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Abstract

Admiralty brass, commonly used in heat exchangers, is particularly susceptible to corrosion
in acidic media such as those used in industrial cleaning. To mitigate this problem, the
present study evaluated Musa acuminata (banana) peel and Lupinus mutabilis Sweet (Andean
lupine) extracts as sustainable, low-toxicity corrosion inhibitors for admiralty brass in
0.5 M HCl. Six extracts were prepared using different solvents and characterized by
qualitative and semi-quantitative phytochemical analyses (phenols, flavonoids, alkaloids).
M. acuminata extracts were rich in phenolic compounds, while L. mutabilis extracts contained
high levels of quinolizidine alkaloids. A comparative electrochemical screening of the agro-
industrial waste-derived extracts revealed that the inhibition efficiency of M. acuminata
extracts reached up to 43.6%, whereas the debittering wastewater extract of L. mutabilis
(E6) achieved a maximum efficiency of 85.5% at 2000 ppm. A preliminary techno-economic
analysis indicated the feasibility of industrial-scale production of the L. mutabilis-based
inhibitor, yielding a net present value (NPV) of USD 9.48 million, an internal rate of return
(IRR) of 27.3%, and a payback period of 6.7 years. These results demonstrate that agro-
industrial residues can be valorized into effective and profitable green corrosion inhibitors,
aligning with circular economy and sustainable chemistry principles.

Keywords: lupine; banana; natural products; agricultural waste; Tafel plots; green corrosion
inhibitor; pre-feasibility study

1. Introduction
Admiralty brass (Cu–Zn alloys), CDA 443, is widely employed in heat exchangers and

marine and industrial cooling systems; however, it is particularly vulnerable under acidic
cleaning and pickling conditions [1]. In hydrochloric acid media, corrosion is dominated
by dezincification mechanisms, in which zinc is selectively dissolved from the alloy matrix,
leading to porous copper-rich layers, mechanical weakening, and deterioration of heat-
transfer efficiency. The presence of chloride ions further accelerates localized attack, while
cathodic hydrogen evolution contributes to surface degradation and instability of protective
films [2]. These corrosion pathways differ significantly from those of carbon steel, making
the direct transfer of inhibitor strategies non-trivial.

Corrosion inhibition is one of the most widely applied techniques due to its ease of
implementation and relatively low cost [3–5]. Conventional inhibitors have been effective in
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protecting metallic structures, pipelines, and industrial equipment; however, their use is of-
ten accompanied by side effects such as high toxicity and high production costs [6,7]. These
limitations of conventional corrosion inhibitors have inspired the scientific community to
research and develop environmentally friendly, or green, corrosion inhibitors derived from
natural, inedible sources and agro-industrial waste [5,8]. The efficacy of an inhibitor is
intrinsically associated with its capacity to adsorb onto the metallic surface, which is deter-
mined by the physicochemical properties of the inhibitor molecules [9]. These properties
include the presence of functional groups, the steric properties of the molecule, the degree
of aromaticity, the electronic density of the donor atoms, and the nature of the orbitals
involved in charge donation [10]. Plant-based corrosion inhibitors reported in the literature
encompass a wide range of secondary metabolites, among which phenolic compounds and
alkaloids are the most frequently associated with inhibition activity [11–13]. Phenolic-rich
extracts are generally reported to inhibit corrosion through π–electron interactions with
the metal surface, hydrogen bonding, and the formation of adsorbed organic films that
hinder charge transfer processes [14–16]. These mechanisms are often effective on copper
and brass surfaces but may show limited stability in strongly acidic environments. In con-
trast, alkaloid-based inhibitors, particularly those containing nitrogen heteroatoms, tend to
exhibit stronger donor–acceptor interactions with copper-rich alloys through coordination
between lone electron pairs and vacant metal orbitals [17]. Previous studies report higher
corrosion inhibition efficiencies (IEs) for alkaloid-rich extracts on copper and brass sub-
strates, attributed to enhanced adsorption strength and surface coverage [18,19]. Although
numerous green corrosion inhibitors based on plant extracts have been reported, most stud-
ies focus on carbon steel substrates [20,21]. When applied to copper–zinc alloys in strong
acidic environments, many green inhibitors exhibit reduced efficiency, limited stability,
or require relatively high concentrations [22]. Moreover, techno-economic feasibility and
scalability are rarely addressed, despite being critical for industrial implementation. These
limitations highlight the need for resource-efficient, waste-derived corrosion inhibitors
specifically evaluated for admiralty brass under acidic cleaning conditions and assessed
not only for electrochemical performance but also for economic viability.

