
17

INTRODUCTION

Microbial contamination is one of the most 
critical aspects of water contamination, especial-
ly pathogenic bacteria such as enteric pathogens, 
which are often the cause of waterborne diseases. 
Water pollution is also a serious environmental 
problem as it has rapid and significant negative 
impacts on human health and the biodiversity of 
aquatic ecosystems (Karaboze et al., 2003). Due 
to the abuse of antibacterial drugs, microorgan-
isms have become resistant to a variety of anti-
biotics, which has brought great difficulties to 
the treatment of infectious diseases. Given the 
increasing resistance of many microorganisms to 
the currently used antimicrobial agents, as well as 
the high cost and some adverse effects of synthet-
ic compounds, there is a need to find alternatives 
(Davies, 1994). The combined impact of antibi-
otics found in plant extracts towards the bacte-
ria that are resistant to drugs presents new pos-
sibilities for the treatment of infectious illnesses 
and establishes the plant as a viable candidate for 

the creation of drugs (Fabricant et al., 2003). For 
centuries, plants have been considered an impor-
tant source of medicinal compounds, and many 
unique pharmaceutical ingredients are derived 
from natural plant sources. Traditionally, many 
of these plants and their extracts have been used 
medicinally. Plants are rich in secondary metabo-
lites with antibacterial effects, such as tannins, 
terpenoids, alkaloids and flavonoids (Obeidat et 
al., 2012). Plant-mediated nanoparticle synthesis 
has attracted widespread attention due to its in-
herent advantages, such as speed, simplicity, en-
vironmental friendliness, and low cost (Raheem 
et al., 2018). Nanotechnology is a branch of na-
noscience that studies the synthesis and control of 
nanoscale substances (Mude et al., 2018).

Generally, between 1 nm and 100 nm, engi-
neered nanomaterials have appeared in a variety 
of fields such as food, agriculture and medicine. 
The size of nanoparticles (NPs), does not exceed 
100 nm. One can also see properties unique to 
physical processes at micro scales: tiny webbing, 
large surface area/volume ratios. In addition, 
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particles that would not be a metal in bulk can 
act as if they emit electric currents, and pseu-
do metallic semiconducting materials able to 
provide a newly boosting catalyst for reactions 
are also found here. Highly directional thermal 
conduction and refraction with large difference 
between refractive indices can be observed only 
under such conditions (Tabrez et al., 2016; Ven-
katesan et al., 2020). Specifically, the height-
ened responsiveness of the property prompts in-
quiry into the possible hazardous hazard it poses 
to human and environmental health, as well as 
the surroundings that contribute to this toxicity 
(Dimkpa, 2014; 2018). Hence, the production of 
nanoparticles using biosynthesis has emerged as 
a favored approach due to its enhanced safety, 
cost-effectiveness, biocompatibility, and eco-
friendliness in comparison to chemically manu-
factured nanoparticles (Rao, 2016).

There are multiple stages of iron oxides, such 
as hematite (α-Fe2O3), maghemite (γ-Fe2O3), goe-
thite (α-FeOOH), and magnetite (Fe3O4). The size 
scale has a strong effect on the optical, electrical 
properties and biocompatibility of these materials 
(Ajinkya et al., 2020; Kudr et al., 2017).

The surface charge of iron oxide particles is 
also influenced by the functional groups of the 
coating data, so that their biological activity is af-
fected directly in consequence (Feng et al., 2018). 
The size of the particles, their surface chemistry 
and level of dispersion all govern how iron oxides 
behave in aqueous phases in the environment, ac-
cording to new research by HU Izhongwen re-
gional university Research Student Yang Jianguo 
reported past summer. These attributes are all im-
portant because of how intimately they interact 
and combine with an ever-changing mix of differ-
ent fine chemicals (Li et al., 2014). As an exam-
ple, iron oxide nanoparticles have the potential to 
inhibit bacteria from proliferating due their vast 
surface area and X-ray diffraction patterns with 
many faces and corners. In addition, new research 
shows novel mechanisms of ion capture by iron 
for the first time (Thukkaram et al., 2014).

