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ABSTRACT: Extracts of the fruit of Capsicum frutescens (CF) were assessed for anticorrosion and antimicrobial activity. The
anticorrosion effect of the ethanol extract on low carbon steel in acidic media was studied experimentally using gravimetric,
impedance, and polarization techniques, while the antimicrobial efficacy of ethanol, methanol, water, and petroleum spirit extracts
respectively against the corrosion-associated sulfate reducing bacteria (SRB), Desulfotomaculum species, was assessed using the
agar disc diffusion method. CF extract effectively inhibited both corrosion and SRB growth due to the action of the
phytochemical constituents present therein, including alkaloids (8.8%), tannins (0.4%), and saponins (39.2%). The corrosion
process was inhibited by adsorption of the extract organic matter on the steel surface, whereas the antimicrobial effect results
from disruption of the growth and essential metabolic functions of the SRB. Molecular dynamics (MD) simulations were
performed to theoretically illustrate the electronic structure and adsorption behavior of the active alkaloidal constituents of CF
extract, capsaicin and dihydrocapsaicin, and afforded molecular level insights on their individual contributions to the corrosion

inhibiting action of the extract.
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B INTRODUCTION

Corrosion of iron and steel surfaces deployed in service in
aqueous acidic environments often leads to enormous
economic losses as well as safety hazards since catastrophic
failures resulting from the corrosion of engineering structures
are well-known. A significant method to protect the metals
from corrosion is by addition of species to the solution in
contact with the surface in order to inhibit the corrosion
reaction and reduce the corrosion rate. To this end, the use of
organic compounds containing nitrogen, oxygen, and/or sulfur
in a conjugated system as inhibitors to reduce corrosion attack
has received detailed attention.' '® These compounds act at
the interphase created by corrosion product between the metal
and aqueous aggressive solution and their interaction with the
corroding metal surface, usually via adsorption, often leads to a
modification in either the mechanism of the electrochemical
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process at the double layer or in the surface available to the
process.

Microbial slime layers, known as biofilms, form over a period
of days on metal surfaces exposed to aqueous environments
such as soil sediments, oil fields, fuels, and lubrication
systems.'' "> The biofilms influence interactions between
metal surfaces and the environment by altering the electro-
chemical conditions at the metal/solution interface. It is
estimated that microbial influenced corrosion (MIC) accounts
for nearly 50% of the total cost of corrosion.'® Corrosion
processes under the biofilms depend on the film constitution,
irregularity of the surface coverage, or the local metabolic
effects of the microbial consortium, which may manifest in
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stimulation of localized corrosion, acceleration of the rate of
uniform corrosion, or even corrosion inhibition.'* Chemicals
that control microbial activity are called biocides. Such biocides,
which include formaldehyde, glutaraldehyde, isothiazolones,
and quaternary ammonia compounds are capable of killing or
inhibiting the growth and/or metabolic activity of micro-
organisms.

Due to increasing ecological awareness and strict environ-
mental regulations, the surface coatings industry is being
challenged by an ever-increasing number of regulatory
initiatives designed to protect the environment and workforce
from harmful effects of corrosion and scale inhibitors as well as
biocides used as coating additives. Most obvious among these
are restrictions on hazardous air pollutants (HAP) and volatile
organic content (VOC) as well as increasing pressure and
restrictions on heavy metals. Some heavy metal-based corrosion
inhibitors cause profound damage to the body tissue. Cr(VI)
for instance is a highly toxic carcinogen and can induce ulcers
and holes in the nasal septum, while skin contact causes skin
ulcers and could be quite fatal if ingested in large doses. Cr(VI)
is considered a pollutant in the environment because it is quite
soluble and readily leached from soils to contaminate surface
and subsurface waters.'”"®

The ideal approach to reduce the adverse effect of such
hazardous materials is substitution with less toxic alternatives.
In this regard, there has been growing interest in the
exploitation of biomass extracts as readily available, low-cost,
and renewable sources of corrosion inhibiting additives.'? ¢
Such interest is justified by the phytochemical constituents of
the extracts, which often bear similar molecular and electronic
structures with conventional organic corrosion inhibitors; (ie.,
the presence of electronegative atoms (N, O, S), aromatic rings,
extensive conjugation, and a high degree of planarity), which
give them the ability to attach to corroding metal surfaces. In
addition, the use of biomass extracts as biocides is justified by
the proven antimicrobial activity of some biomass extracts on
pathogenic microorganisms,””*® which could be further
exploited for the control of corrosion—associated micro-
organisms such as sulfate reducing bacteria (SRB).

