_;, are the anionic and cationic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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wavefunctions related to the py neutral wavefunction, respec-
tively. These Fukui surfaces show how the B-turmerone will
undergo nucleophilic, electrophilic, and radical reactions in
this system.

3. Results and discussion

3.1. Physicochemical properties of SWCO

The physicochemical characteristics of soybean biodiesel are
listed in Table S1. During these tests, water flowed from
a thermostat to maintain a consistent operational temperature
during all measurements conducted in a double-walled cell
with a glass plate covering it. Based on the results obtained, the
SWCO biodiesel quality is in full accordance with ASTM
standards.***

3.2. Identification of HECG chemical profile using GC-MS

GC-MS analysis was initially applied to identify the chemical
profile of the coffee extract. The GC-MS chromatogram reveals
the presence of volatile and bioactive compounds in HECG with
various retention times, as shown in Fig. S1. Table 1 lists the
respective chemical compositions of HECG. 13 compounds
were identified, and the main components are p-Turmerone
(32.49%), nitrogenous compounds such as trigonelline (18.0%),
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functional groups in compounds such as phenols and carbox-
ylic acids found in pectin, cellulose, and lignin. The band
between 2882-2829 cm ' is attributed to the asymmetric
stretching of C-H bonds of the methylamine (N-CH,),
predominantly in the caffeine molecule. This can be effectively
exploited in the quantitative detection of caffeine content.>

Furthermore, the peak observed in the range of 1700-
1654 cm™ " in the IR spectrum of methanolic coffee extract is
primarily associated with the carbonyl (C=O) stretching
vibrations of ester groups in chlorogenic acids. These
compounds formed from the esterification of caffeic acid and
quinic acid exhibit strong absorption in this region due to their
carbonyl functionalities.

While caffeine also contains carbonyl groups that may
contribute to this peak, the predominant attribute in this range
is to the carbonyl groups in chlorogenic acids, reflecting their
significant presence and interaction in the coffee extract. The
C=O0 bond is stretched similarly to the peak at 1712 cm™ " in the
presence of lipids and aliphatic esters. The large band between
1135 and 952 cm ! results from C-O stretching vibration in
C-O-H bonds such as glycosidic bonds and is associated with
galactomannan polysaccharides' sugars.*

polyphenolic compounds such as chlorogenic acid (8.68%),

caffeic acid and caffeine. According to the literature, extracts

from in coffee grounds is high in these compounds.” These

compounds are rich in oxygen-containing functional groups f

that can bind to the metal surface and thus promote their %

adsorption. Thus, the main phenolic compound found in our =

extract was B-Turmerone which is expected to contribute to §

corrosion inhibition. E

3.3. FT-IR spectroscopic analysis of the extract additive i

The functional groups and spectral ranges characteristic of the Coffee ground extract
coffee brand were identified using FTIR analysis as shown in L L 1 L L 1 1
Fig. 2. The detection of a large band at 3334 cm ' is mainly 4000 3500 3000 2500 2000 . 1500 1000 500
attributed to O-H stretching vibration. Possible inter and Wavenumber (cm’)

intramolecular hydrogen interactions can occur between OH Fig. 2 FTIR spectrum of the spent coffee grounds extract.

Table 1 GC-MS analysis of components found in the HECG extract

Retention time (min) % Name of compounds Formula MW (g mol )
10.5 32.49 B-Turmerone Cy5H,,0 218.0

5.4 8.68 Chlorogenic acid C16H1509 354.3

5.3 2.25 Caffeic acid CoHgO, 180.2

3.5 5.69 2-Amino-4,6-dimethylpyrimidine CgHoNj; 123.2

1.8 7.64 4-Hydroxy-5-oxohexanoic acid CeH1004 146.1

9.7 1.67 4-Methyl-dibenzothiophene C13H10S 198.0
11.4 18.01 Trigonelline C,H,NO, 140.3

