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Antimicrobial Activity and High Anticorrosion Efficiency
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Corrosion causes significant damage to materials and equipment, prompting the
search for effective inhibitors. This study investigates the use of Carpobrotus acinaci-
formis (CA) leaf extracts as alternative corrosion inhibitors for C1020 carbon steel in
hydrochloric acid (HCI). Two extraction methods were employed: aqueous (denoted as
CAW) and methanolic (denoted as CAM) extracts of Carpobrotus acinaciformis leaves.
Electrochemical characterization, including polarization curves and electrochemical im-
pedance spectroscopy (EIS), was conducted to evaluate the corrosion inhibition efficien-
cy of the extracts. Additionally, antimicrobial and antifungal activities were assessed
against four bacterial strains and one yeast species. Surface and chemical analyses, per-
formed using UV-vis spectroscopy, FTIR, and SEM, demonstrated that the inhibition
efficiency (IE) increased with higher inhibitor concentrations. The CAM extract exhibit-
ed an inhibition efficiency (IE) of 96.36 % at 350 ppm, while the CAW extract achieved
94.73 % IE at 450 ppm. FTIR analysis identified key functional groups, such as hydrox-
yl and carbonyl, while SEM analysis confirmed the reduction in corrosion. These find-
ings suggest that CAM and CAW extracts are effective, eco-friendly corrosion inhibitors
and antimicrobial agents for C1020 carbon steel in an acidic environment.
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pared to other steel grades'?. However, the internal
surface of C1020 carbon steel may become coated
with a thick layer of inorganic scales and salts due
to exposure to circulating cooling water, potentially

Introduction

Carbon steel C1020 is recognized for its re-
markable mechanical properties, including excep-

tional toughness, fatigue resistance, high strength,
and excellent corrosion resistance. These qualities
make it a preferred material in multistage flash de-
salination and petrochemical industrial plants com-
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compromising the functionality of industrial equip-
ment such as cooling towers and boilers®. To ad-
dress this issue, an effective descaling technique,
commonly used in industrial plants, involves clean-
ing with hydrochloric or sulfuric acids**. However,
this process often causes corrosion of the steel
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framework, resulting in significant economic dam-
ages°.

Corrosion of industrial equipment is a critical
issue facing both the industry and society, resulting
in significant material and equipment damage. Sub-
stantial financial resources are spent annually on the
maintenance and repair of facilities affected by cor-
rosion-related failures. Therefore, it is essential to
prevent corrosion and mitigate its effects®. Overde-
sign, equipment damage, material degradation, and
safety concerns are some of the negative conse-
quences of corrosion. Consequently, to prevent cor-
rosion of metal surfaces, acidic environments are
typically treated with inhibitors™®.

Growing attention is being given to the devel-
opment of affordable and eco-friendly corrosion in-
hibitors; as many commonly used industrial inhibi-
tors pose risks to human health and the environment.
Most synthetic chemicals are not only costly but
also hazardous. As a result, researchers are increas-
ingly focusing on the use of environmentally sus-
tainable corrosion inhibitors”®. Several studies have
shown that plant extracts, containing compounds
such as tannins, flavonoids, and alkaloids, are effec-
tive in mitigating metal corrosion in acidic environ-
ments”!?. These compounds enable plants to inhibit
rusting. Due to their diverse range of active proper-
ties, plant extracts are used as corrosion inhibitors''.
They consist of polar atoms, such as oxygen (O),
sulfur (S), phosphorus (P), and nitrogen (N), which
are attracted to the metal surface through the ad-
sorption process. These compounds possess lone
pairs of electrons, which contribute to the formation
of a protective coating on the steel surface'>.

Plant extracts are highly beneficial and play a
crucial role in the economy, serving as a source of
natural products used to promote human health,
particularly over the past decade. They are also em-
ployed as antibacterial agents for the treatment of
various human diseases'’. Plant extracts used in tra-
ditional medicine contain a wide range of chemicals
that can be employed to treat both infectious and
chronic diseases'®. Carpobrotus acinaciformis L. is
a halophyte capable of thriving in highly saline en-
vironments. The exceptional ability of halophytes to
complete their life cycle in such conditions is at-
tributed to their salt-tolerant or salt-resistant charac-
teristics'>'%.  Carpobrotus acinaciformis L. is a
fast-growing, perennial succulent belonging to the
Aizoaceae family. It is typically found in Mediterra-
nean climate zones. With its high colonization ca-
pacity and ability to thrive in harsh conditions, it is
well-adapted to environments characterized by sa-
linity and drought'®'”. Species of the Carpobrotus
genus (CA) are used in various applications, includ-
ing as preservatives, anti-infective agents, and treat-
ments for conditions such as sinusitis, eczema, and
diarrhea. The antioxidant and antibacterial proper-