In Ecuador, the agro-industrial sector contributes roughly 8% of GDP and has ex-
panded steadily, driven mainly by banana, coffee, and cocoa production [23]. In 2022, these
commodities generated more than USD 3.0 billion in revenue, with bananas remaining in
the country’s leading non-oil export [24]. Ecuador is the main exporter of Musa acuminata
Colla (banana), contributing about 2% to its national GDP. In 2022, 6.1 million tons of
M. acuminata were produced, resulting in considerable peel waste that poses a significant
environmental challenge [25,26]. M. acuminata peel has been reported to contain secondary
metabolites of great importance, especially phenolic compounds and dietary fiber [27]. To
be more specific, catechin, epicatechin, and gallocatechin had been identified in greater
amounts in M. acuminata peel [28]. On the other hand, Lupinus mutabilis Sweet (Andean
lupine), native to South America, has diverse uses, including food, medicine, and functional
protein isolate [29]. L. mutabilis is found from Colombia to northern Argentina. In Ecuador,
L. mutabilis is commonly known as “chocho” and it is estimated that 140,712 hectares are
cultivated with this species, especially in the highlands [30]. L. mutabilis is notable for
its high levels of protein, minerals, dietary fiber, and fats. Phytochemical analysis shows
that the Lupinus genus contains secondary metabolites such as fatty acids, esters, sterols,
isoflavones, and quinolizidine alkaloids (QAs) [31,32]. L. mutabilis seeds contain 3.9 wt%
total alkaloids, in contrast with other species such as L. albus (2.36 wt%), L. angustifolius
(1.51 wt%), and L. campestris (2.45 wt%) [33]. The main QAs present in the dry seeds of
L. mutabilis are lupanine and sparteine, which constitute, on average, 77.2% and 9.9% of the
total alkaloid content, respectively [34]. QAs are toxic secondary metabolites that impart
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bitterness to food. Direct consumption causes acute anticholinergic toxicity, which may
lead to headache, blurry vision, weakness, and nausea. The lethal dose of QA for children
is reported as 11–25 mg/kg [35]. Therefore, toxic alkaloids must be removed through a
process known as debittering, which requires large amounts of freshwater. Discharging
these untreated effluents can pollute water and harm local communities due to the pres-
ence of toxic alkaloids [36]. Based on diagnostics, industry and government actors have
formulated strategies to improve collection and final disposal in line with environmen-
tal regulations [37]. Notably, these residues are rich in secondary metabolites that can
be valorized into higher-value-added products in line with the principles of the circular
economy [38]. In this context, agro-industrial residues such as banana peels have been
successfully valorized as green corrosion inhibitors. For instance, a study evaluating the
mixture of banana peel and rice straw extracts for carbon steel in 1 M HCl reported an
inhibition efficiency of 96.36% at 750 ppm [39]. In a related study, unripe banana peel extract
was also reported to mitigate carbon steel corrosion across different acidic media (1.0 M
HCl, 0.5 M H2SO4, and a mixed solution of 0.5 M HCl/0.25 M H2SO4), delivering inhibition
efficiencies of 95.91%, 83.33%, and 91.50%, respectively, when applied at 3000 ppm [40].
While banana peel extracts have been explored as green inhibitors in acidic media, their
application to admiralty brass under acidic conditions has not yet been investigated. In
contrast, L. mutabilis extracts remain entirely unexplored as a corrosion inhibitor, as no
inhibition studies have been reported to date.

Although plant-derived corrosion inhibitors have been widely studied, particularly
for carbon steel, integrated studies that combine the valorization of agro-industrial residues
and wastewater streams with electrochemical evaluation and techno-economic feasibil-
ity analysis remain limited, especially for admiralty brass in acidic media. This study
proposes an integrated waste-to-value approach in which agro-industrial solid residues
from banana and wastewater streams from L. mutabilis are evaluated not only for their
corrosion-inhibition performance but also for their techno-economic feasibility, thereby
aligning corrosion science with circular-economy principles. Herein, six different extracts
from agro-industrial residues of M. acuminata peels and L. mutabilis debittering wastew-
ater are evaluated as green corrosion inhibitors in acidic media using admiralty brass
alloy. Phytochemical and electrochemical characterization are carried out to determine
the metabolic composition and corrosion inhibition efficiency, respectively. Additionally,
a techno-economic feasibility study was conducted to assess the potential for large-scale
production of the optimized L. mutabilis inhibitor.

2. Materials and Methods
2.1. Extractions

Four extracts from M. acuminata and two extracts from L. mutabilis were prepared
using distinct extraction methods described in the following section. The extraction proto-
cols employed in this study were selected based on previous literature to obtain extracts
enriched in different classes of secondary metabolites. They were not intended to represent
optimized extraction conditions. The focus was placed on comparative screening rather
than process optimization.

2.1.1. Musa acuminata Ethanolic Extraction (E1)

The peels of M. acuminata were collected from bananas purchased at a local open
market in Ibarra, Ecuador. The peel was separated from the fruit pulp and dried at room
temperature for 72 h. Then, the peels were dehydrated in the oven at 40 ◦C for 24 h, until a
constant weight was obtained.
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10.24 g of dehydrated M. acuminata peel was extracted with 130 mL of ethanol (solvent)
at 54% (solid–solvent ratio, 7.5% w/v) using ultrasound-assisted extraction (UAE) for
four 1 min cycles at a frequency of 40 kHz and a power of 80 W at 21 ◦C. The mixture was
filtered under vacuum, and the solvent was removed by rotary evaporation to obtain a
brown-colored extract.

2.1.2. Musa acuminata Acetonic Extraction (E2)

20.14 g of dehydrated M. acuminata peel was boiled with 200 mL of distilled water
(solid–solvent, 1:10% w/v) for 10 min, then filtered to obtain an aqueous extract. The
recovered solid was sequentially extracted with 286 mL of 70% acetone under shaking
conditions at a solid–solvent ratio of 7% w/v and at room temperature at 30 rpm for 24 h.
The mixture obtained was filtered and centrifuged to obtain the acetonic extract, which was
then rotary-evaporated to dryness.