In the present study, the inhibiting effect of ethanol extracts
of Capsicum frutescens (bell pepper) on the acid corrosion of
low carbon steel, including evaluation of the electronic and
adsorption structures of key phytochemical constituents of the
extract have been investigated using combined experimental
and computational techniques. The antimicrobial activity of the
ethanol, methanol, petroleum spirit, and water extracts,
respectively, on the corrosion-associated SRB (Desulfotomac-
ulum) species was also assessed. Fruits of bell pepper like other
pepper fruits have been used since ancient times as food flavor
and in traditional medicine. Corrosion rates were experimen-
tally evaluated using weight loss, electrochemical impedance,
and potentiodynamic polarization measurements, while com-
putations were performed within the framework of the density
functional theory (DFT), to theoretically ascertain the possible
adsorption energies of selected constituents. Antimicrobial
screening to determine the growth inhibition of the extract
against the SRB was by the agar disc diffusion method. The
minimum inhibitory concentration was assessed using the serial
dilution method.

B EXPERIMENTAL SECTION

Materials Preparation. Metal Specimen. Corrosion experiments
were performed on low carbon steel specimens with weight percentage
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composition as follows; C 0.05; Mn 0.6; P 0.36; Si 0.3 and balance Fe.
The aggressive solutions were respectively 1.0 M HCl and 0.5 M
H,SO, prepared from analytical grade reagents (JHD China).

Biomass Extract. Corrosion Inhibition Tests. The stock solution of
the biomass extract for corrosion inhibition studies was prepared by
boiling weighed amounts of the dried and ground fruits of Capsicum
frutescens (CF) in ethanol under reflux for 3 h. The resulting solution
was cooled and then triple filtered. The amount of plant material
extracted into solution was quantified by comparing the weight of the
dried residue with the initial weight of the dried plant material before
extraction. From the respective stock solutions, inhibitor test solutions
were prepared in the desired concentration range by diluting with the
respective aggressive solutions.

Phytochemical screening to detect the presence and relative
amounts of alkaloids, saponins, and tannins in the CF extract was
undertaken using standard laboratory procedures.”

Antimicrobial Tests. In order to prepare the extracts for
antimicrobial experiments, the dried and ground CF biomass was
extracted separately with ethanol (cold and hot), methanol (cold and
hot), petroleum spirit and water (cold and hot). Extraction was by
Soxhlet and decoction methods and lasted for 3 h. The solvents after
filtration were removed in a rotary evaporator.

The sulfate reducing bacteria (Desulfotomaculum species) was
obtained from corroded pipeline steel specimens collected from the
facilities of an oil and gas company. The rust layer was scrapped and
diluted (10-fold serial dilutions) with distilled water, 1 mL of the fifth
serial dilution was collected and inoculated in Postgate and Baar’s
media and incubated in an anaerobic jar with gas park at room
temperature for 14 days. Microbial colonies were isolated and
characterized in sterile nutrient agar media and the Desulfotomaculum
species identified by gram staining and positive response to oxidase,
citrate, and mannose tests, based on the sulfate-reducing and spore-
forming properties of Desulfotomaculum species.

Gravimetric Experiments. Gravimetric experiments were con-
ducted on test coupons of dimension 3 cm X 3 cm X 0.14 cm. These
coupons were wet-polished with silicon carbide abrasive paper (from
grade no. 400 to 1000), rinsed with distilled water, dried in acetone
and warm air, weighed, and stored in moisture-free desiccators prior to
use. The precleaned and weighed coupons were suspended in beakers
containing the test solutions using glass hooks and rods. Tests were
conducted under total immersion conditions in 300 mL of the aerated
and unstirred test solutions. To determine weight loss with respect to
time, the coupons were retrieved at 24 h intervals progressively for 144
h, immersed in 20% NaOH solution containing 200 g/L of zinc dust,
scrubbed with bristle brush, washed, dried, and weighed. The weight
loss was taken to be the difference between the weight of the coupons
at a given time and its initial weight. All tests were run in triplicate, and
the data showed good reproducibility. Average values for each
experiment were obtained and used in subsequent calculations.

The effect of temperature on the corrosion and corrosion inhibition
processes was investigated by carrying out gravimetric experiments in
the temperature range 303—333 K.

Electrochemical Measurements. Metal samples for electro-
chemical experiments were machined into test electrodes of dimension
1 cm X 1 cm and fixed in polytetrafluoroethylene (PTFE) rods by
epoxy resin in such a way that only one surface, of area 1 cm? was left
uncovered. The exposed surface was cleaned using the procedure
described above. Electrochemical experiments were conducted in a
conventional three-electrode glass cell of capacity 400 mL using a
VERSASTAT 3 Complete DC Voltammetry and Corrosion System,
with V3 Studio software. A graphite rod was used as counter electrode,
and a saturated calomel electrode (SCE) was used as reference
electrode. The latter was connected via a Luggin’s capillary.
Measurements were performed in naturally aerated and unstirred
solutions at the end of 1 h of immersion at 303 K. Impedance
measurements were made at corrosion potentials (E,) over a
frequency range of 100 kHz—10 mHz, with a signal amplitude
perturbation of 5 mV. Potentiodynamic polarization studies were
carried out in the potential range +250 mV versus corrosion potential
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at 0.333 mV/s scan rate. Each test was run in triplicate to verify the
reproducibility of the data.