ties of these species are attributed to flavonoids and
phenols, including rutin, neohesperidin, hyperoside,
catechin, and ferulic acid,'®' as listed in Table 1. To
the best of our knowledge, no scientific studies
have specifically addressed the development of an-
ti-corrosion and microbial inhibitors derived from
Carpobrotus acinaciformis L. extract.

This research aimed to investigate the potential
use of Carpobrotus acinaciformis leaves, which
grow abundantly near Skikda Beach in northern Al-
geria, as an eco-friendly corrosion inhibitor for
C1020 carbon steel in the cooling towers of a petro-
chemical industrial plant exposed to a hydrochloric
acid medium. Two extraction methods were em-
ployed: one involving maceration in water at 65 °C,
and the other utilizing methanol extraction. Addi-
tionally, this study evaluates the potential antimi-

Table 1 — Major chemical structures of CA components's’®

Compound Structure
HO l
Rutin
OH
HO /&/
HOWO
Neohesperidin

HO
Catechin

Ferulic acid
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crobial activities of the plant against Gram-positive
(Bacillus cereus) and Gram-negative (Escherichia
coli and Pseudomonas aeruginosa) bacteria, as well
as the pathogenic fungus Candida albicans.

Materials and methods

Specimen and test solution

The carbon steel (C1020) employed to prepare
the working electrodes had the following chemical
composition (wt%): 98.27 % Fe, 0.36 % Mn, 0.20
% C, 0.02 % Cr, 0.03 % Cu, 0.03 % V, and 0.01 %
Mo. A sheet of C1020 carbon steel was cut into
pieces measuring 10 mm x 10 mm X 6 mm. To en-
sure that only one side of each sample was exposed
to the electrolyte, the samples were coated with ep-
oxy resin and mounted on copper wires®. The ex-
posed faces of the electrodes were then abraded us-
ing abrasive materials of varying grades before each
measurement. The electrodes were then carefully
dried, washed with distilled water, and degreased
with acetone to remove any contaminants®'. Analyt-
ical grade HCI was diluted to prepare corrosive
solutions with a concentration of 1 M.

Inhibitor extraction and materials

The preparation of Carpobrotus acinaciformis
leaf extracts, CAM and CAW), is illustrated in Fig.
1. Leaves of Carpobrotus acinaciformis were col-
lected from Skikda Beach, Algeria, dried in the dark
for 20 days before being pulverized. To prepare the
CAW extract, 30 g of the powdered leaves were
mixed with 1 liter of deionized water, heated at 65
°C for 2 hours, and then filtered. The resulting solu-

Ca + Water
2hat65°C

——

Carpobrotus acinaciformis

Ca + Methanol
24 h at25 °C

tion was centrifuged for 10 minutes, followed by
further heating at 65 °C for 24 hours to evaporate
the water, leaving behind a leaf extract powder. For
the CAM extract, 30 g of powdered leaves were
mixed with methanol and left to macerate for 24
hours at room temperature. The mixture was then
filtered, and the methanol was evaporated using a
rotary evaporator.

Characterization of Carpobrotus acinaciformis
inhibitors

The organic compounds present in Carpobro-
tus acinaciformis leaf extracts, CAM and CAW,
were analyzed using Fourier transform infrared (FT-
IR) spectroscopy (Perkin Elmer detector), with
measurements taken over a wavenumber range of
400 to 4000 cm™. Additionally, ultraviolet spectro-
photometric analysis was performed using a Shi-
madzu UV-1800 spectrophotometer, with the wave-
length range set at 200 to 800 nm.

Electrochemical study

Tafel curves and impedance diagrams were ob-
tained using the “Voltamaster 4” software, which
controlled the Voltalab PGZ 301 potentiostat/galva-
nostat employed in the electrochemical tests. The
tests were conducted in double-walled thermostatic
corrosion cells?2. The CAM and CAW extracts were
tested at four different concentrations of inhibitors:
150 ppm, 250 ppm, 300 ppm, and 350 ppm for
CAM, and 150 ppm, 250 ppm, 350 ppm, and 450
ppm for CAW. The PGZ 301 system included a
metal working electrode (1 cm?), a platinum counter
electrode, and a saturated calomel electrode (SCE)
as the reference electrode.