1.0 3.92 4-Vinyl-2-methoxy phenol CoH;,0, 150.3

1.4 4.37 3-Pyridinol CsHsNO 95.0

2.9 3.24 5-Methylfurfural CeHgO,, 110.1

3.9 2.69 3”-Hydroxy-geranylhydroquinone C16H3,03 262.3

6.9 3.08 1-Methyl-4-prop-1-en-2-ylcyclohexene CioHig 138.3

6.3 7.64 Caffeine CgH;(N,O, 194.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Corrosion rate results and inhibition efficiency from weight
loss measurements after 1128 h immersion at 303 K in biodiesel
containing various concentrations of HECG

Conc. (ppm) Cr(mgem2h™) NwL%
0 (blank) 113.6 —
500 24.2 78.7
750 17.4 84.6
1500 3.4 97.0
3.4. Evaluation of the corrosion resistance in biodiesel oil

3.4.1. Weight loss assay. Initially, the weight loss method
was utilized as the simplest tool to determine the effectiveness
of the HECG additive in SWCO biodiesel and estimate the
corrosion rate of the 307 L S-steel specimen. The weight loss of
all samples was measured before and after 1128 h of immersion
in a SWCO biodiesel bath containing different concentrations
of HECG at a controlled temperature (303 K). As summarized in
Table 2, the corrosion rate (Cg) of 307 L S-steel decreases from
113.6 to 3.4 mg cm ™ > h™ " after the addition of the 1500 ppm
inhibitor. The inhibition efficiency nwy (%) increases from
78.7% to 97.0% as the concentration increases from 500 to
1500 ppm. As the inhibitor concentration increases, more
molecules of the inhibitor additive adhere to the 307 L S-steel
surface, blocking more active sites for corrosion and conse-
quently effectively halting the mass loss.>*

Blank

—— 500 ppm
750 ppm

—— 1500 ppm

-900 -600  -300 0 300

E (mV vs. SCE)

600 900

Fig. 3 Polarization curves at 307 L S-steel in SWCO biodiesel without
and with various concentrations of HECG.
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3.4.2. Electrochemical evaluation of HECG additive on
steel oxidation

3.4.2.1. Potentiodynamic polarization (PDP). Potentiody-

namic polarization measurements were then conducted to gain
quantitative information on the efficiency and kinetics of the
HECG additive. The polarization curves were recorded across
both the cathodic and anodic potential ranges. Fig. 3 depicts the
effect of different HECG concentrations in SWCO biodiesel on
the potentiodynamic polarization curves of 307 L S-steel. Table 3
presents the obtained electrochemical parameters including
corrosion potential (E.oy), current density (icor), anodic and
cathodic Tafel slopes (), and inhibition efficiency (%). As shown
in Table 3, .o markedly declined from 201 nA cm 2 to 13 nA
cm? after the addition of 1500 ppm HECG extract, proving its
effective inhibitive effect. Additionally, it is found that increasing
the concentration of HECG diminishes both anodic and cathodic
current densities. The variation in E,,,, values could be due to the
adsorption of organic molecules from the extract onto the elec-
trode surface, which can alter the active site. This adsorption
might be the consequence of the chemical inhibitor's contact
with the steel surface, boosting passive film development, or the
synergistic action of several organic corrosion inhibitors.

The polarization data showed that HECG is effective as
a corrosion inhibitor, exhibiting distinct anodic and cathodic
reaction kinetics compared to blank solutions. The polarization
measurements indicate that the corrosion potential shifts in
two directions when HECG is present, suggesting that it func-
tions as a mixed-type inhibitor.> This shift signifies that HECG
can effectively hinder both anodic and cathodic processes,
enhancing overall corrosion protection in various environ-
ments.”> Based on these findings, we propose that HECG
performs by inhibiting electrochemical anodic and cathodic
active sites on the SS surface and producing a protective layer.'®

In accordance with Table 3, as the concentration of HECG
increased, the corrosion current density (i.or;) decreased. The
adsorption of HECG molecules on the 307 L S-steel surface
slowed down the rate of electrochemical reaction. Furthermore,
the inhibitory efficiency (7ppp%) has increased with increasing
the HECG inhibitor concentration, reaching a maximum of
93.5% for 1500 ppm of HECG. These results agree with the
weight loss data, demonstrating that increasing the inhibitor
concentration causes more adsorption of the inhibitor mole-
cules and, as a result, a reduction in the surface sites accessible
for corrosion.

