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1. Introduction

Bio-based surface treatments for concrete
durability: exploring the corrosion-inhibiting
properties of Costus afer and Chrysophyllum
albidum leaf extracts on fungal growth

Uzoma Charles Chukwuma, & *2 Joan ljeoma Arimanwa,®® Kanayo Lucy Oguzie,®
Ugochi Nneka Kemka,® Ini-lbehe Nabuk Etim,* Sikandar Khan,“®
Kingsley O. Ukaegbu (2" and Emeka Emmanuel Oguzie®

Concrete structures are vulnerable to deterioration caused by microbial colonization and the corrosion
of embedded steel reinforcements. Although conventional synthetic coatings and chemical inhibitors
can be effective, they raise environmental and economic concerns. This study explores the use of
ethanol extracts from Costus afer and Chrysophyllum albidum leaves as eco-friendly, dual-function
additives for concrete protection. Phytochemical properties were analyzed using GC-MS and FTIR, while
antifungal efficacy was assessed via the agar well diffusion method against fungal strains isolated from
deteriorated concrete surfaces. Corrosion inhibition in simulated concrete pore solution [saturated
Ca(OH),] (PDP), electrochemical impedance
spectroscopy (EIS), and atomic force microscopy (AFM). In addition, geospatial techniques were applied

was evaluated using potentiodynamic polarization

to assess regional susceptibility to fungal biodeterioration. Landsat 8-derived normalized difference
moisture index (NDMI) and land use/land cover (LULC) mapping assessments were conducted for Port
Harcourt and Owerri to evaluate environmental drivers of microbial risk. Results showed that C. albidum
exhibited superior antifungal activity across all isolates, with inhibition efficiencies of up to 99.8%.
Surface analysis confirmed reduced roughness in treated samples. NDMI and LULC assessments
revealed that vegetation moisture and impervious surface distribution strongly influence fungal
colonization risk. This combined laboratory and remote sensing approach highlights the promise of
C. afer and C. albidum extracts as sustainable, non-toxic additives for enhancing the durability of
concrete structures, while emphasizing the need for region-specific environmental diagnostics in
biodeterioration risk management.

corrosion of embedded steel reinforcements, pose serious
threats to their durability and structural integrity."* These

Concrete structures are highly vulnerable to deterioration,
especially in humid and nutrient-rich environments. Two
major degradation pathways, microbial biodeterioration and
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mechanisms weaken the concrete matrix, resulting in high
maintenance costs and potential safety hazards.

Fungal colonization is one of the leading causes of concrete
biodeterioration. Species such as Aspergillus niger, Penicillium
chrysogenum, and Cladosporium cladosporioides thrive in moist
environments, forming biofilms and secreting organic acids
and enzymes that degrade the cement matrix.>”” These biolo-
gical processes cause physical damage and discoloration and
can also pose health risks through the release of airborne
spores.® Previous studies have shown that fungal metabolites
dissolve cement-binding agents, accelerating degradation.
Bhattacharyya et al.” reported that Aspergillus tamarii was the
most aggressive biodeteriorative species after three months of
exposure, while Fusarium sp. had the least effect. Similarly,
Chaudhuri et al. (2020)° observed severe degradation caused by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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A. tamarii over 180 days, and George et al.® documented major
deterioration after 12 months of exposure to Fusarium sp. The
acidic byproducts of fungal metabolism significantly increase
the material’s susceptibility to environmental attack.® To com-
plement laboratory and field studies, remote sensing tools such
as the normalized difference moisture index (NDMI) and land
use/land cover (LULC) mapping can help assess fungal risk by
identifying areas with high surface moisture and vegetation
that promote microbial proliferation.

Corrosion of reinforcing steel in concrete is another major
deterioration process. It occurs primarily in the presence of
water, oxygen, and aggressive ions such as chlorides, which
destroy the protective passive oxide layer on steel and initiate
pitting corrosion.’®'! Sliem et al.'* reported that chloride ions
accelerate corrosion by disrupting this passive layer. Additionally,
carbonation lowers the pH of the concrete, further promoting
corrosion and structural failure. To study these mechanisms,
simulated concrete pore solution (SCPS) methods are commonly
used for accelerated corrosion testing. SCPS usually contains
saturated Ca(OH),">'* or cement extract solution.">'® Many
studies have examined the effects of chloride concentration and
temperature on steel corrosion in SCPS. Adewumi et al."”
that increasing chloride concentration (500-2000 mg L") and
temperature (25-55 °C) increased the corrosion current density of
carbon steel in Ca(OH),~KOH-NaOH solutions. Liu et al.*® found
that corrosion potential (E,,;) varied with chloride ion concen-
tration in saturated Ca(OH),, while Poursaee'® observed chloride-
induced pitting when chloride ions destabilized the passive film
formed on steel in SCPS.

The combined effects of fungal biodeterioration and steel
corrosion significantly reduce the service life of concrete struc-
tures, particularly in industrial and marine environments where
both mechanisms coexist. Recent research has explored mod-
ified concrete systems incorporating nanoadditives and corro-
sion inhibitors to mitigate microbial and chloride-induced
damage.”®*! Conventional antifungal and corrosion-inhibiting
agents, such as halogenated compounds, quaternary ammonium
salts, and metal oxides, have shown effectiveness.”” For example,
Kong et al*® evaluated dodecyl dimethyl benzyl ammonium
chloride (DDBAC), copper phthalocyanine, sodium bromide,
sodium tungstate, and zinc oxide and found that copper phtha-
locyanine enhanced concrete strength and microbial resistance,
whereas zinc oxide, sodium bromide, and DDBAC inhibited
microbes but weakened the concrete matrix. Similarly, nitrites
and amines have been widely used as corrosion inhibitors.
However, most of these compounds are toxic and environmen-
tally unsafe.”® Recent advances in engineered surfaces like
slippery liquid-infused porous surfaces (SLIPS) have demon-
strated remarkable anti-contaminant and anticorrosion perfor-
mance on metallic substrates such as magnesium alloys.>*?
While being methodologically distinct from the bio-based anti-
fungal systems explored in this study, these technologies reflect a
broader paradigm shift toward multifunctional surface protec-
tion. However, the reliance on synthetic components and high
production costs associated with SLIPS has underscored the
need for more sustainable, naturally derived alternatives.