Filtration Evaporation

Fig. 1 — Extraction of inhibitors from Carpobrotus acinaciformis leaves
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An aggressive solution of 1 M HCI was applied
to the working electrode for 30 minutes to allow the
system to reach a steady-state open circuit potential
(OCP). Tafel polarization plots were obtained by
sweeping at a rate of 1 mV s!, within a voltage
range from —200 mV to —700 mV, using a 10 mV
peak-to-peak wave voltage. Nyquist curves were re-
corded at OCP, with frequencies ranging from 100
kHz to 10 mHz. After 30 minutes, all assessments
were regulated by computer software at the resting
potential, with potential values recorded relative to
the saturated calomel electrode (SCE). Electro-
chemical impedance spectroscopy data were ana-
lyzed using EC-Lab software?>.

Surface morphology study

The 1 cm x 1 cm polished mild steel samples
were highly reflective, resembling a mirror finish.
These samples were immersed in 350 ppm of CAM,
450 ppm of CAW inhibitor, and a blank solution for
a duration of 24 hours. After the experiment, a scan-
ning electron microscope (SEM) was used to assess
the surface characteristics and elemental composi-
tion of the specimens®.

Antimicrobial and antifungal activities assay

The antimicrobial and antifungal effects of
Carpobrotus acinaciformis L. extracts, prepared us-
ing water (CAW) and methanol (CAM), were eval-
uated against four bacterial strains and one yeast,
Candida albicans ATCC®10231, obtained from the
American Type Culture Collection (ATCC). The
strains included one Gram-positive bacterium (Bacil-
lus cereus ATCC®10876), and three Gram-negative
bacteria (Pseudomonas aeruginosa ATCC®27853,
Klebsiella pneumoniae ATCC®700603, and Esche-
richia coli ATCC®25922). An agar diffusion meth-

100 CAM
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od was used to assess the inhibitory activity of the
Carpobrotus acinaciformis L. extracts. Each bacte-
rial strain was cultured in a nutrient broth for 18
hours at 37 °C. After incubation, the bacterial cul-
tures were transferred to a 0.9 % NaCl solution and
adjusted to an optical density (OD) of 0.08-0.10 at
600 nm. Muller-Hinton agar plates were then uni-
formly re-inoculated using a sterile swab. Plant ex-
tract solutions were prepared using 99.9 % pure di-
methyl sulfoxide (DMSO), and subsequently diluted
in a 2.048 fold series, ranging from the initial con-
centration to 15 pg mL™'. Disks impregnated with
varying amounts of the extracts were placed onto
the agar plates and incubated for 24 hours at 37 °C.
The inhibition zones around the disks were mea-
sured to evaluate the antimicrobial activity®.

Results and discussion

FT-IR and UV-Vis analysis

FTIR spectroscopy was employed to identify
the functional groups in the CAM and CAW ex-
tracts. The FTIR spectra of the CAW and CAM ex-
tracts are shown in Fig. 2. The absorption bands at
3329 cm! for CAM and 3363 cm™ for CAW, corre-
sponding to the OH stretch (phenol), confirm the
presence of phenolic compounds in both extracts. A
C=C stretch, characteristic of alkenes, was observed
at 1522 cm™!, present only in the CAW extract. The
carbonyl group (C=0) in the polyphenolic com-
pounds of CAM was found at 1613 cm™ and 1642
cm™'. The aromatic ring was identified at 1430 cm™
in both CAM and CAW. The C-O stretch for the
carbonyl group appeared at 1070 cm™ for CAM,
and 1053 cm™ for CAW. Additionally, a peak at
2322 cm™, linked to the presence of carboxylic acid
groups (—COOH), was observed in both extracts.
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Fig. 2 — FT-IR spectrum of (CAM) and (CAW) extracts
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Fig. 3 — UV-Vis spectrum of (CAM) and (CAW) extracts

For further analysis, the structures of the CAM and
CAW leaf extracts were examined using UV-Vis
spectroscopy.