With a variety of plant parts such as their roots, 
leaves, stems, seeds, buds, or fruits, such resources 
can be used to bio-synthesize zinc oxide nanopar-
ticles. These nanoparticles exhibit different phy-
tochemical properties and activities across the 
plant kingdom (Pradeep et al., 2020). Zinc oxide 
(ZnO) metal oxide is a semiconductor with n-type 
conduction. It was known as an important techni-
cal material used in plenty of applications from 

electronics and optics. ZnONP is a semiconductor 
in its nature, with a 3.37 eV large band gap, and 
high exciton energy of up to 60 meV. In addition, 
it has UV-resistant properties which make the sub-
stance an excellent optical filter for use in organic 
photovoltaic cells (Pradeep et al., 2015). Zinc ox-
ide nanoparticles (ZnONPs) have been employed 
broadly in a number of biomedical fields. They 
are a widely used material for making implantable 
programmed drug release capsules, and have been 
known to function (Elumalai et al., 2015) even in 
the field known as ‘cancer’ when applied in its 
anti-diabetic role; meanwhile they also serve food 
processing and storage control purposes just as 
well if the kitchen environment is humid enough 
(Sangani et al., 2015; Hameed et al., 2016). In ad-
dition, ZnONPs have both piezoelectric and ther-
moelectrical attributes (Nagajyothi et al., 2014).

The Fabaceae family’s subfamily is one of the 
members within it, known scientifically as Cera-
tonia siliqua L. Carob trees can grow to be 12–15 
meters in height and live for 100 years. The tree 
is known for its economic and ecological signifi-
cance in the Mediterranean basin while growing 
as far east as Southwest Asia. This perennial tree, 
which belongs to the jigsaw tree family and is 
renowned for its hardiness in dry weather, rarely 
produces fruit. The plant is growing rapidly all 
over the world and may now be seen without any 
trouble in Spain, Italy, Tunis and Morocco. The 
worldwide annual output of carob products ex-
ceeds 315,000 tons (Baumel et al., 2018).

Carob pods consist of 90% pulp and 10% 
seeds. Carob is well-suited to the USDA zones 
9–11 in the United States, including Texas, Florida, 
and Hawaii. Contemporary plant science and agri-
cultural studies often see it as a “neglected” crop 
in several locations. Carob fruit, flour, and syrup 
are shown to be abundant when it comes to carbs, 
proteins, and minerals (Karababa et al., 2013).

Moreover, carob milk is rich in antioxidants and 
essential nutrients necessary for life. It is 48–56% 
sugar, primarily composed of the sugars fructose, su-
crose, glucose and maltose. It also provides 18% di-
etary fiber, mainly in the form of cellulose and hemi-
cellulose (Dakia et al., 2003). Pods are a good source 
of dietary fiber that contains both cellulose (18%) 
and pectin (18%), and they also provide enough con-
densed tannins in terms on average about 16–20% 
(Dakia et al., 2003). The recovery of Fe and Zn in 
Canob seed extract achieved in this study via a green 
process can be used for economic improvement as 
well as an antibacterial agent in modern packaging.
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EXPERIMENTAL PART

Biosynthesis of FeO nanoparticles

According to the methodology described in 
(Awad et al., 2014), the preparation steps were 
as follows. The process of synthesizing iron 
nanoparticles is as follows: Step 1: Weighting be-
tween 1 and 10 grams of carob pod pieces were 
immersed in ultrapure water 150 ml for a dura-
tion amounting to two hours. Step 1–2: A solu-
tion containing 2–3.8 grams of ferric chloride 
(FeCl3·6H2O) was prepared by dissolving it in 
100 milliliters of ultrapure water for a duration 
amounting to 15 minutes. Step 3: The precursor 
iron solution was combined with the extract in a 
1:1 volume ratio. The addition of the plant extract 
in ultrapure water containing ferric chloride as 
precursor meant that what had been a yellowish 
hue became brown, is indicative of iron nanopar-
ticles having formed in the solution. Step 4: the 
browned-black powder of graphene-based iron 
oxide nanoparticless (gIONPs) and its antibacte-
rial activity were used.

