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Abstract. This study intended to improve the service life of reinforcing mild steel (MS) within concrete 
beams (CBs) by incorporating leaf extracts from Justicia adhatoda L. (JAL) and Persea americana Mill. 
(PAL) as concrete admixtures in corrosive environmental conditions. The research involved monitoring the 
corrosion susceptibility levels of mild steel-reinforced concrete beams (MS-CBs) with varying 
concentrations of JAL and PAL extracts—specifically, 500, 1000, 2000, and 4000 ppm. Half-cell potential 
(HCP) and electrical resistivity (ER) data were collected for seven months or more, following ASTM 
standards, and were recorded at various time intervals to ensure accurate assessment. The outcomes 
indicated that the corrosion resistance of the MS in CBs significantly improved with 500-4000 ppm of these 
extracts as a concrete admixture, as compared with the corrosion level of the MS-CBs without extract 
(control). Phyto-screening analysis has identified key bioactive components, including alkaloids, 
flavonoids, and tannins. FTIR and UV-visible analysis results validate the conclusions drawn from the 
phyto-screening tests. Scanning electron microscopy (SEM) analysis provides pertinent surface information 
regarding the MS in CBs, yielding valuable insights into the chemical composition that may facilitate the 
development of novel anti-corrosive films for corroded MS, thereby mitigating early corrosion damage in 
MS-CBs and elucidating the corrosion inhibition mechanism. The study highlights the potential of plant-
based inhibitors to enhance the durability of reinforced concrete, offering practical benefits for infrastructure 
longevity and guiding future research in sustainable construction materials. 

       

1 Introduction 
Concrete is one of the most widely used structural 
materials in modern engineering due to its excellent 
compressive strength; however, it exhibits relatively low 
tensile strength [1]. To address this limitation, 
reinforcement using steel rebar has become standard 
practice, leading to the development of reinforced 
concrete [2]. In its initial state, concrete has a high pH 
(above 12), which promotes the formation of a passive 
oxide layer on the reinforced metal surface, protecting it 
from corrosion [3]. However, the ingress of aggressive 
environmental pollutants through the concrete’s pores can 
lower the pH below 10, dissolve or break down the 
passive layer, and hence initiate corrosion [4]. The results 
ultimately lost the structural integrity of the reinforcement 
concrete infrastructures [5]. 

Corrosion of reinforcement concrete is a progressive 
and unavoidable process. The interaction between 
environmental contaminants and MS surfaces, facilitated 
by the porous nature of concrete, is a key factor in MS-
CBs corrosion [6]. It can mitigate but cannot be avoided 

 
* Corresponding author : neutan08@gmail.com 
† Corresponding author : bhattarai_05@yahoo.com 

completely. Many mitigation strategies include the use of 
coated rebars [7] and corrosion-inhibiting admixtures [8]. 
However, the coated reinforcement rebars did not provide 
total protection in reinforced concrete (RC). Their use 
does not effectively reduce the damage caused by 
chloride-induced corrosion when compared with 
uncoated bars embedded in concrete with similar 
characteristics [9]. 

Besides the use of coated rebars to control the early 
corrosion damage of MS in RC structures, synthetic 
organic and inorganic waterproofing chemicals 
effectively inhibit corrosion in reinforced concrete 
structures where safety is critical [10]. These 
waterproofing chemicals are commonly used in both 
commercial and residential projects to create 
impermeable concrete by reducing its porosity [11] and 
filling its pores and capillaries [12]. The ingress rate (Ri) 
of moisture or pollutants through concrete capillaries is 
proportional to the fourth power of the capillary radius (r), 
noted as Ri ∝ r4 [13]. It means even minor alterations in 
pore size can affect the rates at which corrosion-
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enhancing moisture penetrates and influence the 
permeability of pollutant gases. 

The usage of cement-based WProf additives can help 
to reduce capillary diameter and slow down the 
degradation of concrete structures [14]. It is achieved 
through the formation of hydrated calcium silicate (C-S-
H) gel when using waterproofing chemicals as concrete 
additives [15]. However, such waterproofing chemicals 
have exhibited toxic, carcinogenic, and environmentally 
harmful properties. Therefore, in recent decades, cost-
effective and eco-friendly plant-based inhibitors have 
been crucial in mitigating the corrosion of metals and their 
alloys. Consequently, this work has prompted us to seek 
greener concrete admixtures. 