Fig. 3 displays the UV-visible spectra of the
CAM and CAW inhibitors before and after 24 of
immersion of C1020 carbon steel in solutions con-
taining 340 ppm of CAM and 450 ppm of CAW. In
both cases, a noticeable decrease in absorbance in-
tensities was observed. This reduction was attribut-
ed to interactions between Carpobrotus acinaci-
formis L. molecules and the C1020 surface, leading
to a decrease in adsorption intensity and displace-
ment of adsorption bonds. These results strongly
support the formation of a complex between Fe**
ions and the components of CAM and CAW in the
1 M HCI solution, which subsequently adsorbed
onto the surface of C1020 carbon steel.

Potentiodynamic polarization curves

Potentiodynamic polarization curves for C1020
carbon steel were measured in a 1 M HCI acidic
environment, both with and without different con-
centrations of CAM and CAW. The measurements
were conducted at a temperature of 298 (+1) K. Fig.
4 presents the Tafel curves obtained under these
conditions, along with key corrosion parameters, in-
cluding corrosion potential (£ ), corrosion current
densities (), corrosion kinetics (fa and fc, deter-
mined by extrapolating the anodic and cathodic slopes
of the Tafel curves). The inhibition efficiency (IEp
%) was calculated using the following equation (1).

JEP(%)=I°‘}‘ZJ-100 (D)

Where I°,_and I represent the corrosion cur-
rent densities in the absence and presence of the in-
hibitor, respectively.

Fig. 4 illustrates a significant decrease in cur-
rent density due to the presence of CAM and CAW
inhibitors. The polarization parameters, both with
and without the inhibitors, are provided in Table 2.
As shown in Fig. 4 and Table 2, CAM and CAW
inhibitors effectively slowed the corrosion of steel
without altering the overall behavior of the Tafel
lines. This effect was attributed to the inhibitors
preventing active areas on the steel surface through
their electron-rich adsorption centers. The polariza-
tion curves indicated that the presence of CAM and
CAW altered both the anodic and cathodic Tafel
slopes when compared to the inhibitor-free solution.
This suggested that CAM and CAW act as mixed-
type inhibitors. Additionally, the anodic curves re-
vealed the formation of compounds on the metal
surface, which were likely associated to the devel-
opment of iron(I) complexes on the C1020 steel
surface?®. Another important aspect was the varia-
tion in the corrosion potential (£_ ), which provid-
ed valuable insights into the inhibitor type. A change
in the corrosion potential value exceeding 85 mV is
typically interpreted as indicative of an inhibitor ex-
hibiting a specialized inhibitory effect on either the
cathodic or anodic reaction®’-%,

In the present case, CAM and CAW can be
classified as mixed-type inhibitors, as evidenced by
a shift in the corrosion potential of less than —85 mV.
This suggests that both the cathodic reaction, in-
volving oxygen reduction and hydrogen evolution
under acidic conditions, and the primary anodic re-
action, which governs the dissolution of steel, were
simultaneously inhibited. The observed reduction in
corrosion rates was attributed to the adsorption of
CAM and CAW molecules at both anodic and ca-
thodic sites® on the steel surface.

Moreover, the simultaneous alteration of both
the anodic and cathodic Tafel curves suggested that
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Fig. 4 — Potentiodynamic polarization patterns for C1020 steel with various doses of CAM and CAW in 1 M HCI at 298 K

the presence of the inhibitors did not interfere with
the metal dissolution mechanism itself, but rather
activated the inhibition process.

In the HCI solution, the reduction of oxygen is
the primary cathodic corrosion reaction:

O, +2H,0 +4e” - 40H" 2)
The anodic dissolution reaction of carbon steel:
Fe - Fe’* +2¢” 3)

Table 2 illustrates that the corrosion current
density decreased in the presence of CAM and
CAW inhibitor concentrations, with the maximum
reduction observed at 350 ppm for CAM and 450
ppm for CAW. The inhibition efficiency increased
with the concentration of CAM and CAW inhibi-
tors, reaching peak values of 94.66 % and 90.61 %,
respectively. These results demonstrate that the che-
mical inhibitors exhibited strong adsorption charac-

teristics, with an increasing number of inhibitor
molecules adsorbing onto the iron surface. As the
inhibitor concentration increased, more molecules
were attracted to the surface, leading to a more ef-
fective surface coverage and enhanced corrosion
protection®.

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance measurements pro-
vide essential insights into the processes and reac-
tion kinetics at the metal/electrolyte interface. These
measurements allow for the identification of relax-
ation times, with rapid processes occurring at high
frequencies and slower steps, such as transport or
diffusion, taking place at lower frequencies®'.