2.1.3. Musa acuminata Hydrochloric Acid Extraction (E3)

1.01 g of dehydrated M. acuminata peel was refluxed for two hours with 100 mL of
1M HCl, in a solid–solvent 1:10% w/v, at 80 ◦C. The mixture was filtered under vacuum
using filter paper to obtain an intense, pink-colored extract.

2.1.4. Musa acuminata Sequential Extraction Acetone 70% (E4)

38.09 g of dehydrated M. acuminata peel powder was subjected to UAE with 300 mL
of hexane (solid–solvent ratio 1:10 w/v) for one cycle of 30 min at 40 kHz and 80 W at
21 ◦C. The mixture was vacuum-filtered, yielding a green-colored extract. The remaining
solid residue was subsequently extracted with 190 mL of chloroform under identical UAE
conditions (solid–solvent ratio 1:6 w/v), producing a green–yellow extract. Finally, the
crude residue obtained from chloroform filtration was homogenized with 70% acetone
(solid–solvent ratio 1:10 w/v) under shaking conditions (60 rpm, 24 h), followed by vacuum
filtration to obtain a brown extract.

2.1.5. Lupinus mutabilis Dichloromethane Extract (E5)

Seeds of L. mutabilis were bought in a local market in Ibarra, Imbabura, Ecuador.
541.51 g of seeds were immersed in 1.83 L of distilled water, boiled for 1 h, and filtered by
gravity. The pH of the solution was changed to 11 using 3 mL of ammonia. This solution
was subjected to liquid–liquid extraction with dichloromethane (1:1) three times. The
organic phase was recovered and combined, then the solvent was removed using a rotary
evaporator at 39 ◦C, and the extract was dried under vacuum for 12 h to obtain a viscous,
intensely yellow extract.

2.1.6. Lupinus mutabilis Wastewater Extract (E6)

Wastewater from the industrial cooking process of L. mutabilis was obtained from a
local store in Sangolqui, Pichincha, Ecuador. 150 mL of wastewater was subjected to rotary
evaporation at 39 ◦C to reduce the volume by half, then lyophilized to obtain a yellowish
dry powder extract.

2.2. Phytochemical Characterization

Qualitative phytochemical screening of L. mutabilis and M. acuminata extracts was
performed using standard procedures reported in the literature [41]. For L. mutabilis extracts,
0.3247 g of E6 was diluted to 50 mL with distilled water (Type I), while 1 mL of E5 extract
was diluted to 12.5 mL with methanol. For M. acuminata extracts, aliquots of 0.5–2 mL were
used to perform the specific tests.
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2.3. Quantitative Determination of Phenols in the Extracts from M. acuminata

The total phenolic content of M. acuminata extracts was determined in triplicate
using the Folin–Ciocalteu method. A calibration curve was prepared with gallic acid
(0.02–0.12 mg/mL in distilled water). Each reaction mixture contained 0.3 mL of extract
and 2.5 mL of 10% Folin–Ciocalteu reagent, was shaken for 8 min at room temperature,
and was then followed by the addition of 2 mL of 7.5% Na2CO3. After incubation in the
dark for 120 min, absorbance was measured at 765 nm (UV–Vis). Results were expressed as
mg gallic acid equivalents (GAE) per gram of extract.

2.4. Quantitative Determination of Total Flavonoid Content in the Extracts from M. acuminata

The total flavonoid content of M. acuminata extracts was determined in tripli-
cate by the aluminum chloride colorimetric assay. Quercetin was used as a standard
(0.025–0.20 mg/mL in ethanol). Each assay contained 0.25 mL of extract, 1 mL of distilled
water, 75 µL of NaNO2 (5 min), 150 µL of AlCl3 (6 min, dark), followed by the addition of
4% NaOH and distilled water to a final volume of 4 mL. The solution was incubated in the
dark for 15 min, and the absorbance was recorded. Results were expressed as mg quercetin
equivalents (QE) per gram of extract.

2.5. Determination of Total Alkaloid Content in the Extracts from L. mutabilis

Alkaloid quantification in L. mutabilis extracts was performed using the bromocresol
green method. Solutions of 1 mg/mL extract were prepared in distilled water, and 5 mL
were mixed with 5 mL phosphate buffer (pH 4.7) and 0.2 M citric acid in a separatory funnel.
Subsequently, 5 mL of 0.1 mM bromocresol green and sequential portions of chloroform
(1–4 mL) were added, and the mixture was shaken for 30 min. Organic phases were
collected, dried over anhydrous MgSO4, filtered, and adjusted to 10 mL with chloroform.
Absorbance was measured at 416 nm (UV–Vis) using atropine as the standard (0–12 µg/mL).
Results were expressed as mg atropine equivalents (AE) per gram of extract.