Biosynthesis of ZnO nanoparticles

The preparation was executed in accordance 
with the prescribed procedure. The process of 
biosynthesis of ZnO nanoparticles involves five 
main steps:
1.	The pods of the carob tree (C. siliqua L.) 

were air-dried for a period of one month at 
room temperature 

2.	Afterwards, the pods were mechanically 
crushed using a kibbler and then separated 
from the seeds. The seeds were then pulverized 
into a fine powder using a mixer.

3.	A quantity of 3–5–10 grams of the pod powder 
was introduced into distilled water and heated 
at 60 degrees Celsius for a duration of 1 hour. 

4.	A 100 mL volume of plant broth was combined 
with 0.1 M zinc acetate dehydrate at a ratio of 
volume to volume.

5.	The bio-ZnONPs that were generated were 
gathered using centrifugation at a force of 8000 
times the acceleration due to gravity for a dura-
tion of 10 minutes.

Antibacterial activity test

The process of antibacterial activity test in-
volves five main steps: 

1.	0.1, 0.5, 1 g has been weighed as powder for 
each of ZnONPs and Fe2ONPs. 

2.	Add each of these weight to 100 ml of waste 
water and shaking using magnetic stirrer for 15 
minutes to allow bacteria to contact with NPs. 

3.	The NPs were remained in wastewater for 24 h 
under laboratory conditions. 

4.	1 ml of treated waste water were taken from 
each concentration 0.1, 0.5, 1 g/100 ml for each 
nanoparticle of ZnO and Fe2O, then serial dilu-
tions were made and appropriate dilution was 
chosen to culture bacteria on nutrient and mac-
conkey agar and incubated at 37 °C for 24 h, this 
step was repeated in triplicate. 

5.	The colonies of bacteria which grow on nutri-
ent and macconkey agar were calculated man-
ually, the removal efficiency can be calculated 
by %RE (removal efficiency) = N1–N2/N1, 
where N1 and N2 denote the number of colo-
nies before and after treatment. 

RESULTS AND DISCUSSION

Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy 
(FTIR) is a straightforward analytical method 
employed to determine the presence of functional 
groups in solid nanoparticles. FTIR spectrum of 
the carob plant (C. siliqua L.) is shown in Figure 1. 
The spectrum showed a broad absorption peak at 
3436 cm-1 attributed to free hydroxyl groups due to 
the presence of oleic acids. In turn, the absorption 
peak at 2073 cm-1 is due to the stretching vibra-
tion of unbound CO. The absorption peaks seen at 
1637, 1076, and 692 cm-1 are a result of the intense 
stretching of the C=O bond in the carbonyl group, 
the stretching vibration of C-N functional groups 
in plant polyphenolic species, and the stretching 
of the C-S bond, respectively (Demirezen et al. 
2022). Figure 2 shows the FTIR spectrum of ZnO 
nanoparticles biosynthesized using the C. siliqua 
plant. It was observed from the spectrum that 
clear absorption peaks appeared at 3412, 2924, 
1733, and 1621 cm-1 assigned to stretching vibra-
tion of O-H, C-H, and C=O groups, respectively. 
In turn, the last absorption peaks are 1621, 1437, 
1369, 1230, 1104, 755, and 626 cm-1 assigned to 
C=C, N–O, bending C-H, C=N, C-OH, bending 
C=C, and Zn-O, respectively (Karmous et al., 
2022). On the other hand, the FTIR spectrum of 
Fe2O3 nanoparticles showed a broad absorption 
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peak at 3372 cm-1 assigned to the O-H stretching 
vibration of the hydroxyl groups. The absorption 
peaks at 2925, 1615, 1380, 1099, 1023, and 695 
cm-1 are due to C-H, C=C, bending C-H, C–O–C, 
C-N, and Fe-O stretching, respectively (Farah-
mandjou and Soflaee 2015) (Table 1).