showed
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Bio-concrete formulations that incorporate nano-modified
fly ash or plant-based inhibitors have shown improved resistance
to biodeterioration and corrosion, aligning with sustainable
construction goals.”® Plant-derived materials are particularly
promising because they are rich in phytochemicals such as
alkaloids, tannins, and flavonoids, which possess antimicrobial
and corrosion-inhibiting properties. These compounds are typi-
cally non-toxic, biodegradable, and inexpensive to extract, mak-
ing them viable candidates for eco-friendly corrosion and
biodeterioration protection.

In this context, the present study investigates the dual-
function performance of ethanol extracts from Costus afer
and Chrysophyllum albidum leaves. The extracts are evaluated
for their potential to inhibit fungal growth on concrete surfaces
and to protect mild steel in simulated concrete pore environ-
ments. Using chemical characterization, microbiological
assays, and electrochemical analyses, this work proposes a
sustainable strategy to enhance the durability of reinforced
concrete in aggressive environments.

2. Materials and methods
2.1 Preparation of plant extracts

Fresh leaves of Costus afer and Chrysophyllum albidum were
sourced from a local market and authenticated at the Depart-
ment of Crop Science Technology, Federal University of Tech-
nology, Owerri. Each batch (15 g) of dried, pulverized leaves was
macerated in 300 mL of ethanol for 72 hours. The mixtures
were filtered, and the filtrates were stored as ethanol extracts
for subsequent analyses.

2.2 Fourier-transform infrared spectroscopy (FTIR) analysis

FTIR analysis was conducted to identify functional groups in
powdered leaves and extracts using a PerkinElmer Spectrum
2 FTIR spectrometer. Spectra were recorded in the range of
4000-450 cm ™.

2.3 Gas chromatography-mass spectrometry (GC-MS)
analysis

Phytochemical profiling of the extracts was performed using a
Shimadzu GC-MS-QP2010 PLUS system. Six microliters of
extract, pre-sonicated with n-hexane, were injected. Compound
identification was based on spectral comparison with the NIST
Library.

2.4 Collection of concrete samples

Deteriorated concrete samples were collected from surfaces in
Ozuoba, Port Harcourt, and FUTO, Owerri. Scrapings were
stored in labeled sterile bags and transported for microbial
analysis.

2.5 Preparation of the culture medium

Sabouraud dextrose agar (SDA) was prepared by dissolving 62 g
of SDA powder in 1 L of distilled water and sterilizing it at
121 °C for 15 minutes.

Mater. Adv., 2026, 7, 1188-1202 | 1189
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2.6 Fungal isolation and identification

Concrete samples (10 g) were vortexed with 90 mL of sterile
saline for 3 min and then serially diluted to 10~*. Aliquots
(0.1 mL) were plated on SDA and incubated (26 °C, 5 d). The
fungal isolates were observed morphologically and then exam-
ined microscopically after staining with lactophenol cotton
blue (10x and 40x magnification).

2.7 Antifungal susceptibility testing

Using the agar well diffusion method, fungal cultures (standar-
dized to 0.5 McFarland) were mixed with molten SDA (45 °C)
and poured into plates. Wells (6 mm diameter) were loaded
with 100 pL test extracts at varying concentrations. After
refrigeration (30 min) and incubation (26 °C, 24-48 h), inhibi-
tion zones were measured against sterile water controls.

2.8 Preparation of mild steel coupons

A36 mild steel coupons (1.0 x 1.0 x 0.2 cm) with composition
have been reported elsewhere (Onuoha et al. 2024). They were
embedded in PTFE with 1 cm? exposed. Surfaces were sequen-
tially abraded (800 — 1200 grit), degreased (ethanol — acet-
one), and desiccated before use.

2.9 Preparation of the simulated concrete pore solution
(scps)

The SCPS was prepared by dissolving 2 g of Ca(OH), in 1 L of
distilled water, yielding a pH of 12.5 at 36.5 °C.

2.10 Electrochemical measurements

Electrochemical testing was carried out using a Corrtest poten-
tiostat/galvanostat. A three-electrode cell setup included mild
steel as the working electrode, platinum as the counter elec-
trode, and a saturated calomel electrode as the reference
electrode. PDP scans were recorded from —0.25 V to +0.25 V
at 0.2 mV s~ . EIS was performed using a 5 mV AC signal from
100 kHz to 10 MHz.

2.11 Atomic force microscopy (AFM) analysis

Steel surfaces after 72 h of immersion in Ca(OH), solution with/
without extracts were examined using an nGauge AFM system.
Surface roughness parameters (Sq and S,) were recorded.

2.12 Remote sensing

This study applied geospatial analysis techniques to support
the evaluation of environmental conditions potentially influen-
cing fungal deterioration of concrete infrastructure in two
Nigerian urban centres: Port Harcourt and Owerri.

2.12.1 Satellite imagery acquisition and preprocessing.
Landsat 8 Operational Land Imager (OLI) data from the year
2025 were acquired via the USGS Earth Explorer platform. All
imagery was subjected to atmospheric correction and radio-
metric calibration to ensure spectral consistency. Processing
and analysis were conducted using ArcGIS Desktop 10.x.

2.12.2 Normalized difference moisture index (NDMI) map-
ping. The normalized difference moisture index (NDMI) was
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calculated to assess vegetation moisture levels across the study
areas using eqn (1):

(NIR — SWIR)

NDMI = (R T SwiR) )

where NIR and SWIR correspond to the near-infrared and
shortwave infrared bands of the Landsat imagery, respectively.
NDMI raster layers were generated in ArcGIS and classified to
represent gradients in vegetation moisture, ranging from low to
high. These maps were used to visualize spatial patterns in
environmental moisture conditions surrounding built-
up areas.