Fig. 5 and Fig. 6 display the impedance data
for C1020 steel samples in 1M HCI solutions, both
before and after the addition of varying CAM and
CAW concentrations. Fig. 5 highlights the Nyquist

Table 2 — Corrosion characteristics and inhibitory efficiency of C1020 steel with various doses of CAM and CAW in 1 M HCI at

298 K
C (ppm) E__ (mV) I . (mAcm?) Se (V dec™) pa (V dec™) 1E (%)

Blank 00 —547.60 0.600 137.2 119.5 /

150 -518.30 0.105 96.4 72.5 82.50

250 -521.09 0.059 92.6 82.6 90.16
CAM

300 -522.00 0.048 88.2 81.0 92.00

350 -536.49 0.032 66.3 92.9 94.66

150 -532.51 0.155 87.0 69.0 74.11

250 -522.80 0.140 105.5 82.3 76.65
CAW

350 -552.76 0.108 96.6 75.6 81.87

450 —528.89 0.056 76.9 94.3 90.61
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Fig. 5 — Nyquist diagrams of C1020 steel with various concentrations of CAM and CAW in 1 M HCI at 298 K

plots, and Fig. 6 presents the Bode modulus and
phase angle for the CAM and CAW inhibitors.

For all tested concentrations of CAM and CAW
inhibitors, the Nyquist plots exhibited an identical
shape, suggesting that the corrosion mechanism re-
mained unchanged?®. A single time constant was ob-
served in the corresponding EIS spectra, indicating
that charge transfer was the primary mechanism
governing corrosion, both in the presence and ab-
sence of varying CA extract doses. The charge
transfer mechanism was likely associated with the
high frequency capacitive loops. The variation in
impedance between lower and higher frequencies
can be used to calculate the diameters, which are
related to charge transfer resistance (R_) *.

A continuous enlargement of the loops demon-
strates an increasing trend in charge transfer resis-
tance with rising CA concentration. Given that the
spectra contained only a single time constant, it can
be inferred that the active ingredients in the CA ex-
tract hindered the corrosion reaction by obstructing
the active sites, thus interfering with the charge
transfer process. A thorough examination of Fig. 5
reveals that the presence of the CA extract caused
an increase in phase angles, indicating capacitive
behavior. Nyquist plots were also employed to dis-
play damped semicircles. According to Hamed et
al** and Kherraf et al.* surface roughness, inhibitor
adsorption, and surface contaminants all contribute
to frequency depression, which is represented as a
variation from a perfect circular form. Fig. 7 depicts
an R (RQ) equivalent circuit, which is commonly
used to represent impedance spectra with a single
time constant. The results were analyzed using EC-
Lab software, yielding values for solution resistance
(R), charge transfer resistance (R ), and constant
phase element (CPE ), which characterizes the dou-

ble-layer capacitance (C,), as hlghhghted in Fig. 7,
with additional results presented in Table 3. The
(CPE,) includes two additional parameters: the ex-
ponent (n) and admittance (Y,).

The parameter n served as a suitable measure
of the surface condition, ranging from 0 to 1. For
more homogeneous electrode surfaces, the parame-
ter n approaches 1 *. Fig. 7 helps in assessing the
precision and accuracy of the fitted results with the
proposed electrical circuit. Table 3 lists the parame-
ters extracted from the EIS data, both with and
without the CA plant extracts. Inhibition efficiency

(E,) and double-layer capacitance (C,) were cal-
culated using Equations (4) and (5).
R, — R,
Epys (%) =———-100 (4)
RCI
n—l
Cdl = Y() (2nfmax) (5)

In Equation (4), £ represents the inhibition
efficiency, where R? and R_ denote the charge
transfer resistances without and with the CA extract,
respectively. Equation (5) provides the double-layer
capacitance C,, and f  is the frequency at which
the imaginary component of the impedance reached
its maximum.