There has been increasing interest in developing green 
corrosion inhibitors derived from components of natural 
plants found in Nepal to mitigate the corrosion of metals 
and their alloys including the mild steel. As a result, in 
response to the necessity for eco-friendly alternatives to 
synthetic waterproofing agents and the corrosion-prone 
inorganic and organic compounds affecting RC 
infrastructure, recent research has focused on the potential 
of green corrosion inhibitors derived from plant sources 
as concrete admixtures. 

Nepal's flora offers significant opportunities to 
identify natural inhibitors that control concrete corrosion, 
integrating them into concrete formulations to enhance 
the durability of RC structures. In this context, a primary 
objective of this investigation is to develop an 
environmentally sustainable anti-corrosive concrete 
admixture derived from the leaves of two Nepali plants, 
Justicia adhatoda L. (JAL) and Persea americana Mill. 
(PAL), named as Asuroo (Malabar nut) and Avocado, 
respectively, in Nepali. 

Both plant-based extracts are promising green 
alternatives for corrosion inhibition due to the formation 
of protective adsorption layers—either physically or 
chemically—on the surface of mild steel through 
interactions between their bioactive components and iron 
atoms. Avocado (Persea americana Mill.) has gained 
popularity because of its rich nutritional profile and 
potential health benefits [16]. Research has identified a 
wide range of secondary phytochemicals in avocado 
extracts, including carotenoids, flavonoids, alkaloids, 
terpenoids, and long-chain fatty alcohols [17]. Studies 
have also explored the use of avocado seed extract as an 
eco-friendly corrosion inhibitor for mild steel in 0.5 M 
sulfuric acid, employing both gravimetric and 
electrochemical methods [18]. Another study found that 
avocado leaf extract effectively acts as a green corrosion 
inhibitor in acidic solutions [19]. 

Similarly, Justicia adhatoda L., commonly known as 
Malabar nut in English, is a plant belonging to the 
Acanthaceae family. It contains various bioactive 
phytoconstituents, including alkaloids, phytosterols, 
polyphenols, and glycosides [20]. The effectiveness of 
the leaf extract from this plant as a corrosion inhibitor 
was evaluated on mild steel in aqueous neutral 
electrolyte using weight loss, corrosion potential, and 
potentiodynamic polarization methods [21]. 

To the best of the authors' knowledge, this study is the 
first to explore the use of Justicia adhatoda L. (JAL) and 
Persea americana Mill. (PAL) leaf extracts as corrosion-
inhibiting concrete admixtures. The researchers 
investigate the anti-corrosive performance of these 
extracts under ambient conditions using the HCP and ER 
methods in compliance with ASTM standards [22]. 
Complementary surface analyses further support the 
findings. This work contributes to the development of 
eco-friendly, cost-effective, and sustainable corrosion 
inhibitors or concrete admixtures for use in reinforced 
concrete structures. 

2 Materials and methods 
Mature and healthy leaves of the Persea americana 
(Mill.) and Justicia adhatoda (L.) plants were collected 
from Tanglaphant in Kirtipur Municipality, Kathmandu, 
and Janaki Rural Municipality in the Durgauli area of 
Kailali district, respectively. The leaves were cleaned 
individually several times using distilled water and then 
air-dried, placing them in shaded areas for 25 days. An 
electric mill was used to grind the dried leaves of each 
plant into a fine powder for preparing individual plant 
extracts. 

Roughly 400 g of pulverized leaf powder of each plant 
was weighed and mixed separately into seven 2000 mL 
conical flasks containing 800 mL of methanol. After 
being tightly sealed and thoroughly shaken, they were 
kept for 2 weeks or more with regular shaking. The 
mixtures were filtered using Whatman filter paper. Excess 
methanol in the filtrate was concentrated using a rotary 
evaporator (IKA RV 10 digital V, Germany) (as 
illustrated in Figure 1) to remove residual methanol from 
each extract, yielding semi-solid forms of the leaf extracts 
from Persea americana (PAL) and Justicia adhatoda 
(JAL), as described elsewhere [24]. 

 
Fig. 1. Steps for JAL and PAL preparation. 

These extracts were subsequently transferred to a 
container to evaporate the remaining methanol, which 
acts as a concrete admixture or as an eco-friendly 
corrosion inhibitor. Both semi-solid extracts were stored 

2

E3S Web of Conferences 679, 01020 (2025) https://doi.org/10.1051/e3sconf/202567901020
RI2C 2025



 
 

 

separately in a freezer at 4°C or lower before being mixed 
with concrete aggregates. 