2.6. Electrochemical Studies of the Corrosion Inhibition Efficiency for the Extracts from
M. acuminata and L. mutabilis

Potentiodynamic polarization was employed as a screening technique to compar-
atively evaluate the corrosion inhibition performance. The IE should therefore be in-
terpreted comparatively, reflecting relative trends between extracts and concentrations
rather than statistically averaged values. Electrochemical studies were performed in a
three-electrode cell at 25 ◦C under static conditions using a potentiostat/galvanostat (Au-
tolab PGSTAT128N, Metrohm AG, Herisau, Switzerland). Admiralty brass (Cu-71.8500,
Zn-27.0000, Sn-0.0300, Fe-0.060, As-0.0430, and Pb-0.0030) was used as a working electrode
(WE) with an exposed area of 0.283 cm2. Titanium plate as a counter electrode (CE) and
Ag/AgCl/KCl 3 M (0.210 V vs. SHE) as a reference electrode (RE). The admiralty brass
electrode was manually grounded with 220, 500, 1000, and 2000 emery paper, then polished
with 0.5 µm alumina, washed with ethanol and type I water, and dried. The electrode
was then immersed in the electrolyte and allowed to stabilize at open circuit potential
(OCP) for 30 min before polarization measurements. No additional electrochemical activa-
tion treatment was applied. Tafel curves were obtained by performing potential sweeps
from −200 mV to +200 mV vs. OCP at a scan rate of 0.5 mV/s. The linear segments of
the anodic and cathodic curves were extrapolated to the corrosion potential (Ecorr) for
obtaining the corrosion current densities (jcorr). Potentiodynamic polarization measure-
ments reflect short-term performance under controlled laboratory conditions and do not
account for temperature variations, changes in acid concentration, long-term exposure, or
hydrodynamic factors.

https://doi.org/10.3390/resources15060080

https://doi.org/10.3390/resources15060080


Resources 2026, 15, 80 6 of 18

2.7. Techno-Economic Pre-Feasibility Study

The techno-economic pre-feasibility study for large-scale production of corrosion in-
hibitors focused on the extract that demonstrated the best IE in laboratory tests. Conceptual
and basic engineering were then developed, which defined the plant capacity, executed the
process design, prepared the typical process flowsheets (block diagram (BD) and process
flow diagram (PFD)), and conducted an economic study (Class V). To estimate plant ca-
pacity, a market study reviewed official statistics on agricultural production in Ecuador by
province [42]. For the plant design, conventional solvent extraction technologies were se-
lected [43–46]. Additionally, a 3D model was constructed to show the plant’s infrastructure,
allowing visualization of its final appearance once built. The economic study was based
on freely and openly available data in the literature and the commercialization of the new
corrosion inhibitor in the Ecuadorian market.

3. Results and Discussion
3.1. Extracts Results

The M. acuminata peel extracts yielded 22.7% (E1), 3.5% (E2), 43.6% (E3), and 6.1%
(E4). Among these, E3 exhibited the highest yield. The extract obtained from L. mutabilis
using dichloromethane (E5) was a thick yellow liquid, while wastewater evaporation and
lyophilization extract (E6) gave a yellow powder, with yields of 0.4% and 2.3%, respectively.
It should be noted that the extraction yields are reported as indicative values, intended to
compare the relative efficiency of the different extraction approaches rather than to provide
statistically optimized yield data. The six different extracts are visualized in Figure S1.

3.2. Phytochemical Screening of the Extracts from M. acuminata and L. mutabilis

The qualitative screening of secondary metabolites (see Table S1) revealed clear differ-
ences between the extracts of M. acuminata (E1–E4) and L. mutabilis (E5–E6). M. acuminata ex-
tracts consistently contained phenols, flavonoids, tannins, and phytosterols. This confirmed
a phytochemical profile dominated by phenolic compounds, which have been reported to
possess antioxidant properties and inhibit corrosion [8,47]. In contrast, L. mutabilis extracts
were enriched in alkaloids, as shown by Dragendorff, Mayer, Wagner, and xanthoproteic
tests. This indicates the prevalence of nitrogen-containing compounds which might be
beneficial in the corrosion inhibition of the metal [48].

3.3. Structural Analysis of Extracts from M. acuminata and L. mutabilis

Figure 1 shows the FTIR spectra of the extracts from M. acuminata and L. mutabilis
exhibiting the main functional groups linked to phenols and alkaloids, respectively. The
M. acuminata extracts exhibit dominant features typical of phenolic and carbohydrate-rich
matrices, including a broad O–H stretching band in the 3200–3400 cm−1 region, aromatic
C=C vibrations around 1600 cm−1, and strong C–O and C–O–C stretching bands in the
1200–1000 cm−1 region. These features are consistent with the presence of polyphenols,
flavonoids, and glycosides, which are commonly reported in banana peel extracts. No-
tably, the acid-hydrolyzed extract E3 shows a more pronounced carbonyl absorption near
1720 cm−1 compared to the other banana extracts, indicating compositional changes in-
duced by the extraction conditions, such as the release or formation of carbonyl-containing
species [49]. Compared with the M. acuminata extracts, the L. mutabilis FTIR profile exhibits
similarities in the broad O–H stretching band of flavonoids and carbohydrates, which were
identified in the phytochemical screening and have also been widely reported in several
literature references [50,51]. However, the alkaloid region is where the main differences are
observed. E5 and E6 exhibit characteristic absorptions in the 2840–2600 cm−1 region, which
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have been associated in the literature with vibrations of the quinolizidine ring system and
C–N functionalities [52].

Figure 1. FTIR spectrum of M. acuminata peel and L. mutabilis extracts.