Antimicrobial Screening. The CF extract was assessed for
antimicrobial activity using the disc diffusion technique. About 100 g
of the dried and powdered CF was extracted with 500 mL each of cold
ethanol (CE), hot ethanol (HE), cold methanol (CM), hot methanol
(HM), petroleum spirit (PS), cold water (CW), and hot water (HW),
respectively, to yield seven distinct extracts. An overnight broth culture
of the Desulfotomaculum species was subjected to a series of culturing,
subculturing, and dilutions to obtain a standard suspension for the test.
The standard suspension was inoculated anaerobically on sterile
nutrient agar plates and filter paper discs impregnated with the
respective extracts subsequently placed aseptically on the seeded agar
plates, which were then incubated at 28 °C for 24 h. After incubation,
the plates were examined for zones of growth inhibition around the
disc. The radius of the zone of inhibition was measured from the edge
of the disc to the edge of the zone. Similar tests were performed using
60% and 80% concentrations of the respective extracts appropriately
diluted with distilled water. Triplicate determinations were undertaken
for each system, and the mean values were obtained.

To determine the minimum inhibitory concentrations of the extract,
the solvent in the stock extract solution was evaporated and the solid
residue diluted in Baar’s medium to yield seven different
concentrations (3.1, 625, 12.5, 25, 50, 100, and 200 mg/L). About
0.9 mL was collected from each system and was added to a test tube
with 0.1 mL of the standard SRB culture. The test tubes were
incubated anaerobically at ambient temperature for 24 h and checked
for turbidity. The lowest concentration of the extract that showed
visible growth inhibition was recorded as the minimum inhibitory
concentration.

Theoretical Modeling and Simulation. All theoretical calcu-
lations were performed using the density functional theory (DFT)
electronic structure programs Forcite and DMol® as contained in the
Materials Studio 4.0 software (Accelrys, Inc.).

B RESULTS AND DISCUSSION

Preliminary Phytochemical Analysis. The results of the
proximate phytochemical screening and percentage amounts of
key phytochemical constituents of CF extract were as follows;
alkaloids (8.8%), tannins (0.4%), and saponins (39.2%). The
alkaloidal constituents responsible for the pungency and
peppery flavor are collectively called capsaicinoids and include
capsaicin (69%), dihydrocapsaicin (22%), nordihydrocapsaicin
(7%), homodihydrocapsaicin (1%), and homocapsaicin
(1%).*>*" Figure 1 illustrates the molecular structures of the
main capsaicinoids: capsaicin (Figure 1a) and dihydrocapsaicin
(Figure 1b).

Gravimetric Data. Weight Loss and Corrosion Rates. The
inhibitive effect of the ethanol extracts of Capsicum frutescens
(CF) on the corrosion of low carbon steel in 1 M HCl and 0.5

a

Figure 1. Molecular structures of the main capsaicinoids present in
Capsicum frutescens (CF) extract (a) capsaicin and (b) dihydrocapsai-
sin. Atom legend: (white) H; (gray) C; (red) O; (blue) N.
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M H,S0, was investigated using a gravimetric technique. The
data presented are means of triplicate determinations, with
standard deviation < 0.001. Figure 2 shows the weight losses of
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Figure 2. Weight loss of low carbon steel 1 M HCl and 0.5 M H,SO,
without and with different concentrations of Capsicum frutescens (CF)
extract at 30 °C.

low carbon steel coupons in 1 M HCl and 0.5 M H,SO,
without and with different concentrations of CF extract. The
plots show higher corrosion rates in 0.5 M H,SO, and as well
provide clear evidence that CF extract inhibited the corrosion
reaction in the two types of acid environments, even though
this effect was more pronounced in 0.5 M H,SO,.

Inhibition Efficiency and Surface Coverage. The efficiency
of inhibition, IE (%), was quantified by comparing the weight
losses of carbon steel specimens in uninhibited (AW,y,;) and
inhibited (AW,,;,) solution as follows:

AI/Vinh
—— | X 100
AI/Vblank (1)

Figure 3 illustrates the trend of inhibition efficiency values with
CF concentration. The results confirm that the extract was
more effective in 0.5 M H,SO, at all studied concentrations.

The relationship between the degree of surface coverage, 6
(related to the inhibition efficiency by IE (%) = € X 100) and
CF extract concentration (C) was adapted to determine the
experimental data fit for the different acid media to the
Langmuir adsorption isotherm (eq 2):

C/6=1/b+ C ()

The term b is a constant. The plot of C/6 vs C is shown in
Figure 4 to be linear for CF extract in both 1 M HCl and 0.5 M
H,SO,, with slopes of 1.09 and 1.03, respectively, suggesting
that the experimental data follows the Langmuir isotherm. This
isotherm fit of the gravimetric data suggests that the extract is
adsorbed on the corroding metal surface. The deviation of the
slopes of the Langmuir plots from unity can be attributed to
interactions between adsorbate species on the metal surface as
well as chan§es in the adsorption heat with increasing surface
coverage.3’2’3

The complex chemical composition of biomass extracts
makes it quite difficult to comprehensively discuss their
adsorption characteristics. Nonetheless, it is expected that

IE% = (l -
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Figure 3. Trend of inhibition efficiency with concentration of CF
extract for low carbon steel corrosion in 1 M HCl and 0.5 M H,SO, at
30 °C.
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Figure 4. Langmuir adsorption isotherms for CF extract on low
carbon steel in (a) 1 M HCI and (b) 0.5 M H,SO, solutions.

some of the organic constituents of the extract would be
protonated in the acidic environment while some remain as
unprotonated (molecular) species. Accordingly, the corrosion
inhibition and adsorption behavior of CF extract under any
given condition will depend on the relative involvement of both
protonated and molecular species including the nature of their
interaction with the metal surface.