Field emission scanning electron 
microscopy analysis

FESEM is an important technique that reveals 
the morphology, size, and crystalline nature of 
the prepared nanocomposites. Figure 4, FESEM 
analysis of C. siliqua L., illustrates a recently pol-
ished steel surface that is exceptionally smooth 
and devoid of corrosion, albeit with minor flaws 
resulting from the polishing process. EDX spec-
trum showed the presence of several elements: 

carbon (47.91%), nitrogen (6.34%), oxygen 
(30.61%), chloride (4.95%), potassium (8.27%), 
and arsenic (1.92%). This indicates the presence 
of compounds in the content of the C. siliqua L., 
which are luteolin-7-glucoside, followed by epi-
catechin, apigenin-7-glucoside, quercetin-3-O-
glucoside, caffeic acid, gallic acid, and chloro-
genic acid (Dahmani et al. 2023). Figure 5 shows 
the FESEM analysis of biosynthesized zinc oxide 
nanoparticles. The FESEM image of biosynthe-
sized ZnO NPs reveals a densely arranged lay-
ered structure, with each layer being stacked in 
a layer. The EDX analysis sand elemental map-
ping, which is displayed in Figure 5b, verified 
that metallic zinc oxide was present in the biosyn-
thesized ZnO NPs. According to the EDX study, 
the composition was carbon (49.45%), oxygen 
(42.52%), and zinc (8.03%). The high amounts 

Figure 1. FTIR spectrum of C. siliqua L.

Figure 2. FTIR spectrum of ZnO NPs
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Table 1. FTIR characterization for prepared nanoparticles
Sample Wavenumber (cm-1) Functional group

ZnO

3412.59 Stretching vibration of O-H

2924.65 Stretching vibration of C-H

1733.47 Stretching vibration of C=O

1621.48 Stretching vibration of C=C

1437.39 Stretching vibration of N–O

1369.92 Bending vibration of C-H

1230.55 Stretching vibration of C=N

1104.17 Stretching vibration of C-O

1034.50 Stretching vibration of C − OH

755.70 Bending vibration of C=C

626.91 Zn-O

Fe2O3

3372.05 Stretching vibration of O-H

2925.05 Stretching vibration of C-H

1615.10 Stretching vibration of C=C

1380.74 Bending vibration of C-H

1099.27 Stretching vibration of C–O–C

1023.64 Stretching vibration of C–N

695.10 Fe-O stretching

C. siliqua L.

3436.67 Stretching vibration of -OH

2073.29 Unbound CO

1637.97 Unsaturated carbonyl groups

1076.01 C-N function groups

692.01 C-S stretching

Figure 3. FTIR spectrum of Fe2O3 NPs

of carbon show that plant phytochemical groups 
are involved in the reduction and capping of the 
produced ZnO NPs (5). FE-SEM software was 
utilized to process the image resolution of biosyn-
thesized Fe2O3 nanoparticles, which is depicted in 
Figure 6. The sample exhibits a not uniform size 

distribution and a sime-spherical-like morphology, 
as is readily apparent. The EDX spectra and ele-
mental mapping reveal that the nanoparticles syn-
thesized are primarily composed of Fe (58.31%) 
and O (24.63%). EDX spectrum (Fig. 4b) demon-
strates that molecules, such as carbon (13.37%), 
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Figure 4. (a) FE-SEM image, (b) EDX spectrum, and (c) mapping of C. siliqua L.

Figure 5. (a) FE-SEM image, (b) EDX spectrum, and (c) mapping of ZnO NPs
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calcium (1.94%), and copper (1.75%) are present 
in the reaction mixture other than Fe nanoparti-
cles; these components interpret the complex of 
the plant extract

Antibacterial activity study

Antibacterial activity of Carob against 
the total count of bacteria

Before undergoing treatment, the initial concen-
tration of Carob-negative bacteria stood at 25000 
CFU/ml. Following treatment with varying con-
centrations of Carob (0.1 g/100 mL, 0.5 g/100 mL, 
and 1 g/100 mL), as depicted in Figure 7, notable 
removal efficiencies were achieved. Specifically, 
removal efficiencies were recorded at 90%, 100%, 
and 100%, respectively. These findings under-
score the efficacy of Carob in mitigating bacte-
rial contamination in wastewater, with higher 

concentrations exhibiting superior removal rates. 
The graphical representation in Figure 7 provides 
a comprehensive visualization of the correlation 
between Carob concentration and removal ef-
ficiency, facilitating the development of tailored 
treatment strategies for effective bacterial decon-
tamination in wastewater treatment processes.