Furthermore, both extracts present a characteristic signal above 1600 cm−1. In the
case of E5, this signal could be associated with tertiary amide groups, which exhibit ab-
sorption bands in the range of 1680–1640 cm−1 corresponding to C=O stretching of amide
groups. Such a band overlap is commonly observed in nitrogen-containing heterocyclic
alkaloids [11,53,54]. The signals observed for E6 could be associated with various secondary
metabolites, including flavonoids and alkaloids previously mentioned. The lyophilized
wastewater extract E6 shows broader, more overlapping spectral features than E5, indi-
cating a more complex, multicomponent matrix typical of wastewater-derived materials.
Functional groups within M. acuminata and L. mutabilis extracts, particularly O–H, C=O,
and C–N, are crucial in promoting interactions with the vacant d-orbitals of the metal
surface [52,55]. A comparative summary of the main FTIR absorption bands, assignments,
and extract-specific differences is provided in Table S2.

3.4. Quantification of Phenols, Flavonoids, and Alkaloids of the Extracts

The qualitative phytochemical screening results were complemented by quantitative
determination of total phenolic and flavonoid contents for M. acuminata extracts (see
Table S3) and total alkaloid content for L. mutabilis extracts (see Table S4). M. acuminata
extracts showed the highest levels of phenols and flavonoids in E3 of 49 ± 2 mg GAE/g and
24 ± 2 mg QE/g, respectively, followed by E2 and E1. E4 showed the lowest phenol and
flavonoid concentrations. This trend shows that the extraction method matters. The acidic
procedure (E3) was the most efficient for phenolic recovery. The phenol and flavonoid
values obtained for M. acuminata peel are comparable to those previously reported for
other banana varieties. For example, M. paradisiaca peel showed flavonoid values of
15.21 mg QE/g and 15.44 mg QE/g using 80% ethanol and 80% acetone, respectively [56].
These differences can be attributed to the banana variety and extraction conditions (solvent
and technique). Although there is no data for flavonoid content in hydrolysed M. acuminata
peel extracts, it has been reported that hydrolysis can increase flavonoid content by releasing
aglycones from their glycosidic forms [57], which is consistent with the higher phenol and
flavonoid values observed for the hydrolysed extract E3. On the other hand, L. mutabilis
extracts were richer in alkaloids. Extract E5 (226 mg AE/g) had a higher alkaloid content
than extract E6 (126 mg AE/g) which was expected by using dichloromethane extraction.
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3.5. Electrochemical Determination of the Corrosion Inhibition Efficiency for the Extracts from
M. acuminata and L. mutabilis

The main objective of these experiments was to compare the corrosion behavior
on admiralty brass in hydrochloric acid of the diverse extracts of M. acuminata peel and
L. mutabilis wastewater. While potentiodynamic polarization provides direct information on
corrosion current density and IE, it does not capture interfacial impedance characteristics.

The corrosion inhibition efficiency was calculated using Equation (1):

IE =
jocorr − j′corr

jocorr
× 100 (1)

where jocorr and j′corr are the current densities without and with inhibitors, respectively.
Table 1 shows the IE on admiralty brass reported to the six different extracts in 0.5 M

HCl. IE was used as the primary comparative parameter to summarize polarization
results and enable clear comparison of inhibition performance across different extracts
and concentrations. The working concentrations were established based on preliminary
solubility tests in the corrosive medium. For M. acuminata extracts (E1, E2, and E4), the
maximum concentration that remained fully soluble and free of turbidity or precipitate was
70 ppm; higher concentrations (≥100 ppm) produced visible instability, thus 70 ppm was
selected as the experimental limit to ensure homogeneity and reproducibility. In contrast,
L. mutabilis extracts (E5 and E6) exhibited greater solubility under the same conditions,
allowing concentrations of 500 ppm to be used without precipitation, thereby ensuring the
preparation of clear and stable solutions.

Table 1. Inhibition efficiency of M. acuminata and L. mutabilis extracts on admiralty brass in 0.5 M HCl.

Source Extracts IE

M. acuminata

E1 34.72
E2 43.62
E3 27.03
E4 30.03

L. mutabilis
E5 35.17
E6 59.59

The percentage IE revealed a differentiated performance between M. acuminata ex-
tracts (70 ppm) and L. mutabilis extracts (500 ppm). For M. acuminata extracts, the highest
efficiency was observed for E2 (43.62%), followed by E1 (34.72%) and E4 (30.03%). E3
showed the lowest IE of 27.03% despite having the highest phenol and flavonoid content
among M. acuminata extracts. This result may be explained by the phenolic content not
being a determining factor in the metal’s adsorption; rather, it could be the diversity of
the molecules present in the inhibitor. It may be that the hydrolyzed extract shows a
higher measured phenolic content due to the release of aglycones during acid hydrolysis.
At the same time, it may have lost some of the compounds that contributed most to its
inhibitory activity [58]. These compounds might stabilize the metal–solution interface
through π-interactions and antioxidant effects [59,60].

