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mining the features of the resulting nanoparticles and, subsequently, the FeNPs’ adsorption ca-
pacity. It established the Punica granatum part that generates ideal FeNPs with optimum
performance in BTEX adsorption. Three Punica granatum parts, the leaves, peels, and seeds, were
utilized for the biogenic synthesis of the FeNPs, and the features and performance of the FeNPs in
BTEX adsorptive removal were analyzed. It was found that the FeNPs from various Punica
granatum parts, namely FeNPs-leaves, FeNPs-peels, and FeNPs-seeds, exhibited distinct features
due to the unique phytochemical composition of these parts, as indicated by their total phenolic
content (TPC) measurement and GC-MS analysis. The XRD result showed that bio-reduction using
the leaves extract yielded magnetite, while bluish-black maghemite and yellowish-brown
maghemite were obtained from the peels and seeds extracts, respectively. The three FeNPs also
have different specific surface areas, at 8.61 m?/g, 48.45 m?/g, and 35.40 m?/g for FeNPs-leaves,
FeNPs-peels, and FeNPs-seeds, respectively. The properties of the FeNPs influenced their BTEX
adsorption capacity, with the FeNPs-peels (48.45 m?/g) and FeNPs-seeds (35.40 m?/g) exhibiting
higher specific surface area than the FeNPs-leaves (8.61 m?/g), which reflected in the higher
BTEX adsorption capacity obtained for the FeNPs-peels and FeNPs-seeds. The BTEX adsorption on
the FeNPs mainly occurs through chemisorption in a monolayer surface, as indicated by the
adsorption data fitting in pseudo-second-order and the Langmuir isotherm model.

Introduction

Benzene, toluene, ethylbenzene, and xylene, collectively termed BTEX, are toxic aromatic hydrocarbons commonly found in in-
dustrial wastewater, especially petroleum-based wastewater [1]. The release of poorly treated or untreated BTEX-contaminated
wastewater into the environment is a major environmental and health risk due to their persistence, volatility, and toxicity [2,3]. In
aquatic systems, BTEX compounds reduce dissolved oxygen levels and bioaccumulate in organisms, leading to metabolic disruption
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and mortality [4]. In soils, they impair microbial activity and can leach into groundwater, rendering it unsafe for consumption [1].
Moreover, volatilized BTEX contributes to air pollution and the formation of photochemical smog [2,5]. Prolonged human exposure to
BTEX-contaminated water or air can cause neurological damage, organ dysfunction, and cancer, with benzene identified as a potent
human carcinogen [1,4]. Hence, devising an effective and efficient treatment approach for BTEX wastewater is critical.

Various methods have been used to remove BTEX compounds from wastewater, including biological degradation, advanced
oxidation processes (AOPs), and membrane filtration [3,6,7]. However, each of these techniques has downsides that limit their
application for BTEX removal. Biological treatment is environmentally friendly, but often inefficient at removing BTEX due to mi-
crobial inhibition [8]. AOPs can effectively degrade BTEX into less harmful compounds, but require high energy input and often use
expensive, and usually toxic oxidants [7]. Membrane filtration provides physical separation of BTEX, but can be affected by severe
fouling that negatively impacts the membrane integrity [9]. Among these methods, adsorption of BTEX using nanomaterials has gained
significant attention due to its simplicity, cost-effectiveness, and high removal efficiency [2]. Advancements in nanotechnology have
introduced eco-friendly synthesis routes that minimize the use of hazardous reagents and energy consumption, thereby promoting the
development of green nanomaterials for safer, more sustainable environmental remediation [10]. Among these green approaches, the
biogenic synthesis of nanomaterials using plant extracts has gained prominence due to its sustainability, simplicity, and low envi-
ronmental impact. Compared with conventional chemical and physical synthesis methods, biogenic routes eliminate the need for harsh
chemicals, reduce waste generation, and utilize naturally occurring phytochemicals as reducing and stabilizing agents [11]. This not
only makes the process safer and more cost-effective but also produces nanomaterials with enhanced surface reactivity, making them
highly suitable for environmentally benign BTEX adsorption.

For the use of plant substrates in nanomaterials synthesis, the type and composition of the plants’ phytochemicals directly affect the
properties of the nanomaterials and, subsequently, their performance in wastewater treatment [12-14]. Thus, research efforts are
increasingly advancing toward understanding the correlation between a plant’s phytochemical composition and the properties and
performance of resulting nanomaterials. Liu et al. [15] studied and compared the role of the phytochemicals of the leaf extracts of three
plants, Eriobotrya japonica (EJ), Populus (PL), and Cupressus funebris (CF) on the properties of biogenic synthesized Ag nanoparticles
(AgNPs), and the subsequent performance of the AgNPs in the degradation of various organic dyes from dyeing wastewater. They
found that the EJ extract has a higher capability to act as a reducing and stabilizing agent in the biogenic synthesis of the AgNPs, and
the resulting AgNPs from the EJ extract have better catalytic and antibacterial performance than the AgNPs from the other studied
extracts. In another study, Bopape et al. [16] studied the effect of the concentration of the extract of the C. benghalensis plant on the
morphology of the synthesized ZnO-NPs, and the efficiency of the ZnO-NPs to photodegrade methylene blue (MB) dye. The study
reported that the morphology of the ZnO-NPs was impacted by the plant extract concentrations, with the lower plant concentration
producing platelets-shaped ZnO-NPs. At the same time, spherical ZnO-NPs were obtained from higher plant extract concentrations,
which also exhibited higher photodegradation of MB in the wastewater. This variation in the property and performance of the biogenic
synthesized ZnO-NPs was linked to the amount of phytochemicals in the different prepared plant extracts. Another similar study
investigated the variations in the phytochemical composition of H. perforatum plant extract during the biogenic synthesis of AgNPs to
establish the role of the plant’s phytochemicals in the synthetic procedure [12]. The study identified the phenolic acids and flavonoids
of the plant extracts as reducing agents, while xanthones and phloroglucinols are the capping agents.

Punica granatum plant is particularly suited for plant-based nanomaterial synthesis due to its robust phytochemical profile and ease
of cultivation. The plant’s parts are rich in polyphenols, flavonoids, and tannins, which serve as natural reducing and stabilizing
agents, enabling the eco-friendly formation of nanoparticles under mild conditions [17,18]. In addition, it is very adaptable to a wide
range of soils, highly tolerant of drought, and grows in various climatic conditions, ensuring consistent biomass production and making
it a sustainable, readily available source for green synthesis [19].