Antibacterial activity of Carob 
against gram-negative bacteria

Before treatment, the initial concentration of 
negative bacteria Carob was identified to be 19400 
CFU/ml. Upon treatment with Carob at various 
concentrations (0.1 g/100 mL, 0.5 g/100 mL, and 
1 g/100 mL), as showcased in Figure 8, notewor-
thy removal efficiencies were observed. Specifi-
cally, removal efficiencies were measured at 37%, 
100%, and 100%, respectively.This underscores a 
significant improvement in bacterial removal effi-
cacy with escalating Carob concentration. Notably, 

Figure 6. (a) FE-SEM image, (b) EDX spectrum, and (c) mapping of Fe2O3 NPs
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Figure 7. Removal efficiency of Carob against the total count of bacteria

Figure 8. Removal efficiency of Carob against negative bacteria

the complete eradication achieved at concentra-
tions of 0.5 g/100 mL and 1 g/100 mL underscores 
the potent antibacterial attributes of Carob at higher 
concentrations. Furthermore, the visual representa-
tion in Figure 8 elucidates the relationship between 
Carob concentration and removal efficiency, facili-
tating a comprehensive understanding of the treat-
ment effectiveness across varied concentrations.

Antibacterial activity of ZnO NPs 
against the total count of bacteria

Bacterial pollution of wastewater was test-
ed against the total count of bacteria. The total 
count of bacteria before treatment with ZnO NPs 
was 25000 CFU/ml. After treatment, the number 
of bacterial colonies was decreased where the 
removal efficiency of the total count of bacteria 

was 34%, 91%, and 100% after treatment with 
different concentrations of nanoparticles was 
0.1 g/100 mL, 0.5 g/100 mL, and 1g/100 mL, 
respectively, as in Figure 9.

Antibacterial activity of ZnO NPS 
against gram negative bacteria

Before treatment, the initial concentration of 
negative bacteria ZnO NPS was determined to 
be 19400 CFU/ml. Following the treatment with 
ZnO NPS at varying concentrations (0.1 g/100 
mL, 0.5 g/100 mL, and 1 g/100 mL), as depicted 
in Figure 10, notable removal efficiencies were ob-
served. Specifically, the removal efficiencies were 
recorded as 24%, 100%, and 100%, respectively. 
This indicates a significant enhancement in bac-
terial removal effectiveness with increasing ZnO 
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NPS concentration. It is noteworthy to highlight 
the complete eradication achieved with concentra-
tions of 0.5 g/l and 1 g/l, demonstrating the potent 
antibacterial properties of ZnO NPS at higher con-
centrations. Additionally, the visual representation 
in Figure 10 illustrates the correlation between 
ZnO NPS concentration and removal efficiency, 
providing a clear understanding of the treatment 
effectiveness across different concentrations.

Gupta et al. (2017) study on zinc oxide nanoparti-
cles provides further insights into different nanoparti-
cle therapeutics and their effectiveness against bacte-
rial pathogens. Various metal and metal oxide-based 
nanoparticles, such as silver (Ag), iron (Fe), zinc (Zn), 
titanium oxide (TiO2), magnesium oxide (MgO), 
zinc oxide (ZnO), and iron oxide, along with carbon 
and graphene-based nanomaterials, are commonly 

employed as adsorbents, catalysts, and membranes in 
wastewater treatment. Although the studies differed 
in terms of nanoparticle compositions and bacterial 
strains tested, these nanoparticles have proven to be 
effective in treating wastewater (Anjum et al., 2019; 
Singh et al., 2019; Baig et al., 2021).

