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Abstract
This work describes the use of XRD, SEM, and infrared spectroscopy in the evaluation of iron oxide nanoparticles as 
produced from three distinct plant extracts. The efficacy of the nanoparticles in terms of dye sorption was assessed using 
Congo Red (CR) and Evans Blue (EB) dyes. The research revealed that the synthesis method influences the properties of 
nanoparticles, which leads to different levels of effectiveness when it comes to sorption. The proposed sorption mechanism 
was founded on several characterization studies. Moreover, it was discovered that sorption might occur due to pores or 
binding groups rather than only an electrostatic connection. The results show that the nanoparticles’ sorption effectiveness 
is heavily pH dependent. The produced nanoparticles showed potential for application in water treatment technologies due 
to the synthetic technique relative ease and the possibility of a low-cost catalyst.
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1  Introduction

The rapid expansion of the industrial sector causes a greater 
amount of dye waste-water to be released directly into the 
natural environment, and by extension, it comes with several 
ramifications on human health. [1] Congo Red (CR) and 
Evans Blue (EB) are benzidine-based anionic diazo dyes 
characterized by two azo linkages (–N = N–) chromophores 
[2]. They are commonly utilized in textiles, medicines, 
paper industries, and ink manufacturing, among several 
other applications. [3] Because the dye molecule is so sta-
ble, natural decomposition is extremely difficult. As a result, 
purification is critical for its elimination so that pollution of 

the environmentmay be averted. [4]The contaminated water 
has higher concentrations of Chemical Oxygen Demand 
and Biochemical Oxygen Demand, as well as substantial 
amounts of suspended particles and other contaminants. 
Consequently, peculiar procedures in the treatment of dis-
charged wastewater are required.

Several conventional physical and chemical methods such 
as coagulation, reverse osmosis, chemical oxidation, adsorp-
tion, and catalytic and photocatalytic degradation have been 
utilized for removal of the dye effluents [5, 6]. Among these, 
photocatalysis is one of the most effective, low-cost, and safe 
techniques for successfully degradation of organic pollutants 
and dyes under ambient temperature and pressure [7, 8]. 
Heterogeneous photocatalysis is an efficient technology to 
remove environmental pollutants in natural sources. Hetero-
geneous photocatalysis can be described as the acceleration 
of photoreaction in the presence of a catalyst [9].

Globally, nanomaterials are subject to intensive studies in 
recent years due to their inherent high surface area properties 
[10], namely, increased catalysis, adsorption capabilities, 
and high reactivity [8, 11]. A wide variety of nanoparti-
cles were used successfully for treatment different contami-
nants including CuO [12], Silver-doped ZnO [13], TiO2 
[14],and Au [15]. Lately, with the increasing importance of 
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nano-technology, iron oxide nanoparticles have been exten-
sively studied and used for the removal of organic[16, 17].

Various iron oxide nanoparticles, in particular, have 
unique qualities and are used in a variety of disciplines of 
science and technology, including data storage, dye degrada-
tion, drug delivery systems, magnetic resonance imaging, 
waste water treatment, environmental bioremediation, and 
more [18–20].

As a result, the synthesis of different iron oxides at the 
nanoscale level has been a hot topic of research across the 
world. Iron oxides are a type of transition metal oxide with 
the unusual attribute of having a colorful appearance and a 
poor solubility [21].

Antiferromagnetic hematite (Fe2O3), paramagnetic, ferro-
magnetic, ferromagnetic maghemite, supermagnetic magnet-
ite (Fe3O4), and orthorhombic structure are all examples of 
iron oxides found in nature. The most frequent Fe minerals 
were magnetite, hematite, and maghemite (III) [22, 23]. In 
the synthesis of diverse forms of iron oxides, many process 
factors such as precursor concentrations, temperature, and 
medium pH play a critical role [20, 24].

When compared to other nanoparticles, iron oxide nano-
particles (Fe3O4 NPs) have low toxicity, biocompatibility, 
cost-effectiveness, and a high surface area to volume ratio 
[23, 25, 26].