2.12.3 Land use/land cover (LULC) classification. Super-
vised classification was performed on the Landsat 8 imagery to
produce land use/land cover (LULC) maps for both cities. The
classification scheme included the following classes: bare sur-
face, forest vegetation, farm vegetation, paved surface, water
body, cloud cover, and shadow. Training samples were col-
lected from known ground features, and classification accuracy
was validated using ground-truth data and confusion matrix
analysis. The areal extent of each land cover type was computed
to support environmental characterization.

2.12.4 Spatial data extraction and zonal analysis. Zonal
statistics were performed to extract average NDMI values for
each city’s urban boundary polygon. This enabled spatial
quantification of vegetation moisture within defined municipal
extents. Similarly, the proportional distribution of LULC cate-
gories within each city boundary was derived to assess the
composition of land surface types, particularly impervious
surfaces that may be prone to fungal colonization.

3. Results and discussion
3.1 GC-MS analysis

The phytochemical components present in ethanol extracts of
both C. afer and C. albidum were identified using gas chroma-
tography-mass spectrometry (GC-MS). The obtained chromato-
grams are illustrated in Fig. 1, with detailed peak assignments
given in Table S1 (SI).

The GC-MS analysis revealed twenty phytochemical consti-
tuents in both Costus afer and Chrysophyllum albidum ethanol
extracts (Table 3). Several of these compounds have been
reported in the literature for their antifungal and corrosion-
inhibiting activities.

In C. afer, eight major bioactive compounds were identified.
Neophytadiene (peaks 1 and 3), a diterpenoid known for its
antifungal and antimicrobial activity, has been previously
reported in various plant extracts.”’*® Squalene (peak 8), a
triterpene, acts as an inhibitor of squalene synthase, interfering
with ergosterol biosynthesis in fungal membranes.>*** Methyl-
tetracosane (peak 11) is a long-chain hydrocarbon frequently
associated with bioactive plant fractions. Compounds such as
a-tocospiro B and o-tocospiro O (peaks 12 and 13), structural
analogues of a-tocopherol, demonstrate antioxidant and anti-
microbial activities.>*3* Additional notable components

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 GC-MS chromatogram of ethanol extracts of (a) C. afer and (b) C.

include ethyl iso-allocholate (peak 16), larossic acid acetate (33)
(peak 20), and (R)-6b,8a-epoxy-1,4,4a,5,6,7,8,8a-octamethyl-
decahydro derivatives (peak 18), all of which have been
reported in antifungal or bioactive plant materials.

Similarly, the C. albidum extract contained twelve antifungal
constituents. Squalene (peaks 10 and 12) was again identified
as a dominant bioactive compound. Siloxane derivatives such
as cyclononasiloxane, octadecamethyl- (peak 6) and cyclotetra-
siloxane, hexadecamethyl- (peak 8) exhibit known antimicro-
bial characteristics. Fatty acid esters, hexadecanoic acid, ethyl
ester (peak 5) and octadecenoic acid, ethyl ester (peak 7) act by
disrupting fungal membrane integrity.>*** Other notable con-
stituents include eicosane (peak 1), neophytadiene (peak 2),
and 3,7,11,15-tetramethyl-2-hexadecen-1-ol (peaks 3, 4), struc-
turally similar to antifungal phytol derivatives.’®?* Triterpe-
noids such as lup-20(29)-en-3-ol, acetate (peak 17), 7,8-
epoxylanostan-11-ol-3-one (peak 18), and 9,19-cyclolanostan-3-
ol, acetate (peak 20) further support antifungal potential.

Both extracts possess multiple phytochemicals with mole-
cular features typical of effective organic corrosion inhibitors,
aromatic rings, conjugated double bonds, and heteroatoms
(N, S, and O). These structural motifs enhance adsorption on
metal surfaces, thereby reducing corrosion rates.***” Com-
pared with reported plant-based inhibitors such as Gongronema
latifolium and Ocimum gratissimum, C. afer and C. albidum
demonstrate broader multifunctionality and potential synergis-
tic protection.*®3°

3.2 Corrosion studies

3.2.1 Potentiodynamic polarization. Potentiodynamic
polarisation experiments were carried out to assess the effects
of the extracts on the cathodic and anodic corrosion reactions.
Fig. 2 shows the effect of C. afer on the polarisation behaviour
of mild steel in Ca(OH),, while Fig. 3 shows the effect of C.
albidum. The corresponding polarisation parameters are given
in Table 1. The results show that mild steel underwent active
dissolution in Ca(OH), without and with the extracts, with no
distinctive transition towards passivation. The extracts influ-
enced both the cathodic and the anodic reactions, implying

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Potentiodynamic polarization plots of mild steel exposed in satu-
rated Ca(OH), solution without and with different concentrations of C. afer.

that they functioned via a mixed-inhibition mechanism. C. afer
can be seen to shift E.,, towards more positive (anodic)
potentials, with more pronounced anodic polarisation effect,
leading to significant reductions in the values of the corrosion
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Fig. 3 Potentiodynamic polarization plots of mild steel exposed in saturated
Ca(OH), solution without and with different concentrations of C. albidum.
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Table 1 PDP measurement results of mild steel in Ca(OH), solution

Concent-
ration  fi, Be Jeorr Eeorr  1E
System (gL™) (mVdec™) (mV dec™) (A cm™?) (V) (%)
Blank (sat. — 274.3 509.3 1590.5 —-0.619 —
Ca(OH),)
C. afer 0.1 141.0 56.0 27.8 —0.597 98.25
0.5 98.7 77.8 262.2 —0.601 83.51
C. albidum 0.1 101.5 163.8 459.2 —0.615 71.12
0.5 179.6 188.1 3.20 —0.649 99.8

current density (jcorr)- C. albidum also notably reduced i..,, and
shifted E.. towards more cathodic values, with more pro-
nounced cathodic polarisation. The inhibition efficiency (IE)
was calculated using eqn (2),***" where jeorr,0 and jeor represent
the corrosion current densities in the absence and in the
presence of the extracts.