The mechanism of how nanoparticles pen-
etrate bacteria is not fully understood (Adams 
et al., 2006). When bacteria interact with metal 
oxide nanoparticles, the shape of the membrane 
changes. This increases permeability, thereby im-
pairing normal transport across the plasma mem-
brane (Auffan et al., 2009)

Many research works mainly support the idea 
that in addition to particle size dependence, ZnO 
nanoparticles also have concentration-dependent 
antibacterial activity (Jalal et al., 2010).

Figure 9. Removal efficiency of ZnO NPs against the total count of bacteria

Figure 10. Removal efficiency of ZnO NPS against negative bacteria
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The antibacterial activity of ZnO nanoparti-
cles can be explained by the interaction of ZnO 
nanoparticles with bacteria, resulting in the de-
struction of bacterial surfaces (Zhang et al., 2007).

After zinc oxide disrupts or traps cell mem-
branes, nanoparticles may adhere firmly to the 
surface of dead bacteria, thereby inhibiting 
further antimicrobial effects (Yamamoto et al., 
2004). This work included the synthesis of zinc 
oxide nanoparticles (ZnONPs) using carob pods. 
Experiments were then conducted to show the 
antibacterial efficacy of the produced nanoparti-
cles ( Dimkpa et al., 2022)

The antibacterial activity results of biosynthe-
sized ZnONPs are consistent with other reports 
on the effectiveness of green synthesized metal 
oxide nanoparticles, including ZnONPs, as anti-
bacterial agents (Mirzaei et al., 2017; Patel et al., 
2015; Sundrarajan et al., 2015; Ifeanyichukwu et 
al., 2020; Pillai et al., 2020).

The reference is Gupta et al. (2018). ZnONP 
shown notable antibacterial efficacy against com-
parable pathogens, such as Staphylococcus aureus 
MTCC 9760, Streptococcus pyogenes MTCC 
1926, Bacillus cereus MTCC 430, Pseudomonas 
aeruginosa MTCC 424, Proteus mirabilis MTCC 
3310, and Escherichia coli MTCC 40.

The prevalence of medication or agrochemical 
resistance in human and plant pathogenic bacteria 
strains has lately escalated. Hence, it is necessary to 
use other approaches to address microbial infections 
in biological systems. Recently, there has been a 
growing importance placed on researching nanoma-
terials, namely ZnONPs, as potential new antibacte-
rial agents. The findings obtained from the present 
research add to the ongoing efforts in finding more 

effective bioantimicrobial and antifungal medicines. 
Nanoparticles are being increasingly often catego-
rized as antibiotics because of their strong antibacte-
rial properties (Khan et al., 2021).

Antibacterial activity of Fe2O3 NPS 
against the total count of bacteria

The analysis of wastewater for bacterial con-
tamination involved assessing both the total bacte-
rial count and the count of Fe2O3 NPS present. Ini-
tially, the total bacterial count was determined to be 
25000CFU/ml before any treatment. Upon treat-
ment with Fe2O3 NPS, a notable removal effi-
ciency of 46% was achieved, indicating a signif-
icant reduction in bacterial load. Further inves-
tigation involved treating the wastewater with 
Fe2O3 NPS at varying concentrations: 0.1 g/100 
mL, 0.5 g/100 mL, and 1 g/100 mL, as depicted 
in Figure 11. Remarkably, the removal efficiencies 
observed after treatment at these concentrations were 
consistently 100%. These were highly effective in 
killing bacteria even at lower concentrations.

The results of this study emphasize the pos-
sible use of Fe2O3 nanoparticles (NPs) as a treat-
ment component in water-purification systems, 
specifically those designed for bacterial pollution. 
The data presented in Figure 3 show a clear trend: 
the overall effectiveness of Fe2O3 NPs in purifying 
contaminated water improved alongside increases 
in the concentration of the NPs themselves.