Motivated by the lack of studies on the use of biogenic synthesized FeNPs, particularly Punica granatum-mediated FeNPs, for the
adsorptive removal of BTEX, this work investigated the properties of FeNPs from the Punica granatum leaves, peels, and seeds and their
subsequent application in BTEX wastewater treatment. This aimed to identify the part of Punica granatum that produces FeNPs with
ideal features, resulting in optimal performance in the adsorptive removal of BTEX from wastewater, since the composition of the
phytochemicals in these Punica granatum parts varies [18]. Hence, an investigation into the part of the Punica granatum that produces
the prime FeNPs features due to its unique phytochemical composition is paramount for developing ideal FeNPs for BTEX wastewater
treatment. The study investigated an effective method for addressing BTEX contamination in our water bodies using Punica
granatum-mediated FeNPs. This study further evaluated the adsorption kinetics and isotherm profile of the FeNPs in BTEX removal to
gain insight into the nature of BTEX adsorption using the biogenic synthesized FeNPs. It is essential to note that utilizing the three parts
of the Punica granatum in this study is considered sustainable in terms of food conservation, as the Punica granatum fruit peels and
seeds are food waste, while the leaves are not edible.

Materials and methods
Materials

The Punica granatum’s leaves, peels, and seeds were harvested from the Punica granatum plant located at the School of Chemical
and Metallurgical Engineering, Wits University, Braamfontein. Folin-ciocalteu reagent, gallic acid, sodium carbonate, benzene (99.8
%), toluene (99.9 %), xylene (>99 %), ethylbenzene (>99.9 %), and Iron (III) chloride, were acquired from Sigma Aldrich. The
deionized water (DI water; 18.2 MQcm @25 °C) utilized in this work was obtained from the Direct-Q UV millipore water purification
unit. The chemicals were utilized as they were received without further purification.
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Fig. 1. The experimental procedure for the synthesis of the iron oxide NPs.

Preparation of the extracts of the Punica granatum

The peels and seeds were obtained from the Punica granatum fruits by separating these parts from the fruit, while the leaves were
directly plucked from the tree. All the parts (leaves, seeds, and peels) were well rinsed with tap water to wash off the dust or impurities
and then left to dry in a clean, open space. Afterward, the parts were additionally oven-dried at 50 °C for 3 days to obtain well-dried
Punica granatum leaves, peels, and seeds. The dried parts were separately ground into fine powders using a clean grinder. The aqueous
extracts of the parts were then obtained by mixing 20 g of each powder separately with DI water (200 mL) and shaking the mixture at
150 rpm for 8 h, which is then sonicated for 30 min. The mixtures were then initially filtered using a stainless steel sieve, followed by
vacuum filtration with a Whatman filter no. 1. The obtained separate extract of the Punica granatum leaves, peels, and seeds were
stored at 4 °C and employed for the biogenic synthesis of the iron oxide nanoparticles (FeNPs).

Synthesis of the iron oxide NPs

The FeNPs were biogenically synthesized using the various prepared Punica granatum extracts to reduce the iron precursor, FeCls.
Three iron oxide NPs were obtained by utilizing either the leaves, peels, and seeds extracts to reduce the precursor according to the
procedure described below:

FeCl3 solution was first obtained by dissolving 1.2 g of FeClg in DI water (70 mL) with continuous stirring. 140 mL of the Punica
granatum extract was gently poured into the FeCl; solution and stirred continuously for 3 h at 80 °C. At this stage, the reaction mixtures
containing the peels and leaves extract changed from the initial yellow colour to black. This indicates the complete reduction of the
FeCl; precursor to the iron oxide NPs, as shown in Fig. 1. There was no significant colour change in the reaction mixture containing the
seeds extract after 3 h; hence its reaction time was extended. After 8 h, the colour of the reaction mixture containing the seeds extract
changed to yellowish-brown, as also shown in Fig. 1. Then, the three reaction mixtures were left to cool and then centrifuged to recover
the NPs. The NPs were thoroughly washed thrice with ethanol and DI water by shaking the NPs suspension for 15 min and sonicating
for 10 min to remove impurities. The sonication of the NPs also ensures the breakdown of the clusters of the NPs into individual NPs.
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Fig. 2. The mechanism of the biosynthesis of the FeNPs using the Punica granatum extracts.
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Fig. 3. The prepared standards and Punica granatum extracts for total phenolic content measurements.

Lastly, the resulting NPs were oven-dried at 50 °C for 3 h to obtain the NPs in dry form, which was crushed with mortar and pestle into
fine NP powder. The NPs were then stored in an airtight container and used for the related characterizations and performance analysis
in this study.

The mechanism of the biosynthesis is represented in Fig. 2. The phytochemicals in the plant extract consist of compounds with
electron-donating functional groups such as -OH, -C=0, and -NH: (as depicted in the FTIR result), which reduce the Fe>* to the FeNPs
nuclei (Fe304 or Fe;03). This is followed by the nucleation step, which involves the initial formation of small FeNPs clusters and the
subsequent growth of these clusters into larger FeNPs. The active phytochemicals in the plant extract also cap the formed FeNPs
cluster, controlling the particle size.

Characterization of the Punica granatum extracts and iron oxide NPs

The total phenolic content (TPC) of the various Punica granatum extracts was calculated according to the Folin-Ciocalteu assay
[201, with few modifications such as the volume of the Folin-Ciocalteu reagent used, the volume of the extract used, and the Na,CO3
concentration. The Folin-Ciocalteu reagent (1 mL) was diluted with DI water (9 mL). NapCOs solution was made by dissolving 7.5 g of
NayCOs in DI water (100 mL) to obtain 7.5 % (w/v) NapCOj3 solution. This is followed by the well mixing of 200 pL of each prepared
extract (10 mg/mL) with 1.0 mL of the diluted Folin-Ciocalteu reagent; then the mixture was kept in a dark cabinet for 5 min. Af-
terward, 0.8 mL of the prepared Na;CO3 was added to the mixture, thoroughly mixed for 1 min using a velp scientifica vortex mixer,
and left to stand in a dark cabinet for 2 h. The resulting mixtures are shown in Fig. 3. Gallic acid was the standard compound used in the
TPC measurement, and the gallic acid stock solution was prepared by thoroughly dissolving 0.5 g of gallic acid in 100 mL of DI water to
obtain a 5 mg/mL stock solution. The standard amounts (0.05, 0.1, 0.15, 0.25, and 0.5 mg/mL) were prepared by taking aliquots of the
gallic acid stock solution and diluting accordingly, and 1 mL of the diluted Folin-Ciocalteu reagent and 0.8 mL of the prepared Na;CO3
were added to each of the standards. The standards were kept in a dark cabinet for 2 h, and the resulting standards are shown in Fig. 3
The absorbance of the standards and Punica granatum extracts at 765 nm was measured against a blank using an Agilent Cary Series
UV-Vis Spectrophotometer. The measurements were all done in triplicates, with the TPC quoted as mg gallic acid equivalents (GAE)
per g of either the dry leaves, peels, or seeds, which was calculated using Eq. (1).