1E :jcorr:0 7jcorr « 100%
Jcorr,0

(2)

The maximum inhibition efficiencies 98.25% (for C. afer)
and 99.8% (for C. albidum) are remarkable and confirm the

(@)

-2500000
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potential of both extracts as eco-friendly, green anticorrosion
additives for mild steel in SCPS. These results are compar-
able to or better than natural inhibitors reported in the
literature, such as ginger extract which achieved 91.2%
efficiency."

3.2.2 Electrochemical impedance spectroscopy (EIS). EIS
was employed to evaluate the kinetics of the electrode reactions
and the corrosion mechanisms occurring at the Fe/SCPS inter-
face. This analysis provided insight into how the biomass
extracts influenced these processes. The impedance responses
of the Fe/SCPS system, in the absence and in the presence of
C. afer and C. albidum extracts at concentrations of 0.1 g L™"
and 0.5 g L', are presented in Fig. 4 and 5 in both Nyquist and
Bode formats. The corresponding impedance parameters are
summarised in Table 2.

The Nyquist plots display depressed capacitive semicircles
characteristic of charge transfer processes, where the semi-
circle diameter represents the charge transfer resistance (R.)
at the Fe/Ca(OH), interface.”® The observed depression in the
semicircles is attributed to frequency dispersion effects
caused by surface heterogeneity and roughness variations
of the steel.** Due to this non-ideal frequency response, a

—s— Blank (sat Ca(OH),)
1| —e—0.1 g/L c.afer
—4—0.5 g/L c.afer

-2000000

-1500000
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T T
0 500000 1000000

T
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T
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(b)

—=— Blank(sat.Ca(OH),)
——0.1 g/L C.afer
——0.5 g/L C.afer

IZ| (Qem?)

2
X

Freq (Hz)
Fig. 4
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60
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(a) Nyquist, (b) Bode modulus, and (c) Bode phase angle plots of mild steel immersed in Ca(OH), with different concentrations of C. afer.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00687b

Open Access Article. Published on 20 November 2025. Downloaded on 6/21/2026 4:23:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
(a)
-1000000
—=— Blank (sat.Ca(OH),)
-900000-7 —o—0.1 g/L C.albidum
800000 —4—0.5 g/L C.albidum
s -700000 —
S -600000 —
§ -500000
N -400000 —
-300000 —
-200000
-100000
0 T T T T T
0 200000 400000 600000 800000 1000000 1200000
Z'(Ohm.cm?)
(b) (c)
161 —=— Blank (sat. Ca(OH),)
—o—0.1 g/L C.albidum
—4— 0.5 g/L C.albidum
&
o o
S 10°4 @
N
40+ —=— Blank (sat. Ca(OH),)
——0.1 g/L C.albidum
60405 glL C.albid
T T T T T T T T T T T
10 10" 10* 10° 10* 10° 1 10 100 1000 10000 100000
Freq (Hz) Freq (Hz)
Fig. 5 (a) Nyquist, (b) Bode modulus, and (c) Bode phase angle plots of mild steel immersed in Ca(OH), with different concentrations of

C. albidum.

Table 2 Electrochemical impedance parameters for mild steel in Ca(OH), without and with extracts

System R, (Q cm?) Ret (kQ cm?) Rt (kQ cm?) CPE (uF cm?) n W (Q s’%) Cal (UF cm™?) IE (%)
Blank (sat. Ca(OH),) 32.3 338.0 — 0.808 088 — 3.72 —

C. afer (0.1 g Lq) 397.0 3190.0 112.0 0.373 0.90 55.2 1.67 89.41
C. afer (0.5 g LY 59.3 1940.0 98.7 0.522 0.89  48.7 2.56 82.61
C. albidum (0.1 g LY 35.7 1360.0 86.5 0.487 091 524 1.74 75.25
C. albidum (0.5 g L™Y) 58.0 1960.0 107.0 0.704 0.92  50.1 2.24 82.78

constant phase element (CPE) was introduced into the
equivalent circuit model to account for deviations from ideal
dielectric behavior.

Nyquist plots obtained from electrochemical impedance
spectroscopy revealed marked differences between the
uninhibited system and those treated with Costus afer
and Chrysophyllum albidum extracts. In the untreated
control sample simulated concrete pore solution (SCPS),
a small, depressed semicircle was observed, characteristic
of active corrosion with minimal surface protection.
The corresponding charge transfer resistance (R..) was rela-
tively low at 3.38 x 10° Q cm?, while the double-layer

© 2026 The Author(s). Published by the Royal Society of Chemistry

capacitance (Cq;) was high (3.72 pF cm™?), reflecting a
highly conductive interface. This behaviour is typically
modelled using a simple Randles circuit [Rg(QaiRct)],
which is appropriate for systems with unimpeded electro-
chemical reactions. The depressed nature of the semi-
circle arcs is attributed to frequency dispersion, commonly
arising from surface heterogeneity and microstructural
roughness.**
The Cy, values were estimated from CPE parameters using
the modified Brug formula:
Ca1 = CPE x (Re)"™"

®)

Mater. Adv,, 2026, 7,1188-1202 | 1193
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where 7 is the CPE exponent, indicative of surface uniformity.
Higher n-values and lower Cq values suggest the formation of
more compact and homogeneous films.