Using various plant extracts, this work proposes an 
effective and sustainable strategy for the biosynthesis 
of (Fe3O4) nanoparticles from aqueous ferric chloride 
(FeCl3). The influence of average crystallite size/precur-
sor contractions (volume ratios percent v/v) on Fe3O4 NP 
formation, the optical characteristics, as well as catalytic 
activity toward the degradation of CR and EB dyes were 
examined in our work. CR and EB dyeswere picked for 
this research due to them being the most used azo dyes in 
the textile industry. Benzidine, a human carcinogen, and 
mutagen, is known to be metabolized from this family of 
colors. Due to it being structurally stable and severely 
toxic, its use is prohibited in many countries around the 
world [27]. In this work, the biodegradable and detoxify-
ing effects of Fe3O4 NPs on the breakdown of CR and EB 
dyes at various reaction periods are investigated.

2 � Experimental section

2.1 � Materials

The materials used are ferric chloride (FeCl3, 98%) and 
hydrochloric acid (HCl) were purchased from Sigma-Aldrich 
Germany, distilled water. As for the green synthesis of iron 
oxide, we used the leaf extracts of Mentha Pulegium L., 
Artemisia herba-alba Asso., and the fruit peels of Punica 
Granatum L. These materials were harvested at El-Oued 

region (South-East of Algeria; 33° 07 "00" N 7° 11 ′00 "E). 
Our selection is based on studies conducted in the VTRS 
laboratory. They were used to synthesize iron oxide NPs. 
LOBA CHEMIE, India supplied the CR and MB dyes.

2.2 � Plant extract preparation

Leaves of Mentha Pulegium L., and Artemisia herba-alba 
were harvested during March 2019. The fruit peels of 
Punica Granatum L. were obtained in September 2019 from 
local farms in El Oued region (south-eastern Algeria). The 
fresh leaves and the fruit peel were then washed and dried 
at room temperature, in shade for 7–12 days. They were 
protected from sunlight in order to preserve the integrity of 
their chemical composition, before being crushed so that a 
fine powder may be obtained.

For the extraction of phytochemicals, we chose the tech-
nique of extraction by maceration in water-during which the 
solid is placed for a longer or shorter period in a liquid. 
By putting together 10 g of powdered solid plant material 
(leaves or fruit peel) and 100 ml of distilled water in a 250-
ml glass beaker, the extract was made. The mixture was then 
stirred on a regular basis for 24 h at room temperature. It 
was after that filtered using filter paper (Whatman No: 42), 
and stored in an airtight glass container at 4° C for later use.

2.3 � Biosynthesis of iron oxide nanoparticles

Iron oxide nanoparticles were synthesized via the reduction 
of iron ions in ferric chloride (FeCl3) solution by phenolic 
compounds from plant extracts (Fig. 1).

A modified technique from earlier studies [28–36] was 
used to make iron oxide magnetite (Fe3O4) nanoparticles. 
Briefly stated, by adding a concentration of 0.1 M of the 
solution of ferric chloride (FeCl3) to the extract follow-
ing a volume ratio of 1:10 (v / v) between extract and fer-
ric chloride, we ended up with 20 ml / 200 ml in a 250-ml 
beaker. The reduction process allowed us to immediately 
obtain iron oxide nanoparticles. The mixture is stirred 
continuously at 75° C for 1 h. A change of color from 
light brown to dark black indicates the formation of iron 
oxide NPs. The mechanism of formation is explained 
by the reduction of iron ions that takes place with the 
phenolic compounds in the plant extract.
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A small amount of the synthesized iron oxide NPs solu-
tion was saved for UV–visible measurements.

Centrifugation at 3000 rpm for 15 min allowed us to col-
lect the solid product. The synthesized NPs samples were 
washed in distilled water several times, then dried in a 
drying oven at 100° C for 24 h. To completely crystallize 
the NPs and get rid of the organic compounds of the plant 
extract, the dry powder was annealed at 500° C for 3 h in an 
oven. The resulting powders were stored in several contain-
ers with different characterizations.