Antibacterial activity of Fe2O3 NPS 
against Gram negative bacteria

After the initial measurement, the concentra-
tion of bacteria (CFU/ml) in the negative con-
trol of Fe2O3 NPS was established as 19400. 

Figure 11. Removal efficiency of Fe2O3 NPS against the total count of bacteria
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Subsequent treatment of contaminated water with 
different concentrations of iron oxide nanoparticles 
(0.1 g/100 mL, 0.5 g/100 mL, and at 1 g/100 mL), as 
shown in Figure 12, was very efficient. The first 
concentration of iron oxide led to a 20% removal 
efficiency while the second batch had a 49% effi-
ciency. Yet, the most impressive result was in the 
third case: total removal.

The findings make it clear that iron oxide 
nanoparticles (NPs), especially those with high-
er concentrations, are very effective at reducing 
bacterial pollution in wastewater. The impact on 
bacterial population density is likely due to the 
absorption of the iron oxide NPs onto the cell 
surfaces and the ensuing clumping together of 
the cells. This is shown in the graphical presen-
tation of Figure 4, which highlights the direct 
relationship between the concentration of Fe2O3 
NPs and the bacterial removal efficiency of the 
water treatment process.

The many phases of iron oxides include he-
matite (α-Fe2O3), maghemite (γ-Fe2O3), goethite 
(α-FeOOH), and magnetite (Fe3O4). The optical, 
electrical, and biocompatibility characteristics of 
these materials are influenced by the small scale 
(Ajinkya et al., 2020; Kudr et al., 2017).

The biological actions of iron oxide nanopar-
ticles is impacted by the functional groups of the 
coating material, which alter the surface charge 
(Feng et al., 2018). The dispersion, size, and sur-
face chemistry of iron oxide materials are crucial 
for aquatic environmental applications because of 
their porous nature and particle-surface interac-
tions (Li et al., 2014).

Oxidative stress was triggered within nano-
size specimens potentially useful in their own 

right as antibacterial agents owing to their high 
surface area and crystalline configuration at so 
many corners and edges by reactive oxygen spe-
cies (Thukkaram et al., 2014).

Aqueous extract from C. siliqua carob pods 
was employed as a stabilizer, capping agent, and 
reducing reagent in the preparation of gIONP in 
this study (Aksu Demirezen et al., 2021).

Because of their simple, economical, and 
environmentally friendly production methods, 
green nanomaterials have been the focus of nu-
merous studies on their superior function for tra-
ditional antibacterial drugs. Acorus calamus ex-
tract. This was the direction of several of these 
investigations into antibacterial agents (Arasu 
et al., 2018), copper oxide nanoparticles (Aisi-
da, et al., 2020), and iron oxide nanoparticles 
made from Moringa oleifera leaf extract. Dried 
shell extract of Zea mays L. silver nanoparticles 
produced using extracts of emblifornia Diffubia 
(Devi et al., 2020), silver nanoparticles made us-
ing piedra cala extract.

According to Mohamed et al. (2015), gIONPs 
inhibit the generation of reactive oxygen species 
(ROS) and the oxidative stress brought on by a 
Fenton reaction.

If iron nanoparticles infiltrate into cells 
through damaged cell membranes, they will se-
riously harm them (Li et al., 2018). Iron oxide 
nanoparticles markedly increased generation of 
reactive oxygen species such as hydroxyl radicals 
with bacterial cell death and inhibition of only 
E. coli growth as an additional effect (Table 2). 
The reaction between atomic oxygen and free 
radicals leads to the production of types of com-
pounds that treat the pollutants.

Figure 12. Removal efficiency of Fe2O3 NPS against negative bacteria
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CONCLUSIONS

The zinc oxide and iron oxide nanoparticles 
were successfully synthesized using carob ex-
tract. Green synthesis methods, like this one, 
are more efficient, cost less, and are currently of 
higher interest in many different scientific fields. 
Moreover, when the prepared nanomaterials were 
used, they demonstrated amazing efficacy in the 
removal of both positive and negative bacteria 
from contaminated water.
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