Upon addition of the plant extracts, the diameter of the Nyquist
semicircles increased significantly, indicating enhanced inhibition
via formation of surface films that impede charge transfer. R
values increased by nearly an order of magnitude, up to 3.19 x
10° Q ecm? for C. gfer and 1.96 x 10° Q ecm? for C. albidum, while Cq
values concurrently decreased to 1.67-2.24 pF cm™ 2. This reduction
in interfacial capacitance is consistent with increased double-
layer thickness and lower dielectric constant at the interface,
both attributable to adsorption of extract molecules. The
impedance behavior of the inhibited systems is best described
using an extended Randles circuit, [Rs(Q¢(R¢(QaiRc+))], incorpor-
ating film resistance (Ry) in series with R.c and, in some cases, a
Warburg element (W) to account for diffusional resistance
through the adsorbed bioorganic layer. Interestingly, the
Nyquist plots also exhibit a second, smaller high-frequency
capacitive loop in the presence of both extracts. This feature is
attributed to the presence of a discrete adsorbed film introdu-
cing an additional interfacial process, or potentially, the altera-
tion of electrochemical reaction pathways, such as cathodic
oxygen reduction or anodic iron dissolution, resulting in multi-
ple time constants. These are further evident in the corres-
ponding Bode phase plots. Overall, the evolution of the
impedance response confirms that the extracts do not merely
retard corrosion, but establish a protective barrier that effec-
tively resists both charge transfer and mass transport at the
steel/SCPS interface.

Corrosion inhibition efficiency (IE%) values shown in
Table 2 were estimated by comparing the values of the charge
transfer resistance in the absence (R.ygi) and in the presence
of the extracts (R.yex) as follows:

ct/Ext — Ret/Blk

1E% = & x 100% (4)

Rct /Ext

The inhibition efficiencies obtained from both polarization
and impedance measurements confirm the high corrosion
protection offered by the plant extracts. The slightly higher
values from polarization studies (up to 99.8%) compared to
impedance experiments (up to 89.4%) can be attributed to
differences in measurement principles, with polarization
experiments capturing the instantaneous suppression of corro-
sion reactions, and impedance spectroscopy reflecting the
longer-term resistive and capacitive properties of the inhibitor
film. The modest discrepancy suggests that while the extracts
rapidly inhibit corrosion, the protective films may exhibit
minor porosity or diffusion effects over extended exposure.

3.3 Fourier-transform infrared spectroscopy (FTIR) analysis

FTIR analysis was undertaken to confirm the adsorption of the
extract organic matter on the Fe/Ca(OH), interface. To achieve
this, the dried leaf powders of C. afer and C. albidum, as well as
the ethanol extracts and scrapings of the corrosion product
layer on mild steel immersed in Ca(OH), containing 0.5 g L™ " of
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C. afer and C. albidum extracts, were analyzed using FTIR
(Fig. 6). The idea here was to identify the functional groups
within plant leaves and extracts and to match these with any
functional groups identified in the corrosion product layer.

The FTIR peak assignments are presented in Table 3. The
FTIR spectrum for C. afer is shown in Fig. 6a, and the peak at
3338 cm™ " corresponds to the presence of alcohol (O-H). The
peaks at 2974.20 and 2884.20 cm™ ' indicate the presence of
alkane (C-H). The peaks at 1380.39 cm ' and 1328.32 cm ™"
correspond to the presence of aldehydes (C-H bend)
and sulfone, respectively. The peaks at 1087.68 ¢cm ' and
1045.58 cm ™' indicate the presence of functional groups such
as amine (C-N stretching) and sulfoxide (S—O stretching),
respectively. The peaks from 879.94 to 619.92 cm ™" reveal the
presence of 1,3-disubstituted benzene (C-H bending) and halo
compounds (C-Cl stretching). For C. albidum (Fig. 6b), peaks
were recorded at 3339.01, 2974.43, 2884.62, 1654.23 and
1087.63, 1380.51, 1328.28, 879.87, and 611.43 cm ™ * that corre-
spond to O-H stretching (class: alcohol), C-H stretching (class:
alkane), N-H stretching (class: amine salt), C-N stretching
(class: imine/oxine, amine), C-H bending (class: aldehyde),
S—O stretching (class: sulfone), C-H bending (class: 1,3-
disubstituted benzene) and C-Cl stretching (class: halo com-
pound), respectively. For both C. afer and C. albidum, charac-
teristic peaks corresponding to O-H stretching (hydroxyl
groups), C-N (amine groups), and C-H stretching (alkanes)
were observed, indicating the presence of alkaloids, flavonoids,
tannins and other bioactive compounds known for their anti-
microbial and anticorrosion activities.*’

FTIR spectra of the extracts and corrosion product layers
from C. afer (Fig. 6a2) and C. albidum (Fig. 6b2) revealed bands
corresponding to O-H (alcohols), C-N (amines), and S—O
(sulfoxides) stretching and aromatic C-H bending. These func-
tional groups are commonly involved in adsorption processes
and metal surface complexation. Their presence in both the
original extracts and the steel surface residue confirms the
interaction between the extract constituents and the steel sur-
face, forming a barrier that hinders corrosion.

3.4 Atomic force microscopy (AFM)

AFM is an approach utilized for morphological analysis of
corroded surfaces at the micro to nanoscale, as it provides
values of root-mean-square roughness (S), peak height (S;,) and
average roughness (S,).*®*” Fig. 7 shows AFM images obtained
after immersion of the mild steel coupons in different test
environments.