As highlighted in Table 3, with the increasing
doses of CA extract, both the inhibitory efficiency
and the polarization resistance exhibited an increas-
ing trend. Additionally, by evaluating the n parame-
ter using the EIS data, the heterogeneity of the sur-
face could be further investigated, allowing for a
better understanding of both the inhibitor adsorption
and the metal dissolution processes on the metal
surface. Table 3 demonstrates that an increase in the
concentration of each inhibitor resulted in a rise in
inhibition efficiency. At 350 ppm, CAM showed a
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Fig. 6 — Bode modulus and Bode phase angle plots of CAM and CAW inhibitors for carbon steel C1020 in 1 M HCI

maximum inhibitory efficiency of 98.01 %, while
the CAW extract exhibited a maximum inhibitory
efficiency of 94.05 % at the same concentration.
These findings indicate that the CAM inhibitor out-
performed the CAW extract in terms of inhibitory
efficiency, suggesting that the protective properties
of the film layer formed on the surface of C1020
carbon steel had been enhanced with the introduc-
tion of CAM and CAW inhibitors in 1 M HCI solu-
tions**. As the amount of CA extract increased, the
n value approached 1. This suggests that samples
exposed to uninhibited solutions were more suscep-
tible to corrosion, leading to a rougher surface com-

pared to those subjected to inhibited solutions. This
effect likely resulted from the uniform corrosion
protection provided by the adsorption of CA mole-
cules onto the metal surface.

R, CPE
T T
Re:

Fig. 7 — Equivalent circuit for impedance data fitting with
and without CAM and CAW
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Table 3 — Impedance parameters and inhibition efficiency of C1020 steel with various doses of CAM and CAW in 1 M HCI at 298 K

C (ppm) R (Q cm?) CPE, (F cm?) n R, (Qcm?) Eg s (%)

Blank 00 4.429 0.194-10° 0.953 12.84 /

150 3.259 0.207-107 0.866 217.50 94.09

250 5.241 0.159-10° 0.909 271.20 95.26
CAM

300 5.555 0.170-10° 0.908 312.30 95.88

350 5.560 0.139-10° 0.908 353.40 96.03

150 4317 0.209-10° 0.750 148.40 91.61

250 4.329 0.198-10° 0.878 193.30 93.35
CAW

350 6.829 0.202-10° 0.867 210.70 93.90

450 3.240 0.202-10° 0.866 228.10 94.37

In general, as the amount of each studied inhib-
itor increased, the C, values decreased. This decline
in C, was attributed to the reduction in the local

dlele(gtrlc constant, as the active components of CA
replaced water molecules on the sample surface.
The addition of the inhibitor enhanced adsorption
on the metal surface by forming a protective layer,
which can be explained by the adsorption of the leaf
components onto the electrode surface®. As a result,
there was less electron transfer between the corro-
sive solution and the metal surface. The formation
of these films on the carbon steel surface gradually
replaced the water molecules, leading to a reduction
in metal dissolution and a shift in C values.

Isotherm of adsorption

The adsorption capability at the metal/solution
interface is the primary factor determining the ef-
fectiveness of a corrosion inhibitor. Inhibitor mole-
cules often replace water molecules adsorbed on a
metal surface in a displacement process. Adsorption
can be classified as either chemical or physical. Un-
derstanding the nature of this adsorption process is
crucial, as it provides insights into the inhibitor-met-
al surface interaction’*. Many adsorption iso-
therms were tested to evaluate the adsorption be-
havior of CAM and CAW on the surface of C1020
steel in a 1 M HCI solution. The Langmuir adsorp-
tion isotherm provided the best fit for the various
inhibitors under study.

The following Equations (6) and (7) ! present
the Langmuir isotherm. The standard free energy of
adsorption (AG® ) can be obtained using Equation
(8)37:38

c, 1
-~ 4 6
0 Kads inh ( )

R .. —R
6= ct(inh) / 7
Rct(inh) ( )

AGY, =—RTn(1000K,,,) (8)

Where, C,  represents the inhibitor concentra-
tion, K . is the adsorption equilibrium constant, 6
denotes surface coverage, 1000 refers to the con-
centration of water molecules expressed in units of
g L', R is the universal gas constant, and 7 is the
temperature.

Fig. 8 displays the correlation between C, /O
and C,  at 298 K for CAM and CAW 1nh1b1t0rs

The relationship between C, /O and C,  fol-
lowed a linear trend, with regression coefficients
(R) 0£ 0.999 and 1 for CAM and CAW, respectively.
The slope and interception were determined, with
the slope being 1.083 for CAM, and 1.045 for CAW.
The slope was close to unity for both inhibitors.
This slight divergence could be attributed to the
binding of the adsorbed species on the metal’s outer
layer, which may occur through mutual repulsion or
attraction®”. These findings support the adsorption
of the inhibitors on the steel surface, consistent with
the Langmuir adsorption isotherm, which assumes
no interaction between the adsorbed molecules.