A mold box measuring 36 cm × 9 cm × 9 cm was used 
for preparing the MS-CBs [Figure 2(d)]. Initially, sets of 
concrete mixtures were prepared using a ratio of 1:2:3 for 
cement, sand, and gravel [Figure 2(a)], with a water-to-
cement ratio of 0.45 per ASTM C1582/C1582M-11 
standard [22]. The required amounts of the plant extract 
dissolved in distilled water for preparing the concrete 
paste [Figure 2(c)]. The concrete paste, with or without 
the addition of plant extracts, was poured into the molds, 
embedding a 10 mm diameter mild steel rebar into each 
beam. The beams without any extracts served as the 
control MS-CB. 

 
Fig. 2. Materials of MS-CB preparation [cement-sand-gravel 
(a), mechanically and chemically cleaned MS rod (b), concrete 
paste (c), MS rod fix in a casting box (d), and MS-CB (e)]. 

Before embedding, each mild steel rebar (MSR) was 
cleaned with silicon carbide sandpaper, treated in 
concentrated HCl and Na2CO3 solution, and then washed 
with distilled water. To record the half-cell potential 
(HCP), as demonstrated in previous research by Roka et 
al., 2 cm of the MS rebar was intentionally left exposed at 
one end of the MS-CB. The exposed end of the MS rebar 
(i.e., the 2 cm MS rebar left outside the reinforced 
concrete beam) functions as a working electrode to which 
the positive pole of the digital multimeter is connected, as 
demonstrated in Figure 2(e) as well as in Figure 3. 

A total of eight sets of steel-reinforced concrete beams 
were produced using varying concentrations of JAL and 
PAL, ranging from 500 to 4000 parts per million (ppm) 
[Figures 3(a) and 3(b)]. Each MS-CB surface has marked 
four points just above the embedded MS to record the in-
situ electrochemical properties of HCP and ER. The 
average of these four points of each MS-CB was 
calculated with standard error values (n=4). 

After casting, all beams were cured at room 
temperature (25 ± 2°C) for one week. Following this 
period, the HCP and ER were recorded periodically over 
seven months. A digital multi-meter was employed for 
these measurements, utilizing a saturated calomel 
electrode (SCE) as the reference electrode (RE) and the 
exposed MS rebar as the working electrode (WE). For 
consistent measurement of HCP and ER, four equally 
spaced points labeled 1 through 4 were marked on the top 
of each MS-CB, as illustrated in Figures 3 (a) and 3(b). 

The HCP and ER values were determined by 
connecting the negative terminal of the multi-meter to 
the reference SCE electrode and the positive terminal 
of the multi-meter to the exposed end of the MS rebar. 
To measure the HCP and ER, the SCE electrode was 
inserted in a moistened sponge and positioned directly 
above every four points of MS-CBs. The corrosion 

level can be inferred from the measured average values 
of HCP and ER, as outlined in Table 1 [24]. 

 
Fig. 3. Experimental set up for measurement of HCP (a) and ER 
(b). 

Table 1. Correlation between HCP and ER values with 
corrosion risk level of MS-CBs [31]. 

HCP (mV vs 
SCE) 

ER 
(kΩ.cm) 

Corrosion risk level of 
MS-CBs 

< -276 <10 High or more than 90 % 
corrosion risk (HiC) 

−276 to −126 10 to 20 Mild   or 10-90% of 
corrosion   risk (MiC) 

> −126 > 20 Low or less than 10 % of 
corrosion risk (LoC) 

The JAL and PAL, utilized as concrete admixtures, 
were characterized using UV-Vis (SPECORD®200PLUS, 
Germany), FTIR (IR Affinity-1S, SCHIMADZU), GC-MS 
(Agilent 7890B Gas Chromatograph coupled with a 5977A 
Mass Selective Detector), and ultra-high-performance 
liquid chromatography (UHPLC) (XEVO G2-XS QTOF, 
Waters Corporation, USA) analysis to analyze the 
electronic properties of secondary metabolites (SeMBs), 
their functional groups, identify the number and confirm 
the presence of varieties of SeMBs in both plant extract. 
The surfaces of MS before and after reinforcement in CBs 
were analyzed using optical and scanning electron 
microscopic (Tabletop SEM-TM 4000, Hitachi). 