As expected, the image for the blank (uninhibited Ca(OH),)
system revealed rough surface morphology due to extensive and
unrestrained corrosion damage. The surface roughness, Sy, and
Sa, decreased remarkably with addition of the corrosion inhi-
bitors (C. albidum and C. afer extracts), confirming their
remarkable anticorrosion effects. This reduction in surface
roughness supports the formation of a protective adsorbed
layer. The changes are consistent with other bio-inhibitor
studies, including those using Ceramium rubrum.*’

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FTIR spectra of the leaf powders and ethanol extract and corrosion products of (al) (@2) C. afer and (bl) (b2) C. albidum.
Table 3 FTIR peak assignments and corresponding functional groups
Wavenumber (cm ™) Functional group/bond Class/compound type Sample
3338.88/3339.01 O-H stretching Alcohol (-OH) C. afer, C. albidum
2974/2974.43 C-H stretching Alkane C. afer, C. albidum
2884/2884.62 C-H stretching Alkane C. afer, C. albidum
1654.23 N-H stretching Amine salt C. albidum
1380.39/1380.51 C-H bending Aldehyde C. afer, C. albidum
1328.32/1328.28 S=0O stretching Sulfone C. afer, C. albidum
1087.68/1087.63 C-N stretching Amine/imine/oxime C. afer, C. albidum
1045.58 S=O stretching Sulfoxide C. afer
879.94/879.87 C-H bending 1,3-Disubstituted benzene C. afer, C. albidum
619.92/611.43 C-Cl stretching Halo compound C. afer, C. albidum

20pum
02pm

20um
-0.0 pm

(a) S;=299.7 nm
S,=114.3 nm

(b) S=159.6 nm
S.=77.9 nm

(c) S=195.9nm
S.=91.7 nm

Fig. 7 3D AFM topographic view of the coupons immersed in (a) uninhibited Ca(OH),, (b) Ca(OH), with 0.5 g L™ of C. albidum ethanol extract and (c)
Ca(OH), with 0.5 g L™ of C. afer ethanol extract.
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3.5 Remote sensing assessment of fungal risk in urban
concrete environments

The risk of fungal deterioration and corrosion of concrete in
Port Harcourt and Owerri can be assessed by examining key
environmental and industrial factors that contribute to such
degradation. Both cities experience humid, high-rainfall cli-
mates that promote fungal growth and compromise concrete
durability. Remote sensing analysis using 2025 Landsat 8
imagery was conducted to assess environmental susceptibility
to fungal biodeterioration in two urban centres: Port Harcourt
and Owerri, via the normalized difference moisture index
(NDMI) and land use/land cover (LULC) mapping. NDMI results
(Fig. 8) show that Port Harcourt had predominantly low values
(—0.9255 to —0.38), indicating reduced vegetation moisture, while
Owerri exhibited higher NDMI values (—0.7358 to —0.0035),
reflecting more vegetated, moisture-retentive conditions.

Land use/land cover (LULC) analysis (Fig. 9) provided valu-
able environmental context. Port Harcourt exhibited a signifi-
cantly higher proportion of paved surfaces (60.75%) compared
to Owerri (36.71%), confirming its denser urban footprint.
Impervious surfaces such as roads, buildings, and industrial
areas are known to support fungal colonization in warm,
humid climates. These surfaces retain moisture at the micro-
scale, creating localized conditions conducive to fungal growth

6°53'50"E T40E
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even in regions with low vegetation moisture. The elevated
fungal risk in Port Harcourt is further linked to its intense
industrialization, particularly oil and gas operations, which
introduce additional environmental stressors, including acidic
emissions, saline soils, and pollutant deposition. In contrast,
Owerri’s lower industrial activity and less severe urban stress
result in a comparatively lower environmental risk, despite
sharing similar macroclimatic conditions.

Although NDMI does not directly quantify surface moisture
on concrete substrates, it offers useful insight into the broader
microclimate. Port Harcourt, despite exhibiting lower NDMI
values, was assigned a higher fungal deterioration risk score
(3), driven by its high rainfall, humidity, and urban density.
Owerri, with higher NDMI values and greater vegetative cover,
received a moderate risk score (2). Taken together, the NDMI
and LULC assessments informed a fungal deterioration risk
factor scoring framework, summarized in Table 4.

3.6 Fungal identification and characterization

A total of seven fungal isolates were obtained from deteriorated
concrete samples from Port Harcourt (Ozuoba) and Owerri
(FUTO). Identified strains included Aspergillus oryzae, A. niger,
A. fumigatus, A. terreus, and Penicillium spp. Morphological
features and microscopic examination with lactophenol cotton
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Fig. 8 Normalized difference moisture index (NDMI) maps of Port Harcourt (left) and Owerri (right) for 2025, derived from Landsat 8 imagery. The maps
illustrate spatial variability in vegetation moisture, with red zones indicating drier, less vegetated areas and green zones representing higher moisture
content. Port Harcourt shows more extensive low-NDMI regions, correlating with higher fungal deterioration risk due to increased surface exposure,

impervious urban cover, and environmental stressors.
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Fig. 9 Land use/land cover (LULC) classification map of Port Harcourt (left) and Owerri (right) for 2025, highlighting extensive areas of paved surfaces
(red) and water bodies (blue), with limited vegetation cover. The dominance of impervious surfaces and fragmented green zones is indicative of dense
urbanization and industrial development, factors that contribute to higher fungal biodeterioration risk by promoting surface exposure, reduced moisture

retention, and pollutant accumulation.

blue stain confirmed identification. The fungal species
observed in these samples are listed in Table 5, with respect
to their isolate codes and their cultural and microscopic
characteristics (Table 6).

Fungal species isolated from Ozuoba, Port Harcourt,
included Aspergillus terreus, Penicillium roqueforti, and Aspergil-
lus fumigatus, all known for their aggressive biodeteriorative
potential. This combination places Ozuoba at a very high risk
for fungal-induced concrete degradation (Fig. 8). In compar-
ison, FUTO, Owerri, had a slightly more diverse but somewhat
milder fungal profile, with the presence of Aspergillus oryzae,
Penicillium spp., A. terreus, and the highly corrosive A. niger.
While the overall fungal mix is less aggressive than that of
Ozuoba, the inclusion of key degraders still results in a mod-
erate to high risk designation for FUTO.

3.7 Antifungal susceptibility test

The antifungal activity of ethanol leaf extracts from Costus afer
and Chrysophyllum albidum was evaluated using the agar well
diffusion method against fungal strains isolated from FUTO
(Owerri) and Ozuoba (Port Harcourt). Four concentrations were
tested (12.5, 25, 50, and 100 mg mL ™), with incubation at 26 °C

for 24-48 hours. The diameters of the inhibition zones (mm)
were measured and are summarized in Table 7.