Effect of Temperature on Corrosion and Corrosion
Inhibition. Temperature has a significant influence on metal
corrosion rates. When the electrochemical corrosion reaction
involves a cathodic process of hydrogen depolarization (as in
the present study), the corrosion rate increases exponentially
with rise in temperature according to Arrhenius-type depend-
ence. In order to evaluate the effect of temperature variation on
the corrosion and corrosion inhibition processes, gravimetric
tests were further undertaken at 313—333 K in both
uninhibited and inhibited systems. Low (50 mg/L) and high
(1000 mg/L) concentrations of CF extract were selected to

appropriately reflect the temperature effects at low and high
surface coverage. The results obtained after 3 h of immersion
are presented in Figure S for 1 M HCI (Figure Sa) and 0.5 M
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Figure 5. Effect of temperature on the corrosion rates of low carbon
steel (a) 1 M HCl and (b) 0.5 M H,SO, solutions without and with
CF extract.

H,SO, (Figure Sb) and show that corrosion rates in all systems
increased with rise in temperature. CF can as well be seen to
hinder the corrosion reaction in both acid media at all
temperatures. Figure 6 illustrates the trend of inhibition
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Figure 6. Relationship between inhibition efficiency of CF extracts and
temperature for low carbon steel corrosion in (a) 1 M HCl and (b) 0.5
M H,SO, solutions.

efficiency of CF extract with temperature. Inhibition efliciency
in 1 M HCl and 0.5 M H,SO, decreased with rise in
temperature. Such decrease in inhibition efficiency, which was
more pronounced at low CF concentrations, suggests that the
adsorption—desorption equilibrium is shifted toward desorp-
tion with increasing temperature, indicating a physical
adsorption mechanism. The physisorbed inhibitor species are
often perturbed and even dispersed by the increased agitation
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of the interface due to enhanced rates of hydrogen gas
evolution at higher temperatures. This tends to reduce the
degree of surface coverage and inhibition efficiency. Interest-
ingly, the decrease in efliciency with rise in temperature is not
so pronounced at high inhibitor concentration since the
amount of inhibiting species available for adsorption is
somewhat high so a relatively high degree of surface coverage
is maintained even at high temperature. Again, it is possible that
high extract concentrations increased involvement of chem-
isorbed species. Accordingly, the obtained inhibition efficiency
for CF extract exceeded 80% at all temperatures.

The Arrhenius-type relationship between the corrosion rate
(k) of carbon steel in acidic media and temperature (T) as
often expressed by the Arrhenius equation was used to
determine the activation energies (E,):

k = A exp(—E,/RT) (3)

A is the pre-exponential factor, and R the universal gas constant.
The variation of logarithm of corrosion rate with reciprocal of
absolute temperature is shown in Figure 7 for 1 M HCl and 0.5
M H,SO, without and with CF extract. The calculated values of
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Figure 7. Arrhenius plots for low carbon steel corrosion in (a) 1 M
HCl and (b) 0.5 M H,SO, without and with CF extract.
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E, are given in Table 1. Consistent with the trend of inhibition
efficiency with temperature, addition of CF extract is seen to

Table 1. Corrosion Activation Energies (E,) for Low Carbon
Steel in 1 M HCI and 0.5 M H,SO, without and with CF
Extract

E, (k] mol™")
system 1 M HCI 0.5 M H,SO,
blank 72.1 59.1
50 mg/L CF 106.4 100.0
1000 mg/L CF 87.3 85.8

increase E, for the corrosion reaction in 1 M HCI and 0.5 M
H,SO,, implying that the extract is more effective in these
media at lower temperatures. It is noteworthy that E, values in
inhibited solutions decreased notably at high CF concen-
trations, possibly because some of the energy is gradually used
up as chemisorptive interactions between some extract
constituents and the metal surface scale up.

Potentiodynamic Polarization Data. Potentiodynamic
polarization experiments were carried out to ascertain the
influence of CF extract on the kinetics of the anodic and
cathodic partial reactions of the corrosion process. Figure 8a
and b depicts typical potentiodynamic polarization curves for
the low carbon steel specimen in 1 M HCI and 0.5 M H,SO,
without and with 200 and 1000 mg/L concentrations of CF
extract. The corresponding polarization parameters are
presented in Table 2. The polarization curves show that CF
extract inhibited both the anodic metal dissolution reaction as
well as the cathodic partial reactions of the corrosion process,
without notably altering the corrosion potential. This implies
that the extract functioned via mixed inhibition mechanism,
reducing the rates of both anodic and cathodic reactions. It can
however be seen that the cathodic inhibiting effect was more
dominant in 1 M HCI (Figure 8a), whereas the anodic effect
becomes more pronounced in 0.5 M H,SO, (Figure 8b). The
anodic and cathodic inhibiting effect is also seen to improve
with an increase in CF concentration.