The JAL and PAL, utilized as concrete admixtures, 
were characterized using UV-Vis (SPECORD®200PLUS, 
Germany), FTIR (IR Affinity-1S, SCHIMADZU), GC-MS 
(Agilent 7890B Gas Chromatograph coupled with a 5977A 
Mass Selective Detector), and ultra-high-performance 
liquid chromatography (UHPLC) (XEVO G2-XS QTOF, 
Waters Corporation, USA) analysis to analyze the 
electronic properties of secondary metabolites (SeMBs), 
their functional groups, identify the number and confirm 
the presence of varieties of SeMBs in both plant extract. 
The surfaces of MS rebar before and after reinforcement 
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in CBs were analyzed using optical and scanning electron 
microscopic (Tabletop SEM-TM 4000, Hitachi). 

3 Results and discussion  
Based on the phytochemical screening test [21], the 
methanolic leaf extracts of Justicia adhatoda (JAL) 
and Persea americana (PAL) show positive tests for 
phenols, alkaloids, flavonoids, and terpenoids. In 
contrast, both plant extracts show negative tests for 
saponins and steroids (as shown in Table 2). 

These phyto-compounds have shown prospective 
action, developing a corrosion-resistant passive film on 
the surface of MS rebar in CBs. The findings of the phyto-
compound screening tests conducted in this study are 
consistent with previously reported data on the methanol 
extract prepared from the leaves of Justicia adhatoda [25] 
and Persea americana [26]. 

Table 2. Screening tests for constituents present in JAL and 
PAL. 

Constituent Test name/agent JAL PAL 
Phenols Lead acetate + + 
Alkaloids Dragendroff's test + + 
Saponins Foam − − 
Flavonoids Alkaline + + 
Glycosides Legal − + 
Tannins Ferric chloride + − 
Terpenoids Salkowski + + 
Carbohydrates Molisch Reagent − + 

 ('+' refers to the presence and '-' refers to the absence) 

The UV-Vis peaks of JAL and PAL were recorded 
between 200-800 nm wavelength due to the presence of 
secondary metabolites [27], as illustrated in Figures. 4(a) 
and 4(b), respectively. The JAL and PAL exhibited 
distinctive peaks at the range of 250-700 nm wavelength 
or ultraviolet/visible region and for the π-conjugation of 
single-double bonds in secondary metabolites or 
chlorophyll when subjected to UV-visible spectroscopy, 
which revealed the presence of alkaloids, flavonoids, 
terpenoids, and phenols, as reported in the literature [28]. 
Doublet peaks at 268 nm and 273 nm for JAL are due to 
the presence of -OH, -OCH3, -CN, or -COOH groups 
attached to aromatic ring compounds [29], which are 
difficult to observe for PAL. Literature has noticed that 
the UV-Vis peak around 270-280 nm represents the 
presence of phenolic groups in guava leaf extract [30]. 
Furthermore, the UV-Vis bands at 288 nm and 332 nm 
demonstrated the existence of tannins and phenolic 
compounds, respectively, as in the literature [31]. 

Similarly, peaks observed around 330 nm and 380 nm 
are due to the presence of flavonoids in PAL and are 
difficult to observe for JAL. A peak at 405 nm is due to 
the presence of terpenoids, as reported elsewhere [29]. 
The peak around 663-665 nm is due to the presence of 
chlorophyll. The peak observed around 320-332 nm is due 
to the presence of flavonoids in the plant extracts. In the 
same way, any peaks that are not around 210-220 nm 
indicate the absence of saponins in both JAL and PAL 
extracts [32]. The depicted phyto-compounds contain σ-
bonds, π-bonds, lone pairs of electrons, chromophores, 
and aromatic ring compounds, per existing literature [33]. 

 
Fig. 4. UV-Vis Spectra analysis of JAL (a) and PAL (b). 