C=cV/M 1

with C denoting the total phenolic content (mg GAE/g of dry plant). ¢, V, and M are the gallic acid concentration obtained from the
calibration curve (mg/mL), the various extract volume (mL), and mass of the dry plant (g), respectively.

The phytochemicals in the Punica granatum extracts were determined with an Agilent GC 7890B, having a 30 m x 0.25 mm ID x
0.25 um Rxi-5Sil MS capillary column, coupled to a Gerstel MultiPurpose Sampler robotic series and a LECO Pegasus 4D GCx GC-Time-
of-Flight Mass Spectrometer (TOFMS). A 0.45 um polytetrafluoroethylene (PTFE) filter was used to filter the Punica granatum extracts
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Fig. 4. GC-MS chromatograms of the Punica granatum leaves, peels, and seeds extracts.

before the analysis, and a 1 uL injection volume (splitless mode) was set, with helium mobile phase. Programming of the temperature
gradient of the oven was thus: 50 °C for 30 sec, followed by 300 °C for 2 min at 15 °C/min. The National Institute Standard and
Technology (NIST) database was used to interpret the GC-MS spectra and to match the phytochemicals found in the extracts.

Some of the Punica granatum extracts were lyophilized with an Alpha 1-2 LDplus freeze-dryer, and the functional groups in the
lyophilized extracts were assessed using Bruker Tensor 27 FT-IR spectrometer.

The FeNPs were identified by XRD performed on a Bruker benchtop D2 phaser. A high-resolution Carl Zeiss SEM and JEOL JEM-
2100F TEM were utilized to ascertain the NPs’ shape and size respectively. Micrometrics TriStar II Plus version 3.03 was utilized to
determine the NPs’ textural property via Ny physio-sorption at 77k. The NPs’ surface charge was obtained by measuring their zeta
potential, which was done on a Malvern Zetasizer Nano ZS Instrument.
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Fig. 5. (a,b,c) XRD patterns of the FeNPs, and (d,e,f) FTIR spectra of the FeNPs and the Punica granatum extracts.

Batch adsorption experiments

Batch adsorption experiments were performed to assess the adsorptive behaviour of the various biogenic synthesized iron oxide
NPs towards BTEX removal. Lab-prepared BTEX wastewater was used in the study due to the complicated protocols encountered in
obtaining real industrial BTEX wastewater. The effects of parameters, that is, pH (2-12), NPs dosage (0.2-1.0 g/L), contact time (2-80
min), and concentration (20-180 mg/L) on the BTEX adsorption tendency of the iron oxide NPs were investigated.
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The adsorption experiments were performed by placing 50 mL of the prepared BTEX solutions in glass bottles, then adding the
required dose of the FeNPs to the BTEX solutions, and shaking the suspension at 150 rpm for the specified period of time. The required
parameters, which include the pH, NPs dosage, contact time, and BTEX concentration employed in the various adsorption experiments,
are stated in the result section. Upon completion of each specific test, the NPs were separated from the BTEX solutions through
centrifugation. An aliquot of the BTEX solutions was collected, and then the final concentrations were measured with an Agilent 7890A
gas chromatograph instrument (column: 30 m x 0.25 mm ID BP5MS x 0.25 um), having a flame ionization detector, and paired with
an Agilent 7693A series automatic liquid sampler. The flow rate of the nitrogen carrier gas was kept at 2.64mL/min, with an injection
volume of 0.2pL in a splitless mode. An oven initial temperature was set and maintained at 40 °C for 2 min, then ramped to 90 °C and
held for 3 min at 10 °C/min, then finally to 200 °C and held for 2 min at 20 °C/min.

The adsorption tendency of the NPs was then determined by calculating their adsorption capacity and BTEX removal percentage
according to Egs. (2) and (3), respectively.

Co — C)V
q =GV - ! @
Removal (%) = %100 3

o

Where q; (mg/g) denotes the adsorption capacity, V (L) denotes the volume of the BTEX solution, while m (g) denotes the weight of the
NPs adsorbents. C, (mg/L) and C; (mg/L) represent, respectively, the initial and final BTEX concentrations.

Results and discussion
Characterization of the Punica granatum extracts

The phenolic compounds are important phytochemicals in the Punica granatum extracts, responsible for reducing the FeCl; pre-
cursor to iron oxide NPs [21]. Their concentration in the Punica granatum extracts can affect the reaction kinetics and the features of
the produced nanoparticles [21]. The total phenolic content of the aqueous Punica granatum extracts, reported as the gallic acid
equivalents (GAE) per g of dry weight of the Punica granatum parts, showed that the leaves and peels extracts have similar amounts of
phenolic content. The leaves extract has a total phenolic content of 47.44 + 0.58 mg GAE/g dry wt of leaves, and that of the peels
extract was 47.16 + 0.72 mg GAE/g dry wt of peels. A total phenolic content of 0.60 + 0.02 mg GAE/g of dry wt of seeds was obtained
for the seeds extract, thus indicating that the seeds extract has the lowest phenolic content among the three Punica granatum parts. The
low total phenolic content of the seeds extract could be responsible for the slower reaction observed during the synthesis of the
FeNPs-seeds. As described in section 2.3, the bio-reduction of the iron precursor by the seeds extract took 8 h, while the bio-reduction
using the leaves and peels extract was completed in 3 h. Therefore, it can be affirmed that the total phenolic content in the plant
extracts may have a direct correlation with the reaction speed during the biogenic synthesis of FeNPs.