2.4 � Characterization of Fe2O3/Fe3O4 nanoparticles

The characterization of iron oxide nanoparticles relied on 
the use of the techniques: UV–Vis, FT-IR, DRX, SEM and 
EDX.

By relying on "Rigaku Miniflex 600" advance diffrac-
tometer (Bruker AXS, Karlsruhe, BW, Germany) in a 2θ 
range of 20–70°, we managed to conduct the X-ray analy-
sis of distinct mixed solids. At 40 kV and 40 mA with 
2 theta◦ 2 min−1 scanning speeds and Cu Kα radiation, 
we run the patterns at hand. We also used SEM-TESCAN 

VEGA3 Model XMU, LMH (Brno, Czech Republic) for 
speeding up the voltage of 10 kV in order to capture the 
Scanning electron microscope (SEM) of iron oxide NPs. 
Furthermore, a particle disperser unit for the dispersion 
of individual particles over the SEM setup was deployed. 
Using the Nicolet iS5 (LLC, Madison, WI USA) Spec-
trophotometer, the investigated solid’s Fourier-transform 
infrared (FTIR) spectrum, determine the presence of func-
tional groups in leaf extract. At wavelengths between 4000 
and 500 cm−1, the optical characteristics of iron oxide NPs 
were carried out using a UV–Vis spectrophotometer (the 
device is Shimadzu UV-1800, Japan UV–Vis Spectropho-
tometer). Data was recorded in the wavelength region of 
200 to 900 nm. UV spectrophotometric measurements fol-
lowed up the green synthesis of iron oxide NPs.

The crystallite size was calculated using the Scherrer for-
mula (Eq. (4)), by selecting the dominating peak of the highest 
intensity.

(4)D =
k�

�����

Fig. 1   Flow chart for green 
synthesis of iron oxide NPs by 
different plant extracts
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where D is the crystallite size, k is the so-called shape 
factor (0.9), � is the wavelength (0.15418 nm, CuKα), � is 
the Full Width at Half Maximum (FWHM), and � is the 
diffraction angle.

2.5 � Photocatalytic degradation of Congo Red 
and Evans Blue

With reactants in both the aqueous phase, i.e. Azo dye in 
solution, and the solid phase catalyst—iron oxide-NPs—
the photocatalytic degradation of dyes is characterized as 
a heterogeneous catalytic reaction. In the sense that such 
surface-catalyzed reactions come to pass when there is a 
reaction between azo dye molecules being adsorbed on the 
catalyst surface.

Iron oxide NPs were used for catalytic degradation of CR 
at room temperature. At first, we combined 5 mL of diluted 
CR, and then analyzed the UV–vis spectroscopy—It peaked 
at λmax = 488 nm. To examine the catalytic impact of iron 
oxide NPs samples, we added samples of iron oxide NPs 
(2 mg) to the CR solution (2 × 10 − 5 M) and adjusted the pH 
accordingly until the reaction was complete at the volume 
of 5 mL. With 250 − 900 nm wavelength at 10–120 min, 
we kept an eye on the degradation process spectrophoto-
metrically. Decolorization was a decline in the absorbance 
intensity (λmax) of the solution.

Via measuring Evan’s blue dye degradation rate, we could 
evaluate the catalytic activity of the catalyst. A stock solu-
tion of dye (5 × 10−6 M) was prepared by dissolving (1.2 mg) 
of dye in 250 mL doubly distilled water. pH of the dye solu-
tion was measured by a digital pH meter, and the desired 
pH of the solution (pH = 8) was adjusted by the addition of 
standard 0.1 M Hydrochloric acid and 0.1 M sodium hydrox-
ide solutions. The reaction mixture containing 2 mg catalyst 
in 5 mL of solution (Evans Blue). The Centrifugal of solu-
tion was used to cut off degradations. The absorbance of 
the solution was measured at λmax = 620 nm [37] at various 
time (15, 30, 60 and 120 min intervals was measured with 
the spectrophotometer.