The values of the corrosion current density in the absence
(icorrp)) and presence of CF extract (i) were used to
estimate the inhibition efficiency from polarization data (IE;%)
as follows:

=11- X 100

lcorr, inh

IE,%
)

The obtained values (Table 2), though different from the
gravimetric data, however follow the same trend.
Electrochemical Impedance Spectroscopy Data. Impe-
dance studies were undertaken to provide insight into the
kinetics of electrode processes at the Fe/1 M HCl and Fe/0.5
M H,SO, interfaces in the absence and presence of CF extract.
The impedance responses of these systems are given in Figure
9a and b, respectively, in the Nyquist format. The plots
generally comprise of only one depressed capacitive semicircle
in the high frequency region, typical for solid metal electrodes
that show frequency dispersion of the impedance data.*****°
The transfer function, which can be represented by a solution
resistance R, shorted by a capacitor (C) that is placed in
parallel to the charge transfer resistance R, (eq S), where R,
corresponds to the high frequency intercept of the Nyquist

lcorr, bl
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Figure 8. Potentiodynamic polarization curves of low carbon steel in

(a) 1 M HCI and (b) 0.5 M H,SO, solution without and with CF
extract.

Table 2. Electrochemical Data for Low Carbon Steel in 1 M
HCI and 0.5 M H,SO, without and with CF Extract

Leorr

Eee (mV) WA/ IE R, Ca
system vs SCE cm?) (%) (Qem?)  (uFem™)  IEx%
1.0 M HCI —521.6 888.7 94.03 77.09
200 mg/L —485.6 203.4 77.1 384.7 53.5 75.6
CF
1000 —490.7 86.5 90.3 651.4 39.8 85.6
mg/L
CF
05 M —482.3 1534.9 63.1 S1.2
H,SO,
200 mg/L —480.8 226.5 85.2 308.2 40.8 79.8
CF
1000 —475.7 62.3 95.9 912.7 353 93.1
mg/L
CF

semicircle with the real axis while the low frequency intercept
with the real axis ascribed to R.
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Figure 9. Electrochemical impedance spectra of low carbon steel in (a)
1 M HCl solution and (b) 0.5 M H,SO, without and with CF extract.

-1
1 )
Z(a}) = Rs + (R— + ]COC)

ct

)

Equation S cannot account for the depression of the capacitive
semicircle as it is only applicable for homogeneous systems.
However, replacing the capacitor with a constant phase element
(CPE) could compensate for the nonideal frequency response
and the resulting nonideal dielectric behavior. The impedance,
Z, of the CPE is given by

ZCPE = le_l(jw)_n (6)

where Qg and n stand for the CPE constant and exponent,
respectively, j = (—=1)"/? is an imaginary number, and @ is the
angular frequency in radians per second, @ = 27f where f is the
frequency in hertz.

The impedance spectra for the Nyquist plots were thus
appropriately analyzed by fitting to the equivalent circuit model
R,(QaR.), which has been previously used to model the Fe/
acid interface.*®*” The impedance parameters presented in
Table 2 reveal that CF extract increased the magnitude of R
and decreased the Qg values. The former effect, which
corresponds to an increase in the diameter of the Nyquist
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semicircle, is due to the corrosion inhibiting efficacy of the
extract. The observed decrease in Cy values, which normally
results from a decrease in the dielectric constant and/or an
increase in the double-layer thickness, often results from
substitution of preadsorbed water molecules on the metal/
electrolyte interface by adsorbed organics (with lower dielectric
constant).

Org(sol) + x«H,045) — Org(ads) + xH, 001 )
This phenomenon, which provides direct experimental
evidence that organic constituents of CF extract are adsorbed
on and modify the metal/electrolyte interface (as suggested by
the data fit to the Langmuir isotherm) can be linked to the
Helmbholtz equation:

Cy =€g,A/S (8)

Cq is the double layer capacitance, ¢ is the dielectric constant of
the medium, &, the vacuum permittivity, A the electrode area,
and 0 the thickness of the electrical double layer.