3.4.2.2. Electrochemical impedance spectroscopy (EIS). EIS
was used to further examine the corrosion inhibition abilities of

Table 3 Electrochemical parameters obtained from the polarization curves at 307 L S-steel in SWCO biodiesel with various concentrations of

HECG

Conc. (ppm) —Ecore (MV vs. SCE) icorr (NA cm™?) Ba (mV dec™) B. (mV dec™) Nppp%
Blank 154 £ 2 201 £5 282.0 324.8 —
500 210 £5 43 + 2 440.4 303.7 78.6
750 147 £ 2 30+ 1 416.8 389.7 85.0
1500 180 + 4 13 £ 0.3 128.3 130.1 93.5
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Fig. 4 EIS Nyquist (a) and Bode (b) plots obtained at 307 L S-steel in SWCO biodiesel with varying HECG concentrations.

HECG on S-steel and gain important insights into the charge
transfer processes at the steel interface.'****” Nyquist plots ob-
tained the OCP for 307 L S-steel in SWCO biodiesel at various
HECG concentrations are shown in Fig. 4.

Nyquist plots (Fig. 4a) revealed two depressed overlapped
semicircles with centers below the real axis, indicating the
presence of two capacitive loops. This observation aligns with
the Bode plots (Fig. 4b) where two typical peaks were observed,
indicating the presence of two-time constants. This finding
indicates that the charge transfer primarily regulates the
electrochemical processes at the interface. Furthermore, the
diameter of the observed arc significantly increases with the
addition of HECG compared to the blank case, proving an
increased surface resistance. This can be explained by the
formation of an inhibitor layer and a passive oxide film on the
steel surface, thus increasing the resistance and consequently
boosting the inhibition efficiency.

The charge transfer process of metal and bilayer behavior is
related to the polarization resistance and bilayer capacitance.*®
This is an indication that the adsorption of coffee extract
molecules can reduce surface inhomogeneity. In these cases,
representing double-layer capacitors with a constant phase
element (CPE) allows for a more accurate fit to the experimental
data set.

The use of CPE instead of an ideal capacitor also agrees with
the observed depressed semicircles. Furthermore, the increased
absolute impedance of the Bode diagram at low-frequency
values indicates that the shielding effect of the inhibitor
increases with increasing the HECG concentration.' The phase
angle plot shows that increasing the inhibitor concentration

Table 4 EIS fitting parameters for 307 L S-steel in SWCO biodiesel wit

produces an absolute value close to 88°. This hints to a good
contact between HECG molecules and the surface of S-steel at
higher concentrations.*

The inset of Fig. 4a shows the corresponding equivalent
electrical circuit that was used to model the experimental EIS
data. In this circuit, Ry is the solution resistance, R is the
charge transfer resistance, CPE4; represents the constant phase
element associated with the electric double layer, R¢ is the film
resistance created by the corrosion product and oxide film, and
CPE; for the film capacitance. As well, CPE was used to consider
surface inhomogeneity, inhibitor dislocations, grain bound-
aries, and passive layer formation.*

The CPE can be expressed as follows
(o)™

0
where, Q represents the pseudo-capacitance, and is influenced
by the angular frequency w (in rad s™'), the imaginary unit j*> =
—1, and the CPE exponent n. The value of n determines the
behavior of the CPE: it acts as an ideal resistor when n = 0 and
as a perfect capacitor when n = 1. Moreover, n serves as
a physical parameter that reflects intermediate phase charac-
teristics, such as the surface roughness and the inhibitory
adsorption properties of the working electrode. Table 4
summarizes the electrochemical parameters obtained by fitting
the EIS data to the electrical circuit shown in Fig. 4 for different
concentrations of HECG in SWCO biodiesel.

Notably, from Table 4 it is clear that R. increases by
increasing the HECG additive concentration, suggesting the
hindered metal oxidation via the formation of a physical barrier

ZCPE =

(18)

h various HECG concentrations

Conc. (ppm) R, (kQ em?) Qg (us”" Q' em™?) ng

Rt (kQ cm?)