Table 4 presents the calculated free energy of
adsorption (AG,,), which was —29.09 kJ mol™ for
the CAM inhibitor and —29.45 kJ mol™! for the
CAW inhibitor. The negative values of AG , indi-
cate the spontaneity of the adsorption process and
the stability of the adsorbed layer on the metallic
surface. These values suggest that the adsorption of
the inhibitor compounds onto the carbon steel elec-
trode occurred primarily through physical adsorp-
tion. According to previous studies, AG® , values
below —40 kJ mol ™ are indicative of chemisorption,
while values between —20 and —40 kJ mol™ suggest

Table 4 — Adsorption free energy values for CAM and CAW
inhibitors at 298 K from impedance plots

Inhibitors G, (k] mol™)
CAM -29.09
CAW -29.45
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Fig. 8 — Langmuir adsorption isotherms of CAM and CAW on the surface of carbon steel C1020 in 1 M HCI at 298 K

electrostatic interactions or physical adsorption?'. In Surface morphology

this study, the calculated AG_, values fell within the

range of —20 to —40 kJ mol ', confirming that both Surface morphology of metals and alloys has
chemical and physical interactions governed the ad- been extensively studied using scanning electron
sorption mechanism for the CAM and CAW inhibi- microscopy (SEM)¥. After 24 hours of immersion
tors. in 1 M HCI, the surface morphology of C1020 steel

10um CRAPC-BJ
WD 9. 9mm

(c)

10mur c-BJ 10um CRAPC-BJ|
10.0kV LED SEM L 0. Omm x2, 000 10.0KV BED-C SEM WD 10 . lmm|

Fig. 9 — SEM graphs of C1020 carbon steel specimen after immersion in HCI (1 M) solution at 25 °C for one day: (a) without
inhibitor, (b) 350 ppm of CAM, (c) 450 ppm of CAW
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was analyzed with and without the presence of 350
ppm CAM, and 450 ppm CAW inhibitors at room
temperature (Fig. 9). The unprotected steel surface
(Fig. 9a) exhibited noticeable damage due to corro-
sion caused by the acidic medium. In contrast, the
surfaces treated with CAM and CAW inhibitors
(Fig. 9b and 9c) displayed smoother surfaces, indi-
cating the protective effect of the inhibitors. In the
absence of inhibitors, the steel surface exhibited
generalized corrosion, accompanied by a thick and
uneven corrosion product layer. In contrast, when
CAM and CAW inhibitors were present, a more lo-
calized corrosion pattern was observed, accompa-

nied by the formation of a thin, uniform protective
layer on the steel surface. This layer effectively
shielded the metal from the HCI solution, reducing
permeability and confirming the inhibitors’ protec-
tive effect, as demonstrated by the electrochemical
test results. These findings are consistent with the
outcomes of the electrochemical investigations.

Antimicrobial and antifungal effects

The results in Table 5 and Fig. 10 show the in-
hibition diameters of plant extracts from Carpobro-
tus acinaciformis L., using water (CAW) and meth-
anol (CAM) as solvents, on four bacterial strains

Table 5 — Antibacterial effect of CAW and CAM extracts against different bacterial strains at different concentration

Inhibition diameter (mm)

: Concentration
Sample Bacteria
2048 2048 2048 2048 2048 2048 2048 2048
pgmL? | pgmL' | pgmLl"' | pgmL' | pgmL' | pgmL' | pugmL"! pg mL™!
CAW £ coli 20.66+0.33 18.25+1.09 17.33£0.35 16.00+0.50 15.00+0.35 14.00+0.57 13.25+0.55 11.00+0.33
. coli
CAM 20.751.11 20.00+1.09 17.75£0.35 16.25+0.66 15.75+0.75 14.75+0.85 13.75+0.35 13.50+0.50
CAW 18.50+£1.09 16.25+0.33 15.75+£0.75 15.00+£0.95 14.50+1.20 14.00+1.09 13.25+0.75 11.25+0.33
K. pneumoniae
CAM 20.00+1.35 18.75+0.95 17.25£1.11 16.00£1.16 14.75+0.85 14.00+0.57 12.25+0.85 12.00+0.35
CAW 16.75€1.35 16.25+1.01 15.75+0.89 15.2541.09 15.00+£1.16 14.75+£0.75 14.25+0.33 13.25+0.55
B. cereus
CAM 22.75€1.19 22.00+0.75 16.75+£0.75 16.25+0.66 15.50+£0.85 13.75+0.57 13.25+0.66 12.00+0.35
CAW » ) 19.75£1.33  17.50+0.89 16.50+0.66 16.00+0.35 14.75£0.95 13.50+0.66 13.00+0.56 11.25+0.33
> aeruginosa
CAM 24.00£1.09 19.75+0.95 17.25£0.35 15.50+£0.95 15.00+0.57 13.50+0.85 13.00+£0.35 12.75+0.50
CAW C albi 20.75+1.36  19.25+1.33 17.50+1.16 15.00+£0.66 14.25+£0.66 12.75+0.71 11.25+0.33 10.50+0.35
. albicans
CAM 21.33+1.17 20.00+0.89 17.75+0.33 17.00+0.33 16.50+0.33 15.25+0.57 14.00+0.35 13.25+0.33
® -
ca
o