The antifungal activity varied with both concentration and
fungal strain. C. albidum demonstrated greater overall efficacy,
with inhibition zones reaching up to 36 mm against A. niger
(FUTO isolate). In contrast, A. terreus (PHC 1) exhibited com-
plete resistance to both extracts. These results indicate strain-
specific sensitivity, likely influenced by environmental adapta-
tion. Comparatively, Iyabo et al.*® reported inhibition zones of
14-22 mm for A. niger using similar plant extracts, whereas the
present study achieved up to 36 mm, underscoring the superior
antifungal potency of C. albidum.

Although both extracts exhibited measurable antifungal
potential, the ethanol extract of C. albidum was significantly
more effective (Fig. 10). This enhanced activity can be attrib-
uted to its broader range of bioactive constituents acting
individually or synergistically. GC-MS analysis identified eight
antifungal compounds in C. gfer, including neophytadiene,
squalene, 1-methyltetraisosane, o-tocospiro B and O, ethyl
iso-allocholate, (R)-6b,8a-epoxy-octamethyl decahydro deriva-
tives, and larossic acid acetate. While solvent effects were not
explicitly examined, the use of a common solvent for both plant
materials ensured that the observed differences in antifungal

Table 4 Risk factors and risk assessment for fungal deterioration and corrosion of concrete

Scores Risk assessment
Factor Low (1) Medium (2) High (3) Port Harcourt Owerri
Rainfall/humidity <1500 mm per year 1500-2500 mm per year >2500 mm per year High High
Temperature <26 °C 26-28 °C >28 °C High High
Industrial activity Rural/remote Semi-industrial Oil/gas hubs High Low
Soil salinity/pH pH 7-8, low salt pH 6-7 or 8-9, moderate pH <6 or >9, high salt High Moderate
Urbanization Low population Medium High population density High Moderate

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Identified fungal species and their cultural and microscopic characteristics
Isolate
code/ Cultural characteristics of the SDA Identified
location medium Microscopic/morphological pattern species
PHC 1 Brown sporing/granular surface and Vesicles are hemispherical and phialides are produced from a primary Aspergillus
yellow cracked reverse row of Metula terreus
PHC 2 Blue-green velvet surface and light Septate is profuse with branching, and conidiophores are long and Penicillium
reverse branched with structures. Conidia are produced in dry chains from the  roqueforti
tips of the phialides
PHC 3 Smoked grey-green sporing/granular Vesicles are globose and phialides are produced directly from the Metula  Aspergillus
surface and light-yellow cracked Sfumigatus
reverse
OWR 1 Yellowish green sporing/granular Vesicles are globose and phialides are produced directly from the Metula  Aspergillus
surface and light cracked reverse oryzae
OWR 2 Black sporing/granular surface and Septate hyphae with long conidiophores that support spherical vesicles  Aspergillus
yellow cracked reverse that give rise to large Metula from which long chains of conidia are niger
produced
OWR 3 Brown sporing/granular surface and Vesicles are hemispherical and phialides are produced from a primary Aspergillus
yellow cracked reverse row of Metula terreus
OWR 4 Blue velvet with white edge colony, Hyphae are hyaline and septate and produce brush-like conidiophores Penicillium sp.
reverse light yellow
Table 6 Identified fungi (mould) species and their deterioration potential  Table 7 Antifungal activities of different concentrations of ethanolic leaf
extracts of C. afer and C. albidum and the inhibition zone diameter
Isolate Identified
code/location  species Known impact on concrete Inhibition zone diameter (mm)
PHC 1 Aspergillus Acid-producing, moderate concrete 12.5 25 50 100
terreus degrader Fungal strain mg mL' mgmL ' mgmL™' mgmL™"
PHC 2 Penicillium Known biodeteriorant, secretes
roqueforti organic acids C. afer )
PHC 3 Aspergillus Thermotolerant, known for biofilm  FUTO 1-Aspergillus oryzae 0 0 0 18
fumigatus formation FUTO 2—Aspergz_llus niger 0 0 3 17
OWR 1 Aspergillus Mildly invasive, low direct impact FUTO 3-Aspergillus terreus 2 7 18 28
oryzae FUTO 4-Penicillium spp. 0 0 5 15
OWR 2 Aspergillus niger  High acid producer PHC 1-Aspergillus terreus 0 o 0 0
(oxalic, citric) — corrosive PHC 2—Pemczll'zum roqz'tq’ortl 0 4 10 15
OWR 3 Aspergillus Acid-producing, moderate concrete ~ PHC 3-Aspergillus fumigatus 0 0 0 10
terreus degrader C. albidum )
OWR 4 Penicillium spp.  Varies, mostly moderate impact FUTO 1-Aspergillus oryzae 0 2 15 24
FUTO 2-Aspergillus niger 25 36 18 28
FUTO 3-Aspergillus terreus 0 14 20 22
FUTO 4-Penicillium spp. 0 18 20 24
PHC 1-Aspergillus terreus 0 0 0 0
activity primarily reflect intrinsic compositional variations PHC 2-Penicillium roqueforti 0 2 18 20
rather than solvent bias. PHC 3-Aspergillus fumigatus 0 0 0 20

In contrast, C. albidum yielded twelve active compounds,
including squalene, cyclononasiloxane, cyclotetrasiloxane, alpha-
tocopherol, fatty acid esters (hexadecanoic acid and octadecenoic
acid), eicosane, neophytadiene, 3,7,11,15-tetramethyl-2-hexadecen-
1-ol, lup-20(29)-en-3-ol acetate, 7,8-epoxylanostan-11-ol-3-one, and
9,19-cyclolanostan-3-ol acetate. Many of these compounds, such as
squalene, tocopherols, and cyclotetrasiloxanes, are known to exert
membrane-disruptive and oxidative stress-inducing effects in
fungal cells.