Qr(us"Q 'em™?) ng R (kQ em®) R, (kQ em?)  ngys (%)

0 7.8+ 0.7 0.082 %+ 0.004 0.95 £+ 0.03 7.4 £0.2
500 9.9 £0.4 0.019 £ 0.001 0.91 £0.03 8.9 =£0.3
750 16.0 £2 0.016 £ 0.001 0.85 £0.03 22.0+2

1500 11.5+ 0.6 0.013 = 0.01 1.00 = 0.03 380 + 30

© 2025 The Author(s). Published by the Royal Society of Chemistry

0.021 £ 0.001 0.90 £ 0.04 390 +40 3974 —
0.10 £ 0.05 0.92 £ 0.04 1800 + 200 1808.9 78.0

0.011 £ 0.001 0.87 £ 0.03 3100 £+ 300 3122 87.3

0.044 £ 0.002 0.98 £ 0.04 6000 + 200 6380 93.8
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on the surface. In addition, the charge transfer resistance R of
307 LS-steel is higher than that of the film R;. In contrast, the
decrease in Qq; could be due to a decrease in the local dielectric
constant and/or an increase in the thickness of the electrical
double layer. This implies that the metal's corrosion resistance
is primarily due to the film formed during immersion.®* The EIS
results also show that as the HECG concentration increases, the
NExs (%) improves steadily. In the case of 1500 ppm, a maximum
value of 938% is achieved. For comparison with other reported
studies on natural extracts as inhibitors in biodiesel, cardanol
extract from cashew nutshell liquid showed improved inhibi-
tion efficiency (93.2%) for Al surface in soybean biofuel.>
Recently, Thymus vulgaris extract showed a significant decrease
in aluminum corrosion in 20% biodiesel-80% diesel blend.””
Syzygium aromaticum flower extract revealed a maximum copper
corrosion protection of 97.9% in neem biodiesel, however this
result was obtained by a simple estimation using weight loss
measurements.® Additionally, Terminalia catappa leaf extract
also showed a reduction of corrosion of carbon steel and zinc,
however its corrosion inhibition efficiency was limited (78% at
room temperature and 8% at 60 °C for zinc).>® The better or at
least comparable inhibition efficiency of our coffee bean ground
extract compared to reported studies suggests that this HECG
extract has the potential for corrosion protection in soybean
biodiesel.

3.4.3. Temperature effect and thermodynamic parameters.
The environment and its temperature are the primary factors
influencing the corrosion phenomenon. Therefore, polarization
experiments were performed in the temperature range of 298-
350 K in the absence and presence of the inhibitor at its
optimum concentration (1500 ppm) as indicated in Fig. 5a,
b and Table 5 lists the corresponding electrochemical parame-
ters. Under both inhibitory and non-inhibitory conditions, the
corrosion rate of 307 L S-steel increases with temperature.
Based on the data, it is noticeable that the 7., values in the
presence of HECG increase moderately with rising the temper-
ature, while in the biodiesel medium a significant increase was
recorded.®* Furthermore, a slight decrease in inhibition effi-
ciency to 73.6% at 350 K indicates that the inhibitor molecules
are still functioning on the metal surface and active in the

View Article Online

Paper

Table 5 Electrochemical parameters obtained from the polarization
curves at 307 L S-steel in the absence and presence of 1500 ppm
HECG at different temperatures 298-350 K

—Ecorr icnrr

Solution T (K) (mV vs. SCE) (nA cm™?) Nppp%

Blank 298 154 206 —
308 105 347 —
318 118 817 —
328 138 948 —
350 175 1340 —

1500 ppm HECG 298 180 13 93.7
308 147 57 83.6
318 221 163 80.1
328 180 216 77.2
350 134 355 73.6

studied temperature range. The decrease in the protection
efficiency at elevated temperatures is possibly due to the
increased mobility of the inhibitor and partial detachment from
the electrode surface.