The phytochemicals in the Punica granatum extracts were further assessed with GC-MS, and the chromatograms are displayed in
Fig. 4. Some of the phytochemicals found in the extracts are depicted in the chromatograms and in Table S1, S2, and S3. Active
phytochemicals, such as furfural, 2-isopropoxyphenol, 5-hydroxymethylfurfural, rhamnose, salicylic acid, maltol, and dodecanoic acid
were found in the extracts. Thus, in addition to the phenolic compounds, other phytochemicals are present in the plant extracts. As
shown in Tables S1, S2, and S3, each extract has distinct varieties of phytochemical compounds, which could exhibit different roles in
the bio-reduction of the iron precursor. This suggests that the mechanism of the biosynthesis of the FeNPs using these three extracts
may differ, ultimately resulting in nanomaterials with distinct properties and performance.

Characterization of the various iron oxide NPs

Powder X-ray diffraction (PXRD) results

The phase identification of the iron oxide NPs (FeNPs) obtained using powder X-ray Diffraction (PXRD) is shown in Fig. 5 (a—c). In
the XRD pattern of the FeNPs-leaves, diffraction peaks were observed at 30.29°, 35.68°, 43.36°, 53.81°, 57.36°, and 62.99°, which are
respectively indexed to (200), (311), (400), (422), (511), and (440) planes cubic phase of magnetite (Fe304) (ICSD collection code
29,129). The FeNPs- peels and FeNPs-seeds displayed similar diffraction peaks at 26.16°, 30.30°, 33.97°, 35.69°, 43.38°, 44.78°,
50.10°, 53.83°, 57.38°, 63.02°, and 74.59° which respectively corresponds to miller indices of (211), (220), (310), (311), (400), (410),
(421), (422), (511), (440), and (533) planes of cubic phase of maghemite (Fe;O3) (ICSD collection code 250,541). While the peels and
seeds extract of the Punica granatum both produced maghemite, the colour of the maghemite differs. Maghemite exists in various
colours, including brown, bluish-black, yellow, and yellowish-brown [22]. The FeNPs-peels are bluish-black maghemite, while the
FeNPs-seeds are yellowish-brown maghemite, as depicted in Fig. 1. Therefore, the XRD results indicate that different forms of iron
oxide were obtained by using the various extracts of Punica granatum to reduce FeCls. This portrays the complex role of plant phy-
tochemicals in the type of biogenic synthesized NPs obtained using a particular plant extract. As shown in the TPC and GC-MS results
of the extracts, the Punica granatum leaves, peels, and seeds have different concentrations of phenolics and varying compositions of
phytochemicals. These variations in the concentration and composition of the phytochemicals in the three Punica granatum parts
could result in different routes to the bio-reducing process, hence the various types of FeNPs obtained.
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Fig. 6. SEM and TEM image of the FeNPs.

Chemical composition analysis

FTIR was performed to compare the functional groups in the Punica granatum extracts and the subsequent FeNPs and to confirm
the capping tendency of the extracts on the FeNPs. The FTIR spectra of the Punica granatum extracts and their subsequent FeNPs in the
region 400 — 4000 cm ! are presented in Fig. 5(d-f) and indicate that the leaves extract has a broad band around 3253 cm-1, emanating
from the O—H stretching vibration of the phenols and alcohols in the extracts [23,24]. The band at 1716 cm~! could result from the
C=0 stretching vibration of the carboxylic acid-containing compounds in the extract [23,25]. Bands at 1206 and 1022 cm ™! could be
due to the C—O stretching vibration of the phenols and alcohols, respectively [23,26]. The other bands at 2931, 1602, and 1338 cm ™!
could emanate from the asymmetric and symmetric stretching vibrations of the C—H, stretching vibration of C=C, and the stretching
vibration of C—N, respectively [23,27,28]. Comparing the spectra of the leaves extract and the FeNPs-leaves, the FeNPs-leaves exhibit
bands at 3253, 1716, 1602, 1338, 1206, and 1054 cm ™!, which are all similar to the bands observed in the spectrum of the leaves
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Fig. 7. The N, adsorption-desorption isotherms and pore size distributions (inset) of the FeNPs.

extract. This confirms the deposition of some active phytochemicals from the leaves extract onto the surface of the biogenic syn-
thesized FeNPs, thereby capping and stabilizing the FeNPs. The presence of functional groups, including O—H and C—N, on the
FeNPs-leaves can also provide more active sites to improve the removal of organic contaminants, such as BTEX, from contaminated
wastewater [29]. Additional bands at 522 and 430 cm ! in the FeNPs-leaves spectra correlate with the stretching of Fe-O of the Fe3O4.

The spectra of the peels extract show bands at 3280, 2937, 1718, 1603, 1331, and 1024 cm’l, respectively, conforming to the
O—H, C—H, C=0, C=C, C—N, and C—O functional groups in the phytochemicals of the extract as previously discussed. Similar bands
were observed in the spectra of the FeNPs-peels at 3280, 1724, 1657, 1344, and 958 cm ™%, which also conform to O—H, C—H, C=0,
C=C, C—N, and C—O functional groups respectively. The seeds extract exhibit bands at 3313, 2928, 1721, 1604, 1343, and 1022 em™!
which are linked to O—H, C—H, C=0, C=C, C—N, and C—O respectively, and the FeNPs-seeds shows bands at 3313, 1716, 1605,
1325, 1201, and 1011 cm ! also corresponding to O—H, C—H, C=0, C=C, C—N, and C—O respectively. This indicates that there is
deposition of some active phytochemicals from the peels or seeds extract onto their respective FeNPs, which can cap and stabilize the
FeNPs. Some of the identified functional groups, like the O—H and the C—N on the FeNPs, could provide active sites for the removal of
organic contaminants, including BTEX [29]. The spectra of the FeNPs-peels show additional bands at 837 and 414 cm ™1 while
additional bands were seen for the FeNPs-seeds at 665 and 489 cm ™!, which are due to the Fe—O of the Fe,03 phase [30]. Therefore,
there are phytochemicals on the surface of all three biogenic synthesized FeNPs, which could stabilize the FeNPs, minimize their
agglomeration, and provide active sites for BTEX adsorption.