L. mutabilis extracts exhibited IEs of 35.17% for E5 and 59.59% for E6 despite E6 show-
ing a lower alkaloid concentration compared to E5 extract. Like M. acuminata extract, the
superior performance of E6 can be attributed to the synergistic action of multiple secondary
metabolites interacting with the metal surface and the inhibitor, thereby improving in-
hibition percentage. It has been demonstrated that the presence of various metabolites
in natural corrosion inhibitors can generate a synergistic effect, thereby enhancing their
IE. Examples include plant-derived extracts such as licorice (Glycyrrhiza uralensis Fisch.)
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leaves, applied to copper alloys in H2SO4 solutions [61] or mixtures of phenolic compounds
such as cinnamaldehyde and vanillin [62]. These findings suggest that the improved
performance of certain extracts may be associated with synergistic interactions among
their components [63]. According to the literature, the main alkaloids reported in L. mu-
tabilis are lupanine and sparteine [34]. Both are alkaloids characterized by the presence
of nitrogen heteroatoms within rigid bicyclic ring systems. These features might favor
adsorption on copper-rich admiralty brass surfaces through a combination of electrostatic
interactions and donor–acceptor coordination between nitrogen lone pairs and vacant metal
d orbitals [64,65]. In the absence of adsorption isotherm analysis, this interpretation remains
qualitative; nevertheless, it is consistent with the observed electrochemical trends and with
reports on alkaloid-based corrosion inhibitors in acidic media. Croton lechleri extracts have
been used as green inhibitors in acidic solutions to protect admiralty brass CDA 443 [66]. In
this study, the IE reached 57% at 50 ppm, attributed to the alkaloid content and the ability to
form a protective organic layer on the AB surface that hinders the dezincification process.

Figure 2 shows the potentiodynamic polarization curves for L. mutabilis extract E6 in
0.5 M hydrochloric acid at 25 ◦C, using concentrations ranging from 300 ppm to 3000 ppm.
In all cases, the corrosion current density decreased in the presence of the extracts, indicating
corrosion inhibition on the surface of admiralty brass. The analysis of the polarization
curves shows that the Ecorr displacement is less than 85 mV, indicating that the system
can be classified as a mixed-type corrosion inhibitor. Furthermore, similar mixed-type
inhibition behavior has been reported in other studies, such as Schiff base derivatives
on copper in NaCl solution [67], triazole-based compounds in H2O2 solutions [68], and
inhibitors in alkaline slurry environments on copper surface [69].

Figure 2. Potentiodynamic polarization performance of L. mutabilis extract E6 in 0.5 M HCl in the
absence and addition of varying concentrations of E6 green inhibitor at 298 K.

Table 2 shows that the IE of L. mutabilis extract E6 increased progressively with con-
centration, reaching a maximum of 85.47% at 2000 ppm. This indicates that higher concen-
trations might promote an improved coverage of the active species on the admiralty brass
surface, effectively reducing the corrosion rate. Importantly, an IE above 80% is considered
highly promising for practical applications, suggesting that this extract could serve as a
sustainable alternative to synthetic inhibitors in acid cleaning or pickling processes where
admiralty brass components are frequently employed. According to a study of L. albus in
HCl solutions, the adsorption mechanism of the inhibitor on a steel surface comprises a
positive synergistic effect [70]. In the presence of strongly adsorbable anions such as Cl−,
the surface charge becomes negative due to their specific adsorption. This facilitates the
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co-adsorption of anions and cations. The anions adsorb onto the metal surface by forming
oriented dipoles, which in turn enhance the adsorption of the cationic moieties of the lupine
extract through electrostatic interactions with these dipoles. However, the percentage inhi-
bition at 3000 ppm falls to 72.14%. Once the IE reaches the maximum capacity, the surface
might be completely covered. Above this concentration, the possible interaction between
molecules of inhibitors adsorbed and unadsorbed increases. Consequently, a desorption
process might begin, and the IE declines as the concentration increases further [71]. There-
fore, 2000 ppm represents the optimum concentration, combining high efficiency with the
added value of being derived from an agro-industrial residue, which aligns with sustain-
able and low-cost corrosion control strategies. Table S5 compares the inhibition efficiencies
reported for brass alloys in acidic media using different classes of corrosion inhibitors. It
can be observed that higher inhibition efficiencies are typically achieved with synthetic for-
mulations at relatively low concentrations (220 ppm for 6-dimethyl-nicotinonitrile). Green
inhibitors based on crude plant extracts generally exhibit high efficiencies at relatively high
concentrations (3000 ppm for garlic extracts). The inhibition efficiencies reported in the
present work fall within the range commonly reported for plant-based inhibitors applied
to brass alloys, despite the use of non-optimized, waste-derived sources.

Table 2. Polarization parameters and inhibition efficiency for admiralty brass in 0.5 M HCl with
different concentrations of L. mutabilis extract.

E6 Conc.
(ppm) Ecorr (V) βc

(V/dec)
βa

(V/dec)
jcorr

(A/cm2) IE

0 −0.19972 0.28143 0.0495 1.47 × 10−5 -
300 −0.20532 0.27439 0.047926 7.33 × 10−6 47.73
500 −0.19813 0.23205 0.048412 5.94 × 10−6 59.59

1000 −0.24324 0.19177 0.051224 2.72 × 10−6 81.85
2000 −0.22177 0.18762 0.0502 2.14 × 10−6 85.47
3000 −0.20421 0.23461 0.049281 4.10 × 10−6 72.14

Given the high inhibition performance of L. mutabilis (E6) on admiralty brass in acidic
media, the extract is not only interesting from a molecular and electrochemical point of view
but also from a technological perspective. Once the extract and its effective concentration
range are identified at the laboratory scale through isolation and structural elucidation, this
knowledge can serve as a blueprint for designing industrial inhibitor formulations based on
lupin extracts or enriched alkaloid fractions. Recent reviews on plant-extract-based “green”
corrosion inhibitors emphasize that the translation from laboratory tests to commercial
products requires standardization of the extraction protocol, control of the phytochemical
profile, evaluation of toxicity and biodegradability, and validation under service-like condi-
tions (flow, temperature, and long-term exposure) [72,73]. In this context, lupine extracts,
which have already shown high IEs for steel and copper in acidic solutions [70], emerge as
promising candidates for the development of commercial inhibitors.