Inhibition efficiency from the impedance data (IEx%) was
estimated by comparing the values of the charge transfer
resistance in the absence (Ryy) and presence of inhibitor
(Reginp) as follows:

Rct(inh) - Rct

IE, % = X 100

Rct(inh) (9)

The calculated values presented in Table 2 follow the same
trend as those from the gravimetric and polarization results.
Computational Studies. Quantum Chemical Calculations.
Our experimental results so far show that the corrosion-
inhibiting action of CF extract results from adsorption of the
organic matter on the corroding mild steel surface. Previous
studies have shown that alkaloids play a major role in the
adsorption and corrosion inhibiting action of biomass
extracts.*** Since metal/inhibitor interactions can be theoret-
ically investigated at the molecular level using computer
simulations of suitable models in the framework of the density
functional theory (DFT). We thus performed such computa-
tions to model the electronic and adsorption structures of the
main capsaicinoids present in CF extract; capsaicin and
dihydrocapsaisin (Figure 1). The motivation for the computa-
tional study is to give a theoretical framework in which to
recognize and appreciate the relative contributions of different
extract components vis-a-vis their individual adsorption
mechanisms and adsorption strengths and not necessarily to
provide in depth explanation of the adsorption of the extract.
Quantum chemical computations were performed by means
of the DFT electronic structure program DMol® using a
Mulliken population analysis.**~** Electronic parameters for
the simulation include restricted spin polarization using the
DND basis set and the Perdew—Wang (PW) local correlation
density functional. Geometry optimization was achieved using
COMPASS force field and the Smart minimize method by
high-convergence criteria. This was followed by modeling the
electronic structures of the molecules, including the distribution
of frontier orbitals and Fukui indices in order to establish the
active sites as well as the local reactivity of the molecules. The
highest occupied molecular orbital (HOMO), lowest unoccu-
pied molecular orbital (LUMO), and Fukui functions as well as
the total electron density of capsaicin and dihydrocapsaisin are
presented in Figures 10 and 11, respectively, while Table 3
provides some quantum-chemical parameters related to the
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Figure 10. Electronic properties of capsaicin (a) HOMO orbital; (b)
LUMO orbital; (c) total electron density; (d) Fukui (f”)function; (e)
Fukui (f) function. The blue and yellow isosurfaces depict the
electron density difference; the blue regions show electron
accumulation while the yellow regions show electron loss.

Figure 11. Electronic properties of dihydrocapsaicin (a) HOMO
orbital; (b) LUMO orbital; (c) total electron density; (d) Fukui
(f)function; (e) Fukui (f*) function. The blue and yellow isosurfaces
depict the electron density difference; the blue regions show electron
accumulation while the yellow regions show electron loss.

Table 3. Calculated Quantum Chemical Properties for the
Most Stable Conformation of Selected Phytochemical
Constituents of CF Extract

property capsaicin dihydrocapsaicin
Eromo (eV) —5.34 -5.12
Erumo (V) —121 —1.04
Erumo-nomo 4.13 4.08
£ 1.33 0.087
£ 0.099 0.128

molecular electronic structure of the most stable conformation
of the molecules. The electronic distributions of both molecules
appear somewhat identical, which is not unexpected since their
molecular structures are alike (the only difference being the
absence of a double bond in the nonenamide side chain of
dihydrocapsaisin).

The HOMO regions for either molecule, which are the sites
at which electrophiles attack and represent the active centers
with the utmost ability to interact with the metal surface atoms,
has contributions from both the methoxyphenol ring and the
amide function in the nonenamide chain. On the other hand,
the LUMO orbital can accept electrons from the metal using
antibonding orbitals to form feedback bonds are saturated
around the methoxyphenol ring. Correspondingly, a high value
of the HOMO energy (Eyomo) indicates the tendency of a
molecule to donate electrons to an appropriate acceptor
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molecule with low energy or an empty electron orbital, whereas
the energy of the LUMO characterizes the susceptibility of
molecules toward nucleophilic attack. Low values of the energy
of the gap AE = E;ypo-nomo implies that the energy to
remove an electron from the last occupied orbital will be
minimized, corresponding to improved inhibition efficien-
ies.”* ™ As anticipated from the similarities in electronic
structures, Eyomo values (Table 3) do not vary very
significantly for capsaicin and dihydrocapsaisin, which means
that any observed differences in their adsorption strengths
would result from molecular size parameters rather than
electronic structure parameters. The seemingly high values of
AE (>4 eV) are in accordance with the nonspecific nature of
the interactions of the molecules with the metal surface.

The local reactivity of each molecule was analyzed by means
of the Fukui indices (FI) to assess reactive regions in terms of
nucleophilic (f*) and electrophilic (f°) behavior. Figures 10d
and 11d show that the f functions of both molecules
correspond with the HOMO locations, indicating the sites
through which the molecules could be adsorbed on the metal
surface, whereas f* (Figures 10e and 11e) correspond with the
LUMO locations, showing sites through which the molecules
could interact with the nonbonding electrons in the metal. High
™ values are associated with the O atoms of the methoxy and
amide functions for both molecules, whereas C atoms of the
phenyl ring in a-positions to the methoxy and hydroxyl
functions possess high f" values. The electron density (charge
distribution) is saturated all around each molecule; hence we
should expect flat-lying adsorption orientations.