Morphological characterization
SEM and TEM were used to assess the morphology of the FeNPs, and the images are shown in Fig. 6. The SEM images indicate that

all the FeNPs are mostly spherical in shape, with fairly good dispersion, as observed in their respective TEM images. The fairly good
dispersity of the FeNPs, without any chemical coating on their surface, is due to the natural coating of the FeNPs surfaces by the
phytochemicals in the various plant extracts. The FeNPs-leaves seemingly exhibit a more spherically defined structure and have better
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dispersity than the FeNPs-peels and FeNPs-seeds. Although it is well known that the capping and stabilizing effects of the phyto-
chemicals are responsible for the good dispersity, the correlation between the type and concentration of the phytochemicals and the
FeNPs morphology could not be ascertained due to the complexity of the phytochemicals in the plant extracts. All the FeNPs have
rough surfaces, as shown in their TEM images. The average particle sizes of the FeNPs were measured and summarized from their TEM
images using ImageJ software. FeNPs-leaves have an average particle size of 73.35 + 8.7 nm, while FeNPs-peels and FeNPs-seeds have
average particle sizes of 39.51 + 6.6 nm and 37.20 + 7.6 nm, respectively. The reaction times of FeNPs-leaves and FeNPs-peels were
shorter than the FeNPs-seeds; hence, it was expected that the particle sizes of FeNPs-leaves and FeNPs-peels would be smaller than the
FeNPs-seeds since shorter reaction times typically result in smaller sized nanoparticles [10,31]. The smaller particle size of the
FeNPs-seeds, despite its longer synthesis time, further established the complexity of the factors determining the features of biogenic
synthesized NPs. In a study investigating the basis and mechanism of phytochemicals in H. perforatum plant-based synthesis of Ag NPs
conducted by Pradeep et al. [12], it was observed that two phytochemicals, xanthones and phloroglucinols, serve as capping agents in
the biogenic synthesis. This shows the uniqueness of the role and mechanism of phytochemicals in the biogenic synthesis of NPs.
Therefore, a plausible explanation for the smaller size of the FeNPs-seeds is that the seed extract may contain unique phytochemicals
capable of rapidly capping the FeNPs as they form, thereby inhibiting their growth during the longer synthesis process [32]. The
FeNPs-leaves and FeNPs-peels also have different particle sizes despite being synthesized over the same duration. All three plant
extracts contain a varying composition of phytochemicals, which can have unique roles in the synthesis mechanism and the growth of
the FeNPs.

Textural features of the FeNPs

BET analysis was performed to determine the textural features of the FeNPs in terms of their porous nature and specific surface area,
and the nitrogen adsorption/desorption isotherm curves obtained using the BET technique are presented in Fig. 6. As established from
the IUPAC classification of the isotherm curves, all the FeNPs had type IV isotherms, which indicates their mesoporous nature.
Mesoporous materials are notably suitable adsorbents for removing many organic contaminants from wastewater [33]. Hence, the
FeNPs could be potential adsorbents for target organic contaminants, such as BTEX. Among all the FeNPs, FeNPs-peels have the highest
BET specific surface area of 48.45 m?/g, while the FeNPs-seeds have a specific surface area of 35.40 m?/g. The FeNPs-leaves have the
lowest specific surface area at 8.61 m?/g. Here again, the uniqueness of the various phytochemicals in the plant extracts may have
resulted in the varying features of the three biogenic synthesized FeNPs.

The FeNPs pore sizes were assessed using the Barrett-Joyner-Halenda (BJH) method from the desorption branch. The insets of Fig. 7
show the respective pore sizes of the FeNPs, which further establishes mesopores in the FeNPs. Mesoporous materials typically have
pore diameters between 2 - 50 nm [34], and most of the pores of the FeNPs are within this range, as shown in the insets of Fig. 7. The
pore sizes with the highest pore volumes are 2.48 nm, 15.82 nm, and 22.79 nm for FeNPs-leaves, FeNPs-peels, and FeNPs-seeds,
respectively. The BET results of the FeNPs indicate their effective porous nature and potential application as adsorbents for organic
contaminants such as BTEX.

Zeta potential results

The zeta potential measurements were conducted to determine the surface charge of the FeNPs at the measured pH range between 2
and 12, as shown in Fig. 8. At lower pHs, all three FeNPs have high zeta potential and are positively charged. This behaviour of the
FeNPs at lower pHs could be due to the protonation of their surface groups at the lower pH ranges. As shown in their FTIR, the FeNPs
surface has functional groups, which include the hydroxyl and amine groups, that tend to be protonated at low pH. Moreover, metal
oxides have the tendency to hydrate in an aqueous solution, thereby having its surfaces covered with hydroxyl groups, which could be
protonated at low pH [35,36]. The protonation of these surface groups on the FeNPs resulted in positively charged NPs at the low pHs.
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Fig. 9. Effect of solution pH on BTEX adsorption onto the FeNPs.

At a pH of 4.92, the FeNPs-peels established its point of zero charge (pHp,c), while the pH,,. of the FeNPs-leaves and the FeNPs-seeds
was 5.18. Above the pHyy,,, the surface charge of the FeNPs becomes negative, which can be ascribed to the deprotonation of the
aforementioned functional groups on their surfaces at higher pHs [36]. As the pHs were increased, the zeta potentials of all the FeNPs
became more negative, reaching -39.9, -38.7, and -39.5 at pH 12 for the FeNPs-leaves, FeNPs-peels, and FeNPs-seeds, respectively. The
results of the zeta potential of the FeNPs could provide an understanding of their behaviour towards BTEX adsorption at various pHs.