FTIR analysis allows for the identification of 
functional groups present in plant extracts. Figures 5(a) 
and 5(b) display the FTIR spectra recorded for the JAL 
and PAL, respectively. The symmetric and broad 
absorption peak around 3340-3230 cm−1 corresponds to 
the O-H stretching of hydroxyl compounds [34].  These 
functional groups are characterized by specific peaks, at 
around 3200-3400 cm−1 for O–H stretching vibration in 
aromatic compounds [35], 1606-1617 cm−1 for aromatic 
C = C stretching [36], 1446 cm−1 for C–H stretching [37], 
1201 cm−1 for –COOH group [38], 1038 cm−1 for O–H or 
C–H bending of aromatics [39], suggesting the presence 
of phenolic or alcoholic compounds [40]. Besides, Peaks 
around 2927 cm−1 represent asymmetric C-H stretching 
vibrations of both the JAL and PAL. These results are 
consistent with previous studies on the same plant 
extracts [41]. The presence of secondary or tertiary amino 
in the JAL is confirmed by two peaks around the 1100-
1200 cm−1 range, indicating the C-N stretching vibration 
[42]. 

GC-MS analysis revealed the presence of 25 and 28 
secondary metabolites (SecMs) in JAL and PAL extracts 
respectively, as demonstrated in Figure 6. It is meaningful 
to mention that the methanol leaf extract of this plant 
yielded only 13 phyto-compounds from GC-MS analysis 
[43]. GC-MS analysis data are imported into MZmine 
software in the form of mzML files to encourage the 
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matching of m/z values and retention times with reference 
database libraries. This procedure is critical for the 
identification and quantification of compounds within 
complex samples. 

Fig. 5. FTIR Spectra analysis of JAL (a) and PAL (b). 

Fig. 6. GC spectra of JAL and PAL for qualitative phyto-
compounds analysis. 

It suggested that the presence of β-caryophyllene, 3-
methylene-7, 11-dimethyl-1-dodecene, nonadecanoic acid 
methyl ester; 9, 12-octadecadienoic acid (Z, Z)-methyl 
ester, and 2-napthalene sulfonic acid are the main phyto-
compounds in JAL extract, while DL-2-hydroxybutyric 
acid, penta-ethylene glycol dimethyl ether, 3-methylene-7, 
11-dimethyl-1-dodecene, nonadecanoic acid methyl ester,

5-phenyl-3, 5, 7-triaza-tetracyclo, 2-napthalene sulfonic
acid, etc. are in PAL extract. These qualitative
consequences exhibited that both JAL and PAL have
powerful anti-corrosive effects, contributing to the
corrosion prevention of MS-CBs.

An ultra-high performance liquid chromatography 
(UHPLC) method, which is assumed to be more reliable 
than UV-Vis, FTIR, and GC-MS methods, was employed 
to detect the presence of various SeMBs in the methanolic 
extracts of JAL and PAL. Although the complete analysis 
and identification of all compounds by UHPLC analysis 
can be challenging when using crude extracts instead of 
isolated compounds [44], the most abundant 
compounds are expected in PAL and JAL, as 
summarized in Tables 3 and 4, respectively. Alkaloids, 
flavonoids, terpenoids, and phenolic compounds were 
in both extracts through the MassBank search page 
(https://massbank.eu/MassBank/Search), which provides 
access to a comprehensive database of mass spectral data. 

Table 3.  Major presumed phyto-compounds present in JAL. 
Ret. 
Time 
(min.) 

Molecular 
Formula and 
Molecular Weight 
(g/mol) 

Phyto-
compounds 

Classification 

4.94 C15H20O4 (264) Abiscisic acid Terpenoid 
6.77 C40H56 (537) Beta-carotene Terpenoid 
14.26 C21H14O7 (378) Justicidin G Lignan/Phenol 
15.19 C20H24N2O2 (324) Quinine Alkaloid 
15.36 C25H20O10 (482.4) Silychrystin Flavonoid 

Table 4.  Major presumed phyto-compounds present in PAL. 

Ret. 
Time 
(min.) 

Molecular 
Formula & 
Molecular Weight 
(g/mol) 

Phyto-
compounds 

Classification 

5.26 C15H14O6 (290.3) Epicatechin Flavonoid 
7.70 C21H20O11 (448.4) Maritimein Flavonoid 
14.71 C21H24O6 (372.4) Arctigenin Polyphenol 
18.28 C25H22O10 (482.4) Silychristin Flavonoid 
18.83 C33H49NO8 (587.7) Pseudojervine Alkaloid 
20.03 C25H22O10 (482.4) Silybin B Flavonoid 

The presence of these alkaloids, flavonoids, 
terpenoids, and phenolic phyto-compounds, which are 
characterized by aromatic rings, heteroatoms, and 
conjugated systems, as indicated by UV-Vis, FTIR, and 
phytochemical profiling tests also. These secondary 
metabolites in JAL and PAL extracts are supposed to be 
the basis of the results of UHPLC analysis using mass 
bank matching. These metabolites included flavonoids, 
alkaloids, terpenoids, pyridine, and phenolic compounds, 
as illustrated by their molecular formula in Figures 7 and 
8. 