3 � Results and discussion

3.1 � Structure and composition properties

The influence of the different plants extracts on the synthe-
sized iron oxide NPs has been studied employing diverse 
analysis techniques. The mean content of Mentha pule-
gium L. was obtained to be tannins, glycosides, saponins 
and volatile oils, such as terpenes, alkaloids, phenols and 
flavones. In the other hand, no resins were noticed for this 

plant. Meanwhile the hot ethanolic extract holds all kinds of 
saponins, glycosides, alkaloids, terpenes, steroids, phenols, 
volatile oils, tannins, coumarins, flavones except resins [38].

Phytochemical analysis considering Artemisia species 
confirmed that it contain all the classes of phytochemicals 
in the genus with specific reference to terpenes and flavo-
noids [39].

Different extracts resulted exploiting different extrac-
tion techniques were employed to quantify the condensed 
tannins, flavonoids and the total phenolic content of Arte-
misia Herba-alba. The different extraction techniques have 
yielded a total phenolic content of a range between 24.27 
and 5.7 mg GAE/g, a content of flavonoid expressed in cat-
echin equivalent is of a range between 10.8 to 16.5 CE/g, 
and condensed tannins represented in catechin equivalents 
is of a range between 4.8 to 6.5 mg CE/g. The ultrasonic 
and conventional extraction techniques were found to have 
the most significant quantity of anthocyanins, flavonoids, 
phenolics, and tannins. [40].

Punica granatum L. or the so-called pomegranate is get-
ting increasing interest due to its diverse benefits for human 
health since it holds a considerable amount of biomole-
cules, including tannins, flavonoids, and phenolic acids. 
Which clearly reflected on its production and consumption 
in the last decades. The results confirmed the presence of 
all the tested phytochemicals in P. granatum peels, exclud-
ing glycosides and anthocyanins. Meanwhile all the tested 
phytochemicals were presented of the ethanol extract of P. 
granatum peels excluding glycosides, tannins and antho-
cyanins. In the other hand, for the acetone extract of the 
same plant peels confirmed that it poses all the investigated 
phytochemicals excluding alkaloids, saponins and antho-
cyanins [41].

The XRD patterns of IONPs synthesized by different 
plants are shown in Fig. 2. The patterns indicates that 
IONPs synthesized by Artemisia herba-alba and Punica 
Granatum L. are with single phase shown in Fig. 2 with 
the peaks located at 2θ positions of 30.2°, 35.4°, 43.2°, 
53.34°, 57.3°, and 62.9° linked to (220), (311), (400), 
(422), (511), and (440) crystal planes of cubic Mag-
netite (Space Group: P 1 #1–1) with the JCPDS Card 
No.01–075-0449 [42]. Meanwhile, the XRD pattern of 
IONPs synthesized by Mentha Pulegium L. indicates that 
it is composed of two phases, (56.4%) Hematite phase 
distinguished by the peaks centered at 24.13°, 33.15°, 
35.45°, 40.70°, 49.47°, 54.04°,57.50°, 62.90° and 63.98° 
which correspond to the crystal planes of (012), (104), 
(110), (113), (024), (116), (122), (214) of rhombohedral 
crystal structure (Space Group: R -3 c #167–2) with the 
JCPDS Card No.01–079-0007 [43]. The peaks at 2θ value 
of 30.25°,35.45°,43.20°, 53.60°, 57.26°, and 62.90°, on 
the other hand, correspond to the planes of (011), (112), 
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(202), (004), (321), and (224) of cubic Magnetite (Space 
Group: P 1 #1–1) with the JCPDS Card No.01–075-0449 
[42]..The crystallite size was found to differ from a plant 
to other, where the estimated size of Mentha Pulegium L, 
Artemisia herba-alba,and Punica Granatum L. crystallite 
sizes were 42.37, 31.68, 30.17 respectively Table 1.