BTEX adsorption study

Effect of solution pH on BTEX adsorption

The initial pH of the solution is a vital parameter that can affect the behaviour of the FeNPs adsorbents towards the adsorption of
the BTEX [37]. According to the zeta potential results in Fig. 8, the FeNPs exhibit varying surface charges at different pHs, and the
surface charges of the FeNPs influence the interaction between the FeNPs adsorbents and the BTEX adsorbate [37]. Hence, the impact
of the solution pH on BTEX adsorption using the FeNPs was determined at different pHs (2 — 12) for 40 min. 10 mg of FeNPs and 20
mg/L (50 mL) of the BTEX solution were used for the test. As depicted in Fig. 9, the adsorption capacity of the FeNPs towards all the
constituents of BTEX (that is, benzene, toluene, ethylbenzene, and xylene) increased as the pH increased and attained its highest at pH
5. This behaviour at lower pH can be elucidated by the ability of iron oxide to accept protons under acidic conditions to form positively
charged species [38]. Thus, the positive charge favours electrostatic interaction between the FeNPs and the n-electrons of the BTEX.
However, the 1-electrons interaction relies on the available active sites on the FeNPs [39]. With the FeNPs interacting with the H' at
low pH, the available active sites for it to interact with the n-electrons of the BTEX decrease. As the pH increases, there is a reduced
amount of H, thus reducing the amount of H' interacting with the FeNPs, thereby providing more active sites for the n-electrons
interaction with the FeNPs. Above pH 5, the adsorption capacity started to decrease. As shown in Fig. 8, the surface charges of the
FeNPs were negative above pH 5. In addition, there was the presence of OH- at higher pHs. The negative surface charge of the FeNPs
above pH 5 and the OH- in the solution repelled the n-electrons of the BTEX, thereby diminishing the interaction between the FeNPs
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Table 1
Effect of FeNPs dosage on toluene, ethylbenzene, and xylene adsorption.
Pollutant Dosage (g/L) FeNPs-leaves FeNPs-peels FeNPs-seeds
q (mg/g) R (%) q (mg/g) R (%) q (mg/g) R (%)
Toluene 0.2 55.10+1.74 55.10+1.74 69.80+2.38 69.80+2.38 68.60+1.54 68.60+1.54
0.4 37.75+1.03 75.50+1.88 45.30+1.54 90.60+1.67 45.90+2.30 91.80+1.50
0.6 28.17+1.83 84.50+1.02 31.50+0.90 94.50+1.82 30.97+2.75 92.90+2.72
0.8 21.56+1.68 86.25+0.93 24.09+1.85 96.35+1.77 24.05+1.55 96.20+1.10
1.0 17.61+0.55 88.05+2.25 19.55+1.87 97.75+0.95 19.454+0.99 97.25+2.83
Ethylbenzene 0.2 52.50+2.50 52.50+2.50 70.45+2.71 70.45+2.71 68.20+0.93 68.20+0.93
0.4 37.96+1.94 75.90+1.40 43.59+1.71 87.85+1.97 44.50+1.75 89.00+1.64
0.6 25.82+2.24 77.45+£1.95 31.63+2.59 94.90+1.58 31.04+2.10 93.10+0.75
0.8 20.50+1.25 82.00+0.80 24.05+1.67 96.20+1.08 23.95+0.75 95.80+2.50
1.0 17.52+1.83 87.60+1.44 19.63+0.95 98.15+1.85 19.244+0.50 96.20+0.80
Xylene 0.2 48.95+1.14 48.95+1.14 69.90+0.46 69.90+0.46 67.85+0.91 67.85+0.91
0.4 35.65+2.04 71.30+1.53 43.82+1.27 87.65+1.25 44.25+1.28 88.50+1.00
0.6 25.80+1.28 77.40+1.06 30.97+0.77 92.90+0.80 30.02+0.32 90.05+0.82
0.8 21.93+0.85 87.70+0.91 24.18+1.19 96.70+0.91 23.50+0.25 94.00+1.50
1.0 17.64+0.82 88.20+0.25 19.48+0.78 97.40+1.10 19.0240.64 95.10+1.12

and the BTEX; hence, the decrease in adsorption capacity obtained at higher pHs.

The FeNPs-leaves exhibited the lowest BTEX adsorption across all the tested pHs, while the FeNPs-peels and FeNPs-seeds showed
fairly the same BTEX adsorption performance. The lower BTEX adsorption of the FeNPs-leaves could be due to its lower specific surface
area, as previously reported in its BET results.

Since it has been established that the pH has a considerable effect on the adsorption performance of the FeNPs, the subsequent
adsorption experiments were maintained at a specific pH, and the optimum pH 5 was chosen.
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Fig. 11. (a, b, ¢, d) Effect of contact time on BTEX adsorption on the FeNPs, and (e, f, g, h) their respective linear fit for pseudo-second-order

kinetic model.

Effect of FeNPs adsorbent dosage

This test was performed to assess the influence of the FeNPs dosages on the adsorption and removal efficiency of BTEX at pH 5 using
50 mL (20 mg/L) of BTEX solution for a duration of 40 min while varying the NPs dosage from 0.2 g/L to 1.0 g/L. As depicted in Fig. 10
and Table 1, the BTEX adsorption capacity decreased as the FeNPs dosage increased, while their corresponding BTEX percentage
removal increased. This decline in the adsorption capacity could be directly linked to the increased number of the FeNPs adsorbent
with constant BTEX concentration. On the other hand, the increment in the BTEX percentage removal was a result of the increased
availability of the adsorption sites and surfaces as more adsorbents were introduced at constant BTEX concentration, thereby
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Table 2
Kinetic pseudo-first and pseudo-second-order parameters of BTEX adsorption by the FeNPs.
Adsorbent Pollutant Qe exp (M/8) PFO PSO
Qes cal (Mg/g) k; (min ™) Qes cal (Mg/8) k; (g/mg/min)
FeNPs-leaves Benzene 39.52 19.11 0.0986 41.49 0.0084
Toluene 37.80 25.01 0.0873 39.53 0.0075
Ethylbenzene 37.61 33.83 0.1271 39.37 0.0077
Xylene 34.95 22.81 0.1191 36.49 0.0094
FeNPs-peels Benzene 45.75 35.11 0.1183 48.08 0.0060
Toluene 45.47 35.69 0.1066 47.62 0.0064
Ethylbenzene 45.31 33.02 0.1329 47.17 0.0078
Xylene 43.50 32.85 0.1234 45.04 0.0089
FeNPs-seeds Benzene 43.88 32.99 0.1315 45.45 0.0086
Toluene 44.70 38.29 0.1135 46,.95 0.0058
Ethylbenzene 44.20 31.04 0.1234 46.08 0.0074
Xylene 43.39 32.36 0.1351 45.66 0.0061

increasing the removal efficiency. Thus, this test established that there is a considerable effect on the adsorption performance of the
FeNPs as their dosages are varied. Comparing the three FeNPs, the FeNPs-peels and FeNPs-seeds exhibited higher adsorption capacity
than the FeNPs-leaves. This could also be due to the higher specific surface area of FeNPs-peels and FeNPs-seeds.

Effect of contact time and adsorption kinetics

The impact of contact time on the BTEX adsorption performance of the FeNPs adsorbents was studied at pH 5 using 20 mg of FeNPs
and a 20 mg/L (50 mL) BTEX solution, with the contact time varying from 2 min to 80 min. The result, as depicted in Fig. 11(a—d),
shows that all three FeNPs adsorbents exhibited similar adsorption trends when the contact time was varied. From the results, the
adsorption of BTEX onto the different NPs initially occurred rapidly until 15 min; then, the adsorption rate gradually slowed until
equilibrium was attained at 40 min. This behaviour can be attributed to the high available active sites on the adsorbents at the initial
stages of the adsorption, thus accelerating the adsorption of BTEX at the early stages. As the adsorption process proceeded, the
available active sites gradually decreased, resulting in a slower adsorption rate until all the sites were saturated at the equilibrium
stage.