These aromatic rings, heteroatoms, and conjugated 
systems present in phyto-compounds improve both 
physical and chemical adsorption processes, as proposed 
in the literature [45]. This interaction helps to form a 
diffusion-barrier passive film between the corroded MS 
rebar and the concrete mix. These findings underline the 
perspective of JAL and PAL as anti-corrosive agents for 
preventing the corrosion of MS-CBs. Moreover, the 
secondary metabolites (SecMBs) found in both plant 
extracts offer insights into the adsorption mechanisms that 
create a protective passive film on the surfaces of 
corroded MS in CBs, as discussed in a succeeding section. 
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Fig. 7. Molecular structure of some phyto-compounds assumed 
to be present in JAL from UHPLC analysis. 

 
Arctigenin 

 

 
 
 
 

 
Epicatechi
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Fig. 8. Molecular structure of some phyto-compounds assumed 
to be present in PAL from UHPLC analysis. 

The half-cell potential (HCP) values were measured at 
four different points on the surface of the MS-CB for 220 
days to investigate the effect of 500-4000 ppm JAL and 
PAL. The trend of HCP changes of all four types of MS-
CBs with 500 ppm, 1000 ppm, 2000 ppm, and 4000 ppm 
JAL and PAL are almost the same except in the case of 
control-MS in CB without extract, as illustrated in Figures 
9(a) and 9(b), respectively. These findings suggest a 
positive impact of JAL and PAL on the corrosion-
resistant properties of MS in CBs. 

The results of the HCP measurements indicate that the 
potential value of the control-MSReC shifted to more 
negative values (i.e., at the MiC zone) with exposure 

times after 31 days, as illustrated in Figure 9. However, at 
the initial exposure time between 7 and 31 days, the CorP 
of the control-MS in CB shifted to less negative potential 
regions than -126 mV (SCE) with exposure times until 
about two months, suggesting the corrosion risk remains 
in LoC regions (with less than a 10% probability of 
corrosion risk) even the control-MS in CB according to 
the ASTM C876-22b standard [24]. 

 
Fig. 9. Variation of average HCP of ReMS in ReC beams 
without and with 500-4000 ppm of (a) JAL and (b) PAL in 
ambient environment, as a function of exposure time.  

In contrast, the concrete beams treated with 500-4000 
ppm plant extracts showed HCP values in the MiC regions 
at the initial 3 to 4 weeks of exposure. These values likely 
indicate a preliminary stage of a protective thin film 
formation on the MS rebar in CBs with various 
concentrations of the plant extract. As a result, the 
probability of reinforced concrete corrosion located 
between 10% and 90% (MiC), with HCP values ranging 
from -276 mV to -126 mV (SCE). This phenomenon 
occurs during the early stages of the corrosion process, 
triggered by the penetration of moisture, oxygen, CO2, 
and other harmful atmospheric agents into the MS-CBs. 

Therefore, it is crucial to address this issue promptly 
to prevent further deterioration and ensure the long-term 
durability of the reinforced concrete structures. The HCP 
values shifted towards a more noble region or greater than 
-126 mV (SCE), indicating a low corrosion risk with less 
than 10% corrosion probability (LoC). This shift of HCP 

6

E3S Web of Conferences 679, 01020 (2025) https://doi.org/10.1051/e3sconf/202567901020
RI2C 2025



 
 

 

from MiC to LoC region, attributing to the formation of a 
protective thin film over the MS rebar in concrete mix 
with different concentrations of JAL or PAL, as shown in 
Figures 9(a) and 9(b). The formation of such thin and 
diffusion barrier film protects the concrete beams 
efficiently from corrosion with the addition of JAL and 
PAL extract as concrete admixtures. 

The determination of electrical resistivity (ER) values, 
based on the results obtained from HCP data, becomes a 
valuable supportive tool for assigning three corrosion 
levels of the MS-CBs corrosion, as per the ASTM C876-
22b standard [21]. The recoded ER-values for the control 
MS-CB without plant extract over 220 days decreased 
during the measurement period due to the penetration of 
aggressive or corrosive ions of molecules like Cl−, SO2-4, 
H2O, and O2 through the pollutant atmosphere, and thus 
are responsible for the higher conductivity in the 
embedded MS surface as there was no formation of thin 
film in the absence of plant extract. Therefore, in turn, this 
resulted in increased conductivity on the surface of the 
embedded MS, as illustrated in Figure 10. 