3.2 � FTIR spectroscopy analysis

The FTIR spectra of the different plants are shown on 
Fig. 3. The transmittance plots exhibited several bonds of 
the diverse functional groups presented on the studied plants 
extracts.

Fig. 2   Iron oxide nanoparticles 
synthesized XRD patterns

Table 1   Quantification and average size of iron oxide NPs obtained by different plant extracts

Plant (bioreducer) Crystallite size Presented Phases Lattice parameters Crystal system COD Entry Refe

Name Amount(%) Formula

Mentha Pulegium L 42.37 nm Hematite 56.4 Fe2 O3 Space Group:
R -3 c (#167–2)
a = 5.43000 Å α = 55.2800°
b = 5.43000 Å β = 55.2800°
c = 5.43000 Å γ = 55.2800°

Trigonal 
(rhombohe-
dral axes)

1,011,240 [43]

Magnetite 43.6 Fe3 O4 Space Group:
P 1 (#1–1)
a = 8.53335 Å α = 90.0000°
b = 8.53335 Å β = 90.0000°
c = 8.53335 Å γ = 90.0000°

Cubic 9,005,841 [42]

Artemisia herba-alba 31.68 nm Magnetite 100 Fe3 O4 Space Group:
P 1 (#1–1)
a = 8.53335 Å α = 90.0000°
b = 8.53335 Å β = 90.0000°
c = 8.53335 Å γ = 90.0000°

Cubic 9,005,841 [42]

Punica Granatum L 30.17 nm Magnetite 100 Fe3 O4 Space Group:
F d -3 m (#227–2)
a = 8.34400 Å α = 90.0000°
b = 8.34400 Å β = 90.0000°
c = 8.34400
Å γ = 90.0000°

Cubic 9,005,841 [42]
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The broad peak around 3500 to 3300 cm−1 are allocated 
to the bond of O–H stretching vibrations [44], C–H both 
asymmetric and symmetric stretching vibrations was iden-
tified by the bonds located at 2911 cm−1 and 2840 cm−1 
respectively [45], the bonds placed around 1650 cm−1 and 
1450 cm−1 are related to the C = O and C = C stretching 
vibrations respectively[46]. C–N stretching vibration band 
of amines appears at 1540 cm−1 [46]. Also, the two peaks 
seen at (1235 and 1050) cm−1 are attributed to C–O band 

stretching and C–OH bending vibrations respectively [47]. 
These observed on the different FTIR spectra of the different 
plant extracts indicates that they poses different polyphe-
nolic groups [45], that can play the role of reducing and 
stabilizing agents for iron oxide nanoparticles biosynthesis 
[48–53]..

The FTIR spectra of iron oxide nanoparticles biosynthe-
sized by different plants is shown in Fig. 4. The peaks cen-
tered at 516 cm−1, and 508 cm−1 are assigned to the Fe–O 

Fig. 3   FTIR spectra for the 
different plant extracts (Mentha 
Pulegium L, Artemisia herba-
alba and Punica Granatum L.) 

Fig. 4   FTIR spectra of iron 
oxide nanoparticles synthesized 
from different plant extracts 
(Mentha Pulegium L., Artemisia 
herba-alba and Punica Grana-
tum L.)
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stretching vibrations, similar findings were also observed 
by prior studies [54, 55]. Comparing the FTIR spectra of 
the pure plant extract and the biosynthesized IONPs reveals 
on a remarkable decrease in the hydroxyl group band situ-
ated at 3368 cm−1 indicates that this functional group was 
consumed during the biosynthesis process and has played a 
significant role in reducing and stabilizing IONPs [49, 56].

3.3 � Morphological investigation

SEM was employed to investigate the formation of iron 
oxide nanoparticles and their morphology. The SEM images 
of the synthesized iron oxide NPs with different plant 
extracts (Mentha Pulegium L., Artemisia herba-alba, and 
the fruit peel of Punica Granatum L.) is shown in Fig. 5. 
The iron oxide NPs were of a majority trend of spherical 
and oval shapes. Most of the iron oxide NPs were placed as 
an aggregated form with a minority of dispersed separate 
particles. The particle size distribution histograms seen in 
Fig. 5b, d, f indicated that the average size distribution of 

the biosynthesized iron oxide NPs is mainly around 70 nm. 
Given the size of the obtained particles and by comparing 
them with the size of the crystals, we conclude that the par-
ticles are crystals.