To understand the adsorption kinetic process, pseudo-first-order (PFO) and pseudo-second-order (PSO) models were employed to
fit the obtained adsorption data and calculate the kinetic parameters. The linearized form of the models used to determine the
adsorption kinetic parameters are expressed as follows:

Pseudo-first-order model:

k]t
108 (4 = 4) =l0g 4= 5353 )
Pseudo-second-order model:
t 1 t
—— + (5)

qe kZQe2 a

The g, (mg/g) and q; (mg/g) in the equations denote, respectively, the adsorption capacity at equilibrium time and time t (min); t
(min) is the adsorption time; k; (min~!) and k, (gmg~'min 1) are, respectively, the rate constants of the pseudo-first-order and pseudo-
second-order models.

Fig. S3 depicts the fitting curves for the pseudo-first-order, while those for the pseudo-second-order are depicted in Fig. 10(e-h).
Their relative kinetic parameters are presented in Table 2. As shown in the fitting curves, it is evident that the pseudo-second-order
model correlates more accurately with the adsorption process than the pseudo-first-order, as inferred from the higher correlation
coefficient (R?) of the pseudo-second-order model. Additionally, the g, values (g, ca) calculated from the pseudo-second-order were
more accurately closer to the experimentally determined values (ge, exp), as depicted in Table 2. For instance, the calculated g, values
(qe, ca1) for FeNPs-leaves adsorption of benzene were 19.11 mg/g and 41.49 mg/g for the pseudo-first-order and the pseudo-second-
order models, respectively, while the experimentally obtained value was 39.52 mg/g. Thus, indicating that the pseudo-second-order
model gave a more accurate representation of the BTEX adsorption process on the FeNP adsorbents. Pseudo-second-order model
typically represents chemisorption processes [40]; hence chemisorption was established to be the rate-controlling step in the BTEX
adsorption process using the biogenic-synthesized FeNPs.

Effect of initial concentration and adsorption isotherms

The adsorption performance of the FeNPs adsorbents was assessed at different initial concentrations ranging from 20 mg/L to 180
mg/L of the BTEX solution (50 mL) at pH 5 using 20 mg of the FeNPs for a duration of 40 min. The results, as presented in Fig. 12, show
that the percentage removal, R ( %), of BTEX using the FeNPs decreased as the concentrations increased. This could be due to the
decline in the number of available sites on the FeNPs adsorbents as the BTEX concentration increased, thereby reducing the removal
efficiency of the FeNPs adsorbents towards BTEX. Thus, the use of the biogenic-synthesized FeNPs in the adsorptive removal of BTEX is
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Fig. 12. (a, b, ¢, d) Effect of BTEX initial concentration on their adsorption on the FeNPs, and (e, f, g, h) their subsequent linear fit for Langmuir
isotherm model.

more effective at low BTEX concentrations.

To gain insights into the nature of the adsorption process, the experimental adsorption data was fitted with two isotherm models:
Langmuir and Freundlich models. Langmuir model describes monolayer adsorption processes and homogenous interactions at the
surface of the adsorbent, with every site on the adsorbent having equal and uniform affinity towards the adsorbate [41]. On the other
hand, the Freundlich model mainly describes multilayer adsorption processes on heterogeneous surfaces of the adsorbents, and the
affinity of the active sites of the adsorbent towards the adsorbate does not need to be uniform [41]. The fitting of the experimental
adsorption data using these models was performed using the linear form of the models according to the below expressions:
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Table 3
Langmuir and Freundlich isotherm parameters of BTEX adsorption by the FeNPs.
Adsorbent Pollutant Langmuir Freundlich
Qm (mg/g) K;, (L/mg) Kp (mg/g) n
FeNPs-leaves Benzene 140.85 0.025 11.51 2.44
Toluene 111.11 0.038 13.86 2.63
Ethylbenzene 153.85 0.020 9,.69 2.01
Xylene 109.89 0.031 11.48 2.33
FeNPs-peels Benzene 153.60 0.027 14.34 2.25
Toluene 161.29 0.026 13.67 2.15
Ethylbenzene 166.67 0.023 12.32 2.05
Xylene 161.29 0.024 12.00 2.06
FeNPs-seeds Benzene 154.56 0.027 12.49 2.14
Toluene 138.89 0.033 15.51 2.38
Ethylbenzene 169.49 0.023 12.18 2.03
Xylene 156.25 0.024 12.96 2.16
Table 4
A comparison of the adsorption capacities of various iron/iron oxide nanoparticles adsorbents in BTEX adsorption.
Adsorbent and their synthetic route Adsorbent dosage (g/L) Temp. ( °C) qm (mg/g) Reference
B T E X
Nano zero-valent iron (chemical method) 0.22 40 6.3 66,.75 81.44 53.62 [42]
Iron oxide nanoparticles (chemical method) 1.00 25 0.09° [43]
Tron oxide nanoparticles” (biosynthetic method) 0.4 25 153.60 161.29 166.67 161.29 This study

2 Reported as cumulative g, value [43].
b qm value for FeNPs-peels (This study).

Langmuir isotherm model:

C. 1 G
= +

Ze _ e (6)
qe KLqm qm
Freundlich isotherm model:
1
Ing.= InKy+ - In C, 7)

with g, (mg/g) and g, (ng/g) denoting, respectively, the equilibrium adsorption capacity and the maximum adsorption capacity. C,
(mg/L) denotes the equilibrium concentration of the BTEX solution, K; (L/mg) denotes the Langmuir constant, Kr (mg/g) is the
Freundlich constant, and n corresponds to the adsorption density relating to the feasibility of the adsorption process. Because of the
high volatility of BTEX, the adsorption isotherm study was performed only at room temperature.

The plots of % vs C, (for Langmuir isotherm) and In g, vs In C, (for Freundlich isotherm) are, respectively, presented in Fig. 12 and
Fig. S4. The subsequent isotherm parameters, as presented in Table 3, were calculated from the related isotherm plot, that is; g, and K},
were calculated from the % vs C, Langmuir isotherm plot while Kr and n were calculated from the In g, vs In C, Freundlich isotherm
plot.