 
Fig. 10. Variation of average electrical resistivity (ER) of 
reinforcing MS in different CBs without and with 500-4000 ppm 
of (a) JALE & (b) PALE in ambient environment, as a function 
of exposure time.  

The lack of a thin film formation on the surface of MS 
rebar in the absence of plant extract facilitated the ease 
with which the pollutant gases, molecules, or ions could 
penetrate the concrete surface. Conversely, the other eight 

CBs, each reinforced with different concentrations of 
individual plant extracts (500-4000 ppm of JAL or PAL), 
demonstrated a consistent increase in resistivity value up 
to 220 days, as shown in Figure 10, attributing to the 
reduced possibility of aggressive ions ingress to the 
embedded MS rebar surface. It is noteworthy that these 
findings have practical significance since they can 
enhance the durability and longevity of reinforced 
concrete structures. 

Moreover, these results of the present work are 
compatible with the previous study, which reported the 
efficacy of the leaf extracts of Ziziphus budhensis and 
Tagetes erecta L. [22] and Sesamum indicum L. [46], as 
eco-friendly corrosion inhibitors in a saturated Ca(OH)2 
solution with a pH 12 ± 0.5, considered as SCPS 
(simulated concrete pore solution), and mango fruit 
extract in SCPS [54], which mimics the environment of 
CB. The weight loss and electrochemical polarization 
assessed the ability of these plant-based extracts to inhibit 
steel corrosion, and the highest corrosion-inhibition 
efficiency was reported to be 80%-95%. These extracts 
contain secondary phyto-molecules that adhere to the 
metal surface in SCPS. 

An analysis of the MS-CBs containing varying 
amounts of JAL and PAL extracts indicates a low 
corrosion risk of MS rebar in CB. This outcome was 
attributed to the formation of a protective thin film over 
the surface of the embedded rebar. Consistent with this 
finding, HCP measurements also indicated a reduced 
likelihood of corrosion. These observations suggest that 
the use of plant extract in MS-CBs could be a promising 
approach to mitigating reinforcement corrosion in 
concrete structures. 

Further investigation of the morphological changes on 
the MS rebar surface after being embedded for seven 
months in the concrete beams, without (control) and with 
2000 ppm JAL or PAL, was explored using SEM 
analysis. The SEM images of the MS surface in the 
control MS-CB without plant extract show patches of rust 
and pits over large areas of the sample, as illustrated in 
Figure 11. This surface of MS rebar indicates the 
corrosion of the rebar embedded in the control beam. 

However, surface flaws related to rust are not visible 
in the SEM images of the MS in CB when mixed with 
2000 ppm of JAL or PAL inhibitors, as shown in Figures 
12(a) and 12(b), respectively. Smooth and uninterrupted 
corrosion-protective layers form on the MS surface by 
eliminating active corrosion sites through the adsorption 
mechanisms of the phyto-molecules present in these plant 
extracts, as outlined in previous studies [45]. 

The SEM images indicate that corrosion-related 
surface imperfections have been removed or minimized 
on the inhibited surface, highlighting the increased 
effectiveness of the two plant extracts in providing 
corrosion protection. As a result, incorporating 2000 ppm 
of JAL and PAL extract into the concrete mix reduces the 
likelihood of SR corrosion damage from the 
microbiologically influenced corrosion (MiC) zone to a 
passive state (i.e., LoC). According to the literature [48], 
the phyto-molecules of the plant extract acts as 
efficacious adsorbents, promoting the reduction of active 
corrosion sites on the surface of MS rebar.   
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Fig. 11: SEM images of the MS rebar surface after embedded 
for 7 months in control CB without extract. 

 
(a) 2000 ppm JAL 

 
(b) 2000 ppm PAL 

Fig. 12. SEM images of the MS rebar surface after embedded 
for seven months in CBs with 2000 ppm of (a) JAL, and (b) 
PAL. 

The SEM images of the MS embedded in CB with 
phyto-compounds furnish compelling evidence that 
surface flaws associated with corrosion have been 
successfully eliminated on the inhibited surface, thereby 
demonstrating the improved inhibition effectiveness of 
the JAL and PAL in MS-CB corrosion. Consequently, the 
probability of MS corrosion damage has shifted from MiC 

to LoC region with the addition of 500-4000 ppm 
JAL/PAL into the MS-CBs. 