3.6. Techno-Economic Pre-Feasibility Study to Produce Corrosion Inhibitors Based on
L. mutabilis Extracts

Considering that extract E6 showed the best efficiency as a corrosion inhibitor, a
techno-economic pre-feasibility study was conducted to determine the viability of large-
scale production of an inhibitor from L. mutabilis debittering wastewater. Domestic L. mu-
tabilis production in Ecuador is estimated at 1725 tons/year, concentrated mainly in the
provinces of the central highlands (Cotopaxi, Chimborazo, Pichincha, and Bolívar) [74].
The cultivation and processing of L. mutabilis are carried out on an artisanal scale across
different provinces [75] which presents a logistical challenge for the centralized disposal
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of the debittering wastewater required for corrosion inhibitor production. In this study,
the Bolívar province was used as a reference, producing 138 tons/year of L. mutabilis and
generating approximately 345 tons/year of debittering wastewater. 60% of the total wastew-
ater volume would be processed at the corrosion inhibitor production plant. To develop
an industrial process, the engineering team proposed a liquid–liquid extraction method
based on the E6 sample inhibition results. This approach aimed to design a large-scale
production process utilizing well-established technology to achieve high yields [76–78].
Ethanol was selected as the solvent for the liquid–liquid extraction because the main al-
kaloids of L. mutabilis, lupanine and sparteine, among other metabolites, are soluble in
ethanol [79]. This solvent is generally preferred for industrial formulations due to its low
toxicity and regulatory acceptance. Moreover, in Ecuador, ethanol is produced in large
quantities from sugarcane [80].

Figure 3 illustrates the process for transforming L. mutabilis debittering wastewater
into a corrosion inhibitor. 207 tons/year of raw material enter the system (stream 1).
Initially, filtration and vacuum concentration are performed to remove solid particles and
excess water, respectively. The stream of interest (stream 3) is subjected to the liquid–liquid
extraction process with ethanol, obtaining an extract (stream 4) that consists of a mixture
of alkaloids, water, and extraction solvent. Subsequently, stabilization is performed to
ensure the product’s biological safety, using stabilizing agents (amines and parabens)
that prevent mold growth, preserve its properties, and protect the corrosion inhibitor
from environmental degradation. This approach would ensure the corrosion inhibitor’s
performance under industrial handling conditions [81,82]. The final stage is packaging,
where the corrosion inhibitor is ready for commercialization (stream 6). The final product
consists of 57.07 tons/year of a corrosion inhibitor containing 7.17% L. mutabilis extract
(ca. 70,000 ppm) and 54.12% water, meaning the obtained inhibitor is water-based (due to
its high-water content).

Figure 3. Production plant for a corrosion inhibitor based on L. mutabilis debittering wastewater:
block diagram (BD).

Figure S2 shows the process flow diagram (PFD). The plant’s yield is 0.257 kg of
corrosion inhibitor/kg of debittering water. The selected extraction solvent was 95 wt.%
ethanol, at a 4:1 ratio. To reduce ethanol consumption, the installation of a recovery unit
for the extracting agent using atmospheric distillation was proposed. As noted previously,
stabilizing agents are added in low concentrations to prevent the proliferation of fungi,
bacteria, and yeasts. Otherwise, the lack of stabilization would lead to degradation of the
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corrosion inhibitor under industrial handling conditions [83]. Figure S3 shows images
of the 3D model representing the plant. The plant is divided into three main sections:
(1) reception of raw material and vacuum concentration for partial water removal by
vacuum evaporation; (2) extraction and stabilization of the extract based on L. mutabilis
debittering water; (3) formulation and packaging of the corrosion inhibitor. To facilitate
product commercialization, it will be sold in 25 kg drums.

The following premises and assumptions were considered in the economic study (Class V):

# The plant will operate continuously (24 h) on a semi-industrial scale. This reduces
downtime and enables thermal stability for each piece of equipment.

# Overdesign factor: 10%.
# The plant will be located in the city of Guaranda (Bolívar province). This selection

was based on the availability of raw material, proximity to lupine processing centers,
and the existence of adequate basic infrastructure for storing the debittering water
under controlled conditions.

# Service factor: 85%. This refers to the percentage of the year the plant will be oper-
ational. The remaining 15% is considered for plant shutdowns for preventive and
corrective maintenance, operational adjustments, calibrations, and minor failures or
raw material logistics issues.

# Capital expenditure (CAPEX) estimation includes the cost of main equipment, aux-
iliary equipment, wastewater and waste treatment facilities, ethanol recovery unit,
land acquisition, civil works, and installation and commissioning costs.

# Operating expense (OPEX) estimation includes the costs of acquiring and transporting
raw materials and supplies, energy consumption, labor costs, and waste management.