The R? obtained from fitting the adsorption data with the Langmuir isotherm model was higher than the R? obtained from the
Freundlich isotherm model, as shown in their respective plots. This suggests that the BTEX adsorption onto the FeNPs adsorbents
occurred through monolayer adsorption with homogenous interaction of the BTEX at the FeNPs surfaces.

The comparison of the performance of the FeNPs and other adsorbents is shown in Table 4, and indicates that the calculated
maximum adsorption capacity (g.,) established in this study was relatively high compared to other similar studies that utilized iron
oxide nanoparticles as a single adsorbent for BTEX removal. Note that the parameters, such as the adsorbent dosage, temperature, and
BTEX solution concentrations, used in the different adsorption studies differ; hence, the comparison may not directly relate and
compare the performance of the iron oxide used in the various studies.

Possible adsorption mechanism

A series of interactions may be responsible for the adsorptive removal of BTEX using biogenic-synthesized iron oxide NPs, which
depends on the properties of the iron oxide NPs and the BTEX. Based on the NPs characterization and adsorption results, three possible
mechanisms are depicted in Fig. 13. Mechanism A, as shown in Fig. 13, involves electrostatic interaction between the charged iron
oxide nanoparticles and the x electrons of the BTEX. Metal oxide NPs hydrate in an aqueous solution, resulting in an M-OH hydrated
form [36]. Under acidic or basic conditions, the M-OH can either be protonated or deprotonated, leading to the formation of M-OH3
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Fig. 13. Schematic diagram of the possible adsorption mechanism of BTEX on the FeNPs.

(acidic) or M-O~ (basic). At low pH, there is electrostatic attraction between positively charged NPs and the 7 electrons of the BTEX
[44]; thus necessitating the adsorption of the BTEX to the NPs. In mechanism B, the presence of functional groups, including carboxylic
acid and hydroxyl groups on the surface of the iron oxide nanoparticles, as shown in their FTIR results, initiate an OH- z interaction
between the NPs and the BTEX. Such OH- 7 interaction is often responsible for the adsorption of aromatic compounds, such as BTEX on
hydroxylated NPs [45,46]. Adsorption could also occur according to mechanism C, that is, through pore filling by diffusion. This is
inferred from BET analysis of the NPs, which revealed that the NPs are mesoporous materials with porous structures ideal for adsorbing
organic contaminants such as BTEX. Hence, BTEX could be absorbed into the NPs’ pore cavities through pore filling.

Regeneration of the biogenic-synthesized FeNPs

The regeneration study was performed to assess the plausibility of reusing the biogenic-synthesized FeNPs after their application
for BTEX adsorption. This was achieved through adsorption-desorption experiments, where methanol was used to desorb the BTEX
after each adsorption application. The used FeNPs were put in methanol and stirred for 1 h, and then filtered and re-applied for further
BTEX adsorption. The process was replicated four times, and the %R was measured after each cycle. Fig. 14 depicts the results of the
regeneration study, which demonstrate a decline in the BTEX removal efficiency of the FeNPs after the first adsorption-desorption
experiment. The decline could be due to the washing off of some of the active functional groups on the FeNPs during the initial
desorption process, thereby reducing the active sites on the FeNPs. However, there were slight changes in the %R of the FeNPs after the
subsequent adsorption-desorption cycles. This suggests that some stable, active functional groups on the FeNPs surface may remain
after the initial desorption. Combined with the diffusion of BTEX into the pores of the FeNPs, high removal of BTEX was still achieved
after each cycle; thus, the FeNPs can be reused for multiple BTEX adsorption. This established the biogenic-synthesized FeNPs as a
potential adsorbent for multiple uses in the removal of BTEX from contaminated wastewater.

Limitations of the study

While Punica granatum plant extracts produce FeNPs ideal for removing BTEX from wastewater, some limitations need to be
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Fig. 14. Regeneration of the various FeNPs in BTEX adsorption.

considered for their large-scale synthesis and applications. First, the concentration of phytochemicals in the various plant extracts
(leaves, peels, and seeds) may vary depending on the plant species, maturity, and season. This will impact the FeNPs yield, subse-
quently influencing their performance in BTEX removal. Also, translating batch synthesis into continuous production and application
in industrial BTEX wastewater treatment systems was not investigated in this study. Moreover, in real wastewater containing other
contaminants, such as salts, inorganic, and other organic contaminants, FeNPs may undergo transformation of the surface active
functional groups, which could adversely impact their performance in BTEX removal. The co-contaminants can also foul the FeNPs
surface, blocking the active sites on the nanoparticle surface, leading to reduced BTEX uptake. Furthermore, the possible leaching of
iron from degraded FeNPs after long-term application of the FeNPs should be investigated and considered, as this could lead to
secondary contamination.

Conclusion

This work identified the potential of Punica granatum-mediated FeNPs as an adsorbent for the BTEX removal from contaminated
wastewater. Based on the impact of the phytochemical composition of Punica granatum parts on the properties of the resulting FeNPs,
an assessment was conducted to determine the Punica granatum part that yields FeNPs with ideal features for optimal BTEX removal.
The Punica granatum leaves, peels, and seeds have different amounts of phenolic compounds and different varieties of phytochemicals,
as indicated by the TPC measurement and GC-MS results. Subsequently, FeNPs with distinct features were obtained from the bio-
reduction using the three Punica granatum parts. FeNPs-peels and FeNPs-seeds exhibited higher BTEX adsorption capacity than the
FeNPs-leaves. The BTEX adsorption capacity of FeNPs-peels at a 0.2 g/L BTEX concentration, pH 5, and 40 min of adsorption time is: B,
70.90 mg/g; T, 69.80 mg/g; E, 70.45 mg/g; and X, 69.90 mg/g. Therefore, to achieve optimal BTEX adsorptive removal using Punica
granatum-mediated FeNPs, the Punica granatum peels should be utilized for the biosynthesis; however, the seeds extract can also yield
FeNPs with good BTEX adsorptive performance. Pseudo-second-order kinetic model and Langmuir isotherm model best describe the
adsorption process. This indicates that BTEX adsorption onto the FeNPs occurred through a chemisorption process, with monolayer
adsorption and a homogeneous interaction of the BTEX on the FeNPs surfaces. Further studies should be conducted to establish the
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underlying role of the specific phytochemicals in each Punica granatum part in the FeNPs biosynthesis and the mechanism resulting in
the distinct features of the FeNPs.
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