The activation energies (E,), enthalpies (AH,), and activation
entropies (AS,) are important to gain insights into the mecha-
nism of HECG inhibition. Using Arrhenius eqn (19), one can
determine E, from the slope of the plot of In(i.o) as a function
of (1000/T) at different temperatures (Fig. 6a) according to the

following eqn:
-E,
.‘orr =4 g
o ()

whereby, N, is Avogadro's number, % is the Planck constant,
AH, and AS, are the activation enthalpy and activation entropy,
respectively. Furthermore, the following eqn (20). Was used to
determine the enthalpy and entropy. A straight line is obtained
by plotting In(i....)/T as a function of (1000/T) (Fig. 6b); its slope
is (—AH,/R) and its intersection with the In(i.o.,)/T axis gives the

parameter AS,.
ﬂex AS, ex atil
Ni P\ )P\ TR

(19)

(20)

Ieorr =

4
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! < o —
E -6 L 7k
< <
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Fig. 5 Potentiodynamic polarization curves for 307 L S-steel in SWCO biodiesel without (a) and with (b) the addition of 1500 ppm of HECG at

various temperatures (298-350).
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the optimal concentration of 1500 ppm and various temperatures.

with E, representing the corrosion activation energy, R denoting
the universal gas constant, T representing the absolute
temperature, and A corresponding to the pre-exponential
Arrhenius factor. E, values of 31.8 and 52.9 k] mol " were ob-
tained for the blank and inhibited solutions, respectively.

As indicated in Table 6 indicates, the higher values of E, in
the presence of HECG is a clear indication of the high inhibitory
effect of the HECG by enhancing the corrosion process's ener-
getic level. This may also be related to the increase in the
double-layer thickness, which improves the E, of the corrosion
process.®® The increase in E, reveals the presence of electrostatic
connections between the inhibitor molecules and the steel
surface, raising the energy barrier for corrosion.® The activation
enthalpy AH, values, which are positive for both the blank and
the additive, indicate that the corrosion process is endothermic.
Moreover, the higher AS, value in the inhibited system
compared to the uninhibited system suggests an increase in
disorder accompanying the transition from the reactant state to
the activated complex. This observation highlights the critical
role of the concentration of the additive HECG in facilitating its
adsorption onto the 307 L stainless steel surface by overcoming
the energy barriers. The resulting increase in AS, to less nega-
tive values reflects the enhanced disruption of the system's
structural organization, consistent with the inhibitor's effec-
tiveness.”” It is worth noting that although many studies have
used simple adsorption isotherms to predict adsorption
mechanisms of extracts, modeling adsorption data with simple
isotherms for multi-component extracts as in our work it isn't
suitable to describe such a complex adsorption case and can be
misleading when calculating adsorption coefficients. Thus, it
hasn't been considered in this study.

3.5. UV-Vis-NIR spectroscopy analysis of the effect of the
additive

The characteristics of the corrosion products formed on the
surface of 307 L S-steel after immersion in SWCO biodiesel for
1128 h in the presence and absence of HECG at 37 °C were
characterized using UV-Vis-NIR analysis, as shown in Fig. 7. The
UV-Vis-NIR spectra were analyzed with the 2D derivative using
the Savitzky-Golay function to reveal the weak peaks and avoid
the baseline effects. A minimum in the second derivative curve
represents the position of an absorption band. The curves were
split into two regions (lower wavelength region in Fig. 7a and
higher wavelength region in Fig. 7b. Moreover, by pinpointing
the sensitive absorption bands in the second derivatives of the
absorption curve, it was feasible to follow the changes in the
bands that might result from electronic or vibrational transi-
tions in the corrosion products.

The spectra of 307 L S-steel showed similar features and
peaks in the presence and absence of the HECG inhibitor, with
only the peaks becoming more intense in the longer wavelength
range in the inhibited case. The surface of 307 L S-steel showed
peaks that can be assigned to iron and chromium oxides as the
main products at the surface, in agreement with previous
reports.®® For example, the observed peaks at 214 and 252 nm
can be assigned to the electronic transitions of lepidocrocite (-
FeOOH) and maghemite (y-Fe,Oj3), respectively. Furthermore,
the observed absorption bands between 300 nm and 900 nm in
the spectra can be attributed to other types of iron oxides and
chromium oxides (Cr,O3;, CrOOH).**”® Moreover, there is
a slight change in the amplitude of the iron and chromium
oxide peaks between the solution with 1500 ppm inhibitor and
that without inhibitor. This could indicate that the inhibitor

Table 6 Thermodynamic parameters obtained for 307 L S-steel in SWCO biodiesel with and without HECG

Medium E, (k] mol ") AH, (k] mol ) E, — AH, (k] mol ) AS, (J mol ' K1)
Blank 31.8 29.1 2.7 —-101.5
HECG additive 52.9 50.2 2.7 —50.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 UV-Vis-NIR spectra represented in the second derivative of the Savitzky—Golay SWCO biodiesel for 1128 h in the presence and absence of

HECG at 37 °C, (a) in the range of 190-500 nm, and (b) 500-1000 nm

promotes the formation of a passive oxide layer on the metal
surface, which effectively protects it from damage and thus
achieves a considerable protective effect.