el

Fig. 10 — Antibacterial activities of CAW and CAM extracts against different bacterial strains
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(Escherichia coli, Klebsiella pneumoniae, Bacillus
cereus, Pseudomonas aeruginosa) and one yeast
(Candida albicans). For E. coli, the aqueous extract
produced inhibition zones ranging from 20.66 mm
to 11.00 mm, while the methanol extract showed
zones from 20.75 mm to 13.50 mm. For K. pneumo-
niae, the aqueous extract ranged from 18.50 mm to
11.25 mm, and the methanol extract ranged from
20.00 mm to 12.00 mm. Regarding B. cereus, the
aqueous extract produced zones from 16.75 mm to
13.25 mm, whereas the methanol extract varied
from 22.75 mm to 12.00 mm. The inhibitory zones
for P. aeruginosa were 19.75 mm to 11.25 mm for
the aqueous extract and 24.00 mm to 12.75 mm for
the methanol extract. Lastly, zones measuring be-
tween 20.75 mm and 10.50 mm were formed by the
aqueous extract for Candida albicans, whereas
zones measuring between 21.33 mm and 13.25 mm
were produced by the methanol extract. Notably, at
higher concentrations, the methanol extract demon-
strated superior effectiveness compared to the aque-
ous extract, emphasizing that methanol is a more
efficient solvent for isolating the active antimicrobi-
al components from Carpobrotus acinaciformis L.
However, the results obtained for the aqueous ex-
tract are significantly better than those reported in
studies by Springfield et al.,* who tested against P
aeruginosa and C. albicans strains, and by Van der
Watt et al.,'” who tested against E. coli, K. pneumo-
niae, and P. aeruginosa. These findings demonstrate
strong antimicrobial and antifungal activity for both
extracts, with particularly notable efficacy against
P aeruginosa and E. coli. The relatively low stan-
dard deviation in the measurements further rein-
forces the reliability of these results, confirming the
potential of Carpobrotus acinaciformis L. as a
promising source of natural antimicrobial agents.

Conclusion

This study investigated the antibacterial and
anticorrosion properties of Carpobrotus acinaci-
formis leaf extracts, using C1020 carbon steel in a 1
M HCI acid medium. Two extraction methods were
employed: methanol extraction (CAM) and water
extraction (CAW) at 65 °C. The results demonstrate
that both CAW and CAM exhibited significant anti-
bacterial activity and served as effective corrosion
inhibitors for C1020 carbon steel in 1 M HCI, with
corrosion inhibition efficiencies of 96.01 % for
CAM at 350 ppm, and 94.05 % for CAW at 450
ppm, as confirmed by impedance curve analysis.
Polarization measurements further indicate that
both inhibitors acted as mixed-type inhibitors, with
a slight anodic effect. Adsorption of the inhibitors
followed the Langmuir adsorption isotherm, and the
AG,, values revealed that both CAM and CAW ad-

sorbed onto the metal surface through both physical
and chemical interactions. Scanning electron mi-
croscopy (SEM) analysis of the corrosion products
on the C1020 surface exposed to HCI revealed sub-
stantial corrosion in the absence of inhibitors, while
the presence of CAM and CAW significantly en-
hanced surface smoothness and reduced corrosion
product formation. These findings confirm that both
CAM and CAW inhibitors effectively mitigate cor-
rosion of C1020 steel in HCI solutions. Moreover,
the study highlights that both CAW and CAM ex-
tracts exhibit potent antibacterial activity against
Candida albicans and four bacterial strains (Esche-
richia coli, Klebsiella pneumoniae, Bacillus cereus
and Pseudomonas aeruginosa).
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