Agglomeration of iron oxide nanoparticles is a process 
that lowers free surface energy by increasing its size and 
decreasing its surface area. The agglomeration of nanopar-
ticles occurs with the adhesion of the particles to each other 
through weak forces that lead to (sub) nanoentities [57].

Further analysis of iron oxide nanoparticles, by EDS, as 
shown in Fig. 6 its associated data, confirms the presence of 
iron and oxygen, with a weight percentage of approximately 
64.35% Fe and 27.16% O.

3.4 � Bandgap and optical characteristics

Figure 7b displays the UV–Vis spectra of iron oxide nano-
particles synthesized using the leaves extract of Mentha 
Pulegium L., Artemisia herba-alba, and the fruit peels 
of Punica Granatum L. The UV–Vis spectra reveals on 

Fig. 5   SEM images and particle 
size distributions of biosynthe-
sis iron oxide NPs with different 
plant extracts: (a,b) by Mentha 
Pulegium L., (c,d) by Artemisia 
herba-alba, (e,f) by Punica 
Granatum L
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a single peak of maximum absorption located around 
275–301 nm which can be an indicator for the formation 
of iron oxide nanoparticles [58, 59]. When the light hits 
the colloidal iron oxide NPs samples, it leads to its exci-
tation resulting a notable absorption band in the range 
of the visible light; which take place when the electro-
magnetic field resonates with the perceived evolution of 
electrons [60]. The naked eye observation have shown 
that the color immediately changed from light brown to 
dark black after mixing plant extracts with precursor, and 
then it changes gradually to dark brown this color change 
observed is a sign of the excitation of surface absorption 
by spectroscopic resonance [61]. The peak intensity has 
been changed from a plant to other, this may be due to 
an increase in the number of nanoparticles formed due to 
transformations of iron ions, which can vary by the differ-
ent amount of bio-reducing agents presented in each plant, 
complete docking of them (iron ions) by the extract. The 
spectra of the three plant extracts showed different peaks 
shown in Fig. 7a.

Tauc’s formula (Eq. 5) was employed to determine the 
optical band gap (Eg) of iron oxide nanoparticles [62, 63]:

where hν is the energy of light, A is constant, α is the 
absorption coefficient and n is a constant represents the 
nature of the electron transition, when the transmission is 
direct n = 2, and when the transmission is indirect n = 1/2 
[64]. Figure 7c–d shows the plot of (�h�)2 and (�h�)1∕2 ver-
sus hν. The gap energy was determined from the intersection 
of linear section of the absorption spectrum with the axis 
of energy line. When (�h�)2 and (�h�)1∕2 equals to “0”, the 
photon energy is Eg. The optical band gap of samples is 
shown in Table 2.

By plotting (�h�)2 and (�h�)1∕2 versus photon energy 
( hv ), the optical energy bandgap for direct Eopt

g1
 and indirect 

E
opt

g2
 the transition can be determined, respectively [65, 66].

As per previous studies, direct and indirect energy gap 
values for the as-synthesized iron oxide NPs samples 

(5)(�hv)2 = A
(

hv − Eg

)

brought us a range from 0 to 3 eV [67]. The results are 
consistent with the literature review suggesting that the 
bandgap inversely proportional to particle size [65, 68, 
69].

Urbach energy denotes the breadth of the localized states' 
band tails. the Urbach energy Eu can be determined exploit-
ing the slope of the linear section of the graph of ln(a) ver-
sus photon energy Fig. 6e [70]. The different values of the 
calculated Urbach energy attributed to the different plants 
are listed in Table 2.