Molecular Dynamics Simulations. Molecular dynamics
(MD) simulation of the interaction between single molecules
of capsaicin and dihydrocapsaisin and the Fe surface was
performed using Forcite quench molecular dynamics in the MS
Modeling 4.0 software to sample many different low energy
configurations and identify the low energy minima.**~*" The
model metal surface comprised of a Fe crystal cleaved along the
(110) plane, with a vacuum layer of 20 A height on the topside.
The geometry of the bottom layer of the slab was constrained
to the bulk positions whereas other degrees of freedom were
relaxed before optimizing the Fe (110) surface, which was
subsequently enlarged into a 16 X 12 supercell. Geometry
optimized structures of capsaicin and dihydrocapsaisin were
used as adsorbate, which were adsorbed on one side of the Fe
(110) slab. Calculations were carried out using the COMPASS
force field and the Smart algorithm. The temperature was fixed
at 303 K, with the NVE (microcanonical) ensemble, with a time
step of 1 fs and simulation time S ps. The system was quenched
every 250 steps.

The lowest energy adsorption models for capsaicin and
dihydrocapsaisin on the Fe(110) surface from our simulation
are shown in Figures 12 and 13. The molecules can be seen to
maintain a flat-lying adsorption orientation on the Fe surface as
predicted from the delocalization of the electron density. This
orientation maximizes contact and, hence, augments the degree
of surface coverage. Quantitative appraisal of the interaction
between each molecule and the Fe surface was achieved by
calculating the adsorption energy (E,4) using the following
equation:

EBind = Etotal - (EMol + EFe) (10)

Eop Ee and E, i, correspond respectively to the total energies
of the molecule, Fe(110) slab, and the adsorbed Mol/Fe (110)
couple. In each case the potential energies were calculated by
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Figure 12. Representative snapshots of capsaicin on Fe(110) (a) side
view and (b) on-top view emphasizing the soft epitaxial adsorption
mechanism with accommodation of the molecular backbone in
characteristic epitaxial grooves on the metal surface (binding energy
= —207 kcal/mol).

averaging the energies of the five structures of lowest energy
and a negative value of E 4 corresponds to a stable adsorption
structure. The obtained values of E, 4, (—207 and —206.4 kcal/
mol for capsaicin and dihydrocapsaisin, respectively) are of the
same magnitude, which means that both molecules exert
comparable contributions to the observed corrosion inhibiting
effect of CF extract. More importantly however is the large
negative values of the computed adsorption energies, which is
more exothermic than expected for non covalent interactions.
This probably results from significant dispersive interactions
arising from the high polarizability of the O and N atoms,
including the 7 electron delocalization within the phenyl ring,
which should enhance adsorption of the molecules.”> More-
over, close inspection of the on-top view of the molecules
adsorbed on Fe(110) reveals a very clear trend in the
adsorption configuration of both molecules wherein polarizable
atoms along the molecular backbone as well as the phenyl ring
align with vacant sites on the fcc lattice atop the metal surface
and actually avoid contact with the Fe atoms on the surface
plane (larger spheres on the Fe slab). This corresponds to
accommodation of the molecular backbone in characteristic
epitaxial grooves on the metal surface. Epitaxial adsorption
orientations have been reported for noncovalent adsorption of
amino acids>*** as well as phytochemical constituents of certain
biomass extracts on metal surfaces.>> Such orientations are
associated with a minimum free energy of adsorption as the
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Figure 13. Representative snapshots of dihydrocapsaicin on Fe(110)
(a) side view and (b) on-top view emphasizing the soft epitaxial
adsorption mechanism with accommodation of the molecular
backbone in characteristic epitaxial grooves on the metal surface

(binding energy = —206.4 kcal/mol).

adsorbed molecules can be considered as extensions of the fcc
lattice and adsorption strength scales with improved fit of the
polarizable atoms of a molecule to multiple epitaxial sites. This
phenomenon accounts for the obtained high binding energies
of the phytochemical constituents of CF, hence the remarkable
corrosion inhibiting effect of the extract as observed
experimentally.

Antimicrobial Activity. Microbial growth on metals and
alloys of industrial usage affect the performance of exposed
metal parts in different ways. The most corrosion-relevant
microbes cited in many corrosion problems are the sulfate-
reducing bacteria, which can transform sulfate into sulfide, thus
having a deteriorative effect on metal surfaces.'”'* Interestingly,
extracts of pepper plants contain several phytochemical
compounds with proven antimicrobial activity. For instance,
aqueous extracts from the fruits of Capsicum frutescens have
been reported to exhibit antimicrobial action against Bacillus
cereus, Bacillus subtilis, Clostridium sporogenes, Clostridium tetani,
and Streptococcus pyogenes, Vibrio cholerae, Staphylococcus aureus,
and Salmonella typhimurium.>*~>° Again, saponins isolated from
CF, including CAY-1, have been reported to possess fungicidal
activity against Candida albicans, Aspergillus spp, Fusarium spp,
Trichophyton spp. and Microsporum spp.*® Accordingly, the
established efficacy of biomass extracts on pathogenic micro-
organisms could be further exploited for the control of
corrosion-associated microorganisms.
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The ability of the crude extracts of Capsicum frutescens to
inhibit microbial growth was investigated in experiments
employing the sulfate reducing bacteria Desulfotomaculum sp.
The results of the biocidal activity tests are shown in Figures 14
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Figure 14. Antibacterial activity (zone of growth inhibition) of
different extracts of Capsicum frutescens (CF) against Desulfotomaculum
species (PS = petroleum spirit, CM = cold methanol, HM = hot
methanol, CE = cold ethanol, HE = hot ethanol, CW = cold water,
HW = hot water).
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Figure 1S5. Minimum inhibitory concentration (MIC) of different
extracts of Capsicum frutescens (CF) on Desulfotomaculum species (PS
= petroleum spirit, CM = cold methanol, HM = hot methanol, CE =
cold ethanol, HE = hot ethanol, CW = cold water, HW = hot water).