The findings from the SEM analysis align with the 
results related to HCP and ER measurement methods, as 
discussed previously. A superior inhibition potential of 
these two plant-based extracts furnishes evidence to 
sustain the electrochemical (i.e., HCP and ER) results 
from the SEM analysis, indicating the inhibition of 
corrosion-induced surface flaws. Therefore, the 
probability of ReC corrosion damage transitioning from 
the MiC zone to a passive state LoC area with 500-4000 
ppm JAL or PAL additions in the concrete mix. 

A pictorial articulation ascribes the corrosion-
inhibiting mechanism of MS in CB without (control) and 
with 2000 ppm PAL in an ambient environment, as 
illustrated in Figure 13. This graphic is leveled in findings 
derived from a wide array of experimental methodologies, 
including screening tests, UV-Vis, FTIR, GC-MS, 
UHPLC, HCP, ER, and SEM analyses. 

 

 
Fig. 13. Schematic graph showing corrosion inhibiting 
mechanism of MS-CBs. 

The corrosion-inhibiting mechanism of the MS-CBs, 
along with associated adsorption phenomena, results from 
the displacement of aggressive ions and molecules from 
the surface of the MS rebar. Such interactions are possible 
by electron transfer between the electronegative 
elements—oxygen, nitrogen, and sulfur in the PAL 
extract and the iron substrate. Such interactions, which 
may involve either chemical or physical adsorption or a 
combination thereof, contribute significantly to the 
enhanced protection of the MS rebar from corrosion 
induced by the reinforced concrete beam (Fig. 13), as 
illustrated the following four processes. 

* Phyto-molecule (PM) protonate in concrete to form 
positively charged ions, which adsorb to the MS by 
physical adsorption or electrostatic interactions with 
negatively charged ions (Cl–, SO42–) in the concrete 
matrix, until they thoroughly shield the reactive 
anions, enhancing the corrosion-inhibition [22]. 

* Chemical adsorption (CA) occurs through the 
formation of coordination bonds between the lone-
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pair electrons of O or N in PM and the vacant d-
orbitals of Fe on the rebar surface [49], helping to 
prevent corrosion by blocking aggressive ions. 

* CA promoted by π-electron interactions between an 
aromatic ring of PM and the vacant d-orbitals of Fe on 
the rebar, to assemble a passive film with high 
resilience to enhance the corrosion-inhibition [45]. 

* CA due to retro-donation or vice versa between d-
electrons of Fe and empty antibonding molecular 
orbitals of PM constituents [43]. 

4 Conclusions 
An anti-corrosive effect of plant-based extracts as 
concrete admixtures was explored with in situ 
electrochemical analysis with periodic monitoring of 
HCP and ER values of reinforced rebar in concrete beam 
(CB). Based on the findings of this study, it was 
concluded that the leaf extracts of Justicia adhatoda 
(JAL) and Persea americana (PAL) exhibit significant 
potential as green, eco-friendly corrosion inhibitors for 
steel-reinforced concrete. Phytochemical screening along 
with UV-visible, FTIR, and UHPLC analyses, confirmed 
the presence of key bioactive compounds such as phenols, 
alkaloids, flavonoids, tannins, and glycosides in both 
extracts. 

Shifting of HCP and ER values of reinforced-SR from 
the zone of MiC or HiC (about 90% or more probability 
of corrosion) to LoC (Less than 10% probability of 
corrosion) when plant extracts are admixed to ReC. When 
added to concrete in concentrations ranging from 500 to 
4000 ppm, these extracts notably enhanced the corrosion 
resistance of reinforcing steel bars, with effectiveness 
observed even at the lowest concentration. Surface 
analysis of SR in different conditions is in agreement with 
the prediction made by qualitative in situ electrochemical 
analysis. 

These results consistently indicate that JAL and PAL 
are promising candidates for the development of 
sustainable anti-corrosive concrete additives, with the 
potential to extend the service life of reinforced concrete 
infrastructure and reduce corrosion-related deterioration. 
Besides, these plant-derived phyto-constituted extracts, as 
we believe, have diverse applications, including 
reinforced concrete additives, functioning as 
anticorrosion agents. It should not be limited only to 
academic research but also to industrial applications. 
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