3.6. UV-vis absorption spectroscopy

The inhibitory effect of HECG was further evaluated using UV-
vis spectroscopy. Fig. S2 depicts the UV-Vis spectra of the
SWCO biodiesel (black line) after immersion 307 L S-steel for
1128 h at 37 °C and in the same solution after the addition of
1500 ppm HECG additive (red line). The data in Fig. S2 reveals
that the blank biodiesel sample shows an absorption peak at
224 nm, which can be attributed to the presence of dissolved
metal ions or organic degradation products resulting from the
corrosion of 307 L S-steel. Upon the addition of the HECG
inhibitor, this peak is shifted to 244 nm with increased inten-
sity, suggesting the formation of complexes between the
inhibitor molecules and metal ions, thereby altering the elec-
tronic environment.”* This spectral shift in UV-Vis spectra
implies that the HECG inhibitor interacts with the corrosion
byproducts, potentially forming a protective layer on the steel
surface, which reduces metal dissolution and modifies the
absorption characteristics.

For instance, the oxidation of polyunsaturated fatty acids
(PUFAs) in biodiesel can lead to the formation of conjugated
double bonds, enhancing its anticorrosion properties. Adding
HECG to SWCO biodiesel promotes this oxidative trans-
formation, which is beneficial for raising the corrosion resis-
tance. Moreover, conjugated double bonds possess electron-
rich structures that can interact with metal surfaces, forming
protective layers that reduce corrosion rates. This interaction is
particularly beneficial in biodiesel applications, where the
presence of unsaturated bonds in fatty acids contributes to the
overall inhibition efficiency. It has been reported that the
oxidation-induced conjugation of linoleic acid's double bonds
in SWCO biodiesel, facilitated by HECG, may improve its
corrosion inhibition properties, offering a promising approach
to prolong the lifespan of metal components in biodiesel
systems.”” Such findings underscore the efficacy of HECG as

33306 | RSC Adv, 2025, 15, 33297-3331

a corrosion inhibitor in biodiesel environments, highlighting
its role in mitigating corrosion processes and enhancing the
oxidative stability of biodiesel during storage.

3.7. Microstructure imaging using SEM-EDX

The surface morphology of the 307 L S-steel investigated for
polished, uninhibited, and exposed surfaces inhibited in bi-
odiesel after 1128 h of immersion was characterized using SEM-
EDX. The morphology of the polished specimen is shown in the
SEM image in Fig. 8a, which also amply demonstrates the
scratches left behind by manual polishing. The SEM image in
Fig. 8b for the surface after immersion in only biodiesel
demonstrates some changes such as scratches, some dark spots
and surface damage in the exposed surface of the 307 L S-steel
by the acid molecules present in the SWCO biodiesel. After the
addition of HECG in the biodiesel, the steel surface showed the
formation of some deposits and a layer that covers the under-
lying original scratches, as shown in Fig. 8c.

To represent the distribution of film formation formed on
the surface of S-steel, EDX spectra were recorded (See Fig. S3).
By comparing the C content from the EDX analysis of the
pristine polished 307 L S-steel (Fig. S3a) with that of 307 L S-
steel immersed in SWCO biodiesel (Fig. S3), it is clearly
observed that the C content has significantly increased, sug-
gesting that an organic deposit is accumulated on its surface.
Corrosion products probably absorb and adhere when the metal
reacts with many unsaturated fatty acids, adding more carbon
and oxygen to the surface. The EDX spectrum in Fig. S3c reveals
the presence of a small nitrogen peak, a characteristic element
of the organic molecules of the inhibitor, alongside carbon and
oxygen peaks. This may hint to the formation of a layer on the
307 L S-steel surface, suggesting the adsorption of the inhibitor
molecules.” In addition, stainless steel elements such as Fe and
Cr were also identified whose signals were reduced on the
inhibited surface compared to the polished surface and
increased compared to the non-inhibited surface, indicating the
presence of HECG on the surface.”™