3.5 � Photocatalytic activity of iron oxide NPs for azo 
dye degradation

In Erlenmeyer flasks, 5 mL of dye solution was combined 
with 2 mg of each the adsorbents.

After that, the mixtures were swirled at a speed of 
300 rpm. The samples were taken out and centrifuged after 
a certain amount of time, and the concentration of dyes in 
the liquid phase was evaluated using a UV visible spectro-
photometer (SHIMADZU 1800) set to 600 nm. The amount 
of adsorption at equilibrium is calculated through the equa-
tion qe (mg/g):

With C0 and Ce (mg/L) representing the initial concentra-
tion as well as the equilibrium liquid phase dye concentra-
tion. While V stands for the volume of the solution (L), and 
m represents the mass of adsorbents (g).

Another common reaction to confirm the catalytic activ-
ity of iron oxide NPs with EB was the catalytic hydrolysis 
of the EB dye. UV–vis spectroscopy is used to monitor the 
stimulation (Fig. 8a,c,e). The dye is catalytically reduced 
as soon as iron oxide NPs as components are added to the 
reaction mixture. During the deterioration process, the EB 

(6)lna =
hv

Eu

+ constant(lna
0
)

(7)qe =
(C

0
− Ce)V

m

Fig. 6   EDS of iron oxide nano-
particles
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Fig. 7   UV–visible spectra: leaf extract (a) and iron oxide NPs (b); optical energy bandgap for both direct (c) and indirect (d) transitions relying 
on Tauc’s method; Urbach energy (e)
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solution's bright blue hue fades and becomes colorless after 
8 min. The initial absorption peak at 663 nm progressively 
faded over time, indicating the composite iron oxide NPs' 
catalytic activity. Figure 8b shows the computed degradation 
percentage as a quantitative expression of degraded dyes. 
Biosynthetic iron oxide NPs increase the reduction process 
(the dye dissolves faster up to 98% in 10 min).

From Fig. 8, we notice that the adsorption of iron oxide 
particles synthesized by Mentha Pulegium L leaf extract of 
Evan Bleu was greater over time compared to the adsorp-
tion of iron oxide particles synthesized by Artemisia harba 
alba asso leaf extract and Punica granatum fruit peel, and 
this may explain the formation of iron oxide particles syn-
thesized by Mentha Pulegium L leaf extract. has two phases, 
hematite and magnetite.

Upon applying optimal experimental conditions, achieve 
a 98% degradation rate within 60 min was observed in 
Fig. 9a–b. The following formula calculates the degrada-
tion efficiency [71–74]:

where C
0
 is the initial concentration of CR, and Ct is the 

immediate concentration.
Two phenyl rings are linked to two naphthalene terminal 

pads that contain amino and sulfonic acids to form CR. CR 
dye is a carcinogenic metabolite that is used in industries 
such as paper and elastics, and it induces malignant blad-
der development in humans. As a result of its high inherent 
harmfulness, its reduction is a critical concern. Under vari-
ous testing situations, biosynthetic iron oxide NPs detected 
the synergist debasement of CR. In the UV–vis region, 
the CR fluid arrangement exhibits two tops at 340 nm and 
490 nm, which correspond to the azo (─N = N─) bond. 
Azo linkages in the color particle break down during the 
CR lowering measure, producing distinct aromatic amine 
items (sodium 4-amino-1-naphthalene sulfonate and 
1,1'- Biphenyl).

IONPs were used for catalytic degradation of CR at room 
temperature. The sample of iron oxide NPs was chosen 

Degradation ratio (%) =
C
0
− C

t

C
t

× 100

for further photodegradation studies as it shows the best 
structural and morphological characteristics based on the 
techniques used. The results further prove that the IONPs 
catalyst exhibits good photoreactivity, confirming the cor-
responding degradation efficiency.