and 15. The relative antibacterial activity of the extracts is
reflected by the mean zones of bacteria growth inhibition. The
highest growth inhibitory activity was obtained from the stock
solutions of the extracts, with the cold ethanol (CE) and
petroleum spirit (PS) extracts showing higher efficacy. The
inhibiting effect generally decreased as the extracts were diluted
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with distilled water and most of the extracts became ineffective
at about 60% dilution. Figure 15 depicts the minimum
inhibitory concentration (MIC) of the extracts. Generally, the
MIC follow the same trend as the growth inhibiting effect of
the extracts, with the ethanol, petroleum spirit, and hot water
extracts requiring lower concentrations (6.25 mg/ mL) to
initiate biocidal action on Desulfotomaculum species, followed
by the cold water extract (12.5 mg/mL), while the cold
methanol, hot methanol, and hot ethanol extracts had MICs of
25 mg/mL.

Although the detailed mechanism of the biocidal action of
CF extract was not extensively investigated in this study, the
observed growth inhibition of Desulfotomaculum species, as with
all other reported cases of its antimicrobial efficacy, could be
attributed mainly to the pungent capsaicinoid constituents
therein." Additional contributions can also come from the
lipids-dissolving ability of the saponin moeties, which results in
loss of cellular content as well as the protein binding abilities of
tannins, which facilitates interferes with key metabolic functions
of the cells.”?

Studies have shown that corrosion mostly occurred while
biofilms are being established, which is often prior to the
addition of biocides.** Again, it is well-known that mature
biofilms are far more resistant to biocides than bacterial cells in
solution. As corrosion inhibiting formulations are often
introduced at inception of any process, it should be very
advantageous that the corrosion inhibitors possess some
biocidal activity in order to hinder biofilm formation early
enough. The general idea is to regulate the environment ab
initio, making it unfavorable for biofilm formation and growth
as well as protecting the metal from corrosion. The use of CF
extracts in corrosion inhibitor formulations ensures such
simultaneous control of corrosion and biofilm formation.
Moreover, the individual biocidal activities of the different
phytochemical constituents could alter the nature of the biofilm
or disrupt the metabolism of some of the major microbial
groups present in the biofilm, thereby limiting the associated
corrosion damage without necessarily attempting to kill all
microorganisms. The use of biomass extracts ensures that all
these features are achieved using additives that are inexpensive,
readily available, nontoxic, and biodegradable.

Caution!: Pure capsaicin is of course an irritant for mammals,
including humans, and produces a sensation of burning in any tissue
with which it comes into contact. Accordingly, it must be handled
with care, avoiding inhalation of its particles and preventing its
contact with any part of the body. Severe overexposure to pure
capsaicin can result in death; the lethal dose (LDs, in mice) is 47.2
mg/kg.> However, such doses can rarely be encountered from
handling the aqueous extract of CF.

B CONCLUSIONS

Capsicum frutescens extract inhibited the acid corrosion of low
carbon steel as well as the growth of the gram positive sulfate
reducing bacteria, Desulfotomaculum species. Polarization
measurements show that the corrosion inhibition proceeded
via mixed-type mechanism, which the impedance data indicate
was achieved via adsorption of organic constituents of the
extract on the carbon steel surface. DFT-based quantum
chemical computations of parameters associated with the
molecular electronic structures of the active alkaloidal
constituents of the extract (capsaicin and dihydrocapsaicin)
confirmed their corrosion inhibiting potential and established
their individual contributions to the observed inhibiting effect.

223

The noncovalent adsorption geometries of both molecules on
Fe show clear evidence of soft epitaxial adsorption and the
magnitude of the physisorption energies agree more or less
with the remarkable trend of experimentally determined
inhibition efficiencies.

CF extracts also exhibited high inhibitory activity on the
growth of the SRB (Desulfotomaculum sp.), with the effect of
the ethanol and petroleum spirit extracts being more
pronounced than those of the methanol and water extracts.
The antimicrobial effect of the extract is attributable to the
phytochemical constituents of the (alkaloids, tannins, sap-
onins), which disrupt the growth and essential metabolic
functions of the bacteria.

The results obtained in this project support our hypothesis
that the complex phytochemical composition of biomass
extracts could be exploited for the simultaneous control of
chemical and microbial influenced corrosion of metals and
alloys.
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