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 SEMimages for the polished (a) and uninhibited (b) and inhibited (c) electrode exposed to SWCO biodiesel after 1128 h of immersion. (d—g)

EDX mapping of Fe, Cr, K and S elements for the inhibited electrode.

3.8. XRD analysis

Due to the possibility of interaction between 307 L S-steel and
the corrosive environment under various circumstances, form-
ing passive oxides or corrosion products, XRD was used to
characterize the crystal structure of the surface.

As illustrated in Fig. 9, the components that contribute to
protection of the steel against corrosion are Fe,O; and Cr,03,

% Fe,O, ¢ — Biodiesel (blank)
| — Biodiesel + 1500 ppm of HECG
& Cr,0,
® FeOOH
Vv Fe(OH),
S| e Fe 4
s
N .
2 N |
g A A
= Y
L
L ,. . v *
10 20 30 40 50 60 70
20 (degree)

Fig. 9 XRD patterns of the formed corrosion products on the 307 L S-
steel surface after 1128 hours of immersion in the optimal inhibitor
concentration and blank SWCO biodiesel.

© 2025 The Author(s). Published by the Royal Society of Chemistry

which are the dominant oxide responsible for its high corrosion
resistance in the absence and presence of HECG, with intensi-
ties increasing after the addition of the inhibitor.”

Similarly, the appearance of peaks corresponding to non-
protective corrosion compounds Fe(OH); and FeOOH in the
biodiesel was observed. The oxygenation of biodiesel can
enhance the 307 L S-steel corrosion additionally.” It has been
reported that biodiesel's resistance towards oxygenation is
related to its fatty constituents, which disappear after the
addition of HECG, suggesting its effectiveness in blocking the
dissolution of the metal by retreading the corrosion rate.”” We
note that XRD is still not a very sensitive surface technique but
rather gives hints to the nature of the metal surface.

3.9. DFT calculation and Fukui functions: mechanistic
insights
DFT is a powerful computational tool widely used in corrosion
studies to understand the mechanisms at the atomic and
molecular levels. In this study, DFT is used to model how B-
turmerone, the major component of the spent coffee grounds
extract, interacts with the stainless-steel surface, potentially
forming a protective layer or altering the oxidation process, thus
enhancing the material's corrosion resistance.

Fig. 10 shows the frontier molecular orbitals (FMO) of the B-
turmerone molecule. Considering the HOMO surface, the
wavefunctions are mostly located at the double bonds over the

RSC Adv, 2025, 15, 33297-33311 | 33307
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Fig. 10 The optimized structure of B-turmerone (a), and the HOMO (b) and LUMO (c) calculated structures.

carbonyl and isopropenyl group, which is consistent with the
sp® hybridization having a 7 bonding. Additionally, in the
cyclohexane ring, there is a small number of HOMO surfaces
once there are non-bonding electrons in those structures. The
isopropenyl group is conjugated with the carbonyl group of -
turmerone, which explains the high concentration of HOMO on
those groups. On the other hand, the LUMO surfaces are located
mostly outside of the B-turmerone molecule. Since the (-
turmerone has many sp* bonds, the molecular geometry favors
the superposition of the unoccupied orbitals, and a lobe (at
least, one of them) is not located into the molecule. However,
the LUMO lobe that is outside the molecule connects with the
LUMO from carbon atoms of the cyclohexenyl ring, showing
that this LUMO lobe isn't completely unbonded from the
molecule. Furthermore, the cyclohexane ring presents a visible
7-m bonding with the expected superposition of the wave-
functions of this kind of bond along with sole p-orbital of the
carbon in the methylene group. In the rest of the molecule, the
conjugated sp>-sp® bonds from carbonyl towards isopropenyl
groups are also shown but in lower quantities than the HOMO
surfaces discussed above. Those FMOs over the B-turmerone
molecule drive the possibility of having some types of organic
reactions, as shown in Fukui's analysis of the B-turmerone, di-
scussed below. Table 7 summarizes important molecular
descriptors that are obtained from FMO data for the B-turmer-
one molecule.