The superior antifungal activity of C. albidum aligns with
findings from previous studies. For example, squalene, alpha-
tocopherol, neophytadiene, and fatty acid esters have been
reported to possess significant antifungal or antimicrobial
activity.*>*® In contrast, C. afer has shown more species-
specific antifungal activity, with Sonibare et al.>' noting vari-
able efficacy depending on fungal type and concentration. The
smaller number of active antifungal constituents in C. afer

observed in this study supports this limited-spectrum
behavior.
198 | Mater. Adv, 2026, 7, 1188-1202

Fungal isolates from Port Harcourt and Owerri exhibited
distinct susceptibility patterns, aligning with environmental
observations from each location. In Port Harcourt, Aspergillus
terreus remained resistant to all concentrations of both Costus
afer and Chrysophyllum albidum extracts. This resistance is
likely linked to long-term adaptation to harsh environmental
stressors such as hydrocarbon pollutants, salinity, and indus-
trial emissions, consistent with earlier findings on microbial
resilience in the region.”>>* Other fungal strains from Port
Harcourt (e.g., P. roqueforti and A. fumigatus) were effectively
inhibited, particularly by C. albidum, suggesting selective vul-
nerability despite the area’s classification as a very high-risk
site. These findings support previous reports on the antifungal
action of bioactive compounds such as squalene and toco-
pherol in biomass extracts.***! With consistent application,
the biological threat level at Port Harcourt could potentially be
downgraded from ‘“very high” to “moderate to high.” In

© 2026 The Author(s). Published by the Royal Society of Chemistry
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contrast, fungal isolates from Owerri, including A. oryzae,
A. niger, A. terreus, and Penicillium spp., demonstrated mixed
but generally higher susceptibility to both extracts. A. niger, a
well-known concrete-degrading species, was strongly inhibited
by C. albidum, corroborating earlier reports of its efficacy.®”>
Although A. terreus showed resistance in both locations, the
broad-spectrum activity of C. albidum against multiple strains
underscores its potential as a viable antifungal agent for humid
environments such as Owerri.

These biological trends correspond well with spatial envir-
onmental indicators. Port Harcourt’s low NDMI values and
high proportion of impervious surfaces reflect a harsher urban
microclimate conducive to fungal persistence and resistance.
Meanwhile, Owerri’s higher NDMI and vegetative cover corre-
late with lower fungal resistance and reduced risk. These
findings highlight the complex interplay between vegetation
moisture, land use, and microbial adaptation. While NDMI
provides a useful regional overview, this study affirms the
importance of integrating local-scale microbial diagnostics
with remote sensing tools for accurate fungal risk mapping
and development of site-specific bioprotection strategies.

4. Conclusion

This study confirms the significant potential of Costus afer and
Chrysophyllum albidum ethanol leaf extracts as dual-function,
bio-based additives for enhancing the durability of reinforced
concrete. Both extracts demonstrated substantial antifungal
and anticorrosion activity, with C. albidum consistently out-
performing across most metrics. These findings align with
recent advances in self-healing and eco-sustainable concrete
technologies employing plant-derived modifiers.
Phytochemical characterization using GC-MS and FTIR
confirmed the presence of bioactive compounds such as flavo-
noids, alkaloids, and siloxanes, known for their antimicrobial
and corrosion-inhibiting properties. Electrochemical analysis
revealed significant reductions in corrosion current density and
notable increases in charge transfer resistance, with C. albidum

© 2026 The Author(s). Published by the Royal Society of Chemistry

~1 ethanol extracts of C. afer and C. albidum leaves.

achieving inhibition efficiencies as high as 99.8%. These elec-
trochemical trends were validated by AFM surface morphology,
which showed reduced roughness and evidence of protective
film formation. Antifungal assays further demonstrated strong
inhibitory effects against concrete-degrading fungi, including
Aspergillus niger, A. terreus, and Penicillium spp.

In comparison with conventional synthetic and natural
inhibitors reported in the literature, these biomass-based treat-
ments offer competitive or superior performance while remain-
ing non-toxic, biodegradable, cost-effective, and locally
sourced. Their integration into concrete coatings, admixtures,
or steel reinforcement protection systems represents a promis-
ing strategy for sustainable infrastructure, especially in tropi-
cal, marine, or industrial regions susceptible to microbial
degradation and chloride-induced corrosion.

Notably, this work also highlights the utility of remote
sensing tools such as NDMI and LULC mapping as valuable
complements to laboratory diagnostics. These tools offer spa-
tial insight into environmental moisture and land cover
dynamics that influence fungal colonization potential in urban
concrete environments.

Future work should prioritize long-term field validation of
the extracts under real-world exposure conditions, assessment
of synergistic effects through multi-extract or nanoadditive
formulations, and compatibility studies with conventional con-
crete admixtures. Additionally, expanded remote sensing appli-
cations incorporating indices such as NDVI or land surface
temperature (LST) and microclimate modelling could enhance
the predictive accuracy of fungal risk assessments. Finally,
investigating the response of biofilm-forming fungal consortia
to these extracts will help establish their robustness against
complex microbial communities commonly found in deterior-
ating infrastructures.
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Data availability

The datasets generated and/or analyzed during the current
study are available from the corresponding authors on reason-
able request. The data will be stored in a secure data repository
and will be made accessible to the public upon publication. The
data will be formatted according to community standards to
facilitate reuse and analysis.

The data supporting this article have been included as part
of the supplementary information (SI). Supplementary informa-
tion: experimental data on antifungal and corrosion-inhibiting
properties of Costus afer and Chrysophyllum albidum extracts;
material characterization data (e.g., FTIR, GC-MS, electroche-
mical impedance spectroscopy, potentiodynamic polarisation);
antifungal susceptibility test results; remote sensing. See DOI:
https://doi.org/10.1039/d5ma00687b.
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