# The cash flow was projected over 15 years with a discount rate of 10%. Net present
value (NPV), internal rate of return (IRR), payback period (PRI), and benefit/cost
ratio (B/C) were taken as financial indicators for the 15-year horizon.

The economic analysis was calculated using real terms, with all cash flows and expen-
ditures indexed to 2025 United States Dollars (USD). The economic analysis is outlined
in Table 3:

Table 3. Cash flow and economic indicators.

Cash Flow

CAPEX (USD) 6,181,919
OPEX (USD/year) 217,752.64

Revenue (USD/year) 537,222.57

Economic Indicators

NPV (USD) 9,484,936.63
IRR (%) 27.28

PRI (years) 6.7
B/C 2.53

The economic indicators showed that the project is profitable, as the NPV is positive,
the IRR exceeds the discount rate, and the benefit/cost ratio exceeds 1. Additionally, the
payback period is shorter than the project’s useful life. The corrosion inhibitor proposed
in this study should cost around USD 12.52 per kg (USD 313 per 25 kg drums) in the
Ecuadorian domestic market. For contextualization, commercial corrosion inhibitors used
in acidic cleaning and pickling operations are reported to range in price from approximately
USD 4.50 to 18.00 per kg in the Ecuadorian domestic market, depending on formulation
complexity, active component concentration, and application sector [84,85]. These products
are commonly based on synthetic amines, azoles, or proprietary organic blends [82,86].
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In comparison, the proposed inhibitor is derived from an agro-industrial wastewater
stream, significantly reducing raw material costs and contributing to favorable economic
indicators, particularly when solvent recovery and domestic sourcing are considered,
while offering additional environmental and circular-economy benefits. In the economic
sensitivity analysis, the main variables identified were sales price, discount rate, and
production volume. The sensitivity analysis concluded that variations in raw material
costs do not significantly impact the project’s cash flow, as the L. mutabilis debittering
wastewater is an agro-industrial residue with minimal acquisition costs. Finally, the project
is considered viable, and investment is recommended.

4. Conclusions and Future Work
M. acuminata peels and L. mutabilis wastewater were used as a source for extracts

yielding up to 43.6%. These green extracts were successfully employed to obtain novel
green corrosion inhibitors on admiralty brass in 0.5 M HCl media. The inhibitory behavior
could be associated with the phytochemical profile of each extract. M. acuminata extracts
are rich in phenolic and flavonoid compounds, while L. mutabilis extracts are rich in
quinolizidine alkaloids. Among the tested samples, L. mutabilis wastewater extract (E6)
showed the highest IE, 85.47% at 2000 ppm. The prefeasibility study confirmed that large-
scale production of corrosion inhibitors from L. mutabilis is economically attractive with an
NPV of USD 9.48 million, an IRR of 27.3%, and a payback period of 6.7 years. This work
demonstrates that Ecuadorian agro-industrial residues can be transformed into efficient
and eco-friendly corrosion inhibitors, contributing to reducing environmental pollution
and creating value within a circular economy framework.

Future work should prioritize strengthening both the mechanistic understanding and
the process-level robustness of the proposed waste-derived corrosion inhibitors. From a
processing perspective, replicated extractions and systematic optimization of extraction
parameters are required to rigorously assess yield variability, reproducibility, and scalability.
While the phytochemical assays employed in this study provide valuable group-level and
semi-quantitative insights into dominant classes of secondary metabolites, making them ap-
propriate for comparative screening of complex extracts, they do not enable molecular-level
identification. Accordingly, future investigations should incorporate chromatographic and
spectrometric techniques to resolve individual active compounds and clarify their specific
contributions to inhibition performance. From an electrochemical standpoint, the inclusion
of advanced techniques such as electrochemical impedance spectroscopy measurements
will be essential to directly probe adsorption-layer resistance, interfacial capacitance behav-
ior, and inhibitor film stability, thereby enabling more definitive mechanistic interpretation.
In parallel, the effects of temperature, acid concentration, exposure time, and hydrody-
namic conditions should be systematically evaluated to better simulate industrial acid
cleaning and pickling environments and to assess long-term and operational stability. In
addition, surface-sensitive characterization techniques, including SEM, EDS, AFM, FTIR of
adsorbed layers, and XPS, should be employed to directly examine surface morphology,
elemental composition, and inhibitor adsorption, providing experimental verification of
protective film formation. Finally, future research should explore alternative bio-based or
low-impact stabilizing agents to further enhance the environmental profile of the inhibitor
formulations, while maintaining adequate storage stability and operational performance
under industrially relevant conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/resources15060080/s1, Figure S1. Different extracts from M. acumi-
nata and L. mutabilis Sweet waste; Table S1. Phytochemical screening of the six extracts; Table S2.
Main FTIR absorption bands, assignments, and comparative observations for the extracts; Table S3.
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Quantification of phenols and flavonoids of M. acuminata extracts; Table S4. Quantification of al-
kaloids in L. mutabilis extracts; Table S5. Selected literature reports on corrosion inhibition of brass
in acidic media [87–90]; Figure S2: Production plant for a corrosion inhibitor based on L. mutabilis
debittering wastewater: Process flow diagram (PFD); Figure S3. Production plant for a corrosion
inhibitor based on L. mutabilis debittering wastewater: 3D model.
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