The molecular descriptors for B-turmerone shown in Table 7
demonstrate that the molecule tends to donate charge density
towards the steel electrode. This can be supported by the AN

Table 7 Molecular descriptors obtained from DFT calculation for the
optimized B-turmerone structure

IE (eV) EA (eV) " (eV) ™ (eV) Aw (eV) AN

7.567 0.438 0.691 4.694 —4.003 1.314

33308 | RSC Adv, 2025, 15, 33297-33311

value, which is 1.314 and lower than 3.6, the value reported by
Lukovits et al..*> AN reflects the tendency of electronic density
flow towards the electrode. A value lower than 3.6 suggests that
the molecule has a great tendency to transfer its electrons to the
metal. The discussed FMO above explains why this occurs since
the HOMO orbitals are concentrated over the carbonyl and
isopropenyl groups of the B-turmerone molecule. On the other
hand, the LUMO lobe has mostly erupted from the molecule,
and a retrodonation bonding between the B-turmerone and
steel surface can be thought of. The liquid electrophilicity (Aw)
showed a negative value, suggesting that the tendency for the p-
turmerone molecule to donate electrons toward the steel elec-
trode. Therefore, the FMO analysis shows that the B-turmerone
adsorbs onto the steel surface and thus protects it from
oxidization.

Fig. 11 displays the Fukui function surfaces for a B-turmer-
one molecule. Considering the nucleophilic reactions (Fig. 11a),
the wavefunctions are located between the carbonyl and iso-
propenyl conjugated bonds, while the other side of the mole-
cule is dominated by an electrophilic wavefunction, Fig. 11b,
which has the cyclohexenyl ring with a methylene group. The
location of those wavefunctions corresponds to the organic
chemistry theory of those reactions. Considering the anticor-
rosion behavior of B-turmerone from the perspective of the
Fukui theory, the discussion is complementary to the FMO
discussion. The electrophilic surface found at the B-turmerone
molecule implies that electrons can be transferred from the
steel electrode surface, whilst the nucleophilic surface indicates
that the molecule donates electrons towards the steel electrode,
making a coordination compound and thus allows retro-
donations in both ways, ie. molecule-to-electrode and/or
electrode-to-molecule. Considering the antioxidation proper-
ties of the B-turmerone in solution, the radical wavefunctions
are mostly located at the cyclohexenyl with the bonded methy-
lene group, which can undergo a radical reaction and neutralize
an oxidant species in biodiesel.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Surface Fukui functions for nucleophilic (a), electrophilic (b), and radical (c) reactions at B-turmerone molecules.

4. Conclusions

The results demonstrated the promising recycling potential of
spent coffee ground extract as a green additive in soybean
cooking oil biofuel, improving its corrosive effects on 307 L
stainless steel. HECG revealed an optimal protection efficiency
of 93.5% using 1500 ppm coffee extract additive at room
temperature (298 K). This improved efficiency, confirmed
through weight loss assessments, electrochemical techniques,
and surface analysis, results from HECG's ability to obstruct
active corrosion sites, though its performance decreases with
rising temperatures due to steel dissolution. Potentiodynamic
polarization identified HECG as a mixed-type inhibitor, while
EIS results indicated a reduction in charge transfer resistance,
suggesting the formation of a protective film on the steel
surface. SEM and XRD analyses further validated the inhibitor's
effectiveness. Similarly, DFT simulations on B-turmerone, the
major extract component, highlighted reactive regions that
contribute to their anticorrosion properties, enhancing bi-
odiesel viability. The HOMO is concentrated around the
carbonyl and isopropenyl groups, while the partially external
LUMO allows for organic reactivity, supported by Fukui func-
tion analysis that identifies nucleophilic and electrophilic zones
aligned with anticorrosion behavior. Together, these findings
on HECG underscore its promise in protecting metals and
enhancing biodiesel sustainability through their distinctive
chemical reactivities and protective mechanisms.
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