A possible mechanism for the deterioration of Evan's blue 
in the presence of iron oxide NPs has been postulated based 
on the experimental findings. Evan’s blue absorbs light of a 
sufficient wavelength and, by intersystem crossing, converts 
to a singlet excited state, then to a triplet excited state (ISC). 
Furthermore, the semiconductor, when it absorbs light, it 
causes the excitement of an electron from its valence band 
(VB) to its conduction band (CB). It is afterwards taken by 
dissolved oxygen to produce O2 •− (in basic media). These 
radicals have the ability to breakdown dye to its leuco state, 
and then to products [75, 76].

In basic medium

The reaction rates were found to be unaffected by the 
presence of the •OH radical scavenger, 2-propanol. This 
demonstrates that •OH radicals did not play a role as an 
active oxidizing species in these processes.

The influence of pH on Evans blue photocatalytic deg-
radation is shown in Fig. 1. The photocatalytic process 
depends on the dye solution’s pH—as observed in the graph 
[77]. The pH of the solution is changed by adding 0.1 M 
HCl or 0.1 M NaOH. The rate of deterioration is faster in 
basic circumstances than in acidic settings. This remark is 
consistent with the findings reported in [78].

Figure 10 depicts effect of pH on Evans blue photocata-
lytic degradation. As seen in the graph [77], the photocata-
lytic process is significantly reliant on the dye solution’s pH. 
Adding 0.1 M HCl or 0.1 M NaOH to the solution changes 
the pH. In basic conditions, the pace of degradation is faster 
than in acidic conditions. This in particular is in agreement 
with the findings in [79].
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h
�

→ EB
1

(9)EB
0

ISC

→ EB
1

(10)Fe
3
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4
NPs + e−
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�

→ Fe
3
O

4
NPsh+(VB) + e−(CB)

(11)O
2
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.−

2

(12)EB
1
+ O

.−

2

ISC

�������������→ Leuco EB

(13)Leuco EB �→ Products

Table 2   The effect of plant -source on the characteristics of the pre-
pared iron oxide NPs

Samples Direct 
bandgap 
(eV)

Indirect 
bandgap 
(eV)

Urbach 
energy 
(eV)

IONPs by Mentha Pulegium L 1.23 2.58 0.401
IONPs by Artemisia herba-alba 1.29 2.44 0.456
IONPs by Punica Granatum L 1.67 2.75 0.968
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Fig. 8   Time effect reaction of iron oxide NPs on degradation of 
EB: (a) obtained by Mentha Pulegium L., (c) obtained by Artemisia 
herba-alba, (e) obtained by Punica Granatum L.); Degradation per-

cent degradation of EB (b) iron oxide NPs by Mentha Pulegium L., 
(d) iron oxide NPs by Artemisia herba-alba, (f) iron oxide NPs by 
Punica Granatum L.)
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Fig. 9   Time effect reaction of iron oxide NPs on degradation of 
CR: (a) obtained by Mentha Pulegium L., (c) obtained by Artemisia 
herba-alba, (e) obtained by Punica Granatum L.); Degradation 

percent degradation of CR (b) iron oxide NPs by Mentha Pulegium 
L., (d) iron oxide NPs by Artemisia herba-alba, (f) iron oxide NPs by 
Punica Granatum L.)
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4 � Conclusion

In this study, that iron oxide nanoparticles manufactured 
using three different plants extracts create particles with 
distinct physical features that have a significant impact on 
sorption qualities. The process is relatively easy, fast, cheap, 
environmentally friendly, and does not require any organic 
solvents or other toxic reagents. Therefore, this synthesis 
method is more beneficial than conventional methods for 
the synthesis of Fe3O4 NPs. The shape of the prepared 
Fe3O4 NPs is close to spherical, the crystal in nature, and 
the average diameter is where the estimated size of Mentha 
Pulegium L, Artemisia herba-alba,and Punica Granatum L. 
crystallite sizes were 42.37, 31.68, 30.17 nm respectively. In 
addition, this study shows that the prepared Fe3O4 NPs NPs 
have good catalytic activity for dye degradation of MB and 
CR stains under environmental conditions. The compound 
Fe3O4 NPs is proved to be useful in the treatment of waste-
water (dye degradation) in medicines.
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